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Microbial symbioses are ubiquitous in nature. Hereditary symbi-
onts warrant particular attention because of their direct effects on
the evolutionary potential of their hosts. In plants, hereditary
fungal endophytes can increase the competitive ability, drought
tolerance, and herbivore resistance of their host, although it is
unclear whether or how these ecological benefits may alter the
dynamics of the endophyte symbiosis over time. Here, we dem-
onstrate that herbivores alter the dynamics of a hereditary sym-
biont under field conditions. Also, we show that changes in
symbiont frequency were accompanied by shifts in the overall
structure of the plant community. Replicated 25-m2 plots were
enriched with seed of the introduced grass, Lolium arundinaceum
at an initial frequency of 50% infection by the systemic, seed-
transmitted endophyte Neotyphodium coenophialum. Over 54
months, there was a significantly greater increase in endophyte-
infection frequency in the presence of herbivores (30% increase)
than where mammalian and insect herbivory were experimentally
reduced by fencing and insecticide application (12% increase).
Under ambient mammalian herbivory, the above-ground biomass
of nonhost plant species was reduced compared with the mammal-
exclusion treatment, and plant composition shifted toward greater
relative biomass of infected, tall fescue grass. These results dem-
onstrate that herbivores can drive plant–microbe dynamics and, in
doing so, modify plant community structure directly and indirectly.
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Most prior research on symbiotic interactions has focused on
the pairwise dynamics between host and symbiont without

considering the broader biological community (1–3). However,
symbionts can alter the phenotype of their host in ways that may
affect interactions with other species as well as the relative fitness
of each partner. Some symbionts can increase their hosts’ suscep-
tibility to predation (4). Other symbionts protect hosts from con-
sumers. For example, gut bacteria in locusts produce phenolics that
defend these insects from fungal infection (3). Similarly, actinomy-
cete bacteria associated with leaf-cutting ants may guard fungal
symbionts from pathogen attack (5). Both endophytic and mycor-
rhizal fungi can reduce herbivore and pathogen damage to their
plant hosts (6–10). Investigations of species interactions extrinsic to
the symbiosis may provide insights into factors that influence the
long-term dynamics of symbioses and lead to fixation, loss, or
intermediate frequency of the resident symbiont over time.

In hereditary symbioses, genomes of both partners are coinher-
ited. Therefore, these symbionts are linked directly to evolutionary
changes in their host populations (11, 12). Hereditary symbionts are
transmitted across generations through eggs, seeds, or clonal prop-
agules, and rarely through sperm. They include a diversity of
interactions (13) and are especially well known in arthropods and
their obligate associations with vertically transmitted bacteria (3,
14). Also, hereditary fungal symbionts may be widespread in seed
plants, including the families Casuarinaceae, Cistaceae, Convolvu-
laceae, Fabaceae, Pinaceae, and Poaceae (15–18). These hereditary
symbionts are distinguished from seed-infecting fungi, which are
not vertically transmitted (19). Grasses that are infected by fungal
endophytes that are vertically transmitted through seeds are a
familiar example (20). Seed-transmitted fungal endophytes may

alter host phenotypes by producing bioactive secondary com-
pounds. In contrast to many symbiotic systems, these plant–
endophyte interactions are facultative, allowing for experimental
investigations of factors affecting the dynamics of the symbiosis over
time.

Here, we focus on the widespread symbiosis between tall fescue
grass (Lolium arundinaceum) and the endophytic fungus Neoty-
phodium coenophialum, which grows systemically in above-ground
tissues and is vertically transmitted through seeds. The association
between Pooideae grasses and hereditary endophytes is estimated
to be �40 million years old, and vertically transmitted N. coenophi-
alum originated through hybridization among sexual Epichloë spe-
cies, which are capable of horizontal transmission by ascospores
(21). To our knowledge, there is no known mechanism or evidence
of horizontal transmission of the endophyte in tall fescue (22).
Endophyte infection has been reported to enhance competitive
ability (23), increase drought tolerance (24, 25), and improve
nutrient acquisition (26), but it can act as a pathogen or commensal
in some circumstances (27–29). Also, the alkaloids produced by the
tall fescue endophyte can deter herbivores and granivores (30).
Various compounds are produced, including ergovaline and other
ergot alkaloids, loline alkaloids, and peramines; endophyte-free
plants lack these compounds (31).

From its Mediterranean center of origin, tall fescue has attained
a worldwide distribution in a diversity of managed and unmanaged
habitats (32, 33). It has been the subject of much research, given its
ecological and economic dominance (�15,000,000 hectares in the
eastern United States, with an average of 80% of the grass infected
by the endophyte; ref. 34), but it may not be typical of all
grass–endophyte interactions (27), especially those that are char-
acterized by little or no alkaloid production (31).

Endophyte-infection frequency in tall fescue varies considerably
among natural and managed populations. Understanding the fac-
tors that generate this variation may provide insights into the
maintenance of this and other endophyte associations. At most
sites, tall fescue is infected at a high rate. However, endophyte-free
sites and sites with low levels of infection (�25%) exist also. For
example, in the United States, where tall fescue is introduced, 58%
of 1,483 samples from 26 states were infected by the endophyte (35).
In Kentucky, 97% of 200 fields spanning 42 counties were infected,
with mean infection frequencies varying 67–100% (36). In six
Illinois sites, infection frequency varied 68–100% (37). A variable
but high endophyte frequency is typical of native European and
African tall fescue as well. In Britain, 15 sites had a mean infection
rate of 64%; 9 of the sites had mean infection levels of �85%, but
3 sites were endophyte-free (37). In Finland, endophyte-infection
frequency averaged 98% in 13 of 15 sampled sites, whereas the
other 2 sites were endophyte-free (38). In France, infected plants
were present at 27% of 41 sampled sites, although a higher
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incidence of infection (43% of 14 sites) was detected in seed samples
from European botanical gardens (39). In Spain, 15 of 17 seed
accessions contained the endophyte, with a mean infection fre-
quency ranging 7–100% (40). Last, 99 of 104 collections of tall
fescue that were sampled from Morocco, Tunisia, and Sardinia
(Italy) were infected at a mean rate of 77% (41). In most of these
studies, widely spaced tillers were sampled to estimate infection
frequency. Although this method does not necessarily provide a
direct estimate of the frequency of infected vs. uninfected plants, it
does estimate the relative biomass or cover of infected plants.
Surveys of endophyte-infection frequency have been conducted
also in other regions and with other grass species, and they
demonstrate similar variability in infection frequencies (42–49).

Why do populations vary in infection rate? For endophyte-free
populations, founder effects are the most likely cause. The endo-
phyte in tall fescue is completely vertically transmitted (22). There-
fore, if founding seeds are endophyte-free, and there is no long-
distance seed dispersal, the population should remain endophyte-
free. Also, several studies have demonstrated that fungal viability in
seeds declines over time depending on environmental conditions
(50, 51). Long-term dormancy in the seed bank or seed storage can
also result in loss of infection and, thus, produce a patchwork
uninfected populations within a matrix of highly infected popula-
tions. More interesting are situations in which infection rates are
high but �100%. One possible mechanism is imperfect vertical
transmission, such that each new generation of seedlings has a lower
level of infection than the parental populations (29). Models suggest
that metapopulation dynamics could also maintain high levels of
infection as long as vertical transmission is 100% effective, even if
the symbiont is not mutualistic (52). Also, populations at �100%
endophyte frequency may be in a transitional state that will
eventually reach 100% infection. Last, and perhaps most important,
intermediate infection rates may reflect variation in the selective
advantage (or disadvantage; see ref. 53) of endophyte symbiosis in
spatially or temporally heterogeneous environments (27). Three
previous studies with tall fescue (reviewed in ref. 30) showed that
endophyte frequency increased over time, with more rapid in-
creases in populations beginning at a lower endophyte frequency.
However, ecological conditions were not manipulated experimen-
tally to determine the factors that cause endophyte frequency to
change.

The objective of the this study was to identify the ecological
mechanisms affecting the dynamics of endophyte symbiosis over
time. Specifically, we tested the hypothesis that herbivory increases
the frequency of the endophyte in populations of tall fescue. By
independently reducing insect and vertebrate herbivory, we were
able to assess the relative importance of these two groups of
herbivores. Also, we tested the hypothesis that changes in infection
level in tall fescue would be associated with concomitant changes
in plant community composition. This work provides a mechanistic
link between a previous study showing divergence in the plant
community between highly (�90%) and low (�5%) infected tall
fescue plots (34) and several studies documenting resistance of
endophyte-infected tall fescue to individual mammalian or inver-
tebrate species. The list of herbivores that are affected by endo-
phytes in grasses includes �40 invertebrate species, as well as
vertebrates such as cattle, horses, goats, sheep, deer, rabbits, voles,
rats, and birds (see refs. 30 and 54–56). Tests of these hypotheses
contribute to our understanding of the community-level conse-
quences of plant–microbe symbiosis, and they determine the eco-
logical importance of herbivore pressure in driving the long-term
dynamics of symbiosis.

Materials and Methods
Site. We established 60 field plots (5 � 5 m) during the summer of
1996 in Bloomington, IN (North 39°13�9�, West 086°32�29�). The
site supported herbaceous perennial vegetation, including tall
fescue, which was maintained by mowing two or three times per

year. Our treatments manipulated mammalian and insect herbivory
in a 2 � 2 factorial design (n � 15 plots per treatment, randomly
assigned), with a fence treatment plus supplemental vole (Microtus
spp.) removal to reduce mammals or an unfenced treatment to
allow ambient mammalian herbivory, and we used Malathion
insecticidal spray to deter insects or a water-spray treatment to allow
ambient insect herbivory. The area was plowed and disked. In
fenced plots, steel hardware cloth (120 cm in width, 1.25-cm mesh)
was inserted into trenches (40–50 cm in depth) and attached to steel
corner posts to inhibit burrowing mammals. Aluminum flashing (30
cm in width) was attached above the cloth to inhibit climbing by
small mammals. Chicken wire (90 cm in width, 5-cm mesh) was
attached above the flashing to deter larger mammals.

Seedling Establishment. L. arundinaceum seeds were sown in Sep-
tember of 1996. The endophyte was eliminated by long-term
storage of infected seeds at room temperature, which reduces
endophyte viability but not seed viability. Seeds were several
generations removed from the storage treatment and came from
parents that freely cross-pollinated (L. arundinaceum is self-
incompatible), allowing for homogenization of the plant genetic
background with respect to the endophyte treatment. Other plant
species colonized plots from the seed bank, vegetative fragments,
or dispersal from surrounding areas. Endophyte-infected and un-
infected seeds were combined to create a 50:50 seed mixture (seed
source, germination rate, and confirmation of infection according
to the method described in ref. 34) and sown at 112.5 g per plot. To
estimate initial endophyte frequency, a random sample of 20
seedlings per plot was collected in November of 1996, grown in a
greenhouse, and examined microscopically.

Endophyte Frequency. Changes in endophyte frequency were quan-
tified by repeatedly sampling experimental grassland plots enriched
with tall fescue seed at an initial endophyte frequency of 50%.
There is no contagious spread or loss of the endophyte from adult
plants (20); therefore, any changes in infection result from differ-
ential survival, clonal growth, and�or reproduction of individual
plants. Each June and October (June 1997–June 2001), �50 Lolium
tillers were collected from each plot. Each plot was divided into a
5 � 5 grid, and two tillers were collected at random per grid square.
In October of 2000, 100 tillers were collected (four per grid square).
To score infection, a thin cross section of each tiller was placed on
a nitrocellulose membrane with known positive and negative con-
trols and treated with dye-linked monoclonal antibodies specific for
the fungal endophyte (57) (Fig. 1). Two researchers scored mem-
branes independently and without knowledge of treatment. Am-
biguous blots (�5% of total) were reexamined under a dissecting
scope. Initial endophyte frequency (angular-transformed) was an-
alyzed with factorial ANOVA (PROC GLM 2000, version 8.1; SAS
Institute, Cary, NC). For each census date, the change in endophyte
frequency was calculated as the present endophyte frequency minus
initial endophyte frequency. The change in endophyte frequency,
including the repeated effect of census date and all interactions, was
analyzed with repeated-measures multiple ANOVA (MANOVA).
If we detected significant interactions between treatments and time,
we used a (two-tailed) Dunnett’s test of difference from the control
to test for differences among treatments for each census date while
controlling for multiple comparisons; a Tukey’s honestly signifi-
cantly different test yielded similar results. Data met assumptions of
normality (Shapiro–Wilks test) and equality of variances (Levene’s
test) after angular transformation.

Vole Trapping and Insecticide Application. Voles (Microtus spp.) have
been identified as the most important vertebrate herbivores in local
tall fescue grasslands (58). Voles were trapped in all plots 10 times
during the experiment (Fig. 2B) and nine additional times in fenced
plots to ensure reductions in vole abundance. On these nine
additional dates, a mean of 0.53 (�0.08 SE) voles were removed per
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plot per date. Live traps were baited with rolled oats, set during the
evening, and checked the next morning. Each plot typically received
two live traps per trapping date. Voles were removed from fenced
plots and released into adjacent unfenced plots. Most voles were
Microtus ochrogaster (prairie vole), with 10–20% Microtus pennsyl-
vanicus (meadow vole). Vole number per trap was determined for
each plot and square-root-transformed to meet assumptions of
normality and equality of variances. Data were analyzed with
repeated-measures MANOVA, as described above.

Beginning in the spring of 1997, Malathion was sprayed every 2
weeks (April 1 to first frost) on one-half of the plots. At the same
time, an equal volume of water was applied to non-insecticide-
treated plots. Malathion is a nonsystemic, contact organophosphate
insecticide that has no effects on plant growth (23, 59). Insecticide
(or water) application was performed with an engine-powered
sprayer (113.6-liter tank, 400 ml of Malathion per tank). Each plot
was sprayed for 40 s by using a continuous sweeping motion.
Sweep-net sampling assessed arthropod abundance three times
during the experiment. Each plot was swept 25 times with a 15-cm
(diameter) net. Arthropods were identified to order in the labora-
tory and classified as herbivores (a majority of Coleoptera, Ho-
moptera, Hemiptera, Orthoptera, and Lepidoptera) or predators
(mainly Aranae, Odonata, and Hymenoptera). Sweep-net samples
of arthropods that were collected in nearby plots at the same site
were identified to family, genus, and�or species. These data showed
that herbivores constituted 100% of the collected Homoptera,
Lepidoptera, and Orthoptera individuals, �99% of the Coleoptera,
and 71% of Hemiptera. The total number of herbivorous (or
predaceous) individuals per plot per census was analyzed with
repeated-measures MANOVA, as described above. Data met
assumptions of normality and equality of variances.

Plant Composition. To assess the effects of treatments on tall fescue
as well as other plant species in the community, we harvested
subplots of above-ground biomass in June of 2001 at the conclusion
of the experiment. Plant cover was visually estimated over the
course of this study, but only results from above-ground biomass
harvests at the end of the study are reported here. Above-ground
biomass was harvested from four 0.5 � 0.5-m quadrats per plot
according to the method described in ref. 34. Biomass was sorted
into tall fescue, nonfescue grasses, or forbs and then dried and
weighed. Other common grasses besides tall fescue included Agros-
tis alba, Bromus commutatus, Dactylis glomerata, Elymus repens,

Elymus villosus, and Poa pratensis. Of these grasses, all but one (B.
commutatus) have been reported to be infected with systemic,
endophytic fungi (60), but in southern Indiana, we have found only
E. villosus to be infected (44). Dominant forbs included Ambrosia
trifida, Cirsium arvense, Conyza canadensis, Plantago lanceolata,
Rumex crispus, Solidago spp., and Vernonia altissima. Biomass data

Fig. 1. Tissue-print immunoblot analyses. Red circles indicate N. coenophi-
alum. Hyphal cross sections are clustered around vascular bundles of L. arundi-
naceum. Pink circles indicate uninfected tillers.

Fig. 2. Efficacy of experimental treatments. (A) Distribution of the initial
proportion of infected tillers per plot, which did not deviate significantly from 0.5
(mean, 0.496; 95% confidence interval, 0.452–0.540), by using the bias-corrected
acceleratedbootstrapwith10,000resamples. (B) Thenumberofvolesper trapfor
fenced vs. unfenced plots across 10 census dates. (Fence, F1,55 � 13.1, P � 0.0007;
fence � time, F9,47 � 0.6, P � 0.8.) (C) The number of herbivorous insects collected
per plot for plots sprayed with the insecticide (Malathion) vs. plots sprayed with
water for three census dates. Within a bar, data are divided by insect orders.
(Insecticide,F1,56 �6.7,P�0.012; insecticide� time,F2,55 �1.3,P�0.3.)Errorbars
indicate means � SE. The insecticide did not affect voles (F1,55 � 0.9, P � 0.3;
fence � insecticide, F1,55 � 0.04, P � 0.8), nor did fencing affect herbivorous
arthropods (F1,56 � 1.6, P � 0.2; fence � insecticide, F1,56 � 0.7, P � 0.4) or
predaceous arthropods (F1,56 � 1.7, P � 0.2; fence � insecticide, F1,56 � 0.61,
P � 0.4).
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were analyzed in combination with mixed-model MANOVA.
When effects were significant in MANOVA, we proceeded with
mixed-model ANOVA for each type of biomass measured (tall
fescue, nonfescue grasses, or forbs), including the random effect of
plot nested within fence � insecticide (PROC MIXED, SAS Institute).
Assumptions of normality and equality of variances were met after
log transformation of all response variables.

Tall Fescue Fitness. To examine the effects of herbivores on the
fitness of tall fescue plants, we used above-ground biomass of tall
fescue as our fitness estimate. Like many perennial grasses, tall
fescue spreads largely through clonal growth, with infrequent
seedling establishment as soon as dense swards are formed (61, 62).
Thus, biomass constitutes a particularly important component of
fitness. Seed and pollen production can also contribute to tall fescue
fitness, especially by means of dispersal into new habitats, and seed
(but not pollen) production increases the fitness and dispersal of the
endophyte. We did not directly measure seed or pollen production
of tall fescue in this experiment, but two related and concurrent
experiments demonstrated that tall fescue biomass was highly
correlated with the number of inflorescences (seed heads) that were
produced. In the same site as used in this study, by using the same
seed stock, 100% E	 or 100% E
 seeds were planted in alternating
30 � 30-m plots during 2000 (total of 16 plots). The Pearson’s
correlation coefficient for biomass vs. inflorescence number during
June of 2003 was r � 0.83 (P � 0.0001, n � 128 subplots measuring
0.5 m2). The endophyte status of the plot did not affect the slope
of this relationship (F � 0.39, P � 0.53). Similarly, in an experiment
using related seed stock at another site 3-km distant (details are
given in ref. 34), the Pearson’s correlation coefficient for biomass
vs. inflorescence number was r � 0.92 (P � 0.0001, n � 160 subplots
measuring 0.5 m2). Again, the presence of the endophyte did not
affect this relationship (F � 2.11, P � 0.15). Other studies (63–65)
also have found that the endophyte increases seed production and
survival in tall fescue.

Results
Initial Endophyte Frequency. We estimated endophyte-infection
frequency of the plots as the proportion of tall fescue tillers that
were infected by the endophyte. Across all plots, our estimate of the
initial proportion of infected tillers did not deviate significantly
from 0.5 (Fig. 2A). Initial infection rate was consistent among plots
regardless of their subsequent treatment with insecticide (insecti-
cide: F1,56 � 1.2, P � 0.3; fence � insecticide: F1,56 � 0.1, P � 0.8).
In contrast, fenced plots had significantly higher initial infection
than unfenced plots (mean � SE; unfenced, 0.44 � 0.02; fenced,
0.56 � 0.03; F1,56 � 8.3, P � 0.006). This pattern is the reverse of
that expected if herbivores preferentially consumed uninfected tall
fescue seeds or seedlings. Nevertheless, initial differences had no
effect on infection dynamics over time as evidenced by the fact that
initial endophyte frequency was independent of final endophyte
frequency (Pearson’s correlation coefficient, r � 
0.03, P � 0.8).

Treatment Effectiveness. The fencing treatment reduced the vole
capture rate significantly (Fig. 2B). Similarly, the insecticide treat-
ment reduced herbivorous insects significantly (Fig. 2C). Preda-
ceous arthropods were reduced also by the insecticide (mean � SE;
water treatment, 4.8 � 0.6; insecticide, 2.5 � 0.4; F1,56 � 25.8, P �
0.0001), but herbivorous insects still remained fewer than in the
water-treated plots (Fig. 2C). Because neither treatment was 100%
effective, our experiment underestimates the impact of voles and
herbivorous insects on infection frequency.

Dynamics of the Symbiosis. Across all plots, endophyte-infection
frequency (as estimated by the proportion of tillers with the
endophyte) increased from an initial level of 50% to 67% over 54
months (Fig. 3). Infection frequencies among treatments diverged
over time as indicated by the time � fence � insecticide interaction

(Fig. 3). Specifically, endophyte frequency increased more under
ambient herbivory (unfenced plus water, 30%) than in the fenced
plus insecticide treatment (12%), and this difference was significant
when averaged across all census dates (orthogonal contrast, F1,54 �
5.1, P � 0.03). When treatment effects were decomposed by census
date, the difference between the control plots and the dual herbi-
vore-exclusion plots was significant on multiple, but not all, cen-
suses, as shown in Fig. 3. Neither the main effect of fencing nor that
of insecticide was statistically significant (Fig. 3), demonstrating that
the interactive effects of mammalian and invertebrate herbivores
were driving the dynamics of the symbiosis. Also, there was
evidence of seasonal fluctuations, with a large increase in infection
frequency between spring and fall censuses across all treatments in
1998 and 1999 (months 25 and 37, respectively). This increase could
indicate an advantage of endophyte infection under summer
drought stress, as has been reported frequently (24, 47).

Plant Community Composition and Tall Fescue Fitness. Changes in
plant community structure, measured as above-ground biomass at
the end of the study, accompanied changes in infection within
experimental plots. All plots were initially established under the
same conditions, and treatments were assigned randomly with
respect to the preexisting seed bank. Therefore, any differences in
plant composition were attributable to the herbivory treatments.
Tall fescue biomass was 58% greater in unfenced plots than in
fenced plots (Fig. 4A). The significant increase in tall fescue biomass
arising from greater numbers and�or larger sizes of individual
plants in the unfenced plots suggests that tall fescue experiences
fitness benefits in the presence of mammalian herbivores. In
contrast to tall fescue biomass, the biomass of forbs (Fig. 4B)
and nonfescue grasses (fenced, 41.4 � 6.6 g; unfenced, 39.6 � 3.8 g;
F1,56 � 3.9, P � 0.05) declined in unfenced plots. With the possible
exception of E. villosus (which was not assessed), the nonfescue
grass biomass was endophyte-free. Although fencing shifted the
relative biomass of species, it had no effect on total plant biomass,

Fig. 3. The change in endophyte frequency among treatments. The change
in frequency was determined by subtracting the initial proportion of tillers
infected in that plot from the proportion of tillers infected on each date. The
change in proportion is bounded by 
0.5 and 0.5 (0% and 100% infected,
respectively). Over time, infection increased in all plots (time, F8,47 � 29.6, P �
0.0001). Treatments diverged over time (fence � insecticide � time interac-
tion, F8,47 � 2.8, P � 0.01). No main effects or two-way interactions were
significant (fence, F1,54 � 3.1, P � 0.08; fence � time, F8,47 � 1.4, P � 0.2;
insecticide, F1,54 � 1.9, P � 0.2; insecticide � time, F8,47 � 0.8, P � 0.6; fence �
insecticide, F1,54 � 0.43, P � 0.5). Symbols show means � SE and are slightly
offset to show error bars clearly. P values indicate a significant difference
between the dual herbivore-exclusion treatment (fenced plus insecticide) and
the control (unfenced plus water) for each date.
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which is a measure of primary productivity (Fig. 4C). In contrast to
fencing, the insecticide did not affect plant composition (Fig. 4),
suggesting that any changes in endophyte frequency due to insect
herbivory were not accompanied by significant shifts in the plant
community.

Discussion
Our results demonstrate that biological pests significantly increase
the frequency of a hereditary symbiont over time. This experimen-
tal study identifies herbivory as an important mechanism in the
dynamics of hereditary symbiosis. The increase in frequency of the
Neotyphodium endophyte in tall fescue grass was 2.5 times greater
in control plots with herbivores than in the dual mammalian and
invertebrate herbivore-exclusion treatment. This effect was pre-

sumably in part due to the herbivore-deterrent alkaloids present
only in endophyte-infected plants (31). Although we did not
quantify alkaloids in this study, their production in endophyte-
infected tall fescue is well documented (31, 66).

The importance of herbivores in the dynamics of plant–microbe
interactions may be widespread. Although our results provide the
first evidence for long-term impacts of herbivores on a hereditary
symbiont, other studies have found strong interactions between
herbivores and horizontally transmitted symbionts such as mycor-
rhizal fungi, pathogens, and other endophytic fungi (7, 67–69). For
example, in one of the few long-term studies of herbivore effects,
high densities of scale insects reduced colonization by mycorrhizal
fungi on pinyon pines that were susceptible to scale attack (70).
However, with herbivores and mycorrhizal fungi, the effects are
typically in the opposite direction of the results presented here, in
which the herbivores suppress, rather than promote, the symbiont.
The direction of the herbivore effect may hinge on how the
symbiont alters the herbivore resistance of its host.

The increase in symbiont frequency that occurred even when
both mammalian and insect herbivores were reduced (a 12%
increase) suggests that even low levels of herbivory may benefit
infected plants. Our exclusion treatments were not 100% effective,
and other groups of plant consumers (such as plant pathogens,
nematodes, and mollusks) were not experimentally manipulated.
Also, other benefits of the endophyte, such as enhanced drought
tolerance or nutrient acquisition, may also have contributed to
increasing endophyte frequency in the dual exclusion plots (24, 25).
However, in the absence of interactive effects with our treatments
(e.g., plants treated with insecticide have increased drought toler-
ance or reduced pathogen attack), these alternative benefits and
uncontrolled consumption of tall fescue would have been spread
evenly over all replicates. Thus, the 2.5-fold difference in infection
frequency (30% vs. 12%) represents the effect of our experimental
reduction in vertebrate and invertebrate herbivory. Had this ex-
periment continued longer, endophyte frequency may have reached
fixation (100% of plants with the endophyte), but metabolic costs
of infection, variation in environmental conditions (including her-
bivore pressure), and�or loss of infection from dormant seeds could
maintain variation in infection frequency (28, 29).

Not only were the dynamics of the symbiont altered by herbi-
vores, but the relative biomass of the host plant shifted also.
Mammalian herbivory increased tall fescue biomass by 58% in
unfenced plots compared with fenced plots. Biomass is an impor-
tant component of fitness for this clonal species, and it is also highly
correlated with inflorescence production and, therefore, reproduc-
tive fitness. Thus, when the endophyte is present, tall fescue clearly
benefits from mammalian herbivory. We estimated the percentage
of total live biomass that consisted of infected tall fescue by
multiplying the percentage of total biomass that was tall fescue in
fenced plots (38%) vs. unfenced plots (58%) by their mean endo-
phyte-infection frequencies. In fenced plots, 26% of the total
biomass was infected tall fescue, vs. 39% in unfenced plots (a 48%
increase). Given the lower initial infection in unfenced plots, this is
a conservative estimate of the increase in endophyte-infected
biomass. This result is relevant to previous research on the possible
benefits to plants from herbivory (71–73) and shows that herbivores
can increase the competitive dominance of toxic plants. However,
in the case of tall fescue, the herbivore resistance traits are not
intrinsic to the plant but are rather provided by the endophyte
symbiont. Although herbivory may be harmful to individual plants,
it is clearly advantageous to infected tall fescue populations (74).

Mammalian herbivory not only increased the biomass of tall
fescue but also reduced the biomass of forb and nonfescue grass
species in the community. In contrast to mammalian herbivory,
insect herbivory did not affect tall fescue biomass or plant compo-
sition, although it did affect endophyte frequency in combination
with mammalian herbivory. Therefore, the change in endophyte
frequency was not the only factor altering composition of the plant

Fig. 4. Plant composition among treatments. Fencing significantly affected tall
fescuebiomass (fence,F1,56 �4.4,P�0.04) (A)andforbbiomass (fence,F1,56 �4.4,
P � 0.04) (B) but not total biomass (fence, F1,56 � 3.0, P � 0.1) (C). Total biomass
was calculated as the sum of tall fescue, forb, nonfescue grasses, and thatch
biomass. Error bars show means � SE. Different letters indicate significant dif-
ferences among treatments. The insecticide treatment did not significantly affect
the biomass of tall fescue (F1,56 � 2.1, P � 0.2; insecticide � fence, F1,56 � 1.8, P �
0.2), forbs (F1,56 � 0.6, P � 0.4; insecticide � fence, F1,56 � 0.1, P � 0.8), nonfescue
grasses (F1,56 � 0.7, P � 0.4; insecticide � fence, F1,56 � 0.0, P � 0.9), or total
biomass (F1,56 � 0.0, P � 0.9; insecticide � fence, F1,56 � 1.6, P � 0.2).
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community. These results suggest that mammalian herbivores
affect plant composition both directly by preferentially consuming
nonfescue plants as well as indirectly by altering endophyte fre-
quency. It has been found that voles consume significantly more
nonfescue plants in plots of 100% endophyte-infected tall fescue
than in endophyte-free plots (J.A.R., S. P. Orr, and K.C., unpub-
lished data). The observed shift in plant composition was consistent
with ref. 34, which reported reduced species richness and increased
tall fescue biomass in experimental grasslands, with 100% infected
tall fescue compared with endophyte-free tall fescue. Results
presented here demonstrate that herbivores modify community
structure by increasing the biomass of herbivore-resistant, endo-
phyte-infected tall fescue.

Although our focus was on tall fescue and changes in the plant
community, our results point to an important role of herbivores for
the fitness of the fungal endophyte. Because it has no free-living or
contagious stage, N. coenophialum can increase its fitness in only
two ways: by clonal spread of its host plants or vertical transmission
to seeds. Our data suggest that both mechanisms are enhanced by
herbivory. The percentage of biomass infected with the endophyte
increased most in the presence of herbivores, and biomass is highly
correlated with seed production in this system. Our calculations in
the above paragraph suggest that fungal fitness is 48% higher in the
presence (unfenced plots) than absence (fenced plots) of mamma-
lian herbivores. There was no evidence for a net cost to the fungus
of symbiosis with tall fescue because the frequency of endophyte
infection increased over time in all of our experimental treatments.

Our results have broad implications for understanding the suc-
cess of invasive species. Plants invading novel habitats may fre-
quently suffer less damage from pests and parasites than native
species (75–77). Also, invasive plants may possess novel chemistry

to which resident species are not adapted (78). In the case of tall
fescue, the mixture and quantities of endophyte alkaloids may
represent formidable barriers to resident herbivores. However,
there have been no comparable studies examining the interaction
among the endophyte symbiont, herbivores, and the resident plant
community in tall fescue or in any other grass species. It would be
useful to replicate this experiment at multiple locations around the
world where tall fescue occurs. In particular, it would be useful to
determine whether European and African herbivores are more
adapted to endophyte-infected tall fescue. In our experiment, the
relative biomass of infected tall fescue was enhanced by herbivores,
suggesting that this grass may be better able to invade novel habitats
with high levels of herbivore pressure. More generally, our results
confirm the important role of mammalian herbivores (particularly
voles) in shaping the composition and dynamics of plant commu-
nities (79–81).

Considering the role of species interactions extrinsic to symbio-
ses, such as predation or competition, may prove to be crucial to
understanding the long-term dynamics of host–symbiont interac-
tions, the fixation or loss of hereditary symbioses, the evolution of
mutualism, and the mechanisms driving associated changes in
community structure. Here, we show that herbivory reduced the
biomass of symbiont-free tall fescue, as well as other plant species,
and increased the biomass of symbiotic tall fescue.
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