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a b s t r a c t

Mycorrhizal networks, defined as a common mycorrhizal mycelium linking the roots of at

least two plants, occur in all major terrestrial ecosystems. This review discusses the recent

progress and challenges in our understanding of the characteristics, functions, ecology and

models of mycorrhizal networks, with the goal of encouraging future research to improve

our understanding of their ecology, adaptability and evolution. We focus on four themes in

the recent literature: (1) the physical, physiological and molecular evidence for the exis-

tence of mycorrhizal networks, as well as the genetic characteristics and topology of

networks in natural ecosystems; (2) the types, amounts and mechanisms of interplant

material transfer (including carbon, nutrients, water, defence signals and allelochemicals)

in autotrophic, mycoheterotrophic or partial mycoheterotrophic plants, with particular

focus on carbon transfer; (3) the influence of mycorrhizal networks on plant establishment,

survival and growth, and the implications for community diversity or stability in response

to environmental stress; and (4) insights into emerging methods for modelling the spatial

configuration and temporal dynamics of mycorrhizal networks, including the inclusion of

mycorrhizal networks in conceptual models of complex adaptive systems. We suggest that

mycorrhizal networks are fundamental agents of complex adaptive systems (ecosystems)

because they provide avenues for feedbacks and cross-scale interactions that lead to self-

organization and emergent properties in ecosystems. We have found that research in the

genetics of mycorrhizal networks has accelerated rapidly in the past 5 y with increasing

resolution and throughput of molecular tools, but there still remains a large gap between

understanding genes and understanding the physiology, ecology and evolution of mycor-

rhizal networks in our changing environment. There is now enormous and exciting poten-

tial for mycorrhizal researchers to address these higher level questions and thus inform

ecosystem and evolutionary research more broadly.
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1. Introduction interior Douglas-fir forests of western North America. We
Evidence that mycorrhizal fungal mycelia can link plants

together in a network, and that this mycorrhizal network (MN)

can facilitate fungal colonization or interplant transfer of

compounds has intrigued scientists for decades (Leake et al.,

2004; Selosse et al., 2006; van der Heijden and Horton, 2009).

Through their effects on colonization and interplant transfers,

MNs have been shown to facilitate the establishment, growth,

survival or defence regulation of individual plants in a wide

range of ecosystems (Horton et al., 1999; Dickie et al., 2004;

Teste et al., 2009; Song et al., 2010). At theplant community level,

MNs have been suggested to influence interplant interactions

and plant community diversity (Pietik€ainen and Kyt€oviita,

2007; Deslippe and Simard, 2011). Mycorrhizal networks also

appear to affect the composition, interactions and diversity of

mycorrhizal fungal communities (Kennedy et al., 2011;

Bingham and Simard, 2012). From an ecosystems perspective,

it is increasingly recognized that MNs are important in carbon

(C), nutrient and water cycling (Eason et al., 1991; Treseder,

2004; Allen, 2007), with the potential for feedbacks to global

change (Simard and Austin, 2010; Pickles et al., 2011).

Mycorrhizal networks appear to be ubiquitous in nature,

and this raises the possibility that facilitation via networks

may be as important as competition in the structuring of plant

and fungal communities. It also suggests that MNs play an

important role in the functioning of ecosystems as complex

adaptive systems (Levin, 2005). Increasing our understanding

of the structure and function of MNs in ecosystems may

lead to a deeper understanding of ecological stability and

evolution, and thus provide new theoretical approaches to

improve conservation practices for the management of the

Earth’s ecosystems (Perry, 1998; Wilkinson, 1998).

This paper reviews the current evidence for the existence

of MNs, the mechanisms by which they function, the implica-

tions of MNs for the structuring and functioning of ecosys-

tems, and the potential contribution of MNs to modern

ecological models. It builds on reviews by Simard and Durall

(2004) and Selosse et al. (2006) by focussing largely on literature

published after 2006. We begin with a review of the existence

of MNs in ecosystems using evidence based on (a) specificity

phenomena, (b) physical, physiological andmolecular biology,

and (c) genet architecture.We then review themechanisms by

which MNs influence plant and fungal communities, starting

with the potential pathways through which MNs can influ-

ence mycorrhizal colonization and interplant resource trans-

fers. We then discuss the plant and fungal factors that

influence C and nutrient transfer, such as source-sink

patterns, and the potential physiological mechanisms for

these transfers. We end this section with a review of the

magnitudes and fates of C transfers that have been measured

from ectomycorrhizal (EM) autotrophic plants to full mycohe-

terotrophic (MH), partial MH and other autotrophic plants.

Our discussion of the ecological implications of MNs

addresses evidence at the individual plant, community and

ecosystems levels of organization. We start by discussing

the significance of MNs to plant establishment and growth,

and to fungal biology. We then review evidence for MN effects

on plant community dynamics, including our own work in
follow this with a review of climatic and disturbance stress

effects on MN facilitation, and their potential for influencing

feedbacks between ecosystems and climate.We end the paper

with ideas to model the spatial and temporal dynamics of

MNs, and we discuss how these models may inform an

emerging paradigm shift in our understanding of terrestrial

ecosystems as complex adaptive systems.
2. Evidence for existence of mycorrhizal
networks

Specificity phenomena

Much of the evidence for the existence of MNs stems from the

promiscuity of associations between fungi and plants in the

mycorrhizal symbiosis. The vastmajority ofmycorrhizal plants

associate with multiple fungal species within a given category

of mycorrhizas, but some simultaneously host endo- and ecto-

mycorrhizal fungi (Smith and Read, 2008). Notable exceptions

include MH vascular plants (Leake et al., 2004) and nonvascular

liverworts, which tend towards very narrow partner specificity

(Bidartondo, 2005; Bougoure et al., 2010; Girlanda et al., 2011).

Paradoxically, these plants provide the strongest evidence of

MN existence because they have been found to exploit

networkingmycorrhizal fungi to obtain sugars fromneighbour-

ing autotrophic plants (Bougoure et al., 2010; Liebel et al., 2010;

Courty et al., 2011). Like plants, the host specificity of mycor-

rhizal fungi has a broad range (Molina et al., 1992). Fungi with

intermediate to broad host specificity (those that associate

with multiple species of seed plants) have regularly been

reported as the most abundant members of mixed species

plant communities (Nara, 2006; Twieg et al., 2007).

The general lack of specificity between plants and fungi in

the mycorrhizal symbiosis suggests there is a high probability

for MN formation with plants and fungi joined in associative

guilds (Perry, 1995). Plant species sharing compatible mycor-

rhizal fungi with other plants have been reported from a wide

range of ecosystems including boreal and temperate forests

andwoodlands (Roy et al., 2008), tropical forests andwoodlands

(Onguene andKuyper, 2002;Mangan et al., 2010),Mediterranean

and Sclerophyllous woodlands and chaparral (Richard et al.,

2005; Tedersoo et al., 2008), woodland savannah (Dickie et al.,

2004), grasslands (Gai et al., 2009), and Arctic tundra (Deslippe

and Simard, 2011).Moreover, fungal associates are often shared

between overstory and understory species, suggesting that

MNs have the potential to influence plant establishment,

resource competition, species diversity and succession within

plant communities (Nara, 2006; Tedersoo et al., 2007).

The degree to which fungi and plants form an MN is

context dependent. For example, the colonization patterns

of networking mycorrhizal fungi are influenced by the avail-

ability of an alternate host (Onguene and Kuyper, 2002;

Dickie et al., 2004), host plant stress and C allocation patterns

(Saito et al., 2004), plant and fungal genotype (Hoeksema, 2010;

Bingham and Simard, 2012), interactions with other mycor-

rhizal species and soil microbes (Wu et al., 1999; Hortal et al.,

2008), and soil environmental factors (Teste et al., 2010).
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Physical, physiological, & molecular evidence for the existence
of networks

There is increasing physical and physiological evidence for

the existence of MNs across a wide range of ecosystems,

largely owing to advancements in the breadth and availability

of molecular techniques for the isolation, identification and

analysis of environmental samples (Box 1). These techniques

have shed light on the potential for MNs to form among forest

trees (Horton et al., 1999) and between overstory and under-

story plants (Ogura-Tsujita et al., 2009; Bougoure et al., 2010).

In some cases, molecular evidence has uncovered conditional

host preferences or cryptic species diversity, leading to more

complex patterns of host specificity. For example, at least

some species of AM fungi have narrower host specificity

than previously appreciated (Sanders, 2003). In other cases,

molecular evidence has led to the discovery of fungi simulta-

neously forming different mycorrhizal anatomical structures

(e.g., EM and ericoid (ERM) or arbutoid mycorrhizas (ARM)) in

correspondence with different plant lineages, thus broad-

ening the spectrum of plants potentially linked through MNs

(Gollotte et al., 2004). In addition, molecular techniques have

helped resolveMN functioning, ecology and evolution by iden-

tifying potential mechanisms behind material transfers

(Hoeksema, 2010; Kiers et al., 2011) and the genes involved

(Kemppainen et al., 2009; Martin et al., 2010; Plett et al., 2011).

Genet architecture

One of the primary determinants of MN architecture is the

morphology and spatial structure of the fungal mycelia
Box 1. Methods for unearthing mycorrhizal netwo

The first irrefutable evidence of mycelial links between the root

situ and in vitro using transparent microcosms and autoradiog

MNs afforded bymicrocosms helped garner interest in research

icance of MNs. Transparent microcosms and radioactive isotop

such as environmental scanning electron microscopy (He et al

2002) or high-throughput automated image analysis (Heaton et a

stration of MNs between an increasing number of plant specie

The majority of empirical studies have sought to elucidate

community ecology using physiological techniques. Radioactiv

more recently quantum dots, along with the use of nylon or ste

from other soil pathways, have been useful in examining the tra

roots of the same or differing plant species via fungal pathway

2009). This is discussed in more detail in Section 3.

Perhaps themost significant developments to acquire eviden

of culture-independent DNA-based methods for identifying p

Techniques commonly used to identifymycorrhizal fungi to gen

of direct sequencing, restriction fragment length polymorphism

tion length polymorphism (T-RFLP) analysis (Wolfe et al., 2007), d

2003), and clone libraries (Deslippe et al., 2011). For studies explo

by genotype-specific molecular markers such as microsatellite

between individual plants and fungal genets isolated from my

et al., 2010) (Box 5). Other molecular techniques such as amplifi

otide polymorphism (SNP) analysis can distinguish genotypes

not yet been applied concurrently to plants and fungi for the p
involved. The extent and continuity of individual fungal

genets over space and time is a particularly important life

history trait for predicting whether plant roots are ‘linked’ in

an MN (Selosse et al., 2006; Beiler et al., 2010). Although there

is a paucity of autecological information available for mycor-

rhizal species, those described represent an incredibly diverse

array of morphologies and physiologies (Hobbie and Agerer,

2010). Likewise, MNs are expected to be multifarious structur-

ally and functionally.

The recent discovery of multi-genomic mycelia (Sanders,

2003; Hijri and Sanders, 2005) and the potential for non-self

hyphal fusion (i.e., anastomosis) among some arbuscular

mycorrhizal (AM) fungal species present the intriguing possi-

bility that both fungi and plants could be interconnected in

compound associative networks (Giovannetti et al., 2005;

Croll et al., 2009; Sbrana et al., 2011). In contrast, instances of

non-self anastomosis are likely rare among EM fungi where

sexual and somatic compatibility is controlled by complex

gene regulatory mechanisms.

A morphological feature particularly well suited for exten-

sive MN formation is found among EM fungal species that

form highly differentiated hyphal strands, cords or rhizo-

morphs e literally “root forms” (Heaton et al., 2012). This

morphology, represented by such genera as Boletus, Cortinar-

ius, Paxillus, Piloderma, Pisolithus, Rhizopogon, Suillus and

Tricholoma, is typically associated with species forming large,

perennial genets (Redecker et al., 2001). Rhizomorphs can

span decametres in length with an internal anatomy

enabling the efficient transport of water and nutrients

through soils (Egerton-Warburton et al., 2007; Agerer, 2001),

and rapid colonization of newly establishing seedlings
rk structure and function.

s of multiple plants arose from direct visual observations in

raphy (Smith and Read, 2008). The visual representation of

dedicated to exploring the prevalence and ecological signif-

e labelling, in addition to advanced microscopy techniques

., 2005), nuclear magnetic resonance imaging (Tuffen et al.,

l., 2012), continue to providemeans for the physical demon-

s combinations.

the functional significance of MNs to plant population and

e and stable isotope analysis, fluorescent dye tracers, and

el mesh barriers of various pore sizes to isolate MN effects

nslocation of water, C, N, P and other nutrients between the

s (He et al., 2005; Egerton-Warburton et al., 2007; Teste et al.,

ce for the existence of MNs have come from the application

otential MN participants with high taxonomic resolution.

us or species for community profiling include combinations

(RFLP) analysis (Horton and Bruns, 2001), terminal restric-

enaturing gradient gel electrophoresis (DGGE) (Jumpponen,

ringMN structure, the highest level of resolution is provided

DNA analysis that can be used to concurrently distinguish

corrhizal root tips (Saari et al., 2005; Lian et al., 2006; Beiler

ed fragment length polymorphism (AFLP) and single nucle-

from environmental samples (Amend et al., 2009), but have

urpose of studying MNs.
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(Richard et al., 2005; Teste and Simard, 2008). However, there

are significant C costs associated with the maintenance of

such extensive mycelial systems (Nehls et al., 2001). As these

fungi encounter and colonize new host roots along their

advancing mycelial front, their associated C demands are

partitioned among host trees. Thus, the formation of MNs

is likely a fundamental life history trait for these mycorrhizal

fungi species.

Fungi with relatively limited extraradical mycelial growth,

such as AM fungi and short-lived EM fungi, may also connect

plant roots within close proximity or for a short duration.

These connections may be nested within more extensive

networks made by large fungal genets, as demonstrated by

Beiler et al. (2010) for co-occurring small and large genets of

Rhizopogon vinicolor and R. visiculosus, respectively. When the

physiological diversity characteristic of mycorrhizal fungal

communities is superimposed over the structural heteroge-

neity of their MNs, a highly complex and dynamic system

emerges (see Section 5).
Table 1 e Summary of mechanisms by which mycorrhizal net
ecological implications, and some examples of their empirical

Mechanism of effect Ecological implication

Colonization Primary succession N

Secondary succession O

Grassland encroachment D

Plant-to-plant facilitation

under high abiotic stress

D

Fungal community

composition and diversity

T

Widespread networking

by a single fungal genet

B

C translocation Mycoheterotrophy/

mixoheterotrophy

B

Pr

Secondary succession Si

Maintenance of diversity Fi

Dominance M

D

Stability of fungal mycelium T

Water translocation

(hydraulic

redistribution)

Primary succession N

Secondary succession H

Grassland encroachment N

Plant-to-plant facilitation

under high abiotic stress

H

B

Dominance Sc

Stability of fungal mycelium Eg

N translocation Primary succession N

Secondary succession H

Plant-to-plant facilitation

under high abiotic stress

N

P translocation Secondary succession Ea

Grassland encroachment Ea

Maintenance of diversity Ea

Dominance Fi

Micronutrient

translocation

Primary succession N

Secondary succession N

Plant-to-plant facilitation

under high abiotic stress

N

Toxin translocation Allelopathy B

Enzyme translocation Pathogen defence induction So
3. Functioning of mycorrhizal networks in
plant communities

Mycorrhization

Fuelled by C from its host plants, the mycelial front of an MN

may quickly encounter the roots of young seedlings, increasing

their EM fungal colonization and diversity (Teste and Simard,

2008) (Table 1). For example, the EM fungal community struc-

ture of Douglas-fir seedlings changes when growing near

mature conspecific trees, which act as refuges for EM fungi

(Teste and Simard, 2008; Bingham and Simard, 2012). Likewise,

seedling establishment has been aided by older plants with

extensively colonized root systems because germinants were

able to quickly tap into a larger soil resource pool than they

could access on their own (Teste et al., 2009; Bingham and

Simard, 2012). The benefits of MNs to seedling colonization

can vary in time and space and be influenced by numerous
works may affect plant and fungal communities, their
support.

Empirical support

ara (2006)

nguene and Kuyper (2002); Twieg et al. (2007)

ickie et al. (2004); Dickie et al. (2005)

eslippe et al. (2011); Bingham and Simard (2012)

este and Simard (2008); Bingham and Simard (2012)

eiler et al. (2010)

idartondo (2005); Tedersoo et al. (2007); Motomura et al. (2010);

eiss et al. (2010); Liebel et al. (2010); Courty et al. (2011)

mard et al. (1997); Lerat et al. (2002); Teste et al. (2009)

tter et al. (1999); Lerat et al. (2002)

cGuire (2007); Teste et al. (2009, 2010); Booth and Hoeksema (2010);

eslippe and Simard (2011)

este and Simard (2008); Deslippe et al. (2011); Kiers et al. (2011)

one

orton et al. (1999); Schoonmaker et al. (2007)

one

orton et al. (1999); Egerton-Warburton et al. (2007);

ingham and Simard (2011, 2012)

hoonmaker et al. (2007); McGuire (2007); Booth and Hoeksema (2010)

erton-Warburton et al. (2007)

one

orton et al. (1999); He et al. (2005); Teste et al. (2009)

one

son et al. (1991)

son et al. (1991)

son et al. (1991); Zabinski et al. (2002)

nlay (1989); Eason et al. (1991); Zabinski et al. (2002)

one

one

one

arto et al. (2011)

ng et al. (2010)
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biological and environmental factors (see Section 2). For

example, EM fungal colonization of establishing seedlings by

an MN of older plants has been most beneficial in their first

year of growth, when seedlings are especially susceptible to

resource limitations (Jones et al., 2003) (Fig. 1a).
Transfer of C, nutrients and other compounds
Transfer pathways
Perhaps the single most compelling attribute of MNs is their

potential to act as belowground avenues for the transfer of C

and nutrients among plants within a community. A direct

hyphal pathway for resource transfer among plants

compartmentalizes valuable resources away from potential

disruptions, such as competition with soil microbes, fauna,

chemical adsorption of nutrients to soil particles or physical

disturbances of the soil structure (Newman, 1988; Philip et al.,

2010). Long-distance carbon and nutrient transfer through

direct hyphal pathways in MNs appears to occur predomi-

nantly by advective mass flow driven by source-sink gradients

generated by interplant nutrient differences or by fungal

growth, but diffusion or active transport mechanisms may

also operate during active cell expansion at growing mycelium

fronts (Heaton et al., 2012). Belowground transfer can also occur

directly through other pathways, including rhizomes or plant

root grafts, or indirectly through uptake of root exudates via

the soil solution or via a discontinuous mycelial pathway

(Fig. 2). Transfer of C and nutrients through indirect pathways

is influenced by soil structure, porosity, organic matter content

and immobilisation/mineralisation by soil microorganisms,

resulting in more complex and poorly understood transfer

mechanisms (Rillig and Mummey, 2006; Philip et al., 2010).

Given that plant interactions are influenceddifferently depend-

ing on whether or not they are linked into an MN (Pietik€ainen

and Kyt€oviita, 2007) (see Section 4), understanding the relative

importance of nutrient transferred through MNs versus other

pathways is important for understanding plant community

dynamics and diversity.
Fig. 1 e Observed or expected relationships for the ecological rol

MN over the lifetime of an EM tree; (b) Relative strength of plan

severity; (c) Net effect of MN facilitation as a feedback to higher

worsening environmental conditions. Zero on the x-axis repres

optimally adapted (the status quo).
Ectomycorrhizal fungal species may indirectly influence

resource transfer through soil pathways by differentially

acquiring C from hosts, influencing rates of root turnover,

exudation or death, or by taking up resources from the soil

matrix (Rygiewicz and Anderson, 1994; Lehto and Zwiazek,

2011). For example, Suillus bovinus colonised Pinus sylvestris

lateral roots to a greater degree and accumulated more
14C-labelled assimilate fromadjacent plants than Suillus grevil-

lei or Boletinus cavipes (Finlay, 1989). Differences in EM species

colonisation rates, physiological activity, metabolite transfer

rates to plant hosts, and mycelial morphology and growth

rates may also affect transfer (Rygiewicz and Anderson,

1994; Teste et al., 2009; Hobbie and Agerer, 2010). For example,

Kiers et al. (2011) found that a fungal species delivering more

phosphorus to their host in turn received more C from that

particular host, and vice versa, fungi receiving more C from

a particular host provided the host with more phosphorus.

While the impact of fungal characteristics on C dynamics

has not been well examined, it is likely that the amount of

resources moving through different pathways will change

with the number and identity of fungal species involved.

Similar to C and nutrients, water can also move through

multiple belowground pathways. Brooks et al. (2006) observed

that deuterated water applied to the soil moved horizontally

through the soil matrix in an asymmetric pattern, presumably

due to hydraulic redistribution by both plants and fungi. Field

experiments have shown that movement of deuterated water

applied directly to soil varies horizontally depending on the

potential for MNs to form, soil moisture conditions and the

functional form of the plants present (Brooks et al., 2006;

Schoonmaker et al., 2007). Other studies have shown that

water hydraulically lifted via taproots is transferred directly

to fungal symbionts and subsequently translocated by the

MN independently of soil pathways (Schoonmaker et al.,

2007; Egerton-Warburton et al., 2007; Bingham and Simard,

2011). Water can also be shared between plants through root

grafts. Thus, water, and any resource that can be carried by

water, has the potential to move through multiple pathways,

with greatest transfer efficiency through root grafts and MNs.
e of MNs in ecosystems: (a) C gain: cost of being joined in an

t interactions over a gradient of increasing environmental

order state processes over a gradient of improving to

ents the environmental conditions to which the plant is



Fig. 2 e Schematic representation of treatments applied to control belowground pathways; R [ rhizome and root graft

transfer; M [ mycorrhizal network transfer; S [ soil solution transfer. Total isotope transfer to a receiver plant through

rhizome or root grafts would be calculated as the difference between treatments illustrated in (a) and (b); MN transfer would

be calculated as the difference between the treatments illustrated in (b) and (c); transfer through the soil solution would be

equal to the total isotope transferred in treatment (c). Reproduced, with permission, from Deslippe and Simard (2011).
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The facilitative effects of resource transfers through

different pathways should vary with plant status. Resource

transfer through the soil pathway may be more beneficial to

plants able to independently exploit soil resources efficiently,

such as ruderal plants with rapid root growth and high

nutrient-uptake rates. Transfer through MNs, by contrast, may

be of relatively greater benefit to plantswith smaller, less active

root systems, as observed inMH plants or establishing autotro-

phic seedlings (see Section 4). In such plants, transfer may be

regulated more by plant than fungal or microbial factors.

Resource transfers among autotrophic plants
Most studies examining transfers between plants through

MNs have examined C transfer. Interplant C transfer via an

MN where one plant receives a net C gain represents a nutri-

tional innovation in plants. Interplant C transfer through

MNs has been demonstrated in the field and can affect

resource availability to plants (Selosse et al., 2006; Teste

et al., 2009; Deslippe and Simard, 2011). Strong gradients for

carbohydrate-C affect C transfer through MNs among forest

trees (Simard and Durall, 2004; Teste et al., 2009), but C trans-

fer is also influenced by other resources, organisms and envi-

ronmental conditions (Eason et al., 1991; He et al., 2005;

Selosse et al., 2006; Egerton-Warburton et al., 2007). For

example, C transfer between Betula nana shrubs in Arctic

tundra may more strongly reflect the movement of amino

acid-C in this highly N-limited ecosystem (Deslippe and

Simard, 2011). Indeed, in many systems, gradients of nutri-

ents in amino acids may be the primary drivers of C transfer.

The transfer of nitrogen and phosphorus through MNs has

also been demonstrated. For example, nitrogen transfer

between non N2-fixing Eucalyptus maculata and N2-fixing Casu-

arina cunninghamiana linked in an ectomycorrhizal MN was

demonstrated using 15NH4 and 15NO3 tracers (He et al., 2005).

Likewise, phosphorus transfer through networks of both AM

and ERM plants has been demonstrated (Eason et al., 1991).

There is also potential for MNs to provide a route for plant

hormones and other signalling molecules as demonstrated

by Song et al. (2010), who found that MNs facilitated defence

signalling between tomato plants (Lycopersicon esculentum)

linked through the AM fungus, Glomus mosseae. This resulted
in increases in disease resistance, corresponding with

increases in defence-related gene expression and enzyme

activity. Mycorrhizal networks also facilitate transfer of allelo-

chemicals between plants, resulting in increased accumula-

tion of the noxious compounds in soils and reduced growth

of the target plants (Barto et al., 2011).

While the transfer of C, nutrients and other compounds

throughMNs is well known, the significance of these transfers

to interplant interactions and ecosystem dynamics remains

a topic of research and debate (Fitter et al., 1999; van der

Heijden andHorton, 2009). Uncertainties regarding the ecolog-

ical relevance of MN-facilitated resource transfer primarily

concern the experimental and isotope methods employed,

and the interpretations of data (Perry, 1998; Wilkinson, 1998;

Fitter et al., 1999; Simard and Durall, 2004). With theoretical,

experimental and instrumental advances in isotope chem-

istry, network manipulation and molecular biology, these

methods have greatly improved over the past decade.

A principle question to be addressed is why a funguswould

give up C to a plant. The answer may lie in the finding that

glutamine, which contains five C atoms for every two N

atoms, is the primarymolecule throughwhichN is transferred

from EM fungi to their hosts (Martin et al., 1986). Thus, if

a fungus transfers disproportionately high quantities of gluta-

mine to its host plant relative to the C the plant gives in return,

the plant gains a C subsidy in addition to an N subsidy while

the fungus still obtains its most limiting resource.

Factors influencing resource transfers among autotrophs
Resources are shuttled back-and-forth through MNs accord-

ing to supply and demand in plant communities, representing

a complex underground trading system. Differences in physi-

ological source-sink strength among plants (e.g., in photosyn-

thetic rates, growth rates, nutrient content, age, defoliation by

pathogens, insects or drought) influence transfer patterns

(Simard and Durall, 2004; Leake et al., 2004; Selosse et al.,

2006; van der Heijden and Horton, 2009; Song et al., 2010).

Characteristics of fungal and associated microbial communi-

ties, however, also play important roles (Finlay, 1989;

Rygiewicz and Anderson, 1994; Lehto and Zwiazek, 2011).

Where resource pools and demands are distributed equitably



Box 2. Shifting direction of net carbon trans-
fer with season.

Using dual 13C/14C labelling in the field, Philip (2006)

found that the direction of net C transfer reversed twice

over the growing season: (1) from rapidly growing

Douglas-fir to bud-bursting paper birch in spring, (2)

then reversing, from nutrient and photosynthate-

enriched paper birch to stressed understory Douglas-fir

in summer; and (3) reversing yet again, from still-

photosynthesizing Douglas-fir to senescent paper birch

in the fall. The C moved back-and-forth between paper

birch and Douglas-fir through multiple belowground

pathways, including MNs, soils and a discontinuous

hyphal pathway. Here, there appears to be a dynamic

interplay between paper birch, Douglas-fir and the inter-

connecting fungi, with C and nutrients moving in the

direction of greater need over the growing season.
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among plants in a physiologically uniform community,

resource transfer from one plant to another is theoretically

balanced by transfer in the opposite direction (i.e., net transfer

is zero). However, physiological source-sink gradients among

plants are the norm in natural ecosystems, and resources

transfer along these gradients, from enriched source plants

to rapidly growing sink plants (Simard and Durall, 2004;

Selosse et al., 2006; van der Heijden and Horton, 2009). Thus,

a sink plant could gain more C than it gives up to its neigh-

bour, at least for a time.

Transfer patterns appear to be governed more by sink

strength of receiver plants than by source strength of donors.

Teste et al. (2009, 2010) showed that greater C transfer

occurred to rapidly growing sink seedlings than to slowly

growing ones, and transfer amounts were unrelated to source

seedling growth rates. By contrast, studies that have manipu-

lated source strength in seedlings, based on size or elevated

CO2 levels, have found no effect on the amount of C transfer

(Fitter et al., 1999; Teste et al., 2009). Thus, larger, more

vigorous sink seedlings may outperform smaller seedlings as

a result of greater C gains from neighbouring trees (Teste

et al., 2009, 2010). In this case, C (and other resources) may

move into sink seedlings via xylem driven by transpiration

or nutrient demand (N€asholm et al., 1998). Where they estab-

lish within the MN of overstory trees, deeply shaded seedlings

may depend on transfer of photosynthate from older trees to

maintain a positive C balance.Where understory seedlings are

released from light limitation by a gap disturbance, source-

sink gradients would change as they gain dominance, causing

shifts in the pattern of net flux among neighbouring seedlings.

Plants occur in complex mixtures, with many plant and

fungal species and individuals, involving more than just pairs

of plants connected by the mycelium of a single fungal

species. These conditions change as plants germinate, grow,

compete, respond to seasons, are consumed and die, resulting

in a dynamic flux of resources, which tracks changing

strengths and demands among individuals. Thus, not only

do the complexity and composition of MNs change over time

(Twieg et al., 2007), but belowground fluxes of nutrients

change over the growing season with shifts in source-sink

gradients among networked plants (Lerat et al., 2002; Philip,

2006; Deslippe and Simard, 2011) (Box 2). Seasonality indi-

rectly affects the magnitude of C transferred not only through

shifts in plant but also in fungal physiology. Root turnover,

root activity and mycorrhizal colonization dynamics change

throughout the growing season (Rygiewicz and Anderson,

1994), and networks are likely disrupted and re-anastomose

continuously (Tuffen et al., 2002), shifting the balance between

MN and soil pathways for resource transfer. Only a few

studies have repeatedly measured C over time; this research

indicates a peak in C transfer during leaf expansion or high

photosynthetic activity in autotrophic plants (Lerat et al.,

2002; Philip, 2006; Deslippe and Simard, 2011). The seasonality

of C transfer in MH and partial MH plants remains unknown

but likely follows C allocation bursts to nearby autotrophic

roots and mycorrhizal fungi. Further research is needed to

clarify the effects of temporal and spatial environmental

heterogeneity on interplant C transfer through MNs, as well

as the roles of different fungal species, fungal exploration

types (exploration types are described by Agerer, 2001;
Hobbie and Agerer, 2010) and their effects on fungal biology

and fitness.

Soil conditions such as temperature,moisture and nutrient

levels, the community of soil organisms, or the degree of soil

disturbance are expected to affect the amount of C transferred.

Not surprisingly, high levels of nitrogen andphosphorus in soil

can affect the magnitude of C transferred (Selosse and Roy,

2009). High temperatures that warm soils can promote extra-

matrical hyphae growth (Hawkes et al., 2008) and may favour

C transfer through MNs (Deslippe and Simard, 2011). Soil

disturbance is expected to affect total C transfer, but the size

of receiving autotrophic plants is more influential (Teste

et al., 2010). There are likely other, yet to be identified factors

affecting the magnitude of C transferred in MNs.

Transfers to mycoheterotrophic and partial mycoheterotrophic
plants
The greatest dependence on C transfer via MNs appears to

occur inMHplants, followed by partial MH plants then autotro-

phic plants (Leake, 2005; Selosse et al., 2006; Leake and

Cameron, 2010). Mycoheterotrophy is a unique nutritional

mode where plants are completely dependent on MNs for C

and nutrients, and thus their very existence. About 450 MH

plant species are known to fully exploit their MNs for C and

nutrients (Leake, 2005). The C in MH plants originates from

nearby autotrophic plants and delivered through MNs. This

strategy has independently evolved at least 40 times, with

representative species in the Burmanniaceae, Corsiaceae,

Ericaceae, Gentianaceae, Iridaceae, Orchidaceae, Petrosavia-

ceae, Polygalaceae, Thismiaceae, and Triuridaceae plant fami-

lies (Merckx et al., 2009). It is suggested that evolutionary

radiation and niche expansion took place, for example, in the

Orchidaceae and Burmanniaceae, during the Eocene, as

increased demand for light-independent C was met by MNs

in increasingly shaded conditions in forests (Merckx et al.,

2009; Motomura et al., 2010). Cospeciation is also possible,

with numerous molecular studies showing high specificity

between fully MH plants and narrow-host range EM species
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(Hynson and Bruns, 2010). For example, some plants in the

divergent genus Hexalectris (Orchidaceae) associate exclusively

withmembers of the Thelephoraceae, Russulaceae and Sebaci-

naceae, showing high specificity for unique associations with

narrow clades of mycorrhizal fungi (Kennedy et al., 2011).

Recent studies using stable isotopes and mixed modelling

approaches (Tedersoo et al., 2007; Motomura et al., 2010)

have demonstrated that numerous plants derive some

C from associated fungi while remaining photosynthetically

active, thus forming a novel partial MH nutritional strategy.

Similar to MH, partial MH plants receive this C from fungi

forming MNs with nearby autotrophic plants (Leake et al.,

2004; Selosse and Roy, 2009). Approximately 10 % of all plant

species appear to be MH or partial MH during all or part of

their life (Leake and Cameron, 2010). There are many partial

MH pyroloid and orchid species, with potentially more to be

discovered in the Gentianaceae, Dioscoreales, Polygalaceae,

Iridaceae, Pandanales, and Petrosaviaceae families (Selosse

and Roy 2009; Merckx et al., 2009).

Numerous members of the Basidiomycota, Ascomycota

and Glomeromycota colonize roots of MH and partial MH

plants, as identified with molecular barcoding methods based

on fungal rRNA genes (Merckx et al., 2009). These fungi typi-

cally form EM or AM fungal structures with autotrophic

plants, but occasionally have an altered morphology on the

roots of the MH or partial MH plants (Orchidaceae) where

intracellular pegs or pelotons are seen (Leake et al., 2004).

Most MH plants have specialized associations with single

families, genera or even species of fungi (Hynson and Bruns,

2010). The degree of fungal specificity appears to correlate

with the proportion of C derived from the fungi in MH and

partial MH plants, indicating that efficient MNs have evolved

to sustain C transfers. There are reports of novel mycorrhizal

formations with litter and wood decaying fungi such as Gym-

nopus and Mycena that are ‘exploited’ by MH and partial MH

plants (Ogura-Tsujita et al., 2009; Bougoure et al., 2010).

Magnitude of C transfer in MH and partial MH plants
Themagnitude of a net C gain throughMNs is closely linked to

the degree of mycoheterotrophy or by the N sink in leaves of

autotrophic plants. As discussed, this is because source-sink

gradients are the primary driver of resource transfer between

plants. In MH and partial MH plants, leaflessness, reduced leaf

size or number of leaves, variegated leaves and lack (or low

levels) of chlorophyll are diagnostic of a dependency on fungi

for C (Selosse and Roy, 2009; Merckx et al., 2009). Since MH and

partial MH have a reduced photosynthetic machinery (less

chlorophyll), a true C sink develops throughout the whole

plantwhere C gained from fungi can be considered as a depen-

dency onMNs to form and channel C from nearby autotrophic

plants (Box 3). With autotrophic receiver plants, the opposite

appears to hold, where leaf photosynthetic activity generates

an N sink that drives C as amino acids (glutamine) into the

aboveground tissue via the xylem (Martin et al., 1986; Teste

et al., 2010; Deslippe and Simard, 2011).

Fate of transferred carbon

Research is needed to clearly discern the fate of transferred C.

Presumably, much of the transferred C is returned to the
atmosphere via respiration within the first hours to days, but

these losses have not beenmeasured inMN studies in the field.

The peak of C transfer appears to occurwithin the first 72 h of C

fixation by the autotrophic donor plant (Leake et al., 2004). As

opposed to AM systems, transferred C is found in the shoots

of EM plants (Simard and Durall, 2004; Teste et al., 2009, 2010;

Philip et al., 2010; Deslippe and Simard, 2011; Bingham and

Simard, 2011). It appears that the demands of the photosyn-

thetic machinery for N are mainly responsible for C allocation

to the shoots as C is moved up the xylem as amino acids or

low-weight N compounds (N€asholm et al., 1998).

There are few potential mechanisms to explain how C is

moved from the fungus to plant (the reverse of the typical

movement). Intracellular digestion of fungal hyphae in MH

and partial MH orchids occurs (Bougoure et al., 2010), but this

process has yet to be documented in autotrophic plants. In

MH Monotropeae and Pterosporeae, intracellular hyphal pegs

release fungal cytosol by emitting membranaceaous sacs. In

pyroloids, fungal lysis or other pathways of recovering cellular

C probably operate. Nevertheless, it remains conceivable that C

can move from fungal to plant tissue as a simple sugar

(Bidartondo, 2005). As a sizeable portion of transferred C accu-

mulates in the receiver roots and EM fungal tissue, EM fungi

with extensive rhizomorphic structures may accumulate

more C (Teste et al., 2009). Future research using stable isotope

analysis and mixing models is needed to obtain better esti-

mates of the origin, allocation and fate of transferred C through

MNs among different combinations of autotrophic, MH and

partial MH (degree of heterotrophy) plants, and to understand

how these are affected by environmental heterogeneity.
4. Ecological significance of mycorrhizal
networks

Significance of MNs to plant establishment and fungal biology
Effects of MNs on plant survival
Mycorrhizal networks are important to plant establishment

and growth. As discussed earlier, the establishment and

growth of many MH plants depend on the availability of

MNs. Less clear, however, is the importance of MNs to the

survival and growth of autotrophic plants. There is a plethora

of research showing that EM fungi improve the establishment

success of many woody plants (Karst et al., 2008), but studies

testing the role of MNs have been sparse.

The first clear evidence that MNs likely affect establish-

ment of autotrophic seedlings was provided by Horton et al.

(1999). They showed that Pseudotsuga menziesii var. menziesii

seedlings were only able to establish in EM Arctostaphylos

spp. patches as opposed to AM Adenostoma fasciculatum

patches in central California coast chaparral. Seedlings

growing in Arctostaphylos patches shared 17 species of EM

fungi with Arctostaphylos spp., while seedlings growing in

A. fasciculatum were colonized by only two EM species. They

found no significant differences between patches in allelop-

athy, light, temperature, soil N or soil K. The study did not

control for the source of mycorrhizal fungal colonization or

the potential for MNs to form, however, so it could not be



Box 3. Magnitude of carbon transfer between plants.

By definition, all MH plants gain 100 % of their C from fungi that establish MNs with nearby autotrophic plants. This has been

confirmed empirically, albeit indirectly, with the analysis of stable isotopes and calculation of fungal-derived C gains with

isotopemixingmodels (Leake et al., 2004; Preiss et al., 2010). As for thepartialMHplants, up to 85%Cgainappears tohavemoved

throughMNs (Selosse and Roy, 2009) (Table 2). PartialMH plants acquiring life-sustaining C fromMNs have very low photosyn-

thetic rates compared to autotrophic plants (Cameron et al., 2009). Net C transfer between autotrophic plants has typically been

small compared to theCfixedviaphotosynthesis (DeslippeandSimard, 2011; SmithandRead, 2008;Teste et al., 2010; Philip et al.,

2010; Simard and Durall, 2004) and compared to the MN-derived C in MH and partial MH plants (Fig. 3).

Total C gains received through MNs are likely underestimated due to respiratory C loss (Girlanda et al., 2011). Further-

more, a proportion of C may be derived from saprotrophic fungi, or EM fungi with saprotrophic ability, without the impli-

cation of an MN, but this contribution appears to be small (Bougoure et al., 2010).

Numerous studies have shown that light is an important factor determining themagnitude of C gained from networking

fungi (Tedersoo et al., 2007; Motomura et al., 2010; Liebel et al., 2010; Preiss et al., 2010). The amount of C gained from fungi in

partial MH plants decreases with increasing light availability (Liebel et al., 2010; Preiss et al., 2010). Net C transferred viaMNs

in autotrophic plants appears to only reach biologically significant levels under shade (Fig. 3) (see Section 3). Future studies

are also needed to enhance our understanding of the ecology and evolution of roots forming MNs, and we can use MH and

partialMH asmodel plants. Heterotrophy as seen in partialMHplants, is to somedegree, a dynamic adaptation to growing in

shaded forests (Preiss et al., 2010). In the case of MH plants, their lack of a well-developed root system and their complete

dependency on fungi for C may also represent an adaptation to root competition.
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definitively concluded that MNs were the source of inocula-

tion or cause of increased survival.

Key to examining MN effects on seedling survival has

been the development of techniques for manipulating MN

formation. Some studies have found positive MN effects on

autotrophic seedling survival when seedlings are growing

near an established conspecific tree (Onguene and Kuyper,

2002; McGuire, 2007; Teste et al., 2009; Booth and

Hoeksema, 2010; Bingham and Simard, 2011). Studies that

have separated soil, MN and root pathways have usually

found that positive effects of MNs are at least partially offset

by root competition (Booth, 2004; Booth and Hoeksema, 2010;

Bingham and Simard, 2011). However, the likelihood of

survival increases significantly where seedlings have the

potential to tap into an MN (Teste et al., 2009). Notably, all

of these studies have been conducted within the first 3 y of

seedling establishment. Thus, it is conceivable that there is

a temporal stress threshold at which competitive effects of

the established conspecifics outweigh the facilitative effects

of the MN, such that mortality increases among seedlings

when they approach the age or size of the established

conspecific.
Table 2 e Ecological implications of net carbon transfer via MN
ecosystems.

Nutritional
strategy

Range of net
C transfer via MNs
under full light and

deep shade (%)

Degree of
adaptation to

shaded
environments

Level o
of ph

mach

Mycoheterotrophic

(MH)

95e100 High Absent

Partial MH 0e85 Moderate to high Poor to

(highly

Autotrophic 0e10 Poor to moderate Excellen
Effects of MNs on plant growth
Studies have also demonstrated an increase in growth when

autotrophic seedlings are linked in an MN with older trees

(Box 4). Onguene and Kuyper (2002) noted increased biomass

for autotrophic EM seedlings growing near EM trees in a trop-

ical rainforest. The effect of EM trees on EM seedling growth

was further supported in oak savannah by Dickie et al.

(2004), who reported a more than tripling of shoot biomass

for Quercus rubra seedlings growing near EM Q. montana trees,

versus AM Acer rubrum trees. A facilitative effect of Quercus

rather than simply an inhibitory effect of Acer was later

confirmed in Dickie et al. (2005), where Q. macrocarpa seedling

growth was maximized at intermediate distances from Q.

ellipsoidalis trees, in a matrix of AM herbaceous species. These

studies suggest that MNs improved autotrophic plant growth,

but improvements could simply have been due to increased

colonization independent of networks, as the potential to

form networks was not manipulated in these experiments.

Other experiments have teased apart the effects of the poten-

tial to form a network from the benefits of inoculation (Booth,

2004; Nara, 2006; McGuire, 2007; Bingham and Simard, 2011).

Booth (2004) utilized trenching and mesh with a 44-mm pore
s for the three main nutritional strategies found in forest

f development
otosynthetic
inery and root
systems

Suggested importance
of net C transfer via
MNs in complex

adaptive ecosystems

Evolutionary
implication of MNs
under low light
environments

to poor Required

for survival

Radiation

and cospeciation

excellent

flexible)

Required for normal

growth and survival

Niche expansion

and cospeciation

t Seedling survival and

growth supplement

Niche expansion



Fig. 3 e Estimated net C gain via MNs in mycoheterotrophic

(MH), partial mycoheterotrophic (partial MH), and autotrophic

(AU) plants with light intensity. Data consolidated from

Bidartondo (2005); Tedersoo et al. (2007); Teste et al. (2010);

Simard et al. (1997); Lerat et al. (2002); Motomura et al. (2010),

Hynson and Bruns (2010) and others. Included here are field

studies with plants associating with EM fungi that estimated

net C transfer with dual (14C-13C) labelling or calculated net C

gain via MNs with stable isotope analyses and stable isotope

mixing models (Preiss et al., 2010). A notable exception is

Lerat et al. (2002), who calculated net C gain between AM

plants in the field with 14C. None of the simple linear

regressions were statistically significant; MH: R2 [ 0.01,

P [ 0.66; partial MH: R2 [ 0.001, P [ 0.89; AU: R2 [ 0.75,

P [ 0.06. Net C transfer in partial MH plants as a group

(pyroloids, green orchids) is important, reaching in some

cases 85 % of all C acquired (Selosse and Roy, 2009); however,

this relationship is highly variable. Within the same partial

MH genus (e.g., Cephalanthera green orchids) a strong rela-

tionship does exist between light intensity and the magni-

tude of C gained from fungi via MNs (Preiss et al., 2010).
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size to control for MN formation and found that needle

number of Pinus strobus seedlings was maximized when they

had the opportunity to form MNs in the absence of root

competition in a stand dominated by EM trees. Similarly,

trenching was used to show that understory Douglas-fir seed-

lings grew taller and had improved foliar nutrition where they

were able to form networks with century-old overstory

Douglas-fir and paper birch trees than where they were iso-

lated (Simard and Durall, 2004).

The circumstances under which MNs benefit the growth of

autotrophic EM plants are increasingly understood. Both

Dickie et al. (2005) and McGuire (2007) found that growth of

EM seedlings establishing in an AM plant community matrix

was improved when they were located in close proximity to

congeneric or conspecific stands of trees. However, Dickie

et al. (2005) found that growth peaked at a distance of

w12 m, and suggested light competition suppressed growth
at closer distances relative to the grassland matrix environ-

ment. In a tropical rainforest, McGuire (2007) observed that

autotrophic plant growth was maximized along the stand

edge, presumably due to aboveground functional equivalence

of conspecifics with AM plant species in the stands. Nara

(2006) unambiguously showed that, under primary succes-

sion, the growth of an establishing EM plant was improved

when networking with an established plant, but that this

varied depending on the fungal species involved.

Controlled, small-scale experiments can help to elucidate

the mechanisms by which MNs influence survival and growth

of establishing plants. In an elegant experiment, Nara (2006)

transplanted advanced EM Salix reinii seedlings inoculated

with differing EM fungal species into biologically depauperate

scoria substrate on Mt. Fuji, along with uninoculated Salix

reinii germinants. He found increased survival of all germi-

nants growing near inoculated advanced seedlings relative

to uninoculated controls. Biomass of germinants increased

in the inoculation treatments, except in the case of one EM

fungal species. This study confirmed thatMNswere themech-

anism for EM fungal colonization and subsequent facilitation

of plant establishment; however, other mechanisms of MN

facilitation, such as resource transfer, were not tested. One

way to test for resource transfer effects would be to sever

the hyphae once seedlings have been colonized by the MN,

allowing seedlings to reformMNs in one group while blocking

reformation in the other group, using a barrier on the side of

the establishing seedling towards the established plant.

Effects of MNs on EM fungal biology
Very few studies have focused on the effects of MNs on EM

fungal biology, but those that have, have found a fungal

response. Fitter et al. (1999) argue that MNs are primarily rele-

vant in AM systems due to their effects on AM fungal biology.

Teste and Simard (2008) used nylon mesh bags of different

pore sizes to restrict hyphal, rhizomorph and root growth,

and found that most EM fungal taxa decreased in prevalence

on interior Douglas-fir seedling root tips with increasing

restriction of network potential and distance from an estab-

lished P. menziesii var. glauca mature tree. Interestingly, the

EM fungi that exhibited the greatest decrease was Rhizopogon,

the genus most likely to be important in MN formation and

water translocation to seedlings due to its ability to form

long-distance rhizomorphs and colonize multiple trees

within a stand (Beiler et al., 2010). This pattern is congruent

with the idea that networking is most advantageous to

high-biomass, long-distance exploration-type fungi, since

they would be able to colonize establishing plants at long

distances, and continue to increase their biomass by tapping

into multiple plants in an area. Likewise, EM fungal commu-

nity similarity between seedlings and tree roots of P. menziesii

var. glauca increased with restriction of network potential

and distance, suggesting that long-distance exploration-

type fungi tend to quickly dominate seedling root tips

when they are able to colonize from adjacent trees

(Bingham and Simard, 2012).

In addition to their role in facilitating resource redistribution

to establishing plants, MNs may supplement fungi with C and

water from neighbouring plants (Querejeta et al., 2003; Brooks

et al., 2006; Schoonmaker et al., 2007; Egerton-Warburton et al.,



Box 4. Facilitation by MNs along stress gradients.

Bingham and Simard (2012) hypothesized that MNs are most important to forest regeneration where EM tree seedlings are

establishing under high abiotic stress (i.e., at the periphery of their fundamental niche), especially in soils low in EM fungal

inoculum, in support of the stress-gradient hypothesis (Maestre et al., 2009). In an experiment usingmesh bags with varying

pore size to control for hyphal and root growth, Douglas-fir seedlings were planted at varying distances from conspecific

mature trees across a climatic moisture gradient, as measured by summer heat:moisture index. The interaction between

the potential to form an MN and distance from established congeneric trees reversed along the climatic gradient. Growth

of networked seedlings increased most when they were in close proximity to trees in dry climates, after adjusting for total

soil N (Binghamand Simard, 2012) (35 mmmesh treatment at 0.5m (green) shown in right panel in Fig. 4). The inferredmech-

anism for this is MN facilitation of hydraulic redistribution from the tree to the seedling, based on isotope labelling results

from a growth chamber trial (Bingham and Simard, 2011), as well as other field and container studies (Querejeta et al. 2003,

Egerton-Warburton et al. 2007, Brooks et al. 2006, Schoonmaker et al. 2007). Under dry conditions, trees generate deeper

taproots, enabling them to access water unavailable to establishing seedlings, and this water is then nocturnally redistrib-

uted to the EMmycelia and translocated to seedling symbionts. Any benefit of hydraulic redistribution incurred by seedlings

establishing on dry sites will be proportionately greater than that incurred by seedlings at wet sites, which also suffer from

greater root competition due to higher tree root densities.
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2007; Pickles et al., 2010). A greenhouse experiment using dye

tracers revealed that oaks accessed water through their

taproots and redistributed it to their mycorrhizal symbionts

during severe soil drying, thus maintaining the mycelium of

both EM and AM fungal partners (Querejeta et al., 2003).

Significance of MNs to plant community dynamics

Very few studies have examined the effects of MNs on plant

community dynamics while concurrently demonstrating the

existence of a functional MN. Some studies have shown that

MNs have the potential to decrease or increase interplant

competition (Pietik€ainen and Kyt€oviita, 2007). Competitive

dominance may be reduced by the direct flow of C or nutrients

fromsufficient to deficient plants, resulting in greater growth of
Fig. 4 e Change in growth of Douglas-fir seedlings with drough

treatments controlling for hyphal (MN) and root growth. (a) Grow

to interact with conspecific mature trees through MN linkages a

(b) Growth response where seedlings are unable to interact with

in 0.5 mm mesh bags); (c) Growth response where seedlings hav

growing in 35 mm mesh bags). With kind permission from Spri

Networks of Pseudotsuga menziesii var. glauca Trees Facilitate Es

Marcus A. Bingham and Suzanne Simard, Figure 3.
subordinate relative to dominant plants, and greater plant

community diversity. On the other hand, there is also evidence

that competitive dominance may increase because larger

plants acquire more resources from the MN due to their higher

nutrient demand (Zabinski et al., 2002; Deslippe and Simard,

2011). In some cases, competitive dominance within plant

communities may simply be affected by greater, faster, more

diverse or different mycorrhization of plants tapping into the

MN, resulting in increased nutrient access for some plant

species. To our knowledge, no studies have systematically

tested whether the presence of MNs affects the diversity,

succession or total productivity of whole plant communities

in nature. Moreover, to our knowledge, there have been no

studies that have examined whether the characteristics of the

MN affect plant community structure. These remain major
t and distance from congeneric trees among three different

th response of new seedlings to drought where they are able

nd root competition (seedlings growing directly in soil);

mature trees either throughMNs or roots (seedlings growing

e access to MNs but not roots of mature trees (seedlings

nger Science+Business Media: Ecosystems, Ectomycorrhizal

tablishment of Conspecific Seedlings Under Drought, 2012,
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gaps in our understanding of the significance of MNs to plant

community dynamics (Box 5).

Significance of network facilitation in a changing climate:
feedbacks over multiple scales

MN facilitation and environmental severity gradients
Like competition, facilitation is a powerful force that helps

shape the structure and function of terrestrial ecosystems.

For example, the formation of plant guilds and the succession

of plant communities involve facilitative interactions among

plants. Since MNs act as belowground vectors for the transfer

of water, C, and nutrients, resource transfer through MNs is

likely to be an important mechanism underpinning facilita-

tion between plants. Given the role of sink strength in deter-

mining the outcome of MN facilitation, it follows that any

factor altering the nutrient status of a networked plant has

the potential to alter the intensity and importance of facilita-

tion in a plant community.

Plant communities are optimally adapted to the historic

range of environmental conditions where they occur. With our

changing climate, many plant communities are being con-

frontedwith environmental conditions that exceed their ability

to acclimate through physiological mechanisms (Pachauri and

Reisinger, 2007). Moreover, current rates of warming are

exceeding themigration capacity ofmany plant species, partic-

ularly those that are long-lived. Because plants are sensitive not

only to the range of environmental conditions they experience,

but also to the temporal variation in this range, the increased

variability of environmental conditions with climate change

may place additional stress on plants (Aitken et al., 2008). This

couldultimately lead to the restructuring of plant communities.

Environmental severity, plant traits and the outcome of plant
interactions
Unlike competition, which often declines sigmoidaly with

increasing environmental severity, facilitation is unimodal

across this gradient (Butterfield, 2009). The hump-shaped
Box 5. Mycorrhizal networks link trees of multiple

We can draw inferences about plant community dynamics and

forest ecosystems (see Section 2). In Beiler et al. (2010), multi-locu

trees in an uneven-aged forest of P. menziesii var. glaucawere inte

iculosusandR. vinicolor (Fig. 5). TheMNhada scale-freenetwork s

large, old hub trees, suggesting the network played a role in fa

Likewise, seedlingestablishment success in this forest typewas2

Douglas-fir trees compared to where they did not (Teste et al.

survival, but seedlingswere colonized by amore complex funga

types. The scale-free network structure suggests that these for

vidual trees (Albert et al., 2000; Bray, 2003). That tree pairs in Beile

network loops, where a single mycelium linked together multip

forced and robust against damageby grazing soil faunawhilema

These loops allow the network to respond to damage by providin

tunity to reconnect without losing function. Given that single ge

ares of forest soil with estimated ages of thousands of years, it

stand dynamics over large areas and many tree generations (Fe
distribution stems from the dominance of competitive interac-

tions among species in low-severity environments, and

declining effectiveness of facilitation by very tolerant species

in extreme environmental stress (Fig. 1b). Declining facilitation

effectiveness at very high environmental severities is inti-

mately linked to plant traits. Species that are stress tolerant

tend to act as benefactors extending the realized niche of less

tolerant beneficiaries and creating facilitative networks in

severe environments. In a severely drought-stressed environ-

ment, for example, drought-intolerant plants may establish in

the MN of more tolerant plants that have deeper roots, and

benefit from hydraulic redistribution and reduced evapotrans-

piration. However, in very severe environments, the temporal

variation in environmental severity experienced by a benefi-

ciary tends to increase with proximity to a neighbour. This

results in increased temporal variation in plant fitness with

neighbours in very extreme environments. Thus, depending

on the mean and range of environmental severity relative to

the stress tolerance of the benefactor and beneficiary species

present, facilitation can either stabilize or destabilize plant

community dynamics (Butterfield, 2009).

In all biological networks, negative feedbacks tend to stabi-

lize processes, structures and communities. Conversely, posi-

tive feedbacks tend to amplify change and destabilize the

status quo. The threshold at which a facilitative plant interac-

tion acts to destabilize a plant community is synchronous

with its transition from a negative to a positive feedback. Posi-

tive feedbacks tend to enhance change at higher order scales.

Positive feedbacks that destabilize plant communities and

lead to altered plant community structures can amplify

ecosystem change through, for example, cascading effects

through food webs (Post et al., 2009) or alterations of an

ecosystem’s surface albedo (Chapin et al., 2005). These

processes are illustrated in Fig. 1c, where the effect of net posi-

tive MN facilitation on higher order processes changes along

a gradient of improving to worsening environmental condi-

tions. The zero point on the x-axis represents the environ-

mental conditions to which the plant community is
ages in dry temperate forests.

resilience to disturbance from studies of MN architecture in

s,microsatellite DNAmarkerswere used to show thatmost

rconnected by a complexMNof the EM fungi Rhizopogon ves-

tructure (Box7),wheremost of the young treeswere linked to

cilitating the self-regeneration of these Douglas-fir forests.

6%greaterwhere seedlingshad full access to theMNofolder

, 2009). Access to the network not only improved seedling

l community comprisingmultiple long-distance exploration

ests are robust against random removals or deaths of indi-

r et al. (2010)were also linked repeatedly through contiguous

le roots of the same trees, suggests that the network is rein-

intaininghighnutrient transfer capacity (Heaton et al., 2012).

g an alternative pathway for nutrient transfer and an oppor-

nets of mycelia have been found to cover hundreds of hect-

is likely that single genets of EM fungi are influencing forest

rguson et al., 2003).



Fig. 5 e Spatial topology of Rhizopogon genets and Douglas-

fir trees. A 303 30 m plot (square outline) contained 67 trees

of various ages (green shapes, sized relative to tree diam-

eter). Small black dots mark sampling locations of Rhizopo-

gon EM (n [ 401), 338 of which were associated with

a specific tree and fungal genet based on microsatellite DNA

analysis. Samples representative of each fungal genet are

outlined in colours: Rhizopogon visiculosus genets (n [ 14),

blue, and Rhizopogon vinicolor genets (n [ 13), pink. Lines

link tree roots encountered by Rhizopogon EM with corre-

sponding trees aboveground and are coloured according to

tree genotype. The most highly connected tree (arrow) was

linked to 47 other trees through eight R. vesiculosus genets

and three R. vinicolor genets. Reproduced, with permission,

from Beiler et al. (2010).
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optimally adapted (the status quo). At this position, the range

of environmental conditions the plant community experi-

ences, though temporally variable, is not changing direction-

ally. At zero, the net effect of positive MN facilitation is to

maintain the current plant community composition and

structure, acting as a negative feedback to ecosystem change.

As environmental conditions for the plant community

worsen, MN facilitation increases (as per the stress-gradient

hypothesis) and its feedback to larger scale processes is

increasingly negative; that is, the strength of MN facilitation

increases as environmental conditions deteriorate, until

such a point when environmental conditions are so severe

that MN facilitation fails (dashed line at right). Moving left

from zero, the plant community experiences ameliorating

environmental conditions (e.g., increased precipitation in

a previously drought-limited plant community). This plant

community is now released from its limitation, yet all above
and belowground characteristics inherent to the community

are intact, including plant traits affecting resource acquisition

(e.g., leaf area, root surface area). Thus, as the limitation is

removed, source-sink gradients that affect MN transfer (e.g.,

light availability) increase, increasing resource acquisition by

networked individuals and enhancing their competitive

success relative to non-networked plants. This process

changes the structure of the plant community, and acts as

a positive feedback to ecosystem change. This process cannot,

however, continue indefinitely. As environmental conditions

continue to improve, competitive interactions among plants

are enhanced until a new stability domain is achieved (dashed

line at left).

Climate change is increasing the severity of temporal vari-

ation in environments where many plants grow. This will

alter the source-sink gradients driving nutrient transfer

through MNs, and the balance of competitive and facilitative

plant interactions in ecosystems. Where MN facilitation

creates negative feedbacks among plants, plant communities

will be stabilized. Where MN facilitation creates positive feed-

backs between plants, community structure will destabilize,

ultimately leading to greater ecosystem change. In the

following sections, we consider how nutrient transfer through

MNs may act as a negative or positive feedback to ecosystem

change (Box 6).

MNs help to maintain ecosystem states through negative
feedback
In species-rich ecosystems, MN facilitation among cooperative

guilds can help to modulate plant competitive interactions and

stabilize plant community dynamics. For example, access to an

MN altered the outcome of root competition among over- and

understory species in a mixed temperate forest dominated by

EM tree species (Booth, 2004). While MN access had negative

effects on the survival of the AM species, Acer rubrum, it had

neutral effects on the survival of three EM species, B. alleghe-

niensis, T. canadensis and P. strobus, and positive effects on the

growth of P. strobus (Booth, 2004). These results suggest that

MN facilitation may promote coexistence of compatible tree

species over time, by limiting the effects of size-asymmetric

competition, and inhibiting the encroachment of incompatible

species in the stand.

Mycorrhizal networks contribute to forest resilience

through their role in regeneration following disturbance. In

a dry P. menziesii var. glauca forest that had been partially

cut, conspecific seedlings planted within the MN of retained

mature trees had greater survival rates and reduced water

stress than those that were isolated. Seedling establishment

was particularly enhanced at intermediate distances from

the mature trees, but suppressed under the crown due to

root competition (Teste et al., 2009; Bingham and Simard,

2011). Thus, MN facilitation can enhance seedling establish-

ment in disturbed forests, promoting forest self-regeneration

and acting as a negative feedback to ecosystem change.

MNs act to enhance ecosystem change through positive
feedbacks
When linking into an MN enhances the performance of net-

worked individuals they are likely to compete successfully

with non-networked plants. In this way, MN facilitation may



Box 6. Mycorrhizal networks may act to conserve the state of an ecosystem or to enhance ecosystem
change.

(I) MNs act as a negative feedback to ecosystem change in Douglas-fir forests

As predicted by the stress-gradient hypothesis, MNs appear to facilitate establishment of new seedlingsmore strongly in

dry thanmoist environments (Maestre et al., 2009). Bingham and Simard (2012) found that network facilitation of P. menziesii

var. glauca seedling establishment increasedwith climatic aridity (see Box 4). Thus, MN facilitation acted to extend the niche

breadth of interior Douglas-fir seedlings in the very dry climate. As seedling density increases, competition and density-

dependent mortality provide additional negative feedbacks that stabilize the forest community (Simard, 2009). These

patterns agree with theoretical models showing that positive or mutualistic interactions dominate in poor habitat qualities

and that the fraction of expressed mutualisms decreases at the expense of competition in higher habitat qualities (Filotas

et al., 2010). Based on these observations, we expect that facilitation viaMNswill become increasingly critical to the stability

of ecosystems as climate warming increases the severity and duration of drought in continental regions.

(II) MNs act as a positive feedback to ecosystem change in Arctic tundra

In AlaskanArctic tundra, where regional rates ofwarming are the highest globally (IPCC, 2007), environmental conditions

that have historically limited plant growth are rapidly ameliorating. These changes are associated with enhanced compe-

tition, growth and spread of the rhizomatous EM shrub Betula nana (Bret-Harte et al., 2001). Warming alters the physiology

of B. nana by enhancing its photosynthetic yield and leading to significantly higher leaf C:N ratios as growth becomes

increasingly N-limited (Natali et al., 2011). When warmed, B. nana reallocates its excess C to EM fungal species with high-

biomass growth forms, longer-distance exploration strategies, and enhanced capacities to degrade complex organicmatter,

thus securing access to limiting N to grow (Deslippe et al., 2011). These fungi are likely to form largeMNs connectingmultiple

B. nana individuals. Indeed, enhanced competition by B. nana is affected in part by its ability to transfer large quantities of

photosynthate belowground through rhizomes and MNs. While interspecific C transfer among plants was not observed,

intraspecific C transfer among B. nana plants through MNs was more than 4 % of the donor’s net photosynthesis

(Deslippe and Simard, 2011). C transfer increases with ambient temperature among conspecific B. nana pairs, suggesting

that warming enhances conspecific facilitation and interspecific competition by B. nana. This contributes to ecosystem

change in Arctic regions by promoting the conversion of tundra landscapes to shrub-lands as climate warms (Deslippe

and Simard, 2011). Shrub-invaded tundra has a lower surface albedo than the tussock tundra vegetation it replaces, and

the increased latent heat flux it affects is expected to have further feedbacks to climate, significantly increasing regional

summer temperatures (Chapin et al., 2005). Thus, the role of MN facilitation in a plant community can shift over a gradient

of environmental severity to enhance competitive plant interactions. In tundra, this appears to create a positive feedback

loop that destabilizes the plant community and amplifies ecosystem change through alterations of the surface albedo of

the ecosystem.
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act to increase competitionat thecommunity level. Examples of

thisariseundergoodoramelioratingenvironmental conditions.

For example, access to MNs enhanced seedling growth and

survival in Guinean tropical forests, and survivorship of wild

seedlingswas positively associatedwith proximity to a conspe-

cific adult (McGuire, 2007). These results suggest that MN facili-

tation acts to enhance competitive ability of networked EM

species, which may lead to the competitive exclusion of non-

networked species and drive the formation of mono-dominant

EM stands in tropical forests (McGuire, 2007). In extreme cases,

MN facilitation may be limited to a single plant species, and

nutrient transfer through the MN may enhance competitive

ability of this species alone (Deslippe and Simard, 2011).

Provided it is the dominant feedback mechanism operating,

whereMNfacilitationenhances competitionbya single species,

it will destabilize plant community structure and act as a posi-

tive feedback to ecosystem change.
5. Modelling the spatial structure and
temporal dynamics of MNs

Spatial structure

Spatial structure is an intrinsic property of MNs at all levels of

organization, from the architecture of plant roots and fungal

mycelial systems, to the patterned dispersal of seeds and

spores across the landscape. Networking plants and fungi

represents a diverse mosaic of forms and functions that over-

lay heterogeneous biogeoclimatic conditions. The result is

a nested, modulated hierarchy of discreet and continuous

spatial patterns comprising plants and fungi interacting with

each other, other organisms and with their above and below-

ground environments acrossmultiple scales. It is important to

account for these spatial dependencies when making
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predictions or testing hypotheses related to MN patterns and

processes, either explicitly in models or by addressing the

effects of spatial structure a priori (Legendre et al., 2002;

Fortin and Dale, 2005). Depending on the research objectives,

there are numerous mathematical approaches for detecting

and modelling MN spatial patterns, the full range of which is

beyond the scope of this review. Likewise, there are a variety

of methods for integrating spatial structure into theoretical

or analytical models to relate MN spatial patterns to the

processes generating them. Additional information on spatial

analysis methods relevant to the study of MNs can be found

elsewhere (Fortin and Dale, 2005; Zuur et al., 2009).

The spatial topology of MNs is a foundational aspect of

their architecture, yet remains largely unknown due to diffi-

culties in sampling and identifying them with adequate reso-

lution. Recent advances in molecular identification

techniques have helped to overcome these limitations, espe-

cially regarding the use of genotype-specific markers to track

networking plants and fungal genets across space (Lian

et al., 2006; Beiler et al., 2010; Grelet et al., 2010; Bahram et al.,

2011) (see Section 2 and Box 5). Nonetheless, describing MNs

typically requires trade-offs between sampling extent and

resolution (i.e., grain), which must be addressed a priori based

on known spatial traits of the systemand its components (e.g.,

size of individual root systems and fungal genets as well as

their corresponding population structures) and the research

objectives or hypotheses to be tested (Pickles et al., 2010). As

a result of sampling limitations, MN studies invariably impose

boundaries on otherwise ‘open’ systems in terms of space,

time and complexity (Fortin and Dale, 2005). This warrants

careful consideration of sampling strategies to minimize
Box 7. Mycorrhizal networks as spatial graphs.

Network analysis, based on the principles of graph theory, pro

processes associated with MNs. Here, individuals, species or sp

ecological associations (Bascompte, 2009; Beiler et al., 2010) (see

Most biological networks have regular, randomor scale-free s

among nodes. In both regular and random networks, links te

regular networks is generally more cliquish and harder to trav

nodes (i.e., hubs) are highly linked and more central to the netw

bution (Albert et al., 2000; Bray, 2003; Selosse et al., 2006). Scale-fr

to be more robust to perturbations than regular or random net

have little effect on the overall connectivity of the netwo

(Albert et al., 2000; Bray, 2003). Weighted scale-free networks, w

have been modelled to be the functionally most efficient netw

2012).

The diversity of autecological traits among networking pla

structured MNs at the community level. This complexity may b

of and relationships between nodes or by the attributes of link

models provide a means for studying the structure and function

One of the principle advantages of networkmodels is their fle

complexity within the same analytical template. An incidence

used to model their pairwise associations as a simple undirect

produce spatially explicit or implicit models. This basic templ

a single plant and fungal genet, or networking plant and fun

communities.
potential biases or ‘edge effects’ on spatial measures imposed

by the size and shape of sampling plots.

Regardless of the sampling strategy, the structural model-

ling of MNs typically involves some form of spatial interpola-

tion (point to surface pattern transformations, trend surface

analysis, proximity or overlap analysis, inverse distance

weighting or kriging techniques) (Fortin and Dale, 2005;

Pickles et al., 2010). Examples of spatial measures related to

MN components include the three-dimensional spatial coor-

dinates of samples or centroids of sample clusters, geometric

area of habitat patches or sample clusters (e.g., based on

Delaunay triangulations) or topological and Euclidean

distances or least-cost paths between points. These may be

mapped directly, included as an explanatory variable in

predictive models, or incorporated into the error variance/

covariance structure of models to account for sample

autocorrelation or confounding effects of spatial non-

independence.

Network models provide a comprehensive framework for

the visualization and analysis of MN spatial dynamics, for

elucidating the relationships between MN structure and func-

tioning, or for incorporation ofMN spatial dynamics into other

models (Fortin and Dale, 2005) [Box 7]. For example, the degree

of connectivity between two networking plants or fungal

nodes and the spatial and physical attributes of links can be

used tomeasure the type, volume, direction or rate ofmaterial

flow between the nodes. Nodes are points (trees or mycelia)

joined by a physical, functional, or physiological link or

pathway. Links can be fungal mycelia and rhizomorphs, or

trees, respectively. Material flows between nodes can be

examined directly within the network analytical framework
vides a template for cataloguing the complex patterns and

ecies guilds can be modelled as nodes linked through their

Sections 2 and 4).

tructures depending on the density and distribution of links

nd to distribute equally among nodes, but the topology of

erse than random networks. In scale-free networks, some

ork, resulting in a skewed or power law node degree distri-

ee networks are both cliquish and easily traversed, and tend

works. For example, the random deletion of a node would

rk, unless hubs were specifically targeted for removal

here links are weighted according to the frequency of loops,

ork structure in resource transfer behaviour (Heaton et al.,

nts and fungi collectively leads to complex, hierarchically

e analytically deconstructed based on the spatial properties

s between nodes (Beiler et al., 2010). In this regard, network

of MNs as part of complex adaptive systems (Parrott, 2010).

xibility to accommodate differing perspectives and levels of

matrix with plants on one axis and fungi on another can be

ed network, with spatial coordinates included as vectors to

ate is equally applicable whether the units of interest are

gal populations, communities, meta-populations or meta-
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or by incorporating these measures into corresponding func-

tional models (cost-benefit analysis, economic market

models, profile analysis, competition-facilitation and other

feedback models, reaction-diffusion equations, trophic

networks or other matrix models). In addition, reduced

network models can be directly nested within more inclusive

network constructs (Urban et al., 2009). For example, a guild of

networking plants and fungi may be represented by a single

node in a meta-community, trophic network or meta-

network.

MNs can be modelled from the ‘phytocentric’ or ‘myco-

centric’ perspective (with either plants or fungi as nodes,

respectively), or with both plants and fungi as nodes linked

through their affiliations in a bipartite network model

(Selosse et al., 2006). In each of these perspectives qualitative

or quantitative features such as taxonomic affiliation, age,

longevity, body size or growth rate may be assigned to nodes

for marked process network analysis. This may be particu-

larly useful for determining substructures within MNs (e.g.,

critical elements or processes generating the structure) or

classifying nodes based on their affiliations (e.g., delineating

population and community boundaries, functional groups,

etc.). This approach can also be used to accommodate special

circumstances such as direct root grafting between plants or

non-self anastomosis among AM mycelia systems. Network

links are also qualitatively and quantitatively amenable.

They can be given weights or direction, and their topology

may be spatially explicit (e.g., the actual route traversed

between nodes), implicit (e.g., Euclidean distances between

spatially fixed nodes) or aspatial (e.g., representing affilia-

tions or flow between individuals, groups or landscape

patches).

Although we emphasize the applicability of network anal-

ysis formodellingMN spatial dynamics, it is far frombeing the

only approach available. Techniques such as autoradiography

(Wu et al., 1999), environmental scanning electronmicroscopy

(He et al., 2005) or high-throughput image analysis (Heaton

et al., 2012) may be used to visualize MNs in experimental

microcosms (see Sections 2 and 3), while enzymatic

imprinting (Dong et al., 2007), quantum dot imaging

(Whiteside et al., 2009), ‘micromapping’ or contiguously

sampled lattice designs (Zhou and Hogetsu, 2002) can be

used to explicitly map MN topologies in natural conditions.

The spatial dynamics of MNs can be studied using trend

surface analysis, cluster analysis, point- or polygon-based

proximity and overlap statistics, or dynamic growth and

cellular automata models (Fortin and Dale, 2005; Pickles

et al., 2010). These represent only a small sample of methods

that can be applied to empirical studies of MN spatial struc-

ture. Regardless of the methods used, valuable insights may

be gained from the study of MN spatial structure and from

the incorporation of these patterns into theoretical and

analytical models of MN ecology and evolution.
Temporal dynamics

Mechanistic modelling
Mathematical modelling can pinpoint which of the various

processes operating in belowground C and nutrient transfers
are important. Very little temporal modelling of C and

nutrient exchanges via MNs has been attempted. However,

some currently used models, primarily the “Mycorrhizal

Status, C and Nutrient Cycling” (MySCaN) model could form

the basis of an MN nutrient exchange model (Orwin et al.,

2011). The MySCaN simulates C and nutrient cycling through

various pools on a daily basis and could include the cycling

through MNs. Co-varying effects of factors (soil fertility,

soil biota composition) can potentially be disentangled by

MySCaN and provide better insights into ecosystem func-

tioning (Orwin et al., 2011). There is a suite of relevant models

that could also be modified to study the role of MNs in trans-

fer of nutrients through time, such as the mechanistic

system dynamics models (Brennan and Shelley, 1999),

pulse-reserve models where episodic precipitation events

stimulate biological activity, a Threshold-Delay Nutrient

Dynamics (TDND) model (Collins et al., 2008), and nutrient-

uptake models developed for mycorrhizal fungi (Deressa

and Schenk, 2008).

Mycorrhizal network-derived C and nutrients depend on

multiple interacting factors (plant, fungal and soil processes).

Many of these factors have not been studied; hence a mecha-

nistic model (one that simulates the effects of plant, fungi

and soil processes on C gain via MNs) is not expected to make

accurate predictions (Jones et al., 2009). A basic model could,

however, provide, a better understanding of temporal nutrient

exchange concentrations and rates (Darrah et al., 2006). Mecha-

nistic models for providing information about key processes

expressed asmathematical equations at various time intervals.

A simplifiedmathematical model with the use of quasi-steady-

state approximations could be used to provide biologically

plausible processes involved in MN growth over time (Jeger

et al., 2008). Furthermore, important questions related to the

ecology of MNs could be addressed with the theoretical frame-

work of mathematical models. For example, dynamic models

could answer questions related to MN re-establishment after

perturbation, C flux and growth of MNs in C-limited systems.

Mathematicalmodelling ofMN growth can also be an insightful

addition to experimental studies, as more focus can be placed

on the fundamental properties of MN growth and expansion,

ultimately generating testable hypotheses.

Statistical modelling
Carbon availability in plants connected by an MN is expected

to be temporally heterogeneous as it is ultimately driven by

the dynamic nature of photosynthesis and C allocation to

roots. More realistic microcosm and field experiments investi-

gating the synergy between multiple factors (including sea-

sonality) set up as multi-factorial designs conducive for

structural equation modelling (SEM) are needed (Klironomos

et al., 2011). Structural equation modelling was used to deter-

mine the seasonal changes in environmental factors that

affect rhizomorph production (Hasselquist et al., 2010) and

we suggest a similar approach to better understand MN

expansion through time. For example, SEM could be used for

analysing field experiments where EM plant species are added

sequentially through time (i.e., plant establishment order)

(Hausmann and Hawkes, 2010) to determine if more complex

MNs arise and whether this influences C transfer magnitude

in the presence of multiple environmental factors.
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Information theoretics (model selection and multimodel

inference) is another statistical approach that could be applied

with similar intentions as SEM (Anderson, 2008). With a candi-

date set ofmodels constructed a priori, time can be included as

a leading factor with the most relevant abiotic and biotic

factors regulating MN-facilitated nutrient transfer. Such an

approach would highlight the relative importance of time

and produce a list of ranked models that could be used for

making simple temporal predictions of MN functioning.

Mycorrhizal networks as agents of complex adaptive systems

Ecological theory that ecosystems can be represented by

energy and material flows through interacting parts

provides a conceptual model for MNs compatible with

complex adaptive systems (CAS) theory (Levin, 2005). In

CAS, ecosystems are modelled as adaptive dynamic

networks of interacting parts where feedbacks and cross-

scale interactions lead to self-organization and emergent

properties (Bascompte, 2009; Parrott, 2010). The spatial and

temporal patterns in ecosystems have commonly been

modelled as networks, and usually have been characterized

as complex with small-world properties using graph theory

(see Section 5). In CAS theory, non-linear, scale-free (or

power law) topology and behaviour, where there are many

small nodes and a few large hubs, is a fundamental charac-

teristic of self-organization (Sole et al., 2002); this is because

most systems evolve towards this critical fractal structure

that is resilient and self-reinforcing (Perry et al., 2011). The

scale-free topology of MNs (Beiler et al., 2010) (see Sections

2 and 5) and fractal structure of the interconnecting mycelia

(Heaton et al., 2012) are, thus, consistent with self-

organization in CAS, where mycorrhizal colonization and

nutrient fluxes through the MN provide feedbacks (positive

or negative) to plants that can influence the stability of the

ecosystem (see Section 4). Mycorrhizal networks can thus

be considered fundamental agents of self-organization in

ecosystems because they provide direct avenues through

which cross-scale interactions and feedbacks are played

out (Simard, 2009). They can be considered central to the

organization of most terrestrial ecosystems because of their

critical, obligate role in the establishment of most plants,

which themselves are foundational. A meta-modelling

approach can be used to model the cross-scale interactions

between MNs and other networks in ecosystems (e.g., food

webs, nest webs, riparian networks, landscape patterns),

to improve our understanding of internal organization,

outside influences, feedbacks and non-linear dynamics

that are characteristics of CAS.

A fundamental property of MNs as agents of CAS is that

the parts (e.g., plant and fungal species) are subject to selec-

tive pressures through localized interactions with each

other, other parts and processes, leading to local adaptation

and influence on the functioning of the network (Sole et al.,

2002). The local, bottom-up, iterative development of nodes

and links through differential growth, strengthening and

weakening (e.g., self-thinning or pruning of trees or fungi)

that is characteristic of MNs (Heaton et al., 2012) is also

a fundamental feature of CAS. These behaviours and inter-

actions of the network parts influence the whole MN. Thus,
modelling the dynamic interactions and selection pressures

in networks will help us understand the dynamics and

resilience of ecosystems under changing environments,

such as global change. Analysis and modelling the spatial

configuration and temporal dynamics of networks within

the framework of CAS theory can thus be useful for conser-

vation management if the long-term objectives are to main-

tain resilient ecosystems or assist in re-organization of

novel ones that are productive, adaptive and resilient. For

example, identification of hubs (individuals or species of

plants or fungi), the connective links or overlapping compo-

nents in the MN, and the critical rates, inflections, or

processes (e.g., thresholds of colonization or nutrient flow

for plant establishment) are important in models for

ecosystem dynamics and in developing criteria for conser-

vation management decisions.

6. Conclusions

1. The existence of MNs was originally based primarily on

specificity phenomena estimated from mycorrhizal mor-

photypes, but it is now supported by physical, physiolog-

ical and molecular evidence for a wide range of

ecosystems. High resolution models of MN topology are

now being developed based on genotype-specific markers

and network analysis. Carbon, nutrients, water, defence

signal and allelochemical fluxes have also been examined

using isotope, dye and model chemical tracers, quantum

dots, mesh and metal barriers, high resolution imaging

and gene expression.

2. The occurrence of mycoheterotrophy indicates that MNs

can sustain the life of some plant species. Mycoheterotro-

phic plants acquire all their C from MNs and partial MH

plants can gain up to 85 %. Autotrophic plants appear to

gainmuch less (up to 9.5 %). Light appears to be an impor-

tant driver of C transfer along source-sink gradients in

autotrophic plants but also in partial MH plants within

the same ecosystem.

3. Facilitation of mycorrhizal colonization and establish-

ment or growth of autotrophic plants by MNs have

been demonstrated in a wide range of ecosystems,

including forest, woodland and grassland. MNs facilitate

transfer of C, nutrients, water, defence signals and alle-

lochemicals, but how these affect autotrophic plant

establishment, growth, health or fitness is not well

understood.

4. Mycorrhizal networks have been shown in some cases to

influence plant interactions (facilitation and competition),

forest regeneration or plant dominance; however, their

net effects on ecosystem diversity, productivity or

stability are poorly understood. In some systems, MNs

appear to play important roles in facilitation and compe-

tition processes that stabilize ecosystems, but in others

they can provide avenues for positive feedbacks that

may destabilize ecosystems.

5. Network analysis using graph theory is a good approach

for modelling the spatial topology of MNs, and can be

used to understand interactions, feedbacks and system

stability. Temporal modelling of MNs and their effects
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on ecosystem processes is at its infancy but the mecha-

nistic model MySCaN is a good starting point. The spatial

and temporal patterns of MNs are consistent with CAS

theory, and MNs can thus be included in larger CAS

models for modelling ecosystem behaviour under

changing environmental conditions.
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