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Abstract

Ecological theory holds that competition and predation are the most important biotic

forces affecting the composition of communities. Here, we expand this framework by

demonstrating that mutualism can fundamentally alter community and food web

structure. In large, replicated field plots, we manipulated the mutualism between a

dominant plant (Lolium arundinaceum) and symbiotic fungal endophyte (Neotyphodium

coenophialum). The presence of the mutualism reduced arthropod abundance up to 70%,

reduced arthropod diversity nearly 20%, shifted arthropod species composition relative

to endophyte-free plots and suppressed the biomass and richness of other plant species

in the community. Herbivorous arthropods were more strongly affected than carnivores,

and for both herbivores and carnivores, effects of the mutualism appeared to propagate

indirectly via organisms occurring more basally in the food web. The influence of the

mutualism was as great or greater than previously documented effects of competition

and predation on arthropod communities. Our work demonstrates that a keystone

mutualism can significantly reduce arthropod biodiversity at a broad community scale.
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I N T R O D U C T I O N

Mutualism, in which two species interact to their mutual

benefit, has long been assumed to be less important than

competition or predation in shaping biodiversity and

community composition (Hacker & Bertness 1996; Bruno

et al. 2003; Hay et al. 2004; Begon et al. 2006; Halpern et al.

2007). There are several possible explanations for this

presumed asymmetry in the importance of positive vs.

negative species interactions. First, relative to experiments

on competition and predation, experimental tests of the

effects of mutualisms on whole communities have been rare

(Stachowicz 2001; Bruno et al. 2003; Styrsky & Eubanks

2007). Second, early theoretical models predicted that

mutualisms would have unstable dynamics, resulting in a

historical emphasis on costs and benefits within mutualisms,

rather than on the community impacts of mutualism (May

1982). Finally, many mutualisms, like many diseases, involve

microbes (e.g. Smith & Read 1997; Chanway 1998; Bacon &

White 2000), which have tended to receive less attention

from community ecologists and can pose challenges for

community-wide experiments in natural ecosystems.

Despite a general lack of attention to mutualism at the

community scale (Agrawal et al. 2007), most organisms

engage in multiple mutualisms during their lifetimes.

Plants, for example, host diverse assemblages of

microbes – including mycorrhizal fungi, endophytic fungi

and bacteria – that can promote fitness through enhanced

nutrient uptake, pathogen and herbivore resistance, and

tolerance of abiotic stress (Smith & Read 1997; Chanway

1998; Bacon & White 2000; Clay & Schardl 2002; Herre

et al. 2007; Marquez et al. 2007). These mutualisms could

additionally affect the diversity of plant-associated food

webs (Omacini et al. 2001; Faeth & Bultman 2002;

Gehring & Whitham 2002; Müller & Krauss 2005;

Rudgers & Clay 2007). Herbivores and carnivores in the

ecosystem may respond directly to the presence of plant

mutualisms or may be influenced indirectly by mutualist-

mediated changes in the plant community. For example,

both nitrogen-fixing bacteria and mycorrhizal fungi can

alter plant diversity and productivity (Vitousek et al. 1987;

Chapin et al. 1994; Klironomos et al. 2000; van der

Heijden et al. 2008), which could indirectly affect

associated herbivores and carnivores.
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Experimental tests for the effects of mutualisms across

multiple trophic levels have received limited investigation at

the scale of the community and have mainly involved ant–

plant and ant–hemipteran mutualisms (Wimp & Whitham

2001; Mooney 2007; Styrsky & Eubanks 2007). For

example, in field plots of cultivated cotton, natural variation

in the abundance of the mutualism between fire ants and

aphids was negatively correlated with arthropod diversity,

and the exclusion of fire ants increased arthropod diversity

(Kaplan & Eubanks 2005). Most prior studies, however,

have focused on �component communities� (sensu Root

(1973)), particularly those subsets of the community

associated with a single target plant species (e.g. see review

by Styrsky & Eubanks (2007)). Broader community surveys

are needed to evaluate how commonly mutualisms may

function as keystone interactions (sensu Paine (1969)), with

effects that cascade to many community members.

Predicting how a mutualism will affect the surrounding

community may depend on understanding how benefits are

exchanged. When benefits from a mutualism are available to

multiple community members (e.g. general increases in soil

fertility via N-fixing bacteria), the mutualism may enhance

community diversity. However, many symbionts confer

benefits exclusively to one partner (i.e. benefits are private).

Current mathematical and conceptual models predict that

pair-wise, private benefits will feed back to increase partner

persistence and abundance (Kiers & van der Heijden 2006).

These feedbacks may ultimately reduce the diversity of

associated species in the community, particularly competi-

tors of the mutualists (Ringel et al. 1996; Bever 2003

Reynolds et al. 2003).

Mutualisms comprise a great diversity of interaction types

that may vary in the strength of their impacts on commu-

nities. For example, Janzen (1985) identified four key types of

mutualism: dispersal, pollination, nutrition and protection.

Because dispersal and pollination influence the reproduction

and spatial arrangement of one partner species, community

level effects, if any, may occur only indirectly through

changes in the abundance of a single, partner species (and its

consumers). Community-level effects of nutritional mutual-

isms, such as mycorrhizal fungi or N-fixing bacteria, may

depend on the degree to which benefits are private and

whether the mutualism enhances the dominance of a single

(or few) species to the detriment of others (e.g. Hartnett &

Wilson 1999). Important in this regard is whether or not the

mutualism promotes foundational species (e.g. in coral

mutualisms), which thereby support a diverse community

(Stachowicz 2001; Bruno et al. 2003). Finally, protection

mutualisms may be more likely to have strong community

level effects than other types of mutualism because they are

inherently indirect interactions that require the involvement

of at least three species, rather than a simple pair. Determin-

ing whether these predictions hold across mutualism types

require additional experiments that mansipulate each type of

mutualism and track community responses.

Here, we evaluated the extent to which a private protection

mutualism affected community composition and food web

structure by manipulating the presence of the endophytic

fungus, Neotyphodium coenophialum (Ascomycetes: Clavicipita-

ceae) in its natural host, tall fescue grass (Lolium arundinaceum,

Poaceae). In plants, fungal endophytes can enhance compet-

itive ability (Clay et al. 1993), increase tolerance of abiotic

stress (Rodriguez et al. 2004; Malinowski et al. 2005) and deter

individual herbivores, pathogens or seed predators (Clay

1996; Arnold et al. 2003; Rudgers & Clay 2005). In tall fescue

grass, the endophyte produces a variety of well-characterized,

toxic alkaloids, including ergot alkaloids, lolines and peram-

ines, and strong benefits of the endophyte are well-

documented (Bush et al. 1997; Panaccione et al. 2001; Clay

& Schardl 2002; Clay et al. 2005). Tall fescue is native to

Europe and Africa, but has achieved a global distribution and

is considered a noxious weed in several regions (Raloff 2003;

Barnes 2004; Fribourg & Hannaway 2007). Worldwide, tall

fescue is commonly infected by N. coenophialum, and in the

United States, the endophyte occurs in > 75% of plants;

however, endophyte frequencies can vary widely among

populations (Ball et al. 1993; Clay et al. 2005).

In experimental grasslands in the Midwestern US, we

manipulated the presence of the mutualism between tall

fescue and N. coenophialum. The endophyte grows system-

ically in aboveground plant tissues, is vertically transmitted

to seeds, and lacks contagious spread (Ball et al. 1993; Clay &

Holah 1999; Clay & Schardl 2002). We predicted that

because the benefits of this mutualism are exclusively pair-

wise (i.e. private), the mutualism would enhance dominance

of the host grass and reduce the diversity of co-occurring

species in the system. In our prior work, including three

experiments in two different habitats, we showed that the

presence of the mutualism can reduce plant diversity (Clay

& Holah 1999) and slow plant succession from grassland to

forest (Rudgers et al. 2007). Observations and experiments

demonstrated that these negative effects of the mutualism

on competing plant species resulted in part because

herbivorous animals (voles and insects) consumed more

non-tall fescue species in the presence of the mutualism

(Clay et al. 2005; Rudgers et al. 2007), and in part because the

endophyte directly altered plant competitive hierarchies

(Clay et al. 1993). Endophyte-mediated changes in plant

composition could indirectly affect arthropods if arthropod

diversity responds to plant diversity, as has been shown in

other systems (e.g. Siemann et al. 1998). Studies by others

have additionally found negative direct effects of the

endophyte on some insect herbivores, while other insect

species were not affected (reviewed by Rudgers & Clay

2007). However, previous research on endophyte mutual-

isms and arthropods has been conducted on component

832 J. A. Rudgers and K. Clay Letter

� 2008 Blackwell Publishing Ltd/CNRS



communities, usually at the scale of individual plants. It

remains unclear whether the mutualism functions as a

keystone interaction with effects that cascade through the

food web.

Here, we addressed the specific question: does the

endophyte mutualism reduce the abundance or diversity of

herbivorous and carnivorous arthropods? We predicted

reduced community diversity if the availability of plant

resources (edible plant biomass) is effectively constrained by

the presence of the protection mutualism. This constraint

could occur either directly via toxicity of the endophyte,

indirectly through behavioural avoidance by arthropods, or

indirectly through herbivore-mediated reductions in plant

diversity. Alternatively, we predicted no net change in

arthropod abundance or diversity if the mutualism alters

competition among arthropods such that arthropod taxa

insensitive to the mutualism compensate for declines in

endophyte-sensitive taxa.

M A T E R I A L A N D M E T H O D S

Field experiment

We planted replicated field plots of tall fescue either with or

without the mutualism present and tracked the responses of

arthropods. During September, 2000, we established 16 field

plots (30 m · 30 m each) at the Indiana University

Research and Teaching Preserve, Bayles Road (Blooming-

ton, IN, USA; 39�13¢9¢¢ N, 86�32¢29¢¢ W). Plots were

created by disking a former agricultural field and enriching

with tall fescue seeds at a rate of 45 kg-ha)1. Plots were

arranged in two rows of eight plots in a checkerboard

pattern with adjacent endophyte present (E+) and absent

(E)) treatments. Following seed addition, no further

treatments were applied, excepting that we maintained a

2-m wide mowed buffer between plots. Over time, other

plant species naturally colonized plots from the seed bank,

vegetative fragments and nearby natural areas. The absence

of contagious spread of the mutualist allowed us to maintain

large-scale and long-term differences in the presence of the

mutualism. Based on microscopic examination of 544 plant

samples taken during 2003–2005, plots seeded with endo-

phyte-free tall fescue (E)) were 0–0.1% infected, and plots

sown with endophyte-infected tall fescue (E+) were

92–94% infected (Finkes et al. 2006, Rudgers et al. 2007).

Rudgers et al. (2007) reported results based on the same field

plots as used here (in addition to a separate, earlier field

experiment), but monitored only the responses of trees.

Endophyte treatment

The endophyte was originally eliminated via long-term

storage of infected tall fescue seeds at room temperature,

which reduces endophyte viability but not seed viability.

Seeds used in our experiment were several generations

distant from the original storage treatment and came from

adjacent field plots of plants that freely cross-pollinated

(Lolium arundinaceum is self-incompatible). This allowed for

homogenization of the plant genetic background with

respect to the endophyte treatment. The ages of seeds used

to establish the experimental plots were the same for both

endophyte treatments, c. 4 months post-harvest.

Arthropod and plant sampling

We used standard sweep net techniques to sample plant-

associated arthropods [38-cm diameter canvas net, 91.5 cm

handle, with 200 sweeps per plot (0.22 sweeps-m)2)]

avoiding the outer 1-m edge of each plot. We collected on

28 September 2002, 11 July 2003, 1 October 2003 and 12

July 2004. Arthropod samples were frozen immediately

following collection. In the laboratory, we sorted and keyed

all specimens to order and family (Triplehorn & Johnson

2005). Abundant specimens were also identified to genus

and species with the assistance of taxonomic experts (see

section Acknowledgements). Any potential taxonomic bias

in the use of sweep nets was equivalent across the

endophyte treatments. In addition, we monitored changes

in plant composition by harvesting above-ground biomass

from eight randomly placed 0.5 m · 0.5 m quadrants per

plot during June 2003 and 2004, and October 2003 and

2005. Mean total above-ground plant biomass per quadrant

per census (± SEM) was E+ = 114 ± 9 g, E) = 110 ±

7 g, n = 8 plots (F1,12 = 0.3, P = 0.6). Because the endo-

phyte did not affect total above-ground plant biomass, it is

unlikely that the endophyte treatment altered arthropod

sampling efficiency. Plant harvests (during 2003–2004) were

used to determine the maximum plant species richness per

plot as well as non-fescue biomass per plot. These response

variables allowed us to test for potential indirect effects of

the mutualism (via an altered plant community) on

associated arthropods (see section Indirect effects).

Data analysis

Data were analysed with repeated measures MANOVA

following von Ende (2001). Models included the indepen-

dent effect of the endophyte mutualism treatment (pres-

ent = E+ or absent = E)) and the repeated effect of time,

with plot as the unit of replication (SAS Institute Inc. 2004,

version 9.1.4). We applied non-metric multidimensional

scaling analysis (McCune & Mefford 1999) to examine shifts

in community composition (PC-ORD, McCune & Grace

2002). To examine whether treatment differences in

arthropod diversity were driven by differences in arthropod

abundance, we constructed rarefaction curves for each
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treatment. We used cumulative species abundances as well

as abundances on each individual census date (EcoSim 7.72,

10,000 iterations; Gotelli & Colwell 2001; Gotelli &

Entsminger 2001). For rarefaction curves constructed for

each census date, a was Bonferroni-adjusted for compar-

isons at each of four time points.

Indirect effects

The mechanisms driving arthropod declines could involve

both the direct effects of toxic alkaloids produced by the

endophyte as well as indirect effects, for example, mediated

through changes in the plant community. In a prior

experiment, the presence of the endophyte mutualism in tall

fescue reduced plant diversity (Clay & Holah 1999). In other

observations from the current experiment, we showed that

presence of the endophyte also slows plant succession

(Rudgers et al. 2007). Mutualist-mediated changes in plant

composition could indirectly affect arthropods, if arthropod

diversity responds to plant diversity (e.g. Siemann et al. 1998).

To compare the strengths of potential direct vs. indirect

pathways for arthropods, we contrasted two repeated

measures of statistical models (SAS Institute Inc. 2004).

The first model included only the endophyte treatment

(direct + indirect effects model). The second model

included the potential indirect pathway as a covariate,

including also the covariate · endophyte interaction.

A significant interaction would indicate that the relationship

between the covariate and response variable depends on the

presence of the endophyte. For herbivore responses,

maximum plant species richness and average non-tall fescue

biomass were tested as covariates. For carnivore responses,

we used average herbivore species richness per plot per

census as a covariate. Plant covariates were log-transformed

to achieve normality. If arthropod responses were highly

correlated with the indirect pathway (i.e. the covariate), and

the endophyte treatment in this covariate model became

non-significant relative to the first model, we interpreted

this as evidence of an indirect pathway of endophyte effect.

It should be noted that these models test for correlation, not

causation (e.g. while herbivore abundance may track plant

species richness, plant species richness may also reflect past

arthropod herbivory). In addition, including a covariate

necessarily reduces power in the analysis, and denominator

degrees of freedom for the endophyte main effect declined

from 14 to 12 when the covariate was included. We used

these analyses in an exploratory manner to suggest causal

hypotheses that can be tested in future studies.

R E S U L T S

Effects of the grass–fungus mutualism ramified through the

food web and strongly reduced arthropod abundance.

Across census dates, we collected > 30 000 arthropod

individuals, spanning 363 morphospecies, 105 families and

14 orders. Averaged over the 2-year study, plots with the

mutualism (E+) supported 40% fewer arthropod individuals

than plots lacking the mutualism (E)) (Fig. 1). The

strongest difference in abundance occurred in fall of 2002

with 70% fewer individuals due to the mutualism (Fig. 1).

Plots with the mutualism also had reduced arthropod

diversity, with 17% fewer morphospecies, 12% fewer

families and 8% fewer orders than mutualist-free plots

(Fig. 2). Species accumulation curves levelled off with

increased sampling effort, and rarefaction curves showed

that observed differences in cumulative species richness

were primarily due to differences in the abundance of

individuals between E+ and E) plots (Fig. 3a). However,

for one census (Summer 2003), effects of the mutualism on

richness persisted even when the samples were rarefied to

similar abundances of individuals and statistical significance

was Bonferroni-adjusted for multiple census dates (Fig. 3b).

The mutualism caused the relative abundances of species to

become significantly more even (mean Shannon evenness

index plot)1 census)1 ± SEM E+ = 0.72 ± 0.02, E) =

0.66 ± 0.02, F1,14 = 6.0, P = 0.03).

Arthropod species composition diverged between the

mutualism treatments as demonstrated by non-metric

multidimensional scaling analysis and multi-response

permutation procedures (Fig. 4). Individual species that

were strongly correlated with the axes in the ordination

included both specialist and generalist herbivores as well

as generalist predators. For example, the abundances of
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Figure 1 Mean number of arthropod individuals collected per plot

(± SEM) in response to manipulation of the tall fescue–endophyte

mutualism. Symbols show endophyte mutualist-present (E+, filled)

and mutualist-absent (E), open) treatments. Data were analysed

with repeated measures ANOVA, which met assumptions of

normality of residuals and homogeneity of variances (n = 8 plots

per treatment per census).

834 J. A. Rudgers and K. Clay Letter

� 2008 Blackwell Publishing Ltd/CNRS



Melanoplus grasshopper nymphs and Conocephalus katydids

were positively correlated with axis 2 (more in plots with

the endophyte), while the Chinese mantid (Tenodera

aridifolia sinensis), a jumping spider (Marpissa formosa) and

an orb-weaving spider (Araneus pratensis) all declined with

axis 1 (fewer in plots with the endophyte) (Table S1).

Surprisingly, one group of salticid immatures (Phidip-

pus ⁄ Eris spp.) increased in plots with the endophyte

(Table S1). Also, of the leafhoppers (Cicadellidae) that

were strongly correlated with the ordination, a xylem-

feeder (Draeculacephala spp.) increased in the presence of

the endophyte, while a phloem feeder (Agallia constricta)

declined (Table S1).

When classified by position in the food web, herbivores

were responsible for a large fraction of the decline in total

arthropod abundance. However, both herbivorous and

carnivorous arthropods were represented by fewer species

in the presence of the mutualism (Fig. 5, see also Table S2).

As expected based on our prior experiments, plant

responses at the base of the food web were also altered

by the mutualism. Both plant species richness and the

biomass of non-tall fescue plant species were significantly

reduced by the presence of the mutualism (P < 0.001 for

both, Fig. 6).

Indirect effects appear to contribute to both herbivore

and carnivore responses to the mutualism. When statistical

models accounted for changes in plant species richness as a

covariate for herbivore abundance (plant richness covariate:

P = 0.015, Table S2) or herbivore richness (P = 0.063), the

mutualism treatment no longer significantly reduced herbi-

vore abundance (P > 0.16, Table S2) or herbivore richness

(P > 0.6, Table S2) across all census dates. These results

reflect the positive correlations between plant species

richness and both the average herbivore species richness

per census (Spearman r = 0.60, P = 0.01; n = 16 plots) and

the average herbivore abundance per census (Spearman

r = 0.58, P = 0.02). Non-tall fescue biomass was a weaker

covariate than plant species richness for both herbivore

abundance (plant biomass covariate: P = 0.076) and herbi-

vore richness (P = 0.079). Similar to results for herbivores,
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Figure 2 Mean number of arthropod taxa per plot per census date

(± SEM) in response to manipulation of the tall fescue–endophyte

mutualism. Bars show endophyte mutualist-present (E+, filled) and

mutualist-absent (E), open) treatments. Data were analysed with

repeated measures ANOVA, and endophyte mutualist treat-

ment · census interactions were non-significant (all P > 0.1).

Analyses met assumptions of normality of residuals and homoge-

neity of variances (n = 8 plots per treatment per census).
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Figure 3 Rarefaction curves plotting the number of morphospe-

cies vs. the number of individuals sampled in response to

manipulation of the tall fescue–endophyte mutualism. Filled

symbols show mutualist-present (E+) samples, and open symbols

show mutualist-free (E)) samples (n = 8 plots per treatment). (a)

The cumulative number of morphospecies per plot vs. the

cumulative number of individuals sampled per plot. Bars represent

95% confidence intervals obtained from 10 000 re-sampling

iterations. Bars that overlap the mean for the alternate treatment

indicate that treatments were not significantly different (P > 0.05).

(b) The number of morphospecies per plot vs. the number of

individuals per plot for the Summer 2003 census only. Bars

represent 99% confidence intervals to reflect Bonferroni correction

of a for the four sampling dates examined (i.e. P < 0.0125 for

statistical significance).
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the influence of the endophyte mutualism on carnivore

richness became non-significant in the analysis that

accounted for changes in herbivore richness (P > 0.07,

Table S2). As a covariate, herbivore richness explained

significant variation in carnivore species richness

(P = 0.006, Table S2), and across plots there was a positive

correlation between average carnivore richness and average

herbivore richness per census (Spearman r = 0.68,

P = 0.004, n = 16 plots). Thus, effects of the mutualism

on the community may propagate indirectly via the

responses of organisms occurring more basally in the food

web.

For herbivore abundance and carnivore richness, there

were no significant interactions between the covariate and

the endophyte treatment. This pattern suggests that the

basic relationship between plant species richness and

herbivore abundance (or herbivore richness and carnivore

richness) was unaffected by the presence of the endophyte.

For the response of herbivore richness, however, the

relationship with plant species richness did vary with the

endophyte treatment and time (endophyte · covari-

ate · census, P = 0.027, Table S2). When decomposed by

each census, there was a marginally more positive relation-

ship in the absence of the mutualism than in its presence,
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Figure 4 Nonlinear multidimensional scaling ordination of the

cumulative abundances of each arthropod morphospecies

(r2 = 0.9). Each point represents a plot. Endophyte mutualist-

present (E+, filled symbols) and mutualist-absent (E), open

symbols) treatments explained significant clustering in the ordina-

tion according to multi-response permutation procedures

(P = 0.015). The mean stress value (=7.7) was significantly lower

for real data than randomized runs (P < 0.02) and indicates that

the ordination had negligible risk of drawing false inferences

(Clarke 1993).
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Figure 5 Mean number of arthropod individuals or morphospecies

per plot per census (± SEM) in response to manipulation of the

tall fescue–endophyte mutualism. Bars show endophyte mutualist-

present (E+, filled) and mutualist-absent (E), open) treatments

and are ordered by trophic group. Data were analysed with

repeated measures ANOVA (Table S2), and met assumptions of

normality of residuals and homogeneity of variances (n = 8 plots

per treatment per census).
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Figure 6 Plant responses to the presence of the endophyte

mutualism in tall fescue grass. Symbols show endophyte mutual-

ist-present (E+, filled) and mutualist-absent (E), open) treatments.

n = 8 plots per treatment per census. (a) Mean plant species

richness (± SEM) per plot per census. Repeated measures ANOVA:

endophyte F1,14 = 31.4, P < 0.001; endophyte · census

F3,12 = 1.7, P = 0.2. (b) Mean biomass of all non-tall fescue

plants combined (± SEM) per plot per census. Repeated measures

ANOVA endophyte F1,14 = 38.9, P < 0.001; endophyte · census

F3,12 = 3.8, P = 0.039.
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but only for the first census date (first census: endo-

phyte · covariate, P = 0.09).

D I S C U S S I O N

We demonstrate that the effects of a plant–fungal mutual-

ism cascade through a food web, affecting both plants and

arthropods. Prior work has shown that grass–endophyte

mutualisms can negatively affect specialized parasitoids of

weevils and aphids (Omacini et al. 2001; Bultman et al. 2003),

as well as generalist ladybird beetles (de Sassi et al. 2006) and

spiders (Finkes et al. 2006). Here, we found that the

endophyte reduced arthropod abundance and diversity

across many generalist and specialist taxa, with effects that

reach far beyond the component communities that are

closely associated with the endophyte host plant. This is

some of the first experimental evidence from any mutualism

to show broad, community-wide effects across trophic

levels. Our results suggest that the endophyte mutualism

acts as a keystone interaction in this grassland ecosystem.

Our prior work has shown that the private protection

mutualism between the endophyte and tall fescue grass

alters herbivory by voles, which in turn suppress the richness

and biomass of other plant species in the community (Clay

& Holah 1999; Clay et al. 2005). In the present study, effects

of the endophyte on plant diversity were strong and

repeatable in a new experiment and location that differed in

soils, topography and land-use history. The presence of the

endophyte mutualism also reduced the abundance and

richness of herbivorous arthropods and the richness of

carnivorous arthropods at the scale of the whole commu-

nity. It is possible that herbivorous arthropods responded to

the endophyte indirectly through changes in the plant

community, rather than directly to the toxic effects of

endophyte alkaloids. Positive covariance between plant

species richness and herbivore responses in our study were

consistent with this hypothesis. While our covariate analysis

cannot assign causality to these indirect pathways, our

previous research suggested that insects alone cannot drive

changes in plant composition in this system. In plots sown

with 50 : 50 mixtures of E+ and E) tall fescue, manipu-

lation of insects (via insecticides) had no effect on the

biomass of non-fescue plants relative to control plots.

However, excluding voles significantly increased the bio-

mass of non-fescue plants, suggesting that voles are a key

driver of the plant community response (Clay et al. 2005).

Like herbivores, carnivores also appear responsive to

indirect effects rather than direct effects of the endophyte

mutualism because carnivorous arthropod richness strongly

covaried with the richness of herbivorous arthropods.

Direct experimental manipulations of plant species richness

(and herbivore richness) are required to confirm these

indirect, causal mechanisms.

The construction of detailed food webs, while beyond the

scope of this study, could also help untangle the complex

direct and indirect responses in this system. For example,

some leafhopper and grasshopper species (e.g. xylem

feeders, melanoplines) appear insensitive to, and even

increase with, the presence of the endophyte. Predators

specific to these groups may track the response of their prey.

In contrast, some generalist predators (salticid and araneid

spiders, mantids) may respond to the overall reduction in

prey availability due to the mutualism, resulting in their

decline (see also Finkes et al. 2006).

The impact of the tall fescue–endophyte mutualism was

comparable in magnitude to other factors important to

arthropod community structure. In our work, the effect size

[log response ratio = ln (control ⁄ treatment) (Hedges et al.

1999)] for the mutualism was 0.49 for total arthropod

abundance and 0.08 for arthropod species richness. Preda-

tion can similarly alter arthropod abundance and diversity,

and effect sizes in other systems ranged from 0.03 to 0.44

[calculated from data and figures in (Holmes et al. 1979;

Marquis & Whelan 1994; Spiller & Schoener 1998; Dyer &

Letourneau 1999; Romero & Vasconcellos-Neto 2004;

Gruner & Taylor 2006)]. Experiments manipulating com-

petition between vertebrates and arthropods have produced

comparable effect sizes ranging from 0.09 to 1.27 (Rambo &

Faeth 1999; Bailey & Whitham 2002; Kruess & Tscharntke

2002; Lill & Marquis 2003). Finally, experiments altering

plant genetic or species diversity have shown effect sizes of

0.07–0.18 for arthropod richness (Siemann et al. 1998;

Crutsinger et al. 2006; Johnson et al. 2006). Clearly, the

private, protection mutualism examined here can rival or

exceed the antagonistic interactions of predation and

competition as well as the �bottom-up� effects of plant

diversity. Experiments that manipulate other types of

mutualism, such as nutritional symbiosis, pollination or

dispersal, will be very useful for understanding how the type

of mutualism and the specificity of benefits exchanged may

influence the magnitude of impacts on the community. In

addition, factorial experiments that test for the combined

effects of mutualism and other ecological interactions could

evaluate the relative importance of positive vs. negative

species interactions and may uncover novel, non-additive

effects (Mooney 2007; Morris et al. 2007).

Our results have important practical, as well as concep-

tual, implications. Although it is native to Europe and

Africa, tall fescue covers significant land area in the United

States and is also widespread in Asia, Australia, New

Zealand and South America (Fribourg & Hannaway 2007).

Tall fescue is commonly planted for pasture, turf and soil

conservation, has invaded unmanaged ecosystems in many

regions, and is frequently endophyte-infected (Ball et al.

1993; Raloff 2003; Barnes 2004). Our prior work revealed

that the presence of the endophyte mutualism can facilitate

Letter Mutualism reduces arthropod diversity 837

� 2008 Blackwell Publishing Ltd/CNRS



the invasion of tall fescue into diverse plant communities

(Rudgers et al. 2005). Results presented here predict that

invasions of endophyte-infected tall fescue will cause

widespread suppression of plant and arthropod diversity

and significantly alter the composition of the arthropod

community. Because arthropods are consumed by birds,

reptiles, small mammals and other carnivores (e.g. Holmes

et al. 1979; Marquis & Whelan 1994; Nakano & Murakami

2001), the mutualism may constrain energy flow even at

higher levels in the food web.

It remains unclear whether the strong community-level

impacts of the tall fescue–endophyte mutualism are related

to the non-native status of both the host grass and its

mutualist. For example, a recent meta-analysis suggested

that grass–endophyte symbiosis in native habitats have

smaller interaction strengths than symbiosis in introduced,

agronomic grasses (Saikkonen et al. 2006); this could lead to

correspondingly weaker community effects. However, too

few native grass–endophyte systems have been investigated

to draw firm conclusions. Future studies on native grass–

endophyte interactions, as well as on other types of

mutualisms, could help resolve the importance of coevolu-

tion with the native community in affecting the magnitude

of community-level effects.

Arthropods constitute the most diverse and abundant

macro-organisms on Earth (Triplehorn & Johnson 2005).

Understanding the factors that determine their composition

and abundance is critical to the preservation of global

biodiversity and to the functioning of terrestrial ecosystems

(Losey & Vaughan 2006). Our results show that a plant–

microbe mutualism can dramatically alter the composition

of arthropods, producing effects on biodiversity that rival

those of competition and predation. We suspect that large-

scale experimental manipulations of mutualisms in other

systems may uncover similarly strong impacts on commu-

nities and overturn the long-held view that competition and

predation are the primary interactions structuring ecological

communities. Given the strength of its effects, mutualism

should be better incorporated into empirical and theoretical

studies of forces governing the structure of ecological

communities.
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