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Abstract
& Introduction Knowledge of the factors that determine
ectomycorrhizal fungal community structure is essential in
many areas of practical significance including conservation,
habitat restoration, prevention or amelioration of species
invasions, and the prediction of responses to climate
change. With respect to these goals, however, community
ecology, in general, and ectomycorrhizal fungal community
ecology, in particular, have been rather disappointing.
& Discussion Indeed, some feel that community ecology is,
at best, an esoteric discipline and, at worst, an inane one.
But there is hope. As we apply what has been learned about
other organisms concerning the relationships between
functional traits and success (abundance), it may be
possible to elucidate general principles that govern much
of the structuring of ectomycorrhizal fungal communities.
& Conclusion A hierarchical model of ectomycorrhizal
fungal community structure is presented that involves
abiotic filtering of immigrant propagules based on func-
tional traits, followed by interspecific competition as
ameliorated by disturbance and habitat partitioning, the
outcomes of which are dependent on functional traits.

Keywords Community structure . Ectomycorrhizal fungi .
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1 Introduction

Community ecology is the study of species that co-occur in
time and space. The particular species present and their
relative abundances determine what is frequently referred to
as “community structure”. The importance of studying
communities, as opposed to individual species, stems from
the fact that it is the interactions among species that
determine many important ecosystem functions including
nutrient cycling, carbon storage and productivity. While in
this contribution, emphasis is definitely placed on commu-
nities of ectomycorrhizal fungi, reference will be made
occasionally to other kinds of communities when they
illustrate more clearly an important concept.

There has been some recent debate as to the success of
community ecologists. While some have suggested that
community ecology amounts to a failed effort, others feel
that there is hope, particularly if we employ a trait-based
approach capable of producing general rules governing
community assembly (see McGill et al. 2006 for a short
discussion of this topic). Whether we achieve success as
community ecologists, however, depends on our goal as
much as our approach. After all, if one has no goal, one
cannot fail to achieve it. A goal of many community
ecologists has been to understand the determinants of the
structure of a community. With respect to this goal, we do
not feel we have been complete failures. Indeed, we have
discovered many of the important factors that govern
community structure from studies of specific communities.
For example, we now know that the structure of ectomy-
corrhizal fungal communities is affected by various
ecological factors and management practices including soil
type (Gehring et al. 1998), fire (Grogan et al. 2000; Chen
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and Cairney 2002; Anderson et al. 2007), herbivory
(Gehring and Bennett 2009), canopy gap formation
(Grebenc et al. 2009), soil fertility (Kranabetter et al.
2009), liming (Kjøller and Clemmensen 2009; Rineau et al.
2010), heavy metal pollution (Markkola et al. 2002), land
use history (Diedhiou et al. 2010) and urbanization (Baxter
et al. 1999). It stands to reason that the structure of a
community is altered by such factors and practices because
the component species respond in different ways to them.

On the other hand, if the goal is to predict the structure of a
particular community, meaning its resident species and their
relative abundances, perhaps, then, the record of accomplish-
ment is not as stellar. So far, predictions of this sort have
simply not been possible. Perhaps, this is why some have
called community ecology “repugnant and intractably com-
plex” (Pianka 1992) or, simply, “a mess” (Lawton 1999).
More hopeful individuals have suggested that, by accumu-
lating a sufficiently inclusive, worldwide dataset of traits of
species, one could eventually predict community structure
(Grime 2006; McGill et al. 2006). Thus far, however, we do
not appear to be particularly close to reaching that goal.
Indeed, it seems rather unlikely that we will ever be able to
catalog enough of the relevant traits of enough species to
ever make community ecology a predictive science. For one
thing, how many traits would be necessary? One recalls with
wonder, amazement and some degree of revulsion the n-
dimensions of Hutchinson’s “hypervolume” (Hutchinson
1957). Moreover, because competitive outcomes may depend
on various environmental conditions (Erland and Finlay
1992; Mahmood 2003), unless one can accurately predict
future environmental conditions or declare competition to be
utterly unimportant in structuring communities (Grime
2006), it seems unlikely that community structure can be
predicted from a database of species traits.

Perhaps, we are simply unambitious, but, unlike McGill et
al. (2006), we find it quite satisfying to know that community
ecology actually has produced general principles, even if it
has not produced general rules (Lawton 1999). General rules
such as “the community is expected to lose species with trait
A and gain species with trait B if minimum winter temper-
atures increase from X to Y” may not yet be attainable. But,
the idea that temperature influences community structure is a
valuable general principle, even if it does not yield specific
predictions in all communities. The goal of this contribution,
therefore, is not to produce general rules, or even to advocate
that we produce them, but to highlight an approach that is
likely to reveal general principles.

2 Defining the community

One of the most basic challenges we face in studying
biological communities concerns how we define them in

the first place. One can easily appreciate that the definition
of “community” will determine how much of it we
understand. Parker (2004) has highlighted some of the
variation in the definition of community. In some cases, a
community comprises all organisms that live together in the
same place at the same time. This seems to be the most
obvious and natural way to define a community. After all,
when we describe human communities, we normally
include men, women and children, butchers, bakers and
candlestick makers, and everyone else who lives in the
same place, irrespective of ethnicity, religion or political
persuasion. We may even include all the cats and dogs and
other household pets. Each member of such a community
interacts with the others in some fashion by virtue of his or
her contemporaneity and physical proximity. Studies of
biological communities at this level include those
concerned with the multiple trophic levels of food webs,
and food web approaches are necessary in the study of
important ecosystem processes such as energy flow and
carbon and nutrient cycling.

In other cases, one might consider a community with a
more limited membership. For example, one might have
reason to focus on a particular subset of a human
community such as members of a single ethnicity. The
fungi in the phylum Basidiomycota comprise such a subset
of organisms in forest communities. Clearly, Basidiomyco-
tan fungi interact with other species in the forest including
fungi in other phyla (Wu et al. 2005), animals from which
they obtain nitrogen (Klironomos and Hart 2001), bacteria
that can be stimulated or suppressed by them (Olsson and
Wallander 1998), and plants that serve as sources of
reduced carbon. Despite frequent and ecologically impor-
tant interactions with such disparate species, the concept of
a Basidiomycotan community is still meaningful. Because
all Basidiomycotans share a common phylogeny, the
organization of the community reveals patterns of adaptive
radiation and niche differentiation.

Another subset of human communities might comprise
individuals of a given profession. For example, one might
speak of the “legal community” including lawyers and
judges. Many modern studies in community ecology
concern similarly restricted communities, those of a guild
of trophically similar species. Hubbell’s “Unified Neutral
Theory” (Hubbell 2001), for example, restricts itself to
within-trophic-level diversity. Thus, according to this view,
saprotrophic and biotrophic Basidiomycotans are treated as
members of separate communities, which is the approach
taken by most ectomycorrhizal fungal ecologists. This
within-trophic-level approach to communities seems to be
rather traditional; many of community ecology’s roots lie in
the myriad studies of plant communities comprising
trophically similar (photosynthetic) higher plants. In com-
munities of a single trophic level, component species will
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require common resources. Competition and factors that
modify competition, therefore, are likely to be important in
structuring them (Fleming 1985).

In addition to these very different views about what
constitutes membership in a “community”, community
ecology is further complicated by the multiplicity of spatial
scales at which communities are studied. For example,
communities of ectomycorrhizal fungi might be distin-
guished at the scale of continents (Barroetavena et al. 2007;
Claridge 2002), at the scale of vegetation types within a
continent (Molina et al. 1992), or within vegetation types
(Harrington and Mitchell 2005). Ectomycorrhizal fungal
communities may comprise a small stand of trees (Koide et
al. 2005a; Ishida et al. 2007), a single tree (Cowden and
Peterson 2009), or even a portion of a single root system
(Deacon et al. 1983)! How can we begin to make progress
in community ecology if we first cannot define its
members?

In the conceptual model developed herein, we consider
interspecific competitive interactions to be potentially
important in structuring communities of ectomycorrhizal
fungi. For example, competition may occur among ecto-
mycorrhizal fungi for roots as a carbon source. While many
ectomycorrhizal fungi exhibit saprotrophic capabilities, it
seems safe for now to assume that, for at least a portion of
their life cycles, all ectomycorrhizal fungi are biotrophic
(Koide et al. 2008). If competition for roots dominated the
assembly of communities, the model presented herein
would apply most appropriately to ectomycorrhizal fungal
species colonizing a single host species. But, competition
may also occur among ectomycorrhizal fungi for common
resources found in the soil, including water, nitrogen,
phosphorus, etc. If competition for any of those resources
were important in the assembly of communities, then we
probably ought to consider the community to comprise
species that could potentially interact in the soil, irrespec-
tive of host species.

Thus, whether a “host filter” (see Jumpponen and
Egerton-Warburton 2005) is considered to be part of this
conceptual model depends on whether fungal species
occurring on different host species interact. That a host
filter can be an important consideration is made clear by
reports of host-specificity (Molina et al. 1992; Ishida et al.
2007) and by a recent study by Dickie et al. (2010). They
showed that when the non-native Pinus contorta invaded
native Nothofagus solandri forest, the species of ectomy-
corrhizal fungi colonizing the pine were nearly all distinct
from those colonizing the native tree. Obviously, the
species of fungi colonizing the pine had to be present as
immigrant propagules, but they could not be successful
colonizers until the pine invaded.

The spatial scale of the community is important even
within a single host species, as some have enormous

geographical ranges that span large climatological gra-
dients. The western North American tree Douglas-fir
(Pseudotsuga menziesii var. menziesii), for example, ranges
from western Canada, which receives relatively large
amounts of rainfall, to central California, which receives
relatively little rainfall (USDA NRCS Plants Database).
The list of species of ectomycorrhizal fungi across the
entire host range is undoubtedly much longer than that of a
community in a small stand of Douglas-fir in central coastal
California. Pinyon pine (Pinus edulis) grows on soils that
vary markedly in moisture and fertility, and their ectomy-
corrhizal fungal communities may be quite distinct in the
different soils (Gehring et al. 1998). Thus, if we consider a
community to consist of interacting or, at least potentially
interacting species, then we may need to consider the
community to be more exclusive than “all species compat-
ible with the host”. It makes sense to consider a community
of ectomycorrhizal fungi to be spatially defined by a single
stand of trees, a single tree, or a portion of a single root
system.

3 Defining species abundances

For communities of most organisms, it is relatively simple
(at least in principle) to count or, at least, estimate the
number of individuals in each species. For subterranean
organisms, counting individuals is difficult because they are
hidden from view. Moreover, it is difficult to define fungal
individuals, and it is not even clear that the concept of
individuals is relevant to fungi in all circumstances. A
single genet of some fungal species may break apart into
physically distinct ramets (Detman and van de Kamp
2001), and smaller ramets may anastamose to form larger
ramets (Buchalo et al. 1989). Because the individual is ill-
defined for most fungi, assessing species abundances is not
particularly straightforward. Biomass is another measure of
abundance but, of course, assessing biomass of subterra-
nean mycelia is no more straightforward than assessing
numbers of individuals. Therefore, frequency of occurrence
in samples has been a method adopted by many fungal
ecologists to express abundance. One must keep in mind,
however, that the method used to assess abundance can
certainly influence the perception of community structure
(Lavorel et al. 2008).

4 The abiotic filter

Much of the structuring of biological communities can be
explained by relating key functional traits to success along
environmental gradients (Ackerly 2003; McGill et al.
2006). By its very nature, this approach is incapable of

Community ecology of ECM fungi 47



predicting the exact species present in a community.
Instead, it seeks to predict the existence of particular
phenotypes or functional types under particular abiotic
conditions, irrespective of taxa. One must concede that such
an approach is simplifying. Some will not recognize the
approach as having anything to do with what we have
traditionally called community ecology. But, in order to
make any progress in our understanding of “intractably
complex” communities, it seems essential to attempt a
simplifying, trait-based approach to increase the likelihood
of developing general principles that govern community
structure.

This approach has not seen much use thus far by
researchers of ectomycorrhizal fungal communities. How-
ever, the approach has been used by plant ecologists with
some success. Consider, first, plants that fix CO2 using
either the C3 carbon fixation pathway (C3 plants), or a
combination of both C3 and C4 carbon fixation pathways
(C4 plants, see Ehleringer and Monson 1993). A knowledge
of both the distinct physiologies of C3 and C4 grass species
(specifically the temperature sensitivity of quantum yield of
photosynthesis) and summertime temperatures at various
latitudes in the Midwestern USA allowed Ehleringer (1978)
to predict that C3 species should be photosynthetically
superior to C4 species at latitudes above 45°N, and C4

species should be superior below 45°N. That prediction was
consistent with the natural abundance pattern of grasses in
the field. This example shows that the relative contributions
to plant communities by C3 and C4 grasses can be predicted
from knowledge of the interaction between an environmen-
tal factor and a plant trait. That this interaction is of general
significance in determining the distribution of plants along
temperature gradients is illustrated by the observation of
similar patterns elsewhere in the world. For example, the
distribution of C4 sedges is related to a latitudinal gradient
in Japan (Ueno and Takeda 1992), and the distribution of
C4 grasses is determined by an altitudinal gradient in
Argentina (Cavagnaro 1988). In these examples, a func-
tional type (in this case, photosynthesis type) can be
predicted from an environmental variable (temperature),
but the exact species cannot be specified. Thus, even an
extensive catalog of plant species indicating whether they
possess C3 or C4 photosynthesis could not indicate which
species will occur in any location.

Other vegetation patterns also repeat themselves in
different locations throughout the world with similar
climates (Dansereau 1951), again demonstrating their
general significance. Mooney et al. (1970) showed that, in
California, along a moisture gradient from drier to wetter,
one encounters first semi-arid scrub with succulents, semi-
arid scrub, evergreen scrub and, finally, broad-leaf ever-
green forest. That pattern of vegetation change was shown
to be repeated in Chile where a similar moisture gradient

occurs (Mooney et al. 1970). In Mediterranean climates, it
is common to find shrubs and small trees with small,
evergreen leaves possessing thick cuticles. Such leaves
remain cooler and lose less water when stomata are closed
than larger leaves possessing thinner cuticles. Dunn et al.
(1976) showed that regions with Mediterranean climates
throughout the world, whether in the Mediterranean itself,
California, Chile, southwest Africa or southwest Australia,
all possess similar vegetation characterized by shrubs and
low trees with small, evergreen leaves possessing thick
cuticles. In each of these cases, similar climates support
vegetation possessing similar functional traits but with very
different phylogenies (Mooney 1974).

More recently, Grime et al. (1997), Díaz et al. (2004) and
Wright et al. (2004) have analyzed thousands of plant
species from various parts of the earth. They found that,
independent of geographic location and plant taxonomy,
environmental gradients of decreasing water availability or
decreasing soil fertility commonly result in a transition of
communities comprising plants with the “fast and leaky”
phenotype (typically with higher nutrient concentration,
higher potential growth rate, lower leaf longevity, lower
level of herbivore defense and rapid litter decomposition
rates) to communities comprising plants with the “conser-
vative/retentive” phenotype (typically with the opposite
traits).

The utility of this general approach in understanding of
the structure of a single community stems from observa-
tions of trait convergence (Grime 2006) or trait under-
dispersion (Pillar et al. 2009) of the taxa occupying only a
small portion of the environmental gradient. In other words,
species of a single community are predicted to possess
common traits that adapt them to the same conditions.
However, there may be multiple ways to cope with a
particular environment. For example, in the desert, all
plants need to cope with low levels of precipitation, but
some desert plant communities comprise phraeatophytes,
whose deep roots allow them to avoid water stress, shallow-
rooted ephemerals that complete their life cycles during
brief periods when adequate surface water is available, and
shallow-rooted succulents that remain active year round by
absorbing and storing water when it is available. Thus,
functionally distinct ectomycorrhizal fungi may be able to
coexist in dry habitats by disparate mechanisms including
preferentially living deep in the soil where moisture is more
available, producing rhizomorphs capable of transporting
water from deep in the soil to shallower, drier portions of
the soil, or surviving between periods of water availability
as dormant spores. Because there may be more than one
way to cope with low precipitation, some degree of trait
variability may occur within the same community.

Nevertheless, abiotic filtering must occur to some extent.
One does not expect to find in desert plant communities
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perennial species that are not either deeply rooted or
succulent, and similar abiotic filtering must occur in
communities of ectomycorrhizal fungi. Thus, the environ-
ment may filter a large, functionally variable pool of host-
compatible species of ectomycorrhizal fungi on the basis of
a particular functional trait. It is this abiotic filtering of traits
that may serve to illustrate general principles of community
structure.

Some of the potentially important environmental
factors to consider when using this approach for
ectomycorrhizal fungi are moisture, temperature, pH
and nitrogen concentration because variation in each of
these factors, irrespective of host species, appears
to influence ectomycorrhizal fungal communities
(Cavender-Bares et al. 2009; Rygiewicz et al. 2000;
Koide and Shumway 2000; Lilleskov et al. 2001). You
will note that two of these factors are resources for which
organisms may compete (nitrogen, moisture), but the other
two are not (temperature, pH). Some have distinguished
between these two kinds of factors (Wilson 1999), but
with respect to the effects of abiotic filtering, one need
make no distinction. Each of these abiotic factors can filter
functional traits that determine an organism’s presence in a
community. We use the term functional trait in the sense
of environmental preferences and tolerances, but not
resource requirements, which we assume to be the same
for all members of the same ectomycorrhizal fungal
community. The relevant functional traits possessed by
the fungi that influence their success along gradients in
these factors include preference for or tolerance to
various levels of moisture, temperature, pH and nitrogen
source. There are, undoubtedly, many more factors that
could be considered, but these are probably among the
most important factors that determine distributions of
ectomycorrhizal fungi.

To illustrate how this works, consider a moisture
gradient. Keep in mind that the gradient will always map
to locations in real space but not necessarily to locations
that are spatially contiguous. Let us assume that, because of
its functional traits, species A is most successful in a
position along the gradient characterized by low moisture.
It therefore occupies the driest portion of the gradient. It
does not occupy other positions with greater water
availability because, presumably, its physiology does not
allow it to be successful in other portions of the gradient
due to trade-offs so commonly observed (Tilman 1990).
Other species populate the wetter portions of the gradient
because their physiologies are better suited to greater
moisture availabilities.

There are now many examples of isolates of ectomycor-
rhizal fungi differing from each other in various functional
traits that we assume affect their success along moisture,
temperature and other environmental gradients. For exam-

ple, species of ectomycorrhizal fungi are known to differ
from each other substantially in drought tolerance (Mexal
and Reid 1973; Coleman et al. 1989; Jany et al. 2003).
Ectomycorrhizal fungal isolates also differ from one
another in preference for substrate pH (Hung and Trappe
1983; Sundari and Adholeya 2003), temperature
(Hacskaylo et al. 1965; Theodorou and Bowen 1971; Cline
et al. 1987; Tibbett et al. 1998) and in tolerance to freezing
(France et al. 1979).

Currently, the only known use of this approach as
applied to ectomycorrhizal fungal communities concerns
distributions of taxa along N availability gradients. The
structure of ectomycorrhizal fungal communities clearly
varies along N availability gradients (Kranabetter et al.
2009). Is this because functional trait differences among
species of ectomycorrhizal fungi that relate to N nutrition
determine distributions in space? Taylor et al. (2000) and
Lilleskov et al. (2002) independently studied ectomycor-
rhizal fungal communities along N deposition gradients in
Europe and Alaska, respectively. Lilleskov et al. (2002)
located study sites along an atmospheric N deposition
gradient caused by a fertilizer manufacturing plant on the
Kenai Peninsula. Nitrogen deposition varied 20-fold along
the gradient. Ectomycorrhizal fungi from the various sites
were cultured from sporocarps or root tips. All the isolates
were able to use ammonium as an N source, but only fungi
from sites with low availability of mineral N grew well on
protein. Those from high N sites did not. Taylor et al.
(2000) studied communities of ectomycorrhizal fungi
associated with Norway spruce (Picea abies) along an N
deposition gradient from Scandinavia (relatively pollution
free) to central Europe. Again, isolates from low N sites
grew better on protein than did those from more N-
polluted sites. The general principle seems to be that,
irrespective of taxa, when the major pool of N is organic
(protein) and mineral N is poorly available, an increased
capacity to utilize protein as an N source results in greater
success.

These studies predict variation in protease activity
along gradients of mineral N availability (Fig. 1). So, for
a community existing along a portion of this gradient
characterized by moderately low mineral N availability as
indicated by the wide bar (Fig. 2), species A is most
abundant and species C is least abundant. At a position of
moderately high mineral N availability, the species
abundances would occur in the reverse order. These
studies also predict that, within a given community, there
will be a convergence of protease activity among coexist-
ing species (Fig. 3). Again, such an approach does not
allow one to predict the specific taxa that will occur, but it
does allow one to predict how, for any taxon, success
along the gradient relates to the expression of a key
functional trait.
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5 Competitive exclusion

Many ecologists have shown that competition can be an
important factor in structuring biological communities
(Bengtsson et al. 1994). In a sufficiently homogeneous
habitat, interspecific competition may lead to a reduction in
evenness (Lamb et al. 2009) or, at the extreme, the
exclusion of some species from the community (Grace
and Wetzel 1981). Some have considered competitive
interactions to be a type of “biotic filtering”. The term
“filter” implies that some taxa or traits are in the process of
being kept out, but competition can only occur among
species that are present in the community. Thus, compet-
itive exclusion should not be considered a filtering process,
per se.

Presumably, one species is more competitive than
another, not because it is similar in all respects to the
second, but because it is different in some ecologically
relevant trait that results in competitive superiority. Species
must be similar in resource requirements in order for
competition to occur, but it is some difference in acquiring
the resource that makes one taxon more competitive than
the other. In terms of carbon capture, species A may be
more competitive than species B simply because, when new
roots become available, it colonizes so many of them that
there are not enough roots left to maintain species B.
Competition for carbon has not been demonstrated explic-
itly among species of ectomycorrhizal fungi, but competi-
tion for uncolonized root tips can be clearly demonstrated
in pots and in microcosms (Wu et al. 1999; Kennedy et al.
2009), and evidence for competition also occurs in the field
(Pickles et al. 2010). Koide et al. (2005b) found that the
spatial distributions of hyphae of ectomycorrhizal fungi in
the forest floor of a pine plantation was non-random and, in
some cases, suggestive of competition for resources found
in the soil.

Competition is frequently context-dependent (Erland and
Finlay 1992; Mahmood 2003) because the resource
competed for will vary from place to place and time to
time. Nevertheless, general principles can probably be
developed that help us understand how it acts to structure
communities. Unless there is a significant degree of
saprotrophy, the ability to colonize a root and maintain
possession of it must be important in determining compet-
itive hierarchies for carbon capture. In terms of other
resources, such as N or P or water, the ability to colonize
soil volume and maintain possession of it must be
important in determining competitiveness for those resour-
ces. Thus, traits such as growth rate, antibiosis (Krywolap
1964), or the minimum concentration of a resource at which
it can still be acquired (Tilman 1981) may determine
competitive ability. It stands to reason that the most
abundant species in a community will be those that are

Fig. 2 As a result of variation in protease activity (the functional trait,
see Fig. 1), different species exhibit unique distributions along a
mineral N availability gradient. The vertical axis is a measure of
success (abundance, etc.). For a community existing along a portion of

this gradient (as indicated by the wide, vertical bar), species A is most
abundant and species C is least abundant. At the higher end of the
mineral N availability, the reverse would be true
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the most competitive for some limiting resource and,
therefore, that the traits determining the capture and
maintenance of roots and soil volume are critically
important. Thus far, however, little is known about the
relationship between such traits and community dominance.

6 Coexistence

Disturbance The effects of competitive interactions can be
ameliorated or, in other words, the coexistence of multiple
species may be facilitated by at least two common
phenomena. First, communities may be prevented from
attaining equilibrium because of discrete events that prevent
the more competitive species from excluding the less
competitive (Pickett 1980; Brokaw and Busing 2000;
Grime 2006) such as disturbance or the continual creation
of new resource. One such example for ectomycorrhizal
fungi is the production of new roots (Bruns 1995).

New roots can be produced in two ways. Existing trees
produce new roots from existing roots. New roots can also
be produced de novo by recruiting seedlings. In some
communities, colonization of seedlings by ectomycorrhizal
fungi is accomplished primarily by the species already
present on adult host plants nearby (Dickie et al. 2002a).
Therefore, the communities developing on new seedlings
would normally be very similar to the communities found
on the surrounding adults. But, in the P. edulis system of
northern Arizona (Gehring et al. 1998), a large degree of
variation exists among individual trees in the structure of
the ectomycorrhizal fungal community. This pattern may be
a consequence of the inability of the ectomycorrhizal fungi
of adult hosts to colonize new seedlings, perhaps due to dry

conditions or large inter-plant spacing, which necessitates
new immigration for each new seedling. In any case, this
observation suggests that, in some systems, another source
of fungal diversity, another community structuring force,
may simply be continuous seedling recruitment.

The nature of disturbance may determine the traits that
determine the outcome of competition. In a habitat
characterized by frequent disturbance, rapid growth may
be a more competitive strategy than slow growth by virtue
of being able to more readily colonize disturbed patches.
However, in undisturbed habitats, just the opposite might
be expected if the slow-grower is able to capture resources
previously controlled by the faster grower. For example,
Wu et al. (1999) found that Pisolithus tinctorius was a fast
grower, which may make it superior in frequently disturbed
habitats, but they also found that, in the absence of
disturbance, it was eventually outcompeted by a slower-
growing species. Therefore, the traits that determine
competitive outcomes may depend on the nature of
disturbance.

Habitat partitioning Even in the absence of disturbance,
habitat heterogeneity (in space or time) coupled with
appropriate trait dissimilarity allowing the taxa to exploit
that heterogeneity can lead to habitat partitioning. Habitat
partitioning may reduce the frequency or intensity of
competitive interactions and thus contribute to species
coexistence and the maintenance of diversity within
communities, just as disturbance does. There are now
several studies that suggest that habitat partitioning plays a
role in maintaining diversity in communities of ectomycor-
rhizal fungi. In the red pine (Pinus resinosa) plantation
where we have worked for some time, the most commonly

Fig. 3 Assume that species A, A′ and A″ are functionally redundant
in the sense that they all possess high protease activity (a functional
trait). Thus, they can each exist in the same community characterized
by low mineral N availability. Competitive exclusion does not occur
because the species differ significantly in temperature preference
(another functional trait). Species A may prefer the coolest temper-
atures and so is the most competitive species in the early spring or late

fall. Species A′ may prefer intermediate temperatures and so is the
most competitive in late spring or early fall. Species A″ may prefer the
warmest temperatures and so is the most competitive in summer.
Thus, as the seasons change (resulting in temporal heterogeneity of the
habitat), first one species and then another will tend to become
dominant, but none will permanently gain the upper hand
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occurring fungi as mycorrhizas include Cenococcum geo-
philum, Lactarius oculatus, Tylopilus felleus, Clavulina
cinerea and Russula sp. These species are not only
common; they have a rather uniform frequency distribution
(Koide et al. 2005a). Rather, even species distributions have
been found in other communities (Taylor 2002). Even
frequency distributions do not seem likely if competition
strongly structured the community (Lamb et al. 2009). But,
coexistence may be facilitated by habitat partitioning. First,
spatial partitioning occurs. The hyphae of the dominant
fungi are located in different layers of the forest floor
(Dickie et al. 2002b); Cenococcum and Clavulina had
similar distributions but those differed from the distribu-
tions of Lactarius and Tylopilus, which had similar
distributions. And, distributions of Lactarius and Tylopilus
differed from that of Russula. Moreover, while Cenococ-
cum and Clavulina were both distributed in similar layers of
the forest floor, the two species tended not to exist in the
same small volume of substrate (Koide et al. 2005b). Other
evidence of spatial partitioning was presented for ectomy-
corrhizal communities in P. abies stands by Baier et al.
(2006) and Scattolin et al. (2008), in a mixed conifer forest
by Rosling et al. (2003), in a mixed Quercus forest by
Courty et al. (2008), and in a Quercus rubra forest by
Gebhardt et al. (2009). Second, temporal partitioning
occurs. We found that Lactarius and Tylopilus exhibited
similar temporal patterns, but those were distinct from
another temporal pattern exhibited commonly by Cenococ-
cum, Clavulina and Russula sp (Koide et al. 2007). Courty
et al. (2008) also found evidence of temporal partitioning in

a Quercus forest. The relevant traits that may contribute to
habitat partitioning (either spatial or temporal) in a
heterogeneous habitat include those traits that influence
success under the varied conditions of the patchy habitat.
For example, if the habitat is heterogeneous with respect to
pH, tannin concentration, oxygen concentration, tempera-
ture, moisture or nitrogen source, then variation in
preferences for pH, tannin concentration, oxygen concen-
tration, temperature, moisture and nitrogen source will be
the traits that determine the extent of habitat partitioning
and, therefore, the extent of amelioration of competitive
interactions.

Habitat partitioning in response to habitat heterogeneity
may occur as a consequence of divergence of various traits
that are different from the trait that was originally filtered
by the abiotic factor. For example, let us assume that the
abiotic filter required that all species possess a high
protease activity. Thus, species A, A′ and A″ are function-
ally similar in that they all possess some minimum protease
activity. Let us further assume that each species differs
substantially in terms of temperature preference; species A
prefers the coolest temperatures and so is the most
competitive species in the early spring or late fall, species
A′ prefers intermediate temperatures and so is the most
competitive in late spring or early fall, and species A″
prefers the warmest temperatures and so is the most
competitive in summer. Thus, as the seasons change, first
one species and then another will tend to become dominant,
but none will permanently gain the upper hand (Fig. 3). The
convergence in protease activity explains the presence of all
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tion of the hierarchical
community structure model.
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three at the same position along the N availability gradient
(and thus their presence within the same community), and
the difference in terms of temperature preference, coupled
with recurring seasonal changes in temperature, insures the
constant disruption of competitive hierarchies and thus
explains coexistence.

If temperature were to change in a directional manner,
such as a steady warming, the species that is adapted to the
warmer conditions (species A″, Fig. 3) may begin to
competitively exclude another that is adapted to cooler
conditions (for example, species A). Thus, while coexis-
tence was previously maintained by a particular regime of
seasonally shifting temperature, at elevated temperatures,
the functional traits may become mismatched with the new
temperature regime, and a reorganization of the community
might be the consequence. The point to make here is simply
that, if a climate factor either determines initial filtering or
contributes to habitat partitioning, change in climate is
expected to structurally modify the community (see Cox et
al. 2010).

The foregoing discussion suggests that the structure of
communities must frequently depend on more than a single
functional trait. One trait may be subject to the primary
abiotic filtering mechanism. Another may influence com-
petitive outcomes. Still, another may be responsible for
ameliorating competition. Obviously, one could theoretical-
ly employ an infinite number of dimensions (Hutchinson’s
n-dimensional “hypervolume”, Hutchinson 1957) to ex-
plain 100% of community structure; presumably, a taxon
could be uniquely identified by the intersection of a
sufficient number of functional axes. Obviously, that level
of detail may never be attainable but neither is it
particularly desirable, for the goal here is not to produce
rules of community assembly that predict particular species
abundances. Indeed, it is quite instructive to consider the
fact that one can predict broad vegetation types (“forma-
tions”) throughout the world (tropical rainforest, temperate
forest, grassland, tundra, etc.) based on only two axes:
temperature and precipitation (Dansereau 1951). A simpli-
fying approach involving a limited number of axes seems
desirable if we are to make progress in understanding
community structure.

7 Conclusions

We propose a conceptual hierarchical model of ectomycor-
rhizal fungal communities (Fig. 4). Whether a “host filter”
is considered to be part of this conceptual model depends
on whether fungal species occurring on different host
species interact. In addition to a potential host filter, the
abiotic environment acts as a filtering mechanism. Another

part of the model concerns competitive interactions and the
factors that reduce it, including disturbance and habitat
partitioning. Competitive exclusion occurs as a conse-
quence of competitive hierarchies resulting from variation
in traits relevant to the acquisition of limiting resources.
The response to disturbance depends on variation in
functional traits. Finally, the exploitation of a heteroge-
neous habitat to produce habitat partitioning also depends
on variation in functional traits. Some may object to this
approach because it focuses on traits rather than on taxa.
Thus, the approach is not capable of predicting community
structure, per se, if species identity is a component of
community structure. For that reason, many may consider
the approach to be outside the bounds of traditional
community ecology. But, this trait-based approach may
prove to be more useful in producing general principles
concerning the structuring of communities of ectomycor-
rhizal fungi than have yet emerged from the many
traditional, taxon-based studies. It may prove to be of some
use in conservation, habitat restoration, prevention or
amelioration of species invasions, and the prediction of
responses to climate change.

Acknowledgments We thank Jean Garbaye for the opportunity to
present these ideas at a European Science Foundation Exploratory
Workshop on Diversity and Function in Ectomycorrhizal Communi-
ties, and for the invitation to publish this work in Annals of Forest
Science. We also thank Erwin Dreyer and two anonymous reviewers
for exceptionally helpful advice leading to a new synthesis of some of
the ideas presented herein.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

Ackerly DD (2003) Community assembly, niche conservatism, and
adaptive evolution in changing environments. Int J Plant Sci 164:
S165–S184

Anderson IC, Bastias BA, Genney DR, Parkin PI, Cairney JWG
(2007) Basidiomycete fungal communities in Australian sclero-
phyll forest soil are altered by repeated prescribed burning.
Mycol Res 111:482–286

Baier R, Ingenhaag J, Blaschke H, Göttlein A, Agerer R (2006)
Vertical distribution of an ectomycorrhizal community in upper
soil horizons of a young Norway spruce (Picea abies [L.] Karst.)
stand of the Bavarian Limestone Alps. Mycorrhiza 16:197–206

Barroetavena C, Cazares E, Rejchanberg M (2007) Ectomycorrhizal
fungi associated with ponderosa pine and Douglas-fir: a
comparison of species richness in native western North American
forests and Patagonian plantations from Argentina. Mycorrhiza
17:355–373

Baxter JW, Pickett STA, Carreiro MM, Dighton J (1999) Ectomycor-
rhizal diversity and community structure in oak forest stands
exposed to contrasting anthropogenic impacts. Can J Bot
77:771–782

Community ecology of ECM fungi 53



Bengtsson J, Fagerstrom T, Rydin H (1994) Competition and
coexistence in plant communities. Trends Ecol Evol 9:246–250

Brokaw N, Busing RT (2000) Niche versus chance and tree diversity
in forest gaps. Trends Ecol Evol 15:183–188

Bruns TD (1995) Thoughts on the process that maintain local species
diversity of ectomycorrhizal fungi. Plant Soil 170:63–73

Buchalo AS, Šašek V, Zakordonec OA (1989) Scanning electron
microscopic study of vegetative mycelium of higher basidiomy-
cetes. Folia Microbiol 34:146–150

Cavagnaro JB (1988) Distribution of C3 and C4 grasses at different
altitudes in a temperate arid region of Argentina. Oecologia
76:273–277

Cavender-Bares J, Izzo A, Robinson R, Lovelock CE (2009) Changes
in ectomycorrhizal community structure on two containerized
oak hosts across an experimental hydrologic gradient. Mycorrhi-
za 19:133–142

Chen DM, Cairney JWG (2002) Investigation of the influence of
prescribed burning on ITS profiles of ectomycorrhizal and other
soil fungi at three Australian sclerophyll forest sites. Mycol Res
106:532–540

Claridge AW (2002) Ecological role of hypogeous ectomycorrhizal fungi
in Australian forests and woodlands. Plant Soil 244:291–305

Cline ML, France RC, Reid CPP (1987) Intraspecific and interspecific
growth variation of ectomycorrhizal fungi at different temper-
atures. Can J Bot 65:869–875

Coleman MD, Bledsoe CS, Lopushinsky W (1989) Pure culture
response of ectomycorrhizal fungi to imposed water stress. Can J
Bot 67:29–39

Courty P-E, Franc A, Pierrat J-C, Garbaye J (2008) Temporal changes
in the ectomycorrhizal community in two soil horizons of a
temperate oak forest. Appl Environ Microbiol 74:5792–5801

Cowden CC, Peterson CJ (2009) A multi-mutualist simulation:
applying biological market models to diverse mycorrhizal
communities. Ecol Model 220:1522–1533

Cox F, Barsoum N, Bidartondo MI, Børja I, Lilleskov E, Nilsson LO,
Rautio P, TubbyK, Vesterdal L (2010) A leap forward in geographic
scale for forest ectomycorrhizal fungi. Ann For Sci 67(200):6

Dansereau P (1951) Description and recording of vegetation upon a
structural basis. Ecology 32:172–229

Deacon JW, Donaldson SJ, Last FT (1983) Sequences and interactions
of mycorrhizal fungi on birch. Plant Soil 71:257–262

Detman JR, van de Kamp BJ (2001) The population structure of
Armillaria ostoyae and Armillaria sinapina in the central interior
of British Columbia. Can J Bot 79:600–611

Díaz S et al (2004) The plant traits that drive ecosystems: evidence
from three continents. J Veg Sci 15:295–304

Dickie IA, Koide RT, Steiner KC (2002a) Influences of established
trees on mycorrhizal nutrition, and growth of Quercus rubra
seedlings. Ecol Monogr 72:505–521

Dickie IA, Xu B, Koide RT (2002b) Vertical niche differentiation of
ectomycorrhizal hyphae in soil as shown by T-RFLP analysis.
New Phytol 156:527–535

Dickie IA, Bolstridge N, Cooper JA, Peltzer DA (2010) Co-invasion
by Pinus and its mycorrhizal fungi. New Phytol. doi:10.1111/
j.14698137.2010.03277.x

Diedhiou AG, Dupouey J-L, Buée M, Dambrine E, Laüt L, Garbaye J
(2010) The functional structure of ectomycorrhizal communities
in an oak forest in central France witnesses ancient Gallo-Roman
farming practices. Soil Biol Biochem 42:860–862

Dunn EL, Shropshire FM, Song LC, Mooney HA (1976) B. The water
factor and convergent evolution in Mediterranean-type vegeta-
tion. In: Lange OL, Kappen L, Schulze E-D (eds) Ecological
studies: analysis and synthesis, vol 19. Springer, Berlin, pp 492–
505

Ehleringer JR (1978) Implications of quantum yield difference on the
distributions of C3 and C4 grasses. Oecologia 31:255–267

Ehleringer JR, Monson RK (1993) Evolutionary and ecological
aspects of photosynthetic pathway variation. Ann Rev Ecolog
Syst 24:411–439

Erland S, Finlay R (1992) Effects of temperature and incubation time
on the ability of three ectomycorrhizal fungi to colonize Pinus
sylvestris roots. Mycol Res 96:270–272

Fleming LV (1985) Experimental study of sequences of ectomycor-
rhizal fungi on birch (Betula sp.) seedling root systems. Soil Biol
Biochem 17:591–600

France RC, Cline ML, Reid CPP (1979) Recovery of ectomycorrhizal
fungi after exposure to subfreezing temperatures. Can J Bot
57:1845–1848

Gehring CA, Bennett A (2009) Mycorrhizal fungal-plant-insect
interactions: the importance of a community approach. Environ
Entomol 38:93–102

Gehring CA, Theimer TC, Whitham TG, Keim P (1998) Ectomycor-
rhizal fungal community structure of pinyon pines growing in
two environmental extremes. Ecology 79:1562–1572

Grace JB, Wetzel RG (1981) Habitat partitioning and competitive
displacement in cattails (Typha): experimental field studies. Am
Nat 118:463–474

Gebhardt S, Wöllecke J, Münzenberger B, Hüttl RF (2009) Microscale
spatial distribution patterns of red oak (Quercus rubra L.)
ectomycorrhizae. Mycological Progress 8:245–257

Grebenc T, Christensen M, Vilhar U, Čaater M, Martin MP, Simoniči
P, Kraigher H (2009) Response of ectomycorrhizal community
structure to gap opening in natural and managed temperate
beech-dominated forests. Can J For Res 39:1375–1386

Grime JP (2006) Trait convergence and trait divergence in herbaceous
plant communities: mechanisms and consequences. Journal
Vegetation Science 17:255–260

Grime JP, Thompson K, Hunt JG et al (1997) Integrated screening
validates primary axes of specialization in plants. Oikos 79:259–281

Grogan P, Baar J, Bruns TD (2000) Below-ground ectomycorrhizal
community structure in a recently burned bishop pine forest. J
Ecol 88:1051–1062

Hacskaylo E, Palmer JG, Vozzo JA (1965) Effect of temperature on
growth and respiration of ectotrophic mycorrhizal fungi. Myco-
logia 57:748–756

Harrington TJ, Mitchell DT (2005) Ectomycorrhizas associated with a
relict population of Dryas octopetala in the Burren, western
Ireland. I. Distribution of ectomycorrhizas in relation to vegeta-
tion and soil characteristics. Mycorrhiza 15:425–433

Hubbell SP (2001) The unified neutral theory of biodiversity and
biogeography. Princeton University Press, Princeton, p 375 p

Hung L-L, Trappe JM (1983) Growth variation between and within
species of ectomycorrhizal fungi in response to pH in vitro.
Mycologia 75:234–241

Hutchinson GE (1957) Concluding remarks. Cold Spring Harbor
Symp Quant Biol 22:415–427

Ishida TA, Nara K, Hogetsu T (2007) Host effects on ectomycorrhizal
fungal communities: insight from eight host species in mixed
conifer-broadleaf forests. New Phytol 174:430–440

Jany J-L, Martin F, Garbaye J (2003) Respiration activity of
ectomycorrhizas from Cenococcum geophilum and Lactarius
sp. N relation to soil water potential in five beech forests. Plant
Soil 255:487–494

Jumpponen A, Egerton-Warburton LM (2005) Mycorrhizal fungi in
successional environments: a community assembly model incor-
porating host plant, environmental, and biotic filters. In: Dighton
J, White JF, Oudemans P (eds) The fungal community: its
organization and role in the ecosystem, 3rd edn. Taylor &
Francis, Boca Raton, pp 139–168

Kennedy PG, Peay KG, Bruns TD (2009) Root tip competition among
ectomycorrhizal fungi: are priority effects a rule or an exception?
Ecology 90:2908–2107

54 R.T. Koide et al.

http://dx.doi.org/10.1111/j.14698137.2010.03277.x
http://dx.doi.org/10.1111/j.14698137.2010.03277.x


Kjøller R, Clemmensen KE (2009) Belowground ectomycorrhizal
fungal communities respond to liming in three southern Swedish
coniferous forest stands. For Ecol Manag 257:2217–2225

Klironomos JN, Hart MM (2001) Animal nitrogen swap for plant
carbon. Nature 410:651–652

Koide RT, Shumway DL (2000) On variation in forest floor thickness
across four red pine plantations in Pennsylvania, USA. Plant Soil
219:57–69

Koide RT, Xu B, Sharda J (2005a) Contrasting below-ground views of
an ectomycorrhizal fungal community. New Phytol 166:251–262

Koide RT, Xu B, Sharda J, Lekberg Y, Ostiguy O (2005b) Evidence of
species interactions within an ectomycorrhizal fungal community.
New Phytol 165:305–316

Koide RT, Shumway DL, Xu B, Sharda JN (2007) On temporal
partitioning of a community of ectomycorrhizal fungi. New
Phytol 174:420–429

Koide RT, Sharda JN, Herr JR, Malcolm GM (2008) Ectomycorrhizal
fungi and the biotrophy–saprotrophy continuum. New Phytol
178:230–233

Kranabetter JM, Durall DM, MacKenzie WH (2009) Diversity and
species distribution of ectomycorrhizal fungi along productivity
gradients of a southern boreal forest. Mycorrhiza 19:99–111

Krywolap GN (1964) Cenococcum graniforme antibiotics: elaboration
in pure culture and during mycorrhizal association. PhD Disserta-
tion, University Park, PA, USA: Pennsylvania State University

Lamb EG, Kembel SW, Cahill JF Jr (2009) Shoot but not root
competition reduces community diversity in experimental meso-
cosms. J Ecol 97:155–163

Lavorel S, Grigulis K, McIntyre S, Williams NSG, Garden D,
Dorrough J, Berman S, Quetier F, Thebault A, Bonis A (2008)
Assessing functional diversity in the field—methodology mat-
ters! Funct Ecol 22:134–147

Lawton JH (1999) Are there general laws in ecology? Oikos 84:177–192
Lilleskov EA, Fahey TJ, Lovett GM (2001) Ectomycorrhizal fungal

aboveground community change over an atmospheric nitrogen
deposition gradient. Ecol Appl 11:397–410

Lilleskov EA, Hobbie EA, Fahey TJ (2002) Ectomycorrhizal fungal
taxa differing in response to nitrogen deposition also differ in
pure culture organic nitrogen use and natural abundance of
nitrogen isotopes. New Phytol 154:219–231

Mahmood S (2003) Colonisation of spruce roots by two interacting
ectomycorrhizal fungi in wood ash amended substrates. FEMS
Microbiol Lett 221:881–887

Markkola AM, Aonen-Jonnarth U, Roitto M, Strömmer R, Hyvärinen
M (2002) Shift in ectomycorrhizal community composition in
Scots pine (Pinus sylvestris L.) seedling roots as a response to
nickel deposition and removal of lichen cover. Environ Pollut
120:797–803

McGill BJ, Enquist BJ, Weiher E, Westoby M (2006) Rebuilding
community ecology from functional traits. Trends Ecol Evol
21:178–185

Mexal J, Reid CPP (1973) The growth of selected mycorrhizal fungi
in response to induced water stress. Can J Bot 51:1579–1588

Molina R, Massicotte HB, Trappe JM (1992) Ecological role of
specificity phenomena in ectomycorrhizal plant communities:
potentials for interplant linkages and guild development. In:
Read DJ, Lewis DH, Fitter AH, Alexander IJ (eds)
Mycorrhizas in ecosystems. CAB International, Wallingford,
pp 106–112

Mooney HA (1974) Plant forms in relation to environment. In: Strain
BR, Billings WD (eds) Handbook of vegetation science, part VI:
vegetation and environment. W Junk BV, The Hague, pp 113–
122

Mooney HA, Dunn EL, Shropshire F, Song L (1970) Vegetation
comparisons between the Mediterranean climatic areas of
California and Chile. Flora Bd 159:480–496

Olsson PA, Wallander H (1998) Interactions between ectomycorrhizal
fungi and the bacterial community in soils amended with various
primary minerals. FEMS Microbiol Ecol 27:195–205

Parker VT (2004) The community of an individual: implications for
the community concept. Oikos 104:27–34

Pianka ER (1992) The state of the art in community ecology. In: Adler
K (ed) Herpetology: current research on the biology of
amphibians and reptiles. Proceedings of the First World Congress
of Herpetology, Society for the Study of Amphibians and
Reptiles, Oxford, OH, pp. 141–162

Pickett STA (1980) Non-equilibrium coexistence of plants. Bull
Torrey Bot Club 107:238–248

Pickles BJ, Genney DR, Potts JM, Lennon JJ, Anderson IC,
Alexander IJ (2010) Spatial and temporal ecology of Scots pine
ectomycorrhizas. New Phytol 186:755–768

Pillar VD, Duarte LdS, Sosinski EE, Joner F (2009) Discriminat-
ing trait-convergence and trait-divergence assembly patterns
in ecological community gradients. J Veg Sci 20:334–348

Rineau F, Maurice JP, Nys C, Voiry H, Garbaye J (2010) Forest liming
durably impact the communities of ectomycorrhizas and fungal
epigeous fruiting bodies. Ann For Sci 67(110):11

Rosling A, Landeweert R, Lindahl BD, Larsson K-H, Kuyper TW,
Taylor AFS, Finlay RD (2003) Vertical distribution of ectomy-
corrhizal fungal taxa in a podzol soil profile. New Phytol
159:775–783

Rygiewicz PT, Martin KJ, Tuininga AR (2000) Morphotype commu-
nity structure of ectomycorrhizas on Douglas fir (Pseudotsuga
menziesii Mirg. Franco) seedlings grown under elevated atmo-
spheric CO2 and temperature. Oecologia 124:299–308

Scattolin L, Montecchio L, Mosca E, Agerer R (2008) Vertical
distribution of the ectomycorrhizal community in the top soil of
Norway spruce stands. Eur J Forest Res 127:347–357

Sundari SK, Adholeya A (2003) Growth profile of ectomycorrhizal
fungal mycelium; emphasis on substrate pH influence. Antonie
van Leeuwenhoek 83:209–214

Taylor AFS (2002) Fungal diversity in ectomycorrhizal communities:
sampling effort and species detection. Plant Soil 244:19–28

Taylor AFS, Martin F, Read DJ (2000) Fungal diversity in ectomycor-
rhizal communities of Norway spruce [Picea abies (L.) Karst.] and
beach (Fagus sylvatica L.) along north–south transects in Europe.
In: Schulze E-D (ed) Carbon and nitrogen cycling in European
forest ecosystems. Springer, Berlin, pp 343–365

Theodorou C, Bowen GD (1971) Influence of temperature on the
mycorrhizal associations of Pinus radiata D. Don Austral J Bot
19:13–20

Tibbett M, Sanders FE, Cairney JWG (1998) The effect of
temperature and inorganic phosphorus supply on growth and
acid phosphates production in arctic and temperate strains of
ectomycorrhizal Hebeloma spp. in axenic culture. Mycol Res
102:129–135

Tilman D (1981) Tests of resource competition theory using four
species of Lake Michigan algae. Ecology 62:802–815

Tilman D (1990) Constraints and tradeoffs: toward a predictive theory
of competition and succession. Oikos 58:3–15

Ueno O, Takeda T (1992) Photosynthetic pathways, ecological
characteristics, and the geographical distribution of the Cyper-
aceae in Japan. Oecologia 89:195–203

Wilson JB (1999) Guilds, functional types and ecological groups.
Oikos 86:507–522

Wright IJ, Reich PB, Westoby M et al (2004) The worldwide leaf
economics spectrum. Nature 428:821–827

Wu B, Nara K, Hogetsu T (1999) Competition between ectomycor-
rhizal fungi colonizing Pinus densiflora. Mycorrhiza 9:151–159

Wu T, Kabir Z, Koide RT (2005) A possible role for saprotrophic
microfungi in the N nutrition of ectomycorrhizal Pinus resinosa.
Soil Biol Biochem 37:965–975

Community ecology of ECM fungi 55


	General principles in the community ecology of ectomycorrhizal fungi
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Defining the community
	Defining species abundances
	The abiotic filter
	Competitive exclusion
	Coexistence
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


