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Introduction

Research on the mycorrhizal associations over the past
several decades has yielded increased understanding
and appreciation of the important role of this symbi-
osis in the functioning and performance of plants in
a wide array of terrestrial ecosystems. We now un-
derstand that the role of mycorrhizal fungi extends
beyond the symbiotic acquisition of phosphorus for
the host plant and reciprocal carbon provision from
the host to fungus. Additional effects of mycorrhizal
fungi on the functioning of their host plants including
increased disease resistance, improved water relations,
acquisition of other soil nutrients, and alterations in
other soil physico-chemical properties have been doc-
umented. Other aspects of the ecology of mycorrhizas,
including variation in the costs and benefits of car-
bon and nutrient exchange, the ecological significance
of mycelial networks, the role of mycorrhizal symbi-
osis in multi-species interactions, and the extent and
consequences of host-specificity in these associations
have also recently been explored.

The effects of mycorrhizal fungi on the function
and growth of individual plants have numerous con-
sequences that extend to the plant population and
community levels. The costs and benefits of col-
onization by mycorrhizal fungi for plant resource
availability can strongly influence patterns of plant
reproduction and demography, responses to compet-
itors, herbivores, and other biotic interactions, and
patterns of species composition, diversity, and suc-
cession. This ancient mutualistic symbiosis may be
one of the most important but least understood biotic
interactions regulating plant community structure and
dynamics. Hopefully, an increased understanding of
these patterns, their underlying mechanisms, and the
costs and benefits of this symbiosis will lead in the
future to the formulation of general predictive theory
of mycorrhizal effects on plant communities.
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In this paper, we examine the consequences of
mycorrhizal symbiosis at the plant community level,
with a primary focus on grasslands. Mycorrhizal fungi
are ubiquitous and abundant in grasslands and savan-
nas worldwide (e.g., Chiariello et al., 1982; Dav-
idson and Christensen, 1977; Fitter, 1986; Koide
et al., 1988; Miller, 1987; Newsham and Watkin-
son, 1998; O’Connor et al., 2001; Perez and Frangi,
2000; Smilauer and Smilaveraer, 2000; van Auken
and Brown, 1998). Indeed, our sampling of >100
herbaceous species in North American tallgrass prairie
and southern African low veld grasslands revealed
that all species thus far examined are colonized by
mycorrhizal fungi and that most dominant grasses in
these systems are obligate mycotrophs. In addition,
studies over the past decade have demonstrated that
mycorrhizas have particularly large influences on sev-
eral aspects of grassland community and ecosystem
functioning, and experiments in grasslands have con-
tributed much to the lessons learned and new questions
raised about the ecological role of this symbiosis.
Here we review evidence for the varied effects of my-
corrhizas on the composition and diversity of plant
communities, discuss the various hypothesized mech-
anisms by which mycorrhizal fungi influence plant
community structure, and explore the role of this sym-
biosis in the broader context of the complex array
of biotic interactions characteristic of grasslands and
many other terrestrial ecosystems.

Mycorrhizas and plant community structure

The processes regulating the composition and di-
versity natural communities has been a central focus
in ecology. The roles of species interactions, natural
disturbances operating at different scales, and histor-
ical and biogeographic factors have all been explored
(e.g., Brown, 1995; Huston, 1994; Pickett and White,
1985; Ricklefs and Schluter, 1993). Studies of the
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role of biotic interactions influencing plant community
structure have focused largely on plant competition
and plant-herbivore interactions (e.g., Frank et al.,
1998; Grace and Tilman, 1990). The important role
of mycorrhizal symbiosis in shaping plant community
structure has recently become recognized and gained
significant attention. This has been a result of both a
general increase in research on mycorrhizas, and an
increasing recognition that positive interactions (e.g.,
direct and indirect facilitation) are common in natural
communities and may have large effects on plant com-
munity structure (Bengtsson et al., 1994; Callaway,
1995; Clay and Holah, 1999).

Recent studies have shown that mycorrhizal fungi
can have large but quite variable effects on plant spe-
cies diversity, composition, and successional dynam-
ics (e.g., Allen and Allen 1984; Connell and Lowman,
1989; Grime et al., 1987; Hartnett and Wilson, 1999).
There is also increasing evidence that the effects of
mycorrhizal fungi on their host plant communities are
context-dependent, varying with host species, plant
life history stage, resource availability, and abiotic
conditions (e.g., Bethlenfalvay et al., 1982; Fitter,
1986; Francis and Read, 1995; Hartnett et al., 1994;
Johnson et al., 1997). In some herbaceous communit-
ies, mycorrhizas enhance plant species diversity by
increasing the establishment and abundance of sub-
ordinate species relative to the community dominants
(Gange et al., 1993; Grime et al., 1987; Newman and
Reddle, 1988), and plant diversity may be positively
correlated with the species diversity of mycorrhizal
fungi (van der Heijden et al., 1998a). In other com-
munities, evidence indicates that mycorrhizal fungi
decrease plant species coexistence and diversity (e.g.,
Hartnett and Wilson, 1999; Newsham et al., 1995;
O’Connor et al., 2001). Experiments in both North
American tallgrass prairie (Figure 1) and European
calcareous grasslands (Zobel and Moora, 1995) indic-
ate that mycorrhizal symbiosis decreases plant species
diversity by increasing the competitive success and
abundance of the community dominants relative to
subordinate species. Studies in other grasslands and
grassland restorations indicate that mycorrhizal fungi
may also alter species composition with no net effect
on species richness (Smilauer and Smilauerova, 2000),
or may alter rates of succession by hastening the dis-
placement of ruderal species by native grasses (Smith
et al., 1998).

Thus, it is clear that at the local community (al-
pha) scale, mycorrhizal fungi have the potential either
to decrease or increase plant species diversity, al-

ter plant species composition, and/or influence the
rate and trajectories of community succession. The
hypothesized underlying mechanisms causing these
observed effects of mycorrhizas on plant communit-
ies are similarly varied and include: (1) direct and
differential effects on plant species traits such as col-
onization, establishment, and competitive ability, (2)
effects of mycorrhizal mycelial networks and inter-
plant resource transfer through hyphal connections on
plant growth and relative abundances, and (3) my-
corrhizal mediation of other biotic interactions such
as plant–herbivore or plant–pathogen interactions. In
the following sections, we review the evidence and
discuss various proposed mechanisms for mycorrhizal
influence on plant communities.

Patterns of plant species diversity in nature are
scale-dependent, and conservation of biodiversity at
the regional or global scale should not be confused
with maximization of species richness and diversity
at the local community or patch scale (Poiani et al.,
2000). Many natural grassland communities are and
have historically been characterized by low diversity
and high dominance at the local community (alpha)
scale. In these systems, this low local patch diversity,
coupled with significant heterogeneity at larger scales,
results in a pattern of higher diversity at the landscape
or regional scales. Furthermore, high alpha diversity
at the local community scale is often associated with
a larger number of invasive exotic or ruderal species,
whereas stable, undisturbed communities are charac-
terized by lower richness. Thus, high alpha diversity
or species richness at the local scale is not necessar-
ily a good indicator of the biotic integrity or stability
of a community. The study of mycorrhizas or any
other factors that influence patterns of diversity must
consider spatial scale, and focusing solely on the max-
imization of local species richness as a conservation
goal is an unwarranted oversimplification and general-
ization that ignores scale and overemphasizes species
numbers relative to species composition and relative
abundances. It is clear from the various studies re-
viewed above that mycorrhizas have large influences
on plant community structure and are an important
factor in the stability of plant species composition, as
evidenced by the large magnitude of changes in plant
communities reported in response to experimental
alteration of mycorrhizal activity.
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Figure 1. Field experiment: Plant species diversity and evenness of mycorrhizal (control) and mycorrhizal-suppressed (Benomyl application)
plots in North American tallgrass prairie after five years of treatment application. Mycorrhizal and mycorrhizal-suppressed plots were not
different prior to fungicide applications (year 1). Bars represent means of six transects (10 plots/transect). Different letters indicate that control
plots are significantly different (P≤0.05) from mycorrhizal-suppressed plots. Data from Hartnett and Wilson (1999). Glasshouse experiment:
plant species diversity and evenness of mycorrhizal (control) and mycorrhizal-suppressed (Benomyl application) tallgrass prairie microcosms
maintained for 42 weeks under glasshouse conditions. Each microcosm contained warm- and cool-season grasses and native prairie forbs
planted at approximate field densities (eight species total). Different letters indicate that control plots are significantly different (P≤0.05) from
mycorrhizal-suppressed plots. Data from Wilson and Hartnett (1997).

The spatial heterogeneity hypothesis

Allen (1991) suggested that spatial heterogeneity of
mycorrhizal fungal infectivity may increase plant spe-
cies diversity, allowing nonmycotrophic and myco-
trophic species to coexist in patches of low and
high inoculum, respectively. This mechanism depends
strongly on the existence of interspecific differences
in responses to mycorrhizal colonization among co-
occurring plant species. We extend Allen’s hypothesis
further and suggest that, in habitats with significant
spatial heterogeneity in fungal infectivity, there will be
a positive relationship between interspecific variability
in host plant mycotrophy and plant species diversity.

Allen’s hypothesis also assumes that fungal in-
fectivity or inoculum potential is limiting to the growth
of at least some plant species in the community. We
know little about if, and under what conditions low
mycorrhizal fungal populations and low root coloniz-
ation levels may actually be limiting to their host plant

populations. Variation in spore population densities or
root colonization rates may have little effect on host
plant populations if these factors are not limiting to
the maintenance of functional mycorrhizal symbiosis
in the field.

A related hypothesis is that spatial heterogeneity
in infectivity, coupled with variation in host species
dependency on mycorrhiza for colonization and es-
tablishment (e.g., regeneration niche differences) may
enhance species diversity in plant communities. A
field experiment in tallgrass prairie showed that plant
species differed considerably in their requirement for
mycorrhizal colonization for successful germination
and establishment, and that some species which were
highly dependent upon the symbiosis for establish-
ment showed low dependency on mycorrhizas for
adult plant growth, and vice versa (Hartnett et al.,
1994). Effects of mycorrhizal colonization on plant
growth may also differ from its effect on seed and
vegetative reproduction within prairie species (Koide,
2000, and this volume; Wilson et al., 2001a). Thus,
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in these grasslands, mycorrhizal dependency is an im-
portant aspect of the regeneration niche of plants, and
the dependency of the plant on the symbiosis may
vary considerably among different plant life history
stages. The mycorrhizal enhancement of germination
and establishment of many tallgrass prairie plant spe-
cies may not only promote species diversity, but may
also increase the rate of succession by allowing highly
mycotrophic species to more rapidly displace ruderal
species (Smith et al., 1998).

Mycorrhizal regulation of plant competition

A second hypothesis is that mycorrhizal fungi influ-
ence plant species coexistence, relative abundances,
and diversity by altering the intensity and outcomes
of interspecific plant competition. Given interspecific
differences among plants in mycorrhizal effects on
growth and competitive ability, any changes in my-
corrhizal colonization or symbiotic function will alter
plant species competitive effects and responses, res-
ulting in shifts in species dominance, coexistence,
and diversity. We predict that, in general, mycor-
rhizal symbiosis will strongly influence plant species
diversity in any community in which the dominant
competitors are significantly more strongly or more
weakly mycotrophic than their neighbors.

In turfgrass microcosm experiments conducted
by Grime et al., (1987), the dominant competit-
ors (C3 grasses) were more weakly mycotrophic
than their neighbors. Thus, active mycorrhizal as-
sociations conferred greater benefit to subordinate
competitors and increased species diversity. By con-
trast, in our tallgrass prairie experiment (Hartnett and
Wilson, 1999), the dominant competitors (C4 peren-
nial grasses) were more strongly mycotrophic than
their interspecific neighbors. Thus, AM fungal colon-
ization further enhanced their dominance and reduced
local species diversity in these grasslands. The abund-
ance of C4 grasses decreased with mycorrhizal sup-
pression, with a concomitant increase in abundance
of C3 grasses, but with no effect on total above-
ground plant production. This clearly indicates that the
subordinate prairie species experience compensatory
increases in growth and abundance as the competitive
effects of the dominant grasses are greatly reduced in
the absence of their mycorrhizal symbionts.

These conclusions from this 5-year field experi-
ment are further supported by a series of pairwise
competition experiments conducted in the glasshouse

(Hartnett et al., 1993; Hetrick et al., 1989, 1994), and
a neighbor removal experiment conducted in the field
(Smith et al., 1999), which showed that mycorrhizas
regulated the outcomes of intra- and interspecific com-
petition among tallgrass prairie plant species. Connell
and Lowman (1989) suggested that this mechanism
of mycorrhizal alteration of plant competitive rela-
tionships may also explain low diversity and high
dominance in some tropical forest communities.

Interspecific variability in plant response to
mycorrhizal symbiosis

Both the ‘spatial heterogeneity hypothesis’ and the
‘mycorrhizal regulation of plant competition hypo-
thesis’ depend strongly on a key assumption of sig-
nificant variability among host plant species in their
responses to mycorrhizal colonization, and indeed
there is considerable evidence for such variability in
grassland plant communities. For example, a study
that assessed the growth responses to arbuscular my-
corrhizal colonization of 95 species of tallgrass prairie
grasses and forbs found high interspecific variation
in host-plant benefit from the symbiosis. Species var-
ied from large positive growth responses (e.g., non-
mycorrhizal plant biomass < 2% of mycorrhizal plant
biomass) to negative effects of AMF colonization on
plant growth. The patterns of mycorrhizal dependence
varied among plant life history and taxonomic groups
(e.g., grass, forb, legume, annual, perennial) and
phenological guilds (Wilson and Hartnett, 1998). In
general, perennial warm-season C4 grasses and forbs
benefited significantly from the symbiosis, whereas
growth of the perennial cool-season C3 grasses and
annual species were minimally affected. Mycorrhizal
responsiveness of the prairie forbs was strongly related
to root system architecture (lower colonization in spe-
cies with highly branched, fine root structure) and, to
a lesser extent, flowering phenology.

Variation among host plant species in mycorrhizal
dependency may not always provide reliable predic-
tions of mycorrhizal effects on community structure
if host species responses are strongly influenced by
the particular species of AM fungi present (van der
Heijden et al., 1998a,b). While different AM fungal
taxa have been shown to produce varying growth
responses, it should also be noted that the domin-
ant plant species in the C3-dominated grasslands that
have been studied thus far did not respond signi-
ficantly to any AM fungi (e.g., van der Heijden et
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al., 1998a,b). Also, while plant growth benefits var-
ied among fungal isolates, eight of 11 sub-dominant
plant species failed to grow in the absence of the
AM fungi. Therefore, suppression of the symbiosis
necessarily reduces diversity due to the loss of ob-
ligately mycotrophic plant species from the system,
with a concomitant increase in dominance of the non-
responsive dominant grasses. In contrast, the dominant
plant species of the C4-dominated grasslands stud-
ied are obligately mycorrhizal, and although different
AM fungi may differ in their benefit to host plants
(e.g., Hetrick et al., 1986), these host species fail to
grow at all in the absence of the symbiosis. Because
many sub-dominant plant species of these grasslands
are facultative mycotrophs (low responsiveness), elim-
ination of mycorrhizal fungi differentially suppresses
the dominant C4 grasses and results in competitive re-
lease and increased abundance of the sub-dominants,
thereby increasing plant species diversity. Therefore,
while AM fungal community composition has the po-
tential to differentially influence different plant species
(van der Heijden et al., 1998b), the general patterns
of mycorrhizal responsiveness of the dominant plant
species appears to be the overriding factor influencing
plant species diversity in these systems. In tallgrass
prairie communities, both field and glasshouse mi-
crocosm studies comparing fungicide-treatments with
non-sterile native prairie soil containing a natural AM
fungal community produced the same effects on the
plant communities as glasshouse experiments using
steam-pasteurized soil and re-inoculation with one
or several fungal taxa (Hartnett and Wilson, 1999;
Wilson and Hartnett, 1997, 1998; Wilson et al.,
2001b). This further suggests that the presence or ab-
sence of AM fungi, and general differences in mycor-
rhizal dependency among dominant and subordinate
plant species is the primary mechanism accounting
for mycorrhizal effects on plant species diversity in
tallgrass prairie. Interspecific variation in mycorrhizal
dependency is also a key factor influencing patterns of
succession in many communities, as more weakly or
non-mycotrophic species are replaced by obligate my-
cotrophs with time since disturbance (Miller, 1987).

Overall, evidence to date suggests that the pres-
ence or absence of mycorrhizal fungi, the growth
responses or mycorrhizal dependency of host plant
species, and/or differential plant species responses to
the particular species of AM fungi present may all be
potentially important factors influencing the perform-
ance and relative abundance of plant species within
local herbaceous communities.

The resource sharing hypothesis

Grime et al. (1987) hypothesized that their observed
increase in plant species diversity in turfgrass micro-
cosms in response to the presence of mycorrhizas was
due to extensive mycelial networks facilitating inter-
plant resource transfer via hyphal connections. This,
they argued, allowed small, suppressed plants to ob-
tain carbohydrates from the larger, dominant species
via shared mycorrhizal hyphae, ultimately increasing
the equitability of species abundances. These workers
suggested that the ‘export of assimilate from ‘source’
(canopy dominants) to ‘sink’ (understory compon-
ents) through a common mycelial network may be an
important mechanism maintaining species-rich com-
munities in infertile soils’. A fundamental distinction
between this hypothesis and the mechanisms dis-
cussed above is that it suggests that a key role of
mycorrhizal fungi is to decrease rather than increase
interspecific differences in resource acquisition and
competitive ability among co-occurring plant species.
Secondly, this hypothesis invokes a network of in-
terplant hyphal connections and interplant resource
transfer as an important process operating in natural
plant communities.

Observations that mycorrhizas can form hyphal
connections between the roots of related or unrelated
hosts (e.g., Chiariello et al., 1982; Heap and Newman,
1980; Newman et al., 1994) have stimulated debate
and experimentation on the potential role of interplant
nutrient transfer in natural and agricultural ecosystems
(Eissenstat, 1990; Francis and Read, 1984; Francis et
al., 1986; Frey and Schuepp, 1992; Hamel and Smith,
1992; Ritz and Newman, 1984; Whitingham and
Read, 1982; Zobel et al., 1997) and on the evolution
of functional mycelial networks (Wilkinson, 1998). If
mycorrhizal fungi transfer significant amounts of nu-
trients among neighboring plants, they may potentially
act as significant integrators of plant community dy-
namics, affecting seedling establishment near mature
plants, nutrient cycling from dying roots, and the ac-
quisition and allocation of plant resources. Ultimately,
such resource movement may influence patterns of
local neighborhood competition, succession, and spe-
cies diversity (Allen and Allen, 1990; Eissenstat and
Newman, 1990; Grime et al., 1987; Miller and Allen
1992; Newman, 1988; Read et al., 1985; Ritz and
Newman, 1985).

The potential role and importance of interplant
hyphal connections in grasslands and other plant com-
munities remains a matter of debate and deserves
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much further study. It is unknown whether interplant
transfer of resources occurs in sufficient quantities and
over sufficient spatial scales to influence the relative
performance and interactions of neighboring plants,
and whether a net movement of resources occurs to-
ward particular plant species. Furthermore, if a net
movement of resources via hyphal connections does
indeed occur, it remains unclear whether such resource
movement results in a more or less equitable distribu-
tion of limiting resources among neighbors. Currently,
there is little empirical support for the assumption that
subordinate plant species will be stronger sinks and
that the movement of resources through mycelial net-
works will necessarily result in an equitable sharing of
resources and higher species diversity. Furthermore,
processes such as hyphal grazing by soil invertebrates
and high hyphal turnover rates may preclude the main-
tenance of interplant hyphal connections for a long
enough period to influence the outcome of neighbor
interactions in nature.

A number of studies in grasslands have addressed
some of these issues and suggest that interplant nu-
trient transfer via hyphae may be important in these
communities. Glasshouse studies have shown that car-
bon and mineral nutrients can move from root to root
directly via AM hyphal links (Fitter et al., 1998; Fran-
cis and Read, 1984; Read et al., 1985; Robinson and
Fitter, 1999) or may be transferred among plants via
leakage and subsequent uptake (Newman and Ritz,
1986). Several studies have also examined the patterns
and controls of nutrient transfer between plants un-
der glasshouse conditions (Frey and Schuepp, 1992;
Haystead et al., 1988; Mader et al., 2000; Ritz and
Newman, 1986; Rogers et al., 2001; Whittingham and
Read, 1982).

Few studies have examined the patterns or con-
trols of interplant nutrient transfer under natural field
conditions. Chiariello et al., (1982) documented intra-
and interspecific transfer of radio-labeled phosphorus
between plants in a California annual grassland, but
found no type of pattern that might be predicted based
on a diffusion model, source-sink interactions, taxo-
nomic specificity, or other factors. By contrast, in
Kansas tallgrass prairie, significant interplant transfer
of phosphorus occurs, but in a clearly non-random
pattern. A field 32P labeling experiment showed that
transfer of phosphorus from the dominant grass An-
dropogon gerardii to its interspecific neighbors occurs
over distances up to 50 cm, but with significantly
different amounts of phosphorus transferred to differ-
ent species within the local neighborhood, in patterns

Figure 2. Differentiation of the sources of phosphorus taken up
by Andropogon gerardii. (�) Mycorrhizal mediated uptake within
the plant’s own rhizosphere. (�) Mycorrhizal interplant transfer of
phosphorus. (� ) Nonmycorrhizal uptake of phosphorus within the
plant’s own rhizosphere.

unrelated to relative plant size (Fisher-Walter et al.,
1996). The results of this tallgrass prairie study sug-
gest that hyphal interconnections and mycelial net-
works do not result in an equitable distribution of
limiting nutrients among neighbors, as has been hy-
pothesized for other grasslands. However, in this
experiment, there was more phosphorus transferred
from A. gerardii to the sub-dominant forbs and C3
grasses than to other competitively dominant C4 per-
ennial grasses (Fisher-Walter et al., 1996). This pattern
is consistent with the general hypothesis of Grime et
al., (1987) that canopy dominants and subordinate spe-
cies may function differentially as source and sink for
resources moving through hyphal networks. Fisher-
Walter et al., (1996) caution that their study did not
demonstrate that mycorrhizal hyphal interconnections
played a principal role in the interplant transfer pro-
cess. Other mechanisms such as phosphorus leakage
and uptake in the context of extensive and differential
rhizosphere overlap among neighboring species were
not ruled out.

Although occurring over sufficient spatial scales,
whether such transfer occurs in sufficient quantities
to influence neighbor interactions in tallgrass prairie
remains unknown. However, a glasshouse experi-
ment examining phosphorus transfer between tallgrass
prairie plant species via hyphal interconnections sug-
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gests that interplant transfer may make a significant
contribution to the total phosphorus acquired by a
plant. Using a dual-pot and dual-labeling (32P and 33P)
experiment, we grew pairs of tallgrass prairie plant
species together and variously manipulated the pres-
ence or absence of AM fungi and hyphal connections
between plants. The use of two P isotopes enabled the
differentiation of the sources of phosphorus taken up
by a given plant. Through these experiments, and a
series of simple difference equations, we were able
to quantify the phosphorus budget of an individual A.
gerardii plant and to determine what proportion of its
phosphorus was acquired from different sources (Hart-
nett and Wilson, unpubl.). Although the results were
variable, this study showed that a significant amount
(an average of 17%) of the phosphorus taken up by
this grass was acquired directly from its neighbor via
hyphal interconnections (Figure 2). Whether similar
quantities of nutrients are transferred among neighbor-
ing plants in the field is unknown. This study showed
further that approximately 75% of the P acquired by
an A. gerardii plant was acquired from its own rhizo-
sphere via mycorrhizal hyphae, and less than 10% of
its P was acquired directly from the soil without the
aid of mycorrhizal fungi. These patterns underscore
the overriding importance of arbuscular mycorrhizas
in P acquisition by these dominant grassland plants.

The results of these various experiments indicate
the potential that the movement of plant resources
through hyphal interconnections may be an import-
ant mechanism influencing plant species interactions
and community structure in grasslands and other plant
communities. However, results to date are equivocal
and much further study is needed to determine whether
this mechanism plays a significant role in patterns of
species abundances and diversity in natural communit-
ies. The methodological limitations and difficulties
in measuring the patterns and consequences of this
phenomenon in the field will be the greatest challenge.

Complex biotic interactions and indirect effects

In addition to their direct effects on their host plants,
mycorrhizal fungi may influence plant communities
indirectly through their effects on interactions between
plants and their herbivores, pathogens, pollinators, and
other microbial mutualists (e.g., Finlay and Soder-
strom, 1989; Fitter and Garbaye, 1994; Gehring and
Whitham, 1994; Hodge, 2000; Lussenhop, 1996;
Newsham et al., 1994). In turn, these species inter-

actions can also influence mycorrhizal fungal com-
munities and their function (Eom et al., 2001). Be-
cause a given host plant interacts simultaneously with
mycorrhizal fungi and with its herbivores, patho-
gens, and other symbionts, and all of these organisms
jointly influence important plant resources and costs
and benefits, strong interactions and indirect effects
of mycorrhizal fungi in plant communities should
be expected. Furthermore, because many interactions
such as those between mycorrhizal fungi or below-
ground invertebrate herbivores and their host plants
are relatively non-host-specific, many communities
may be characterized by ‘diffuse’ mutualisms or plant-
consumer interactions in which interactions occur and
are best defined at the functional group level rather
than between particular pairs of species (e.g., Setala,
1995). Thus, as argued for the structure of competitive
relationships in natural communities (e.g., Connell,
1990), ‘diffuse’ and ‘apparent’ interactions may be a
common characteristic of plant communities associ-
ated with mycorrhizal fungi.

Although the direct effects of mycorrhizas through
symbiotic uptake of mineral nutrients have been well
studied, accumulating evidence suggests that these
strong indirect effects of mycorrhizas may be of great
importance in plant communities and should not be
ignored. These multiple, complex interactions remain
poorly understood, as most studies of species inter-
actions have examined them independently as binary
interactions (e.g., plant–plant, plant–herbivore, plant–
microbe), without considering their function and ef-
fects in the multi-species context of natural communit-
ies. A further complexity of these relationships is that
effects of mycorrhizas and other organisms on their
host plant are not universally positive or negative,
but may vary in time and space along a mutualism-
antagonism continuum (e.g., Johnson et al., 1997).

Every approach to study in ecology involves a
trade-off between simplicity, realism, precision, and
generality (Harper, 1982). Most studies to date have
involved simple pairwise experimental study of plant–
mycorrhizal fungi interactions under a single or lim-
ited set of environmental conditions. Such experi-
mental approaches are tractable, offer simplicity and
precision, and have contributed to our understanding
of the range of potential effects of mycorrhizal symbi-
osis. However, they lack the necessary realism to draw
strong conclusions about the role and function of my-
corrhizas in natural communities. To accurately assess
the role of mycorrhizal symbiosis in plant communit-
ies in the context of natural multi-species interactions
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and under the range of environmental conditions found
in nature will be a significant challenge. Mycorrhizal
associations play a large role in influencing other
species interactions and plant community dynamics,
however their population and community-level effects
appear to be quite varied and their underlying mech-
anisms are still not well understood (Bergelson and
Crawley, 1988; Crowell and Boerner, 1988; Grime et
al., 1987; Hartnett and Wilson, 1999; Miller, 1987).

Interactions between herbivores and mycorrhizal
fungi are expected because both depend upon and in-
fluence important plant resources. Aboveground con-
sumers may reduce photosynthate translocated to the
root system and available to mycorrhizal fungi, res-
ulting in a reduction in mycorrhizal colonization and
reduced development of the symbiosis (Gehring et al.,
1997; Hetrick et al., 1990a; Trent et al., 1988). Mycor-
rhizas, in turn, have many potential effects on plant–
herbivore interactions. Under certain conditions, up to
40–50% of a plant’s net production may be allocated
to its fungal symbiont (Fogel and Hunt, 1979; Har-
ris and Paul, 1987). Because mycorrhizal fungi both
consume photosynthate and at the same time enhance
mineral nutrient acquisition and growth capacity, the
cost–benefit relationships among mycorrhizal fungi,
herbivores and host plants are likely to be complex.
Mycorrhizas may affect herbivores through alteration
of plant growth or foliar chemistry (e.g., Goverde et
al., 2000; Koide, 2000), and they may have large ef-
fects on plant responses to herbivores by influencing
anti-herbivore defenses and/or herbivory tolerance (re-
growth capacity). Mycorrhizas may significantly en-
hance grazing tolerance in grassland plants because
their regrowth capacity following defoliation is of-
ten limited by the availability of nutrients such as
phosphorus or nitrogen, or because mycorrhizas al-
ter biomass allocation patterns in ways that promote
persistence under grazing (Chapin and McNaughton,
1989; Coughenour et al., 1985; McNaughton et al.,
1983).

Evidence from several grasslands indicates a
strong relationship between mycorrhizal symbiosis
and plant–grazer interactions. In east African grass-
lands dominated by Panicum coloratum, Wallace
(1981) found a positive correlation between grazing
intensity and mycorrhizal colonization, and in North
American grasslands Reece and Bonham (1978) found
that grazing increased vesicle density in Bouteloua
gracilis roots. In tallgrass prairie, mycorrhizal Andro-
pogon gerardii plants showed higher clipping toler-
ance than non-mycorrhizal plants, although repeated

Figure 3. Hypothesized effects of mycorrhizas on the grazing tol-
erance of dominant tallgrass prairie grasses. +MYC, mycorrhizal
symbiosis present; −MYC, mycorrhizal symbiosis absent or sup-
pressed; gr, grazed; un, ungrazed.

defoliation decreased mycorrhizal root colonization
(Hetrick et al., 1990a). Gange and Brown (1992)
similarly reported an interaction of mycorrhizal fungi
and plant responses to belowground herbivores in
a successional community. Effects of experimental
herbivore reductions on the abundance of perennial
grasses disappeared when mycorrhizal fungi were also
suppressed. Based on patterns observed in various
grasses, we hypothesize that the effect of mycor-
rhizas on plant responses to defoliation will vary in
both direction and magnitude with the intensity of
herbivory (Figure 3). Under light to moderate herb-
ivory, when mineral nutrient availability limits plant
regrowth rates, mycorrhizal symbiosis will increase
grazing tolerance (compensatory growth capacity) by
increasing nutrient supply. However, under intense or
repeated defoliation, regrowth of aboveground tissue
and mycorrhizal fungi may become competing sinks
for limited photosynthate. This switch from nutrient
limitation to carbon limitation as herbivory increases
results in a switch in the cost–benefit balance to the
plant and mycorrhizas may become detrimental rather
than beneficial by reducing the plants ability to tolerate
herbivory (Figure 3).

We further hypothesize that this change in cost–
benefit balance of mycorrhizal symbiosis as herbivory
intensity increases, coupled with interspecific vari-
ation in plant responses to mycorrhizal colonization,
will alter the effects of herbivore intensity on plant
species diversity (Figure 4). Conceptual models such
as the intermediate disturbance hypothesis and the
model of Milchunas et al., (1988) predict a maxim-
ization of plant species diversity at intermediate in-
tensities of herbivory in many grassland communities.
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Figure 4. Hypothesized relationship between tallgrass prairie
plant species diversity and grazing intensity under mycorrhizal
and non-mycorrhizal conditions. +MYC, mycorrhizal symbiosis
present; −MYC, mycorrhizal symbiosis absent.

The interaction of mycorrhizal symbiosis and plant–
herbivore interactions is predicted to shift this rela-
tionship and influence the grazing intensity at which
diversity is maximized (Figure 4).

Mycorrhizal fungi may also alter effects of be-
lowground grazers of plant roots (Bakhtiar et al.,
2001; Bonkowski et al., 2000). Currently, we are ex-
amining effects of above- and belowground grazing
and their potential interactions on plant community
composition, using experimental microcosms (0.4 ×
0.52 × 0.32 m) planted with an assemblage of eight
tallgrass prairie grass and forb species growing in
native prairie soil. These microcosms are maintained
under mycorrhizal and nonmycorrhizal conditions,
with and without native soil nematodes, and with
and without aboveground herbivory (clipping treat-
ments and grasshopper herbivory) to elucidate the
interactions and effects of these key species interac-
tions. Preliminary results indicate that belowground
herbivory by nematodes reduces biomass production
of mycorrhizal C4 grasses, and nonmycorrhizal C3
grasses, while having variable effects on the forb spe-
cies. Greater compensatory above- and belowground
biomass production was observed in defoliated plants
under mycorrhizal conditions than under nonmycor-
rhizal conditions, whether foliage removal was ac-
complished by clipping or by grasshopper herbivory.
These preliminary results support our hypothesis that
mycorrhizal symbiosis may enhance grazing tolerance
under light to moderate grazing in grasslands. These
results also underscore the importance of above-and
belowground linkages and indicate that alterations in
mycorrhizal and rhizosphere processes can have large
indirect effects on plant communities through their ef-

fects on plant responses to above- and belowground
consumers.

A comment on experimental approaches

One of the greatest difficulties in attempting to assess
the role of mycorrhizas in natural plant communities
is that all of the various approaches for experimentally
manipulating mycorrhizal colonization and symbiotic
function have limitations. Suppression of mycorrhizas
with fungicides may result in non-target effects on
other fungi or soil processes, however both target and
potential non-target effects of the fungicide can be
quantified and dealt with as co-variates in statistical
analyses (e.g., Smith et al., 2000). The fungicide ap-
proach also provides greater realism than approaches
using soil sterilization (which alters numerous soil
processes), artificial growing media, and/or the use
of one or only a few AM fungal species obtained
from a source other than the native community under
study. These latter approaches provide some insight
into potential effects and mechanisms, but they lack
the realism necessary to draw strong conclusions about
the role and functioning of mycorrhizas in nature.

The fungicide benomyl has been used successfully
in our studies and by several other workers to experi-
mentally vary mycorrhizal activity (Carey et al., 1992;
Fitter, 1986; Fitter and Nichols, 1988; Jacobson et al.,
2001; Kahiluoto et al., 2000; Merryweather and Fitter,
1986; Schweiger and Jakobson, 1999). Several stud-
ies suggest that it is effective in reducing AM fungal
colonization, has no direct effects on a wide range
of plants in the absence of fungi, and has the fewest
drawbacks of all potential methods of AM fungal sup-
pression in the field (Fitter and Nichols, 1988; Paul et
al., 1989; Sukarno et al., 1993; Wilson and Hartnett,
1997). In addition, several lines of evidence indic-
ate that, in tallgrass prairie ecosystems, the use of
benomyl is a conservative approach and its primary,
although not exclusive effect is suppression of mu-
tualistic mycorrhizal associations and their symbiotic
function (Carey et al., 1992; Hartnett and Wilson,
1999; Hetrick et al., 1990b; Smith et al., 2000).
Thus, in our view suppression of mycorrhizal fungi
with fungicides remains the best approach currently
available to assess the roles and function of mycor-
rhizas in natural communities, and indeed the only
approach practical for field situations and large-scale
experiments.
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Summary

Although their specific effects vary, it is clear that
mycorrhizas exert a significant influence on plant com-
munity structure and dynamics in grasslands and other
terrestrial ecosystems. The effects of mycorrhizal
fungi on patterns of plant diversity and their underly-
ing mechanisms are quite varied. In one community
type AM fungi may increase local plant diversity,
whereas in another they may maintain the stability of
the local community by maintaining the competitive
balance among dominant and subordinate species. The
structure of some plant communities may be regulated
simply by the presence and abundance of mycorrhizal
fungi and the patterns of variation in mycorrhizal de-
pendency among co-occurring species. In others the
taxonomic or genotypic composition of the fungal
community may also be important. The role of my-
corrhizas in patterns of diversity at larger scales has
not been examined.

Each of the various methodological approaches to
studying the ecological roles of mycorrhizal symbiosis
has limitations, and each represents a compromise of
generality, simplicity, precision and realism. Finding
solutions to some of these methodological limitations
is a significant challenge. Glasshouse experiments typ-
ically lack the realism necessary to draw conclusions
about the functioning of mycorrhizas in natural com-
munities, and field studies alone rarely reveal under-
lying mechanisms and controls. We suggest that both
field studies and complementary glasshouse experi-
ments, conducted together in different communities,
have the greatest potential to provide a better under-
standing of the patterns and mechanisms of mycor-
rhizal effects and the role of this symbiosis in natural
plant communities.

Recent empirical and theoretical approaches in-
dicate that the greatest or most frequent effects of
mycorrhizal fungi may be indirect rather than direct,
as mycorrhizas influence interactions between plants
and their competitors, herbivores, and other microor-
ganisms. Because mycorrhizal fungi and these other
organisms all influence important plant resources, they
are unlikely to have independent effects on their host
plants, and each is likely to alter the cost-benefit re-
lationships of the other to the plant. Furthermore, in
many grassland ecosystems which are characterized
by non-equilibrium dynamics, the relative importance
and limitation of different plant resources changes
greatly over space and time (Knapp et al., 1998). Thus,
the effects of mycorrhizas, their interactions at the

community level, and the cost–benefit relationships
among mycorrhizal fungi, other organisms, and host
plants are likely to be complex and are likely to vary
considerably spatially and from year to year. Long-
term field studies will be essential to elucidate the
dynamic consequences of mycorrhizal symbiosis in
native plant communities.
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