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Community assembly and coexistence in
communities of arbuscular mycorrhizal fungi
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Arbuscular mycorrhizal fungi are asexual, obligately symbiotic fungi with unique morphology and
genomic structure, which occupy a dual niche, that is, the soil and the host root. Consequently, the
direct adoption of models for community assembly developed for other organism groups is not
evident. In this paper we adapted modern coexistence and assembly theory to arbuscular mycorrhizal
fungi. We review research on the elements of community assembly and coexistence of arbuscular
mycorrhizal fungi, highlighting recent studies using molecular methods. By addressing several
points from the individual to the community level where the application of modern community
ecology terms runs into problems when arbuscular mycorrhizal fungi are concerned, we aim to
account for these special circumstances from a mycocentric point of view. We suggest that
hierarchical spatial structure of arbuscular mycorrhizal fungal communities should be explicitly taken
into account in future studies. The conceptual framework we develop here for arbuscular mycorrhizal
fungi is also adaptable for other host-associated microbial communities.
The ISME Journal (2016) 10, 2341–2351; doi:10.1038/ismej.2016.46; published online 19 April 2016

Introduction: applying models of
community assembly and contemporary
coexistence theory to communities of
arbuscular mycorrhizal fungi: knowledge
gaps and difficulties

How communities assemble and which species can
coexist in the same locale has been a central question of
ecology. The recent advancement of high-throughput
molecular barcoding methods has enabled researchers
to obtain information on the composition and structure
of natural microbial communities more easily than
ever. This is especially important for organisms that are
difficult to culture, such as arbuscular mycorrhizal
(AM) fungi, which are obligate symbionts of plants
where they form multispecies symbiont communities
in the same root. Given the growing number of
molecular studies in the field of AM fungal community
research, it is timely to review the progress on under-
standing the processes that underlie AM fungal com-
munity assembly, and highlight the knowledge gaps.

The theoretical framework of community assembly
and coexistence (HilleRisLambers et al., 2012) com-
bines a classic filter model of community assembly
with modern coexistence theory (Chesson, 2000). The
filter model describes a regional pool of species from

which the members of local communities are selected
by passing through environmental and biotic filters.
Modern coexistence theory (Chesson, 2000) addresses
interactions on the local scale, which arise from niche
differences and fitness similarities. The combined
approach therefore acknowledges factors on a wide
spatiotemporal scale. Regional and local processes are
connected by the neutral process of dispersal. The
filter model is further nuanced by taking into account
feedbacks, when organisms are not only influenced by
but also have an impact on their environmental and
biotic filters (Figure 1).

AM fungi are a monophyletic group (phylum
Glomeromycota) of asexual, obligately symbiotic
fungi with a unique combination of traits regarding
morphology, genomic structure and ecology. Within
their coenocytic mycelia and spores, multiple,
potentially genetically divergent nuclei coexist,
making it difficult to delineate an individual even
with molecular methods (Table 1). Through intra-
radical and extraradical mycelia, they occupy a dual
niche, the plant root and soil. Both the soil environ-
ment and plant root can be described according to
a simple filter model as species filters preventing
certain AM fungal species from entering the local
community. However, the simple filter analogy ends
when taking into account that host plants and soil do
not remain unchanged during community assembly:
AM fungi interact with their hosts through hormonal
crosstalk and actively shape soil as ecosystem
engineers (See section: 'Feedbacks: AM fungi as
ecosystem engineers'). Taking into account these
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developmental, genetic and ecological angles, the
direct adoption of models for community assembly
developed for other organism groups is not evident.
There are several points from the individual to the
community level where the application of modern
community ecology terms runs into problems when
AM fungi are concerned (Table 1). Especially in the
area of coexistence, even for the definitions of such
fundamental concepts as ‘fitness’ further research
and discussion are needed (Table 2).

Here we introduce the elements of a community
assembly and coexistence model by highlighting
recent research on AM fungal communities.
As examples for each element, we included studies

that used DNA-based methods (preferentially, high-
throughput sequencing approaches) to investigate
AM fungal communities.

Factors affecting AM fungal community
assembly: review of the elements of the
proposed model

Regional pool
AM fungi have species pools with distinct composi-
tion according to paleocontinents, although endemic
species are rare (Kivlin et al., 2011; Davison et al.,
2015). Regionally, observed AM fungal communities
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Figure 1 Applying the combination of a filter model of community assembly and neutral processes for AM fungi. The regional pool of
AM fungi consists of species present in the soil and in the roots of the host community. Through local or long-distance dispersal and
chance, species reach local habitats. The environmental filter prevents species whose environmental tolerances do not overlap with local
conditions from entering the community. The host filter allows colonization only for compatible fungal partners, thus further removing
species. The local community reflects the cumulative effects of these processes, and in turn influences them through feedbacks. Horizontal
interactions within the symbiotic community and with other non-host species also affect local communities. Local communities in turn
contribute to the regional species pools with autochtonous propagule input. The capital letters refer to different AM fungal species.
Ellipses with different lines depict different root system communities. Details of the depicted community assembly and coexistence model
elements can be found in the section 'Factors affecting AM fungal community assembly: review of the elements of the proposed model' in
the main text.
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Table 1 Fundamental questions in defining levels of biological organization for AM fungi

Level of biologi-
cal organisation

General definition Problem with usage for AM fungi Possible solutions

Individual In modular organisms,
an individual can be
defined:
• as a physically con-
tinuous unit, which is
separated from other
such units (ramet)
• a unit with uniform
genetic composition
(genet)

In AM fungi, these two definitions do not
delineate the same parts of the mycelium
(Rosendahl, 2008):
• genetically different AM fungi are able to
anastomose with each other (Chagnon, 2014) and
might form a continuous mycelium where nuclei
of different genetic compositions mingle (Young,
2009)
• a genetically uniform mycelium might be
physically disrupted
• because of asexual reproduction with no
recombination, different mycelia with the same
genetic composition can be found in large
geographical distance from each other
• 'ramet’ and ‘genet’ are used by some research-
ers; however, many use the terms ‘clone’, ‘strain’
and ‘isolate’ as with other microbes to grasp
different aspects of the concept of an individual

• DNA profiling of individuals using mitochon-
drial markers, because, in contrast to nuclear
DNA, the mitochondrial genome appears to be
genetically identical within mycelia (de la
Providencia et al., 2013; Daubois et al., 2016)

Species Some commonly
applied species con-
cepts for fungi are
(Moore et al., 2011):
• morphological: based
on morphological simi-
larity
• biological: based on
reproductive isolation
• phylogenetic: defin-
ing OTUs based on
genetic similarity

• Morphological: many AM fungal species are
unculturable and their appearance in roots varies
with the host
• Biological: no evidence of sexual reproduction,
so mating tests are not possible
• Phylogenetic: It is not clear what level, if any,
of genetic difference is a suitable proxy for
species or other levels of biologically interacting
units (Hao et al., 2011; Caruso et al., 2012b;
Powell, 2012)

• Morphological: traditional taxonomy of AM
fungal morphotypes is based on the character-
istics of spores
• phylogenetic:
– Fixed and named OTUs are available for the
sake of comparability between environmental
studies, based on the small subunit of the
ribosomal DNA (Öpik et al., 2010)
– Efforts are made to create a unified sequence-
based species delimitation of Glomeromycota
using multiple loci (Öpik et al., 2014)

Community Species with similar
ecology that coexist in
the same spatial region
(Chesson, 2000). Defini-
tions often include that
community members
must be able to interact
(for example, Whittaker,
1975)

At which spatial scale should the AM fungal
community be defined?

Adapting a spatially explicit, hierarchical com-
munity system from parasitology (Figure 2, see
also section 'Scale dependency: different assem-
bly rules for different spatial scales? An analogy
borrowed from parasite communities' in the
main text):
• AM fungi in a root fragment
• infracommunity: AM fungi in an entire root
system of one host
• component community: AM fungi in the root
systems of a population of one host species
• compound community: AM fungi in the root
systems of the host community (mixed root
samples from a sampling site)

Metacommunity Metacommunities are
spatially divided
species assemblages,
where dispersal among
communities is limited
(Morin, 2011)

The assemblage of AM fungal communities living
in the root systems of a plant community cannot
be easily described by the metacommunity
theory:
• instead of only dispersing between hosts by
propagules, AM fungi in different hosts might
interact or even be physically continuous with
AM fungi living in other root systems, forming
CMNs (Selosse et al., 2006), which are large,
interconnected networks of fungal hyphae that
are simultaneously connecting multiple hosts
• hosts are not passive islands:
– AM fungi can preferentially allocate nutrients
to high-quality hosts connected to the same CMN
(Fellbaum et al., 2014) and CMNs can provide
means of infochemical transport between con-
nected plants (Barto et al., 2011)
– AM fungi can modify the fitness of their hosts
depending on their identity. Furthermore,
responsiveness of hosts to AM fungal coloniza-
tion can change over time after the initial
colonization (Veresoglou et al., 2012; Mihaljevic,
2012a, b)

Application of metacommunity theory would
require modifications

Abbreviations: AM, arbuscular mycorrhizal; CMN, common mycorrhizal network; OTU, operational taxonomic unit.
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are spatially heterogenous, but temporally stable,
suggesting a fairly constant soil species pool from
which mycorrhizae form during the season (Davison
et al., 2012).

Dispersal and chance (neutral processes)
Propagules and vectors of dispersal in AM fungi.
AM fungi disperse by autochthonous (local mycelium
spread) and allochthonous propagules (spores
and other inoculum, such as hyphal fragments or
colonized root fragments from outside), with the
allochthonous propagules being less important locally
(Jumpponen and Egerton-Warburton, 2005). AM fungi
often have large spores, and many species are
distributed by zoochory (for example, through the
guts of rats (Janos et al., 1995), earthworms (Shapiro
et al., 1993) and collembolans (Klironomos and
Moutoglis, 1999) or on the hooves of bison (Lekberg
et al., 2011)) as opposed to wind, where their spores
are detected rarely (Egan et al., 2014). Thus, AM
fungal species are mostly limited to short-distance
dispersal. However, over long timespans, these
limited dispersal capabilities allow for a surprisingly
efficient spread of taxa (Davison et al., 2015).

Spatial community structure, dispersal limitation
and other stochastic processes. AM fungal commu-
nities are spatially structured, patchily distributed
even in relatively homogenous local environments
(Rosendahl and Stukenbrock, 2004; Mummey and
Rillig, 2008), which suggests that there are other
processes beyond environmental filtering that con-
tribute to the structure of AM fungal communities,
for example, dispersal limitation. The relative
importance of dispersal to environmental filtering
is scale-dependent and varies (soil type and dis-
persal ability, Lekberg et al., 2007; soil pH, C/N ratio,
phosphorus and dispersal, Dumbrell et al., 2010a;
soil temperature, plant biomes and dispersal, Kivlin
et al., 2011). Dispersal and other neutral processes
thus exhibit an effect size spectrum that can be
completely masked by extreme environmental het-
erogeneity or anthropogenic disturbance, resulting in
communities more dissimilar than expected under
the assumptions of neutral theory. On the other
hand, stochastic effects are also limited under very
homogeneous environmental conditions because of
niche effects (Caruso et al., 2012a).

Environmental filter
Niche partitioning along environmental gradients.
The assembly process and the coexistence of AM
fungi are influenced by various soil environmental
variables, such as pH, soil type, soil chemistry
and nutrient availability. As nutrient transport is a
function of AM fungi, the effect of nutrient avail-
ability is well studied (reviewed in Johnson, 2010).
The filtering role of the environment, when some
species from the regional pool are not present under

certain soil conditions, was shown in fertilizer
addition experiments: AM fungal phylotype diver-
sity decreased with increasing N and P availability
and some AM fungi were only found in specific soil
nutrient conditions (for example, Liu et al., 2012;
Camenzind et al., 2014; Liu et al., 2015).

Seasonality. AM fungi show temporal niche parti-
tioning over the course of the year. Previously rare
types might replace the dominant species (Husband
et al., 2002). As possible explanations for this shift,
both changing environment, for example, changes in
temperature and sunshine hours (which influence
the soil carbon pool, Dumbrell et al., 2011), and the
seasonal cycle of the plant community and phenol-
ogy were suggested.

Disturbance. Increasing agricultural land-use
intensity selectively removes rare AM fungal species
from the local community (Helgason et al., 1998;
Verbruggen et al., 2012). Heavy anthropogenic
disturbance, such as plowing, tillage and fungicide
treatment, can lower the number of AM fungal
species, abundance and root colonization while
favoring generalist species (Helgason et al., 1998;
Hijri et al., 2006; Helgason et al., 2007; Schnoor
et al., 2011). However, disturbance does not always
shift communities in a predictable way (Lekberg
et al., 2012) probably because of the dominance of
stochastic effects (Caruso et al., 2012a).

Host filter
One of the particular features of AM fungal commu-
nity assembly is the importance of the host filter
compared with free-living or facultatively symbiotic
organisms. Plants restrict AM fungal diversity in
roots (Johnson et al., 2004) and they also differen-
tially influence sporulation (Eom et al., 2000). Given
the obligatory symbiotic AM fungal lifestyle, the
existence of host effects could be obvious. The non-
evident detail in the host–AM fungal relationship is
the apparent lack of species-level specificity (there
are many fewer AM fungal species than plant
species, even though most land plants are mycor-
rhizal). As an explanation, it was proposed that being
able to colonize and to be colonized by a wider range
of partners has an evolutionary benefit, and that
environmental conditions affect the ability of plants
to differentially reward their symbionts (reviewed in
Walder and van der Heijden, 2015). In the field,
different plant species, and even plants of the same
species at different growth stages, associate with
different fungal communities from the same soil
(Gollotte et al., 2004; Sýkorová et al., 2007; Gosling
et al., 2013) and some AM fungi do not colonize
certain plants (Helgason et al., 2002). AM fungi differ
regarding how beneficial they are for hosts (Helgason
et al., 2007), and plants are able to reward better
fungal partners with photosynthates (Bever et al.,
2009; Kiers et al., 2011). The solution might be that
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host specificity does not happen at the species level,
but on an ecological level, where generalist AM
fungi interact with generalist plants while specia-
lists tend to occur in the roots of specialist plants
(Öpik et al., 2010; Davison et al., 2011). Further-
more, pairings of hosts and symbionts with similar
life history strategies (competitive, stress tolerant,
ruderal, as described for AM fungi in Chagnon
et al., 2013) are likely more beneficial. The

functional traits defining these strategies are often
conserved at a higher taxonomic level (Maherali
and Klironomos, 2007; Chagnon et al., 2013). Not
only the host itself but also neighboring plants
(Hausmann and Hawkes, 2009) and plant species
richness (Burrows and Pfleger, 2002; Engelmoer
and Kiers, 2015) influence fungal communities. In
addition, AM fungal preference regarding hosts also
exists (Davison et al., 2011).

Table 2 Problems and solution attempts in applying community ecology terms to AM fungi

Community
ecology term

Problems in using it in AM fungal
community ecology

Current solution attempts and their issues

Fitness The definition of fitness in other organisms
usually includes a measure of reproduc-
tion.
• As AM fungi are asexual organisms, how
can their fitness be defined?
• It is difficult to use a proxy for AM
fungal fitness, which could be used to
compare species, as:
(1) higher propagule abundance does not
necessarily translate to higher colonization
(2) there are significant allocation differ-
ences among species in growth of spores
versus hyphal network (Veresoglou and
Halley, 2012)
• AM fungal fitness always depends on
plant carbon, as they do not have inde-
pendent ways to take up carbon (Johnson,
2010)

• Spore production and root colonization rates are possible fitness
measures
• Marker gene copy numbers can be used as a proxy of root colonization
(Thonar et al., 2014). Distinguishing some AM fungal species in co-
colonized roots is now possible with species-specific quantitative real-
time PCR

Traits How to study AM fungal traits? • Traits in culture: traits are assigned to strains and might not be
representative of a species
• Transcriptomes of a single species: the study of the transcriptomes of
species (Tisserant et al., 2012) might explain perceived functional
redundancy (Peay et al., 2008) and provide mechanical understanding of
community assembly, but it suffers from the same problem
• Metatranscriptomes: solving the annotation problem in the emerging
field of metatranscriptomics might enable us to study traits in field
communities

Niche Dual niche of AM fungi in root and soil • AM fungi are obligate symbionts, but not only are they required to
colonize a root system to complete their life cycle, but also to forage in
the soil for nutrients and water
• Thus, they are affected by factors both within and outside the root
system at the same time
• The composition of AM fungal communities is different in the two
compartments (Hempel et al., 2007), and it is likely that forces governing
soil and root communities are different (Liu et al., 2012)
• AM fungal species differ in functional traits regarding spatial niches
(for example, to what extent do they colonize roots or soil), and these
traits are also conserved (Hart and Reader, 2002; Powell et al., 2009)

Bipartite
networks

How does the network theory describe
host–AM fungal interactions (Chagnon
et al., 2012)?

• AM fungal–plant networks regularly show nestedness (species interact
with a subset of the species generalists interact with) and modularity
(species tend to group into modules in which interactions are more
frequent than with the rest of the community; Öpik and Moora, 2012;
Verbruggen et al., 2012)
• These network characteristics may derive from overdominance of the
founder AM fungus (Dumbrell et al., 2010b), habitat heterogeneity,
specific selectivity in plant–AM fungal associations, plant–AM fungal
overlapped phenology or AM fungal competition within the root
(Montesinos-Navarro et al., 2012)
• However, in order to correctly apply network theory to AM fungal–
plant interactions, basic assumptions need to be verified, that is, detected
co-occurence must imply interactions (Caruso et al., 2012b)

Abbreviations: AM, arbuscular mycorrhizal; PCR, polymerase chain reaction.
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Non-host biotic interactions and feedbacks
Horizontal interactions between members of local
AM fungal communities. Past work has found
intense competition for root space (Cano and Bago,
2005; Engelmoer et al., 2014) and even competitive
exclusion (Hepper et al., 1988). As opposed to root
colonization, the ability of AM fungal species to
colonize soil did not influence coexistence (Maherali
and Klironomos, 2012). Phylogenetic overdispersion
promotes coexistence: communities of more dis-
tantly related and functionally different species
showed higher realized species richness (Maherali
and Klironomos, 2007). Conserved differences in
other functional traits, such as timing of spore
production and hyphal growth rate, metabolism of
photosynthates, P and N uptake, might alleviate
competition as well.

Despite the potential importance for commercial
use of fungal inocula, the effect of arrival order in
AM fungi is not well understood. Priority effects
were shown (Mummey et al., 2009); however, it was
recently observed that the resident AM fungi did not
suffer from reduced growth despite being invaded,
which makes competition for space an unlikely
explanation, and suggesting downregulation by the
host instead (Werner and Kiers, 2015).

Interactions with other non-host organisms. Negative
interactions with consumers (fungal grazers), pathogens
and parasites could reduce competition between AM
fungi. However, collembola feeding on AM fungi had
no effect on the community composition (Gange, 2000),
and parasitism has not yet been conclusively shown to
exist in AM fungi (Purin and Rillig, 2008). Either these
interactions are really not important for AM fungal
communities or we are limited by data.

AM fungi harbor bacteria associated with their
spores. These bacteria promote hyphal growth and
stimulate nutrient biodynamics. They might facilitate
not only the fungus, but the whole mycorrhizal system
by contributing to the suppression of soil-borne plant
pathogens and by adding nitrogen fixation to the
benefits of the plant (Cruz and Ishii, 2011).

Feedbacks: AM fungi as ecosystem engineers. AM
fungi significantly modify their habitat both in the
soil and in the plant in a way that influences their
own communities. In the soil they increase soil
aggregation and the water stability of the aggregates
by a variety of mechanisms, including hyphal
enmeshment (Rillig et al., 2015). Greater particle
size and pore space may in turn benefit hyphal
growth (Rillig and Steinberg, 2002).

They affect plant diversity and composition by
improving the nutrient status of their host plants
and by facilitating their hosts, which was shown to
induce shifts in plant communities (van der Heijden
et al., 1998). To harness this effect, enhancing
natural AM fungal communities is suggested as an
environmentally friendly weed-control option in
agricultural ecosystems (Cameron, 2010). On the

other hand, plant community composition also has
an effect on AM fungal communities, completing the
feedback loop.

Relative importance of different elements: possible
explanations for the idiosyncratic response of AM
fungi to biotic and abiotic variables
Despite the considerable literature that exists on the
host, abiotic environmental and neutral factors influ-
encing AM fungal community composition, there is
no consensus on their relative importance. AM fungi
have an idiosyncratic response to these variables. We
propose two hypotheses to explain this pattern.

‘Law of the minimum’: an idea from plant nutrition.
In agricultural science, the ‘law of the minimum’ is an
idea that the scarcest essential nutrient (the most
limiting factor) is the most important in determining
plant growth (Gorban et al., 2011). Similarly, but
stepping away from only thinking about resources,
the relative importance of assembly factors would
depend on the most restrictive component, and
the most limiting factor would explain the most
variability. Under non-filtering environmental condi-
tions, in an abiotically homogenous sampling area,
host effects would be relatively more important. A
strong environmental gradient that includes harsh
conditions unsuitable for certain species would
result in environmental filtering as the dominant
structuring force.

Scale dependency: different assembly rules for different
spatial scales? An analogy borrowed from parasite
communities. Studies on AM fungal communities
vary strongly in the spatial scale being addressed.
Definitions range from AM fungi found in a root piece
through an entire root system to a mixed root sample of
an entire site. As different assembly factors act on
different scales, explicitly considering the spatial
structure of AM fungal communities could lead to
a synthesis between contrasting responses to assembly
factors (for example, host versus abiotic environmental
filter). Parasitology defines a hierarchical, host-based,
scale-dependent community system (Figure 2 and
Table 1). In infra- and compound communities of fleas,
which also have varying levels of host specificity, the
relative importance of environmental and host effects
depends on the spatial scale (Linardi and Krasnov,
2013; Krasnov et al., 2015). AM fungal communities
have a similar host-based hierarchical spatial structure
(Figure 2); therefore, it is a compelling idea that the
relative importance of assembly factors depends on
the spatial scale in AM fungi too. Maherali and
Klironomos (2012) hypothesized that subplot-scale
interactions (infracommunity) such as competition
could determine coexistence, whereas the AM fungal
composition of a whole site (compound community)
would mostly depend on niche requirements or
climate (environmental filter). Consequently, AM
fungal communities are found to show phylogenetic
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clustering within study sites (Kivlin et al., 2011), with
sometimes negligible effects of the environment (Horn
et al., 2014), which might indicate facilitation between
species. At a global scale, the AM fungal community
composition was shown to be best predicted by spatial
distance, edaphic and climatic factors, and plant
community type (Kivlin et al., 2011; Davison et al.,
2015). To sum up, the scale dependency of the relative
importance of the elements of community assembly
and coexistence is well established in many organ-
isms; however, explicit consideration of spatial scale
in AM fungal community studies is still rare. An
example of how the relative importance of the
assembly processes might change with spatial scales
is shown in Figure 2.

Conclusion: community ecology from the
viewpoint of a microbial symbiont

We presented a conceptual framework of community
assembly and coexistence adapted to a microbial
symbiont group with a unique combination of char-
acteristics. The importance of factors influencing
obligate symbionts differs from those affecting free-
living organisms, or even facultative symbionts
(Linardi and Krasnov, 2013). The host–AM fungal
relationship, similarly to parasites, exhibits a hierarch-
ical spatial structure, which should be explicitly
incorporated into future studies, to enable the study
of the scale dependency of the relative importance
of elements of community assembly. Adapting a
symbiont-centered point of view in addition to con-
sidering how the host community is affected would
help to fill the knowledge gaps of coexistence research,
especially in the field of non-host interactions.

Outlook: how further research on AM
fungal communities could advance the
field of community assembly and
coexistence theory

Owing to the advance of high-throughput molecular
methods, researchers gained insight into the commu-
nities of specialized organisms, for example, the AM
fungal communities in plant roots. With the number
of AM fungal community studies rising, it is now
possible to start to piece together the mechanisms
influencing community assembly and coexistence.
By considering the unique combination of character-
istics in genetic makeup, physiology, niche and
dispersal of AM fungi, and highlighting problems in
applying community ecology concepts stemming from
these, we are getting closer to adapting community
assembly and coexistence models to them.

Taking levels of community organization related
to the host into account (infracommunities, com-
ponent communities and compound communities,
see Figure 2) can help reconcile contrasting results
regarding the relative importance of assembly
factors.

In AM fungi, where the effect of the host filter is so
significant, non-host biotic interactions, although
they might not be able to act as a filter in community
assembly, are still influencing community structure,
and future studies in this currently neglected field
might reveal more interesting relations.

Examining different assembly and coexistence
factors in a multitude of specialized microbial
groups would help advance the field of community
ecology by increasing the external validity of its
models and theories. Although it is important to

Figure 2 Hierarchical scale-dependent community system in AM fungi. At a given spatial (or temporal) scale, multiple processes
influence the assembly of AM fungal communities. Relative importance of assembly processes changes with spatial scale, causing
idiosyncrasy in response to different assembly factors, when the hierarchical spatial structure is not explicitly considered.
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transfer concepts from general ecology, it is critical
that these concepts be carefully evaluated before
application (Table 1): two examples are the applica-
tion of metacommunity concepts to symbiotic sys-
tems (Veresoglou et al., 2012) and the use of network
theory in mycorrhizal ecology (Caruso et al., 2012b);
in both cases it is important to verify the validity
of assumptions lest analyses be misleading. Emer-
ging concepts in community ecology, like metrics
for quantifying intransitive competition (Soliveres
et al., 2015) or community coalescence (Rillig et al.,
2015), will require similar validation to apply them
to specific microbial communities. Doing so can
lead to new hypotheses in the AM fungal and
broader community ecology, as in applying commu-
nity phylogenetics (Webb et al., 2002 ; Vamosi et al,
2009) to AM fungi: after carefully proving that AM
fungal traits related to spatial niche use are
conserved at a higher taxonomic level (Maherali
and Klironomos, 2007), this was used to generate
hypotheses and a theoretical framework on the
coupling of plant and AM fungal life history
strategies (Chagnon et al., 2013).

Answers to the questions of community assembly
and coexistence in AM fungi are increasingly required
in order to more successfully manage AM fungi for
application. Community composition influences eco-
system services, which is true also for AM fungi (van
der Heijden et al., 1998). Better understanding of AM
fungal communities could be a powerful tool in
mitigating the effects of global change, for example,
in agriculture and habitat restoration.

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements
We thank the editor, two reviewers and W Zheng for their
valuable comments. MCR thanks BMBF for funding through
the BonaRes initiative (INPLAMINT). SH and KV thank DFG
(grant number HE 6183/1-1). UM thanks DRS HONORS
Fellowship programme of Freie Universität Berlin.

References
Barto EK, Hilker M, Müller F, Mohney BK, Weidenhamer JD,

Rillig MC. (2011). The fungal fast lane: common
mycorrhizal networks extend bioactive zones of allelo-
chemicals in soils. PLoS One 6: e27195.

Bever JD, Richardson SC, Lawrence BM, Holmes J, WatsonM.
(2009). Preferential allocation to beneficial symbiont with
spatial structure maintains mycorrhizal mutualism. Ecol
Lett 12: 13–21.

Burrows RL, Pfleger FL. (2002). Arbuscular mycorrhizal
fungi respond to increasing plant diversity. Can J Bot
80: 120–130.

Camenzind T, Hempel S, Homeier J, Horn S, Velescu A,
Wilcke W et al. (2014). Nitrogen and phosphorus
additions impact arbuscular mycorrhizal abundance
and molecular diversity in a tropical montane forest.
Glob Change Biol 20: 3546–3659.

Cameron DD. (2010). Arbuscular mycorrhizal fungi as
(agro)ecosystem engineers. Plant Soil 333: 1–5.

Cano C, Bago A. (2005). Competition and substrate
colonization strategies of three polyxenically grown
arbuscular mycorrhizal fungi. Mycologia 97:
1201–1214.

Caruso T, Hempel S, Powell JR, Barto EK, Rillig MC.
(2012a). Compositional divergence and convergence in
arbuscular mycorrhizal fungal communities. Ecology
93: 1115–1124.

Caruso T, Rillig MC, Garlaschelli D. (2012b). On the
application of network theory to arbuscular mycor-
rhizal fungi-plant interactions: the importance of basic
assumptions. New Phytol 194: 891–894.

Chagnon P-L, Bradley RL, Klironomos JN. (2012). Using
ecological network theory to evaluate the causes and
consequences of arbuscular mycorrhizal community
structure. New Phytol 194: 307–312.

Chagnon P-L, Bradley RL, Maherali H, Klironomos JN.
(2013). A trait-based framework to understand
life history of mycorrhizal fungi. Trends Plant Sci 18:
484–491.

Chagnon P-L. (2014). Ecological and evolutionary
implications of hyphal anastomosis in arbuscular
mycorrhizal fungi. FEMS Microbiol Ecol 88: 437–444.

Chesson P. (2000). Mechanisms of maintenance of species
diversity. Annu Rev Ecol Syst 31: 343–366.

Cruz AF, Ishii T. (2011). Arbuscular mycorrhizal fungal
spores host bacteria that affect nutrient biodynamics
and biocontrol of soil‐borne plant pathogens. Biol
Open 1: 52–57.

Davison J, Öpik M, Daniell TJ, Moora M, Zobel M. (2011).
Arbuscular mycorrhizal fungal communities in plant
roots are not random assemblages. FEMS Microbiol
Ecol 78: 103–115.

Davison J, Öpik M, Zobel M, Vasar M, Metsis M, Moora M.
(2012). Communities of arbuscular mycorrhizal fungi
detected in forest soil are spatially heterogeneous but
do not vary throughout the growing season. PLoS One
7: e41938.

Davison J, Moora M, Öpik M, Adholeya A, Ainsaar L, Bâ A
et al. (2015). Global assessment of arbuscular mycor-
rhizal fungus diversity reveals very low endemism.
Science 349: 970–973.

Daubois L, Beaudet D, Hijri M, de la Providencia I. (2016).
Independent mitochondrial and nuclear exchanges
arising in Rhizophagus irregularis crossed-isolates
support the presence of a mitochondrial segregation
mechanism. BMC Microbiol 16: 11.

de la Providencia IE, Nadimi M, Beaudet D, Morales GR,
Hijri M. (2013). Detection of a transient mitochondrial
DNA heteroplasmy in the progeny of crossed genetically
divergent isolates of arbuscular mycorrhizal fungi. New
Phytol 200: 211–221.

Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH.
(2010a). Relative roles of niche and neutral processes
in structuring a soil microbial community. ISME J 4:
337–345.

Dumbrell AJ, Nelson M, Helgason T, Dytham C, Fitter AH.
(2010b). Idiosyncrasy and overdominance in the
structure of natural communities of arbuscular

Community assembly and coexistence in communities of AM fungi
K Vályi et al

2348

The ISME Journal



mycorrhizal fungi: is there a role for stochastic
processes? J Ecol 98: 419–428.

Dumbrell AJ, Ashton PD, Aziz N, Feng G, Nelson M,
Dytham C et al. (2011). Distinct seasonal assemblages
of arbuscular mycorrhizal fungi revealed by massively
parallel pyrosequencing. New Phytol 190: 794–804.

Egan C, Li D-W, Klironomos J. (2014). Detection of
arbuscular mycorrhizal fungal spores in the air across
different biomes and ecoregions. Fungal Ecol 12: 26–31.

Engelmoer DJP, Behm JE, Toby Kiers E. (2014). Intense
competition between arbuscular mycorrhizal mutual-
ists in an in vitro root microbiome negatively affects
total fungal abundance. Mol Ecol 23: 1584–1593.

Engelmoer DJP, Kiers ET. (2015). Host diversity affects the
abundance of the extraradical arbuscular mycorrhizal
network. New Phytol 205: 1485–1491.

Eom, Hartnett DC, Wilson GWT. (2000). Host plant species
effects on arbuscular mycorrhizal fungal communities
in tallgrass prairie. Oecologia 122: 435–444.

Fellbaum CR, Mensah JA, Cloos AJ, Strahan GE, Pfeffer PE,
Kiers ET et al. (2014). Fungal nutrient allocation in
common mycorrhizal networks is regulated by the
carbon source strength of individual host plants.
New Phytol 203: 646–656.

Gange A. (2000). Arbuscular mycorrhizal fungi, Collembola
and plant growth. Trends Ecol Evol 15: 369–372.

Gollotte A, van Tuinen D, Atkinson D. (2004). Diversity of
arbuscular mycorrhizal fungi colonising roots of the
grass species Agrostis capillaris and Lolium perenne in
a field experiment. Mycorrhiza 14: 111–117.

Gosling P, Mead A, Proctor M, Hammond JP, Bending GD.
(2013). Contrasting arbuscular mycorrhizal commu-
nities colonizing different host plants show a similar
response to a soil phosphorus concentration gradient.
New Phytol 198: 546–556.

Gorban A, Pokidysheva L, Smirnova E, Tyukina T. (2011).
Law of the minimum paradoxes. Bull Math Biol 73:
2013–2044.

Hao X, Jiang R, Chen T. (2011). Clustering 16S rRNA for
OTU prediction: a method of unsupervised Bayesian
clustering. Bioinformatics 27: 611–618.

Hart MM, Reader RJ. (2002). Taxonomic basis for
variation in the colonization strategy of arbuscular
mycorrhizal fungi. New Phytol 153: 335–344.

Hausmann NT, Hawkes CV. (2009). Plant neighborhood
control of arbuscular mycorrhizal community compo-
sition. New Phytol 183: 1188–1200.

Helgason T, Daniell TJ, Husband R, Fitter AH, Young JPW.
(1998). Ploughing up the wood-wide web? Nature 394:
431.

Helgason T, Merryweather JW, Denison J, Wilson P, Young
JPW, Fitter AH. (2002). Selectivity and functional
diversity in arbuscular mycorrhizas of co-occurring
fungi and plants from a temperate deciduous wood-
land. J Ecol 90: 371–384.

Helgason T, Merryweather JW, Young, Fitter AH. (2007).
Specificity and resilience in the arbuscular mycor-
rhizal fungi of a natural woodland community. J Ecol
95: 623–630.

Hempel S, Renker C, Buscot F. (2007). Differences in the
species composition of arbuscular mycorrhizal fungi in
spore, root and soil communities in a grassland
ecosystem. Environ Microbiol 9: 1930–1938.

Hepper CM, Azcon-Aguilar C, Rosendahl S, Sen R. (1988).
Competition between three species of Glomus used
as spatially separated introduced and indigenous

mycorrhizal inocula for leek (Allium porrum L.).
New Phytol 110: 207–215.

Hijri I, Sýkorová Z, Oehl F, Ineichen K, Mäder P, Wiemken A
et al. (2006). Communities of arbuscular mycorrhizal
fungi in arable soils are not necessarily low in diversity.
Mol Ecol 15: 2277–2289.

HilleRisLambers J, Adler PB, Harpole WS, Levine JM,
Mayfield MM. (2012). Rethinking community assem-
bly through the lens of coexistence theory. Annu Rev
Ecol Evol Syst 43: 227–248.

Horn S, Caruso T, Verbruggen E, Rillig MC, Hempel S.
(2014). Arbuscular mycorrhizal fungal communities
are phylogenetically clustered at small scales. ISME J 8:
2231–2242.

Husband R, Herre EA, Turner SL, Gallery R, Young JPW.
(2002). Molecular diversity of arbuscular mycorrhizal
fungi and patterns of host association over time and
space in a tropical forest. Mol Ecol 11: 2669–2678.

Janos DP, Sahley CT, Emmons LH. (1995). Rodent
dispersal of vesicular-arbuscular mycorrhizal fungi in
Amazonian Peru. Ecology 1852–1858.

Johnson D, Vandenkoornhuyse PJ, Leake JR, Gilbert L,
Booth RE, Grime JP et al. (2004). Plant communities
affect arbuscular mycorrhizal fungal diversity and
community composition in grassland microcosms.
New Phytol 161: 503–515.

Johnson NC. (2010). Resource stoichiometry elucidates the
structure and function of arbuscular mycorrhizas
across scales. New Phytol 185: 631–647.

Jumpponen A, Egerton-Warburton L Mycorrhizal fungi
in successional environments. In: Dighton J, White J,
Oudemans P. (2005). The Fungal Community Its
Organization and Role in the Ecosystem. Boca Raton,
FL, USA: CRC Press, Vol. 20050554: pp 139–168.
33487-2742.

Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O,
Verbruggen E et al. (2011). Reciprocal rewards stabilize
cooperation in the mycorrhizal symbiosis. Science 333:
880–882.

Kivlin SN, Hawkes CV, Treseder KK. (2011). Global diversity
and distribution of arbuscular mycorrhizal fungi. Soil Biol
Biochem 43: 2294–2303.

Klironomos JN, Moutoglis P. (1999). Colonization of
nonmycorrhizal plants by mycorrhizal neighbours as
influenced by the collembolan, Folsomia candida. Biol
Fertil Soils 29: 277–281.

Krasnov BR, Shenbrot GI, Khokhlova IS, Stanko M,
Morand S, Mouillot D. (2015). Assembly rules of
ectoparasite communities across scales: combining
patterns of abiotic factors, host composition, geo-
graphic space, phylogeny and traits. Ecography 38:
184–197.

Lekberg Y, Koide RT, Rohr JR, Aldrich-Wolfe L, Morton JB.
(2007). Role of niche restrictions and dispersal in the
composition of arbuscular mycorrhizal fungal commu-
nities. J Ecol 95: 95–105.

Lekberg Y, Meadow J, Rohr JR, Redecker D, Zabinski CA.
(2011). Importance of dispersal and thermal environ-
ment for mycorrhizal communities: lessons from
Yellowstone National Park. Ecology 92: 1292–1302.

Lekberg Y, Schnoor T, Kjøller R, Gibbons SM, Hansen LH,
Al-Soud WA et al. (2012). 454-sequencing reveals
stochastic local reassembly and high disturbance
tolerance within arbuscular mycorrhizal fungal com-
munities. J Ecol 100: 151–160.

Linardi PM, Krasnov BR. (2013). Patterns of diversity and
abundance of fleas and mites in the Neotropics: host-

Community assembly and coexistence in communities of AM fungi
K Vályi et al

2349

The ISME Journal



related, parasite-related and environment-related fac-
tors. Med Vet Entomol 27: 49–58.

Liu Y, Shi G, Mao L, Cheng G, Jiang S, Ma X et al. (2012).
Direct and indirect influences of 8yr of nitrogen
and phosphorus fertilization on Glomeromycota
in an alpine meadow ecosystem. New Phytol 194:
523–535.

Liu Y, Johnson NC, Mao L, Shi G, Jiang S, Ma X et al.
(2015). Phylogenetic structure of arbuscular mycor-
rhizal community shifts in response to increasing soil
fertility. Soil Biol Biochem 89: 196–205.

Maherali H, Klironomos JN. (2007). Influence of phylogeny
on fungal community assembly and ecosystem func-
tioning. Science 316: 1746–1748.

Maherali H, Klironomos JN. (2012). Phylogenetic and trait-
based assembly of arbuscular mycorrhizal fungal
communities. PLoS One 7: e36695.

Mihaljevic JR. (2012a). Linking metacommunity theory
and symbiont evolutionary ecology. Trends Ecol Evol
27: 323–329.

Mihaljevic JR. (2012b). A reply to Veresoglou. Symbiont
metacommunities: hosts of challenges or opportu-
nities? Trends Ecol Evol 27: 589–590.

Montesinos-Navarro A, Segarra-Moragues JG, Valiente-
Banuet A, Verdú M. (2012). The network structure of
plant–arbuscular mycorrhizal fungi. New Phytol 194:
536–547.

Moore D, Robson GD, Trinci APJ. (2011). 21st Century
Guidebook to Fungi. Cambridge University Press:
Cambridge, UK.

Morin PJ. (2011). Community Ecology. Chichester, UK:
John Wiley & Sons Ltd, 253.

Mummey DL, Antunes PM, Rillig MC. (2009). Arbuscular
mycorrhizal fungi pre-inoculant identity determines
community composition in roots. Soil Biol Biochem
41: 1173–1179.

Mummey DL, Rillig MC. (2008). Spatial characterization of
arbuscular mycorrhizal fungal molecular diversity at
the submetre scale in a temperate grassland. FEMS
Microbiol Ecol 64: 260–270.

Öpik M, Moora M. (2012). Missing nodes and links in
mycorrhizal networks. New Phytol 194: 304–306.

Öpik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij
JM et al. (2010). The online database MaarjAM reveals
global and ecosystemic distribution patterns in arbus-
cular mycorrhizal fungi (Glomeromycota). New Phytol
188: 223–241.

Öpik M, Davison J, Moora M, Zobel M. (2014). DNA-based
detection and identification of Glomeromycota: the
virtual taxonomy of environmental sequences. Botany
92: 135–147.

Peay KG, Kennedy PG, Bruns TD. (2008). Fungal commu-
nity ecology: a hybrid beast with a molecular master.
Bioscience 58: 799–810.

Powell JR. (2012). Accounting for uncertainty in species
delineation during the analysis of environmental DNA
sequence data. Methods Ecol Evol 3: 1–11.

Powell JR, Parrent JL, Hart MM, Klironomos JN, Rillig MC,
Maherali H. (2009). Phylogenetic trait conservatism
and the evolution of functional trade-offs in arbuscular
mycorrhizal fungi. Proc R Soc Lond B Biol Sci 276:
4237–4245.

Purin S, Rillig MC. (2008). Parasitism of arbuscular
mycorrhizal fungi: reviewing the evidence. FEMS
Microbiol Lett 279: 8–14.

Rillig MC, Aguilar-Trigueros CA, Bergmann J, Verbruggen E,
Veresoglou SD, Lehmann A. (2015). Plant root and

mycorrhizal fungal traits for understanding soil aggrega-
tion. New Phytol 205: 1385–1388.

Rillig MC, Steinberg PD. (2002). Glomalin production
by an arbuscular mycorrhizal fungus: a mechanism
of habitat modification? Soil Biol Biochem 34:
1371–1374.

Rosendahl S. (2008). Communities, populations and
individuals of arbuscular mycorrhizal fungi. New
Phytol 178: 253–266.

Rosendahl S, Stukenbrock EH. (2004). Community struc-
ture of arbuscular mycorrhizal fungi in undisturbed
vegetation revealed by analyses of LSU rDNA
sequences. Mol Ecol 13: 3179–3186.

Schnoor T, Lekberg Y, Rosendahl S, Olsson P. (2011).
Mechanical soil disturbance as a determinant of
arbuscular mycorrhizal fungal communities in semi-
natural grassland. Mycorrhiza 21: 211–220.

Selosse M-A, Richard F, He X, Simard SW. (2006).
Mycorrhizal networks: des liaisons dangereuses?
Trends Ecol Evol 21: 621–628.

Shapiro DI, Berry EC, Lewis LC. (1993). Interactions
between nematodes and earthworms: enhanced
dispersal of Steinernema carpocapsae. J Nematol
25: 189.

Soliveres S, Maestre FT, Ulrich W, Manning P, Boch S,
Bowker MA et al. (2015). Intransitive competition is
widespread in plant communities and maintains their
species richness. Ecol Lett 18: 790–798.

Sýkorová Z, Ineichen K, Wiemken A, Redecker D. (2007).
The cultivation bias: different communities of arbus-
cular mycorrhizal fungi detected in roots from the
field, from bait plants transplanted to the field, and
from a greenhouse trap experiment. Mycorrhiza 18:
1–14.

Thonar C, Frossard E, Šmilauer P, Jansa J. (2014).
Competition and facilitation in synthetic communities
of arbuscular mycorrhizal fungi. Mol Ecol 23: 733–746.

Tisserant E, Kohler A, Dozolme-Seddas P, Balestrini R,
Benabdellah K, Colard A et al. (2012). The
transcriptome of the arbuscular mycorrhizal fungus
Glomus intraradices (DAOM 197198) reveals
functional tradeoffs in an obligate symbiont. New
Phytol 193: 755–769.

Vamosi SM, Heard SB, Vamosi JC, Webb CO. (2009).
Emerging patterns in the comparative analysis
of phylogenetic community structure. Mol Ecol 18:
572–592.

van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis
P, Streitwolf-Engel R, Boller T et al. (1998). Mycor-
rhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Nature 396:
69–72.

Verbruggen E, van der Heijden MGA, Weedon JT,
Kowalchuk GA, Röling WFM. (2012). Community
assembly, species richness and nestedness of arbuscu-
lar mycorrhizal fungi in agricultural soils. Mol Ecol 21:
2341–2353.

Veresoglou SD, Caruso T, Rillig MC. (2012). Metacommu-
nities and symbiosis: hosts of challenges. Trends Ecol
Evol 27: 588–589.

Veresoglou SD, Halley JM. (2012). A model that explains
diversity patterns of arbuscular mycorrhizas. Ecol
Model 231: 146–152.

Walder F, van der Heijden MGA. (2015). Regulation of
resource exchange in the arbuscular mycorrhizal
symbiosis. Nat Plants 1: article number 15159.

Community assembly and coexistence in communities of AM fungi
K Vályi et al

2350

The ISME Journal



Webb CO, Ackerly DD, McPeek MA, Donoghue MJ. (2002).
Phylogenies and community ecology. Annu Rev Ecol
Syst 33: 475–505.

Werner GDA, Kiers ET. (2015). Order of arrival structures
arbuscular mycorrhizal colonization of plants. New
Phytol 205: 1515–1524.

Whittaker RH. (1975). Communities and Ecosystems. 2nd
edn, New York, NY, USA: Macmillan.

Young JPW. (2009). Kissing cousins: mycorrhizal fungi get
together. New Phytol 181: 751–753.

This work is licensed under a Creative
Commons Attribution-NonCommercial-

NoDerivs 4.0 International License. The images or
other third party material in this article are included in
the article’s CreativeCommons license, unless indicated
otherwise in thecredit line; if thematerial isnot included
under the Creative Commons license, users will need to
obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/

Community assembly and coexistence in communities of AM fungi
K Vályi et al

2351

The ISME Journal

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Community assembly and coexistence in communities of arbuscular mycorrhizal fungi
	Introduction: applying models of community assembly and contemporary coexistence theory to communities of arbuscular mycorrhizal fungi: knowledge gaps and difficulties
	Factors affecting AM fungal community assembly: review of the elements of the proposed model
	Regional pool
	Dispersal and chance (neutral processes)
	Propagules and vectors of dispersal in AM fungi
	Spatial community structure, dispersal limitation and other stochastic processes

	Environmental filter
	Niche partitioning along environmental gradients
	Seasonality
	Disturbance

	Host filter
	Non-host biotic interactions and feedbacks
	Horizontal interactions between members of local AM fungal communities
	Interactions with other non-host organisms
	Feedbacks: AM fungi as ecosystem engineers

	Relative importance of different elements: possible explanations for the idiosyncratic response of AM fungi to biotic and abiotic variables
	‘Law of the minimum’: an idea from plant nutrition
	Scale dependency: different assembly rules for different spatial scales? An analogy borrowed from parasite communities


	Conclusion: community ecology from the viewpoint of a microbial symbiont
	Outlook: how further research on AM fungal communities could advance the field of community assembly and coexistence theory
	Acknowledgements
	References




