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I dedicate this book to Michael Booth.
Michael was an incredible scientist whose
Ph.D. on mycorrhizal networks took us to a
new level with respect to field experiments on
mycorrhizal networks. I was fortunate enough
to be on his committee and see that his energy
and intellect combined to give him an edge
that few have at that stage. He agreed to
contribute to this book and was working on
the chapter with Jason Hoeksema when we
lost him. His influence on the field was large
and he was just getting started.



Foreword

In 1842, Carlo Vittadini, Professor of Medicine at the University of Milan and
eminent mycological taxonomist, described the husk of tree feeder rootlets
enclosing mature sporocarps of the mycorrhizal hypogeous genus Elaphomyces.
He pointed out that the rootlets were mantled by hyphae growing out of such
sporocarps, yet showed no sign of disease. He bravely stated “extra omne dubium,”
beyond all doubt, that the rootlets were nourished by the Elaphomyces hyphae.
Bravely, because at that time fungi were universally regarded either as causing
disease or rotting organic matter. Buried in his monograph of Elaphomyces, that
startling assertion was overlooked by mycorrhiza researchers for more than a
century, and Vittadini did not pursue the topic again. Nonetheless, it was the first
hypothesis later proven true that led to the real meaning of mycorrhizae and the
translocating function of the mycorrhizal fungi.

The ensuing 45 years witnessed considerable discussion about the fungal col-
onization of rootlets of achlorophyllous plants such as Monotropa spp. and its
connection with tree roots. The nature of that connection was debated, but no firm
conclusions reached: Is the fungus a parasite on the achlorophyllous plant, or is the
plant “humicolous,” obtaining its nutrients directly from soil organic matter via the
fungi? Feeder rootlets of ectomycorrhizal trees were noted to be among those of the
achlorophyllous plants, but the sharing of those fungi was mentioned in passing or
not at all. The Russian botanist F. Kamienski speculated in 1882 that Monotropa
might be nourished by overstory trees through shared hyphae, or perhaps the fungus
was humicolous. His rather convoluted discussion leaves the reader in doubt
exactly what he hypothesized.

Then, the German plant pathologist A.B. Frank publishes his epic paper in 1885,
in which he accurately describes with clarity the morphology of ectomycorrhizae,
coins the term “mycorrhiza” for them, and correctly interprets their mutualistic
symbiotic nature. Given the confusion about the phenomenon at the time, Frank’s
paper was an amazing tour de force. But, the puzzle of achlorophyllous plants
remained.
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In the early half of the twentieth century, a rather desultory interest in
mycorrhizae continued, albeit a few important contributions appeared, such as that
on the role of mycorrhizae in mineral nutrition of plants by the American A.B.
Hatch in 1937. After World War II, Prof. Elias Melin and his students at the
University of Uppsala, Sweden, became the first mycorrhiza researchers to enlist
isotopes in study of translocation via mycorrhizal hyphae of elements and com-
pounds from external sources to mycorrhizal seedlings and vice versa. Melin’s
group performed the epochal experiments that confirmed Frank’s hypotheses of
some 65 years earlier, thus laying the methodological foundation for study of
common mycorrhizal networks (CMN). Eric Björkman, also Swedish, reported his
results from experiments with 14C-labelled glucose and 32P-labelled phosphate
injected into pine and spruce trees under which grew achlorophyllous Monotropa
plants 1–2 m from the tree trunks. In 5 days, actively growing Monotropae had
concentrated the isotopes, which did not appear in other nearby Ericaceae. This
would seem to be the 1st experimental demonstration of CMN in Nature.

Little attention was then paid to CMN until the 1980s, when Roger Finlay and
David Read of the University of Sheffield experimentally demonstrated movement
of 14C and 32P to tree seedlings linked through CMN. From then to the present,
research on the role of CMN in plant nutrition in laboratory and field has blos-
somed. As shown in the chapters of this book, CMN can have immense nutritional,
ecological, agricultural, and forestry consequences undreamed of 40 or even
20 years ago. New terms have entered the lexicon of mycorrhiza research, e.g.,
CMN, infochemicals, and network theory. So, readers, feast your eyes and minds
on the pages that follow.

Jim Trappe
Department of Forest Ecosystems and Society
Oregon State University U.S. Forest Service

Pacific Northwest Research Station
Forestry Sciences Laboratory
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Preface

The overwhelming majority of the world’s plant species are associated with myc-
orrhizal fungi in nature. As the term mycorrhiza implies, the association involves
fungal hyphae interacting in the roots of a plant. Importantly, the hyphae do not
penetrate the cell membranes of the root cells, although they may penetrate the cell
wall. Further, the plant does not reject the fungus as a parasite or pathogen. The
hyphae extend away from the roots into the soil where they take up nutrients and
transport them through the mycelium and to colonized roots. Multiple hyphae
connect plant hosts into what has become known as a mycorrhizal network.
Mycorrhizal networks are below ground and cryptic. As such, plant and ecosystem
ecologists in the past had to largely “black-box” the role of mycorrhizal networks in
plant community and ecosystem dynamics. Björkman was the first to report field
evidence of a mycorrhizal network in his work on the nutritional mode of the
mycoheterotrophic plant Monotropa hypopitys (Björkman 1960). Newman (1988)
provided a thorough review of the structure and function of mycorrhizal networks.
Since Newman’s initial review there has been an impressive amount of work on the
topic using advanced methods such as isotopic labeling and PCR-based identifi-
cation methodologies and additional reviews have followed (Simard and Durall
2004; Selosse et al. 2006; Horton and Van der Heijden 2008; Peay et al. 2008; Van
Der Heijden and Horton 2009; Bahram et al. 2014).

The textbook explanation for the benefit to plants of associating with mycor-
rhizal fungi is that fungi provide plants with a physical extension of the root system.
Importantly, the fungi also produce unique enzymes that give plants access to pools
of nutrients with limited availability to the plants alone (e.g., organic nitrogen,
phosphorus). However, an individual mycorrhizal plant colonized by a single
fungus individual is too simple. The mycorrhizal condition is much more complex
and interesting. For example, an ectomycorrhizal tree may support tens of fungus
species on its roots and multiple genotypes of each (Bahram et al. 2011). And each
genetic entity (genet) may be isolated into multiple independent ramets. Further,
this does not address the increasingly recognized role of mycorrhizal fungi in
forming intra- and inter-specific plant connections, the mycorrhizal networks.
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It has become clear that most mycorrhizal fungi colonize and provide nutrients to
multiple plant species. This has important implications for plant competition for soil
nutrients, seedling establishment, plant succession, and plant community and
ecosystem dynamics. Schimel and Bennett (2004) suggested a paradigm shift was
occurring in ecosystem science based on the realization that microbes, including
mycorrhizal fungi, acquire organic N through depolymerization of N containing
polymers. Plant ecologists have accumulated a rich body of knowledge regarding
nutrient acquisition by plants. Much of the work is based on hydroponic systems
replete with nutrients and, importantly, without mycorrhizal fungi. However, plants
do not typically grow in nutrient-rich soils, or without mycorrhizal fungi. Plant
competition for nutrients is not strictly a function of interactions between plants.
Rather, mycorrhizal fungi compete for soil nutrients that then become available to
multiple plant hosts through mycelial networks. Competition for soil nutrients may
therefore involve compatibility interactions between fungi and hosts as much as
plant–plant competition. This is a new paradigm for plant ecologists that may be as
important as the one highlighted for ecosystem ecologists by Schimel and Bennett
(2004).

A mycorrhizal fungus network reduced to its simplest form is a single fungal
individual (a thallus) that has colonized multiple root tips of a plant individual
(Fig. 1a). The connected mycelium of an individual fungus colonizing roots of
multiple plants of the same or different species is a common mycelial network
(Fig. 1b). Multiple individuals of multiple fungus species colonizing multiple plant
species make up a common mycorrhizal network (Fig. 1c). The reader should be
careful to understand when an author uses CMN to denote a common mycelial
network usually with a limited spatial extent versus a common mycorrhizal network
that may be much more extensive and involve multiple trees and their fungi.

It is reasonable to assume that an individual plant interacts with a rich assem-
blage of mycorrhizal fungi as indicated in Bahram et al. (2011) on a single poplar
tree, and this level of complexity is ramified by the addition of other local plant
hosts. Individual fungi in such a mycorrhizal network have direct and indirect
impacts on each other and their hosts through competition for soil resources and
compatibility interactions with common hosts. Therefore, a community of mycor-
rhizal plants and fungi interact not as a superorganism sensu Clements (1936) and
Phillips (1935) but individualistically as independent organisms sensu Gleason
(1926).

Following nutrient dynamics in a mycelial network of a single fungus is
daunting, especially in a field setting. Following nutrient dynamics in a complex
mycorrhizal network, with many interacting fungal and plant individuals, is all the
more difficult. Modeling these interactions is helping to overcome the limitations of
an in vivo system and is ripe for new research efforts (see Bahram et al. 2014).
However, these approaches will only yield accurate results with more and better
data on the role each species plays in network dynamics to feed into the models
(e.g., the kind and amount of nutrients acquired and transported, compatibility
interactions with various hosts, competitive interactions between the fungi, and how
plants and fungi recognize and reward good symbionts). It is my hope that the
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chapters in this book lay the next foundation for research on mycorrhizal networks
and point the way to areas for research needs and opportunities.

The book is organized into three sections: network structure, nutrient dynamics,
and the mutualism–parasitism continuum. A necessary requirement for the devel-
opment of a mycelial network is compatibility between a fungus and a plant.
Molina and Horton review specificity of ectomycorrhizal symbionts and its role in
plant communities in Chap. 1. A lot of work has been conducted since Molina et al.
(1992) provided a comprehensive review of specificity. Chapter 1 includes an
updated list of terms and their definitions that should prove useful in communi-
cating about specificity phenomena and mycorrhizal networks. Predictions in the
earlier review about the role of specificity phenomena in plant community
dynamics have been supported in numerous field studies using molecular tech-
niques. However, difficulties with sampling ectomycorrhizal fungi that are infre-
quently encountered and belowground continue to be a problem when investigating
large-scale patterns of host preference and specificity.

Fig. 1 Schematics of mycorrhizal networks. Mycelial connections can vary from one fungus
individual connecting root tips of one plant individual (A), to one fungus individual connecting root
tips of two plant individuals (B), to multiple fungi interacting on multiple plant species (C). We also
highlight an antagonistic interaction between different thalli of the same species (D); the hyphae
recognize nonself tissue and reject the attempt to anastomose. Figure drawn by Sam Tourtellot
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Networks of mycorrhizal fungi involve interactions between symbionts but also
interactions between fungal individuals, a topic explored by Giovannetti et al. in
Chap. 2. When hyphae from the same genotype come into contact, they can
anastomose, or fuse, into a continuous thallus even if the two hyphae were from
different ramets of the same genet. Ectomycorrhizal fungi in the Basidiomycota and
the Ascomycota have genetic systems for recognizing and rejecting nonself tissue,
preventing anastomosis between different genotypes in a mycorrhizal network (Fig.
1d). This so-called vegetative incompatibility system is analogous to our own
immune system. The vegetative incompatibility system in ectomycorrhizal fungi is
why I suggested above that a community of mycorrhizal fungi functions individ-
ualistically rather than as a superorganism. However, as Giovannetti et al. review in
Chap. 2, interactions between arbuscular mycorrhizal fungi may be different. These
fungi are thought to be strictly clonal over the course of their
greater-than-400-million-year history, yet there is evidence for recombination in the
group. Thalli of Glomeromycota have few septae, making a mycelial network
essentially a single cell with hundreds and even thousands of nuclei. Germinants of
single spores contain multiple genotypes but whether the genetic diversity occurs
within the nucleus that is mitotically propagated and packaged into new spores
(homokaryosis model; Pawlowska and Taylor 2004) or across multiple genetically
distinct nuclei, each with their own mitotic fate and possibility for packaging into
new spores (heterokaryosis model; Sanders et al. 1995) is hotly debated. The
vegetative incompatibility system may not be as active in the arbuscular mycor-
rhizal fungi as it is in the ectomycorrhizal fungi and anastomosis between thalli
derived from different genets may be a way of generating and maintaining a mosaic
of genetic types in a thallus. Interestingly, Tisserant et al. (2012) report finding
meiosis-specific genes in the transcriptome of Glomus interadices (now
Rhizophagus irregularis) raising the possibility for some mechanism supporting
recombination in the group other than heterothallic anastomosis. This is an exciting
area with great potential for additional lessons about the unique genetic system in
Glomeromycota and interactions between symbionts in mycorrhizal networks.

The second section of the book focuses on nutrients and their movement through
networks. Wallander and Ekblad begin the section with Chap. 3 and their coverage
of extramatrical mycelium in ectomycorrhizal fungi (extramatrical being mycelia
beyond the root tips). They focus on carbon and nitrogen. Plants allocate an esti-
mated 15–20 % of the carbon they fix to their mycorrhizal fungi (Hobbie and
Hobbie 2006). The fungi use this carbon in part to produce mycelial networks in
soils to gain access to limiting resources. It is well known that fertilized plants
allocate fewer resources belowground and as a result, fewer resources to mycor-
rhizal fungi. Conversely, if a plant is growing under nutrient limitation, more
carbon is allocated belowground, supporting mycelia of fungi that provide access to
the limiting nutrient (Werner and Kiers 2015). Network production is then a
function of both carbon availability and nutrient availability. It is still hard to
quantify the rate of extramatrical mycelium turnover, but Clemmensen et al.
(2015) have shown that dark septate root endophytes may support long-term
sequestration of host carbon in boreal forests. As Wallander and Ekblad suggest,
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there is increasing evidence that ectomycorrhizal fungus networks should be
included in soil carbon models.

In Chap. 4, Jakobsen and Hammer review the influence of mycorrhizal networks
on outcomes of plant competition in arbuscular mycorrhizal plant communities.
Observations that plants do not always benefit from associating with mycorrhizal
fungi have led to the idea that the symbiosis exists on a mutualism–parasitism
continuum (Johnson et al. 1997), a topic that will be explored further in Section 3 of
this book. Clearly, plant hosts allocate carbon to their symbionts, and this allocation
reduces the carbon available for their own growth. This reduced growth may,
in situations of high nutrient availability or intense competition, reduce the com-
petitive outcome and fitness of the host. Jakobsen and Hammer suggest that nutrient
movement in networks moves toward carbon sources and larger plants. As a result,
these authors suggest mycorrhizal networks accentuate competitive outcomes rather
than relaxing them. While it is known that seedlings can experience reduced growth
when connected to mycorrhizal networks, the negative effect of mycorrhizal net-
works on seedling establishment may be temporary, especially when larger hosts
become less significant carbon sources through senescence. Still, Jakobsen and
Hammer predict that mycorrhizal networks help plants that are already larger than
others in the network.

Simard and colleagues have used labeled isotopes to follow transfer of resources
between plants through ectomycorrhizal fungus networks. In Chap. 5, Simard et al.
review the literature on nutrient movement between plants through networks with a
focus on the magnitude, fate, and importance of mycorrhiza-derived nutrients in
ectomycorrhizal plants. It is clear that many mycoheterotrophic hosts are dependent
on network fungi to supply carbon, and that carbon comes from autotrophic hosts in
the network. While there are data showing a low level of carbon can be transported
to autotrophic hosts, it remains controversial whether the amounts are ecologically
significant. Other nutrients such as nitrogen and water are transported through
networks and contribute to plant survival. Phosphorus transport remains difficult to
trace. In summary, resource fluxes through ectomycorrhizal networks can con-
tribute to plant establishment and survival, but the level of the effect is context
dependent.

Section three focuses on studies that investigate mycorrhizal fungi as mutualists
or parasites and the implications of those two symbiotic types for plant community
dynamics. Nara opens this section with Chap. 6 and a review of his work on the role
of ectomycorrhizal networks on seedling establishment in a primary successional
habitat. Networks of ectomycorrhizal fungi associated with pioneer Salix support
establishment of conspecific Salix seedlings, but also seedlings of successional
hosts such as Picea and Betula. Plant hosts planted away from Salix patches are not
colonized by ectomycorrhizal fungi, suggesting spores are not functioning as
inocula as much as Salix-associated mycelial networks. Using microsatellite
markers, Nara shows that some species such as Laccaria produce small thalli
generally less than a meter in extent and short lived. However, other species pro-
duce longer-lived thalli that are up to 10 m in extent. These data are consistent with
other studies from a variety of successional settings suggesting most individuals of
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ectomycorrhizal species are typically less than 3 m in extent, but some individuals
of some species can be much larger (Douhan et al. 2011). Although the degree of
benefit to the plant host varied by fungus species, ectomycorrhizal fungus networks
are important for facilitating seedling establishment in this system.

Wagg and colleagues focus Chap. 7 on facilitation and antagonism in arbuscular
mycorrhizal networks. They suggest arbuscular fungal communities might con-
tribute to greater plant performance through functional complementarity or niche
specialization. They argue that allocation of resources through mycorrhizal net-
works alters competitive outcomes among the plant species, an idea that follows a
model proposed by Bever (2003). By considering antagonistic as well as facilitation
in the mycorrhizal mutualism, the authors give a more complete framework for
understanding how networks function in plant community dynamics.

Kennedy et al. explore the unique networking dynamic of Alnus in Chap. 8.
Most ectomycorrhizal plant hosts are known to associate with multiple fungal
species and vice versa, resulting in a high potential for complex ectomycorrhizal
networks in a forest setting. However, exceptions to this pattern are known, with
Alnus being the most commonly cited exception. Alnus forms isolated networks
with little direct connections to networks of other host species in a forest. This
seems to put both the fungus and plant at a disadvantage given the fungus has fewer
sources of carbon and the plant has less access to nutrients than if they were
generalist symbionts. In addition to reviewing the literature on the specificity
observed in Alnus, the authors discuss why having isolated networks is an
advantage, and how the high specificity in the genus is maintained.

It should be clear from the coverage of these chapters that nutrient transfer
between plants via mycorrhizal networks and its effects on plant community
dynamics remains controversial or at least context dependent. Hoeksema argues in
Chap. 9 that most experiments have not adequately tested the role of mycorrhizal
networks on plant community dynamics. He suggests more tests should be con-
ducted to rule out alternative hypotheses to carbon movement between plants,
especially those that include experimental manipulations of the mycorrhizal net-
works. This is obviously not a trivial request considering the fact that mycorrhizal
networks function largely belowground and are difficult to observe. However,
Hoeksema’s recommendations for future studies (and those of the authors of all the
chapters) point to the exciting possibilities for additional research on mycorrhizal
networks.

I close with my acknowledgements to all the people that have helped make this
book possible. First and foremost are my coauthors who accepted the invitation to
write a review chapter focused on their research. A book on a topic such as
mycorrhizal networks will already seem rather narrowly focused to some, yet as
each chapter shows, the topic can be broken down even further. I have learned a lot
from these authors in the past and even more from this project. I thank all the
authors for their patience with the delays in my completing the book. I also thank
the anonymous reviewers who helped make the book stronger with their con-
structive comments and edits. I thank Valeria Rinaudo for her interest and enthu-
siasm for a book on mycorrhizal networks and shepherding the proposal through
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Springer. Thank you also to Takeesha Moerland-Torpey who helped move the book
forward. And I thank the subject editor Dr. Hal Mooney for his help and encour-
agement as I wrapped up the project.
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Chapter 1
Mycorrhiza Specificity: Its Role
in the Development and Function
of Common Mycelial Networks

Randy Molina and Thomas R. Horton

Abstract The establishment of common mycelial networks by mycorrhizal fungi
shared between host plants depends on the ability of neighboring plants to enter into
mycorrhizal associations with compatible fungal species. Such compatibility is
governed by the potential mycorrhiza specificities of the symbionts. Mycorrhiza
specificities exist along a continuum from low specificity (association with multiple
partners) to high specificity (association with one or few partners). Although the
ability of symbionts to form mycorrhizas may be largely governed by host-fungus
gene interactions as influenced by co-evolutionary events, mycorrhizal associations
in natural ecosystems can also be influenced by environmental factors (e.g. soil) and
biological factors (e.g. different neighboring host species), phenomena referred to as
“ecological specificity.” For example, in natural settings, mycorrhizal fungi often
express “host preference” wherein fungi may be more common on a particular host
in mixed-host settings than would be expected by random species assemblage
within the fungal and plant communities. Mycorrhiza specificity phenomena sig-
nificantly influence plant community dynamics, particularly plant succession. Early
seral plants can positively affect the establishment of later-seral plants by main-
taining commonly shared mycorrhizal fungi, and thus affecting the function of
common mycelial networks over time. Such knowledge provides guidance for
ecosystem managers to maintain “legacy” early -seral plants that benefit later-seral
plants via shared mycorrhizal fungus species. Understanding specificity phenomena
is also crucial for predicting the successful migration of plants and compatible
mycorrhizal fungi during climate change. We review mycorrhiza specificity ter-
minology and types of specificity phenomena, and suggest use of common terms to
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provide consistency in addressing this research topic. We also provide extensive
examples from diverse ecosystems on the ability (or inability) of neighboring plants
to develop common mycelial networks.

Keywords Host specificity � Mycorrhiza specificity � Mycorrhiza compatibility �
Host preference � Ectomycorrhiza

1.1 Introduction

Common mycelial networks (CMNs) of mycorrhizal fungi connecting neighboring
host plants affect ecosystem processes and community dynamics including seedling
establishment, plant succession, and ecosystem resiliency (Simard et al. 2002,
2012; Simard and Durall 2004; Simard and Austin 2010; Selosse et al. 2006;
Horton and van der Heijden 2008; van der Heijden and Horton 2009). Requisite to
the establishment and function of CMNs is the ability of neighboring plants to be
colonized by shared mycorrhizal fungi, or more specifically, individuals with
continuous mycelial systems. Formation of linkages via compatible mycorrhizal
fungi is governed in large part by the potential mycorrhiza specificities of the
symbionts (i.e., host range of fungus, fungus range of host).

Molina et al. (1992) comprehensively synthesized concepts, phenomena, and
ecological implications of mycorrhiza specificity. In the ensuing 20 years, many
researchers have expanded upon those ideas to support an overarching concept: the
degree of specificity displayed by both plant and fungal symbionts varies along a
continuum from low specificity (associate with many symbiotic species) to high
specificity (associate with one or a few species) (Fig. 1.1).

Several general terms are used to express where the symbionts lie along this
continuum. For example, fungi only known to associate with a particular host
species, or, more commonly, a host genus or family, are called “host specialists” for
that host taxon. Those fungi that show less or no restriction to a taxonomic group of
hosts are commonly called “generalists”. Taylor et al. (2002) note that the “degree
of specificity is a unique attribute of each partner”. Although we can use general
terms to describe similarities among fungi and hosts in mycorrhiza specificity

Mycorrhiza Specificity Continuum 

Low specificity High specificity
Many symbionts Few symbionts

Fig. 1.1 Specificity continuum. Symbiotic plants and fungi fall along a continuum of specificity
patterns. These interactions influence the complexity (number and diversity of species) of a
mycorrhizal network
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attributes, we must recognize that such general terms are relative and require more
precise definition within the context of a study or when comparing studies. One of
our goals is to bring clarity in the use of terms relevant to describing mycorrhiza
specificity phenomena.

Mycorrhiza specificity processes and phenomena are complex due to the high
diversity of mycorrhizal symbionts that span a phylogenetically diverse group of
plant and fungal taxa, forming a variety of mycorrhizal types (e.g., arbuscular-,
ecto-, orchid-, and ericoid mycorrhiza) with varied evolutionary histories (Hibbett
and Matheny 2009; Tedersoo et al. 2010a; van der Heijden et al. 2015). Such
complexity challenges our ability to generalize about global patterns of mycorrhiza
specificity because we continually discover exceptions as we explore new
ecosystems. A commonly cited generalization from the Molina et al. (1992) review,
for example, is that most mycorrhizal fungi display a broad host range (or that little
specificity is expressed in mycorrhizal associations). While this generalization may
be true in a numerical sense, those same authors also provided numerous examples
of fungi that showed variously restricted levels of host specificity and cautioned
about over generalizing about these patterns. Since that 1992 review several papers
support both the widespread nature of generalists and specialists among ectomyc-
orrhizal (EM) fungi, and shed light on how host community composition and
ecological conditions at a site impacts the relative abundance and function of EM
fungi along the specificity continuum.

Concepts of mycorrhiza specificity go beyond a simple understanding of whe-
ther particular plants and fungi can enter into a mycorrhizal symbiosis. Harley and
Smith (1983) coined the term “ecological specificity” to emphasize that the ability
of plants and fungi to form mycorrhizae in the field may differ from that demon-
strated in experimental syntheses wherein the symbionts are brought into contact
under controlled conditions. Ecological specificity may be thought of as a variation
on the ecological concepts of fundamental and realized niches. Molina et al. (1992)
expanded this concept to include how a diversity of abiotic and biotic factors may
affect the ability of plants and fungi to develop mycorrhizae in nature. This is
analogous to applying the disease triangle in plant pathology (Fig. 1.2). The
presence and composition of neighboring plants can affect the ability of some
mycorrhizal fungi to develop mycorrhizae with particular hosts (Massicotte et al.
1994; Molina et al. 1997; Simard et al. 1997a; Kohout et al. 2011). As will be
discussed in more detail, several studies have shown that in spite of the presence of
a selection of potential host plants, certain fungi only form mycorrhiza with par-
ticular hosts. Such “host preference” appears widespread in both EM (Kranabetter
et al. 1999; Cullings et al. 2000; Kernaghan et al. 2003; Ishida et al. 2007; Tedersoo
et al. 2007a, 2008a, 2010b, 2011; Morris et al. 2008, 2009; Cavender-Bares et al.
2009; Smith et al. 2009, 2011; Diédhiou et al. 2010; Wolfe and Pringle 2011) and
arbuscular mycorrhizal (AM) systems (Helgason et al. 2002, 2007; Hart et al. 2003;
Bever et al. 2009; Hausman and Hawkes 2009, 2010; Kiers et al. 2011; Davidson
et al. 2011). Hart and Klironomos (2002) describe such preferences in AM systems
as a type of “functional specificity” wherein fungi display differential benefit to
neighboring plants. Recent research demonstrates that some hosts can selectively
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allocate photosynthate to a beneficial versus a non-beneficial fungus, and some
fungi can discriminate among roots for carbon supply (Bever et al. 2009; Kiers et al.
2011). As we will discuss in more detail, these types of interactions and responses
by fungi and plants associated with a mycelial network can significantly affect
mycorrhizal community dynamics.

Early research on patterns of mycorrhiza specificity relied on associations of
sporocarps (or spores for AM fungi) with particular plant hosts in nature or inoc-
ulation experiments such as the elegant pure culture syntheses of ectomycorrhiza by
Melin (1922, 1923) or early pot studies by many researchers on arbuscular myc-
orrhiza. For mycorrhizal fungi that develop macroscopic reproductive structures
(e.g. mushrooms and truffles) or easily retrievable spores (certain AM fungi), the
resulting patterns of host-fungus associations provided valuable clues on mycor-
rhiza specificity, evolution, and host-fungus migration (Trappe 1962; Newton and
Haigh 1998; Halling 2001; den Bakker et al. 2004; Vellinga et al. 2009; Wilson
et al. 2012). Unfortunately not all mycorrhizal fungi produce showy and easily
identified reproductive bodies, especially not in controlled settings, and field
associations are not absolute proof of mycorrhizal relationships, particularly in
stands composed of multiple host species.

The advent of PCR-based molecular techniques revolutionized our ability to
identify plant and fungal symbionts on colonized roots, to derive phylogenetic
relationships among mycorrhizal fungi, and thus to address concepts of mycorrhiza
specificity with enhanced precision (reviewed in Horton and Bruns 2001; Peay et al.
2008). The patterns of presence and prevalence of multi-host fungi versus host
specific fungi, or those showing host preference, have been fine-tuned with the
application of molecular techniques in the field (Kennedy et al. 2003; Ishida et al.
2007; Twieg et al. 2007; Diédhiou et al. 2010; Smith et al. 2011; Polme et al. 2013;
Roy et al. 2013). Molecular studies have also shed new light on the abilities of some
fungi to form multiple types of mycorrhizae. For example, many EM fungi also
form orchid, arbutoid, or monotropoid mycorrhizae (Taylor et al. 2002; Bidartondo

Environment

Fungus                                 Plant

Fig. 1.2 The disease triangle. Compatible interactions between EM plants and fungi are
influenced by the two symbionts (e.g., age of the seedling, carbon cost of the fungus, etc.) and by
the environment. The environment includes the light environment, soil and nutrient type or
availability (e.g., organic or inorganic N), as well as neighboring plant and fungal species in the
networks
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et al. 2004), and some may even form ericoid mycorrhizae (Bergero et al. 2000;
Allen et al. 2003; Villarreal-Ruiz et al. 2004; Grelet et al. 2009, 2010). Molecular
studies of mycoheterotrophic plant roots have also revealed extreme fungal speci-
ficity and exploitive (parasitic) associations within mycorrhizal symbioses (Taylor
et al. 2002; Bidartondo 2005). Molecular studies continue to provide a wealth of
new information and approaches to determine the potential for linkage between
neighboring plants, resulting in the formation of CMNs.

Many ecological and management implications flow from our understanding of
CMNs as structured by mycorrhiza specificity processes and phenomena. Molina
and Trappe (1982) first used “common mycelial networks” in a discussion of
mycorrhiza specificity expressed by the arbutoid mycorrhizal plants Arbutus
menziesii and Arctostaphylos uva-ursi; the authors hypothesized that these plants
maintain EM fungus diversity in forest ecosystems following disturbance and
benefit seedling establishment of later-seral Pinaceae because seedlings can exploit
the mycorrhizal networks supported by these arbutoid plants. Similar examples of
mycorrhiza specificity affecting formation and function of CMNs in diverse
ecosystems abound and will be discussed later. The introduction of exotic, and
potentially invasive, mycorrhizal fungi and plants worldwide is also influenced by
compatible symbionts and mycorrhiza specificity processes (Vellinga et al. 2009;
Nuñez et al. 2009; Dickie et al. 2010; Hynson et al. 2013; Karst et al. 2014;
Hayward et al. 2015a, b). Similarly, as climate changes, the successful migration of
plants and fungi into new habitats shaped by changing environmental conditions
will be affected by compatibility of existing mycelial networks and the co-migration
of compatible symbionts during migration.

We do not comprehensively review mycorrhiza specificity in this chapter;
instead, we focus on what has been learned since the review by Molina et al.
(1992). Our main goal is to provide a clear understanding of how mycorrhiza
specificity influences the development and function of CMNs by addressing the
following objectives: (1) refine a working lexicon of terms for mycorrhiza speci-
ficity research, (2) provide an updated overview of patterns of specificity seen in
EM associations, and (3) exemplify the ecological consequences of how these
specificity phenomena influence community dynamics, ecosystem resiliency, and
the functions of CMNs. Given our expertise, we focus on EM symbioses but draw
upon examples of other mycorrhiza types as appropriate.

1.2 The Lexicon

As ecologists we are acutely aware of the use and abuse of ecological terms
(Tansley 1935), and those applicable to mycorrhiza specificity are no exception. In
this section our objective is to clearly define our use of terms in this chapter. Some
of the terms are drawn from the ecological literature, some from plant pathology,
and some are unique to mycorrhizal symbioses. We provide definitions in
Table 1.1, and elaborate on these in the following section.
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Table 1.1 Definitions of terms used when discussing mycorrhiza specificity

Word or phrase Definition

Symbiosis Literally, living together. Can be a pathogenic, parasitic or
mutualistic interaction

Mutualism A symbiosis in which both organisms increase their fitness
through the interaction. Increased uptake or allocation of
resources, and improved growth are typically surrogates for
fitness in mycorrhizal mutualisms

Fitness The genetic contribution by an individual’s descendants to future
generations of a population. While biomass is often used as a
proxy for fitness, it does not directly account for reproductive
success

Mycorrhiza, mycorrhizas,
mycorrhizae, mycorrhizal
When to use these?

It is believed that the term mycorrhizae was first coined by A.B.
Frank. He combined two Greek roots, mycor- for fungus and -
rhiza for root (plant root). He used mycorrhiza for singular,
mycorrhizae for plural, and most researchers followed that
approach. But actually there was a problem. The—ae ending is
Latin, and so Frank combined two Greek roots with a Latin
ending. Many today argue for an English plural ending, so we
get mycorrhizas. Neither uses a Greek ending, so neither is
actually ‘correct’.

The use of the adjective mycorrhizal is perhaps more interesting
(for those interested in this kind of thing!). What follows is a
personal communication from Dr. Jim Trappe on whether to use
mycorrhiza or mycorrhizal with specificity:
‘Mycorrhiza’ is a noun, but unlike most languages, English lets
us use nouns as adjectives. When we do, always or maybe
nearly always it’s a short-handed way of saying the possessive
case, i.e. ‘mycorrhiza specificity’ = ‘of mycorrhiza’ or ‘of
mycorrhizae’, depending on the context. ‘Mycorrhizal’ is
strictly an adjective, meaning the property of forming or being
part of a mycorrhiza, e.g. ‘a mycorrhizal host’ or a ‘mycorrhizal
fungus’. Having counted how many angels can dance on the
head of a pin, I pound my gavel on the judge’s bench and
pronounce: “specificity” cannot be mycorrhizal, that’s like
saying ‘specificity forms a mycorrhiza’ or ‘specificity is a
participant in forming a mycorrhiza’. ‘Mycorrhiza specificity’
means “specificity of mycorrhizae”. This may not be strictly
accurate, because we really mean host or fungus specificity, but
in my opinion (that’s what judges do, give opinions), the term
implies specificity of either or both components of a
‘mycorrhiza’

Note from TRH: It seems to me that the issue is not whether to use
mycorrhizal or mycorrhiza with specificity if both can connote an
adjective and both suffer from the suggestion that specificity can
form a mycorrhizal root which it cannot. We probably will
continue to use mycorrhiza specificity (or mycorrhizal
specificity) even though, as Judge Trappe suggests, we mean the
specificity of the fungus and/or plant forming the mycorrhizal
root tip. Note that the titles of multiple publications by Molina,
Horton and Trappe in the literature citation list for this chapter
used the –al form when referring to specificity, symbioses,
inoculation, ecology and networks, none of which can be
mycorrhizal according to judge Trappe! So much for clarity

(continued)
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1.2.1 Symbiosis

Frank originally coined the term “symbiotism” in 1885 (Trappe 2005) to encompass
the full range of interspecific interactions fromparasitism tomutualism.More recently
symbiosis, a variation of the term coined by de Bary in 1879, is widely used almost

Table 1.1 (continued)

Word or phrase Definition

Mycorrhiza specificity An umbrella term that refers to the range of symbionts with
which a fungus or plant develops a mycorrhizal symbiosis and
the influences that contribute to the compatibility of the
symbionts. Narrow range species necessarily associate with
fewer symbiotic partners compared to broad range species, but
we emphasize the phylogenetic breadth over richness

Mycorrhiza compatibility The ability of a fungus and plant to form an anatomically
defined mycorrhiza (Refer to Peterson et al. (2004) for
anatomical definitions and images of the various mycorrhizal
types)

Degree of mycorrhiza
specificity

The breadth of taxonomic diversity with which a mycorrhizal
species associates (synonymous with degree of host specificity)

Host range of the fungus: Host range displays a continuum from narrow (associated with
closely related hosts such as members of a single genus) to
broad (associated with unrelated hosts such as both angiosperm
and conifer species). Mycorrhizal fungi with narrow host ranges
are often called “specialists” while those with diverse hosts are
called “generalists.” Specialist and generalist are relative terms
and should be carefully defined within the context of the study

Fungus range of the host: The breadth of fungus taxonomic diversity with which a plant
species associates. Analogous to host range, fungus range
displays a continuum from narrow (fungal associates are closely
related) to broad (fungal associates are a phylogenetically
diverse group)

Fidelity to a mycorrhizal
type

The ability of a plant or fungus to form one or more mycorrhizal
types (type in this case refers to the anatomically defined
categories of mycorrhiza)

Ecological specificity The influence of biological or environmental factors on the ability
of a plant and fungus to form a compatible mycorrhiza in soil.
Based on the disease triangle in plant pathology

Host preference/selectivity Consistent patterns of nonrandom assemblages between plant
and fungal species are observed more or less frequently than
expected by chance, despite an absence of compatibility
limitations between the symbionts. The mechanisms behind
these patterns are not well understood, including whether the
plant or fungus or both control the association frequency

Host shift An evolutionary process wherein a fungus colonizes a new plant
species when its primary host species is going locally extinct or
no longer available

1 Mycorrhiza Specificity: Its Role in the Development … 7



synonymously with mutualism. We find Frank’s original meaning better, in part
because it allows for multiple outcomes along the parasitism—mutualism continuum.

1.2.2 Mutualism

Mutualisms are symbioses in which both organisms benefit from the interaction.
Widespread examples include mycorrhizal plants and fungi, lichens and plant
pollinator systems. An organism that is generally labeled as a mutualist in relation
to a second organism may still reduce the growth or even fitness of the second
organism under certain conditions, a feature of the mutualism-parasitism continuum
noted in mycorrhizal symbioses (Johnson et al. 1997).

1.2.3 Fitness

The contribution of an individual’s genotype to succeeding generations. While
biomass and relative growth rate (RGR) may provide good proxies for fitness, they
are not direct measures. As a result, a plant may sustain a negative RGR at the
seedling stage as it allocates carbon to its mycorrhizal fungi while actually
increasing its fitness through increased survival and reproductive output in the
future (Stanley et al. 1993).

1.2.4 Mycorrhiza Specificity

Phylogenetic range of the symbionts known to form mycorrhizal associations with a
particular plant or fungal species. This general term takes neither a fungus- or
plant-centric view. Mycorrhiza specificity may be narrow, as in the restriction of
Suillus species to members of Pinaceae (Kretzer et al. 1996), or broad as in the 2000
species of EM fungi known to associate with Douglas-fir (Pseudotsuga menziesii,
Trappe 1977). This umbrella term serves as a construct to discuss various specificity
phenomena expressed in mycorrhizal symbioses.

1.2.5 Mycorrhiza Compatibility

The ability of a fungus and plant to form an anatomically defined mycorrhiza. This
definition does not necessitate having data on the physiological nature of the sym-
biosis or “functional compatibility” as defined by Gianinazzi-Pearson and Gianinazzi
(1983), i.e. physiological exchange of materials that point to a mutualistic symbiosis.
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Given that the functional nature of mycorrhizal interactions varies tremendously
between different plant and fungus associations (from one-sided parasitism to obli-
gate mutualism), and that it is difficult to measure functional interactions, we use an
anatomical definition of compatibility. Anatomically, the arbuscule (AM), Hartig net
(EM), coil (ericoid, arbutoid, AM), hyphal peg (monotropoid), and peloton (orchi-
doid) are sites of nutrient transfer that we consider hallmarks of compatible associ-
ations. There may also be indications of incompatible associations, such as cortical
cell disruption and phenolic compounds in colonized plant roots. The fact that hyphal
cell disruption occurs in monotropoid hyphal pegs and orchidoid pelotons is an
indication that these associations may be closer to, if not at, the parasitic end of the
mutualism-parasitism continuum. We recognize that physiological interactions may
be integral to the expression of mycorrhiza specificity phenomena, but leave func-
tional aspects to a more thorough taxonomic survey based on experimental testing
and genome surveys of functional genes.

1.2.6 Degree of Mycorrhiza Specificity

Prior to the use of extensive morphotyping in concert with molecular tools, the
degree of mycorrhiza specificity in EM associations was based either on
sporocarp-host observations, visually linking mycelium from sporocarps to EM
roots of hosts in the field, or on pure culture synthesis experiments in the laboratory.
The application of molecular tools on field-collected ectomycorrhizal root tips has
provided greater data with more precision regarding fungal identity and the ability
to test many of the assumptions and hypotheses put forth by earlier methods.
Knowledge on specificity patterns represents hypotheses that are necessarily upheld
or modified as new data are generated.

Host range of the fungus: Molina et al. (1992) described how EM fungi
associate with host species along a spectrum from narrow to broad, and, for sim-
plicity, divided the spectrum into three categories: narrow host range (restricted to a
single host species or genus), intermediate host range (restricted to a host family, or
a single taxonomic grouping, such as conifers or angiosperms), and broad host
range (mostly unrestricted, associated with many host families, including both
conifer and angiosperm). Species in the hypogeous EM genus Rhizopogon are
classic examples that express primarily narrow specificity, associating with single
genera within Pinaceae (e.g., R. vinicolor and Pseudotsuga); some Rhizopogon
species, however, are intermediate and associate with several host genera within
Pinaceae (e.g., R. salebrosus) (Molina et al. 1999). Cenococcum geophilum, with its
cosmopolitan range and association with most EM hosts, exemplifies a broad host
range EM fungus. Although these terms have been used in several publications, the
terms “specialists” and “generalists” have proven more common as they are used in
other ecological contexts.

These are all relative terms, however, and require definition within the context of
the study, e.g., Quercus specialist, Fagaceae specialist, or angiosperm specialist.

1 Mycorrhiza Specificity: Its Role in the Development … 9



Alternatively, one may directly state the degree of host restriction such as being
Quercus specific, Fagaceae specific, or angiosperm specific.

“Multi-host fungus” is another commonly used phrase in EM fungal community
studies in stands of mixed hosts and reflects the observed host range in that par-
ticular location. “Multi-host” is also a relative term that requires careful definition
within the context of the study or when comparing results from different studies.
For example, if one examines a stand with three genera of Pinaceae (e.g., Pinus,
Picea, Tsuga) and three genera of angiosperms from two families (e.g., Quercus,
Betula, Fagus), fungi that form ectomycorrhiza with all three Pinaceae hosts, all
three angiosperm hosts, or a combination of Pinaceae and angiosperm hosts would
all be considered “multi-host” fungi, yet could differ significantly in their host
ranges and thus mycorrhiza specificity. Similarly, all “generalists” are not the same.
For instance, although Wolfe and Pringle (2011) found that the EM fungus Amanita
phalloides expresses broad compatibility with new hosts since it was introduced
into North America, they did not consider it a true “generalist”, because it did not
associate with all EM hosts within its new range and showed strong host prefer-
ences in different locations. It is also important to keep in mind that genetic data has
shown that some generalists are actually species complexes with individual species
showing a higher degree of specialization (ecological or plant host) than expected
based on a morphological species concept (Martin et al. 2002, 2008; Douhan et al.
2007; Geml et al. 2008).

Fungus range of the host: Ectomycorrizal hosts differ in the phylogenetic
breadth of associated fungi. Molina et al. (1992) termed this fungus specificity
phenomenon “host receptivity,” defined simply as the number of fungal species
associated with a host. Note that this is without reference to the phylogenetic
breadth of the associates. Host receptivity has not been widely used since the 1992
paper. To make the fungus range of the host analogous to the host range of the
fungus, we suggest using the degree of phylogenetic breadth of the fungi associated
with hosts ranging from narrow (as seen in Pterospora andromedea, which only
associates with several closely related Rhizopogon spp.) to broad (as seen in
Pseudotsuga menziesii, known to associate with thousands of fungal species from
numerous and distantly related phylogenetic groups). As noted for fungal host
range, it is best to define the context when referring to the fungus range of the host.

1.2.7 Symbiont Fidelity to a Mycorrhiza Type

The term “fidelity” is used in early plant community ecology literature in reference
to the constancy a plant species exhibits in a particular community association. We
use it similarly but in reference to whether plant or fungal species are constant in the
type of mycorrhiza they form. It is a valuable concept in describing mycorrhiza
specificity phenomena, because it implies wide ranges of compatibility among
diverse plants and fungi and indicates the potential for CMNs among plants. Most
mycorrhizal plants and fungi express fidelity to one mycorrhiza type. There are
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many exceptions, however, and molecular tools have raised several questions in this
regard. Well known exceptions include a large group of hosts that form both
ectomycorrhizae and arbuscular mycorrhizae (e.g., several species in Fagaceae,
Eucalyptus, Populus, Salix); these hosts often form arbuscular mycorrhiza early as
seedlings but become predominately EM as mature plants (see Molina et al. 1992;
Brundrett 2004; Smith and Read 2008 for lists of these plants and more through
discussion). AM colonization has also been noted in typically non-AM hosts, such
as the Pseudotsuga (Cázares and Smith 1995), and Pinus (Horton et al. 1999).
Koske et al. (1990) reported AM colonization along with ericoid mycorrhiza in
several Hawaiian Ericaceae. We will probably continue to discover more incidences
of AM colonization of typically EM or ericoid hosts as we explore this phe-
nomenon further, and it remains to be seen whether these result from opportunistic
colonization in roots lacking a fungal mantle with no obvious fitness enhancement
to the plants (perhaps following disturbance as seen in Horton et al. 1999) or
functional mutualisms as evidenced by increased P uptake with AM colonization in
Pseudotsuga (Cázares and Smith 1995).

Molecular tools have shed considerable new light on the interactions of EM
fungi with arbutoid hosts, such as Arctostaphylos spp. (covered below), and my-
coheterotrophic plants in Orchidaceae and Ericaceae. EM fungi of forest trees are
the main mycobionts of mycoheterotrophic plants, and mycotrophic plants typically
have a very narrow fungus range such as a single species or a group of closely
related species (Taylor et al. 2002; Bidartondo 2005). Although debate continues on
whether these are mutualistic or parasitic symbioses, they are anatomically referred
to as mycorrhiza (Peterson et al. 2004), and certainly lie within the
parasitism-mutualism continuum recognized for all mycorrhizal symbioses
(Johnson et al. 1997). Several recent molecular studies have also shown that some
EM fungi can form both ectomycorrhiza and ericoid mycorrhiza (Bergero et al.
2000; Allen et al. 2003; Villarreal-Ruiz et al. 2004; Grelet et al. 2009, 2010). Such
findings led Vrålstad (2004) to entertain the possibility of EM and ericoid fungi
operating within a “common guild” and potentially developing CMNs that may
yield ecologically significant interactions between overstory EM trees and under-
story Ericaceae.

Molecular studies and further root sampling worldwide will continue to clarify
the lines of mycorrhiza fidelity. For example, the ericoid mycorrhizal fungus
Rhizocyphus ericae is widespread in the leafy liverwort Cephaloziella various in
Antarctica, and an isolate from the liverwort formed typical ericoid mycorrhizae
with Vaccinium macrocarpon seedlings upon inoculation (Upson et al. 2007).
Several fungi that form ericoid mycorrhizae with Woolsia pungens were also iso-
lated from 17 plants in a southeastern Australian forest (Chambers et al. 2008).
Members of the Sebeniales also blur the fidelity line, as several species are involved
in ecto-, orchid, and ericoid mycorrhiza (Selosse et al. 2002a, b; Allen et al. 2003;
Urban et al. 2003; Setaro et al. 2006). These patterns reveal an interesting line of
research: who is in control of a compatible interaction and characteristic anatomical
features of each mycorrhizal type, the plant, fungus, or both?
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1.2.8 Ecological Specificity

Harley and Smith (1983) used this concept in reference to the ability of plants and
fungi to express different mycorrhiza compatibility under natural conditions com-
pared to laboratory conditions, such as pure culture syntheses, and it has its roots in
the disease triangle (Fig. 1.2).

Molina et al. (1992) expanded the definition to include the influence of bio-
logical or environmental factors on the ability of a plant and fungus to form a
compatible interaction in soil. This concept emphasizes the point that factors
beyond potential genetic compatibility of host and fungus can influence whether
mycorrhizas develop under natural conditions, as indicated in the disease triangle.
For mycorrhizal networks, the environment includes neighboring plants that can
influence whether a particular fungus forms mycorrhiza with other co-occurring
plant species.

1.2.9 Host Preference and Selectivity

In field studies with experimental designs that allow researchers to rule out random
affects, consistent patterns of associations between plant and fungal species are
observed more or less frequently than expected by chance, despite an absence of
compatibility limitations between the symbionts. Further, in field studies of EM
fungal communities involving multiple neighboring host species, some fungi occur
more frequently on one host compared to a different neighboring host species
(Kranabetter et al. 1999; Cullings et al. 2000; Kernaghan et al. 2003; Ishida et al.
2007; Tedersoo et al. 2007a, 2008a, 2010b, 2011; Morris et al. 2008, 2009;
Cavender-Bares et al. 2009; Smith et al. 2009, 2011; Diédhiou et al. 2010; Wolfe
and Pringle 2011). This phenomenon is called “host preference” (or selectivity) and
is widespread in EM and AM systems (several detailed examples are provided in a
later section). The mechanisms and ecological processes that yield patterns of host
preference are largely unknown but likely include a complex of factors, such as
competitive interactions among fungi, phylogenetic and physiological differences
among hosts, and preferential allocation of resources between symbionts (Dickie
2007; Bever et al. 2009; Tedersoo et al. 2010a; Kiers et al. 2011). Host preference
can influence fungal and plant community dynamics, as well as the structure and
function of CMNs.

1.2.10 Host Shift

Host shift (or switch) is viewed in the pathology literature as an evolutionary
process wherein a fungus becomes relatively more abundant on (shifts to) a new
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host when the original primary host is declining or no longer available. This allows
the fungus to persist in its current range or even expand its range. The concept has
also been applied in the evolution of EM fungi. As examples, Wilson et al. (2012)
provided evidence for host shifts of Scleroderma species from ancestral Pinaceae to
various angiosperms, as well as between angiosperms (Myrtaceae and Fagaceae).
Within EM Leccinum, specific to Betula hosts, den Bakker et al. (2004) describe
likely host shifts from Betula to Populus to Arbutoidae (that is, associations with
Betulaceae to Salicaceae to subfamily Arbutoideae in Ericaceae). Given the
expression of strong host specificity by several linages of EM fungi associated with
Alnus, Tedersoo et al. (2009) suggest “multiple, independent host shifts”. An exact
event of host shift is difficult to distinguish, because the process is likely to unfold
over a long period of time wherein the fungus may associate with both hosts until
the original host disappears. An exception may be when fungi are introduced into
new locations far distant from their original hosts. For example, Wolfe and Pringle
(2011) note the shift by Amanita phalloides to several EM hosts when introduced
into North America, an ability likely made possible by ancestral compatibilities
with a diverse range of EM hosts in Europe.

Host shift has also been used to describe the movement of native EM fungi onto
introduced hosts (Tedersoo et al. 2007b). However, we do not support this use of
the term because this does not describe an evolutionary process, and the original
local hosts are present and not declining. Cases of introduced hosts forming ecto-
mycorrhiza with native EM simply represent an expansion of the host range for
those fungi, again likely to be brought about by broad ancestral host compatibility.
For example, Bahram et al. (2013) found that several EM fungi associated with
native Fagaceae and Betulaceae in Iran formed ectomycorrhiza on introduced Pinus
sylvestris. They hypothesized that, although P. sylvestris is not native to Iran, it
occurs sympatrically with Fagaceae and Betulaceae in Europe, and compatibility of
fungi associated with native angiosperm hosts with introduced pines in Iran may
reflect ancestral EM fungus compatibility with Pinaceae.

1.3 Ecological Specificity and Host Preference

How do biotic and abiotic factors influence fungal and plant community dynamics
and the role of mycorrhiza specificity phenomena? Among biotic factors, neigh-
boring plants can exert significant effects on how fungi develop mycorrhizae within
a mixture of potential hosts. For example, when various fungus and host species are
grown in plant mixture and monoculture experiments, a fungus may only develop
mycorrhizae on a particular host in specific treatment combinations, or differ in the
degree of colonization depending on the presence of different hosts. Massicotte
et al. (1994) and Molina et al. (1997) found that following spore inoculation,
several Rhizopogon species (Pinaceae specialists) formed arbutoid mycorrhizae
with arbutoid hosts (Arbutus or Arctostaphylos spp.) when grown in bioassays with
their typical Pinaceae host species, but not when grown in an arbutoid host
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monoculture. Similarly, Douglas-fir specialist Rhizopogon species can also colonize
western hemlock (Tsuga heterophylla) seedlings when grown in dual host bioas-
says with Douglas-fir seedlings (Smith et al. 1995). Massicotte et al. (1999) grew
several mixtures and monocultures of EM hosts in forest soil and found that some
EM fungi only formed ectomycorrhizae with particular hosts in mixed cultures.
Again, this included the colonization of Arbutus menziesii by Pinaceae specialists
when grown in host mixtures. In a greenhouse forest soil bioassay that examined
shared compatibility between Douglas-fir and Betula papyrifera, Simard et al.
(1997a) found that Douglas-fir only formed ectomycorrhizae with Tuber spp. when
grown in mixture with Betula, and the mixture treatment also affected frequency
and abundance of retrieved morphotypes.

Host neighbor effects also occur under natural field conditions. Jones et al.
(1997) found that the evenness of the EM fungal community on Douglas-fir was
greatest when seedlings were planted in mixture with Betula papyrifera seedlings in
clearcuts, although overall richness of EM types was not affected. Nara (2006a, b)
detected the Larix specialist Suillus larcinus on a Betula seedling when growing
next to a Larix sapling. Similarly, Horton (unpublished data) found the
Arctostaphylos specialist Leccinum manzanitae on neighboring Pinus contorta
roots in a sand dune habitat, corroborating earlier pure culture synthesis results of
Molina and Trappe (1982). Presence of ericaceous plants can influence the EM
fungal community of forest trees. Kohout et al. (2011) report that neighboring
Vaccinium significantly promoted abundance of Rhizopogon salebrosus and
inhibited Thelephora terrestris on pine; Wilcoxina only occurred on pine when
Vaccinium was present.

Abiotic factors such as soil composition, chemistry, and soil moisture can
influence the growth and establishment of different EM fungal species (Baar and de
Vries 1995; Koide et al. 1998; Conn and Dighton 2000; Dighton et al. 2000;
Cullings et al. 2003; Cavender-Bares et al. 2009). For example, the litter of some
plants and resulting decomposition products may influence the EM fungal com-
munity found on adjacent hosts. Aponte et al. (2010) examined the EM fungal
community of two co-occurring Mediterranean oaks, and of 69 OTUs (operational
taxonomic units) recovered, only 13 were found on both oak species; 29 were
exclusive to Quercus canariensis and 27 only on Q. suber. They found that Ca
content was highest under the winter deciduous Q. canariensis and that differences
in EM fungal communities were correlated with Ca content in the soil. Morris et al.
(2009) also suggest that differences in litter quality affected host preferences
between two Quercus species in a tropical cloud forest in southern Mexico.

Most field reports of ecological specificity phenomena are based on observa-
tional data of host-fungus associations and frequency of occurrence. Tests of
hypotheses regarding expression of ecological specificity are rare and needed to
improve our understanding of the factors influencing mycorrhiza specificity.
Hayward and Horton (2012), for example, tested whether the host specific nature of
EM fungi associated with Pisonia grandis on the Pacific island of Rota was due to
soil or host factors. Pisonia grandis associates with a restrictive set of EM fungi and
throughout much of its range occurs in habitats rich in guano. Cairney et al. (1994),
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Chambers et al. (2005), and Suvi et al. (2010) suggest that this unique habitat has
shaped the EM fungal associates of P. grandis, i.e., an expression of ecological
specificity. Hayward and Horton (2012) found that P. grandis formed ectomycor-
rhizae with the same set of EM fungi on guano rich and guano poor habitats, and
that several EM fungi on neighboring EM hosts (Instia bijuga and Casaurina
equisitifolia) were not observed with P. grandis. They concluded that edaphic
factors (i.e., ecological specificity phenomena) did not explain the host specialist
fungal associations of P. grandis, and that specificity may be due to derived or
ancestral characters within Pisonia.

1.3.1 Host Preference

When Newton (1991) grew Quercus robur and Betula pendula seedlings in a
variety of soils in England, he found dissimilar EM fungal communities; although
the two most common fungi were found on each host, they differed in abundance.
He stated that this type of “ecological specificity” accounted for the distinct EM
fungal communities of oak and birch, and should more accurately be termed “host
preference”. With the advent of molecular tools to identify host-fungus associations
of field collected roots and statistical testing for host association, several field
studies have subsequently demonstrated the widespread prevalence of host pref-
erence in EM systems (Kranabetter et al. 1999; Cullings et al. 2000; Kernaghan
et al. 2003; Ishida et al. 2007; Tedersoo et al. 2007a, 2008a, 2010b, 2011; Morris
et al. 2008, 2009; Cavender-Bares et al. 2009; Smith et al. 2009, 2011; Diédhiou
et al. 2010; Wolfe and Pringle 2011). Given the difficulty of demonstrating absolute
host-fungus specificity in the field (Taylor 2002; Dickie 2007; Tedersoo et al.
2010b) and the widespread nature of host preference, Dickie and Moyerson (2008)
state that host preference (rather than host specificity) may be considered “more the
rule rather than the exception” in diverse EM fungal communities. Although host
preference is often displayed among taxonomically distant hosts (e.g., angiosperms
versus conifers) or at the family level, it also occurs between closely related taxa
such as co-occurring Quercus species (Morris et al. 2008, 2009; Cavender-Bares
et al. 2009; Aponte et al. 2010).

Although widespread, the degree of host preference exhibited in different EM
fungal communities can vary from high to low. For example, in a neotropical forest
of the western Amazonia, Tedersoo et al. (2010b) found that two thirds of the EM
fungi preferred one of three hosts examined, and four of the six most frequent EM
fungi showed statistically significant host preference at the host genus level but not
at the species level. Tedersoo et al. (2008a) similarly found strong host preference
of EM fungi in a Tasmanian sclerophyll forest. In a mixed boreal forest in Canada,
Kernaghan et al. (2003) found dissimilar EM fungal communities between
angiosperm and conifer hosts, with some fungal species showing a preference for
Abies/Picea and others for Populus/Betula; overall, 30 % of the most abundant EM
fungi expressed host specificity and 25 % expressed various levels of host
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preference. Similarly, Ishida et al. (2007) showed a high degree of host specificity
and preference among eight EM hosts in a mixed conifer-broadleaf forest in Japan;
host preference was most common at the host family level. In contrast, Tedersoo
et al. (2011) found low levels of host preference in wooded savannahs and rain
forests of Africa, while Smith et al. (2013) report low levels of host preference
between distantly related ectomycorrhizal hosts in neotropical highlands of the
Guiana shield in Guyana. Smith et al. (2011) detected no host preference for EM
fungi associated with three co-occurring leguminous host trees in a neotropical
rainforest (a sharp difference to results of Tedersoo et al. (2010b) in neotropical
western Amazonia). EM fungi that display host preference are not necessarily
restricted to those found in low abundance or with a restricted host range. Several
studies show that many of the most common fungi in EM fungal communities,
including many multi-host fungi, can display host preference (Kranabetter et al.
1999; Kernaghan et al. 2003; Tedersoo et al. 2008a, 2010b). As with general
specificity phenomena, host preference is likely to be influenced by environmental
conditions. Also, as nicely argued in Taylor (2002), the typically high species
richness in EM fungal communities on root tips and their cryptic nature makes it
very difficult to sample the number of root tips needed to adequately sample the
mycorrhizal root types of all the plant species in a plot. This issue has implications
for our ability to fully document host preference, especially for species that are
observed on a limited number of samples. Further, environmental factors that favors
both host and fungal species may give a false impression of host preference at the
root tip level. It is critically important that future field studies use robust sampling
methods that provide strong statistical inferences regarding the interpretation of
host preference patterns.

Many factors determine how an EM fungus responds to new hosts when intro-
duced into a novel geographic range, including the degree of host specificity dis-
played in the native range (i.e. generalist to specialist tendencies), compatibility with
newly encountered hosts, niche availability, interactions with the native fungal flora,
soil conditions and other biotic factors (Molina et al. 1992; Vellinga et al. 2009;
Wolfe and Pringle 2011). The introduction and spread of Amanita phalloides into
North America (Wolfe and Pringle 2011) provides a robust example of how these
factors interact with relevance to ecological specificity and host preference. Wolfe
and Pringle (2011) conducted an extensive survey of the geographic distribution of A.
phalloides across its native range in Europe and expanded range in N. America, and
tested for host selectivity and niche shifts. In Europe A. phalloides primarily asso-
ciates with Quercus and other Fagaceae, but rarely with Pinaceae. In N. America, A.
phalloides associates primarily with Pinaceae in the East Coast, rarely spreading into
natural forests. On theWest Coast it is more widespread, occurs in native forests, and
as it is in Europe, is most commonly associated with Quercus. Although the 11
documented novel host associations (host shifts) in N. America is indicative of broad
host compatibility, the authors did not consider A. phalloides a true “generalist.”
Instead, they state that A. phalloides exhibits “geographically structured host speci-
ficity.” In California, for example, A. phalloides “selectively” associates with
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Quercus agrifolia, an evergreen oak, and the distribution of the fungus strongly
correlates with the distribution of this oak species. Wolfe and Pringle (2011) suggest
that association with Q. agrifolia may provide a competitive advantage of A. phal-
loides over the local EM fungal flora and allow it to persist and spread, as an outcome
of ecological specificity and host preference. They conclude by stating “specificity in
local habitats can influence the success of introduced mutualist species even when the
species otherwise appears a generalist.”

A complex of factors contribute to the expression of host preferences and differ-
ences among hosts and fungi. Tedersoo et al. (2010b) list historical factors, spe-
cialized habitat, partial autotrophy, as well as phylogenetic and physiological
differences among hosts as important contributors to host preference expression. In
the absence of absolute host specificity as determined by genetic factors, Dickie
(2007) hypothesizes that host preference is in essence an expression of “realized
niche” that may be driven by competitive interactions among the EM fungi in the
community, or alternatively, by direct host selection of a particular fungus, i.e., that a
host selectively provides resources (e.g. photosynthates) to a preferred fungal species
that is highly beneficial to the host. Discussion of “partner choice” has received
substantial attention in the recent AM literature, including how such host-fungus
interactions may yield significant host preference and stability to mycorrhizal sym-
bioses (Kiers and van der Heiden 2006; Kiers et al. 2011; Bever et al. 2009). Bever
et al. (2009) demonstrated preferential allocation of photosynthate by Allium to a
mutualisticGlomus species rather than non-beneficialGigasporamargaritawhen the
plant was mycorrhizal with each fungus growing in separate split root compartments;
the preferential C allocation also increased fitness (spore number) of Glomus under
these growth conditions. Kiers et al. (2011) also report how significant host prefer-
ence between Medicago truncatula and three Glomus species resulted in both pref-
erential carbon allocation to the most beneficial fungus and the ability of the
cooperative fungi to transfer more P to those roots providing greatest access to
photosynthate (i.e. that fungi can discriminate among carbon supply by different
hosts). Fungi were not separated into compartments in these experiments. Kiers et al.
(2011) suggest that such reciprocal rewards in mycorrhizal host-fungus interactions
contribute to stability of the mycorrhizal mutualism.

Selective allocation of resources to differentially beneficial fungi in EM systems
has yet to be demonstrated. Some host specific fungi, however, can provide greater
benefit to their specific host than generalist fungi. For example, Gorissen and
Kuyper (2000) found that pine seedlings inoculated with the host-specialist fungus
Suillis bovinus took up more nitrogen than seedlings inoculated with the host
generalist Laccaria bicolor. Indirect evidence for increased allocation of N by host
specialist fungi compared to generalists is also supported by higher 15N/14N ratios
among host specialist fungi (Taylor et al. 2003; Hobbie et al. 2005). Chu-Chou and
Grace (1985) found that the pine specialists Rhizopogon rubesens and R. luteolus
were more effective symbionts for Pinus radiata than the host generalists Laccaria
laccata or Hebeloma crustuliniforme. Rhizopogon vinicolor provided greater
drought tolerance to its specific host Douglas-fir than the generalists Laccaria
laccata or Pisolithus tinctorius (Parke et al. 1983) and stimulated higher
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photosynthetic rates than L. laccata or H. crustulinforme (Dosskey et al. 1990).
Further experimentation in all mycorrhizal systems is needed to explore the
mechanisms for expression of mycorrhiza specificity, particularly the influence of
resource allocation between the symbionts, and how this affects formation and
function of CMNs.

In summary, the relevance of host specificity, ecological specificity, and host
preference can be substantial in diverse ecosystems and influence the formation and
function of CMNs. Host specificity and preferences affect the structure of plant and
fungal communities and successional dynamics (see section on plant community
dynamics). Several studies show that increased host diversity on the landscape is
often accompanied by higher levels of host specificity and higher fungal diversity
than in locations with low EM host diversity (Newton and Haigh 1998; Kernaghan
et al. 2003; Kernaghan 2005; Debellis et al. 2006; Ishida et al. 2007; Dickie 2007;
Tedersoo et al. 2012). Host specificity and preference create unique niches at the
order of host roots, providing opportunities for multiple mycorrhizal fungi to persist
and function, and also affect resource partitioning among sympatric hosts (Dickie
2007; Ishida et al. 2007; Peay et al. 2008; Tedersoo et al. 2008b; Horton et al.
2013). Host specificity and preference will also affect natural migration or exotic
introductions of fungi, influencing their ability to form mycorrhiza with potential
compatible hosts, and as such influence invasive potential (Karst et al. 2014;
Vellinga et al. 2009; Wolfe and Pringle 2011). Finally, in an evolutionary context,
potential expression of host specificity or preference may influence host shifts and
thus contribute to fungal speciation (Kretzer et al. 1996; Halling 2001; den Bakker
et al. 2004; Wilson et al. 2012).

1.4 Influence of Mycorrhiza Specificity on Plant
Community Dynamics and Ecosystem Resiliency

Numerous reviews highlight that different plant species, often from different fam-
ilies, can be colonized by the same EM fungus when grown together in experi-
mental bioassays (pot cultures) or naturally in the field (Table 1.2; Newman 1988;
Simard and Durall 2004; Selosse et al. 2006). This potential is provided by the often
abundant and dominant presence of fungal species with intermediate to broad
host-ranges. Such overlap in host compatibilities and formation of functioning
CMNs between diverse hosts can strongly influence plant community dynamics
during primary and secondary plant succession, and overall ecosystem resiliency
(Molina and Trappe 1982; Perry et al. 1989; Molina et al. 1992; Horton and van der
Heijden 2008; van der Heijden and Horton 2009; Kennedy et al. 2012; Nara,
Chap. 6, this volume). During plant succession many early seral plant species act as
“legacy” or “refuge” plants wherein they establish (in primary succession; Nara
2006a, b, this volume) or maintain (in secondary succession; Horton et al. 1999) a
diversity of EM fungi that will benefit later seral plants. Maintenance of EM fungal
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biodiversity and functional diversity creates a positive feedback beneficial to
ecosystem recovery and resilience (Perry et al. 1989; Molina et al. 1992). Below we
provide one robust example of legacy plant function and facilitation of plant
community dynamics via potential ectomycorrhizal CMNs from our work with
arbutoid mycorrhizal hosts in Western North America, and then briefly discuss
other examples from diverse ecosystems worldwide (refer to Table 1.2 for addi-
tional details on the degree of overlap between hosts and experimental conditions of
the exemplified studies).

While the examples below from different EM plant communities illustrate
potential aspects of facilitation via CMNs, additional field studies are needed to add
support for these ideas with clear empirical evidence. Attention is particularly
needed on the functional differences between dominant generalist EM fungi and
those fungi that show different levels of host preference or specificity.

1.4.1 Arbutoid Mycorrhizal Legacies in Secondary
Succession

Research on arbutoid mycorrhizal host genera Arbutus and Arctostaphylos in the
frequently disturbed Pinaceae forests of the western USA exemplifies the role
mycorrhizal networks can play in plant community dynamics. Arbutoid hosts have
a broad receptivity towards a diversity of EM fungi (Zak 1976a, b), leading Molina
and Trappe (1982) to hypothesize that the plants maintain a reservoir of diverse EM
fungi through disturbance events that support the establishment of later successional
Pinaceae. Amaranthus and Perry (1989) and Borchers and Perry (1990) demon-
strated a positive benefit in ectomycorrhiza formation and growth of Pseudotsuga
menziesii (Douglas-fir) seedlings when inoculated with soil taken from beneath
Arbutus menziesii. When seedlings of A. menziesii were grown in multispecies, pot
cultures of Douglas-fir, grand fir (Abies grandes), and ponderosa pine (Pinus
ponderosa) containing soil from a mature mixed evergreen forest, they developed
seven EM morphotypes, and shared six of these with grand fir and ponderosa pine,
and five with Douglas-fir (Massicotte et al. 1999). Notably, one of the fungi shared
with Arbutus was a Rhizopogon sp., a Pinaceae specialist. Horton et al. (1999) were
the first to investigate the facilitating nature of Arctostaphylos glandulosa associ-
ated EM networks for Douglas-fir seedlings. Douglas-fir established significantly
better under Arctostaphylos compared to under the AM Adenostoma fasciculatum
even though most environmental factors were conducive for Douglas-fir estab-
lishment under Adenostoma. They found that 17 of the 24 EM fungi colonizing
Douglas-fir seedlings growing within the Arctostaphylos patches were also found
on Arctostaphylos, and 49 % of the Douglas-fir EM root biomass associated with
fungi also observed on Arctostaphylos roots in the same soil core. The authors
hypothesized that Douglas-fir establishment in Arctostaphylos was likely to be
facilitated via the EM fungi supported by Arctostaphylos.
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Table 1.2 Context of ectomycorrhizal fungus colonization of multiple host species in diverse
laboratory and field settings

Hosts Overlap in EM Fungi Methodology Citation

Arbutus menziesii,
Arctostaphylos uva-ursi,
Pinaceae

30 species on
arbutoid and
Pinaceae

Pure culture synthesis Zak (1976a, b)
and Molina and
Trappe (1982)

Arbutus menziesii,
Pseudotsuga menziesii,
Abies grandis, Pinus
ponderosa

6 EMF on
Arbutus/Abies/Pinus
5 EMF on
Arbutus/Pseudotsuga

Soil bioassays/morphotype ID Massicotte
et al. (1994)

Arctostaphylos uva-ursi,
Pinus resinosa

5 EMF on both hosts Field EM roots/morphotype ID Visser (1995)

Tsuga heterophylla,
Pseudotsuga menziesii

11 EMF on both, one
Pseudotsuga
specialist observed
on Tsuga

Soil bioassay/morphotype ID Smith et al.
(1995)

Pseudotsuga menziesii,
Betula papyrifera

91 % of Betula and
56 % of Pseudotsuga
EM morphotypes
were on both hosts

Field EM roots/morphotype ID Jones et al.
(1997)

Pseudotsuga menziesii,
Betula papyrifera

7 of 11 EMF on both
hosts

Soil bioassay/morphotype ID Simard et al.
(1997a)

Pseudotsuga menziesii,
Pinus muricata

12 of 16 EMF on
both hosts

Field EM roots/molecular ID Horton and
Bruns (1998)

Arctostaphylos
glandulsa, Pseudotsuga
menziesii

17 of 24 EMF
observed on
Pseudotsuga also
observed on
Arctostaphylos

Field EM roots/molecular ID Horton et al.
(1999)

Lithocarpus densifolia,
Pseudotsuga menziesii,
Abies grandis, Pinus
ponderosa

Lithocarpus showed
50 % overlap with
Pinaceae EMF

Soil bioassay/morphotype ID Massicotte
et al. (1999)

Pinus contorta, Picea
glauca, Abies lasiocarpa

74 EMF, 35 on all
three hosts

Field EM roots/morphotype ID Kranabetter
et al. (1999)

Pinus contorta, Picea
engelmannii

28 EMF, 21 on both
hosts, 5 specific to
Picea, none specific
to Pinus

Field EM roots/molecular ID Cullings et al.
(2000)

Arctostaphylos uva-ursi,
Pseudotsuga menziesii

17 morphotypes on
Pseudotsuga, 14
morphotypes on
Arctostaphylos, 10
EMF morphotypes
(6 confirmed with
RFLP typing) found
on both

Field EM roots/morphotype
and molecular ID

Hagerman et al.
(2001)

(continued)
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Table 1.2 (continued)

Hosts Overlap in EM Fungi Methodology Citation

Lithocarpus densiflora,
Pseudotsuga menziesii

56 EMF, 17 on both
hosts

Field EM roots/molecular ID Kennedy et al.
(2003)

Helianthemum bicknellii,
Quercus
spp/Q.macrocarpa

8 EMF on
Helianthemum, 7 of
which also on
Quercus

Field EM roots/molecular ID Dickie et al.
(2004)

Arbutus unedo, Quercus
ilex

46 RFLP types on A.
unedo
18 RFLP types also
on Quercus

Field EM roots/molecular ID Richard et al.
(2005)

Tsuga heterophylla,
Pseudotsuga menziesii

55 % overlap in early
successional setting
14 % overlap in late
successional setting

Field EM roots/molecular ID Horton et al.
(2005)

Cistus landanifer, Pinus
pinaster

30 EMF with Cistus,
many known Pinus
associates

Fruitbody occurrence Martin-Pinto
et al. (2006)

Betula papyrifera,
Pseudotsuga menziesii

105 EMF, 42 on both
hosts, 23 only on
Pseudotsuga, 40
only on Betula

Field EM roots/molecular ID Twieg et al.
(2007)

Betulaceae, Fagaceae,
Pinaceae

14 EMF on only one
host family, 37 EMF
on both conifer and
broadleaf host, 19
EMF on all three
families,
6 EMF on Pinaceae
and Betulaceae,
12 EMF on Pinaceae
and Fagaceae
24 EMF on
Betulaceae and
Fagaceae

Field EM roots/molecular ID Ishida et al.
(2007)

Arbutus menziesii,
Pseudotsuga menziesii,
Pinus spp.

Study 1: 126 EMF
on Arbutus, 17 also
with Pseudotsuga or
Pinus
Study 2: 82 EMF, 25
on Arbutus and
Pseudotsoga

Field EM roots/molecular ID Kennedy et al.
(2012)

Pterospora andromedea,
Pinus strobus

Numerous EMF on
Pinus, 1 Rhizopogon
on both hosts

Field EM roots and
bioassay/molecular ID

Hazard et al.
(2012)

Pakaraimaea
dipterocarpacea,
Dicymbe jenmanii

16 of 52 OTUs
shared, 13 of the 17
most common shared

Field EM roots/molecular ID Smith et al.
(2013)

(continued)
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Arbutoid hosts in other regions also potentially facilitate successional dynamics
of neighboring EM hosts. In Eastern Canada, Danielson (1984) synthesized in pure
culture several EM fungi associated with Pinus resinosa onto Arctostaphylos uva-
ursi, a common understory prostrate shrub that survives after timber removal.
Visser (1995) and Hagerman et al. (2001) concluded that A. uva-ursi acts as an
important refuge plant following timber harvest and natural disturbance, main-
taining fungal diversity and inoculum important to later seral Pinaceae. Similarly,
Richard et al. (2005) noted that of 46 rflp EM types found on Arbutus unedo, 18
types were shared with Quercus ilex in an old-growth Mediterranean forest dom-
inated by Q. ilex; they hypothesized that Arbutus unedo may play an important role
in the early succession dynamics of Q. ilex. In a follow-up study, Richard et al.
(2009) demonstrated that A. unedo facilitated the establishment of Q. ilex in a shrub
dominated community by enhancing seedling survival and EM colonization,

Table 1.2 (continued)

Hosts Overlap in EM Fungi Methodology Citation

Castanea dentata, 8
other EM hosts in
Fagaceae, Pinaceae and
Betulaceae

71 RFLP types
(EMF) with 41 found
only on a single host,
22 of which were
observed on a single
root tip. Castanea
was colonized by 24
EMF also associated
with Quercus rubra,
7 EMF also
associated with
Fagus grandifolia, 6
EMF also with
Quercus alba, 4
EMF also with
Betula lenta, 2 each
with Ostrya
virginiana, Tusga
canadensis, and
Pinus strobus.

Field bioassay with Castanea
dentate seed planted into a
mixed deciduous forest.
Field EM roots/molecular ID of
plants and fungi from root tips.

Dulmer et al.
(2014)

Arbutus unedo, Cistus
albidis, Quercus ilex, Q.
coccifera

151 total OTUs
discovered, 3.3 %
were found on all
four host species,
14 % on three
species, 27 % on two
species, and 56 % on
single hosts;
multi-host fungi
were the most
frequent with 5 of
the 8 found on all
four hosts

Field EM roots/molecular ID Taschen et al.
(2015)
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mirroring results of Horton et al. (1999) for Douglas-fir seedling establishment
under Arctostaphylos in a California chaparral.

More recently, Kennedy et al. (2012) used molecular tools in a field study of the
EM fungal community of Arbutus menziesii in two sites with intermixed Pinaceae
hosts in southwest Oregon. On one site they encountered 126 total fungal taxa on
Arbutus, 17 of which also occurred with Pinaceae (Pseudotsuga menziesii and
Pinus spp.); in the second site, of 82 total fungal taxa found, 25 colonized Arbutus
and Douglas-fir, 13 of which were detected on both hosts in single soil cores. They
also noted that the EM fungal community associated with Arbutus menziesii was
phylogenetically similar in structure to that seen with Pinaceae and angiosperms in
the genera Quercus and Cercocarpus in the region. In addition to the numerous
“multi-host” fungi supported by Arbutus, they also noted that Arbutus plants were
colonized by two Rhizopogon species that are well known Pinaceae specialists,
similar to the results reported by Massicotte et al. (1999). Kennedy et al. (2012)
describe Arbutus menziesii as a “hub” in the CMN in space and time, promoting
ecosystem resiliency by maintaining EM fungal diversity, soil microbial processes,
and facilitating the establishment of later seral trees. Overall, results from Horton
et al. (1999), Richard et al. (2009) and Kennedy et al. (2012) strongly support the
earlier hypotheses by Molina and Trappe (1982) and Perry et al. (1989) on the
positive feedback provided by these pioneering shrubs and trees in these frequently
disturbed plant communities.

1.4.2 Other Examples of Potential Facilitation in Plant
Community Dynamics

Similar to arbutoid mycorrhizal plants, pioneering Cistaceae species may facilitate
Pinus and Quercus species establishment in Mediterranean ecosystems
(Martin-Pinto et al. 2006), and Quercus in oak savanaahs of the central USA
(Dickie et al. 2004). Overlap in EM fungal associates can also shape successional
patterns between dominant and subdominant EM forest trees. In Western North
America, such facilitation may be involved among Pinus contorta, Picea glauca,
and Abies lasiocarpa in British Columbia (Kranabetter et al. 1999), between
pioneering lodgepole pine (Pinus contorta) and later seral Engelmann spruce (Picea
engelmannii) in Wyoming, USA, and between Douglas-fir and western hemlock
(Tsuga heterophylla) in the wet temperate forests of the Pacific Northwest, North
America (Smith et al. 1995; Horton et al. 2005). The subdominant tree tanoak
(Lithocarpus densiflora, Fagaceae), which also occurs as a shrub and stump sprouts
following fire, may influence successional dynamics of neighboring Pinaceae,
particularly Douglas-fir, through the CMNs of shared EM fungi (Massicotte et al.
1999; Kennedy et al. 2003). The extensive ectomycorrhiza research on the paper
birch (Betula pendula)—Douglas-fir ecosystem in British Columbia confirmed not
only the operlap in shared EM fungi between these EM hosts (Simard et al. 1997a;
Jones et al. 1997; Twieg et al. 2007), but also demonstrated the transfer of
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isotopically labeled carbon from the pioneering birch to the later seral Douglas-fir
via commonly shared EM fungi in the field (Simard et al. 1997b).

In one of the larger temperate forest molecular studies of overlap in shared EM
fungi between codominant EM tree species, Ishida et al. (2007) examined 8 hosts
belonging to 6 genera in three families (Betulaceae, Fagaceae, Pinaceae) in two
mixed conifer-broadleaf forests of Japan. Although the EM fungal communities
were similar among hosts, a significant portion of fungi showed host specificity,
primarily at the family level, but also at the genus level. Some host generalists also
showed statistically supported preference towards particular tree species. The
authors emphasized that high diversity of EM hosts and the strong display of
various host specificities and preferences by the fungi increased diversity among the
total EM fungal community, i.e., high EM host diversity in a stand contributes to
high EM fungal diversity, a pattern also recently revealed at the global level
(Tedersoo et al. 2014). From a successional standpoint, they noted that the higher
proportion of broad-host ranging fungi in the secondary forest stand compared to
the old growth (primary) forest may benefit Abies homolepis (a late successional
tree), as it is able to share several mycorrhizal fungi with the early seral broadleaf
(angiosperm) species.

Many small stature, understory forest plants associate with diverse EM fungi,
and may thus influence EM community dynamics of dominant overstory EM tree
species. For example, several species of understory plants in the Pyroleae are
widespread in northern temperate forests, survive in dense shade of the forest
canopy, and form mycorrhiza with many EM fungi common to overstory EM trees
(Tedersoo et al. 2007a; Zimmer et al. 2007; Massicotte et al. 2008; Hynson and
Bruns 2009). Although many of the fungi recovered on the roots of Pyroleae in
these studies were considered host generalists, Tedersoo et al. (2007a) noted some
host preference for Tricholoma species and that some pyroloids hosted the Pinaceae
specialist Suillus variegatus. Similarly, Zimmer et al. (2007) and Hynson and Bruns
(2009) noted the Pinaceae specialists Rhizopogon spp. in roots of Pyrola picta.
Such strong overlap between understory myxotrophic Pyroleae and overstory EM
hosts for shared EM fungi raises interesting questions regarding the potential
ecological interactions between these forest plants.

Potential facilitation via CMNs has also been proposed in tropical forests and the
savanaahs of Africa. Alexander et al. (1992) found that seedlings of Instia
palembanica (Caesalpinaceae) planted in proximity to Shorea leprosula
(Dipterocarpaceae) more rapidly formed ectomycorrhiza than seedlings planted
distant to Shorea, and emphasized the practical nature of maintaining Shorea trees
on harvested forest sites to maintain fungal inoculum for seedlings of Instia or other
EM hosts. Similarly, Onguene and Kuyper (2002) found survival and ectomycor-
rhiza formation of Paraberlinia bifoliota seedlings planted in contact with four
adult EM hosts species were higher for seedlings under Brachystegia cynometri-
odes than under conspecific adults; they noted that this observation may influence a
forester’s choice in selecting and maintaining particular tree species after tree
harvest. Tedersoo et al. (2011) examined EM fungi on roots of over 30 EM tree host
species across 4 sites in wooded savannahs and rainforests of continental Africa and
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Madagascar and found that their results support earlier hypotheses that “pioneer
Phylanthaceae may facilitate the establishment of late-succession Fabaceae and
potentially other EM hosts by providing compatible fungal inoculum in deforested
and naturally disturbed ecosystems of tropical Africa.” Diédhiou et al. (2010)
demonstrated the EM fungus linkage potential between seedling and adult roots of
five EM hosts from four genera in a tropical rain forest of Guinea: Anthonotha,
Cryptosepalum and Paramacrolobium in Fabaceae, and Uapaca in Phyllanthaceae.
They concluded that the adult hosts in the EM network “likely function as ‘nurse
trees’ for conspecific and non-conspecific seedlings and therefore promote diversity
and coexistence of species in this forest”. In neotropical forests, Tedersoo et al.
(2010b) and Smith et al. (2011) report similar results for EM fungi associated with
diverse EM Fabaceae trees (Dicymbe corymbosa, D. altosonii, and Aldina insignis).
They found that the dominance of these Fabaceae EM hosts in this ecosystem, the
diversity of EM fungi they support, and the strong overlap in shared EM fungi
among the trees may facilitate perpetuation of this EM guild of plants and fungi.

1.4.3 Primary Succession

Pioneering plants in primary succession are well known to facilitate many biological
processes, often acting as foci for establishment of later seral plants, and presence of
mycorrhizal fungi are key to their establishment (Nara 2008; Nara, Chap.6, this
volume). In a series of experiments, Nara and colleagues have demonstrated the
facilitative nature of pioneering dwarf willow (Salix reinii) on the volcanic desert
areas of Mt. Fuji in Japan (Nara and Hogetsu 2004; Nara 2006a, b). Seedlings of
Betula and Larix are commonly observed in close proximity to adult dwarf willow
shrubs in this area and were shown to form ectomycorrhizae with several of the same
generalist fungi found on willow. Overall, their studies lend strong support to the
facilitative nature of pioneering dwarf willow on successional dynamics of later tree
establishment as affected by CMNs of mutually compatible fungi. See Nara (Chap. 6,
this volume) for more details on this set of elegant experiments.

1.4.4 Potential Exceptions to Facilitation

Although we cite above many potential examples of facilitation as suggested by the
frequent ability of diverse host species to share multi-host EM fungi, there are
probably widespread exceptions, because EM hosts and fungi can also display var-
ious degrees of specificity and preference. Perhaps the best example in this regard is
displayed by the EM nature of the genus Alnus. As discussed previously, Alnus
species worldwide associate with a relatively low diversity of EM fungi, many of
which are host specialists with Alnus (Molina 1981; Tedersoo et al. 2009; Kennedy
and Hill 2010; Kennedy et al. Chap. 8, this volume), thus lowering the potential for
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CMNswith other nearby EM host species (Horton et al. 2013). In a recent study, Bent
et al. (2011) examined shared EM fungal communities and the potential for suc-
cessional facilitation of Betula papyrifera, Picea glauca, and Populus tremuloides
seedlings growing near pioneer Alnus viridis shrubs in a recent fire-disturbed boreal
ecosystem in interior Alaska. They found that the A. viridis EM fungal community
contained several Alnus specialist fungi, and was distinct from the fungal commu-
nities noted on the adjacent three hosts. Although there was minimal overlap between
alder and the other three hosts via minor ribotypes, the Populus and Betula seedlings
showed a strong overlap in shared fungi and amoderate overlap with Picea seedlings.
They concluded that a facilitative relationship between Alnus and the other three hosts
was unlikely, but that the Populus, Betula, and Picea hosts had high potential for
interacting with each other through CMNs. For more on Alnusmycorrhizal networks
see Chap. 8 in this volume by Kennedy and colleagues.

Some distantly related EM host genera might display little overlap in compatible
EM fungi when growing in proximity, limiting potential facilitation. For example,
Smith et al. (2009) found different EM fungal community structure and strong host
preference in a stand of mixed Quercus and Pinus; with the exception of a few
“multi-host” fungal taxa, most of the dominant EM fungi on Pinus rarely associated
with—or had low frequency on Quercus, and vice versa. They concluded that
“multi-host” fungi may be less dominant in some EM systems than previously
thought. However, high host preference in an EM system does not necessarily rule out
abundant overlap in shared EM fungi and potential facilitation effects. For example,
Morris et al. (2008) found contrasting EM fungal communities on two co-occurring
oaks in California. However, 40 of the 140 fungal taxa identified occurred on both
hosts, and 13 of the 16 most frequent fungi were shared between the two oaks. When
Morris et al. (2009) examined two neighboring oak species in a tropical cloud forest
in southern Mexico, of 154 EM species recovered, 62 (40 %) occurred only on
Quercus laurina, 52 (34 %) only on Q. crassifolia, yet 40 (26 %) occurred on both.
Similarly, Aponte et al. (2010) noted significant host preference among EM fungi for
neighboringQ. canariensis andQ. suber in southern Spain, yet they still shared about
20% of the total EM fungi recovered. Tedersoo et al. (2008a) also showed strong host
preference in a Tasmanian wet sclerophyll forest among Eucalyptus regnans,
Ponaderrisa petala, and Nothofagus cunninghamii; “two thirds of the most common
EM fungi from several linages was significantly influenced by host species.” Still,
they note that the ability of Nothofagus cunninghamii and Eucalyptus to associate
with the same EM fungi may facilitate late-successional N. cunninghamii.

1.4.5 Potential for Long-Term EM Legacies to Affect Plant
Migration During Climate Change

EM hosts migrated during past episodes of climate change and will continue to do
so under current climate change scenarios (Jacobson et al. 1987). The ability for
EM fungal species to colonize diverse EM hosts will affect EM host migration
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(Perry et al. 1990; Molina et al. 1992). The EM condition of Dryas octopetala in
Ireland provides an interesting example of past and potential future legacy.
Although primarily a widespread arctic and alpine shrub, D. octopetala occurs as a
relict population in the lowland grassland-heath in northern Ireland (called the
Burren); this area harbored Pinus sylvestris forests about 1500 years ago.
Harrington (2003) and Harrington and Mitchel (2002, 2005a, b) conducted
extensive studies of the EM fungi (sporocarps and EM root tip surveys) and found
high diversity of EM fungi. Many of the species found fruiting and on roots are well
known EM associates of European woodland forest trees and exhibit a broad host
range (Harrington and Mitchell 2002). They hypothesized that D. octopetala has
maintained the EM fungal community it shared in common with Pinus when the
two hosts cohabitated the sites. Thus, if EM host trees migrate northward into this
region as climate warms, the relict EM fungal community maintained by the Dryas
legacy would be present to facilitate tree establishment. A similar case can be made
for Dryas and other EM shrub hosts in Arctic and alpine communities. Ryberg et al.
(2009) describe a rich EM fungal community on D. octopetala and Salix reticulata
in an alpine cliff ecosystem; they identified about 70 potential EM fungi and noted
low host specificity or preference between Dryas and Salix. They concluded that the
hosts seem likely to facilitate succession of the alpine tundra to subalpine forest by
serving as mycorrhizal partners for establishing pioneer trees. The rich EM fungal
community on Dryas and Salix in alpine and arctic locations in Norway (Frederikke
et al. 2010), Sweden (Ryberg et al. 2011) and North American (Fujimura and Egger
2012; Timling and Taylor 2012) may do likewise. Timling and Taylor (2012) note
that 73 % of the EM fungal ITS OTUs they found on EM root tips of Dryas
integrifolia and Salix arctica in Arctic habitats occur in regions outside the Arctic.
These communities are ripe for manipulative experiments to test the hypothesis that
ectomycorrhizal fungi associated with Dryas and Salix will facilitate establishment
of migrating EM hosts during climate change.

Krpata et al. (2007) demonstrate similar potential for Arctostaphylos uva-ursi to
act as legacy plants for afforestation of subalpine and alpine habitats. They observed
a diverse group of fungi associated with A. uva-ursi based on sporocarp collections,
mycorrhiza morphotypes and molecular identification from root tips. Although they
considered the majority of EM fungi “generalists”, they also discovered that several
EM fungi considered specific to other EM hosts developed arbutoid mycorrhizae,
e.g., Lactarius deterrimus (host specific to Picea), Suillus plorens and S. grevillei
(host specific to Larix). Mühlmann and Göbl (2006) also discovered L. deterrimus
forming arbutoid mycorrhizae with A. uva-ursi in the Swiss Alps. As noted above
for arbutoid host legacies, Krpata et al. (2007) conclude that the ability of A. uva-
ursi to maintain a high diversity of generalist and specialist EM fungi in these
ecosystems, even though they have been treeless for 400 years, may facilitate future
afforestation or natural migration of EM tree hosts.
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1.4.6 Evolutionary Processes in Specificity Phenomena

This is an exciting time to be doing research on mycorrhizal symbioses with genomic
approaches providing important new insights into the evolution of the symbioses and
a better understanding of mycorrhiza ecology, including specificity phenomena. To
date the genome of one species in Glomeromycota has been sequenced while over 25
ectomycorrhizal fungi have been sequenced from both Basidiomycota and
Ascomycota. Glomeromycota are an ancient lineage (Berbee and Taylor 1993;
Redecker et al. 2000; Remy et al. 1994) whose appearance in the fossil record over
400million years before present coincides with the first land plants. Although thought
to be entirely clonal, there is evidence for recombination in the group (Croll et al.
2008)) and meiosis specific proteins have now been found (Tisserant et al. 2012). To
date, there are close to 250 Glomeromycota species identified by spore morphology,
but analyses of environmental ribosomal sequences suggests the richness is closer to
350 or even 1600 operational taxonomic units (Kõljalg et al. 2013; Öpik et al. 2013;
Schüssler 2015). Our ability to clarify the diversity of this enigmatic group is ham-
pered because they are not free living, they are ceonocytic with few or no septa
separating the nuclei into discrete cells, most have not been cultured (e.g., with bait
plants or transformed carrot roots; Ohsowski et al. 2014) and individuals contain
multiple genotypes making sequencing problematic. These same issues make our
ability to analyze specificity phenomena difficult given the difficulty in identifying
fungal species and even individuals in Glomeromycota.

While the Glomeromycota appear to have evolved the mycorrhizal habit only
once (van der Heijden et al. 2015), ectomycorrhizal fungi may have independently
evolved the symbiotic habit more than 78 times (Tedersoo and Smith 2013). The
first ectomycorrhizal fungal species evolved from litter decay fungi about
200 million years ago with little evidence for any species evolving from pathogenic
fungi (James et al. 2006; Plett and Martin 2011). Although ectomycorrhizal fungi
evolved from saprotrophic lineages and maintain varying levels of saprotrophic
capabilities (i.e., can grow on agar), they lack many genes involved in litter
decomposition and to date, none are known to be free living in nature (Martin et al.
2008, 2010; van der Heijden et al. 2015).

Genomic evidence from all three phyla of mycorrhizal fungi (Glomeromycota,
Ascomycota, and Basidiomycota) indicates that mycorrhizal fungi disrupt the host
defense system. However, the molecular tools evolved independently with unique
pathways as one may expect given their unique evolutionary histories. For instance,
Laccaria bicolor produces a small secreted protein (MiSSP7) that disrupts the
plant’s jasmonic acid signaling pathway and suppresses the host defense system
(Plett et al. 2014). Another small secreted protein, SP7, is produced by the AM
fungus Rhizophagus irregularis (formally Glomus intraradices) and also disrupts
the host immune response (Kloppholz et al. 2011). The general pattern may hold for
other species as well, and with different proteins and through interactions with
different parts of the host defense system. Specificity phenomena are likely gov-
erned by similar host-fungus genetic cross talk, but much work is needed on the
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genetics of specificity interactions. The number of complete ectomycorrhizal fungus
genomes available is now at 27 species (van der Heijden et al. 2015) and many
more are on the way (Grigoriev et al. 2014). Similar advances are on the way in
Glomeromycota, but this group is proving difficult because of its unique genetic
system. With these genomic data, our understanding of the evolution of mycorrhiza
specificity will rapidly improve.

1.5 Summary and Conclusions

The review of host specificity phenomena by Molina et al. (1992) was shaped
largely by evidence from fruitbody occurrence in field settings and direct obser-
vations of compatibility based on bioassays and pure culture synthesis experiments.
Although these same approaches remain useful for understanding mycorrhiza
specificity, the revolution in molecular approaches over the last 20 years has
enhanced our ability to examine mycorrhiza specificity at the root tip scale in both
greenhouse and field settings (Gardes and Bruns 1993; Bruns et al. 1998; Horton
and Bruns 2001). Genome sequences and modern phylogenetic analyses provide
considerable new data to examine evolutionary patterns of mycorrhizal symbioses
(Kohler et al. 2015; Plett and Martin 2011) with implications for understanding
specificity relationships between diverse taxa of plants and fungi. Most importantly,
molecular technology has spread to labs around the world, providing data and
enhancing our understanding of EM fungi from diverse ecosystems and plant
communities.

The following points summarize our general conclusions.

1. Given the complexity of specificity patterns discussed and the dependency of
results on the context of the study, we urge caution in overgeneralizing on
global patterns of specificity phenomena among diverse fungal and plant taxa.

2. Mycorrhizal networks are directly impacted by specificity phenomena. Evidence
strongly suggests that CMNs play a role in plant community dynamics but
additional field-based empirical evidence for this role is needed. This knowledge
provides tools for resource managers to maintain resilient ecosystems in the face
of growing resource extraction and climate change (e.g., maintaining legacy
host plants, plant diversity, and avoiding oversimplification of ecosystems).

3. Varying degrees of specificity occur at all levels in the taxonomic hierarchy,
although specificity at the species level appears rare. It is important for authors
to clearly define terms when discussing host specificity. For instance, we sug-
gest labeling an EM fungus a Quercus specialist or Fagaceae specialist
depending on the phylogenetic breadth of known hosts.

4. Virtually all ecological communities are dominated by a few species with many
others being rare, and ectomycorrhizal fungus communities are no different.
Most species that are frequently sampled tend to be found on multiple hosts. In
contrast, rarely or infrequently sampled species tend not to be found on multiple

1 Mycorrhiza Specificity: Its Role in the Development … 29



hosts. Therefore, the number samples included in a study impacts the view of
host preference and even specificity. Increased sampling efforts and statistical
tools for assessing specificity phenomena in the field are enhancing our ability to
assess host specificity and preference patterns (Hoeksema, Chap. 9, this
Volume).

5. Global understanding of specificity phenomena requires sampling of fungi in
multiple communities and in multiple ecological settings—most fungal species
remain undersampled.

6. Genomic studies are providing and will continue to provide insights into
specificity phenomena.
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Chapter 2
Functional Significance of Anastomosis
in Arbuscular Mycorrhizal Networks

Manuela Giovannetti, Luciano Avio and Cristiana Sbrana

Abstract Arbuscular mycorrhizal fungi (AMF) are obligate biotrophs
(Glomeromycota), which live symbiotically in the roots of most land plants and
facilitate mineral nutrition of their hosts. Their spores are able to germinate in the
absence of host-derived signals, but are unable to complete the life cycle without
establishing a functional symbiosis with a host plant. Such behaviour did not
represent a selective disadvantage, as a result of diverse survival strategies allowing
them to compensate for the lack of host-regulated germination and to overcome
their obligate biotrophic state. The ability to form hyphal fusions (anastomoses)
between compatible mycelia may represent an important mechanism evolved by
AMF to increase their chances of survival, since fungal germlings can plug into
pre-existing extraradical mycelial networks, thus gaining immediate access to
plant-derived carbon before asymbiotic growth arrest. In fusions between hyphae of
the same or different individual germlings of the same isolate, perfect anastomoses
occur with the highest frequency and are characterized by protoplasm continuity
and complete fusion of hyphal walls. High anastomosis frequencies are also
detected between extraradical mycelial networks produced by the same isolate,
spreading from plants of different species, genera and families. Pre- and post-fusion
incompatibility are often observed in hyphal interactions between asymbiotic and
symbiotic mycelium and between genetically different germlings belonging to the
same isolate, while pre-fusion incompatible responses, hindering hyphal fusions,
occur between germlings of geographically different isolates. The analysis of
vegetative compatibility/incompatibility during hyphal fusions represents a
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valuable tool for genetic studies of AMF, which are recalcitrant to axenic culti-
vation. Molecular analyses of the progeny of mycelium derived from nonself
vegetative fusions of genetically different germlings of R. irregularis showed that
genetic exchange occurs, despite low anastomosis frequencies and post-fusion
incompatible responses, suggesting that anastomosis between genetically different
mycelia may represent a recombination mechanism in the absence of an evident
sexual cycle.

Keywords Mycorrhizal networks � Network nutrient transfer � Hyphal anasto-
mosing ability � Hyphal recognition � Non-self hyphal compatibility

2.1 Introduction

The majority of land plants establish mutualistic symbioses with arbuscular myc-
orrhizal (AM) fungi (AMF), a group of beneficial soil microorganisms fundamental
for plant nutrition and ecosystem biodiversity and productivity, affecting the com-
position of plant communities in terms of survival, competition and diversity of
plants (van der Heijden et al. 1998; Wardle et al. 2004; Smith and Read 2008). AMF
belong to the Glomeromycota, are obligate biotrophs and colonise the roots of their
host plants obtaining sugars, which they are not able to synthesize. In exchange, the
host plants receive mineral nutrients, absorbed and translocated through a fine net-
work of extraradical hyphae extending from the roots to the surrounding soil. Such
belowground networks represent the key structure for soil nutrient uptake and
transfer to the roots, and are thought to have played a fundamental role in land
colonisation by early terrestrial plants, which, lacking an extended root system,
could have been facilitated by the AMF symbionts functioning as an auxiliary
absorbing structure (Pirozynski and Malloch 1975). Fossil records and molecular
data have supported such a view, considering AMF as evolutionarily successful
living fossils, having survived 460 to possibly 980 million years (Simon et al. 1993;
Remy et al. 1994; Phipps and Taylor 1996; Redecker et al. 2000; Blair 2009).

Mycorrhizal networks spreading from colonised roots into the surrounding soil
represent the structure where the flow of nutrients is realized. Such a flow consists
of a bidirectional flux of mineral nutrients, mainly P, N, Cu, Fe, K, Zn (Smith and
Read 2008), from the soil to the host plant, and of sugars acquired by intraradical
hyphae and transferred to other fungal structures in the soil, i.e. mycelium and
spores. Moreover, mycorrhizal networks are of fundamental importance for plants,
since they can grow indefinitely in every direction, foraging for soil nutrients far
from the roots with high efficiency, given the very fine dimensions of hyphae (5–
10 µm diameter).

Data on the mechanisms of absorption of mineral nutrients, in particular phos-
phate, confirmed the key role played by mycorrhizal networks in plant nutrition.
Phosphorus can be absorbed in the soil-plant interface by both root hair and
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epidermal cells and in the soil-fungus interface by fungal hyphae that transfer P to
root cells in the root cell-fungus interface (Karandashov and Bucher 2005).
Molecular studies show that genes for phosphate uptake are differentially expressed
in extraradical hyphae (Harrison and van Buuren 1995; Maldonado-Mendoza et al.
2001; Casieri et al. 2013), and that the mycorrhizal network is structurally and
functionally able to capture high quantities of phosphate from the soil (Smith et al.
2003).

A reverse flow of sugars occurs from host plants to fungal symbionts. The
amount of C, obtained from the host plant and transformed by the fungal symbiont
into trehalose and other polyols may reach 20 % of total photosynthate, depending
on different plant-fungus combinations (Jakobsen and Rosendahl 1990).

Since AMF have a wide host range, mycorrhizal networks can simultaneously
colonise diverse root systems, interconnecting plants belonging to the same and
different species, genera and families (Eason et al. 1991; Lerat et al. 2002;
Giovannetti et al. 2004). Thus, common mycorrhizal networks (CMNs) represent
the physical structures through which carbon, mineral nutrients and water can move
from plant to plant (Johansen and Jensen 1996; Egerton-Warburton et al. 2007;
Simard et al., Chap. 5, this Vol.), allowing plants to share ecosystem resources
which may modify and/or facilitate plant coexistence.

The occurrence of AMF mediated interplant C transfer, requiring a net flux of C
from the fungal symbiont to the host, was reported in some mycoheterotrophic plants
(Bidartondo et al. 2002), while C allocation from one green plant to another through
AMF mycelial networks is much more controversial. Early findings suggesting C
transfer between plants through AMF hyphae (Hirrel and Gerdemann 1979; Francis
and Read 1984; Grime et al. 1987; Martins 1993) were followed by other reports that
showed the occurrence of interplant C flow, but pointed out that transferred C
remained in fungal root tissues without moving into the shoots (Watkins et al. 1996;
Graves et al. 1997; Fitter et al. 1998). Some findings supported the view of an
exchange of C between plants, at least in particular conditions (Lerat et al. 2002;
Carey et al. 2004), while others, utilising in vitro mycorrhizal root organ cultures or
plants, further confirmed that C originating from a donor plant was retained in fungal
cells (Pfeffer et al. 2004; Voets et al. 2008; Lekberg et al. 2010).

It has been suggested that N and P can move from a plant to another through
mycorrhizal networks (Whittingham and Read 1982; Haystead et al. 1988). Studies
on N fixing plants utilizing 15N showed that AMF mediated N transfer may occur
(Frey and Schüepp 1992; Martins and Cruz 1998), although also indirect pathways
may be significant (Ikram et al. 1994; Rogers et al. 2001). However, a laboratory
experiment that utilized two plant compartments linked only by AMF hyphae and
separated by an air gap, confirmedN transfer together with transfer of analogs of P and
K (Meding and Zasoski 2008). Direct interplant P transfer through hyphal connec-
tions, suggested by early field and laboratory studies (Chiariello et al. 1982; Francis
et al. 1986), was not confirmed by other experiments, suggesting that the observed
flow could result from the release of P from donor roots into the soil or to the
mobilization of nutrients from a dying donor plant (Newman and Ritz 1986; Newman
and Eason 1989, 1993; Johansen and Jensen 1996). An elegant experimentation using
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32P as a tracer confirmed belowground P transfer from donor to receiver plants
mediated by interconnected mycorrhizal networks (Mikkelsen et al. 2008). Recently,
a differential allocation of P and N to plant hosts either belonging to diverse species or
with high/low C source strength was demonstrated for CMNs formed by different
AMF isolates (Fellbaum et al. 2014; Walder et al. 2015).

Mycorrhizal networks interconnecting different plants may function as
plant-plant underground communication ways, allowing signals transfer among
plants and activating defence pathways before pathogen attacks. For example,
tomato plants connected by Funneliformis mosseae (formally Glomus mosseae)
CMNs showed increased expression of defence-related genes and higher levels of
disease resistance enzymes in healthy “receiver” plants after inoculation of ‘donor’
plants with the pathogen Alternaria solani (Song et al. 2010). In addition,
aphid-free Vicia faba connected to aphid-infested plants via a CMN showed aphid
repellence and aphid enemy attraction due to systemic changes in the production of
volatiles (Babikova et al. 2013). CMNs are also able to widen the action of alle-
lochemicals in natural environments and to affect interactions within plant com-
munities (see Jakobsen and Hammer, Chap. 4, this Vol.), as plant-derived
allelopathic substances and herbicides supplied to mycorrhizal plants may be
transferred to the target plant, leading to their accumulation at levels that cannot be
reached by soil diffusion (Barto et al. 2011; Achatz et al. 2013). In addition, CMNs
may allow water flux between interconnected plants, facilitating plant survival
during drought (Egerton-Warburton et al. 2007).

Further studies aimed at detecting and quantifying mineral nutrient and carbon
transfer in the fungal network could improve our understanding of its functional
significance and of the role played by AMF in the distribution of resources in plant
communities. Moreover, since mycorrhizal networks may also represent a chan-
neling system for a wide exchange of information molecules between plants, they
appear to play a fundamental role in the dynamics and evolution of the complex
network of interactions regulating ecosystem functioning.

In this chapter wewill review the developments which contributed to give a picture
of mycorrhizal networks as one of previously unimagined dynamism.Wewill discuss
the structure of AMF networks, the cellular events leading to anastomosis formation,
and the phenomenon of self/nonself recognition and nonself incompatibility between
hyphae belonging to the same and to genetically different AMF.

2.2 Structure of Mycorrhizal Networks

The structure, viability, extent and interconnectedness of AMF mycelium are of
critical importance for the establishment and maintenance of the flow of nutrients
from soil to plant roots and were investigated by many authors. Using a destructive
approach, the extent of AMF networks was estimated to range from 2.7 to 20.5 m/g
of soil, depending on the fungal species (Giovannetti and Avio 2002; Mikkelsen
et al. 2008).
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Some non destructive observations of AMF extraradical mycelium (ERM),
carried out by using root observation chambers (Friese and Allen 1991) and in vitro
dual systems (Bago et al. 1998a), provided qualitative information on its archi-
tecture and development before and after symbiosis establishment.
A non-destructive in vivo bi-dimensional experimental system (sandwich system),
allowed the visualization and quantification of the whole intact AMF network
produced by the AM fungus F. mosseae living in symbiosis with three different
plant species: Allium porrum, Thymus vulgaris and Prunus cerasifera (Fig. 2.1).
After 7 days’ growth the length of ERM spreading out from root-based hyphae into
the surrounding environment ranged from 5169 mm in T. vulgaris to 7471 mm in A.
porrum, corresponding to 10 and 40 mm mm−1 root length, respectively. The mean
growth rate was 738–1067 mm d−1, depending on the host plant (Giovannetti et al.
2001). By contrast, in a tri-dimensional soil system lower values were detected,
ranging from 3.1 to 3.8 mm d−1 for F. mosseae and F. caledonius ERM spreading
from Trifolium subterraneum mycorrhizal roots (Mikkelsen et al. 2008).

Besides ERM extent, fungal biomass is important for the role played by myc-
orrhizal networks in the transfer of C from atmosphere to soil (Bago et al. 2000;
Treseder and Allen 2000), since they can supposedly sequester large quantities of
organic C in their walls in the form of recalcitrant compounds, such as chitin and

Fig. 2.1 Visualisation of intact extraradical mycelium of Funneliformis mosseae spreading from
colonised roots of Allium porrum showing the network structure realised by means of frequent
anastomoses interconnecting nearby hyphae (arrows)
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chitosan (Gooday 1990). Specific fungal weights, assessed using different AMF
species and experimental systems, ranged from 3.85 to 7.84 µg/m of mycelium
(Bethlenfalvay and Ames 1987; Frey et al. 1994; Miller et al. 1995; Fortuna et al.
2012). The extraradical network of the AM fungus F. mosseae IMA 1, visualised
by means of a bi-dimensional experimental system, appeared highly branched
(0.86–0.97 branches mm−1), while its viability, determined by the localization of
formazan salts depositions (SDH activity), was 100 %, after 7 days’ growth
(Fig. 2.2) (Giovannetti et al. 2001).

The interconnectedness of mycorrhizal networks is the result of fusions (anas-
tomoses) between contacting hyphae. The number of anastomoses in extraradical
mycelium ranged between 0.75 per 100 cm of hypha in Gigaspora margarita to
0.51 per mm of hypha in F. mosseae, whereas fusion frequencies ranged between 0
in Ambispora leptoticha, Gigaspora albida, Gigaspora gigantea and Dentiscutata
heterogama, to 64 % in F. mosseae (Table 2.1). Fusion frequencies showed the
highest values in in vivo systems, both in bi-dimensional (up to 64 %) and in
tri-dimensional models (up to 37.4 %) (Table 2.1). In some isolates of the AMF
species Rhizoglomus clarus, anastomosis frequencies recorded in extraradical
(symbiotic) mycelium were different from those observed in hyphae originating
from germinating spores (asymbiotic) mycelium (Purin and Morton 2013), whereas
slight differences were reported for F. mosseae (Giovannetti et al. 1999, 2004). In
an in vitro root organ culture system, characterised by high soluble nutrient levels, a
low number of anastomoses was recorded, with a maximum of 17 fusions per meter
of Rhizoglomus proliferus hyphae, although 100 % of such fusions were beteen
different hyphae in Rhizoglomus intraradices, R. proliferus and Glomus hoi (de la
Providencia et al. 2005; Voets et al. 2006). Networks formed by Gigasporaceae
showed no fusions in vivo (Purin and Morton 2011), whereas a low number of
anastomoses was produced in root-organ cultures: interestingly, about 95 % of

Fig. 2.2 Visualisation of succinate dehydrogenase activity (SDH) evidenced by formazan salt
depositions, showing complete fusions of hyphal walls and the establishment of protoplasmic
continuity in anastomosing extraradical hyphae of Funneliformis mosseae
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fusions detected in these two genera occurred within the same hypha (de la
Providencia et al. 2005; Voets et al. 2006).

It is interesting to note that, using data obtained from studies of ERM devel-
opment in soil and hyphal fusion frequencies in tri-dimensional agar or soil sys-
tems, even the apparently low anastomosis rate results in the production of 100–410
interhyphal connections per gram of soil (Giovannetti and Avio 2002; Voets et al.
2006; Mikkelsen et al. 2008).

Other studies, carried out on mycorrhizal networks produced by geographically
different isolates of the globally distributed AMF species F. mosseae and R.
intraradices (two isolates for each species) living in symbiosis with Medicago
sativa, revealed that the structure of the network significantly differed among AMF
isolates, since the hyphal length ranged from 4 to 21 mm per mm of root length and
the number of anastomoses per hyphal contact varied between 30 and 67; Avio
et al. 2006). Such a high interconnectedness was shown to play an important role in
the translocation and flow of nutrients from soil to host plants, affecting plant
growth and nutrition (Avio et al. 2006).

Fig. 2.3 Radar chart showing mycorrhizal network variables characterizing different isolates of
Funneliformis mosseae, IMA1 and AZ225, and Rhizoglomus intraradices, IMA5 and IMA6,
expressed as percentages of the highest obtained value. Fungal variables are measured as: specific
hyphal length, mm mm−1 colonised root length; hyphal density, mm mm−2; anastomosis number
mm−1 hyphal length; anastomosis density mm−2; anastomosis frequency, percentage of hyphal
contacts leading to hyphal fusions
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Although the sandwich system is bi-dimensional and may affect hyphal anas-
tomosis and growth rate, its use extended the knowledge of the mechanisms
underlying plant interconnectedness, revealing an unexpected and remarkable
outcome: the root systems of plants belonging to different species, genera and
families and colonised by the same fungal symbiont could be interconnected by
means of linkages between contiguous mycorrhizal networks (Giovannetti et al.
2004). The extraradical hyphae spreading from Allium porrum root system were
able to establish connections with those originating from Daucus carota,
Gossypium hirsutum, Lactuca sativa, Solanum melongena, colonized by the same
strain of the AM symbiont F. mosseae (Fig. 2.4). The percentages of hyphal
contacts leading to anastomosis between extraradical networks originating from
different plant species, ranging from 44 % in the pairing A. porrum-S. melongena to
49 % in A. porrum-G. hirsutum, were significantly lower than those detected
between hyphae belonging to the same plant, which ranged from 46 % in D. carota
to 64 % in L. sativa and showed also a host plant effect.

According to such data, connections between different plants are not exclusively
established through hyphae spreading from mycorrhizal roots and colonising con-
tiguous host plants (Newman 1988; Graves et al. 1997; Van der Heijden et al.

Fig. 2.4 Hyphal connections established between extraradical mycorrhizal networks originating
from Allium porrum (left) and Solanum melongena (right) colonised by the same Funneliformis
mosseae isolate IMA1
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1998), but also by means of fusions between mycorrhizal networks originating from
different plants, which could potentially create indefinitely large numbers of link-
ages through which nutrients can be transported over long distances. As the visu-
alisation of such linkages in soil is not possible, because every kind of sampling
would destroy the structure of the fungal network, an indirect approach confirmed
the occurrence of anastomosis between contiguous ERM in a soil experimental
system (Mikkelsen et al. 2008).

In our laboratory we recently demonstrated the ability of hyphae originating
from individual germinated spores to fuse and incorporate into hyphae of the
mycorrhizal network produced by plants colonised by the same fungal strain, and to
establish vital connections with nuclei flowing in anastomosis bridges (Sbrana et al.
2011; Table 2.1). This phenomenon represents an important mechanism evolved by
AMF to increase their chances of survival. Indeed, although AMF are obligate
biotrophs, their spores can germinate in the absence of host-derived chemical
signals, giving rise to coenocytic colonies where an active bidirectional flow of
nuclei, mitochondria, fat droplets, vacuoles and organelles is easily detectable
(Bago et al. 1998b; Logi et al. 1998) and whose extent may range from 18 to 50 mm
(Bécard and Piché 1989; Gianinazzi-Pearson et al. 1989; Logi et al. 1998). Such
asymbiotic hyphae, being unable to establish a symbiosis, rapidly undergo a pro-
grammed growth arrest accompanied by protoplasm withdrawal and resource
reallocation towards mother spores (Mosse 1959; Hepper 1983; Bécard and Piché
1989; Logi et al. 1998). This energy-saving behaviour, though important to allow
long-term maintenance of spore viability and host-infection ability (Beilby and
Kidby 1980; Koske 1981; Tommerup 1984; Logi et al. 1998), could have repre-
sented an evolutionary selective disadvantage. The ability of fungal germlings to
plug into pre-existing extraradical mycelium may increase their probability of
survival, allowing them to gain access to plant-derived carbon circulating in the
network before asymbiotic growth arrest.

2.3 Cytology of Anastomosis Formation

The word anastomosis derives from Greek and originally referred to an opening or
junction through a mouth as of one body of water with another. In human anatomy,
it commonly refers to a connection that is created between tubular structures, such
as blood vessels, involving the concept of fluid flow. In mycology, anastomoses
(vegetative hyphal fusions), first described in 1933 (Buller 1933), occur between
hyphae of Ascomycota and Basidiomycota (Gregory 1984; Ainsworth and Rayner
1986; Leslie 1993). Anastomoses were formerly believed to be lacking or rare in
Zygomycetes (Gregory 1984; Carlile 1995) but some authors mentioned their
occurrence without giving any quantitative data on their frequency or the cyto-
logical events involved (Godfrey 1957; Mosse 1959; Tommerup 1988; Giovannetti
et al. 1993).
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Anastomoses between living hyphae of AMF were first studied and monitored in
asymbiotic mycelium originating from individually germinated spores (Giovannetti
et al. 1999). By using a combination of time-lapse and video-enhanced light
microscopy, image analysis, and epifluorescence microscopy the dynamics of
anastomosis formation was monitored, cytoplasmic flow and nuclear exchange
were visualised, and the occurrence and frequency of anastomosis between hyphae
of germlings belonging to the same and to different isolates, species and genera
were assessed. Anastomoses formed in hyphae belonging to the same germling or
to different germlings of the same strain were characterized by cellular compati-
bility, consisting in complete fusion of hyphal walls, cytoplasmic flow and
migration of organelles and nuclei through hyphal bridges (Table 2.1). The histo-
chemical localization of formazan salts in hyphal fusions, evidencing
SDH-succinate dehydrogenase activity, allowed the detection of successful anas-
tomoses, characterised by viable hyphal connections and protoplasmic continuity
(Giovannetti et al. 1999).

The morphological types of hyphal fusions were mainly tip-to-side, and rare
tip-to-tip fusions were observed. During pre-contact interactions, approaching
hyphal tips were actively attracted towards the nearby hyphae and showed growth
orientation, while the approached hyphae initiated new hyphal tips, suggesting the
existence of an interhyphal remote signalling. When a tip contacted a trunk hypha,
it stopped growing and in some cases appeared swollen, but more often the walls
fused without any apparent tip swelling, while a protoplasmic flow was established
through the fusion pore. The cascade of cellular and biochemical events, including
cell wall degradation and synthesis, leading to the formation of a hyphal bridge
connecting the two previously separated hyphae remains to be unravelled. Further
investigations should be performed to answer the question as to whether the
complex process of anastomosis formation starts with a physiological switch
making hyphae growing nearby fusion-competent as a result of remote chemical
signals controlling pre-fusion events, similarly to what happens during the sexual
phase of other fungi (Bistis 1981; Snetselaar et al. 1996).

The complete formation of hyphal fusions in living hyphae of AMF was
accomplished in 35 min, after hyphal contact in F. mosseae and F. caledonius
(Giovannetti et al. 1999), and in 4 h after a hyphal tip showed directed growth towards
another hypha in R. irregularis (Sbrana, unpublished results). In hyphal fusions, the
intense protoplasmic flow subsequent to anastomosis was visualised by the bidi-
rectional movement of particles—vacuoles, mitochondria, nuclei, and fat droplets—
migrating at the speed of 1.8–0.26 µm s−1 in F. caledonius, F. mosseae and R.
irregularis (Giovannetti et al. 1999; Sbrana, unpublished results). Nuclear occurrence
in hyphal bridges, evidenced by DAPI staining and epifluorescence microscopy was
detected between hyphae belonging to the same germling and to different germlings
of the same AMF isolate, in F. caledonius, R. intraradices, F. mosseae, showing the
complete compatibility and interconnectedness of the mycelia.

Nuclear migration in AMF hyphal fusion bridges was confirmed by the visu-
alisation—by immunofluorescence microscopy—of nuclei closely associated to
cytoplasmic microtubules, which are believed to mediate nuclear division and
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migration processes in fungi (Morris and Enos 1992; Ästrom et al. 1994). In fungi
three types of cytoplasmic microtubule (cMT)-dependent nuclear movements have
been observed using live cell imaging: short-range oscillations (up to 4.5 µm/min),
rotations (up to 180° in 30 s), and long-range nuclear bypassing (up to 9 µm/min)
(Lang et al. 2010). In Ashbya gossypii long-range nuclear movements were regu-
lated by cytoplasmic microtubule cytoskeleton emanating from each nucleus and by
dynein, and nuclear pulling was due to cytoplasmic microtubule cytoskeleton
cortical sliding (Grava et al. 2011).

The migration and intermingling of nuclei in hyphal bridges indicate that
anastomoses in AMF play a fundamental role not only in the establishment of
“mycelial interconnectedness”, allowing intrahyphal communication and home-
ostasis, as proposed by Rayner (1996), but also in the information flow leading to a
physiological and genetic integration among vegetatively compatible individual
germlings. Cytological observations of C. etunicatum mycelium showed that
nuclear mobility contributed to mix different lineages of nuclei within the coeno-
cytic hyphae, and that the occurrence of asynchronous nuclear replication allowed
changes in relative rates of such nuclear lineages. Moreover, a selective elimination
of compromised nuclei, through a programmed death process, was observed during
spore development, suggesting that also a nuclear-level selection operates in
Glomeromycota (Jany and Pawlowska 2010).

Anastomosis frequency ranged from 35 to 69 % between contacting hyphae of
the same germling and from 6 to 90 % between hyphae of different germlings of the
same strain (Table 2.1) in different experimental systems. However, no information
is available on the factors controlling anastomosis frequency, involving either the
extracellular environment or the intrahyphal microenvironment, possibly differen-
tiating hyphae into fusion-competent regions, as observed in other fungal species
(Hickey et al. 2002).

No hyphal fusions over 220 and 460 contacts were detected in Gigaspora rosea
and Racocetra castanea mycelium, revealing an additional character differentiating
the family Glomeraceae from the Gigasporaceae (Giovannetti et al. 1999). Such a
difference was confirmed by in vitro experiments carried out using RiT-DNA
transformed carrot roots, which reported very low values of anastomosis formation
between different hyphae in AMF species belonging to Gigasporaceae (de Souza
and Declerck 2003; de la Providencia et al. 2005; Table 2.1). Interestingly, the
fusions observed were likened to a healing process (Gerdemann 1955; de Souza and
Declerck 2003), which could be functional to the restriction of damages as a result
of ageing, lytic events or physical lesions. In some species, short-length hyphal
sections were able to undergo septa formation rapidly to shelter from the external
environment and new hyphal tips growing from detached sections formed anasto-
moses among them. A differential behaviour was observed between Dentiscutata
reticulata, where only a recovery of hyphal integrity was achieved, and R. clarus
where the healing mechanism led to hyphal recovery and to a new growth into the
surrounding medium (de la Providencia et al. 2007). Differences in hyphal fusion
regulating mechanisms between these two species, mostly still unknown, could
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explain such different behaviour, supporting the view that Glomeraceae and
Gigasporaceae have developed different survival strategies.

Anastomosis between vegetative hyphae may represent the first step of the
parasexual cycle, allowing the formation of a heterokaryotic coenocytic mycelium
where distinct nuclear genotypes are maintained for an indefinite/definite period of
time (Pontecorvo 1956). However, no evidence of parasexual hybridization by
means of hyphal fusions has so far been reported in AMF, as described in other
fungi (Schardl et al. 1994). Though, in R. intraradices high-mobility domains
containing transcriptional factors, with significant similarity to genes controlling
mating type in Phycomyces blakesleeanus (Idnurm et al. 2008) and transcripts
encoding for the meiotic recombination machinery, as well as meiosis-specific
proteins (Tisserant et al. 2012), were detected. Moreover, 51 genes showing
homology to those required for the proper completion of meiosis in Saccharomyces
cerevisiae were identified in Glomus spp. (Halary et al. 2011), indicating the
possibility of sexual reproduction in AMF. Indeed, findings consistent with
recombination were reported for different AMF species, suggesting the occurrence
of gene exchange, which could be realised by means of intermingling of nuclei
during anastomosis (Vandenkoornhuyse et al. 2001; Croll et al. 2009; den Bakker
et al. 2010; de la Providencia et al., 2013; Beaudet et al. 2015; Boon et al. 2015;
Weichert and Fleißner 2015). Further research is needed to understand how fusions
between genetically different lineages may alter the genetic structure and the
reproductive success of AMF populations.

2.4 Vegetative Compatibility and Incompatibility
in Anastomosing Hyphae

Studies on fungal somatic fusions revealed beneficial outcomes of frequent
self-anastomoses, which increase the absorbing surface and the foraging ability of
hyphal colonies (Aanen et al. 2008; Richard et al. 2012). Although enhanced
mycelial fitness has been reported also after nonself fusions, their frequency is low,
as vegetative compatibility is under the control of het or vic (heterokaryon or
vegetative incompatibility genes) genes (Glass and Kuldau 1992; Leslie 1993;
Glass and Kaneko 2003). The occurrence of incompatible het/vic alleles in fusing
hyphae triggers incompatible responses, including programmed cellular compart-
mentalization and death (Glass and Dementhon 2006). Such incompatibility sys-
tems have probably evolved to limit mycelial damages resulting from genetic
conflicts, due to DNA exchange, and from the transfer of pathogenic elements
(viruses, deleterious mitochondria and plasmids) (Biella et al. 2002; Malik and
Vilgalys 1999).

In AMF, experiments carried out on hyphae of germlings belonging to different
genera and species, and to geographic isolates of the same species, revealed their
ability to discriminate self from nonself. Hyphae belonging to different species or
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genera do not form anastomoses and, during interspecific and intergeneric inter-
actions, do not show any contact interference. For example, no hyphal fusions were
detected on a total of 90, 140, 232 and 98 hyphal contacts between hyphal
germlings of F. mosseae and F. caledonius, F. mosseae and Gigaspora rosea, F.
caledonius and G. rosea, G. rosea and R. castanea, respectively.

No hyphal compatibility between germlings belonging to geographically dif-
ferent isolates of F. mosseae was observed, even if pre-contact tropism, directional
growth and branching of approaching hyphae occurred. In the interaction between
F. mosseae isolates IN101, BEG25 and AZ225C (Giovannetti et al. 2003),
approaching hyphae showed directed growth, branching and initiation of tips
contacting the receiving hyphae, which were able to sense the presence of
approaching hyphae and produced new lateral tips growing towards them.
Interestingly, either prior to or after physical contact between hyphae, clear
pre-fusion incompatible responses (rejection responses), were evidenced, such as
apical swellings, wall thickening and cell wall depositions in the contacting hypha,
followed by protoplasm withdrawal from hyphal tips, vacuolization and septa
formation (Fig. 2.5).

The different ranges of events leading to the development of hyphal bridges and
to the formation of anastomoses suggested the existence of a highly regulated
system of self-recognition, leading to compatibility between hyphae belonging to
the same network and between germlings and mycelia originated from spores
produced by the same isolate. Such events are mirrored by nonself discrimination
mechanisms, leading to nonself incompatibility between hyphae of AMF belonging
to different genera, species, and geographic isolates of the same species. Though,

Fig. 2.5 Pre-fusion incompatible interactions between hyphae belonging to two geographically
different isolates of the AMF species Funneliformis mosseae, IMA1 and AZ225, after SDH
staining. Note the retraction septa developed by an approaching hypha after protoplasm
withdrawal (arrows)
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the specific chemical signals triggering interhyphal attraction and regulating veg-
etative compatibility/incompatibility, and leading to self recognition and nonself
discrimination, remain poorly understood.

Post-fusion incompatible interactions, showing protoplasm withdrawal and cross
wall formation in fused hyphae, were demonstrated in germinating spores and
vegetative hyphae of Ascomycota, where incompatibility results from heterodimers
of het or vic proteins (Glass et al. 2000; Saupe 2000; Glass et al. 2004). In AMF,
nonself vegetative fusions (Fig. 2.6) were detected between genetically different
single spore isolates (clonal lineages) of R. irregularis, which established vital
connections, thereby creating the possibility for genetic exchange (Table 2.1;
Fig. 2.7). Molecular analyses of the progeny of the mycelium derived from such
nonself vegetative fusions evidenced the transmission of specific genetic markers,
showing that genetic exchange had indeed occurred, despite the low anastomosis
frequencies (Croll et al. 2009). Recent findings confirmed the occurrence of nonself
anastomoses in R. clarus and the possibility of genetic exchange and heteroplasmy
as a result of either perfect fusions or post-fusion incompatible interactions in
Rhizoglomus isolates (Purin and Morton 2011, 2013; de la Providencia et al. 2013;
Beaudet et al. 2013; Lin et al. 2014).

In conclusion, AMF hyphae are capable of recognition and fusion, thus pro-
ducing large mycorrhizal networks where important nutritional, genetic and
information flows are active. Such property is crucial for the survival of AMF
populations, because it can directly affect their fitness, viability and reproductive
success. The visualisation of AMF networks and of their structure unravelled a high
level of interconnectedness, fundamental for facilitating the interchange of mineral
nutrients, water and sugars flowing from soil to plants and from plants to soil.

Fig. 2.6 Post-fusion incompatible interactions between hyphae belonging to two genetically
different isolates of Rhizoglomus irregularis. Note the retraction septum and protoplasm
withdrawal developed after fusion (arrow)
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In addition, the ability of self recognition and nonself discrimination of AMF
hyphae suggests that the mycorrhizal network is also a site of information flow. The
capacity of extraradical hyphae of fusing by means of anastomosis, interconnecting
many different plants in the community, confirms that mycorrhizal networks can
contribute to the formation of indefinitely large potential functional guilds (see
Simard et al., Chap. 5, this Vol.), playing a key role in the complex web of
interactions that regulates the functioning of natural and agricultural ecosystems.
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Chapter 3
The Importance of Ectomycorrhizal
Networks for Nutrient Retention
and Carbon Sequestration in Forest
Ecosystems

Håkan Wallander and Alf Ekblad

Abstract Extramatrical mycelium (EMM) of mycorrhizal fungi have a funda-
mental role in carbon (C) cycling in forest ecosystems. This carbon is used for
building extensive mycelial networks in the soil as well as for metabolic activity
related to nutrient uptake. Here we discuss the factors that regulate the production
and turnover of EMM and its role in soil C dynamics and nitrogen retention.
C availability seems to be the key factor determining EMM production and possibly
its standing biomass in forests but direct effects of mineral nutrient availability on
the EMM can also be important. There is great uncertainty about the rate of
turnover of EMM, and the increasing evidence that residues of EM fungi play a
major role in the formation of stable N and C in soil organic matter highlights the
need to include mycorrhizal effects in models of global soil C stores.

Keywords Carbon � Nitrogen � Nutrient retention � Extramatrical mycorrhizal
mycelium � Ingrowth mesh bags

3.1 Introduction

Mycorrhizal fungi form extensive mycelial networks in the soils of boreal and
temperate forests (Smith and Read 2008). Most of the trees form symbioses with
ectomycorrhizal fungi (EMF), while shrubs and herbaceous plants are colonized by
arbuscular mycorrhizal fungi, ericoid or orchid mycorrhizal fungi. Here we will
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focus on the EMF mycelial networks formed by many forest trees, especially in
Pinaceae, Fagaceae and Betulaceae.

Trees invest large amounts of carbon (C) to facilitate nutrient uptake by the EMF
networks, especially in nutrient-poor sites, and the growth of these networks is
regulated by the C flux from the trees (Smith and Read 2008). Network func-
tionality diminishes shortly after termination of the current photosynthate flux from
the trees, as has been shown both in microcosms after severing the connection
between the fungus and the host (Söderström and Read 1987), and in field
experiments when the belowground C flux has been terminated by girdling the trees
(Högberg et al. 2001). When uptake is terminated, leaching of nutrients can follow.
This is commonly seen after clear-cutting forests, especially in nutrient-rich sites,
but nutrient retention usually recovers after a few years when field layer vegetation
has been established (Futter et al. 2010). Nitrogen (N) can also leach from standing
forests when N input has been continuously high and the forests are subjected to N
saturation (Emmett 2007). This leaching is possibly an effect of impaired EMF
function (Aber et al. 1998; Högberg et al. 2011).

C sequestration in forest soils is dependent on N availability since the C:N ratio
of stable soil organic matter (SOM) in deeper soil layers is rather constant around
10–15. This value is similar to the ratio of EMF biomass (Wallander et al. 2003)
and it has been suggested that the SOM in boreal forests to a large extent is
composed of EMF residues (Högberg et al. 2011; Clemmensen et al. 2013;
Fernandez et al. 2013; Fernandez and Kennedy 2015). However, the enhanced C
sequestration that occurs after N fertilization (Franklin et al. 2003; Hyvönen et al.
2007) is difficult to attribute to EMF since many of these fungi decline under
elevated N conditions (Wallenda and Kottke 1998; Nilsson and Wallander 2003;
Högberg et al. 2011; Bahr et al. 2013). This makes assessing the role of EMF
networks in C sequestration complicated. The enhanced tree growth and litter
production, and the reduced decomposition of SOM (Nohrstedt et al. 1989;
Franklin et al. 2003), usually found after N fertilization are possible reasons for
enhanced C sequestration. But it is also possible that changes in ectomycorrhizal
(EM) community composition that occurs after N fertilization plays a significant
role since different EM species decompose at different rates (Langley and Hungate
2003; Koide and Malcolm 2009; Koide et al. 2011; Fernandez et al. 2013).
Clemmensen et al. (2013) found larger C sequestration in old compared to young
successional stages of boreal forests in northern Sweden and attributed this, at least
in part, to different mycorrhizal communities (Clemmensen et al. 2015).
Furthermore, certain species of EMF may reduce SOM accumulation by degrading
recalcitrant compounds to obtain N that is delivered to the host trees (Talbot et al.
2008). Thus EMF appears to have a central role in C sequestration, although the
overall effect is difficult to predict because of these opposing processes.

In this chapter we will discuss (1) how the production of EMF networks can be
measured under field conditions, (2) how the production is regulated, and (3) to
what extent EMF networks are important for ecosystem processes such as nutrient
retention and C sequestration.
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3.2 Methods to Study Production of EMF in the Field

3.2.1 Observational Methods

One of the problems with quantifying standing biomass or production of EM
networks in the field is difficulties in separating mycorrhizal mycelia from sapro-
trophic mycelia. There is no biochemical or DNA-based marker to distinguish
extramatrical mycorrhizal mycelia (EMM) from the complex fungal soil community
since EM fungi do not form a monophyletic clade (Tedersoo et al. 2010), but there
are various ways to overcome this problem. Production of EMM can be studied in
the field through direct observation in root windows or minirhizotrons (Coutts and
Nicoll 1990; Treseder et al. 2005; Pritchard et al. 2008), although the resolution is
too low to observe individual hyphae. Coutts and Nicoll (1990) followed the
growth rate of the advancing hyphal front of two EM species observed through
observation windows installed on 2 m large tubes placed outside. The estimated
growth rate of Thelephora terrestris was 1–3 mm day−1 during the plant growing
season which is similar to what has been found for EMF in laboratory microcosms
(Read 1992) as well as under axenic growth (Gafur et al. 2004). Furthermore, the
mycelium continued to grow over the winter, although at a slower rate
(0.3 mm day−1). Laccaria proxima on the other hand grew slower and the myce-
lium disappeared during the autumn. In this way observation methods are useful for
determining longevity of EMM and Pritchard et al. (2008) found that EM rhi-
zomorphs observed in minirhizotrons lived much longer than mycorrhizal root tips
(mean longevity 532 and 104 days respectively, Fig. 3.1). Observation methods are
useful to study seasonal dynamics of EMF networks in the field but it is more
difficult to quantify the production in terms of biomass.

3.2.2 Mesh Bags

The most common approach to quantify EMM production is the use of ingrowth
mesh bags (Wallander et al. 2001; Fig. 3.2) or in-growth cores (Godbold et al.
2006; Hendricks et al. 2006). Such techniques have so far been used to estimate
EMM production at *140 different sites (Ekblad et al. 2013). The mesh bags or
cores are usually filled with sand, free of fungal material, and incubated in the soil
for various periods of time. The amount of fungal biomass detected at harvest is
used as an estimate of EMM production. However, colonization by saprophytic
fungi can also occur, although to a smaller extent, and to account for this, trenched
plots can be used to measure production of the saprophytic mycelium only
(Wallander et al. 2001). It should be noted that trenching by forcing down tubes
into the soil will only last a limited amount of time since EMM may enter the tubes
from below. In studies in Sweden such trenched plots were free of EMM for one
growing season but EM fungi entered some of the tubes after two growing seasons
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(Wallander et al. 2001, 2011). Molecular analysis of the fungal communities of
ingrowth mesh bags has revealed that between 70 and 90 % of the sequences
obtained from the bags originate from fungi known to form ectomycorrhizal
symbiosis (Parrent and Vilgalys 2007; Wallander et al. 2010; Berner et al. 2012).
Another approach to check for saprophytic ingrowth is to analyse the C isotopic
signature of mycelia extracted from mesh bags (Wallander et al. 2001). Fruitbodies
of wood—and litter decomposing fungi usually have a δ13C value that is 2–3 ‰
higher than values for EMF fruitbodies (Högberg et al. 1999; Taylor et al. 2003;
Hobbie et al. 2012) and the δ13C of mycelia in mesh bags usually resemble values
for EMF fruitbodies (Wallander et al. 2001; Hagerberg et al. 2003; Mikusinska
et al. 2013). However, with time, it is possible that fungi that decompose the EMF
mycelium will establish in the bags; whether the mycelium formed by these fungi
differs in δ13C from EMF is unknown.

Fig. 3.1 Number of days
until 25, 50 or 75 % mortality
of mycorrhizal tips and of
rhizomorphs of two diameter
classes; a ambient CO2,
b elevated CO2. Data from
minirhizotrons installed in a
loblolly pine forest in North
Carolina (from data in
Pritchard et al. 2008)
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Studies using natural soil in mesh bags or cores have shown higher production
rates of EMM than studies using sand (Hendricks et al. 2006). The reason for this is
probably that soil is a more natural substrate for the fungi, but problems arise when
using soil since it contains background fungal material that needs to be subtracted
before EMM production can be calculated. This seems to work when the soil has
low SOM content (Hendricks et al. 2006; Sims et al. 2007) but under other cir-
cumstances fungal biomass background values are too high to make ingrowth
measurements reliable (Wallander personal observation). An alternative approach to
estimate EMM production in mesh bags or cores filled with soil is to use the different
C isotopic signatures of C4 and C3 plant material (Godbold et al. 2006; Wallander
et al. 2011). In this case mesh bags or cores are filled with 13C-enriched C4 material
(soil or plant material) and the change in isotopic composition that occurs when the
bags/cores are colonized by 13C depleted EMM is followed and used to calculate C
flux into the bags. This approach was used by Godbold et al. (2006) who estimated a
C flux to EMF of around 1000 g C m−2 during a period of 2.5 years in a poplar
plantation in Italy. Wallander et al. (2011) used a mixture of sand and compost made
of maize leaves (a C4 plant) in mesh bags and estimated a C flux of around
100 g C m−2 over a three year period in Norway spruce forests in Sweden.

One of the problems of using ingrowthmesh bags or cores to quantify EMM is that
the fungal community that colonizes the bags/cores may not be representative of the
soil community. The reason for this is the use of artificial substrate (sand) and the fact
that fungal-free bags or cores select for fast-growing EMF species. Fungi that

Fig. 3.2 A harvested mesh bag after 2 years incubation in a Norway spruce forest in Sweden has
been opened in the lab. Abundant mycelia and rhizomorphs of EM fungi are clearly visible. Photo:
Adam Bahr
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proliferate in the mineral soil may be overrepresented in the bags when a sandy sub-
strate is used. One way to overcome some of these problems may be to incubate mesh
bags for longer timeperiodsandanalyseannualproductionand turnoverofEMMin the
meshbags after colonizationby fast-growingEMFspecies has terminated.However, it
is not known whether the contribution of saprotrophic mycelium increases over time,
and this needs to be tested. Production of specific species can probably bemeasured by
qPCRor othermolecular techniques, and theCflux into the bags or cores over time can
be followed by isotopic techniques as discussed above. The mesh bag method is best
suited for relative comparisons between different forest management practices or
treatments and for comparing how different mesh bag amendments influence EMM
production. Estimations of absolute amounts produced must be interpreted with cau-
tion. For a more detailed review on this subject see Wallander et al. (2013).

3.2.3 Exploration Types

EMF communities can be extremely diverse (Dahlberg 2001) and the composition
of the EM community is probably of large importance for ecosystem processes such
as nutrient retention and C sequestration. One approach to handle this diversity of
EMF in functional terms has been to classify the species into exploration types
based on the amount of hyphae emanating from the root tips and the presence and
differentiation of rhizomorphs (Agerer 2001, 2006). The different C demand among
the explorations types will most likely have profound effects on their ecological
roles in terms of nutrient uptake/retention and their potential to sequester C. When
more physiological data have been collected about the different exploration types it
might be possible to incorporate them into ecosystem models with the aim to
increase predictions of key ecological processes such as nutrient uptake, leaching of
nutrients and SOM cycling. Work along this line has been started by Weigt et al.
(2011, 2012a, b) who have quantified the amount of mycelium produced by rep-
resentatives of a few different exploration types in laboratory experiments. If these
values are applied to EM communities that have been identified on root tips in the
field, it might be possible to extrapolate potential EMM production in field sites
from EM community composition estimated from analysis of root tips.

3.3 Regulation of EM Growth by C Supplied
from the Host Trees

3.3.1 Tree Growth

Since the EMM depends on C delivered from the host trees, higher photosynthetic
rates can potentially result in higher EMM production. Support for this view was
found by Korkama et al. (2007) who studied EMM production related to fast- and
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slow-growing spruce clones. Significantly higher EMM production was found in the
fast-growing compared to slow-growing ones (Fig. 3.3). Furthermore, EMM pro-
duction was correlated to fine root biomass suggesting that enhanced belowground
allocation of C was necessary to sustain the better growth of fast-growing clones. In
a larger data set of Scandinavian Norway spruce forests (data from Ekblad et al.
2013), EMM growth and spruce productivity were positively correlated (Fig. 3.4),
but other factors such as nutrient availability are important for the relative allocation
above and belowground (see below) which complicates the picture.

Fig. 3.3 The biomass of extraradical mycelia developing in mesh bags (bars) is related to the fine
root density (lines) under slow (S1–S4) and fast-growing Norway spruce (Picea abies) clones (F1–
F4). Fungal biomass was estimated visually under a dissecting microscope and according to
aggregation of the sand. It was classified into four categories: (0) no mycelial strands and sand
aggregation; (1) a few mycelial strands but no sand aggregation; (2) moderate number of mycelial
strands and some sand aggregation; (3) considerable extraradical mycelium and sand aggregation
(from Korkama et al. 2007)
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Fig. 3.4 Relationship between growth of extramatrical mycelium (EMM; Kg ha−1 year−1) in the
top 10 cm and wood production (m3 ha−1 year−1) in the Norway spruce stands from Table 2 in
Ekblad et al. (2013). Open triangles (young stands 10–20 year), closed triangles (young stands
with P deficiency, needle P < 1.3 mg P g−1), open squares (stands older than 20 year), closed
squares (older stands with P deficiency)
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3.3.2 Tree Age

Trees usually peak in nutrient uptake during canopy closure when nutrient demand
is highest. When the trees mature more nutrients are supplied through internal
cycling (Kimmins 2004). EMM growth in the soils shows similar pattern
(Kalliokoski et al. 2010; Wallander et al. 2010), and its peak in production seems to
be close to that of the usual canopy closure stage of coniferous forests in southern
Scandinavia (25–40 years, Schmalholz and Hylander 2009).

3.3.3 Seasonality

Winter is obviously a season with poor EMM growth in boreal and boreo-nemoral
regions but might be a period of active growth in warmer climates. Thus, in pine
forests of northeastern Spain the living EMM biomass, quantified by specific pri-
mers and qPCR, peaked in February for Boletus edulis and in December for
Lactarius deliciosus (De la Varga et al. 2013). Also in cooler temperate regions
some species are able to continue growing at a low rate during winter, at least in the
study in UK by Coutts and Nicoll (1990). But EMM growth is probably not directly
related to temperature in the same way as growth of saprotrophs in soil, since EMM
growth depends on C allocated from the trees. In northern temperate and boreal
regions maximal growth can be expected in the second half of the growing season
when the above ground C sink in terms of tree growth has ceased. Support for this
view was found by Nilsson et al. (2007) who found better EMM growth in oak
forests during the colder fall period compared to the warmer summer period.
Another factor that might be confounding in these studies is soil humidity which
usually is higher in the fall than in the summer.

3.3.4 Elevated CO2

Elevated CO2 could potentially increase the photosynthetic rate and thereby
increase EMM growth. However this will also depend on other factors since
nutrient availability may limit photosynthesis resulting in less or no increased
growth rate after elevated CO2. Several studies in the laboratory have demonstrated
increased EMM growth after elevated CO2 (e.g. Rouhier and Read 1998), but
although an increased rhizomorph production and longevity was observed in a
Pinus taeda plantation (Pritchard et al. 2008), these results have been difficult to
repeat in the field (Godbold et al. 2006; Parrent and Vilgalys 2007; Dawes et al.
2013). The effect of elevated CO2 on EMF was recently reviewed by Fransson
(2012).
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3.3.5 Herbivory

Herbivory of tree foliage could potentially result in reduced EMM growth if
photosynthetic capacity declines, but few studies have tested this. However, her-
bivory from scale insects reduced colonization of pinyon pines by EMF (Del
Vecchio et al. 1993) and suilloid fungi have shown reduced growth more than other
species after artificial herbivory (Kuikka et al. 2003). These species appear to have
higher C demands when tested in the laboratory (Fransson et al. 2007) which may
be one explanation for their decline after herbivory.

3.4 How Nutrient Availability Influence C Allocation
and EMM Growth

Nutrient availability strongly affects C allocation pattern in the host trees. Work by
Ericsson (1995; Fig. 3.5) demonstrated that allocation belowground increased when
N, P, S and Fe was limiting growth, while limitation of K, Mg, and Mn resulted in
reduced belowground allocation. This was explained by impaired photosynthesis at
K, Mg and Mn limitation resulting in lower carbohydrate production. In contrast
limitation of N, P, S and Fe resulted in impaired growth but lower direct effects on
photosynthesis, leading to accumulation of carbohydrates in the leaves. These
carbohydrates could be loaded into the phloem and transported belowground
(Ericsson 1995). Much less is known about how EMM is influenced by nutrient

Fig. 3.5 Root weight ratio
(RWR) in Betula pendula
seedlings grown at different
nutrient regimes. The
indicated nutrients were
added to give plant growth
rates between 20 and 100 %
of optimum. Reduced
availability of N, S, P and Fe
resulted in increased RWR
while reduced availability of
K, Mg and Mn resulted in
increased RWR (data from
Ericsson 1995)
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limitation and excessive amounts of nutrients, but as demonstrated in the following
section, the current knowledge appear in many respects to follow the results found
by Ericsson (1995) for roots.

3.4.1 Nitrogen

The large production of EMM in boreal forests is attributed to N commonly being
the limiting nutrient in these ecosystems. EMF are well adapted to cope with N
limitation by producing large mycelia that can take up and store N during periods of
high N availability (Mikusinska et al. 2013). In addition, many species can mobilize
and take up organic forms of N (Perez-Moreno and Read 2001). Thus it is not
surprising that the activity of EMF is reduced when N input to the system increases.
This can be seen both in terms of fruitbody formation and in the number of myc-
orrhizal root tips (Wallenda and Kottke 1998; Peter et al. 2001; Lilleskov et al.
2002; Lilleskov et al. 2011). EMF species more efficient in taking up organic N are
usually the ones that become less frequent in response to inorganic N loads (Taylor
et al. 2000; Lilleskov et al. 2011).

Growth of EMM is strongly reduced after N addition in laboratory-grown
seedlings (Wallander and Nylund 1992; Arnebrant 1994) and recent work using
ingrowth mesh bags have confirmed this also for EMM growth in natural forests
(Nilsson and Wallander 2003; Hendricks et al. 2006; Parrent and Vilgalys 2007;
Kjøller et al. 2012). It should however be noted that this negative effect is reduced
when N is balanced by other nutrients (Wallander et al. 2011). The number of
mycorrhizal root tips or the fungal biomass on the root tips may remain similar after
several years of annual N addition (Kåren and Nylund 1997), while the growth of the
EMM was severely reduced in the same forest (Nilsson and Wallander 2003). This
suggest that C demanding fungi (e.g. suilloid spp., Fransson et al. 2007), decline
after N input. This was also found along a N deposition gradient in Alaska
(Lilleskov et al. 2002) where the contact type Lactarius theiogalus (presumably low
C demand) dominated (68.5 % of colonized root tips) in the most N-polluted site,
while it decreased to only 7.4 % of root tips in the least N-polluted site. In contrast,
medium-distance types like Amphinema byssoides and Piloderma byssinum (pre-
sumably high C demand) became more abundant in the least N-polluted site (40 %),
while they were totally absent at higher N input sites. Along another short-distance
N deposition gradient in a Norway spruce forest in Denmark, Kjøller et al. (2012)
found that Lactarius quietus (contact type) dominated the root community at the
forest edge (56 %) with the highest inorganic N deposition (43 kg N ha−1) while
short distance types (89 %, mainly Tylospora fibrillosa and Cenococcum geophilum)
dominated further into the forest (N deposition 27 kg N ha−1). Very few medium and
long-distance types were formed in this forest (<5 % in the forest, 0 % at the edge),
probably because of the rather high deposition of inorganic N. EM communities
dominated by contact types, with less well developed mycorrhizal networks, may
result in vulnerability to N leaching. This aspect will be further elaborated below.
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3.4.2 Phosphorus

P deficiency is less common in boreal and temperate regions than in tropical
regions, but mass balance calculations suggest that intensive harvesting of forest
residues in combination with high N deposition will lead to P deficiencies in many
forests in temperate and boreal regions (Akselsson et al. 2006). In laboratory grown
seedlings, P deficiency resulted in strong enhancement of EMM production
(Wallander and Nylund 1992; Ekblad et al. 1995). Phosphorus effects on the EMM
has not been much studied in the field but Wallander and Thelin (2008) found that
EMM ingrowth into sand-filled bags amended with apatite was higher than in bags
filled with sand only, but this effect disappeared when the forests were fertilized
with P and K. The magnitude of the EMM ingrowth response to apatite was
negatively correlated to needle P status which supports the view that P availability
in the soil is of great importance for the regulation of EMM production (Wallander
and Thelin 2008). Since P is rarely limiting tree growth in temperate and boreal
forests, the needle P status is probably not low enough to stimulate growth of EMM
under field situations. However, Bahr et al. (2013) found a negative correlation
between EMM growth and needle P status also when needle P levels were above
1.3 mg P g−1, which was the threshold value where apatite stimulated EMM growth
in the study by Wallander and Thelin (2008). Furthermore, Blum et al. (2002) found
apatite to be an important calcium source for ectomycorrhizal trees in base-poor
forest ecosystems in the US.

3.4.3 Other Nutrients

Under laboratory conditions, both K (Ekblad et al. 1995) and Mg (Wallander and
Nylund 1992) deficiency has resulted in reduced EMM growth, supporting the
finding by Ericsson (1995) of reduced belowground C allocations during such
conditions (Fig. 3.5). These findings have however not been confirmed under field
conditions, since Hagerberg et al. (2003) found no difference in EMM growth in
Norway spruce forests with varying K availability. Some indications that Mg
deficiency may impair EMM growth was found in a study in the Czech Republic by
Berner (2013). EMM was much lower in Norway spruce forest growing on
Mg-poor granite soil compared to similar forests growing on more Mg-rich
amphibolite or serpentinite bedrock. Furthermore, a positive correlation between
needle Mg concentration and EMM growth was found. It should however be noted
that many other factors also varied among these sites and a causal relationship
between Mg availability and EMM growth could not be established in this study.
Mg deficiency can have severe effects on belowground C allocation since carbo-
hydrate loading of the phloem can be impaired (Cakmak and Kirkby 2008). The
forest die-back that occurred in central Europe during 1980–1990 was suggested to
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be caused by Mg deficiency as a result of acid rain (Schulze 1989). The Mg
deficiency was proposed to be the result of dysfunctional mycorrhizal associations
when belowground C allocation was impaired (Mejstrik 1989).

3.5 Ecological Consequences of Altered EMM Production

3.5.1 Nitrogen Leaching

Boreal forest soils have large retention capacity for N, especially when the C:N
ratio of the organic layer (O horizon) is above 30. Nitrate leaching can be induced
when ratios drop below 25, especially if N deposition exceeds 10 kg N ha−1

(Gundersen et al. 1998). Increased N retention was correlated to enhanced fungal
proportion of the microbial biomass in a gradient of C:N ratios of Norway spruce
forests in southern Scandinavia (Nilsson et al. 2012) and this may be attributed to
the high capacity of EMF networks to assimilate N (Read et al. 2004). Wallander
et al. (2004) estimated that EMM contained between 100 and 200 kg N ha−1 in
Norway spruce and mixed oak/Norway spruce forests in southern Sweden. This
amount is higher than what is found in the tree stems in the same forests (Thelin
et al. 2002). The high N retention capacity of EMF is an effect of the large flux of C
to the EMM in forest ecosystems, resulting in a well-developed EMM network in
the soil that efficiently captures available N. Some of the N that is taken up is
allocated to the host trees but significant amounts are also retained in the EMF
biomass in the soil (Näsholm et al. 2013). Aber et al. (1998) suggested that N was
exuded from EMF as enzymes that formed stable complexes with humus material in
the soil, while Högberg et al. (2011) and Fernandez et al. (2013) proposed that the
EMF mycelia itself could be a precursor for stable N. This view is supported by the
fact that recalcitrant SOM deeper in the soil becomes more and more similar to
EMF in terms of C:N ratio and N isotopic signatures (Boström et al. 2007; Lindahl
et al. 2007; Högberg et al. 2011; Clemmensen et al. 2013). Furthermore, Näsholm
et al. (2013) concluded that EMF immobilize large amounts of N in boreal forests to
restrict establishment of species that are more N demanding. Along these lines,
Franklin et al. (2014) developed a model that could explain why ectomycorrhizal
symbiosis does not alleviate nitrogen limitation in boreal forests.

The efficiency by which forest trees and their EMF networks capture N to avoid
leaching of N may depend on availability of other nutrients. Stevens et al. (1993)
found enhanced N leaching from Sitka spruce stands which had developed K and P
deficiency, while leaching was repressed upon fertilization with K and P. In the
French Ardennes increased N leaching has been correlated with reduced availability
of nutrients such as K, Mg and P (Jonard et al. 2012). Root (Gress et al. 2007) and
EMM (Wallander and Thelin 2008) growth were enhanced in P-rich microsites in
P-poor Norway spruce forests with high N input. This enhanced growth may
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explain the reduced N leaching after P fertilization. Slow release P fertilizer has
been used in Finland (Aarnio et al. 2003) and this approach may reduce N leaching
from forests with low P availability.

In another recent paper, Blanes et al. (2012) was able to separate the effect of
autotrophs (roots + EMF) and saprotrophs on N retention by combining fertilization
treatments with root-exclusion and isotope labeling. They found enhanced N
retention in N-saturated forests after P fertilization, mainly due to a better N uptake
by EM roots as shown by a 15N labeling experiment. Trenching verified that N
retention was also enhanced among saprotrophic organisms after P fertilization,
probably by fungi since short-lived bacteria with much lower C:N ratios are less
likely to be important for N retention (Högberg et al. 2011). Interestingly the P
effect on the N retention by saprotrophs was only found in trenched plots, sug-
gesting superior N retention capacity by the autotrophic (root + EMF) compared to
the saprotrophic organisms.

N leaching from standing forest can be an effect of impairment of EMM growth
as discussed above. But it can also be an effect of a changed EM community to
species with lower capacity to take up N. Kjøller et al. (2012) found enhanced N
leaching and a drastically changed EMF community when moving towards a forest
edge that is more exposed to N deposition compared to more protected areas within
the forest. The EMF community at the forest edge was dominated by smooth root
tips with low capacity to form extensive mycelia networks and presumably low
capacity to retain N. Lilleskov et al. (2002) suggested a shift in the EMF com-
munity of N-saturated forests to species more efficient in P uptake, which could lead
to less efficient N uptake and more N leaching. Although smooth root tips probably
are inefficient in P uptake, other N tolerant species such as Paxillus involutus are
known to have extremely high P uptake rates (Colpaert et al. 1999), and it would be
interesting to see if the N uptake rates from such species are reduced under con-
ditions of high N input, which would allow more N to leach. Gorissen and Kuyper
(2000) have demonstrated that nitrophilic (N tolerant) species such as Laccaria
bicolor retain more N in the fungal biomass while nitrophobic (N sensitive) Suillus
bovinus deliver more N to the host plant when studied in a pot experiment. If
nitrophilic species can reduce N uptake by retaining it in their biomass rather than
transferring it to the host plant, they may tolerate N better by spending less C on N
assimilation. This would allow them to spend more C on EMM growth under
excess N, as suggested in the hypothesis presented by Wallander (1995). In support
for this hypothesis, Gruffman et al. (2012) found recently that, contrary to inorganic
N, organic N fertilizer (based on amino acids) C did not impair ectomycorrhizal
colonization of Norway spruce roots. The reason is probably a lower C cost for the
fungus when amino acids are taken up instead of inorganic N, and this will result in
more C available for fungal growth. Organic N fertilizers were as efficient as
inorganic fertilizers and were recommended in nurseries to improve mycorrhiza
formation (Gruffman et al. 2012).
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3.5.2 The Importance of EMM for C Sequestration

Recent results suggest that EMM contribute significantly to SOM formation.
Godbold et al. (2006) used ingrowth cores with soil that had a different C isotopic
signature than the colonizing EMM, and found that EMM accounted for an accu-
mulated input of 1000 g C m−2 over a period of*2.5 years, which corresponded to
62 % of new soil C in a poplar plantation in Italy. Wallander et al. (2011) used a
similar approach by amending 13C-enriched maize compost material to mesh bags
and found a lower (100 g C m−2), but still significant, C input to a Norway spruce
forest soil through EMM over a period of two years. Furthermore, by using 14C
dating of SOM at different soil depth and a modeling approach in boreal forests in
northern Sweden, Clemmensen et al. (2013) concluded that the majority (70 %) of
the C in the upper 20 cm of the soil in later successional forests originated from
roots and associated EMM while this figure declined to 47 % in stands at earlier
stages of successions. This was explained by impaired degradation of fungal resi-
dues in later successional forests. It is possible that different EM and ericoid
mycorrhizal species contribute differently to SOM formation by producing com-
pounds that are more or less recalcitrant (Clemmensen et al. 2015). Fernandez et al.
(2013) demonstrated recently that root tips formed by Cenococum geophilum
persisted 4–10 times longer than other EMF species in the soil which suggest that
this species is resistant to decay and may contribute significantly to C sequestration.
In support for this Dahlberg et al. (1997) found that sclerotia formed by this fungus
could make up 400 kg ha−1 in a Swedish Norway spruce forest soil. Some recent
results highlight the capacity of many EM species to degrade or modify SOM,
which may lead to enhanced decomposition and reduced C sequestration (Chapela
et al. 2001; Talbot et al. 2008; Courty et al. 2010). These effects are however
debated. Treseder et al. (2006) could not demonstrate any C uptake by EM fungi
from 14C-labelled litter added to an oak forest but work at natural 14C abundance of
fungal proteins suggested uptake of C (as amino acids or oligopeptides) by several
taxa of EMF (Hobbie et al. 2013). Talbot et al. (2008) suggested that EM fungi
released C as a side effect when removing N-rich compounds and Lindahl et al.
(2007) demonstrated an increasing C:N ratio of SOM in the lower part of the
organic horizon where EMF dominate, indicating preferential uptake of N-rich
compounds. Old SOM may also be released through priming when labile C is
exuded by roots and associated EMF (Dijkstra and Cheng 2007).
Peroxidase-encoding genes have been identified among a wide range of EMF
suggesting that these fungi degrade SOM in a similar way as white rot fungi
(Bödecker et al. 2009) and other EMF seem to use the Fenton reaction to modify
SOM to obtain N-rich compounds in a similar way as brown rot fungi (Rineau et al.
2012; Lindahl and Tunlid 2015).

The contribution of EM fungi to SOM formation depends on production, turn-
over and recalcitrance of EMM in the soil. When studied in microcosm systems, the
mycelium of several long-distance types (e.g. Suillus spp., Paxillus involutus) are
known to spread rapidly to colonize nutrient-rich organic patches, but disappear
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after a couple of weeks when the nutrients are exhausted (Bending and Read 1995).
Other types form perennial mycelial mats in the soil (Ingham et al. 1991; Kluber
et al. 2010) that presumably affect SOM formation differently than more short-lived
types. Many short-distance and contact types produce very little mycelium but
contribute to accumulation of SOM since they decompose much more slowly than
non-mycorrhizal roots (Langley and Hungate 2003). In contrast, Koide et al. (2011)
found that non-mycorrhizal roots decomposed faster than EM roots in a similar
experiment. The reason for this controversy is not known but could be related to
differences in species composition. Mycorrhizal mycelia decomposed fast when
incubated in forest soil, 40–80 % of the mass remained after 1 month (Fernandez
and Koide 2012). Bahr et al. (2015) found that most of the mycelium (90 %)
produced in mesh bags incubated in forest soil degraded within a year. Although the
rate of decomposition is of relevance for SOM formation, the most important aspect
for long-term C sequestration is the proportion of the litter material that remain in
the soil for longer time periods. For pine needle litter, Berg et al. (2010) demon-
strated that up to 17–53 % of the mass remained after 3–5 years of incubation in
litter bags. At the time of harvest decomposition rate had approached zero. If such
high amounts of remaining material also exist among EM fungi, and if different
species vary in this respect, the composition of the EM community could have a
fundamental role in SOM formation. Another aspect recently highlighted is that the
molecular structure of SOM does not alone control the long-term decomposition of
SOM (Schmidt et al. 2011). Instead, the degree of protection from decomposition in
the soil was suggested to be a more important regulator (Schmidt et al. 2011).
Molecules can be protected inside soil aggregates and on mineral surfaces (Sollins
et al. 2009), and one challenge for future research is to sort out the role of myc-
orrhizal fungi in this respect. The interactions between EMF and minerals have
been reviewed recently (Hoffland et al. 2004; Finlay et al. 2009), but the possible
role of these processes in C sequestration has been largely neglected. On the other
hand, the decomposition of forest humus, with low amounts of mineral surfaces,
was extremely slow in late successional forests in boreal forest chronosequence
(Clemmensen et al. 2013), suggesting the molecular structure of SOC to be the most
important factor in determining decomposition rates in these forests.

3.6 Conclusions

Accurate data on production, biomass and turnover of ectomycorrhzial mycelium
are essential for improving the ability of ecosystem models to predict nutrient
leaching and C sequestration in forest ecosystems. The composition of the EM
community appears to have a fundamental role on N retention and turnover of
EMM and more research on the influence of individual species on these processes is
urgently needed. A possible way forward could be to classify EMF into functional
groups along the lines of Agerer (2001). Apart from morphological characters,
other criteria’s such as nitrophilic/nitrophobic, enzyme production, sensitivity to
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disturbance etc. could be useful when defining the groups. There is increasing
evidence that the EMM of mycorrhizal fungi play a key role in C cycling in
ecosystems. This was highlighted in a recent paper from a boreal forest
chronosequence in Sweden which suggests that belowground litter of roots and
rhizosphere fungi, with EMF being the most prominent, contributed up to 70 % of
the C sequestered in SOM (Clemmensen et al. 2013). The importance of EMF for
the C cycling in forests has been the topic of two other recent reviews (Cairney
2012; Ekblad et al. 2013). Having other focuses than the present review, we
therefore recommend the reading of these for a more complete cover of the subject.
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Chapter 4
Nutrient Dynamics in Arbuscular
Mycorrhizal Networks

Iver Jakobsen and Edith C. Hammer

Abstract Transport and exchange of nutrients is a key feature to the function of
arbuscular mycorrhiza (AM) and therefore also to the function of common myc-
orrhizal networks (CMNs). These networks establish between two or more plant
individuals and one or more extraradical mycelia (EM). Complex networks with
many nodes and linkages can be observed in sterile cultures and are probably
common in nature. This chapter aims to describe how the nutrient dynamics of the
CMNs influence plant competition. The discussion will concentrate on the rather
variable access of the individual plants to the nutrient pool in the EM. Plant-to-plant
transfer of nutrients via one or more connective EM does not appear to occur in
significant quantities except in special cases. Competition between individual plants
is in general asymmetric such that larger individuals will obtain a disproportionate
share of a limited resource and suppress the growth of smaller individuals. Our
major challenge is to unravel whether nutrient dynamics in CMNs will result in
even stronger or in more relaxed competition. We investigated common outcomes
in competition studies including: (a) adult plant-seedling combinations; (b) in-
traspecific competition of plant populations of similar age and (c) interspecific
competition of plants of similar age. Results from root organ culture models
indicate that AM fungi transfer phosphorus (P) to roots representing the strongest
carbon (C) source strength. This is in accordance with the results of 32P-aided
studies of P translocation in CMNs with large plants and seedlings. An evaluation
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of these results together with CMN studies not involving tracers leads us to suggest
that nutrients in the EM are distributed to the plants in accordance with their size or
C source strength. In consequence, the CMN may rather amplify than relax the
competition towards establishing seedlings. Our model implies, however, that the
suppression of the seedling is only temporary and is likely to shift to a typical
mycorrhizal growth response when the large plant become senescent or is grazed. In
conspecific plant populations we predict that AM fungal networks confer an
advantage to plant individuals that are for various reasons slightly larger than their
neighbors. Interspecific plant competition is more difficult to predict as different
combinations of species-specific traits may either amplify or relax nutrient com-
petition in a CMN in addition to effects of size differences. Future research needs
are discussed including the need to investigate roles of CMNs in interplant transfer
of plant signals and allelochemicals.

Keywords Arbuscular mycorrhizal networks � Connective mycelium � Carbon–
phosphorus exchange � Sharing of phosphorus in mycelium � Plant competition

4.1 Introduction

Nutrient exchange is a key function in associations between arbuscular mycorrhizal
(AM) fungi and their host plants. The extraradical mycelium (EM) of the fungi
takes up mineral nutrients from the soil and releases some of these nutrients at the
fungus-plant interface while the plant in reverse provides carbon (C) to the fungus.
Common mycorrhizal networks (CMN) are assumed to be the normal condition in
nature and form when the EM engage with the roots of other plants or when
individual mycelia fuse (Olsson et al. 2002; Giovannetti et al. 2004; Rosendahl
2008; Giovannetti et al. Chap. 2, this volume). This actual connection of different
EMs can be directly observed in sterile cultures, but usually needs to be assumed in
soil systems where hyphal pathways are obscured. However, isotope probing
provided good evidence that those CMN hyphal connections actually exist also in
natural soil systems (Merrild et al. 2013). CMNs can involve both con- and
heterospecific plant individuals at a broad range of ontogenetic stages. The CMNs
also contribute to more closed nutrient cycles as their nutrient pool will be protected
against loss by leaching (Asghari et al. 2005; Van der Heijden 2010; Asghari and
Cavagnaro 2012).

Information on the structure of CMNs is now emerging (Beiler et al. 2010;
Montesinos-Navarro et al. 2012; Chagnon et al. 2012; Toju et al. 2014; Torrecillas
et al. 2014) and it has been suggested that CMNs are fundamental agents in
ecosystems by providing important pathways for various ecological interaction
processes (Bever et al. 2010; Simard et al. 2012; Simard et al. Chap. 5, this
volume). This chapter aims to provide a platform for understanding the nutrient
dynamics in CMNs of AM plants. Focus will be on plant phosphorus (P) nutrition,
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but CMNs are probably important for other nutrients as well. Key processes in
nutrient exchange and transport in AM-CMNs will be discussed including C-P
exchange at the symbiotic interface when there is more than one symbiotic partner
on each side. Plant-to-plant transfer processes will also be critically evaluated.

It is widely assumed that seedlings getting connected into existing networks will
get immediate access to nutrients acquired by the fungus (Van der Heijden and
Horton 2009) and that competition between plants in a CMN gets more relaxed
(Wagg et al. 2011a, b). We challenge this assumption and discuss how the nutrient
pool in the mycelium of the CMN is shared among the interlinked plant individuals.
We attempt to identify factors controlling the C nutrition of the mycelium and its
transfer of mineral nutrients to a specific plant member of the CMN. Finally, we
will discuss the impact of networks on competition between plants of different and
plants of similar life stage and we will investigate whether effects differ between
inter- and intraspecific pairs. Our literature survey of CMN effects on plant-plant
competition comprises 149 different cases from 62 papers and the results are
summarized in Tables 4.1, 4.2, 4.3 and 4.4.

4.2 Nutrient Transport and Exchange in Extraradical
Mycelium of Solitary Plants

The structure and function of EM of solitary plants has been reviewed in detail (e.g.
Leake et al. 2004) and here we focus on aspects of particular importance to nutrient
dynamics in CMNs. Nutrient exchange takes place in associations between roots
and AM fungi that grow in the root cortex as intraradical mycelium (IM) and in the
soil as extraradical mycelium (EM). The IM develops arbuscules inside cortex cells
and the plant-fungus nutrient exchange takes place predominantly across the inti-
mate interface between the arbuscules and the cell membrane (Harrison et al. 2002;
Helber et al. 2011). The fungus takes up plant hexoses that are converted into lipids
and used in proliferation of the IM and the EM. The C availability to roots influ-
ences EM biomass, anastomosis frequency and spore production (Olsson et al.
2014). The EM develops short-lived, branched absorbing structures (Bago et al.
1998) that become more frequent at high P concentrations in the medium (Olsson
et al. 2014). Spatially, the EM typically extends at a rate of 1–4 mm day−1 and can
reach maximum distances of at least 20 cm (Jakobsen et al. 1992b; Smith et al.
2000; Jansa et al. 2003; Thonar et al. 2011). Fungi of the genera Gigaspora or
Scutellospora do not spread far into the soil and take up P in competition with P
uptake at the root surface (Schnepf et al. 2008). These fungi commonly form only
few anastomoses within the individual mycelium (Giovannetti et al. 2006; Voets
et al. 2006). In contrast, Acaulospora and Rhizophagus (syn: Glomus) fungi are
more likely to reach beyond P depletion zones around the roots as their mycelium
front continually moves and anastomoses (Giovannetti et al. 2004; Voets et al.
2006; Schnepf et al. 2008). This agrees with time course studies of P uptake at
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different distances from the roots (Jakobsen et al. 1992a; Smith et al. 2000).
Uptake of P at the fungus–soil interface is mediated by high affinity Pi transporters
(Harrison and Van Buuren 1995) and their expression is influenced by the P
concentration in the soil solution and by the host P status (Maldonado-Mendoza
et al. 2001), but is apparently independent of the host C status (Olsson et al. 2006).
Transport of P in EM can occur over 10–20 cm distance in semi-sterile soil
(Jakobsen et al. 1992b; Jansa et al. 2003) and a limited number of field studies
shows that also native communities of AM fungi colonize and take up P from root
free soil compartments (Schweiger and Jakobsen 1999; Johnson et al. 2001).
The EM also takes up and transports other nutrients to the plant including N and Zn
(Johansen et al. 1992; Bürkert and Robson 1994; Govindarajulu et al. 2005; Leigh
et al. 2009).

Part of the P pool in CMNs is transported to and released into the periarbuscular
apoplast space from where it is absorbed by the plant via AM specific Pi trans-
porters (Javot et al. 2007b). The mycorrhizal pathway can account for up to 100 %
of plant P uptake (Pearson and Jakobsen 1993b; Ravnskov and Jakobsen 1995;
Smith et al. 2003), which means that uptake at the root epidermis is very low either
due to down-regulation of direct plant Pi transporters (Javot et al. 2007b; Yang et al.
2012; Grønlund et al. 2013) or to reduced Pi concentration in the rhizosphere soil
solution. In return, the biotrophic AM fungi use indispensable sugar transporters to
take up hexoses from the symbiotic apoplast (Helber et al. 2011) and this fungal C
uptake is in the range of 5–20 % of host photosynthates (Paul and Kucey 1981;
Jakobsen and Rosendahl 1990).

Plants are usually not C limited as they up-regulate photosynthesis in response to
the C sink of the colonizing AM fungi (Wright et al. 1998a, b; Miller et al. 2002;
Mortimer et al. 2008; Kaschuk et al. 2009, 2010; Correa et al. 2012). Further, AM
fungi often have a surplus of P stored in spores or vesicles (Olsson et al. 2008, 2011;
Hammer et al. 2011). Such observations led to the suggestion thatmycorrhiza function
is about exchange of luxury resources (Kiers andVan derHeijden 2006) and emerging
evidence suggest that the C–P exchange is functionally coupled and bi-directionally
controlled. It appears that plants have mechanisms to locally control C allocation that
depends on the Pi homeostasis of the cell (Fitter 2006). The nature and sequence of
events involved are not fully understood, but certain patterns are emerging. Hexose

Table 4.2 Competition between coexisting plants as influenced by AMF network; summary of
data in Tables 4.1, 4.3 and 4.4

AMF effects on
plant-to-plant
competition

Different life stage
(target = seedling)

Similar life stage (two or more
targets)

Intraspecific
(from
Table 4.1)

Interspecific
(from
Table 4.1)

Intraspecific
(from
Table 4.3)

Interspecific
(from
Table 4.4)

Amplified, − 8 19 10 20

Relaxed, + 3 21 0 25

Neutral, 0 7 10 1 28
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Table 4.4 Influence of AM (and assumed CMNs) on competition between different species of
same age

Interacting
species

A. Target
growth relative
to absence of
CMN (AM vs.
NM in
competition)

B. Target
growth in
CMN relative
to its growth
when solitary
and AM

Author’s
suggested
mechanism(s)
behind
CMN-effect on
competition

Reference

Lolium perenne − − Root length is
reduced in Lp
when AM

Fitter (1977)

Holcus lanatus + +

L. perenne 0 0 Competition for P Hall (1978)

Trifolium repens + −

L. perenne − ND Competition for P Buwalda (1980)

T. repens +

Koeleria
pyranidata

− − Competition for P Hetrick et al.
(1989)

Andropogon
gerardii

+ 0

Setaria lutescens 0 0 Soil P depletion
by Sl

Koide and Li
(1991)Abutilon

theophrasti
0 −

Medicago sativa ≥0 ND Better nutrient
balance in Ms.
Modified
allocation of EM
nutrients

Hamel et al. (1992)

Bromus inermis ≤0

Phleum pratense ≤0

Elymus
canadensis

− (−) Competition for P Hartnett et al.
(1993)

A. gerardii + −

E. canadensis 0 0 Competition for P Hetrick et al.
(1994)K. pyranidata 0 0

A. gerardii + −

H. lanatus + at few Dg 0 CMN benefit of
each target
decreases with
increasing
interspecies
competition

West (1996),
Watkinson and
Freckleton (1997)

Dactylis
glomerata

+ at few Hl −

Centauria
maculosa

0 + Inter-plant C
transfer;
competition for
other resources

Marler et al. (1999)

Festuca
idahoensis

− −

Centaurea
melitensis

+ + Inter-plant C
transfer; changes
in microbial
communities

Callaway et al.
(2001)

Nacella pulcra − −

(continued)
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Table 4.4 (continued)

Interacting
species

A. Target
growth relative
to absence of
CMN (AM vs.
NM in
competition)

B. Target
growth in
CMN relative
to its growth
when solitary
and AM

Author’s
suggested
mechanism(s)
behind
CMN-effect on
competition

Reference

L. perenne 0 ND Competition for P Joner and Leyval
(2001)T. repens +

C. maculosa with + ND Competition for P
in hyphal
network

Zabinski et al.
(2002)F. idohaensis 0

Koleria cristata 0

Pseodoroegneria
spicata

0

Achilla
millefolium

+

Gaillardia
aristata

0

C. melitensis +, Np; −, Ab +, Np; −, Ab Inter-plant C
transfer; changes
in microbial
communities

Callaway et al.
(2003)N. pulcra −, Cm only −, Cm only

Avena barbata −, Cm only +, Cm only

Citrus sinensis 0 ND Better
competition for P

Yao et al. (2005)

Stylosanthes
gracilis

+

L. perenne 0 ND Soil nutrient
conditions

Endlweber and
Scheu (2007)T. repens 0

Lotus
corniculatus

+ − Not specified;
presumably
nutrients

Scheublin et al.
(2007)

F. ovina − −

P. lanceolata 0 −

Capsicum
annuum

−/+* − Intraspecific
competition is
amplified by AM
in Ca and Zm
(larger
AM-induced
growth
depressions), but
relaxed by AM in
Cp

Schroeder-Moreno
and Janos (2008)

Zea mays −/+** −/0

Cucurbita pepo − −/0

(continued)
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Table 4.4 (continued)

Interacting
species

A. Target
growth relative
to absence of
CMN (AM vs.
NM in
competition)

B. Target
growth in
CMN relative
to its growth
when solitary
and AM

Author’s
suggested
mechanism(s)
behind
CMN-effect on
competition

Reference

Agropyron
smithii

− ND Competition for
nutrients at low
P. AM effect
diminishes at
high P

Collins and Foster
(2009)

A. gerardii +; 0 at high P

Bouteloua
curtipendula

+; 0 at high P

Elymus
canadensis

0

Hordeum
jubatum

−; + at high P

K. pyramidata −

Schizachyrium
scoparium

+; 0 at high P

Sorgastrum
nutans

+; 0 at high P

Sporobolus
heterolepis

+; 0 at high P

Helianthus
annuus

0 − Nutrients were
less available to
weeds

Rinaudo et al.
(2010)

Six weed species − − (strongly)

Z. mays 0 − Competition for
nutrients

Veiga et al. (2011)

Nine weed
species

− − (strongly)

Elymus nutans + − Unrelated to
nutrients?

Jin et al. (2011)

Ligularia
virgaurea

− +

T. pratense + − Competition for
nutrients

Wagg et al.
(2011a)L. multiflorum ≤0 0

Trifolium
pratense

+ ND Competition for
nutrients

Wagg et al.
(2011b)

Lolium
multiflorum

≤0

Linum
usitatissimum

+ + Lu obtains the
most ER
nutrients, but at a
low C cost

Walder et al.
(2012)

Sorghum bicolor 0 0

(continued)
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levels increase in colonized roots due to increased activity of sucrose synthase and
acid invertase (Ravnskov et al. 2003; Schaarschmidt et al. 2007) and such response is
parallel to the increased C allocation to and growth of roots encountering a P patch in
soil (Drew 1975). Hence, a locally increased P concentration in colonized root cells
was suggested to be the signal inducing C allocation to the symbiotic apoplast (Fitter
2006; Helgason and Fitter 2009). In accordance with this hypothesis, plants grown in
split root systems allocate a greater share of C to the colonized than to the uncolonized
root half (Koch and Johnson 1984).

Likewise, plants can trigger P transfer from the fungus. A higher C supply to
colonized roots resulted in higher P concentrations and conversion of poly-Pi to Pi
in the IM of the fungus (Bücking and Shachar-Hill 2005). The C supply also
resulted in increased efflux of P from the IM (Solaiman and Saito 2001).
Furthermore, an increased C supply to colonized roots stimulated the transport of N

Table 4.4 (continued)

Interacting
species

A. Target
growth relative
to absence of
CMN (AM vs.
NM in
competition)

B. Target
growth in
CMN relative
to its growth
when solitary
and AM

Author’s
suggested
mechanism(s)
behind
CMN-effect on
competition

Reference

Bothriochloa
bladhii

ND + Bb induces
reduced % AM in
Ag and Sc. No
non-AM
treatment

Wilson et al.
(2012)

A. gerardii ND −

S. scoparium ND −

Z. mays 0 (−for Ca) − Not discussed Daisog et al.
(2012)Solanum nigrum 0 (−for Ca) −

Chenopodium
album

0 (−for Sn) 0/+

Taraxacum
officinale

− ≥0 Dominants, To
and Ac, were
suppressed the
most by AM

Mariotte et al.
(2013)

Agrostis
capillaris

− −

Prunella vulgaris 0 +

Achillea
millefolium

0(−) ≤0

Triticum aestivum 0 − Temporal
separation of N
and P uptake,
complementary
resource use

Qiao et al. (2015)

Vicia faba + −

CMN effects on growth of target species was assessed by comparing to the corresponding
interaction in absence of CMN (A) and to its growth when solitary and colonized (B)
−, +, and 0 denotes amplified, relaxed or unchanged competition to target species
*+ at low planting density of target species
**+ at low planting density of target species when grown with Ca
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from EM to roots (Fellbaum et al. 2012). Currently it is not possible to unravel
which partner takes the first step to establish the mutualistic C–P exchange (see
Smith and Smith 2012). However, the fungus may be able to use plant cell wall
sugars (Helber et al. 2011) and P reserves in AM fungal spores could serve as
signals during early colonization (Hammer et al. 2011).

The highest possible gain per unit investment is most beneficial for each partner.
Ample P supply usually reduces mycorrhizal colonization (Olsson et al. 1997;
Breuillin et al. 2010; Balzergue et al. 2013) and this indicates that plants trade only
when they are in need of nutrients. The fungal partner may also exert control over its
P release such that hosts that cannot provide C to the fungus may gain insignificant
amounts of P from the symbiosis (Hammer et al. 2011). However, some fungi,
especially of the genera Scutellospora and Gigaspora, receive much plant C for a
small P delivery in return (Pearson and Jakobsen 1993a; Lendenmann et al. 2011). It
is unknown whether this presumably unbalanced symbiosis would still obtain a large
share of plant C if it co-existed with a more P efficient fungus. However, other
mycorrhizal functions than P delivery could contribute to a continued plant
investment into a mycorrhizal partnership: the delivery of other nutrients than P
(Bürkert and Robson 1994; Govindarajulu et al. 2005), P delivery at a different time
course (Cavagnaro et al. 2005) or protection against pathogens (Newsham et al.
1995). These factors need to be kept in mind when interpreting C–P exchange
studies since their effects may enhance or offset species C–P exchange patterns.

4.3 Formation of CMNs and C–P Exchange in a Multiple
Partner Setting

Generalizations from nutrient exchange studies involving just a single plant and a
single fungus should be avoided: “Populations have properties that individuals do
not. Thus, the effects of mycorrhizal fungi on populations of plants are not simply
the sum of their effects on the individuals within the population.” This statement by
Koide and Dickie (2002) extends to plant communities and in both cases a CMN
forms when two or more plants become connected by the EM of one or more AM
fungi. Connections derive from foraging of the EM for new carbon sources i.e. new
roots or by the fusion of individual EMs via anastomosis, a feature which is treated
in detail in another chapter in this volume (Giovannetti et al. Chap. 2, this volume).
Evidence for nutrient translocation between two anastomosing mycelia, both in AM
and ectomycorrhizal fungi (Mikkelsen et al. 2008; Wu et al. 2012), implies that the
formation of a large CMN from the fusion of many small EMs of an individual
genotype (Rosendahl 2008) enables a long-distance belowground translocation of
nutrients. Grazing by collembola or other soil biota can severely disrupt (Johnson
et al. 2005) nutrient flow in the mycelium and repair by anastomosis could be
important to mitigate such disruptions.
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Only a small number of ecophysiological studies have been performed on simple
CMNs consisting of two or three individuals of either fungus or plant in combi-
nation with one individual of the other (Nakano-Hylander and Olsson 2007; Bever
et al. 2009; Lekberg et al. 2010, Kiers et al. 2011; Walder et al. 2012; Merrild et al.
2013; Fellbaum et al. 2014). EM connections between different root patches can be
directly observed in the clear gel of monoxenic root cultures. Such cultures allow
precise control of the C strength of host roots via choice of sugar concentration in
the growth medium and are therefore suitable to study C investment of root patches
in a multi-partner setting. Experimental approaches involve compartmentation of
the experimental plates into inoculum- or root compartments for roots of different C
strength and EM compartments where P strength can be varied. Root cultures also
allow for a precise control of P availability in the absence of interacting soil
minerals. So far, P is the only nutrient which has been studied in root cultures with
CMN. Interestingly, it is also possible to use these Petri plate model systems to
establish CMNs between different whole plants when their sterile roots grow into a
pre-established EM (Derelle et al. 2012).

Reciprocal control of the C-P trade is important for a CMN with many players
on both sides. Thereby it may be avoided that non-contributing individuals will
profit on those that contribute to the built-up of the CMN. As a result,
non-contributing individuals will have less of a negative impact on the CMN.
Recent studies on the C–P exchange between more than two partners indicate that
both plant and fungus can differentiate between partners of different quality: given a
choice, AM fungi allocate P towards host roots with the most generous C supply
(Lekberg et al. 2010; Kiers et al. 2011; Fellbaum et al. 2014) and also allocate more
C to the compartment with the highest P source. In four-compartment plates, 13C
from donor roots was distributed over the whole network including two receiver
root patches and a compartment for EM only (Lekberg et al. 2010). However, most
13C was allocated to the compartment containing C-starved roots where it stayed in
the EM and the IM of the fungus, i.e. there was no transfer to the root itself.

Pot-grown plants being co-inhabited by several AM fungal species allocate most
C to the fungus that in a previous experiment had been found to deliver the most P
(Bever et al. 2009; Kiers et al. 2011). The hypothesis by Fitter could explain this
phenomenon as the fungus delivering the most P would be perceived as the richest
P patch and therefore receive the most C (Helgason and Fitter 2009). This C for P
hypothesis is supported by other studies (Olsson et al. 2006; Javot et al. 2007a;
Yang et al. 2012) but conclusive evidence is still lacking. Even though such
reciprocal control of nutrient exchange takes place, the least P efficient of two or
three co-occurring fungi still received a substantial amount of C (Bever et al. 2009;
Kiers et al. 2011). This suggests that sanctions may be relaxed—and promiscuity
selected for—to increase the likelihood of receiving benefits under shifting
environments.

AM fungi colonize poor hosts within the mycorrhizal network to a similar extent
as good hosts (Lekberg et al. 2010). From a mycocentric point of view, such
unlimited colonization of seedlings or C-starved roots may be a fungal strategy to
ensure a steady C supply because the C supply from other hosts will fluctuate over
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time. The IRM of C-starved roots had higher vesicle densities and enhanced con-
centrations of storage lipids (Lekberg et al. 2010) and such host roots providing
little C may represent a predator-free C depository for the fungus at little or no cost.
The C-starved roots received a high proportion of 13C from a donor root, but the
isotope stayed in the fungal lipid structures of the IM.

In conclusion, C transfer at the symbiotic interface occurs in the direction of the
fungal nutrient source while mineral nutrient transfer occurs in the direction of the
plant C source. In the CMN context, two important questions emerge: (1) can
significant nutrient transfer occur in the opposite direction i.e. C from AM fungus to
plant and minerals from plant to AM fungus; (2) what determines the C supply from
and the mineral nutrient gain for the individual plant in a shared CMN? These
questions will be treated in the following sections.

4.4 Interplant Nutrient Transfer

An abundant literature on plant-to-plant transfer of nutrients in CMNs of AM systems
primarily reflects a view that ‘the function of CMNs is to provide pathways for
movement or transfer of nutrients from one plant to another’ (He et al. 2009).
However, critical examination of the published data does not support such general
statement, at least not in arbuscular mycorrhizal systems. Although the nutrient
translocation processes in AM fungal hyphae are bidirectional (Uetake et al. 2002;
Nielsen et al. 2002) it is obvious that net translocation of carbon and of mineral
nutrients occurs in principally opposite directions. Carbon is mainly transferred to the
growing tips of the EM in order to sustain the branched absorbing structures and to
maximize the recruiting of newC sources i.e. roots. Mineral nutrients are translocated
in the opposite direction i.e. towards the host plant (Johansen et al. 1993).

Early studies reported CMN-mediated interplant transfer of carbon fed to one
plant as 14CO2 (Francis and Read 1984; Finlay and Read 1986a; Grime et al. 1987).
Most of the 14C in the receiver plant was found in the roots which include the
fungal IM and any levels in shoots were small; hence the data provided no evidence
for any CMN-mediated net transfer of carbon between plants (Newman 1988).
A similar conclusion was reached in a later review (Robinson and Fitter 1999)
which included the report on 13C transfer between two ectomycorrhizal species
(Simard et al. 1997; but see also Simard et al., Chap. 5 this volume). In AM plant
pairs, C from 13CO2-labeled donor plants was not directed towards mycelium in
receiver roots to any higher degree than towards other directions (Nakano-Hylander
and Olsson 2007) and conclusive negative evidence for interplant C transfer in AM
systems was provided using AM fungal root cultures and in vitro cultures of intact
mycorrhizal systems (Pfeffer et al. 2004; Voets et al. 2008; Lekberg et al. 2010).
The latter study demonstrated that transferred 13C remained in the intraradical
mycelium.

The multiple evidence against AM-mediated C transfer between autotrophic
plants is moderated by one report of substantial C transfer from a bulbous plant to a
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tree seedling in the bud burst phase (Lerat et al. 2002). Otherwise,
myco-heterotrophic plants represent an important case where a connective mycelium
mediates C transfer from an autotrophic to a heterotrophic plant (Leake and Cameron
2010). Such C drain on the fungus has been clearly demonstrated in ectomycorrhizal
networks (McKendrick et al. 2000; Gebauer and Meyer 2003) and similar evidence
is emerging for myco-heterotrophs engaging with AM networks (Merckx et al. 2010;
Courty et al. 2011). This has been based solely on analysis of patterns of natural
abundance of 13C and there is a need for studies involving pulse labeling with 13C or
14C. Myco-heterotrophs may be considered as ‘cheaters’ providing no advantage to
the other partners in the network, but it is also possible that the carbon transfer to the
heterotrophic plant is too small to impose any measurable costs to the mycorrhizal
fungi (Smith and Read 2008; Merckx et al. 2009).

The N transfer from legumes to grasses via connecting EM has also been widely
studied and also in this case there is little evidence for direct transfer (Newman
1988; Frey and Schüepp 1993; Johansen and Jensen 1996; Li et al. 2009). Instead,
interplant transfer can be indirect by EM absorption and translocation of minerals
released from exudating or dying roots (Newman and Ritz 1986). This is supported
by abundant studies where root colonization by AM fungi increases N and P
transfer from a dying to a living plant (Heap and Newman 1980; Newman and
Eason 1989; Eason et al. 1991; Johansen and Jensen 1996) and this is probably
associated with the decomposing root system functioning as a nutrient patch for the
EM that was previously fed with C from the dying root system. Early field work
suggested that AM fungal connections were responsible for observed patterns of
distribution of 32P from a source plant to its neighboring plants (Chiariello et al.
1982). However, as in the case of nitrogen, several controlled studies do not provide
any evidence for direct P transfer from plant to fungus (e.g. Johansen and Jensen
1996).

Instead of being considered as a system for interplant nutrient transfer the CMN
rather represents a system for potential resource uptake from a shared pool. The EM
may on one hand obtain C from several plant individuals while on the other it
serves as an efficient mesh for absorbing mineral nutrients to cover its own needs
and to distribute the surplus among the plant components of the CMN. The chal-
lenge is to identify the factors which regulate the exchange taking place across the
symbiotic interfaces at the plant individual level.

4.5 Sharing of EM Nutrients Between CMN Plants
of Different Age

Although CMNs will undoubtedly influence nutrient uptake by the interlinked
plants we still need a set of rules to determine whether a plant will benefit or not
(see e.g. Van der Heijden and Horton 2009). The previous section emphasized that
autotrophic AM plants do not obtain ecologically significant amounts of C, if any,
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from the fungus. Therefore, C issues of plants in the CMN mainly concern their
relative supply of C to the shared EM. Likewise, there is no evidence for any
significant transfer of mineral nutrients from plant to fungus and CMN functioning
can accordingly be coined in this way: ‘Instead of resources moving between
plants, plants may be accessing resources from a hyphal network that functions as
an additional pool of resources.’ (Zabinski et al. 2002). Indeed, this additional pool
would rather become an alternative pool when the direct uptake at the root epi-
dermis is decreased by mycorrhizas (Smith et al. 2004). The key issue for mineral
nutrients in CMNs is about sharing: which plants will have access to the nutrients in
the common EM and what are the regulating mechanisms (Fig. 4.1).

Tracer isotopes are key tools for studying interplant sharing of mineral nutrients
in a common EM. However, in controlled studies with CMNs, tracers of a nutrient
(e.g. 13C, 14C, 15N, 32P, 33P) have predominantly been applied to a donor plant (leaf
or split-root application) in order to investigate their transfer to a receiver plants

Fig. 4.1 Conceptual model of the nutrient dynamics of two plants being connected into a CMN:
AM fungi take up P from the soil P pool and store it in the mycelium. Phosphorus is delivered to
the plant that allocates the highest amount of C to the mycelium. This partitioning can depend on
plant size and species specific carbon allocation traits and regulation presumably takes place at the
symbiotic interface in the root. Inter-plant transfer of nutrients as P is minor (dashed lines). Carbon
may be distributed into roots of receiver plants but commonly stays in the intraradical mycelium
(indicated by the stop symbol)
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(see references in previous section). Such a procedure is inadequate for studying
how nutrients in a mycelium are shared among the interlinked plants. Instead, the
label should be applied to the EM in a soil patch as exemplified in a study using
autoradiography to demonstrate transfer of 32P from a labeled patch to the indi-
vidual plants in a rhizobox (Finlay and Read 1986b).

Principles of nutrient dynamics in CMNs are most easily studied in pair-wise
combinations of adult plants and seedlings which have contrasting source and sink
strengths for C and mineral nutrients, respectively. According to the initial
hypothesis of C or nutrient transfer, the older/bigger plant is often termed “donor”
and seedlings are termed “receivers”. Seedlings of non-hosts (plant species that
commonly do NOT form AM symbiosis) can be included as controls to enable a
separation between nutrient uptake via connection into the CMN and nutrient
uptake via mass flow and diffusion in the soil. Non-host seedlings will likewise
experience deficiencies from pre-empting of nutrients by the surrounding hyphae.
Two other control treatments aid in assessing CMN effects on seedlings: seedlings
grown without mycorrhizas or a solitary mycorrhizal seedling. In the first control,
effects of EM links to other plants are intermingled with general effects of myc-
orrhizal colonization and can add up or offset each other. The second control will
undergo the same general AM-associated physiological changes as the CMN
seedling and therefore aids to determine if EM links to other plants have specific
effects on growth and nutrition of the seedling. A solitary seedling is the proper
control to a CMN-experiment, but this is not an evolutionary option in nature, as
plants do not control their engagement in CMNs. The only way to avoid a CMN is
to evolve being NM. Unfortunately, studies examining CMNs often differ in their
use of control treatments and only few use all three types (Table 4.1).

4.5.1 Suppressed or Enhanced Seedling Growth

The rapid colonization of seedlings linking into CMNs (Birch 1986) led to the early
suggestion that seedlings would gain access to nutrients in the EM and thereby get
more competitive (Newman 1988; Read 1991; Gange et al. 1993). However, the
situation turns out to be complex; a literature survey showed that effects of a CMN
on seedlings could be positive, neutral or negative (Van der Heijden and Horton
2009) and reasons for this variation is little understood. Twenty-three studies
investigating the impact of AM fungi on 65 cases of competition between seedlings
and adult ‘donor’ plants are grouped in Table 4.1 according to their outcome:
predominantly negative (13 studies), predominantly positive (6 studies) and
neutral/contrasting effects on the seedlings (4 studies). Each study comprises one or
several pairs of plants and some were performed in multispecies mesocosms with a
dominating grass (e.g. Grime et al. 1987; Van der Heijden 2004). Two root culture
experiments using isotopes to investigate effects of C source strength on P transfer
in CMNs are also included in Table 4.1. Hyphal connections between plant indi-
viduals were rarely confirmed but are here assumed to have existed; in any case,
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EM links were most likely present in cases where seedlings were planted in soil
with a pre-established EM.

Table 4.1 includes examples of both intra- and interspecific adult-seedling
combinations. In intraspecific combinations, seedlings most often grow less in the
presence than in the absence of assumed EM links whereas the outcome is more
balanced when seedling and adult are different species (Table 4.2). This agrees with
Moora and Zobel (2010) and suggests that additional, species-specific factors may
influence the outcome of the experiments. These factors are discussed in Sect. 4.5.2.

The summary in Table 4.2 is based on comparison of the CMN outcome to that
of seedling-adult interactions in the absence of mycorrhiza. Suggested mechanisms
behind the observed interactions are listed in Table 4.1 but they often remain
unvalidated. Intraspecific seedling-donor interactions were neutral in seven cases
and in two cases CMN seedlings were actually suppressed when compared to a
solitary AM-colonized seedlings (Kytoviita et al. 2003; Pietikainen and Kytoviita
2007). This shows that the CMN seedlings were nutrient-limited in the same way as
seedlings competing with large plants in the absence of mycorrhiza and it means
that CMN seedlings were unable to access sufficient nutrients from the EM to
unfold their mycorrhiza response potential. The magnitude of suppressive CMN
effects on seedling growth is often similar in non-host and in host seedlings
(Ocampo 1986; Francis and Read 1995; Janouskova et al. 2011) and nutrient
concentrations in seedlings are similarly reduced (Ocampo 1986). Seedlings of the
non-host species Arabidopsis thaliana were suppressed by pre-established
Trifolium pratense plants; this suppression was amplified by the presence of an
EM (Veiga et al. 2013; Table 4.1) that might have increased preemption of nutri-
ents. However, activation of costly defense responses could also have been
involved as suggested by the authors.

Preemption of nutrients or antagonism from the fungus was also suggested to
account for growth suppression in seven ruderal seedlings, including four non-host
species, when exposed to an EM from an adult Plantago lanceolata (Francis and
Read 1995). In contrast, conspecific P. lanceolata seedlings responded positively to
the CMN situation and represent one of two cases of AM-induced relaxed com-
petition in intraspecific seedling adult combinations. Otherwise, positive effects of
mycorrhizas on seedlings were reported predominantly in interspecific
seedling-adult cases (Table 4.2) and enhanced shoot nutrient status was reported in
two of these (Read and Birch 1988; Van der Heijden 2004). The 20 cases of relaxed
competition were experimentally different from those showing amplified competi-
tion: 16 were carried out in natural or reconstructed grasslands (Read and Birch
1988; Grime et al. 1987; Van der Heijden 2004) and seedlings were grown for 9–
12 months in the two latter studies. Such extended study period will better reflect
the relevant time frame for evolutionary selection on plants as annuals will reach
reproductive state within this time.

Various degrees of simulated grazing was applied in three of the studies (Grime
et al. 1987; Van der Heijden 2004; Püschel et al. 2007) and it has been shown that
such treatment relaxes the suppression of the seedling (see Sect. 4.5.2). The
importance of the donor size is also suggested by a study where the invader
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Centauria maculosa was unaffected by Bouteloua gracilis but enhanced by the
smaller Festuca idahoensis donor (Carey et al. 2004). One study showed variable
seedling responses including positive ones that were probably caused by variation
in soil nutrient status as disturbance of EM links had no effect on seedling growth
(Malcova et al. 2001). Sorting the studied intraspecific and interspecific
adult-seedling pairs in Table 4.1 according to the state of the adult at termination of
the study (intact versus grazed or clipped), it becomes obvious that the presence of a
CMN relaxes competition on seedlings only after the connected adult plant has been
eliminated (Fig. 4.2). If adjacent to an intact adult plant, seedlings tend to suffer if
connected to the adult plant via a CMN.

4.5.2 Mechanisms Regulating CMN Effects on Plants

Overall, Tables 4.1 and 4.2 confirm our hypothesis for intraspecific seedling-adult
pairs i.e. that allocation of P (and other mineral nutrients) to CMN plants depends
on their relative size or C source strength: Larger plants get the main share of the
nutrients from the CMN as illustrated in Fig. 4.3a. Plant access to the CMN nutrient
pool is presumably governed more by their C source strength than by their nutrient
sink strength as suppressed seedlings of intact CMNs can show clear nutrient
deficiencies (Fig. 4.4). Such nutrient deficiency would generate a strong nutrient
concentration gradient from the EM to the apoplast of cortex cells in colonized

Fig. 4.2 Effect sizes of the presence of a CMN compared to NM situation on seedling DW growth
next to an adult plant. The adult plant was present during the whole experiment or was eliminated
by grazing or clipping at some time point. Positive effect sizes imply increased seedling DW
compared to a NM situation, while negative effect sizes imply decreased seedling DW in a CMN
situation. In undisturbed systems, seedlings tend to suffer from the connection into a CMN, while
they profit after the adult plant disappears. Data was extracted from studies listed in Table 4.1. The
effect size was calculated as Cohen’s d with metawin: d ¼ �lt��lc

sp
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seedlings that would accordingly constitute a nutrient sink regardless of their size.
Nevertheless, the seedlings do not seem to participate in the nutrient sharing of the
CMN. However, this asymmetric C strength setting is not a fixed state as sur-
rounding larger plants may be grazed or become senescent and this will remove the
major C source of a CMN. Thus, simulated grazing resulted in a switch from
depressed to enhanced seedling growth in two pot experiments and this corre-
sponded to changes in their shoot nutrient status (Pietikainen and Kytoviita 2007;
Merrild et al. 2013). Obviously, nutrient fluxes in the CMN were redirected towards
the already connected seedling (Fig. 4.3b). The early linkage of seedlings into the
CMN serves as a long-term insurance by enabling them to obtain rapid benefits
from later temporary changes in C strength patterns of the CMN. This model helps
to explain most results in Table 4.1, both the dominance of depressions in short
term studies and growth enhancements in long-term studies.

The preferential translocation of P towards the strongest C source is directly
demonstrated by radioactive tracers (Eissenstat and Newman 1990; Merrild et al.

Fig. 4.3 A conceptual model of the time course in nutrient dynamics within a CMN between adult
plants and seedlings: In the presence of a CMN, P is distributed to the plants according to their C
source strength, leading to P deficiency of the seedling (a). During time, adult plants may become
senescent or get grazed and after removal of the superior C source the seedling gets access to the P
pool within the mycelium (b)
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2013; Lekberg et al. 2010; Kiers et al. 2011). Merrild et al. (2013) included a 32P
labeled soil patch which could be accessed by the EM but not by roots. Simulated
grazing induced an increased seedling uptake of 32P that after 12 days was fourfold
the uptake in the ungrazed treatment. This result is best explained by the changes in
the relative C source strength of the plants.

Importantly, some studies demonstrate that AM enhances plant diversity mainly
due to a growth reduction of grasses and a mycorrhizal benefit of forbs (e.g. Grime
et al. 1987; Gange et al. 1993; Van der Heijden et al. 1998). These experimental
communities were dominated by grasses which most likely were also the major C
source for the assumed hyphal networks. Still, AM increased the growth of most
subordinate plants, mostly at the expense of the grasses, and would therefore have
obtained nutrients from the CMNs. This apparent disagreement with the
nutrient-for-C hypothesis could have at least two possible explanations: first, these
experiments were run over rather long growth periods; second, the larger grasses
probably had a rather small sink strength for P in the CMN as ample P was already
provided by their effective root systems. Under such P saturation of the major C
source for the CMN conditions it seems likely that P in the hyphal network may
become more easily accessible to the smaller plants.

The reported CMN-induced suppression of seedlings may contribute to explain
results obtained in some early grassland studies of root competition (Cook and
Ratcliff 1984; Snaydon and Howe 1986). Root interactions between grass seedlings
and their neighbors strongly suppressed seedling growth relative to their growth in
tubes inserted in the turf. The suppressed growth could be mitigated by high

Fig. 4.4 Growth of tomato seedlings (76R wild type and rmc reduced mycorrhiza colonization
mutant) in CMNs with intact cucumber plant and cucumber plant where shoot was cut 11 days
earlier. Tomato seedlings grew in 25 µm mesh bags and green vertical mesh prevented competition
for light between species. Notice the low shoot P concentrations and visual P deficiency symptoms
in all but the greening 76R seedling in the pot with a cut cucumber shoot (Adapted from Merrild
et al. 2013)
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fertilizer doses. Besides, simulated grazing of the neighbors significantly increased
seedling growth, but only when there was no physical barrier between roots of
seedlings and roots of neighbors.

4.6 Intra- and Interspecific Competition Between Plants
of Similar Age

Competition between plants of similar age is also markedly influenced by CMNs
and will be discussed separately for intraspecific and interspecific interactions.
Competition for nutrients between individual plants in a population is asymmetric
such that larger individuals will obtain a disproportionate share of the resources (for
their relative size) at the expense of growth of smaller individuals (Weiner 1990). It
seems likely that mycorrhizas have a role in such asymmetric competition but
information is limited. If nutrients or C were translocated between plants via CMNs
(as suggested by e.g. Grime et al. 1987) this would relax competition and reduce
differences in size. Experimental evidence rather proves the opposite.

In Table 4.3 we have listed the main results of studies of CMN effects on the
inequality of individuals of conspecific populations consisting of a cohort of
seedlings with an initial natural variation. Mycorrhizal colonization caused an
increase in the coefficient of variation for size classes, reproduction or mortality in 9
of the 10 studies listed in Table 4.3. Koide and Dickie (2002) suggest that slight
differences in size or fitness will result in small increases in the plant’s C strength
(Fig. 4.5). This will enable them to better take advantage of mycorrhizal colo-
nization as the P flow will be directed to the larger C source and cause a positive
feedback to increase their growth. The controlled studies in root organ cultures
confirm this hypothesis (Lekberg et al. 2010; Kiers et al. 2011). Thus, the presence
of a CMN increases asymmetric competition and accelerates competitive takeover
by the larger plant individuals compared to a NM situation. In the absence of root
system overlap, CMN also induced increased size inequality within populations of
Andropogon gerardii and this was explained by positive feedbacks between
mycorrhiza formation, mineral nutrient uptake and host growth (Weremijewicz and
Janos 2013). One study in Table 4.3 shows no effect of CMNs on inequality of
P. lanceolata grown in pot and field experiments (Ayres et al. 2006); the authors
suggest that this could have been caused by a selection for equality of seedlings at
the start of the experiment.

The results discussed above may be dependent on plant density. Inequality
changes were observed only at lower plant densities in three studies (Facelli et al.
1999; Facelli and Facelli 2002; Zhang et al. 2011b). Low density plant populations
benefit more from mycorrhizal presence when uptake of nutrients e.g. P is limited
by diffusion processes. The reason is that nutrient depletion zones around the roots
will constitute a relatively small soil volume leaving a large undepleted volume to
be exploited by the EM. At high density of plant individuals, belowground com-
petition for other resources than nutrients increases and starts overruling benefits of
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mycorrhizal colonization (see Facelli et al. 1999; Facelli and Facelli 2002;
Table 4.3).

Studies using plants of different ages in a CMN as presented in Sect. 4.5 have
amplified differences in initial size as part of their experimental design and inter-
pretation can be unified into a model of increased competition caused by differing C
source strength. The CMN competes for nutrients in the proximity of the less
competitive plant and will deliver them to the dominant plant. This will strongly
increase imbalance between individuals. Such CMN-linked inequality in popula-
tions could have significant ecological consequences if the original small size
differences had a genetic basis. The presence of a CMN would shift the genetic
representation of the next generation towards the more dominant plants as sug-
gested by Facelli et al. (1999).

In summary, CMNs clearly amplify plant-plant competition in plant populations
and this is in good accordance with the majority of CMN effects observed in
intraspecific seedling-adult combinations (Table 4.2). The situation is much more
variable for CMN effects on interspecific pairs of similarly aged plants (Table 4.4)
and this is also in accordance with the pattern observed for interspecific
seedling-adult combinations (Table 4.2). The main reason for this contrasting CMN
effect on intra- and interspecific pairs is that different species may differ widely in
their inherent P acquisition efficiencies. As a consequence grasses and small seeded

Fig. 4.5 A conceptual model of conspecific competition in a plant population of the same age
cohort: initial minor variation in plant size (a) is increased by the presence of a CMN as
asymmetric nutrient delivery in favour of the stronger C source plants increases their competitive
advantage (b) (Adapted from Koide and Dickie 2002)
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legumes will respond differently to colonization by AM fungi. Therefore, mycor-
rhiza will in general relax the competition between such species as exemplified by
mixtures of Lolium perenne and Lotus corniculatus, or Triticum aestivum and Vicia
faba, where the mycorrhiza-responsive legume is strongly suppressed by the grass
when non-mycorrhizal (Scheublin et al. 2007; Qiao et al. 2015, respectively). Such
impact of mycorrhiza on the relative performance of pairs of plant individuals
differing markedly in mycorrhiza dependency will occur even without the formation
of a CMN. Interestingly, mycorrhiza may also influence competition between
species that respond only weakly to mycorrhiza when grown alone. Thus, com-
petition between Holcus lanatus and L. perenne was balanced in the absence AM
fungi whereas L. perenne was markedly suppressed when root were colonized by
AM fungi (Fitter 1977). The suppression of L. perenne was associated with a
mycorrhiza-induced suppression of root growth in particular. The possible role of
EM interlinking these plants remains unknown but cannot be excluded.

In most studies in Table 4.4 the observed CMN effects were ascribed mainly to
competition for nutrients, P in particular. Some authors suggested interplant C
transfer to play a role (Marler et al. 1999; Callaway et al. 2001, 2003) but more
recent evidence renders that possibility as less likely (see Sect. 4.4). The presence of
EM links between similarly aged individuals of different plant species often remain
unconfirmed and some of the results in Table 4.4 could have been caused by
mycorrhiza-induced changes in morphology and uptake properties of individual
root systems. However, if EM links exist and if we assume that the carbon source
strength is a major determinant for the relative ability of plant individuals to obtain
nutrients from the EM, then we can also assume this mechanism to play a role in
CMN effects on competition between different species of the same age.

The relative C supply of individuals of different plant species to the built-up of
an interlinking EM has rarely been measured or compared to the relative nutrient
uptake from the EM pool. One exception is the C–P and C–N exchange studies in
model intercropping system with sorghum and flax that was established in rhi-
zoboxes with root-free compartments (Walder et al. 2012, 2015). EM in one
compartment was used to quantify the relative C allocation from each plant using
differences in their natural abundance of 13C while a compartment with younger
EM contained 33P and 15N for assessment of their relative uptake into each plant.
The flax plants being most mycorrhiza responsive received the highest proportion
of N and P from the EM while the highest proportion of C was derived from the less
responsive sorghum plants. Flax thus appeared to benefit the most from the CMN
despite its relatively lower C investment in the EM. Future work to understand the
background for this presumably unbalanced exchange of minerals for carbon must
ensure that the plant species involved are both in their active growth phase at time
of measurement.

Overall, more work is needed and future experiments should take more
advantage of the powerful tools of tracer isotopes and should systematically
compare directions of transfer in plant combinations representing a range of age and
size differences. Such studies are important to increase our understanding of be-
lowground nutrient dynamics in intercropping systems which will most often

4 Nutrient Dynamics in Arbuscular Mycorrhizal Networks 119



represent CMNs. Nutrient allocation patterns in Walder et al. (2012) differed
between CMNs with two different AM fungi and other CMN studies with a range of
AM fungi, either alone or in combination, confirm that species identity of the
fungus matters (Van der Heijden 2004; Scheublin et al. 2007; Wagg et al. 2011a, b).
This illustrates that the function of CMNs will almost certainly depend on the
identity of both plants and fungi and the function of CMNs will furthermore be
influenced by the experimental and/or environmental conditions (see Hoeksema
Chap. 9, this volume).

4.7 Role of CMN in Non-nutritional Transport Processes

A structured belowground network connecting plant individuals is known for
mycorrhizal fungi only and may therefore be unique. Saprotrophic fungi would not
be driven to grow from root to root but have a more random hyphal network in the
soil probably from nutrient patch to nutrient patch. There is emerging evidence that
CMNs also may facilitate the distribution of other substances than mineral nutrients
in the soil. Song et al. (2010) found that tomato seedlings produced defense
products when their neighbor plant was infected by a pathogen and connected
within a CMN, while this did not happen without the presence of a CMN. Transport
of such stress-induced signals between neighboring plants also appeared to occur in
response to herbivore attack (Babikova et al. 2013; Song et al. 2014) and could
significantly increase the performance of individuals within a population. Pollutants
may also be spread by mycorrhizal fungi as demonstrated by AMF-mediated
transfer of radiocesium between Medicago plants (Gyuricza et al. 2010). However,
only traces could be found in shoots and most of the transferred 134Cs remained in
the roots of the receiver plant.

Furthermore, there is now evidence that a CMN can increase the distribution of
herbicides and allelopathic substances, i.e. toxins that are produced by a plant to
increase its own performance by reducing competition with neighboring plants
(Barto et al. 2011). Such production of allelochemicals is common among a wide
range of plant species (Lambers et al. 2008). Concentrations of different toxins in
root-free soil compartments were increased by a non-disturbed CMN and this
resulted in reduced growth of bioassay plants (Barto et al. 2011; Achatz et al. 2014).
It is not yet clear whether mycorrhizal hyphae would transport the compounds
within their hyphae, e.g. due to passive uptake and release, or if the hyphal network
conducts passive water flow in the soil. If these findings prove to be general, a
CMN would again amplify the performance of an already competitive plant indi-
vidual. This also implies that CMN-induced growth depressions of seedlings might
be caused by toxins rather than by competition for nutrients. Allelopathic com-
pounds can be very different chemicals and little is known on their effect on AMF
themselves. Some may be toxic to AMF as glucosinolate compounds released from
garlic mustard have strong biocidal effects on AM fungi (Stinson et al. 2006; Cantor
et al. 2011).

120 I. Jakobsen and E.C. Hammer

http://dx.doi.org/10.1007/978-94-017-7395-9_9


4.8 Conclusions, Perspectives and Research Needs

Nutrient dynamics in networks of plants interlinked by AM fungi have a strong
impact on both groups of participants: A fungal mycelium can potentially obtain C
from several host plants, which on the other hand have potential access to mineral
nutrients in the mycelium. While this is essential for the fungus due to its biotrophic
lifestyle, the impact on the plants is more complex. Plant individuals share the
access to the CMN nutrient pool and its P in particular that is sparsely available in
the soil solution. The relative ability of plants to take up P from the CMN pool will
influence their relative growth performance. We have focused on nutrient dynamics
in CMNs with adults and seedlings where the competitive relationships are most
severe (e.g. Weiner 1990; Cook and Ratcliff 1984) and we conclude that more than
half of the relevant studies demonstrate that the adult-to-seedling competition is
amplified and not relaxed as previously suggested (see e.g. Read 1991). It is also
clear that a CMN-induced amplification of the competition is more frequent in
intraspecific than in interspecific seedling-adult combinations. Importantly, the
same conclusions can be drawn for CMN-effects on competition between plants of
similar age: The competition between individuals is amplified in plant populations
and either amplified or relaxed in interspecific combinations. Furthermore, the
competitive outcome will be modulated by inherent characteristics of each plant and
by the environmental conditions.

We propose the following model for nutrient dynamics in CMNs of AM fungi
and their host plants. Here we consider simple networks with two or more plant
individuals connected by a single AM fungus, but the model could be extended and
tested also for more complex networks involving connective mycelia of different
AM fungal genotypes.

1. The most important feature of CMNs is their pool of nutrients in the connective
mycelia. The ability of the interconnected plants to access this pool will influ-
ence plant competition. Plant-to-plant transfer of nutrients via connective AM
fungal mycelia does not occur in ecologically relevant amounts.

2. The connective EM is fed with C primarily from large, older plants that usually
have an unrealised capacity for photosynthesis.

3. The P pool in the ERM is directed towards these plants representing major C
source strengths.

4. Young plant individuals linking into the CMN are smaller and have a marginal
C source strength, deliver relatively little C to the EM and receive only little P
from the EM pool.

5. Such intraspecific plant size-dependent competition for the EM nutrient pool
also dominates in plant populations with a minor initial variation in size of
individuals. The presence of a CMN can promote asymmetric below-ground
competition to the benefit of the initially larger individuals.

6. CMN-induced suppression of plant individuals is temporary and will shift to a
typical mycorrhizal growth response when the larger plants become senescent or
are grazed.
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7. CMN effects on competition between different plant species of different or
similar age is much more variable due to species dependent differences in e.g.
responsiveness to mycorrhiza.

The various steps in the model can be tested in mesocosms with CMNs of
increasing complexity. Tracer isotopes will be important tools to monitor the
movement of specific nutrients in the network (see Walder et al. 2012; Merrild et al.
2013), ideally by dual use of tracers for carbon and mineral nutrients. In general,
there is an urgent need to include analysis of nutrient concentrations in plants and in
soil compartments in CMN studies. More than one AM fungus should be included
in the CMNs in order to investigate how (a) the fungal identity and (b) a choice of
fungal partners will influence plant competition. Compartmented rhizoboxes and
dual labelling with 32P and 33P will aid the latter studies. There is also a need to
design the experiments such that the possible interaction of effects from plant
allelochemicals can be elucidated. Several control treatments are required for the
proper interpretation of results. Growth in the CMN should be compared to the
absence of AM fungi and to mycorrhizal responsiveness of solitary plants.
Furthermore, either non-host plants or membranes inserted in the soil can be used to
distinguish EM-mediated nutrient transfer from nutrient transport by mass flow and
diffusion.

Future research must pay more attention to the nutrient dynamics of CMNs
under field conditions. Translocation of nutrients from tracer isotope-labelled soil
patches (Schweiger and Jakobsen 1999; Johnson et al. 2001) to individual plants
should be studied in CMNs that have been mapped by e.g. high throughput
sequencing (Öpik et al. 2009; Montesinos-Navarro et al. 2012). Analysis of changes
in nutrient dynamics upon the experimental removal of a highly connected indi-
vidual (a hub) would most likely help us to better understand the role of CMNs in
plant communities and populations.
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Chapter 5
Resource Transfer Between Plants
Through Ectomycorrhizal Fungal
Networks
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Abstract Carbon (C), nutrients and water (H2O) have been known for five decades
to flow between plants through ectomycorrhizal (EM) networks. This flux has the
potential to affect plant and fungal performance and resource distribution within
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communities. We asked two questions: (1) What are the pathways and mechanisms
for C, nutrient and H2O fluxes between plants through EM networks? (2) What are
the magnitude, fate and importance of C, nutrient and H2O transfer among EM
plants? Mycorrhizal networks provide a distinct pathway for resource fluxes among
plants and mycorrhizal fungi, partitioning them away from other competing soil
microbes and plant roots in the soil matrix, and potentially providing a competitive
advantage (or disadvantage) for some individuals involved in the network. Carbon
and nutrients flow symplastically and apoplastically through mycorrhizal sym-
bionts, hyphae and rhizomorphs along source-sink gradients across the networking
mycelia and plant community. EM networks can also facilitate the hydraulic
redistribution of soil or plant water following water potential gradients. Carbon
fluxes through EM networks have been shown to supply 0–10 % of autotrophic, up
to 85 % of partial myco-heterotrophic (MH), and 100 % of fully MH plant C.
This C supply has been loosely associated with the increased survival and growth of
autotrophic plants, but has been shown to be essential for the survival of MH plants.
Network-mediated nitrogen (N) fluxes between N2-fixing and non-N2-fixing plants
have supplied up to 40 % of receiver N, and this has been associated with increased
plant productivity. Fluxes between non-N2-fixing plants have supplied <5 % of
receiver N. Hydraulic redistribution involving EM fungi has supplied up to 50 % of
plant water; this has been shown as essential for plant survival in some cases.
However, uncertainty remains as to how much of this water transfers through EM
networks. Phosphorus transfer through EM networks has not been adequately
demonstrated. Overall, this review chapter shows that resource fluxes though EM
networks are sufficiently large in some cases to facilitate plant establishment and
growth. Resource fluxes through EM networks may thus serve as a method for
interactions and cross-scale feedbacks in the development of plant-microbial
communities. The outcome of resource transfer through EM networks for the sta-
bility of terrestrial ecosystems depends upon the environmental context.
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Resource sharing � Facilitation � Ectomycorrhiza

5.1 Introduction

The discovery five decades ago that C, nutrients and water can move between plants
through interlinking networks of mycorrhizal fungi has been both exciting and
challenging for scientists (Björkman 1960; Chiarello et al. 1982; Brownlee et al.
1983; Francis and Read 1984). On one hand, resource sharing through mycorrhizal
networks raises the intriguing possibility that mycorrhizal network facilitation of
neighbours is important in the organization of ecosystems. While the role of
competition has long been recognized, facilitation is increasingly understood as an
important force driving ecological and evolutionary processes (Connell and Slatyer
1977; Bertness and Callaway 1994; Butterfield 2009; van der Heijden and Horton
2009). Mycorrhizal associations are understood as important in the evolution and
co-evolution of individual plant and fungal species (Smith and Read 2008), but
only recently has discussion and experimentation begun on the potential role
mycorrhizal networks may play in selection (Perry 1998; Wilkinson 1998;
Whitham et al. 2006; Schweitzer et al. 2008; van der Putten 2009; File et al. 2011).

On the other hand, direct sharing of resources among plants via mycorrhizal
networks challenges our understanding of the role of competition versus facilitation
in ecology and evolution, where plants have traditionally been viewed as discrete
individuals competing for scarce resources (Pringle 2009). In this context, why
would either a plant or a fungus give up C or nutrients to its neighbour? Is the
mycorrhizal symbiosis and facilitation by mycorrhizal networks simply a moder-
ation of competitive interactions among plants and fungi involved in the network?
Or are these facilitative interactions part of a more complex, fluid set of
ever-changing multi-trophic interactions? In any of these cases, mycorrhizal net-
works can be considered agents of self-organization because they provide avenues
for cross-scale competitive and facilitative interactions and feedbacks from which
the structure and function of complex adaptive ecosystems emerge (Bascompte
et al. 2003; Anand et al. 2010; Parrott 2010; Simard et al. 2013). Understanding the
role of C, nutrient and water transfer via mycorrhizal networks in self-organizing
and evolutionary processes in complex adaptive systems may help with imple-
menting conservation practices that promote biodiversity and maintain ecosystem
processes.

In this chapter, we review evidence for the mechanisms, magnitude and sig-
nificance of C, nutrient and H2O transfers among EM plants through EM networks.
This chapter builds on previous reviews on this subject (Newman 1988; Newman
et al. 1992; Simard et al. 2002, 2012; He et al. 2003; Leake et al. 2004; Simard and
Durall 2004; Selosse et al. 2006; van der Heijden and Horton 2009). The amount of
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research that has been conducted on resource transfers in EM networks is con-
siderably less than that in arbuscular mycorrhizal (AM) systems, probably because
of the greater longevity and size of many EM plant species (and hence greater
difficulty in experimentation), and the lower agricultural importance of EM plants
(Molina et al. 1992). Similar reasons underlie the even greater paucity of research
on nutrient fluxes through ericoid mycorrhizal (ERM) networks (Leake and
Cameron 2010). Most research in EM networks has focused on C, nitrogen (N) and,
more recently, H2O transfers between EM tree species. Scarce are direct studies on
phosphorus (P) transfers, but include two in AM networks (Eason and Newman
1990a, b; Eissenstat and Newman 1990) and two in EM tree species (Finlay and
Read 1986; Perry et al. 1989a, b). Recently, transfer of plant hormones, defence
signals (Song et al. 2010; Babikova et al. 2013), allelopathic chemicals (Barto et al.
2011), nutrient analogues (arsenic, cesium and rubidium) (Meding and Zasoski
2008; Gyuricza et al. 2010) and genetic material (Giovannetti et al. 2004;
Giovannetti et al. 2005) have been discovered in AM networks, but their impor-
tance in EM systems has yet to be investigated. The transfer of any one of these
compounds through a mycorrhizal network would increase its zone of activity, with
potentially important consequences for plant interactions in natural ecosystems.

We ask two questions: (1) What are the pathways and mechanisms for C,
nutrient and H2O fluxes between plants through mycorrhizal networks? (2) What is
the magnitude, fate and importance of C, N, P and H2O transfer among EM
autotrophic, myco-heterotrophic and partial myco-heterotrophic plants? We also
discuss the role of resource transfers through EM networks in the context of
complex adaptive systems theory. Our review primarily addresses forest trees
because they have been the subject of the most EM network research.

5.2 Pathways and Mechanisms

5.2.1 Pathways

Mycorrhizal networks form when the hyphae of a single mycorrhizal fungal indi-
vidual, or genet, link together two or more plants of the same or different species. In
natural plant communities, mycorrhizal networks typically involve several different
mycorrhizal fungal species, and may also involve more than one plant species
(Beiler et al. 2010; Bahram et al. 2011). Mycorrhizal networks are considered
ubiquitous in natural ecosystems and have been documented in boreal and tem-
perate forests and woodlands (Roy et al. 2008; Beiler et al. 2010), tropical forests
and woodlands (Onguene and Kuyper 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).
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With molecular, microscopic imaging and isotopic innovations, evidence for the
existence of ectomycorrhizal networks has become practically unequivocal. For
example, ectomycorrhizal hyphae turnaround is currently estimated at 46 days,
rhizomorphs at 11 months, and EM root tips at 1 year but up to 6 years (Bledsoe
et al. 2014). Based on these EMF characteristics, mycorrhizal networks are very
dynamic but not so dynamic that they could not play important roles in interplant
resource transfer. One important research need is to initiate long-term field studies
in which the dynamic nature of mycorrhizal networks is monitored and modeled
(Bledsoe et al. 2014).

Nutrient movement among plants has been recognized for nearly a century, but it
is only recently that scientists have implicated processes beyond decomposition and
mineralization (Read et al. 1985; He et al. 2003). Today we recognize that nutrients
can be transferred directly among plants through mycorrhizal networks, as distinct
from movement through root grafts and rhizomes (Fraser et al. 2006; Philip et al.
2010). The relative importance of these pathways will determine the strength,
direction and outcome of interactions among plants and soil organisms.

A mycorrhizal network pathway between plants is unique because it compart-
mentalizes transferred compounds away from potential disruptions, such as uptake
by competing plant roots or mycorrhizal networks, competition and degradation by
soil organisms, chemical decomposition, or adsorption to soil particles (Newman
1988; Schimel and Bennett 2004; Philip et al. 2010). Consequently a mycorrhizal
network may allow for greater, faster and more sustained transfer of compounds
between interconnected plants. Plants and fungi that are linked in a network should
benefit from a greater acquisition of these compounds, which may result in a
competitive advantage over non-networked individuals. Interplant resource transfer
that occurs directly through rhizomes or root grafts provides similar benefits to
mycorrhizal network transfer, but is limited to intraspecific transfer only (Graham
and Bormann 1966; Fraser et al. 2006). Resource transfers among plants can also
occur via root or mycorrhizal fungal uptake of water or root exudates in soils, which
are influenced by soil water (which is affected by soil structure, soil porosity,
mineral composition and energy potential gradients), organic matter (which adsorbs
compounds and reduces their availability), and soil organisms (which cause
immobilisation, mineralisation and transport of soil nutrients) (Perry et al. 1989a, b;
Rillig and Mummey 2006; Philip et al. 2010).

5.2.2 Mechanisms

The mechanisms by which resources transfer from plant-to-plant through EM net-
works are still not well understood and likely vary with the plant functional groups
(e.g., evergreen or deciduous trees) and fungal species involved (e.g., short to long
distance explorers; Agerer 2001), the compounds being transported (e.g., amino
acids, proteins, carbohydrates, inorganic molecules, water, or anything dissolved in
water) and the nutritional mode of the plant (e.g., autotrophic or mycoheterotrophic
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(MH)). Regardless of these variations, the literature consistently reports that EM
networks transport C and nutrients among symbionts and soil patches along
source-sink or energy potential gradients (see following section). In soils, EM net-
works grow where the fungus forages for resources. These resources may then be
transported to its actively growing parts (e.g., other parts of the mycelium) and to
growing parts of networked plant symbionts (e.g. expanding leaves).

In natural ecosystems, resource transfers through EM networks are highly
complex because they can involve many plant and fungal individuals and species
(Horton and Bruns 2001; Taylor 2002; Dickie et al. 2004; Nara 2006; Twieg et al.
2007). These networks can involve plants that differ in size, age, physiology and
nutrient status (e.g. old (source) trees and growing (sink) seedlings, or N2-fixers
(source) to non-N2-fixers (sink)), and may transport resources among plants along
existing source-sink gradients. The networking fungi and plants interact to govern
the magnitude, direction, fate and consequences of resource transfers. The mag-
nitude, direction, and timing of resource transfers through mycorrhizal networks
have important consequences for plant communities, and may determine plant
establishment or growth, intra- and interspecific competition or facilitation, and
stand dynamics and succession (Fraser et al. 2006; Teste et al. 2009; Deslippe and
Simard 2011; see also previous reviews).

5.2.3 Carbon and Nutrients

Carbon and nutrients are transported through EM fungal networks in cytosol. In
many Basidiomycetes, solutes, cytoplasm and small organelles can move from
fungal cell to fungal cell through perforations in the dolipore septa, but the dolipore
structure prevents intercellular movement of nuclei (Heaton et al. 2012). In
Ascomycetes, pores in the septa allow cytosol and organelle movement across the
intact mycelium, but this can be blocked by Woronin bodies or organelles following
damage (Jedd 2011; Heaton et al. 2012). Thus, the EM fungi appear to have
potential for sophisticated regulation of this transport through occlusion of the
septal pores (Jedd 2011). Nutrients move in fungal cytosol by diffusion and active
transport during cell expansion at growing mycelia fronts, where apical tip growth,
branching, anastomosis and colonization of new plants occur (Heaton et al. 2012).
Diffusion and active transport mechanisms appear sufficient to explain transport
where resources are rich (e.g., at growing mycelial fronts or new colonization
frontiers) and distances are short (Heaton et al. 2012). These mechanisms likely
predominate in contact or short-distance explorer ectomycorrhizal fungal species
(e.g., Laccaria, Thelephora, Wilcoxina) (Agerer 2006). They are likely sufficient to
explain interplant transfer mechanisms where new seedlings establish in close
proximity to refuge plants and become rapidly connected by ruderal contact or
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short-distance explorers (Teste et al. 2010; see Nara, Chap. 6, this volume). These
mechanisms are also likely active even where hyphae explore soils in the absence of
seedlings.

Some EM fungi also form more complex chords, strands or rhizomorphs
(hereafter referred to collectively as rhizomorphs). These ‘long distance explorer’
fungi can not only exploit nutrients over short distances, but are capable of
long-distance exploration of disparate resource patches or formation of connections
between distant ectomycorrhizal plants (Cairney 2005; Agerer 2006; Beiler et al.
2010; Lilleskov et al. 2011). These rhizomorphs are capable of rapid, efficient
high-volume resource transfer (Agerer 2006). This type of transfer is possible
because the central inner medulla of the rhizomorph contains several hollow vessel
hyphae 10–15 µm in diameter with few septal pores (Duddridge et al. 1980;
Brownlee et al. 1983; Cairney 2005). The outer medulla contain loosely packed
hyphae up to 2 µm in diameter, which could serve in bidirectional transport of C
and nutrients to growing fungal fronts or interconnected plant sinks (observed by
Tlalka et al. 2008; Heaton et al. 2012). Bidirectional transfer also occurs within an
anti-parallel circulation system within the inner medulla of the rhizomorphs (Fricker
et al. 2007). The hydrophobic outer surface of the rhizomorph inhibits leakage of
solutes and thus facilitates mass flow to areas of local exudation, evaporation,
transpiration or growth (Agerer 2006; Hobbie and Agerer 2010). The network is
dynamic and adaptive; it simultaneously grows and regresses to exploit new soil
resource patches and colonize new plant roots, thus developing patterns that effi-
ciently exploit and transport new and old nutrient and C sources (Boddy and Jones
2007). Fungi appear to move resources over long-distances predominantly by
advective mass flow driven by differences in energy potential along source-sink
gradients generated by inter-plant nutrient or physiological differences or by fungal
growth (but also other mechanisms proposed, see Heaton et al. 2012).

The identity, size and hydrophobicity of compounds transferred through myc-
orrhizal networks is important for understanding mechanisms of interplant resource
transfer and how the nutrients are used by receiver plants. A wide range of
macromolecules and ions have been shown to transport along source-sink gradients
through rhizomorphs and other EM hyphae, including fungal carbohydrates (e.g.,
trehalose, mannitol, arabitol and erythritol, see below), protein monomers (e.g.,
glutamine and glycine), lipids, N ions (NH4

+ or NO3
−) and phosphates (Martin et al.

1986; Smith and Smith 1990; Bago et al. 2002; Nehls et al. 2007). The transport of
amino acids would be important in driving N and C transport along nutrient gra-
dients through networks. In mycorrhizal networks that connect autotrophic plants,
leaf photosynthetic activity likely generates N and C sinks for amino acids, which
move via the xylem into the aboveground tissues of the receiver plants (Martin et al.
1986; Teste et al. 2010; Deslippe and Simard 2011; Deslippe et al. 2015). The
transport of amino acids, ions and other metabolites across the plasma membranes of
Hartig net hyphae and host plant cells involves complex exchange mechanisms
(Smith and Smith 1990). For example, 20 proteins involved in nutrient transport
across the fungal-host membrane have been characterized in ectomycorrhizal fungi
over the last decade (for a review, see Lucic et al. 2008). Martin et al. (2008) have
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found an especially large number (approximately 500) of membrane-bound trans-
porter proteins in their characterization of the Laccaria bicolor genome. They report
that this large number is likely important for adaptation of the mycelium to rapidly
changing conditions (Marschner and Bell 1994). Our understanding of the pathways
and mechanisms of C and nutrient assimilation and transport in mycorrhizal fungi,
and the key genes involved, is rapidly increasing (Deveau et al. 2008; Witzany
2012).

In autotrophic plants, carbohydrates are delivered across the symbiotic interface
from the host plant to the fungus. Sucrose is delivered by plant root rhizodermal and
cortical cells into the apoplast at the plant-fungal interface in the symbiosis (Nehls
et al. 2007). Upon release to the symbiotic apoplast, sucrose is cleaved by the plant
extracellular invertase (EM and ERM fungi lack invertase) and the monosaccharides
glucose and fructose are taken up by the fungus (Nehls et al. 2007). This process
requires several essential transport mechanisms across fungal and plant membranes.
Once transported across the membrane into the fungus, the monosaccharides are
quickly converted via glycolysis into the short-term storage fungal carbohydrates,
trehalose, mannitol, arabitol and erythritol, or the long-term storage compound
glycogen (Nehls et al. 2007). The short-term compounds are more abundant in
fungal hyphae and are likely transported long distances to different parts of
the mycelium, thus generating a strong C source and sink gradient through the
mycorrhizal network. It is possible that the rapidity of the conversion of monosac-
charides to fungal carbohydrates results in a strong sink between the plant apoplast
and fungal cytosol that enables mycorrhizal networks to compete more strongly than
non-mycorrhizal roots for plant carbohydrate.

The question still remains, however: why would a fungus give up C, its most
limiting resource, in the opposite direction to an autotrophic plant? The movement
of C from fungi into plants through EM networks is likely to accompany N during
the transport of amino acids. Glutamine and glycine, the primary amino acids
through which N is transferred from EM fungi to their hosts, contain five C atoms
for every two N atoms, reflecting the high-energy cost of N assimilation (Martin
et al. 1986; Taylor et al. 2004). When glutamine or glycine are delivered in high
quantities from the mycelium to the plant (Yang et al. 2010), the plant would
receive a significant C subsidy in addition to N, while the fungus still receives its
most limiting resource, C, from the plant (when photosynthetic). Most of this C,
however, is likely consumed by root respiration (Taylor et al. 2004).

Myco-heterotrophic (MH) and partial MH plants are dependent on networking
fungi to deliver C and to a lesser degree N from nearby autotrophic plants (Zimmer
et al. 2007; Selosse and Roy 2009). Nitrogen may move along with carbon, par-
ticularly via xylem in the transpiration stream (in partial MH plants) and/or as
organic nitrogen compounds (Abuzinadah and Read 1989; Teste et al. 2010). These
plants are characterized by leaflessness, reduced leaf size or number of leaves,
variegated leaves and lack of (or low levels) of chlorophyll, all diagnostic of a
dependency on fungi for plant C (Merckx et al. 2009; Selosse and Roy 2009). Since
they have no or limited photosynthetic capacity, a C sink develops throughout the
plant. How the C is delivered from the fungus to the MH or partial MH plant is still
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poorly understood, however, as there have been relatively few studies on metabolite
transport pathways in MH plants (Leake and Cameron 2010). Existing studies have
revealed the involvement of fungal pelotons and penetration pegs that release
nutrients on digestion by the MH plant, and a range of potential candidate
metabolites have been identified that might be involved in fungal-to-plant C and
nutrient fluxes.

5.2.4 Water

Water (and any of the above compounds that can be carried by water) can also move
through multiple belowground pathways (Richards and Caldwell 1987; Brooks et al.
2006; Neumann and Cardon 2012). This occurs when water is transported passively
along a water potential gradient from moist to drier regions, such as from deeper
ground water to depleted surface soil layers during the day, or from moist surface
soils to deeper drier soils at night, or horizontally along water potential gradients
caused by irrigation or natural spatial heterogeneity in soils, plants and hyphae.
During the day, plant transpiration drives water potential gradients from soil to
mycorrhizal hyphae, hyphae to roots, and finally roots to leaves. In arid environ-
ments, when soil water potential frequently dips below the wilting point, mycor-
rhizal hyphae provide the crucial bridge between plant roots and soil micropores
(Egerton-Warburton et al. 2003; Bornyasz et al. 2005; Querejeta et al. 2007; Warren
et al. 2007; Allen 2007; Allen 2009; Augé et al. 2014). However, when water
potential gradients are limited by stomatal closure, such as at night or during
drought, water can move in the opposite direction via hydraulic redistribution. Here,
water moves from plant roots into the hyphae of the mycorrhizal network, and will
ultimately be redistributed to soils, or subsequently be taken up by interconnected
plants. The latter occurs when the water potential of the plant vascular tissue is
higher than that of surrounding soils, mycorrhizal fungi or connected sink plants
(Allen 2009). Water movement through plants, fungi and soils along water potential
gradients can happen even after seasonal plant senescence (Leffler et al. 2005).

Mycorrhizal networks have been shown to facilitate hydraulic redistribution,
whereby water moves via mass flow along water potential gradients on the hyphal
surfaces or inside the mycorrhizal network via cytoplasmic streaming (Plamboeck
et al. 2007; Warren et al. 2008; Bingham and Simard 2011; Xu et al. 2015). Direct
transport of water inside the hyphal strands or rhizomorphs has been observed in
some but not all ectomycorrhizal species tested (Duddridge et al. 1980; Brownlee
et al. 1983; Plamboeck et al. 2007; Xu et al. 2015). Rhizomorphs are thought to
preferentially transfer water mainly through the apoplast at relatively similar rates
(when corrected for different diameters) to root xylem because they have lost their
septa (Duddridge et al. 1980; Querejeta et al. 2003). Rhizomorphs or strands are
also considered more important than finer hyphae in hydraulic redistribution
because resistance to flow is related to the fourth power of the hyphal pathway
radius, such that smaller pathways increasingly limit the distance of potential water
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transport (Duddridge et al. 1980; Warren et al. 2008). Regardless of whether water
moves on the inside or outside of fungal structures, however, the flow rates should
still be orders of magnitude higher than through the soil matrix. Thus, water, and
any resource that can be carried by water, has the potential to move through
multiple pathways, with greatest transfer efficiency through mycorrhizal networks
and root grafts. The transport of water through mycorrhizal networks is likely
important in the water relations of recipient plants under water stress, in maintaining
fungal hyphal viability, and in facilitating acquisition of nutrients (Querejeta et al.
2007; Allen 2009; see below).

5.2.5 Regulating Cheating

Source-sink or energy potential gradients among plants, fungi and soils are all
important in regulating C, nutrient and water transfers in EM networks. The linking
of multiple plants and fungi in a single network provides the opportunity for
interspecific interactions (mutualisms and competition), leading to stability in
communities (Perry 1995; Simard et al. 2013). The importance of mycorrhizal
networks in stability of plant and fungal communities is increasingly evident
(Dickie et al. 2004; Booth 2004; Nara 2006; Teste et al. 2009; Simard 2009; van der
Heijden and Horton 2009; Booth and Hoeksema 2010). The involvement of mul-
tiple plant and fungal species generates the possibility for cheating within the
network; that is for exploitation without paying the true cost of joining. This
question was addressed in a recent study by Kiers et al. (2011), who found that an
arbuscular mycorrhizal fungal species delivering more P to their host in turn
received more C from that particular host, and vice versa. This provided evidence
for bidirectional control of the mutualism, where the best fungal and plant partners
were rewarded for their transfers, thus enforcing the stability of the cooperation.
Similar bidirectional control is evident in ectomycorrhizal systems (Finlay 1989;
Büking and Heyser 2001). For example, Pinus sylvestris provided Suillus bovinus
more 14C-labelled assimilate than Suillus grevillei or Boletinus cavipes (which
notably are Larix-specific fungi and thus perhaps only compatible in the labora-
tory), allowing Suillus bovinus to colonize more extensively, supposedly at the
benefit of increased nutrient supply (Finlay 1989). These studies suggest that
non-contributing plants and fungi could thus be deprived of nutrients or C by their
partner symbionts. As a result, selection pressure should maintain network parasites
or cheaters as a relatively small proportion of the total community.

How can the network be protected against hostile takeover by cheaters? The
results of Kiers et al. (2011) support the argument of Perry (1995) that mycorrhizal
networks are resistant to take-over by cheaters. That is, (1) plants can curtail col-
onization of fungi that do not deliver nutrients by withholding C, and (2) fungi can
mediate the flow of C along source-sink gradients through nutrient supply, meeting
their own needs while delivering C and nutrients only to plants that reciprocate in
kind. Studies show that this delivery can occur at no cost to C- or nutrient-rich
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plants (i.e., those in luxury consumption) involved in the network (Perry et al. 1989a,
b; Simard et al. 1997a, b; Perry 1998). This balancing act between plant and fungal
symbionts involved in a network can serve an evolutionary advantage: it stabilizes
the food supply for the fungus over multiple plants, or vice versa, the nutrient supply
for the plant over multiple fungi. This trading system becomes very complex,
however, when considering that the interacting community can involve hundreds if
not thousands of plant and fungal species, as well as the millions of bacteria and
other organisms they interact with. Sorting out market trading of C and nutrients in
such complex systems could be achieved through modeling stoichiometry (Johnson
2009), but undoubtedly the interactions are even more complex when considering
the role of hormonal and defence signalling in plant health and performance. How
this complexity of interactions affects selection has yet to be explored (Whitham
et al. 2006; File et al. 2011), but there is growing evidence that parents can nurse
their own kin through active secretion of soluble-signaling chemicals recognized by
roots (Biedrzycki et al. 2010; Asay 2013; Pickles et al. submitted).

5.3 Magnitude, Fate and Importance of C, Nutrient
or H2O Transfers

The functioning of EM networks is highly responsive to local plant and fungal
communities and environmental conditions. As a consequence, the magnitude, fate
and importance of C, N and H2O transfer depends on source-sink gradients gov-
erned by factors such as physiological, nutrient or water status of donor and receiver
plants, degree or dependency of these plants on mycorrhization, the fungal species
involved in the network, or nutrient or water status of patchy soil environments.
This has been confirmed in many studies through experimental manipulation of
plant photosynthetic capacity (e.g., shading, defoliation or seasonal variation),
nutrient status (e.g., fertilization or use of nodulating and non-nodulating plant
pairs), or water status (irrigation or induced drought). To a lesser degree, the
mycorrhizal fungal network has also been experimentally manipulated through
inoculations with different fungal species (Arnebrant et al. 1993; Ekblad and
Huss-Danell 1995; Ek et al. 1996; Wu et al. 2001; He et al. 2004, 2005;
Egerton-Warburton et al. 2007; Querejeta et al. 2003, 2012) and the use of mesh
that allows certain fungal exploration types to join the network (Teste et al. 2009;
Bingham and Simard 2013).

The significance of resource transfer through networks to individual plants or
plant communities has revolved around three main issues. First, it is important to
determine whether there is a net gain in resources by one plant over another
(Newman 1988; Newman et al. 1992); however, most studies have examined only
one-way transfers and only a handful have used dual isotope labeling to quantify
bi-directional or net transfer (Johansen and Jensen 1996; Simard et al. 1997a, b; He
et al. 2004, 2005; Teste et al. 2010; Philip et al. 2006). Second, whether resources are
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transferred to receiver fungal, root or shoot tissues has been considered of primary
importance. Fitter et al. (1999) suggests that transfer must occur to plant tissues and
that retention of transferred nutrients in fungal tissue alone is insufficient to signify
significance of resource transfer to networked plants. Others argue, however, that
any C supplied to the network by a plant will subsidise the small inputs of recei-
ver plants that are C-limited through shading or other factors (Perry 1995; Simard
and Durall 2004; van der Heijden and Horton 2009). This may allow plants under
stress to allocate more resources for survival, growth and reproduction, while ben-
efiting from increased nutrient uptake from the large mycorrhizal network that is
being supported by other plants (Teste et al. 2009; Bingham and Simard 2011).
Third, it is important to determine whether resource transfers through networks affect
plant or fungal establishment, physiology, growth or species interactions in the field.
These field experiments will provide the basis for elucidating the importance of
networks to succession and plant or fungal community stability. Some studies have
found that instantaneous measures of resource transfers were related to these pro-
cesses (Leake et al. 2004; Teste et al. 2009, 2010; Cameron et al. 2010; Preiss et al.
2010; Bingham and Simard 2011), but there still have been no studies that have
firmly established cause-and-effect relationships using long-term labelling experi-
mentation. In the following subsections we discuss what is known about the mag-
nitude, fate and importance of C, N, P and H2O transfers between plants.

5.3.1 Carbon

Mycorrhizal networks are unequivocally critical to the survival and growth of MH
plants. Full MH plants gain 100 % of their C from fungi that establish mycorrhizal
networks with nearby autotrophic plants (Fig. 5.1). This has been confirmed
empirically with the analysis of stable isotopes and calculation of fungal-derived C
gains with isotope mixing models (Leake et al. 2004; Preiss et al. 2010). Severing
the network between autotrophic and full MH plants has resulted in loss of MH
biomass (McKendrick et al. 2000), and ultimately may cause death. Partial MH
plants gain up to 85 % of their C from mycorrhizal networks (Selosse and Roy
2009; Bougoure et al. 2010). Partial MH plants acquiring life-sustaining C from
mycorrhizal networks have very low photosynthetic rates compared to autotrophic
plants (Cameron et al. 2009). Net C transfer between autotrophic plants has typi-
cally been small (<10 %) compared to the C fixed via photosynthesis (Simard et al.
1997a, b; Philip et al. 2010; Teste et al. 2010; Deslippe and Simard 2011), and
compared to the mycelial-derived C in MH and partial MH plants (Table 5.1). In
almost all studies, the C that is transferred through EM networks has been trans-
ferred to both shoots and roots of receiver autotrophic and MH plants (Table 5.1),
contrasting with the majority of AM studies (Watkins et al. 1996; Fitter et al. 1999;
Selosse et al. 2006). Gross C transfer through mycorrhizal networks are likely
underestimated due to respiratory C loss (Girlanda et al. 2011).
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Studies have been conducted examining C transfer between autotrophic
plants through EM networks. Because these have been reviewed by several others
(Simard et al. 2002, 2012; Simard and Durall 2004; Selosse et al. 2006; van der
Heijden and Horton 2009), we have chosen to highlight three case studies by our
group in arid steppe interior Douglas-fir (Pseudotsuga menziesii var. glauca) for-
ests, moist temperate mixed forests and the Arctic tundra of western North America.

Arid Steppe Interior Douglas-fir Forests
In the arid steppe region of interior British Columbia, much of the forested area is
dominated by interior Douglas-fir growing in relatively pure multi-aged stands.
The moderately shade tolerant interior Douglas-fir regenerates under its own
canopy in small gap disturbances created by wind throw, insect infestations and
root diseases (Simard 2009). Beiler et al. (2010) and Beiler et al. (2015) used

Fig. 5.1 Estimated net C gain via MNs in myco-heterotrophic (MH), partial myco-heterotrophic
(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. (1997a, b), 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 relationship does
exist between light intensity and the magnitude of C gained from fungi via MNs (Preiss et al.
2010). Reproduced, with permission, from Simard et al. (2012)
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microsatellite DNA markers to determine that most trees in these uneven-aged
forests were interconnected by a complex network of the EM fungi, Rhizopogon
vesiculosus and R. vinicolor, where most of the young trees were linked to large,
old hub trees. These forests are ideal model systems for examining the ecological
significance of mycorrhizal networks because of the simple tree species com-
position and self-regenerating stand development pattern. In more complex
communities involving a greater diversity of tree and fungal species, which are
more typical of forestsworld-wide, the networks and the interactions theymediate
may be more complex than inferred by our model system.

In these forests, Teste et al. (2009) and Schoonmaker et al. (2007)
investigated the effects of mycorrhizal networks on C, N and H2O transfer
from older trees to seedlings established by seed or planting of nursery-stock
seedlings, where the presence and composition of EM networks were con-
trolled using mesh bags of different pore sizes (i.e., 0.5-, 35-, 250-µm pores,
or without mesh). Older saplings were pulse labeled with C (13CO2), N
(15NH4–

15NO3) or
2H2O to quantify resource transfer. Increasing access to

the EM network (with increasing mesh size) improved seedling survival
(Fig. 5.2). Surviving seedlings in the 250-µm mesh were colonized by a more

Fig. 5.2 Shoot and root δ13C and excess 12C-equivalent of Douglas-fir seedlings grown (from
seed) in mesh treatments at 0.5 m away from labeled donor Douglas-fir trees in the field. The δ13C
background mean (solid line) and 99 % confidence intervals (dotted line) appear as horizontal lines
on the left portion of the figure. Values above the 99 % confidence interval are considered enriched
and are marked as asterisks on the right portion of the figure. Contingency table analysis of the
frequency of 13C-enriched seedlings (shoots + roots) only showed that the no mesh treatments
differed from the 35 and 250 µm mesh treatments (i.e., the 0.5 µm was not different than the no
mesh, P = 0.19). Reproduced, with permission, from Teste et al. (2009)
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complex fungal community than those in mesh of smaller pore sizes, and this
community was comprised of multiple long-distance exploration types
(Agerer 2001, 2006; Teste et al. 2009). The seedlings with access to the EM
network also received small amounts of C, N and H2O transferred from the
older trees (Schoonmaker et al. 2007; Teste et al. 2009). In general, the growth
rate of receiver trees was related to the amount of C transferred to seedlings
(Teste et al. 2010), suggesting that faster-growing receiver seedlings had
enhanced sink strength. Linking into the network of older trees was important
to establishment of seedlings from seed, but had no effect on planted seedlings,
presumably because planted seedlings were comparatively large and replete in
nutrients. In a separate field experiment, Teste et al. (2010) used dual 13C–14C
labeling and similar mesh treatments to test whether increasing soil distur-
bance affected the magnitude of net C transfer from saplings to new seedlings.
They found that net transfer increased with disturbance and receiver seedling
growth rate, and access to mycorrhizal networks, but only where seedlings
were associated with a diverse mycorrhizal community. Hence, increasing
complexity of the mycorrhizal community (that included a highly efficient
EMF species) combined with receiver seedling growth rates was important in
generating sink gradients and driving C transfer.

In the same interior Douglas-fir forests, Bingham and Simard (2012a, b)
applied a test of the stress-gradient hypothesis (Maestre et al. 2009), postu-
lating that EM networks were most important where EM tree seedlings were
establishing under high climatic drought stress. In an experiment using mesh
bags with varying pore size (as above), Douglas-fir seedlings were planted at
several distances from conspecific mature trees across a climatic moisture
gradient. They found that growth of networked seedlings increased most
when they were in close proximity to trees in dry climates, after adjusting for
total N (Bingham and Simard 2012a). In a related study, they used isotope
labelling to demonstrate that hydraulic redistribution of water occurs from
seedlings able to access a reservoir of water to seedlings unable to access this
same reservoir (Bingham and Simard 2011). These findings suggest that trees,
which generate deeper taproots under dry conditions, access water unavail-
able to establishing seedlings, and that this water is then hydraulically
redistributed to the EM mycelia and seedling symbionts.

The interior Douglas-fir forests are experiencing increasing drought stress
as the climate changes in this region, resulting in increased insect attack and
disease incidence (Woods et al. 2010). Previous studies have shown that plants
damaged by herbivores or clipping increase export of C, P or defence signals
to neighbouring plants through mycorrhizal networks (Eason and Newman
1990a, b; Waters and Borowicz 1994; Song et al. 2010). We have found that
defoliation of interior Douglas-fir results in C and signal exports through
ectomycorrhizal networks to neighboring healthy ponderosa pine seedlings,
resulting in increased defense enzymes on the foliage of the ponderosa pine
(Song et al. 2015). Thus, neighboring seedlings appear to benefit from
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increased resource supply and defense chemistry, directly transferred from
dying neighbours. This process may be important in facilitating tree species
shifts as climate changes, where mortality of large trees opens forest gaps for
the establishment of new seedlings of more drought-tolerant species. In all of
the above experiments, C has been transferred into both shoots and roots of
receiver seedlings. Together, these studies suggest that EM networks may be
important to the resilience of interior Douglas-fir forests to stresses caused by
drought, soil disturbance and herbivory.

Moist Temperate Mixed Interior Douglas-fir Forests
The mixed Douglas-fir–paper birch (Betula papyrifera) stands in the moister,
warmer climate of British Columbia are more productive and regenerate more
readily after disturbance than the arid steppe interior Douglas-fir forests, and
here mycorrhizal networks also play a role in forest establishment. In the rich
tree species mixtures that include interior Douglas-fir, paper birch and
western redcedar (Thuja plicata), establishment success of regenerating
Douglas-fir has been greater where seedlings are linked into the EM network
of older interior Douglas-fir and paper birch trees (Simard et al. 1997a, b).
The mycorrhizal root systems of paper birch, which often survive fire,
pathogen infections or clearcutting, are particularly important for subsequent
establishment of EM networks by providing a diverse and rapid source of
fungal inoculum for regenerating seedlings (Twieg et al. 2007).

In clearcuts, Douglas-fir seedlings have benefited not only from mycor-
rhizal fungal colonization, but also from C transferred from paper birch
through networks, particularly where Douglas-fir is shaded (Simard et al.
1997b). Using dual (13CO2–

14CO2) pulse-labelling, Simard et al. (1997b)
examined transfer between EM interior Douglas-fir and paper birch seedlings
in the field. There was bidirectional C transfer, but Douglas-fir received a net
C gain from paper birch. Net gain by Douglas-fir averaged 6 % of C isotope
uptake through photosynthesis, with more in deep shade (10 %) than in full or
partial sun (3–4 %) (Fig. 5.3). Label was detected in receiver plant shoots in
all transfer experiments indicating movement of transferred C out of fungal
and into plant tissues. In the field, AM western redcedar seedlings absorbed
18 % of isotope transferred between paper birch and Douglas-fir, suggesting
that most C was transferred through the EM network, but that some was also
transferred through alternate soil pathways (Simard and Durall 2004).

Later, Philip (2006) used dual labelling in the field to show that the
direction of net C transfer between Douglas-fir and paper birch switched
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) switching yet again, from still-photosynthesizing Douglas-fir
to senescent paper birch in the fall. The C moved bidirectionally between
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paper birch and Douglas-fir through multiple belowground pathways,
including MNs, soils and a discontinuous hyphal pathway. These results
suggest 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.

The question still remains, however, as to whether C transfer through
networks affects productivity of the plant and fungal species in nature over
the long-term (see Hoeksema, Chap. 9, this volume). In a long term field
experiment in Douglas-fir–paper birch mixtures, we found net photosynthetic
rates were higher in mid-growing season where mycorrhizal networks that
linked the two tree species were left intact than where they had been isolated
using trenching and barriers five years earlier. After 21 years, paper birch
with intact mycorrhizal networks with neighboring Douglas-fir (i.e., not
trenched) maintained higher annual growth rates than birch trees that were
isolated by trenching, and appeared to be due to neighbor subsidies at no cost
to growth rates of Douglas-fir (Louw 2015). Simard et al. (1997a) similarly
found in deep forests that understory interior Douglas-fir seedlings had higher
net photosynthetic rates, height growth rates and foliar nutrients where they
had access to the EM networks of century-old paper birch and Douglas-fir
trees than where the connections were severed. In this study, the EM diversity
was higher where seedling roots accessed those of the older trees (Simard
et al. 1997a). These results suggest that networks have the potential for
longer-term benefits to the productivity and health of mixed species forests,
but whether this is the result of C or nutrient transfers remains elusive.
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Low Arctic Tussock Tundra
Arctic warming has exceeded global mean warming by up to 3 times over
the past 150 years, as positive feedbacks facilitate even more warming
(Sturm et al. 2001; Anisimov et al. 2007). In low Arctic tussock tundra, these
changes are associated with enhanced competition, growth and spread of the
rhizomatous EM shrub Betula nana (Bret-Harte et al. 2008). Betula nana has
been shown to increasingly dominate tussock tundra in long-term warming
and fertilization experiments (Chapin et al. 1995; Shaver et al. 2001; Mack
et al. 2004), and we hypothesized that EM networks may be involved in its
expansion. Deslippe and Simard (2011) found that EM networks facilitated
interplant C transfer among Betula nana individuals, but not between or
within other tundra species examined (Fig. 5.4). Total C transfer among
conspecific B. nana pairs was 10.7 % of photosynthesis, with the majority of
C transferred through rhizomes or root grafts (5.2 %) and the EM network
pathway (4.1 %), and very little through the soil (1.4 %). There was greater C
transfer in June than in August, suggesting that leaf expansion drove C
demand in these receivers. Targeting rhizospheres of the most highly enriched
receiver plants, and using a combined stable isotope probing of DNA
(DNA-SIP) pyrosequencing approach, Deslippe et al. (2015) found that a

Fig. 5.4 Whole-receiver enrichment calculated as the sum of leaf, stem and rhizome enrichments
in mg of excess 12C-equivalent, for all receiver plants regardless of donor species (Betula nana or
Ledum palustre donors). Inner spread denotes the standard error of the mean; whiskers denote the
99 % confidence interval about the mean, lower-case letters denote significant difference (P < 0.05)
among means as determined by a Tukey’s post hoc test. Reproduced, with permission, from
Deslippe and Simard (2011)
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member of the genus Cortinarius, closely affiliated with C. fennoscandicus,
was unique in being highly enriched in 13C. These data suggest a role for this
Cortinarius sp. in C-transfer among B. nana plants. C. fennoscandicus is
considered to be specific to B. nana, consistent with our observation that
B. nana was unique among members of this Arctic tundra plant community in
its ability to transfer C through MNs. In a related study, Deslippe et al. (2011)
showed that long-term experimental warming of this plant community
increased the abundance of Cortinarius spp. Cortinarius have high-biomass
growth forms, medium-distance exploration types, and enhanced capacities to
degrade complex organic matter, thus securing access to limiting N to grow.
At the same time, it reduced the prevalence of the short-distance explorer
Russula spp., some of which have high affinities for labile N. The increased
populations of EM fungi with long-distance exploration types may increase
connectivity among B. nana individuals, thus facilitating greater C transfer
through mycorrhizal networks and increased competitive ability of this
expanding shrub species. Warming-induced increases in the population of
networking fungal genets may facilitate the expansion of B. nana with global
change (Deslippe et al. 2011) and C. fennoscandicus may therefore be con-
sidered a keystone species in the regime shift of Arctic tundra to shrub tundra
as climate warms (Deslippe et al. 2015).

These three case studies highlight that light availability, phenology and
stress associated with shading, season, drought, warming, disturbance and
herbivory can be important factors in C, N or H2O transfer through net-
working fungi. The amount of C transferred through EM networks increased
with shading of receiver plants (Simard et al. 1997a, b) and appeared to peak
during leaf expansion or high photosynthetic activity (Philip 2006; Deslippe
and Simard 2011). Carbon transfer also increased with soil disturbance and
defoliation (Teste et al. 2010; Song et al. 2015), but water transfer and not C
transfer increased with climatic aridity in interior Douglas-fir, resulting in
increased seedling establishment (Bingham and Simard 2012a). In Bingham
and Simard (2012a), EM network facilitation may act to extend the niche
breadth of interior Douglas-fir seedlings in a very dry climate.

Ectomycorrhizal facilitation of seedling survival and growth represents a
positive feedback for forest regeneration, but as seedling density increases,
competition and density-dependent mortality provide additional negative
feedbacks that may stabilize the forest community (Simard 2009). Based on
these observations, we expect that facilitation via MNs will remain important
to the stability of interior Douglas-fir ecosystems as climate warming
increases the severity and duration of drought and associated disturbance
stress. In the Arctic tundra, however, C transfer among B. nana may serve to
destabilize the ecosystem by promoting the dominance of B. nana and the
conversion of tundra landscapes to shrub-lands as climate warms (Deslippe
and Simard 2011). Paleoclimate data for Arctic Alaska suggest a strong
control of vegetation composition on fire return intervals, with shrub
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communities supporting more frequent fires (Higuera et al. 2008, 2009).
Increases in fire frequency and extent in Arctic Alaska were recently observed
(Hu et al. 2010) and can led to unprecedented losses of C from the Arctic
tundra biome (Mack et al. 2011). Thus C-transfer through EM network of
Cortinarius sp. and B. nana appears to be an avenue for cross-scale inter-
actions affecting higher order processes, in this case potentially altering local
disturbance regimes. This represents a positive feedback that serves to
destabilize the current plant community and amplify ecosystem change.

5.3.2 Nitrogen

Interplant N transfer from N-rich to N-poor plants has been studied for decades
because of the implications for improved production in agriculture and forest
systems. Early studies focused on transfers of N-rich decomposition products from
N2-fixing to non-N2-fixing plants without distinguishing transfer pathways, but the
benefits of direct transfers through mycorrhizal networks have become a focus of
recent work. These studies have employed 15N external labelling and 15N natural
abundance techniques to trace the direction and magnitude of N transfer from
N2-fixing, N-fertilized or N-enriched source plants to non-N2 fixing, unfertilized or
N-depleted sink plants (for previous reviews of N transfer studies and methods, see
Simard et al. 2002; He et al. 2003, 2009; Selosse et al. 2006). While some of the
more recent tracer experiments are briefly summarized here, we also describe new
efforts to elucidate interplant N transfer based on species patterns in natural
abundance of 15N.

Studies dating back to the 1980s established that NH4
+, NO3

− or amino acids can
transfer along a N gradient from Rhizobium- or Frankia-infected donors either
through AM networks (Haystead et al. 1988; Bethlenfalvay et al. 1991; Frey and
Schuepp 1993; Johansen and Jensen 1996; Moyer-Henry et al. 2006) or EM net-
works (Arnebrant et al. 1993; Ekblad and Huss-Danell 1995; He et al. 2004, 2005,
2006). In the EM studies, N has been shown to transfer from Frankia-N2-fixing
Alnus glutinosa or A. incana to non-N2-fixing Pinus contorta or P. sylvestris
(Arnebrant et al. 1993; Ekblad and Huss-Danell 1995), and from Frankia-N2-fixing
Casuarina cunninghamiana to non-N2-fixing Eucalyptus maculata (the latter two
species form both EM and AM networks; He et al. 2004, 2005). It should be noted,
however, that these studies likely included some degree of ‘incompatible’ EMF
species due to high specificity for one of the host plants (Pölme et al. 2013; Roy
et al. 2013; Horton et al. 2013). Nevertheless, the amount of N transferred from
N-enriched to N-depleted plants through EM networks has ranged from 0 to 40 %,
but <5 % between non-N2-fixing plants (Table 5.2). In all studies, the transferred N
has been found in both roots and shoots of the receiver plants. In some cases, N
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transfer has been shown to improve productivity not only of the N-poor-receivers
but also the N-rich donor plants.

Nitrogen transfer between non-N2-fixing donors and receivers has also been
examined in temperate forests (He et al. 2006; Teste et al. 2009), which is useful not
only for understanding N dynamics and distribution in N-limited ecosystems, but
also for improving our understanding of the role of N in regulating N and C
transfers through networks. In these systems, one-way transfer from conifer trees to
EM conspecifics or other EM or AM heterospecifics has generally been very low
(<5 % of N pulse) compared to transfer from N2-fixing to non-N2-fixing plants.
Teste et al. (2009) found that N-rich Pseudotsuga menziesii saplings transferred
both N and C to N-poor conspecific germinants through mycorrhizal networks and
that this corresponded with greater two-year seedling survival. The relative amounts
of N (0.0018 %) and C (0.0063 % of photo-assimilate) transferred suggest that they
moved together in amino acids (a stoichiometry of 2N:7C; which is similar to
glutamine 2N:5C; alanine, cysteine and lysine 2N:6C; threonine and aspartic acid
2N:8C), but the compounds were never identified. He et al. (2006) found that EM
Pinus sabiniana rapidly transferred N to other P. sabiniana, AM-EM Quercus
douglasii, AM Ceanothus cuneatus and AM herbs, suggesting transfer occurred
through multiple belowground pathways. In a recent study, Teste et al. (2015)
found that non-N2-fixing donor plants transferred about 4 % of their N to receivers,
with greater enrichment in receivers that formed ectomycorrhizas or cluster roots
than AM receivers.

Differences in natural abundance δ15N signatures between fungi, plants and
soils, or N2-fixing and non-N2-fixing plants, or non-mycorrhizal AM, EM and ERM
mycorrhizal fungi and plants, potentially provide a novel non-destructive approach
for examining N transfer in intact ecosystems (Hobbie and Hobbie 2008; He et al.
2009). These differences exist because soil organisms and mycorrhizal fungi dis-
criminate against 15N when they decompose organic matter and formulate and
transfer compounds to plants; hence, host plants are depleted in 15N, whereas
mycorrhizal fungi are enriched in 15N (Hobbie and Hobbie 2008). Based on these
principles, Hobbie and Hobbie (2008) estimated that up to 20 % of net primary
production is used to support mycorrhizal fungi in N-limited forests and arctic
tundra ecosystems. Differences in natural abundance of δ13C signatures have been
successfully applied to quantify C transfer through networks between AM C3 and
C4 plants (Watkins et al. 1996), but to our knowledge few have used δ15N signa-
tures to elucidate N transfer through EM networks. In a sub-boreal spruce forest,
Kranabetter and MacKenzie (2010) inferred that understory partial MH plants,
Orthillia secunda and Pyrola ascarifolia (Tedersoo et al. 2007), acquired their N
from mycorrhizal networks. This is because their foliar δ15N signatures were as
high as nearby EM sporocarps. This contrasted with EM Abies lasiocarpa and
ERM Vaccinium membranaceum, whose δ15N signatures increased with both N
concentration and soil N supply, suggesting that their N was supplied via mycor-
rhizal uptake of inorganic and/or organic N from soils.
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5.3.3 Phosphorus

Phosphorus has been shown to transfer between plants much less freely than N, and
this is thought to be due to its lower soil mobility (Lambers et al. 2010). Other
reasons in some ecosystems may include lower plant demand or less leakage out of
roots (Eissenstat and Newman 1990; Newman et al. 1992; Johansen and Jensen
1996). Transfer of P has been little studied in EM networks, contrasting with AM
networks. In AM networks, P transfer between plants has been considered too small
(0.1–3 %) or too slow to be of much relevance to living plants, except possibly
under highly P deficient conditions (Newman and Eason 1989a, b; Eason and
Newman 1990a, b; Ikram et al. 1994; Johansen and Jensen 1996; Yao et al. 2003;
Wilson et al. 2006). For example, Newman and Eason (1989a, b) found that P
transfer between AM plants was slower than the life-span of leaves or tillers, while
transfer between tillers within a plant was faster than their life-span. This contrasts
with senescing, stressed or grazed AM donor plants, however, which have been
shown to deliver larger quantities of P or N to living AM neighbors, even into their
shoots (Eason and Newman 1990a, b; Hamel et al. 1991; Ikram et al. 1994;
Bethlenfalvay et al. 1991; Johansen and Jensen 1996; Tuffen et al. 2002). In this
case, the dying plant roots appear to exude large amounts of P or N into their
mycorrhizas, and this is then available for transfer to connected plants of the same
species. Nutrients captured from dying roots have been shown to increase
several-fold if the dying and living roots shared the same mycorrhizal fungi, but the
involvement of direct hyphal links has sometimes been inconclusive (Ikram et al.
1994; Johansen and Jensen 1996).

Evidence for P transfer in EM networks is considerably more equivocal, and
none of the studies appear to clearly demonstrate that P can move from one EM
plant to another via EM networks. In the first study to investigate P transfer, Finlay
and Read (1986) fed 32P to the rhizomorphs of Suillus bovinus connecting Pinus
contorta and Pinus sylvestris. They found that the isotope was transferred up to
40 cm one-way by symplastic flow through the rhizomorphs into both of the host
plants and throughout the mycelium. This appeared related to plant size and
mycorrhizal colonization, but not to transpiration rates. The isotope did not move in
the other direction, however, namely from the roots of the plants back into the
mycelium, indicating one-way flow (Finlay and Read 1986). In a later study, Finlay
(1989) showed that 32P fed to the mycelium of Larix-specific Suillus bovinus
(Basionym Boletinus cavipes) moved preferentially to Larix eurolepis compared to
Pinus sylvestris linked together in an EM network, and this was related to the
considerably greater fungal colonization of L. eurolepis. There was no evidence that
the P moved from one plant to another in this study either. Moreover, this result
must be interpreted cautiously given that the fungus may have low compatibility or
even parasitic interactions with Pinus sylvestris, even under laboratory conditions.
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5.3.4 Water

Hydraulic redistribution via mycorrhizal networks is a potentially important
mechanism for recharging depleted surface soil layers during drought, delaying or
reducing the loss of root and hyphal conductivity, and reducing root or hyphal
turnover (Warren et al. 2008). It could allow roots and hyphae to recover quickly
from drought, and even small amounts of hydraulically redistributed water could
aid in the transport of nutrients through mycorrhizal networks. Plants in a mycor-
rhizal network that are the source of hydraulically redistributed water benefit from
rehydration and increased longevity of their mycorrhizal root tips (Querejeta et al.
2003). Connected receiver plants have a more secure source of water and nutrients
(Schoonmaker et al. 2007). Thus, the daily rehydration of roots and hyphae via
hydraulic redistribution should enhance both long-term resource acquisition by
plants connected in a mycorrhizal network as well as nutrient cycling by the soil
microbial community (Querejeta et al. 2007; Egerton-Warburton et al. 2008; Prieto
et al. 2012). Lilleskov et al. (2009) found that hydraulic redistribution through
mycorrhizal pathways was great enough to push sporocarps through crusts, rock
and cement fractures during extremely dry seasons.

Hydraulic redistribution between plants via EM has been demonstrated in the lab
(Querejeta et al. 2003, 2012; Egerton-Warburton et al. 2007; Plamboeck et al. 2007;
Bingham and Simard 2011) and the field (Schoonmaker et al. 2007; Warren et al.
2008) (Table 5.3). Querejeta et al. (2003) used laboratory microcosms to show that
EM fungi provided a pathway for movement of 2H2O and fluorescent dye from
donor EM plants to soil through hydraulic redistribution. Brooks et al. (2006)
observed that 2H2O applied to the soil moved horizontally through the soil matrix in
an asymmetric pattern, presumably due to hydraulic redistribution by both interior
Douglas-fir and EM fungi. Field experiments have shown that movement of 2H20
applied directly to soil varies horizontally depending on the potential to form an EM
network, soil moisture conditions and the functional form of the plants present
(Brooks et al. 2006; Egerton-Warburton et al. 2007; Schoonmaker et al. 2007).
Recent studies have shown that water hydraulically lifted via taproots is transferred
directly to EM fungal symbionts and subsequently translocated from plant to plant
via the EM network independently of soil pathways (Egerton-Warburton et al.
2007; Bingham and Simard 2011). In a field study, EM networks were shown to
provide a direct pathway for hydraulic redistribution of 2H2O from old stumps to
nearby ponderosa pine seedlings (Warren et al. 2008).

Hydraulic redistribution is thought to be an especially important process in
ecosystems that experience annual or seasonal drought because it can help maintain
the integrity of the plant-fungal-soil system, limiting the possibility of
embolism-induced catastrophic hydraulic failure of plants (Warren et al. 2008) and
leading to a more diverse community of plants and fungi. Hydraulic redistribution
has occurred in soils as wet as −0.05 MPa soil water potential, but it appears to be
most important in drier soils at −0.4 to −0.8 MPa, or lower (Querejeta et al. 2007).
In support of this, Schoonmaker et al. (2007) found greater hydraulic redistribution
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from trees growing in drier compared to wetter site conditions, regardless of the redis-
tribution pathway. The importance of EM networks versus other pathways for
hydraulically redistributed water likely increases with aridity, where resistance of water
movement through an EM network should be less than that from dry soils to roots
(Ishikawa and Bledsoe 2000). Indeed, Bingham and Simard (2011) found that hydraulic
redistribution through EM networks increased with declining CO2 concentration, and
may have been a mechanism for increased survival of water-stressed seedlings. While
some EM fungi may be less active under drier conditions, others are known to persist
under dry soil conditions, particularly those forming rhizomorphs (Parke et al. 1983;
Molina et al. 1992; Nardini et al. 2000). In this case, the long-distance rhizomorphs allow
these fungi to access water elsewhere, such as moist microsites nearby.

The physiological relevance of water transfer depends on whether the amount of
hydraulically redistributed water affects water relations of the plants, their mycor-
rhizal hyphae, or the soil in which the hyphae and plant roots are growing. Hydraulic
redistribution from Acer saccharum trees accounted for 3–60 % of water uptake by
understory plants (Dawson 1993). In a dry interior Douglas-fir forest, Schoonmaker
et al. (2007) found that 22 % of seedling water was supplied via soil and EM network
pathways from nearby conspecific mature trees. In a coastal Douglas-fir forest,
Brooks et al. (2006) found up to 50 % of water in Douglas-fir seedlings was acquired
by hydraulic redistribution through EM networks. Warren et al. (2007) found that the
amount of hydraulically redistributed water through EM networks in a ponderosa
pine forest amounted to <0.15 mm day−1 or up to 15 % of total site water use. The
benefits to receiver plants of hydraulically redistributed water via EM networks,
however, must be weighed against the costs of competition of the source tree for the
same redistributed water or surrounding soil water (Schoonmaker et al. 2007).

The relevance of hydraulic redistribution through mycorrhizal networks is also
related to the speed and distance over which water is transferred relative to other
pathways. The speed at which water transports through mycorrhizal networks has
ranged from 0.13 to 2.2m day−1 (Duddridge et al. 1980; Brownlee et al. 1983;Warren
et al. 2008), which is similar to transport rates in xylem but generally faster than
the <0.4 m day−1 transferred through soils. The distance over which water has been
hydraulically redistributed has also varied with time. Warren et al. (2008) found that
90 year-old source trees released hydraulically redistributedwater up to 7m away over
21 days, and the zone of influence increased with time and the age of the source trees.
Schoonmaker et al. (2007) found that hydraulically distributed water in receiver
seedlings tended to decrease with distance from source trees, but that it occurred up to
5 m away, within the range of earlier studies (Dawson 1993; Ludwig et al. 2003).

Like other resource transfers, hydraulic redistribution is a patchy process, and is
a function of the variation in water potential gradients among soils, plants and the
mycorrhizal network. Any factor that affects the spatial or temporal patchiness of
water potential gradients in soils, plants and the mycorrhizal network should thus
influence the magnitude of hydraulic redistribution. These factors can include
weather, topography, soil properties, phenology or plant-fungal community char-
acteristics. In addition, any factor that reduces plant transpiration, such as drought,
herbivory or disturbance should enhance hydraulic redistribution via mycorrhizal
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networks, provided the network remains functional. The environmental controls on
hydraulic redistribution via mycorrhizal networks have been addressed in only a
handful of studies, leaving many questions waiting to be answered.

5.4 Experimental Designs for Mycorrhizal Network
Studies in the Field

Since the classic studies of Björkman (1960) and Reid and Woods (1969), very few
manipulated-field experiments focused on mycorrhizal networks have been con-
ducted (see Hoeksema, Chap. 9, this volume). Feasibility and financial costs still
remain considerable barriers to field studies addressing mycorrhizal network eco-
physiology. The lack of feasibility is mostly due to the delicate nature of the hyphal
networks and their potentially delayed establishment after experimental setup. Like
many ecological field studies, rigorous ‘controls’ in experimental design are chal-
lenging. In mycorrhizal network studies, controls such as AM host plants (in an EM
system) and fine mesh barriers to prevent hyphal movement have been used suc-
cessfully (Simard et al. 1997a, b; Teste et al. 2009; Bingham and Simard 2011,
2012a, b; Deslippe and Simard 2011). In biodiverse ecosystems with abundant AM
and EM plants, non-mycorrhizal plants (e.g., Proteaceae species) could be used with
or without mesh barriers (Teste et al. 2014, 2015). Similarly, in studies examining
interspecific transfer, using plants that form mycorrhizas only with fungal species
that do not form a network with other plant species, would be an ideal control since
differences would not be due to lack of mycorrhizal formation. This setup would
resemble the fine mesh barrier approach used by Booth (2004) and Teste et al.
(2009), with the added feature of comparing the effect of mycorrhizal roots inter-
mingling with mycorrhizal roots that do or do not form mycorrhizal networks.

Booth (2004) used both EM and AM species and a novel combination of
trenching and physical barriers (“networking cylinders”) that allowed him to
include almost all possible combinations of mycorrhizal networking and direct root
interactions. Seedlings were planted into four root/mycorrhizal network treatments
in the field surrounded by overstorey trees (Booth 2004; Booth and Hoeksema
2010). Seedlings were planted (i) directly into the soil (root and mycorrhizal net-
works allowed); (ii) into circular slit trenches, preventing interactions with over-
storey roots and mycorrhizal mycelia (no roots and no networks); (iii) into
“networking cylinders”, to prevent direct root competition with overstorey trees, but
enable mycorrhizal mycelia to invade and potentially form mycorrhizal networks
(no roots with mycorrhizal network); or (iv) into “trenched networking cylinders”
where “networking cylinders” were installed and also trenched to detect soil
moisture or increased mineralization effects of the installation (no roots and no
mycorrhizal network with disturbance effects).

The experimental design of Booth (2004) is quite robust, and we recommend it for
mycorrhizal network studies in forests or in soils that permit slit trenches. In more
sandy soils or easily manipulated agriculture soil, the ‘rotated-core method’ introduced

5 Resource Transfer Between Plants … 163

http://dx.doi.org/10.1007/978-94-017-7395-9_9


by Johnson et al. (2002) may be best. Here the non-mycorrhizal network treatment is
achieved by periodic rotation of the cores; analogous to manual severing of roots and
hyphae accomplished in rhizoboxes in the laboratory (Philip et al. 2010). Teasing apart
belowground interplant transfer pathways with cores, mesh barriers, physically sev-
ering links, or small slit trenches around plants are most commonly used for ecological
field experiments. However, all of these approaches have unintended effects that are
either minimized or accounted for with secondary control treatments, such as the
combined use of trenching and “networking cylinders” described by Booth (2004).

The use of C3 and C4 plants in conjunction with a clever microcosm and stable
isotope tracing can be a powerful alternative to using cores and mesh, especially when
studying the functioning of mycorrhizal networks (Walder et al. 2012). The existence
of a strong difference in isotope fractionation during C3 and C4 photosynthesis gives
these types of plants a distinct C isotope ratio, sufficiently different (>15 ‰ in many
cases) to allow the tracing of C in mycorrhizal network studies (Walder et al. 2012).
Using the same concept, myco-heterotrophic plants permit an even more robust model
system if they can be grown in microcosms or included in manipulated field experi-
ments. Hynson et al. (2012) conducted a full factorial field manipulation experiment
that quantified the contribution of mycorrhizal networks in the C economy of forest
understory plants. They implemented a mycorrhizal network treatment with trenching
around small colonies of Pyroleae plants (no access to the networks), in conjunction
with the well-established stable isotope and mixed modeling methodology (Preiss and
Gebauer 2008). In the field, MH plants could also be used in conjunction with cores or
mesh to sever links to the mycorrhizal network and determine the biological impor-
tance of such links for survival, growth, and C and nutrient status. Similar to differ-
ences in natural abundance δ13C signatures between C3 and C4 plants, δ

15N signatures
can also be used to elucidate N transfer through EM networks, as discussed above.
This is more difficult, however, due to the narrower δ15N signature differences that
normally occur between plants under natural conditions.

5.5 Resource Transfers and Complexity Models

The flow of resources through EM networks is compatible with complex adaptive
systems (CAS) theory that postulates ecosystems can be represented by energy,
resource and information flows among parts (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 modeled as networks, and usually have been characterized as
complex with non-linear, scale-free (or power law) topology and behaviour (Sole
et al. 2002). Thus, the scale-free topology of EM networks described by Beiler et al.
(2010) is 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. Mycorrhizal networks can
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thus be considered fundamental agents of self-organization in ecosystems because
they provide direct avenues for feedbacks and cross-scale interactions via resource
transfers that are large enough to affect plant establishment and growth, and hence
ecosystem structure and function (Simard et al. 2012).

A fundamental property of MNs as agents of CAS is that the parts (e.g., plant
and fungal species) are subject to selective 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 plants or fungi) that is characteristic of
MNs (Boddy and Jones 2007; Heaton et al. 2012) is also a fundamental feature of
CAS. In theory, mycorrhizal networks have high adaptive capacity because the
mutualism is reacting, adapting and evolving to the constant change brought by
shifts in local interactions among symbionts and with their environment, and
because members of the network together comprise high genetic diversity.

These behaviours, adaptive capacities and interactions of the network parts can
influence the whole ecosystem (Gorzelak et al. 2015). In CAS, it is increasingly
understood that the global system is comprised of many local interacting and
overlapping complex systems, where local state-shifts can rapidly propagate to cause
state-shifts of the whole system. In other words, a forcing at one scale can cause a
critical transition to occur on another scale; hence it is important to understand local
scale processes such as nutrient fluxes through EM networks so that we can predict
how they may propagate upward to affect higher-level processes such as global
change (Barnosky et al. 2012). For example, local extinction of strong networking
fungal species and mortality of tree seedlings dependent on mycorrhizal networks
for establishment could reduce forest regeneration, causing a reduction in forest
cover that cascades upward to affect climate. Thus, modelling the dynamic inter-
actions and selection pressures in networks will help us understand, predict and
manage the dynamics and resilience of ecosystems under changing environments.

5.6 Conclusions and Future Directions

In this chapter, we have shown that resource transfers through EM networks are
highly variable, and the magnitude, direction and fate depends on the resource
being transferred, the pattern and strength of energy potential gradients across
plants, fungi and soils within the system, and the degree and type of environmental
stress that the system is under. Some studies provide support that C, N and H2O
transfers can be sufficiently large to improve plant establishment and growth,
particularly in MH plants or plants that are nutrient- or water-deficient due to
environmental limitations. For example, C fluxes through EM networks have been
shown to supply 0–10 % of autotrophic, up to 85 % of partial MH, and 100 % of
fully MH plant C. This C supply has been associated with increased survival and
growth of autotrophic plants, and appears essential for survival of MH plants.
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Nitrogen fluxes between N2-fixing and non-N2-fixing plants have supplied up to
40 % of receiver N and this has been associated with increased plant productivity.
Hydraulic redistribution involving EM fungi has supplied up to 50 % of plant water,
and in some cases this has been shown as essential for plant survival, but how much
of this water transfers through EM networks remains uncertain. Phosphorus transfer
through EM networks has not been adequately demonstrated nor related to plant
performance, and needs to be better studied. Indeed, the majority studies on EM
networks do not adequately relate resource transfers to plant performance.

Our findings support the idea that EM networks are avenues, and transferred
compounds are messengers, for cross-scale interactions and feedbacks within com-
munities, consistent with complex adaptive system theory. Our experiments in tem-
perate forests and Arctic tussock tundra demonstrate that these feedbacks through EM
networks could either stabilize or destabilize plant communities as climate changes.

Considerably more research is needed to better understand how resource transfers
through EM networks affect ecosystem structure and function. The following eight
areas form a partial list of research needs. First, better methods are needed for
long-term tracer experiments to determine how nutrient transfers affect long-term
plant performance, interspecific interactions and community succession. This
research needs to be carried out in nature, not just labs, so that we can more real-
istically understand the importance of EM networks in ecosystems (Simard and
Durall 2004; van der Heijden and Horton 2009). Natural experiments that examine
spatial and temporal patterns in natural abundance of stable isotopes, combined with
molecular biology, show promise in this area. Second, the resource compounds that
are transferred, including hormones, defence signals and allelopathic chemicals, and
the genes that regulate the transfer and receipt of these compounds, need to be
identified (Song et al. 2010; Barto et al. 2011; Witzany 2012). Multi-factorial
experiments that investigate interactions among different transferred compounds and
the different genes involved should also be conducted. With this understanding,
better approaches for conservation management of ecosystems that are resilient to
stress and disturbance can be developed. Third, the stoichiometry of transferred
compounds should be better studied as a method to develop cost-benefit models of
trade predicting plant community development under different conditions (Johnson
2009). This should involve quantification of isotope signatures of the component
plant and fungal species and soil C pools (Hobbie and Hobbie 2008). Ultimately,
models should be expanded to include transfer of signals, hormones and allelo-
chemicals, not just C, nutrients and H2O. Fourth, the roles of EM networks, other
associated soil organisms and resource transfers in the sequestration, storage and
stabilization of C, and the cycling of nutrients and H2O in ecosystems, is urgently
needed as habitat conversion and global change threaten to destabilize these pools
(Treseder 2004; Treseder et al. 2007; Cairney 2012). This research should include the
role of networks in stabilizing existing plant communities to mitigate large pulses of
C to the atmosphere as pressures from drought, insects and diseases increase. Fifth,
how resource transfer through EM networks interact with resource cycling in other
biotic networks, including microbial, plant and animal networks, is needed so that
conservation efforts better target key structures and functions to maintain ecosystem
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stability (Simard et al. 2013). Sixth, the role mycorrhizal networks and nutrient fluxes
play in facilitating or inhibiting migration of plant and fungal species, including
invasion of unwanted weeds, is needed. This knowledge can help with restoring
ecosystems, enhancing their adaptive capacity, or with designing assisted migrations
strategies that are being widely considered world-wide to smooth ecosystem tran-
sitions as climate changes (Aitken et al. 2008; Pickles et al. 2011). Seventh, the role
mycorrhizal networks play in selection, and how this informs theories of evolution
and ecology should be explored using experimentation and modeling. This can build
on the important work of Dudley and File (2008) and Whitham et al. (2006). Finally,
it is critical that mycorrhizal researchers become increasingly involved in
inter-disciplinary research to help address the highly complex problems we face with
global change. Only through collaborative research and communication will the role
of mycorrhizas in ecology and evolution be appreciated, understood and incorporated
in global conservation strategies. For example, analysis and modelling nutrient fluxes
through interacting meta-networks within the framework of CAS theory could be
useful for conservation management if the long-term objectives are to maintain
resilient ecosystems or assist in re-organization of novel ones that are productive,
adaptive and resilient to global change.
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Chapter 6
The Role of Ectomycorrhizal Networks
in Seedling Establishment and Primary
Succession

Kazuhide Nara

Abstract In developed forests and secondary successional sites, host plants can
readily access ectomycorrhizal (ECM) fungi because of the ubiquitous ECM
mycelia and spores in soil, but this is not the case in some primary successional
sites. In a volcanic desert on Mt Fuji, Japan, most of the area is non-mycorrhizal
habitat and has poorly developed soil spore-banks. ECM habitat, i.e. pioneer willow
shrubs and a small surrounding area containing ECM mycelia, are quite sparsely
distributed, accounting for about 1 % of the ground surface in total. Such unique
conditions provide us an interesting opportunity to explore the magnitude and role
of direct mycelial connections between plants, i.e. ECM networks, in the field. It is
difficult to observe individual ECM mycelial spread in soil, but the distribution of
sporocarps and ECM roots having the same genotype indicate the spread of a
mycelium in soil. We applied microsatellite markers to genotype sporocarps and
ECM tips, and found that genets of two pioneer Laccaria species were small in size
(mostly <1 m) and ephemeral. In contrast, genets of Scleroderma included some
long-lived large genets (>10 m). These results indicate that ECM networks could
vary considerably in size and longevity, even in the same site and associated with
the same host species. Field transplanting experiment revealed that current-year
willow seedlings rarely formed ECM associations in most habitats of the desert and
showed poor growth. ECM infection from spores did not significantly improve
seedling growth, indicating a small isolated mycelium on a tiny seeding may not be
enough to acquire sufficient nutrients from extremely nutrient poor scoria. In
contrast, seedlings transplanted near the pre-established willow shrubs, where ECM
networks are available, readily formed ECM associations and grew well. Moreover,
artificially reproduced ECM networks in previously non-mycorrhizal habitats sig-
nificantly improved the growth of connected seedlings in 10 of 11 ECM fungal
species in this desert. Therefore, ECM networks appear to be mostly positive and
could be critical to seedling establishment, at least in this primary successional
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setting. Some previously proposed mechanisms may be less relevant to the
observed positive effect of ECM networks on seedling establishment. For example,
plant-to-plant carbon transfer through ECM networks might work for seedlings in
dark forest floor, but not in primary successional settings characterized by strong
sun light. More relevant mechanisms should include rapid ECM colonization with
low costs, larger absorbing surface area than a solitary mycelium, and nutrient
translocation within a network from nutrient rich soil patches to most demanding
parts, often seedlings.

Keywords Ectomycorrhizal fungi � Primary succession � Seedlings establish-
ment � Pioneer plants � Succession � Nutrient transfer

6.1 Introduction

Ectomycorrhizal (ECM) trees dominate many forest ecosystems from the tropics to
subpolar zones. ECM colonization is usually found in most of the fine roots of trees,
sometimes in up to nearly 100 % of the root tips of the host. Thus, ECM root tips
and their mycelia are ubiquitous in forest soil, especially in surface organic soil.
ECM fungal diversity usually exceeds the diversity of trees in temperate and boreal
forests (Horton and Bruns 2001). Dozens or even up to a few hundred ECM fungal
species inhabit a single hectare of forest, where the number of host tree species can
range from one (e.g., conifer plantations) to >30 (e.g., mixed dipterocarp forests in
Southeast Asia). Although increasing evidence indicates that many ECM fungi
exhibit host preferences in mixed forests (Ishida et al. 2007; Tedersoo et al. 2008;
Kennedy et al. Chap. 8, this Volume), most ECM fungi do not have strict host
specificities and can colonize different host species (Molina et al. 1992; Horton and
Bruns 1998; Selosse et al. 2006; Murata et al. 2013; Molina and Horton, Chap. 1,
this Volume). Because the same ECM fungal species can occur on different host
species, some researchers refer to the existence of common mycorrhizal networks
(CMNs), or more cautiously, “potential” CMNs (e.g., Kennedy et al. 2003). The
word “networks” is also used in ecological network theory to describe plant–fungal
associations at the species level (e.g., Chagnon et al. 2012). In these contexts,
networks do not necessarily mean direct mycelial connections between plants;
however, this chapter focuses on these direct connections.

In nature, each ECM fungal species exists as a group of genetically different
individuals (genets), which collectively form an ECM fungal population. The size
of a genet, which is often defined as the largest distance between sporocarps of the
same genotype, ranges from <1 to >10 m depending on the ECM fungal species and
the environment (Douhan et al. 2011 and references therein). While some studies
have examined belowground genets (e.g., Zhou et al. 2001; Kretzer et al. 2004;
Lian et al. 2006; Wadud et al. 2007, 2008; Beiler et al. 2010), the sampling scales
were relatively small. In fact, examining all belowground genets within a forest is
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impossible or impractical (Bahram et al. 2011). Thus, the total number of genets of
all ECM fungal species in a forest remains uncertain. However, the number of ECM
associations defined at the tree-fungus individual level in a forest far clearly exceeds
the number of host–fungus associations defined at the species level.

Genetically different vegetative mycelia of an ECM fungus (dikaryotic mycelia
for Basidiomycetes) do not fuse. In fact, nutrients and carbon are quickly trans-
ferred between fused ECM fungal mycelia belonging to the same Pisolithus
genotype, but such transfers do not occur between different mycelial genets (Wu
et al. 2012). Thus, direct physiological and nutritional interactions are only possible
within a system that includes a genetically identical ECM fungal mycelium and its
colonizing hosts. Different ECM fungal genets compete with each other for soil
space, nutrients, water, and host photosynthates, and may therefore engage in some
indirect ecological interactions. Yet, the focus of this chapter is on direct ECM
fungal mycelial links and their potential roles in seedling establishment. Therefore,
I will only use the term “ectomycorrhizal (ECM) network” for such a direct link
between plants on an ECM fungal mycelium. Although confirming the existence of
such ECM networks in the field is difficult, several pioneer studies have used both
host and fungal simple sequence repeat (SSR) markers to simultaneously identify
fungal and host individuals and thus demonstrated the existence of complex ECM
networks; a single ECM fungal genet is associated with multiple hosts, while a
single host is associated with multiple fungal genets (Lian et al. 2006; Beiler et al.
2010).

Because ECM hosts depend largely on ECM fungi for soil nutrients, host plants
need ECM fungal colonization to grow normally and survive in the field (Smith and
Read 2008). Two major infection pathways exist: spores (and sclerotia) and ECM
networks. In developed forests, both types of inoculum are ubiquitous. Thus, the
lack of ECM fungal inocula is not a limiting factor for seedling establishment in
these forests.

However, in severely disturbed areas, especially primary successional sites, the
inoculum potential is reduced to a level that critically limits seedling establishment.
Research at such sites could potentially pinpoint the ecological roles of ECM
networks. Here, I summarize the data related to ECM fungi and host seedling
performance during early primary succession, particularly in the volcanic desert on
Mt. Fuji, where a great deal of strong evidence for the ecological roles of ECM
networks has been documented. For more information on the more general roles of
ECM fungi and ECM networks, I recommend other chapters in this book, and
previous reviews (Newman 1988; Simard et al. 2002; Simard and Durall 2004;
Smith and Read 2008; van der Heijden and Horton 2009) and references therein.
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6.1.1 Primary Successional Sites for ECM
Network Research

To quantify the effect of ECM networks in seedling establishment, including a
non-mycorrhizal control treatment in which no ECM fungi exist under natural
conditions is ideal, as in vitro experiments. However, non-mycorrhizal controls are
very difficult to attain in forests because of the ubiquitous distribution of ECM
networks, spores, and sclerotia, by which seedlings are readily colonized. Given the
lack of non-mycorrhizal controls and the presence of mixed ECM infection from
different sources, isolating the effect of ECM networks on seedlings is very difficult.
For example, seedlings are readily colonized by ECM fungi and grow well in
forests and secondary successional sites, even after clear-cut logging (Jones et al.
2003; Twieg et al. 2007) and wildfires (Horton et al. 1998; Baar et al. 1999;
Stendell et al. 1999); however, no studies have quantified the relative contribution
of ECM networks to seedling establishment under such conditions.

Primary successional sites are characterized by the complete absence of ECM
fungal inoculum at the initial stage. Disturbances that create bare ground for pri-
mary succession include volcanic activity, glacier retreat, sand dune movement,
mining and so on. Among these, glacier retreat and sand dune movement are
regarded as gradual and relatively mild disturbances. At these primary successional
sites, ECM propagules become available over a relatively short time frame. For
example, in a recently stabilized sand dune in Oregon, USA, Ashkannejhad and
Horton (2006) found that the majority of soil samples contained infective ECM
fungal spores, especially those of suilloids species (e.g., Suillus and Rhizopogon).
At a glacier forefront site, tree seedlings were readily colonized by ECM fungi,
even during the early stages of primary succession (Helm et al. 1996; Cazares et al.
2005, but see Fujiyoshi et al. 2011). ECM inoculum potential in volcanic sites
appears to be much lower, even long after the eruption (Allen et al. 1992; Nara and
Hogetsu 2004; Obase et al. 2007, see below). Although the reason soil inoculum
potential is so low at volcanic sites compared to other primary successional sites
remains uncertain, completely sterile substrates created by volcanic activities may
not be suitable for the survival of ECM fungal spores.

Mount Fuji, the highest mountain in Japan, erupted in 1707. Scoria deposits
covered the area along the southeast slope up to 10 m deep. Although vegetation
has been gradually recovering for about 300 years since this last eruption, vege-
tation coverage remains at only about 5 % of the ground surface at 1450–1600 m
above sea level. Vegetation is now patchily distributed, forming isolated vegetation
islands of various sizes (i.e., various developmental stages) in a sea of scoria (Nara
et al. 2003a). Relatively slow vegetation recovery in this desert is not due to limited
precipitation, as the average annual precipitation is nearly 5000 mm. Unstable and
extremely nutrient-poor scoria substrates are likely the main limiting factor for
vegetation recovery. In fact, total nitrogen (N) concentration in bare-ground scoria
is below 0.002 % in this desert. Low N concentration in soil has also been observed
in the Mt. St. Helens volcano systems (about 0.01 %; Halvorson and Smith 2009).
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Read (1989) proposed a successional model of mycorrhizal types for sand dune
ecosystem: where primary succession begins with non-mycorrhizal plants, followed
by arbuscular mycorrhizal (AM) dominance, a subsequent shift to ECM trees, and
lastly a climax of ericoid-dominant communities. Although the empirical evidence
does not always support this model (Dickie et al. 2013), vegetation succession in
the volcanic desert on Mt. Fuji partially follows it. The formation of vegetation
islands is initiated by a non-mycorrhizal perennial species Polygonum cuspidatum,
which vegetatively enlarges and creates a stable habitat in the unstable scoria desert
(Hirose and Tateno 1984; Zhou et al. 2003). The stabilized habitat enables further
establishment of other plant species, including some AM perennials and/or the
pioneer ECM plant Salix reinii (hereafter Salix, unless otherwise specified). This
Salix species is a ground-covering dwarf willow species, usually <1 m in plant
height. Because Salix seedlings are very small and light-demanding, they cannot
establish within the interior of vegetation islands. Thus, their seedling establishment
is restricted to the periphery of a vegetation island. About one-third of vegetation
islands contain Salix. The total coverage of Salix is about 1 % of the ground surface
in the Mt. Fuji desert (Nara et al. 2003a). Other EM plants include Larix kaempferi
and Betula ermanii (hereafter Larix and Betula, respectively), but they are still rare
(0.003 % of the total Salix coverage). Because the study area belongs to the mixed
forest zone dominated by ECM trees such as Quercus, Fagus, Carpinus, and Abies,
eventually, the area likely will become a mixed forest of these tree species after
long successional processes. What is most important here is that ECM islands in a
largely non-mycorrhizal habitat are sparsely distributed in a potentially ECM forest
zone, providing an ideal opportunity to examine the functions of ECM networks.

6.1.2 Species and Size of ECM Networks in Primary
Succession

ECM fungal sporocarps were found under all established Salix shrubs in the vol-
canic desert on Mt. Fuji. These ECM fungi exhibit a clear successional pattern
(Nara et al. 2003a, b). Pioneer ECM fungal species that colonize newly established
Salix in a previously non-mycorrhizal vegetation island include Laccaria laccata,
Laccaria amethystina, and Inocybe lacera. With growth of Salix patches, two
additional pioneer species, Scleroderma bovista and Laccaria murina, appear
mainly outside of each vegetation island. Late-seral colonizers, such as Hebeloma,
Cortinarius, Russula, and Tomentella (resupinate), are only found inside of larger
Salix islands, i.e., where soil organic matter has accumulated (Nara et al. 2003a).
Although belowground ECM fungal communities include some additional fungal
species, the species composition and successional patterns are quite similar to those
of sporocarps (Nara et al. 2003b).
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In relation to the size of ECM networks, the genet sizes of four ECM fungi in the
Mt. Fuji desert are shown in Fig. 6.1. These genets were identified using multiple
microsatellite markers (or SSR markers), which are highly polymorphic codominant
genetic markers (Wadud et al. 2006a, b). When the genet size is defined as the
largest distance between the sporocarps, all 56 L. laccata genets identified from
2004 to 2006 were smaller than 1.4 m, with a mean size of 0.28 m (Wadud et al.
2014). Similarly, all 47 L. amethystina genets were smaller than 1.2 m, with a mean
of 0.38 m (Wadud et al. 2014). Note that sporocarps of the same genotype are
always clustered (Fig. 6.1a, b), indicating that they are not fragmented.
Belowground genets of both Laccaria species were also examined by combining
fine-scale soil core sampling and SSR genotyping (Wadud et al. 2007, 2008). The
mean belowground genet areas of L. laccata and L. amethystina were 0.20 ± 0.02
and 0.25 ± 0.04 m2, respectively, during the fruiting season (Fig. 6.1e). These
values were reduced to 0.08 ± 0.01 and 0.06 ± 0.01 m2, respectively, during the
following spring (Fig. 6.1f), due to the disappearance of some larger sporocarp-
produced genets and the production of many new small genets (potentially offspring
genets, sharing at least one of two alleles at every locus with the previous-year
sporocarp). Genets of both Laccaria species exhibit strong turnover every year
(Wadud et al. 2014), and the majority of genets disappeared after sporocarp for-
mation (Wadud et al. 2007, 2008).

In contrast to the Laccaria species, S. bovista genets were relatively large
(Nakaya et al. unpublished data). Of the 56 genets identified in 2000 and 2001, 37
were smaller than 4.0 m, although some large genets did occur (Fig. 6.1c), the
largest of which was 18.4 m in size. Genet composition was nearly the same
between the 2 years, indicating less turnover of genets. S. bovista produces
well-developed rhizomorphs and preferentially colonizes from the periphery to the
outside of each vegetation island, where the root density is small and environmental
conditions are relatively harsh due to strong sun radiation. Well-developed rhi-
zomorphs and heat-tolerance abilities (Ingleby et al. 1985) support S. bovista
vegetative growth year after year, allowing the establishment of a large below-
ground ECM network in the harsh habitat. Although estimating the exact age of a
large S. bovista genet is difficult, it would likely be much older than Laccaria
genets, even up to dozens of years old or more.

The cosmopolitan species Cenococcum geophilum is a minor component in the
volcanic desert on Mt. Fuji (Nara et al. 2003b). Defining the size of ECM networks
through SSR genotyping may be difficult for this species, as C. geophilum produces
sclerotia that are potentially dispersive propagules and genetically identical to the
parent mycelium. Indeed, the same genotype was observed in distantly separated
vegetation islands (Wu et al. 2005; Fig. 6.1d). However, considering that the
sporadic occurrence of the same genotypes (the same genotypes were not detected
in neighboring soil cores sampled at 1–2-m intervals), the size of ECM networks for
this fungus may not be >2 m.
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Fig. 6.1 Examples of genet distribution of ECM fungi in the volcanic desert on Mt. Fuji, Japan:
a sporocarps of Laccaria laccata in 2004; b sporocarps of Laccaria amethystina in 2004;
c sporocarps of Scleroderma bovista in 2000; d Sclerotia and ECM tips of Cenococcum geophilum
in 2002; e ECM tips of L. amethystina at the fruiting in 2005 and f ECM tips of L. amethystina
9 months after the fruiting. Different alphabets indicate different genets identified by microsatellite
markers. Each panel has a different scale bar. Green areas surrounded by solid line in (c) and
(d) are vegetation islands. In (e) or (f), each of which is a representative plot among 10 replicate
1 m × 1 m square plots, 25 soil cubes (5 cm3) were collected at every 20 cm distance, where a focal
sporocarp was located at the center of the plot. ECM tips having the same genotype as the focal
sporocarp are shown in grey squares (e). Asterisks in (f) indicate potential offspring genets
generated by the focal sporocarp in the previous year. See text for details. Data from Wadud et al.
2007, 2008, 2014; Wu et al. 2005; and Nakaya et al. (unpublished)
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To date, the genet sizes of other ECM fungal species in this desert are
unavailable. Gryta et al. (1997) demonstrated that the genet size of Hebeloma
cylindrosporum was <3.6 m. Thus, Hebeloma genets in the Mt. Fuji desert may be
as small as that of H. cylindrosporum. In fact, basidiospores of three Hebeloma
species in the desert germinate very well in the presence of Salix roots (Ishida et al.
2008), indicating a spore-dependent regeneration pattern. Similarly, I. lacera,
another major ECM fungal component in the desert, lacks a developed mycelial
system and exhibits high rates of basidiospore germination (Ishida et al. 2008),
indicating a spore-dependent reproduction strategy. Given that spore-dependent
regeneration is related to the dominance of small genets, the genet sizes of I. lacera
are likely to be as small as those of the two Laccaria species described above.

Although genet size should not necessarily be the same as the size of ECM
networks, the clustered and mutually exclusive distribution patterns of individual
genets observed in Fig. 6.1a–c, e, f indicate that each identified genet is not frag-
mented and could function as a nutritional unit or an ECM network. Note also that
the size and magnitude of ECM networks could substantially vary among ECM
fungal species, even when they are associated with the same host species at the
same site. Differences in genet turnover patterns also indicate that the longevity of
ECM networks could substantially differ among fungal species (i.e., ECM networks
of both Laccaria species are rapidly replaced, whereas those of S. bovista are
relatively stable for many years).

Most Salix species appear as pioneer ECM hosts at many primary successional
sites in northern cool–temperate regions. Similar to the Mt. Fuji site, species
belonging to Laccaria, Inocybe, Hebeloma, and Cortinarius are also major com-
ponents at other volcanic sites (Obase et al. 2005, 2007), retreating glacier sites
(Helm et al. 1996; Jumpponen et al. 1999, 2002), and in dune ecosystems (van der
Heijden et al. 1999), although the sizes of ECM networks in these primary systems
are not available. Given that phylogenetically close species share similar genet sizes
(Vincenot et al. 2012), the sizes of ECM genets or networks found on Mt. Fuji may
be applicable to other Salix-dominated primary sites.

At some other primary successional sites in the warm–temperate zone, Alnus and
Pinus could serve as the pioneer ECM plants, on which Alpova (Yamanaka and
Okabe 2006) and suilloid fungi (Ashkannejhad and Horton 2006), respectively,
become major ECM fungal symbionts. Unfortunately, the genet structures of these
ECM fungi have not been examined in primary successional sites; thus, the size of
these ECM networks remains uncertain. However, because suilloid fungi in forest
areas are usually composed of some large genets (up to >10 m; e.g., Dahlberg and
Stenlid 1994; Dahlberg 1997; Hirose et al. 2004), the size of ECM networks in
Pinus-dominated successional sites may potentially be larger than those in Salix-
dominated sites.
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6.1.3 ECM Networks and Conspecific Seedling
Establishment During Primary Succession

Virtually all Salix seedlings in the volcanic desert on Mt. Fuji are only found in
close proximity to established Salix shrubs (Fig. 6.2). While non-Salix vegetation
(i.e., non-ECM vegetation) is far more common and provides similar physical (e.g.,
shading, wind protection, stable soil surface, soil water content) and chemical
conditions (e.g., soil nutrients), Salix seedlings are almost absent in these habitats.
Using chloroplast and nuclear SSR markers, Lian et al. (2003) demonstrated that a
large Salix patch in this desert was composed of many genetically different Salix
individuals (Fig. 6.2). Moreover, larger Salix genets were found inside to upper
areas of the patch, whereas the genets became smaller toward the lower periphery
along the slope (Fig. 6.2). Therefore, Salix seedlings have been repeatedly estab-
lishing in the vicinity of previously established shrubs during the long successional
period on Mt. Fuji.

Small areas surrounding the established Salix are the only places in which ECM
networks are available in this desert (Fig. 6.2). The area covered by these ECM
networks covers approximately 1 % of the ground surface. Considering the
exclusive establishment of Salix seedlings in this limited habitat, one would expect
some mechanisms of ECM networks that facilitate conspecific seedling establish-
ment. In fact, the pattern resembles a greenhouse experiment using Japanese red
pine, where seedling growth was improved by ECM infection through the ECM

Fig. 6.2 Initial colonization of Salix reinii and subsequent development of Salix islands in the
volcanid desert on Mt. Fuji, Japan. (left) Salix usually colonize at the periphery of a vegetation
island, shown in green color in the upper panel. (middle) The established Salix grows vegetatively
to several square meters. (right) The Salix island further develops to a large coverage area by
recruiting new Salix establishments. Different green color areas indicate Salix genets defined
by chloroplast and nuclear microsatellite markers (illustrated from the data in Lian et al. 2006).
The orange area enclosed by broken line is the place where naturally established Salix seedlings
are observed
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network provided by an ECM mother tree (Fig. 6.3). No ECM fungal propagules
existed in the sterilized soil; thus, the ECM network was the only available source
of fungal symbionts in this experiment. Given that host plants need ECM fungal
symbionts for nutrient acquisition and growth (Smith and Read 2008; Fig. 6.4),
ECM networks could be the primary factor affecting seedling establishment in
ECM propagule-poor soil.

Transplanted non-mycorrhizal Salix seedlings remained largely non-mycorrhizal
in bare ground and in non-ECM vegetation islands (one of 31 surviving seedlings
was ECM), indicating the scarcity of ECM fungal propagules in these predominant
habitats (Nara and Hogetsu 2004). In contrast, seedlings near the established Salix
were readily colonized (27 of 33 seedlings) by ECM fungi, most of which were the
same species as those on the established Salix. Because ECM infection was directly
related to the improved nutrient status and growth of the seedlings, the performance
of Salix seedlings was better near the established shrubs (Fig. 6.5). Also, seedling
performance near actively photosynthesizing shrubs differed from that near shrubs
with lower photosynthetic activity (Fig. 6.5). Because the amount of photosynthate
from the host can directly affect belowground ECM networks, this observed dif-
ference in seedling performance might be related to the activity of ECM networks.

Fig. 6.3 A greenhouse experiment that shows the positive effect of ECM networks, specifically
rapid colonization through the network, on seedling growth. The left end tree is 2 year-old ECM
tree (Pinus densiflora), which was planted in autoclaved nursery soil with a mesh. At the same
time, seeds of P. densiflora were placed in three rows with different distances (15, 30, 45 cm) from
the ECM tree. ECM mycelia spread from the left ECM mother tree and infected seedlings
sequentially along the distances. Earlier infection resulted in better growth because of longer
support from the ECM networks (Nara 1998)
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The improved seedling performance near the established Salix may have been
due to other soil factors (e.g., better soil conditions) or nonnetwork ECM colo-
nization, i.e., from spores or sclerotia (see below). To isolate the effect of ECM
networks from these potentially confounding factors, Nara (2006a) conducted a
field experiment in which all biotic and abiotic conditions were identical except for
the presence of ECM networks. First, most ECM fungal species in the desert,
including rarely studied Inocybe and Russula species, were isolated from sporo-
carps collected in the desert. These isolated strains were used to prepare “ECM
mother trees” of Salix. After a 1-year growth period, ECM mother trees were
transplanted to non-Salix islands to artificially create ECM networks in non-ECM
habitats in the field. Current-year Salix seedlings were also planted near the ECM
mother tree to evaluate the effect of individual ECM networks on seedling per-
formance. ECM infection through ECM networks was observed in all of the 11
ECM fungal species examined, whereas other ECM infection (e.g., from spores)
remained undetectable. Compared to seedlings in the non-mycorrhizal treatment, in
which a non-mycorrhizal mother tree was used as the nurse plant, the growth of
seedlings connected to the ECM networks was significantly improved (Fig. 6.5).
N and phosphorus contents of the seedlings in ECM networks were considerably
higher than values for seedlings in the absence of ECM networks (Nara 2006a).
These findings unequivocally indicate that most ECM networks, although not all,
alleviate competition with larger conspecific plants for soil nutrients and improve
seedling performance (but see Jakobsen and Hammer, Chap. 4, this Volume).
Therefore, ECM networks alone could account for the observed facilitation of
seedling establishment near established conspecific shrubs in this volcanic desert

Fig. 6.4 Salix reinii seedlings inoculated with a variety of ectomycorrhizal fungi in sterile nursery
soil
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(Fig. 6.2). Moreover, Nara (2006a) also observed that the extent of the benefit of
ECM networks varied considerably among ECM fungal species, although most
effects were positive.

6.1.4 ECM Networks Mediate Primary Succession of Trees

In the primary successional sere on Mt. Fuji, the establishment of Larix and Betula
follows Salix establishment. Unlike dwarf Salix shrubs, both of these tree species
become tall and could form initial forests. Thus, the establishment of Larix and
Betula is a critical step in succession toward forests, although the establishment of

Fig. 6.5 The growth of Salix seedlings in response to ECM fungal infection through a soil spore
banks (Nara et al. unpublished), b natural ECM networks (Nara and Hogetsu 2004), and
c introduced ECM networks (Nara 2006a). Mean ± SE. Asterisks indicates statistically significant
difference from NM seedlings in each treatment (P < 0.05). To compare the data among similar
soil nutrient conditions, seedlings in vegetation-patch scoria are shown while excluding seedlings
in bare ground scoria. In the experiment (b), the possibility of spore infection could not be
excluded. The difference between low-active common mycorrhizal networks (CMN) and active
CMN is based on the photosynthetic activity of host shrubs (see Nara et al. 2003a; Nara and
Hogetsu 2004). Note that experiment (a) was conducted in a greenhouse for a longer period than
the field experiments (b) and (c). Thus, the direct comparison between experiments might be
difficult, though the comparison between NM and ECM seedlings within an experiment is
rigorous. ECM infection from spores in field scoria has no effect on the growth of solitary
seedlings (a), while the growth is significantly improved by ECM infection in more nutrient rich
nursery soil (Fig. 6.4)
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both species is still limited in the volcanic desert. Nara (2006b) surveyed estab-
lished Larix and Betula individuals, mostly young saplings, in a 21-ha area of the
volcanic desert on Mt. Fuji. All of the 26 naturally established Larix and 39
naturally established Betula individuals were found in the vicinity of established
Salix shrubs, where ECM networks are available. ECM networks very likely
facilitated their establishment, as in the case of conspecific Salix seedling estab-
lishment. Corroborating this hypothesis, ECM fungal communities observed in
naturally established Larix and Betula saplings (Nara 2006b) and transplanted Larix
and Betula seedlings near established Salix shrubs (Nara and Hogetsu 2004) were
dominated by ECM fungi common to Salix.

Bioassay experiments have revealed that ECM inoculum in the soils (scoria) was
less available for L. kaempferi (Pinaceae) than for Salix, where ECM infection
(mostly by Suillus grevillei and Suillus laricinus) was found on <20 % of Larix
bioassay seedlings (Nara et al. unpublished data). Growth rates did not significantly
differ between infected and uninfected seedlings in this Larix bioassay experiment,
as in the Salix bioassay described below, indicating that ECM infection from spores
did not improve the growth of this secondary colonizing tree species in the volcanic
desert.

6.1.5 Network Versus Nonnetwork ECM Fungal Infection
for Seedling Establishment in Primary Succession

Salix bioassay experiments using field scoria collected from the Mt. Fuji desert have
revealed that spore banks are poorly developed in bare ground and under non-ECM
vegetation (Nara et al. unpublished data). In contrast, infective spore banks were
found more frequently under small Salix shrubs (9 of 20 scoria samples) and large
Salix shrubs (33 of 50). The number of ECM sporocarps produced increases with
Salix size (Nara et al. 2003a), and their spores should be deposited at short distances
from the sporocarps (Galante et al. 2011). Thus, the increased frequency of spore
banks may be related to the amount of spore deposits. Species belonging to
Laccaria, Inocybe, and Scleroderma were dominant in the spore bank community.

To evaluate the importance of ECM networks in seedling establishment, quan-
tifying the effect of other ECM infection pathways (e.g., spores) would be useful.
While all existing ECM networks should originate from spores initially, for dis-
cussion, I would like to differentiate network from nonnetwork infection specifi-
cally for “a seedling,” based on whether a colonizing ECM mycelium is solely
supported by the seedling alone (non-network) or supported jointly by other
established hosts, often larger and preexisting ones (network). In the above bioassay
experiment, we can evaluate the potential effect of nonnetwork ECM infection. The
dry weight (DW) of infected bioassay seedlings did not differ from that of unin-
fected bioassay seedlings (Fig. 6.5). This result was unexpected, as ECM
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colonization is a prerequisite for hosts to grow normally (Smith and Read 2008) and
seedling growth was actually improved by mycelial inoculation in an in vitro
experiment using nursery soil (Fig. 6.4). Growth improvement over an order of
magnitude is also observed in other inoculation experiments (e.g., Abuzinadah and
Read 1986, 1989). Regardless, ECM fungal infection itself clearly has no signifi-
cant effect on either seedling growth in the scoria substrate, or in all likelihood, on
seedling establishment in the volcanic desert.

The relative importance of ECM networks and spore infection in seedling
establishment is expected to be context-dependent. In secondary successional sites
and some primary successional sites where soil spore banks have already developed
and available soil nutrients are greater than in volcanic deserts, ECM infection from
spores plays a critical role in initial seedling establishment (e.g., Baar et al. 1999;
Ashkannejhad and Horton 2006). In these cases, a small nonnetwork ECM
mycelium supported by a single seedling appears to be effective in absorbing
enough soil nutrients to improve host growth. In primary successional sites like
volcanic deserts, available soil nutrients, especially N, are quite deficient. Thus, a
tiny Salix seedling, often ≪10 mg in DW after the first growing season in this
desert, could not develop a large enough mycelium to explore soil nutrients within
extremely nutrient-poor scoria to the extent needed to improve host growth in
addition to its own demands. Established ECM networks, however, could provide
seedlings with access to a larger nutrient pool (Fig. 6.6). Therefore, the importance
of ECM networks, despite being quite sparsely distributed, could be more pro-
nounced in primary successional sites.

Because the initial establishment of ECM plants in previously non-mycorrhizal
habitats has been rare in the volcanic desert on Mt. Fuji (<30 events/ha during
300 years after eruption), little information is available on how initial ECM colo-
nization occurs.

However, considering the species composition of pioneer ECM fungi,
wind-dispersed spores were likely responsible for the initial establishment. In
British heathlands, Collier and Bidartondo (2009) demonstrated that host seedlings
can remain non-mycorrhizal and wait for ECM spores for a substantial period with
almost no growth, and then after ECM infection occurs, the seedlings begin to
grow. Similar events may be possible in some nutrient-rich and moderate envi-
ronmental microhabitats in the volcanic desert, for example, near animal feces in
the shelter of existing non-mycorrhizal plants, although this remains to be sub-
stantiated. Moreover, considering the rapid turnover of ECM genets in some fungal
species such as Laccaria, colonization from spores should still be a widespread and
critical process for building new ECM networks on established hosts, some of
which can extend to seedlings and facilitate their establishment.
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6.1.6 Mechanisms of Facilitated Seedling Establishment
via ECM Networks in Primary Succession:
Verification of Previous and New Models

Previous studies and reviews have put forth many potential mechanisms or models
of how ECM networks could facilitate seedling establishment, most of which are not
supported by unequivocal evidence or are even refutable due to contradictory evi-
dence (Newman 1988; Perry et al. 1989; Dickie et al. 2002; Simard et al. 2002;
Booth 2004; van der Heijden and Horton 2009; Hoeksema Chap. 9, this Volume).
Some of the proposed mechanisms are also expected to be less relevant in primary
successional sites. For example, plant-to-plant carbon transfer through common
mycorrhizal networks has attracted much attention and is still rather controversial
(see Simard et al. 1997; Robinson and Fitter 1999; Simard and Durall 2004; Simard
et al., Chap. 5, this Volume, and references therein). Such carbon transfer could only
be ecologically significant under light-limited conditions, such as in the shade of a
closed forest canopy, similar to mycoheterotrophic and mixotrophic forest floor
plants (Selosse et al. 2006). In primary successional sites, strong sunlight is available

Fig. 6.6 A schematic diagram showing the facilitation of seedling establishment mediated by
ECM networks in the volcanic desert on Mt. Fuji. Soil nutrients are relatively rich inside the
vegetation. A tiny Salix seedling germinated beside a vegetation island has no access to the rich
nutrient pool. In contrast, established Salix shrubs provide sufficient photosynthate to develop
ECM networks from inside to the periphery of a vegetation island. Salix seedlings connected to the
ECM networks can use the rich nutrient pool through nutrient translocations within the network
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in most areas because of low vegetation coverage, and thus carbon is unlikely to be a
limiting factor for seedlings. If a direct carbon supply from large established shrubs
to seedlings could have aided seedling establishment in the volcanic desert, Salix
seedlings should also occur inside the vegetation islands, where soil nutrient con-
ditions are better but where light conditions are limited under the canopy of Salix
shrubs or other perennial herbs. However, this is apparently not the case, i.e., no
Salix seedlings occur under light-limiting conditions (Fig. 6.2), indicating that direct
carbon transfer between plants is not responsible for the observed facilitation near
Salix shrubs.

Nutrient transfer (e.g., N) between plants has also been suggested repeatedly
(e.g., Newman 1988; Simard et al. 2002; Selosse et al. 2006) as a mechanism of
facilitation, although unequivocal evidence that isolates direct ECM pathways from
soil pathways is scarce. As discussed by van der Heijden and Horton (2009), plant
productivity is usually limited by N, especially in primary succession, making it
unlikely that plants give it away for free to other plants through ECM networks.
Most evidence of plant-to-plant N transfer has been documented in studies
involving N-fixing plants (e.g., Arnebrant et al. 1993; Ekblad and Huss-Danell
1995; He et al. 2005); however, none of the aforementioned ECM seedlings and
shrubs in the volcanic desert on Mt. Fuji are N-fixing plants. Thus, at least in this
desert, nutrient transfer between plants would be less relevant to the observed
seedling establishment via ECM networks.

A greater diversity of ECM fungi provided by networks has also been proposed
as a potential mechanism of facilitated seedling establishment (e.g., Newman 1988;
Simard et al. 2002). In fact, because spores of “late successional ECM fungi” such
as Russula and Cortinarius rarely germinate even in the presence of host roots
(Ishida et al. 2008), ECM networks could provide more diverse ECM fungal
symbionts to seedlings than what is attainable by spores alone. However, this
mechanism is less relevant in the volcanic desert on Mt. Fuji. In Nara and Hogetsu
(2004), transplanted non-mycorrhizal seedlings of ECM hosts near the established
shrubs were primarily colonized by pioneer species, which would be readily
attainable by spores; furthermore, ECM fungal diversity did not significantly affect
seedling growth.

Cost–benefit relationships could determine host performance in mycorrhizal
networks (van der Heijden and Horton 2009). If soil nutrient supply from the
network is proportional to carbon investment from individual hosts, larger estab-
lished hosts would outcompete seedlings, as shown in some studies of AM net-
works (e.g., Kytoviita et al. 2003; Jakobsen and Hammer, Chap. 4, this Volume). In
a recent study using in vitro root organ culture systems, Kiers et al. (2011)
demonstrated that AM fungi and hosts can distinguish cooperative partners from
less-cooperative ones and will preferentially reward cooperative ones in relation to
the obtained benefits. Although similar mechanisms might be possible in ECM
networks, little evidence exists, and the mechanism may be less relevant to seedling
establishment in the volcanic desert on Mt. Fuji. A typical Salix shrub of several
square meters in coverage area usually harbors ≫1 kg dry weight of leaf biomass
(Nara et al. 2003a), which is incomparably greater than the leaf biomass of a current
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year seedling (≪10 mg even at the end of the growing season). In addition, Salix
shrubs maintain higher N concentration in leaves and higher photosynthetic activity
per unit leaf during the growing season (Nara et al. 2003a; Nara and Hogetsu 2004).
Thus, the photosynthate supply to ECM fungi from a solitary seedling may be far
less than, or even negligible, compared to that supplied from the established Salix
shrub. If the cost–benefit relationships between ECM networks and individual hosts
are proportional, tiny seedlings would be unable to compete with established
shrubs. However, available evidence from the volcanic desert indicates that the
benefit from ECM networks is not perfectly proportional to their carbon investment
and is rather advantageous to seedlings.

Factors that appear to be relevant to the observed facilitation of seedling
establishment via ECM networks in the volcanic desert include (1) rapid ECM
fungal colonization and (2) larger ECM mycelia enabling access to larger amounts
of soil nutrients. Both mechanisms could be provided to seedlings with less cost
because incomparably larger hosts connected to the ECM network are supporting or
maintaining the network. These mechanisms have been proposed repeatedly in
other ecological settings (e.g., Newman 1988; Simard et al. 2002 and references
therein).

1. Because ECM hosts largely depend on ECM fungi for soil nutrients, rapid ECM
colonization provides seedlings with access to soil nutrients at earlier stages in
the growing season, resulting in better seedling growth (as shown in Fig. 6.3).
The same mechanism likely partially accounts for the observed facilitation of
seedling establishment. Salix shrubs on Mt. Fuji flower and leaf in the spring
and produce seeds in early summer. Dispersed seeds germinate immediately
after landing in areas with sufficient soil water conditions. As in most tree
species, the production of new roots on established shrubs begins well before
bud bursting. Thus, ECM networks, even current-year belowground genets like
Laccaria (Fig. 6.1f), are readily available for Salix seedlings at germination. In
contrast, ECM colonization on germinated seedlings in the absence of ECM
networks would be inevitably delayed to late summer or fall when most ECM
fungal spores are dispersed. Even in the presence of soil spore banks (although
infrequent), some time is required for seedlings to stimulate spore germination,
to be infected by ECM fungal hyphae, and to invest carbon (or even N at the
initial stage) to hyphae to develop functional ECM mycelial systems. Given the
short growth period on Mt. Fuji, earlier access to soil nutrients through ECM
fungi would be an important prerequisite for survival.

2. As noted above, a small ECM mycelium supported by a tiny Salix seedling is
not effective for improving seedling growth, likely because of insufficient
nutrients provided from the mycobiont. Moreover, the same ECM fungal spe-
cies significantly improved seedling growth in nursery soil that contained much
higher concentrations of N and other soil nutrients compared to the scoria
(Fig. 6.4). Given the extremely nutrient-poor scoria in the volcanic desert on Mt.
Fuji, ECM mycelia would need to be of larger sizes to acquire an adequate
amount of soil nutrients to improve host growth to the extent that could be
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expected in more nutrient-rich soil. The nutrient pool accumulated in the
existing ECM mycelia would also be relevant.
Mechanisms that have rarely been proposed in the literature but are likely to be
relevant in the volcanic desert on Mt. Fuji include (3) nutrient translocation from
areas of nutrient-rich soil to seedlings and (4) nutrient gradients between ECM
fungi and individual hosts, especially in relation to the difference in nutrient
status between mature trees and seedlings. This latter mechanism fundamentally
differs from the source–sink gradients “between plants” that have been fre-
quently discussed in the literature, particularly plant-to-plant carbon transfer
(e.g., Simard and Durall 2004; See Simard et al. Chap. 5).

3. As in many primary successional sites, the soil nutrient distribution is quite
heterogeneous in the volcanic desert on Mt. Fuji. While the bare-ground scoria
contains very low levels of N, the interior of vegetation patches contains rela-
tively higher levels of N because of accumulated organic matter and associated
microbial activities (Hirose and Tateno 1984). In fact, the soil N level inside a
vegetation island is about 10 times higher than that outside the island. Given that
the seedling establishment of ECM plants is restricted to the periphery of a
vegetation island because of their light-demanding properties, a solitary seedling
with a tiny root system and a small ECM mycelium would have no access to
such a nutrient pool (Fig. 6.6). On the other hand, a larger ECM mycelium
supported by mature Salix shrubs would have an enhanced ability to explore the
relatively rich nutrient resources inside of the vegetation island (Fig. 6.6). Given
that nutrients are quickly translocated within a mycelium (e.g., Finlay and Read
1986b; Wu et al. 2012), this mechanism could facilitate seedling establishment
near the established ECM shrubs. Several previous studies have suggested
nutrient transfer from dying or senescent parts (roots/hyphae) to active parts
within an ECM network (e.g., Newman 1988). Although such transfer could
also be important in optimizing nutrient usage even in primary successional
settings, the mechanism proposed here is not restricted to such plant or fungal
tissues. Given that ECM mycelia preferentially explore nutrient-rich patches in
soil (Bending and Read 1995; Read and Perez-Moreno 2003) and that nutrients
quickly move within the mycelia or even to connecting plants (Finlay and Read
1986b), this process could be a mechanism facilitating seedling establishment in
nutrient-poor habitats.

4. Fungi contain far higher concentrations of N compared to plants: N in fungi
ranges from 4 to 6 % in sporocarps (e.g., Vogt et al. 1981), whereas N in plants
is usually <3 % even in leaves. In contrast, plants contain higher concentrations
of sugars compared to fungi. Therefore, exchanging N (or other nutrients) and
sugars along the nutrient gradients in ECM symbioses is expected to be easier
than exchanging against the gradient. In fact, some studies have demonstrated
that carbon transfer from ECM fungi to hosts does not occur (Wu et al. 2001; cf.
Simard et al. 2002). Although actual concentrations at the fungus–plant interface
may potentially vary (sometimes enough to generate reverse gradients) and
transporters may enable substrate exchanges against the normal gradients, no
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unequivocal evidence has demonstrated ecologically relevant net transfer
against the gradients (i.e., against the dominant directions) between ECM
symbionts (except mycoheterotrophs). Here, I summarize the data for N con-
centrations of ECM fungi and host shrubs/seedlings to address the hypothesis
that nutrient exchanges along the gradient could, by itself, potentially account
for facilitated seedling establishment in primary successional sites (Fig. 6.7).

As in most deciduous tree species, Salix shrubs retrieve nutrients (especially N)
from leaves (and fine roots) before leaf-fall and store them in dormant parts such as
buds, stems, and roots during winter. The stored nutrients are then used for
leafing/rooting in spring. During the growing season, the shrubs also absorb
nutrients from soil. Because this process is repeated every year, the established
shrubs have accumulated a large amount of N since the initial establishment. In fact,
leaves of established Salix shrubs contain relatively higher N concentrations than
seedlings of conspecific Salix or other species (Larix and Betula), indicating a better

Fig. 6.7 A hypothetical model of nutrient transfer between an ectomycorrhizal (ECM) fungus and
hosts in relation to the strength of nutrient concentration gradients. Empirical data of leaf N
concentration of established Salix shrubs (Nara et al. 2003a), current year seedlings (Nara and
Hogetsu 2004), and ECM fungal sporocarps (Nara et al. unpublished) on Mt Fuji are shown.
Because of the woody lifestyle of hosts and accumulated nutrients over many years, nutrient status
of the larger established plants is better than current-year seedlings. The difference in nutrient
gradients in an ECM network could drive favorable nutrient movement to the seedlings. See text
for details
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N status in established shrubs than in seedlings (Fig. 6.7). N concentrations of ECM
fungi are much higher than in any type of host, generating potential gradients for
fungus-to-plant N transfer; however, the gradients are much steeper in
fungus-to-seedling transfers than in fungus-to-shrub transfers (Fig. 6.7). Thus, N in
the common ECM mycelium pool could be transferred to seedlings more easily
than to established shrubs, just by following the strength of the gradient.

Plants usually allocate more sugar to roots when in nutrient starvation. Thus,
although the photosynthetic activity per unit leaf is much higher in the established
shrubs with higher N concentrations, sugar concentrations in roots could be com-
parable or even higher in seedlings than in shrubs. Regardless, given that ECM
fungal growth is primarily limited by carbon supply, no need would exist for ECM
fungi to refuse additional carbon sources. In fact, seedling roots are quickly colo-
nized by ECM fungi when the network mycelia come into contact with them (Wu
et al. 1999; Fig. 6.3), even with an initial expense of carbon to establish new ECM
colonization on seedlings (Finlay and Read 1986a). Once ECM colonization
establishes, carbon would be transferred between symbionts, following the carbon
gradients between them.

In this model, hosts and ECM fungi are independently seeking the most efficient
pathways, seeking deficient substances to enhance their respective performances.
For example, both established shrubs and seedlings are pursuing the optimal
strategies for nutrient and carbon allocation within their own structures under their
current nutrient status, while the carbon-deficient ECM fungus is exploring all
potential carbon sources (i.e., compatible roots), allocating its resources to the most
demanding parts within the mycelium, such as near the newly contacted roots. At
the interface of the hosts and fungus in an ECM network, both carbon and nutrients
move in relation to the strength of their gradients in this simplified model. As a
result of the woody habit of ECM hosts, the strength of the gradients (and possibly
carbon) within an ECM network could differ between the seedlings and larger trees
and function as a mechanism of favorable transfer to the seedlings in a primary
successional setting. Under this model, the magnitude and direction of transfer, and
thus the effects of ECM networks on seedlings, are context-dependent. For
example, if seedlings cannot conduct photosynthesis under the deep shade of trees
in a closed forest, N concentrations could be higher in seedlings than in mature
trees. In this case, N could be preferentially transferred to the large trees within an
ECM network, following the gradient. Whether sugar concentrations could be
higher in fungal mycelia than in plant roots under some environmental conditions is
not certain, but if so, carbon movement from fungi to plants and thus plant-to-plant
carbon transfer (as in Simard et al. 1997) could also be explained by this model.
Inconsistent results between AM networks (many negative results) and ECM net-
works (mostly positive results) in terms of seedling performance (van der Heijden
and Horton 2009) may be due in part to the difference in host habit [i.e., herbaceous
(AM) and woody (ECM)] and eventually to the different nutrient statuses of larger
competing plants within a network. Because nutrient/sugar concentrations in plant
roots and fungal mycelia should also vary between combinations of host and fungal
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species (although little has been documented), various outcomes of networks in
seedling establishment are possible under this model.

By examining the unique conditions of a primary succession site, positive effects
of ECM networks upon seedling establishment have been unequivocally confirmed.
Although the unique setting has also enabled the verification of several previous
models of ECM network functions and has generated additional potential mecha-
nisms, none of these models or mechanisms has been conclusively addressed to
date. Because of the relatively simple study environment, primary successional sites
could prove the most promising locations for further research on ECM networks
and seedling establishment.
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Chapter 7
Facilitation and Antagonism
in Mycorrhizal Networks

Cameron Wagg, Rita Veiga and Marcel G.A. van der Heijden

Abstract Arbuscular mycorrhizal (AM) fungi are a group of soil and root inhab-
iting fungi that represent an ancient plant-fungi symbiosis. These fungi interconnect
multiple plant individuals and species simultaneously generating a complex fungal
network belowground that plays a significant role in shaping plant community
composition and ecosystem productivity. However, the underlying mechanisms as
to how AM fungal networks and their diversity influence plant performance and
community structure are not always predictable and are frequently debated.
Although all potential plant hosts may be able to associate with all AM fungi,
plant-AM fungal associations can result in a range of AM fungal facilitative and
antagonistic effects on plants. Although the facilitative effects of AM fungi have
long been studied, the extent and mechanisms of AM fungal antagonistic effects are
much less understood. Moreover, AM fungi are observed to vary in their functional
properties and temporal patterns adding further complexity to the potential mech-
anisms by which AM fungi and the diversity of AM fungi determine plant com-
munity composition and productivity through their facilitative and antagonistic
effects on plants. Here we review the potential mechanisms by which AM fungal
communities facilitate greater diversity and productivity in plant communities, as
well as the potential mechanisms by which AM fungi may be antagonistic to plant
performance. Specifically we address how AM fungal communities might facilitate
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greater plant community performance through functional complementarity among
AM fungi as a result of functional, spatial and temporal niche segregation. We also
address facilitative and antagonistic aspects of AM fungi through their ability to
allocate resources among plant community members that consequently facilitates
plant recruitment and alters plant-plant competitive outcomes. By considering the
multiple facets by which AM fungi may be facilitative or antagonistic to plants
we identify potential knowledge gaps in mechanistically predicting how AM
fungal communities shape plant community composition and maintain ecosystem
productivity.

Keywords Facilitation � Antagonism � Mycorrhizal diversity � Functional
complementarity � Community composition � Niche segregation � Phylogenetic
dispersion � Competition � Biodiversity � Arbuscular mycorrhiza � Community
ecology � Functional diversity

7.1 Introduction

It is thought that the first land plants formed arbuscular mycorrhizal (AM) fungal
associations more than 400 million years ago and that this plant-fungal interaction
played a significant role facilitating the establishment of the first terrestrial plants
(Remy et al. 1994; Brundrett 2002). To date, the majority of land plants have
maintained AM fungal associations (Harley and Harley 1987; Wang and Qui 2006;
Smith and Read 2008). Only around 18–26 % of all vascular plants do not support
symbiosis with AM fungi (Brundrett 2009). Some of these plants have developed
alternative nutritional strategies (e.g. parasitism, carnivory, cluster roots), while
others have lost the ability to become mycorrhizal by evolving under scenarios
non-conducive for AM fungi and/or where AM fungal associations were no longer
beneficial, but antagonistic (Brundrett 2009; Lambers et al. 2010; Lambers and
Teste 2013). Several other mycorrhizal types developed over the past millennia,
such as ericoid, ecto-, and orchid mycorrhizas (see Peterson et al. 2004 for an
overview). Although these different types of mycorrhizal fungi hold key roles in
ecosystems and perform specific functions, here we primarily focus on AM fungi.

AM fungi typically form direct symbiotic relationships with their host plants.
This occurs via an intraradical nutrient exchange interface where photosynthetically
derived carbons are allocated to the fungus, and in reciprocation, soil nutrients are
provided to the plant (Smith and Read 2008). These soil nutrients are acquired by
extensive AM fungal networks that interconnect roots of several different plants
with potential impacts on the associating and non-associating plant communities
(Reynolds et al. 2003; Leake et al. 2004; Selosse et al. 2006; van der Heijden and
Horton 2009; Smith et al. 2009). The bidirectional relationship between AM fungi
and plants is a key component of most terrestrial ecosystems as it shapes plant
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community composition, succession and productivity (Francis and Read 1994;
Bever et al. 1997; van der Heijden et al. 1998; Bever et al. 2010).

However, the mechanisms by which AM fungal networks alter plant perfor-
mance and plant community characteristics are more complex than a sole nutritional
exchange between plants and fungi. It is now known that AM fungi can perform
functions other than supplying limiting nutrients to plants (e.g. provide protection
against pathogens, Newsham et al. 1995). A growing number of studies indicate
that AM fungi can be associated with a decrease in plant productivity (Francis and
Read 1995; Klironomos 2003; Rinaudo et al. 2010; Veiga et al. 2011, 2013). Such
findings reveal the mycorrhizal symbiosis to be multi-functional and much more
dynamic than previously thought. Consequently, a range of plant and fungal
responses to the mycorrhizal association are potentially possible (Fig. 7.1; Francis
and Read 1995; Johnson et al. 1997; Jakobsen and Hammer Chap. 4, this volume).

Plant—AM fungal associations are typically considered a mutualistic relation-
ship implying both plant and fungal partners benefit from the association (Fig. 7.1).
However, it is difficult to quantify the benefits and costs to AM fungi since these
fungi are solely dependent on a plant host for carbon (Pfeffer et al. 1999). Thus, AM
fungal responses to a plant host may be generally considered as positive (Smith and
Read 2008; Whitfield 2007). For this reason we discuss facilitation and antagonism
from a phytocentric viewpoint. We refer to facilitation as a positive plant response
and antagonism as a negative response by a plant to interactions with AM fungi
(Fig. 7.1). Plant responses to AM fungi are not easy to predict since the forces that
govern facilitative and antagonistic effects of AM fungi are understood to be fairly
complex and dynamic. For instance, the outcome of interactions between AM fungi
and their host plants depend on a multitude of factors like plant species identity, the
stage of development, the identity and diversity of the fungal partners, and the
surrounding abiotic environment. In addition, both facilitative and antagonistic
interactions between AM fungi and their plant hosts can occur via direct mecha-
nisms, such as through an imbalance in the resource exchange between fungi and
associated plants (Kiers et al. 2011; Walder et al. 2012; Merrild et al. 2013), as well
as indirect mechanisms such as AM fungal mediated plant-plant competition (Fitter
1977; Zobel and Moora 1995; Wagg et al. 2011a; Merrild et al. 2013). Here we

Fig. 7.1 The range of possible plant and fungal responses to mycorrhizal associations (modified
from Francis and Read 1995). We refer to facilitation as a positive plant response and antagonism
as a negative response by a plant to interactions with AM fungi. This effect can be mediated by
many factors, such as the presence of neighboring plants or abiotic conditions
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review the current knowledge and concepts regarding the mechanisms responsible
for facilitative and antagonistic effects of AM fungi on associating plant commu-
nities. Finally we summarise the importance of furthering the current knowledge
based on this dynamic plant-fungal relationship for the maintenance and produc-
tivity of both natural and managed ecosystems.

7.2 Facilitation

The facilitation of plant establishment and performance by AM fungi in ecosystems
can occur through various mechanisms (see Table 2 in van der Heijden and Horton
2009 for an overview). Typically, plants associating with AM fungal partners
benefit from a direct relationship where the fungus improves the ability of the host
plant to acquire soil resources. Plant productivity may also be facilitated by the
extensive hyphal networks in the soil that connects multiple plants; frequently
referred to as a ‘mycorrhizal network’ (MN) in that a continuous fungal mycelium
can connect to multiple plants of various species (e.g. Fig. 7.2; Selosse et al. 2006;
Kiers et al. 2011; Walder et al. 2012). This MN can mediate the performance
among plants (e.g. van der Heijden and Horton 2009). For instance, the support for
AM hyphal proliferation and maintenance of the fungus by plants can increase the
inoculation potential in the soil such that seedlings become more rapidly colonized,
which can improve seedling establishment and may reduce the cost the establishing

Fig. 7.2 An Illustration of associations between a plant community (species A, B, C, and D) and a
fungal community (species X, Y, and Z). Hyphal networks are illustrated as different line types with
colors corresponding to the originating fungus. Points where lines meet plant roots indicate the
strength in association between the plant and fungus (i.e. fungus Y has 9 connections with plant A,
while only 3 with plant C. Plant D does not associate with any AM fungus and is defined here as a
non-host). Note the number of associations could represent abundance within the plant roots or a
relative number of plant A individuals associating with fungus Y
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plant needs to invest into the fungal association to improve its performance (e.g.
Newman 1988; van der Heijden 2004; van der Heijden and Horton 2009). The
production and maintenance of an extensive mycorrhizal network by plants can also
have indirect effects on soil environmental characteristics that may be favourable to
the establishment and performance of some plants, such as reduced nutrient
leaching (van der Heijden and Horton 2009), improved stability in the soil structure
(Rillig and Mummey 2006) and the liberation of nutrients from senescing roots and
plant litter (Lindahl et al. 2007; Mikkelsen et al. 2008). It is important to note,
however, that not all fungi function similarly or benefit plant hosts equally (Nara
2006). AM fungi can vary in their functional niche, from resource acquisition
strategies to pathogen protection, and vary in their interaction with plants depending
on the species identity of both the fungus and host plant (Klironomos 2003; Powell
et al. 2009; Sikes et al. 2009; Hoeksema et al. 2010). As a result there has been a
growing interest in whether the differing functions performed by various AM fungi
complement each other such that a greater diversity of AM fungi might facilitate
greater plant community performance as it is often observed that greater AM fungal
richness can be associated with greater plant performance (van der Heijden et al.
1998; Maherali and Klironomos 2007; Jansa et al. 2008; Wagg et al. 2011b).

This positive AM fungal biodiversity effect on plant performance could occur by
three mutually non-exclusive mechanisms; functional complementarity, spatial
niche segregation and temporal niche segregation. These differences among AM
fungi are the foundation by which they can facilitate plant performance and plant
community composition. In this chapter we review (1) how the varying functions
performed by different AM fungal taxa might be combined to improve the plant
facilitative effects of an AM fungal community, (2) the potential for spatial and
temporal niche segregation as mechanisms of complementarity among AM fungi,
(3) how AM fungi relax plant-plant competitive interactions to promote plant
species coexistence, and (4) how AM fungi facilitate plant communities through a
common mycorrhizal network.

7.2.1 Functional Complementarity in AM Fungal
Communities

The AM fungal association may benefit plants through the various different func-
tions and characteristics associated with different AM fungal taxa (Powell et al.
2009). For example, plants have been shown to benefit from various AM fungal taxa
that increase plant community biomass (van der Heijden et al. 1998), increase uptake
of phosphorus and other soil resources (Joner and Jackobsen 1994; Smith et al. 2009;
Marschner and Dell 1994; Hodge et al. 2001), and improve plant pathogen and pest
protection (Gange and West 1994; Newsham et al. 1995; Azcón-Aguilar and Barea
1996). Additionally, AM fungi can vary in the strategies by which they acquire soil
resources (Smith et al. 2000; Jansa et al. 2005; Thonar et al. 2010). These functional
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differences among AM fungal taxa could potentially complement each other to
improve the overall facilitative effects of an AM fungal community on plant per-
formance (Koide 2000; Fig. 7.3). For example, fungi co-colonising roots of the same
host have been demonstrated to differ in phosphorus acquisition strategies, where
one fungus acquires phosphorus within close proximity to the roots, while another
acquires phosphorus from colonizing soil patches at greater distances from the root
(Smith et al. 2000; Jansa et al. 2005; Thonar et al. 2010; see Wallander and Ekblad
Chap. 3, this volume). Therefore increasing the number of AM fungi within the soil
that interact with the plant community could theoretically increase the facilitative
effects of the AM fungal community.

Indeed it has been shown that increasing AM fungal richness can be related to
improved plant productivity in a number of studies suggesting that, in some cases,
plants may gain greater benefits from multiple AM fungal associations (van der
Heijden et al. 1998; Vogelsang et al. 2006; Maherali and Klironomos 2007; Wagg
et al. 2011b). However, it is also often unclear if the functioning of the AM fungal
community as a whole is truly greater than the sum it its parts. For example, some
studies illustrate that a richer community of AM fungi provides similar benefits as
the single most beneficial AM fungus in the more species rich community (Jansa
et al. 2008; Wagg et al. 2011a, b). Subsequently, this has been associated with the
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Fig. 7.3 The facilitative effects of additional AM fungi as AM fungal taxa richness increases are
shown in panel (a). Each additional fungus is able to provide an additional service to plants and it
thus, provides an additional improvement to plant performance (functional complementarity).
Plant productivity and AM functions are not infinite. Therefore, facilitative effects plateau where
all services AM fungi can provide to the plant host are saturated and additional fungi do not
improve plant productivity (additional fungal taxa are functionally redundant in improving plant
productivity). The facilitative effect of increasing AM fungal dissimilarity among traits (e.g.
functional, spatial, or temporal variation among AM fungi) is shown in panel (b). Dissimilarity
among AM fungi (i.e. plant host or soil substrate patch preference-specificity, as well as seasonal
differences) could be represented within the dissimilarity along the x-axis. The facultative effect of
the overall AM fungal community on the overall plant community is indicated on the y-axis
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occurrence of a sampling probability or selection effect (e.g. Vogelsang et al. 2006).
In general, this implies that a particularly effective fungus is supporting the overall
facilitative effects of the AM fungal community, as opposed to a communal con-
tribution of AM fungi to plant facilitation. Therefore additional AM fungal species
increases the probability of including such a particularly effective fungus (Wardle
1999). Caution should hence be warranted when interpreting biodiversity effects of
increasing AM fungal richness based on plant performance alone and the effect of
each individual AM fungus should be considered to elucidate whether the greater
facilitative effect of a more rich AM fungal community is driven by all or only a
few of the fungal taxa present (see Wagg et al. 2011b).

Whether the facilitative effects of a more diverse AM fungal community are
driven by the communal contribution of the fungi, or the probability of a particu-
larly effective AM fungus, is likely context dependant. For instance, both scenarios
have been shown to occur depending on the fertility and structure of the soil
substrate (Wagg et al. 2011b). By assessing the community composition of AM
fungi colonizing plants and the facilitative effects of all AM fungi independently in
monoculture, Wagg et al. (2011b) were able to illustrate the mechanisms behind the
facilitative effects of a more diverse AM fungal community. In a relatively nutrient
poor sandy soil the fungus best fit for the environment was able to dominate
the facilitative effects of more diverse AM fungal community—referred to as a
“selection effect” (Loreau and Hector 2001). Conversely, in a relatively more fertile
environment, the same fungal communities provided similar facilitative effects
but were driven by a more even contribution of AM fungi—referred to as a
“complementarity effect” (Loreau and Hector 2001). This indicates that the
resources available in the environment can mediate AM fungal coexistence and
their communal functioning.

It is also important to consider that the differences in services AM fungi provide
for plants can be associated with phylogeny (Maherali and Klironomos 2007;
Powell et al. 2009). In a keystone paper on the function of AM fungal diversity
Maherali and Klironomos (2007) demonstrate the potential for using phylogenetic
dispersion in AM fungal communities as a predictor of facilitative effects. They
show that AM fungal communities consisting of a mixture of AM fungal taxa from
the Gigasoporaceae, Acaulosporaceae, and Glomeraceae families could improve
plant productivity more than an AM fungal community comprised of taxa from a
single family. Perhaps even more intriguing in the study by Maherali and
Klironomos (2007) is that the realized richness in the AM fungal community was
greatest when the AM fungal community, initially consisting of 8 taxa, consisted of
fungi from all three AM fungal families. This indicates greater phylogenetic dis-
persion as a mediator of greater coexistence among AM fungal taxa and their
facilitative effects.
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7.2.2 Spatial and Temporal Niche Segregation as a Mode
of Complementarity

Results, such as those previously discussed by Maherali and Klironomos (2007)
and Wagg et al. (2011b) provide evidence for a link between AM fungal coexis-
tence and facilitation in AM fungal communities. Trade-offs between competition
and performance are fairly common and an important aspect in understanding the
functioning of communities (Herms and Mattson 1992; Mouquet et al. 2002).
Bennett and Bever (2009) illustrate that the ability of an AM fungus to compete
with another AM fungus has a trade-off with the ability to facilitate the performance
of the host plant. Considering this, facilitation by an AM fungal community can be
maintained at a higher level if competition among AM fungi is avoided by not only
functional differences, but also by spatial segregation among AM fungi (Bever et al.
2009). This could arise from the colonization of different soil resource patches, such
as mentioned previously concerning phosphorus acquisition strategies (e.g. Jansa
et al. 2005), but also through host preference and functional compatibility between
specific plant and fungal taxa (Ravnskov and Jakobsen 1995; see Molina and
Horton Chap. 1, this volume). Although no true host specificity is known to
commonly occur between AM fungi and plant taxa, certain plant-fungal species
combinations have been known to be more effective than others (Klironomos
2003). Additionally, preferences toward particular host plants have been shown to
occur in natural environments (Sanders 2003; Vandenkoornhuyse et al. 2003; Croll
et al. 2008). This avoidance of competition among AM fungi through differences in
plant host preferences may allow for the potential that different fungi differentially
benefit the various potential host plants such that increasing AM fungal richness
increases the potential of the AM fungal community to improve the overall plant
community productivity.

The competition among AM fungi may also be avoided by their temporal life
strategies. Different taxa of AM fungi are known to be active during different
seasons (Gemma et al. 1989; Merryweather and Fitter 1998; Dumbrell et al. 2011)
and show successional patterns across years (Oehl et al. 2009). Such functional,
spatial, and temporal segregation could aid in the avoidance of competition among
AM fungi and result in greater facilitative effects on host plants. This may be an
explanation why certain combinations of AM fungi have been shown to be more
beneficial than others (e.g. Wagg et al. 2011b). It is thought that temporal variation
among plant species life strategies and performance is an underlying mechanism by
which a greater diversity of plant species can coexist and contribute to the per-
formance of the community (Loreau and de Mazancourt 2013). In a similar manner,
the temporal variation among AM fungal taxa in their life strategies (e.g. Gemma
et al. 1989; Merryweather and Fitter 1998; Oehl et al. 2009) may also reduce AM
fungus-fungus competition and, as a result, consistently maintain the benefits the
plant community gains from the AM fungal community over seasonal changes.
However, it is not fully known whether such temporal asynchrony in the activity
among AM fungi is a mechanism for reducing niche overlap and competition
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among AM fungi. Moreover, it has yet to be tested whether temporal variation
among AM taxa is a potential mechanism by which an AM fungal community can
function complementarily to help maintain ecosystem productivity.

Much research is still required to fully unravel the mechanisms by which the
facilitative effects of AM fungal communities can be improved. However, current
knowledge suggests that community dissimilarities—spatially, temporally and
functionally—among individuals has much to offer to the understanding the
mechanisms behind the performance of diverse AM fungal communities (see
Fig. 7.3b). Specifically, (a) improving dissimilarity through reducing niche overlap
spatially, temporally and functionally (b) improving the phylogenetic dispersion
within an AM fungal community and (c) improving the resource heterogeneity
available for AM fungi, may be particularly promising avenues for the future.

7.2.3 Facilitation Through Mediating Plant—Plant
Interactions

An increase in the number of plant species in grasslands has been shown to result in
increasing net plant productivity (e.g. Tilman 1996; Hector et al. 1999; Tilman et al.
2001). If this species richness productivity relationship is driven by the contribution
of each additional plant species present, it requires that the additional plant species
is able to capture the resource margin, such that it is able to improve the produc-
tivity of the community (Loreau and Hector 2001, also see Fig. 7.3a for an
example). Differences among plant species in their ability to utilize different
resource pools has previously been observed to be one mechanism by which
sympatric species coexist and contribute to the overyielding in plant species mix-
tures (McKane et al. 2002; Harrison et al. 2007; Ashton et al. 2010).
Considering AM fungal associations play a pivotal role in the ability of plants to
acquire soil resources, there is a large potential for mycorrhizal fungal associations
to alter plant coexistence, promote productivity in plant communities, and drive
aboveground biodiversity ecosystem functioning relationships.

Indeed past studies have shown AM fungal associations are able to improve
coexistence, productivity, and overyielding in plant communities (van der Heijden
et al. 1998; Maherali and Klironomos 2007; Wagg et al. 2011a, b). Often the
increased access to phosphorus and other soil resources through the direct associ-
ation is attributed to the beneficial effects of AM fungal associations in plant
communities, particularly when these resources are limiting for plant growth
(Hoeksema et al. 2010; Johnson 2010). This ability of AM fungi to acquire and
mobilize soil recourses otherwise unavailable to plants can therefore ease com-
petitive interactions between plants by increasing the overall resource pool avail-
able to the plant community. Klironomos et al. (2000) nicely illustrate how the
addition of AM fungi alters the resource space utilized by plant communities. They
found the presence of AM fungi resulted in productivity reaching saturated levels at
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lower plant species richness. This demonstrates that fewer plant species were
required to utilize the resources available and achieve maximum productivity when
AM fungi were present. In comparison, the absence of AM fungi resulted in a linear
relationship between plant richness and productivity showing that additional plant
species were needed to capture marginal soil resources to improve the productivity
of the community. One outcome of this may result from plants dependent on AM
fungal associations performing poorly in plant mixtures in the absence of AM fungi
as they are unable to access soil nutrients efficiently and are outcompeted by
neighboring plants. It is generally established that in the presence of AM fungi, the
fungi mediate the access to resources between competing plants by sequestering
soil resources for the less competitive AM dependent plant (Fitter 1977; Hartnett
et al. 1993; Zobel and Moora 1995; Urcelay and Diaz 2003; Scheublin et al. 2007;
Collins and Foster 2009; Wagg et al. 2011a; Veiga et al. 2011). However, this can
depend on the AM fungal dependency of the dominant species within a plant
community (Urcelay and Diaz 2003). For instance, in a tall grass prairie Hartnett
and Wilson (1999) found the suppression of AM fungi by the use of fungicide
reduced the performance of the dominant C4 grasses resulting in a greater per-
formance of the subdominant C3 grasses. This overall competitive shift resulting
from reduced AM fungal abundance improved the overall diversity of the plant
community.

It is important to also consider that not all coexisting plant species benefit
equally from AM fungal associations and some plants depend more upon AM
fungal associations for maintaining productivity than others (van der Heijden 2002;
Klironomos 2003). For example, some plant species show little response to AM
fungal associations, such as C3 grasses (Hetrick et al. 1990). Plants appearing not to
benefit directly from a mycorrhizal association may indirectly benefit from AM
fungal associations. For instance, plants supporting an AM fungal network may
indirectly benefit by facilitating neighboring plants that improve the environment,
such as by improving defense against a common predator or N fixation by legumes
(see Fig. 7.4 for an example). Many studies have illustrated that plants can facilitate
the establishment and performance of other plant species through supporting a
mycorrhizal network demonstrating that plant-plant facilitation through a common
mycorrhizal network to be an important ecological determinant of plant commu-
nities (van der Heijden and Horton 2009).

7.2.4 AM Fungi as a Support Network for Plants?

An AM hyphal network can co-colonize numerous intra- and interspecific plants
through a common mycorrhizal network (Fig. 7.2). A number of studies have
illustrated that seedlings benefit through establishing an association with an AM
fungal network supported by a pre-established plant (see van der Heijden and
Horton 2009 and citations therein; Nara Chap. 6, this volume). This may be a
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consequence of pre-established plants investing carbon into the development and
proliferation of a mycorrhizal network that other plants may benefit from (Newman
1988). This facilitative influence of an AM fungal network shared between plants
can occur through an imbalance in investment to support AM fungi that
co-connects plants. For instance, one plant may invest more carbon into the AM
fungal association and receive little nutrients in exchange, while another plant
invests little carbon while receiving greater amounts of resources (Walder et al.
2012). This is thought to be one of the potential mechanisms behind the facilitation
in establishment of seedlings unable to invest large amounts of carbon to an AM
fungal association (van der Heijden 2004). This facilitative effect may be of par-
ticular importance for seedling recruitment in environments where fungal networks
are limiting to plant establishment, such as during succession and post disturbance
(Gange et al. 1990, 1993; Korb et al. 2004; Simard and Durall 2004; Selosse et al.
2006; Nara 2006).

It has been proposed that plants associating through a MN are able to translocate
carbon and nutrients along fungal networks such that the fungus is able to redis-
tribute resources throughout the plant community, from nutrient sufficient to

Fig. 7.4 An example of a hypothetical indirect mechanism by which AM fungi facilitate plant
community productivity. For instance, facultative mycorrhizal plants, such as C3 grasses, do not
typically seem to benefit directly from supporting an AM fungal association. However,
considering grass-legume plant mixtures exhibit overyielding effects in agricultural and natural
environments, the nitrogen demands of the grass are subsidized by a neighbouring nitrogen fixing
legume that depend heavily on AM fungal associations for productivity and to support their
nitrogen fixing bacteria. Therefore by supporting the development of an AM fungal community the
grass may indirectly benefit from increased nitrogen availability through the improved growth of
its neighbouring legume
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nutrient deficient plants (Newman 1988; Simard et al. Chap. 5, this volume). This
has inspired studies in the past to explore whether plants can aid neighbouring
plants co-colonized by a shared AM fungal network. It has been proposed that the
previously established larger “nurse plant” could provide resources, such as ni-
trogen, phosphorus and carbon, to neighbouring plants via the shared mycorrhizal
network (Chiarello et al. 1982; Francis and Read 1984; Francis et al. 1986). For
instance, there is some evidence that the transfer of phosphorus and nitrogen
between plants through a shared mycorrhizal network can occur (He et al. 2003;
Wilson et al. 2006). However, although resources may be transferred between
plants via an AM fungal network, there is little supporting evidence that these
resources are actually transferred directly from the AM fungi to the host and
incorporated into plant organs aboveground.

It has been known that atmospheric carbon captured by a plant is allocated to the
AM fungal partner and transferred into the roots of a neighbouring plant through its
incorporation in the AM fungal tissue colonizing the roots (Graves et al. 1997;
Fitter et al. 1998; Zabinski et al. 2002). However, these studies conclude that the
carbon is retained in the fungal tissue and not transferred to the host plant, therefore
providing no direct facilitative benefit to the plant. Overall, however, it is unclear
whether shared AM fungal mycorrhizal networks provide means for a direct real-
location of resources between plants (Robinson and Fitter 1999; Selosse et al.
2006). The translocation of resources between plants by AM fungi may result
indirectly through hyphal turnover and microbial mediated diffusion through the
soil (Robinson and Fitter 1999). In general the consensus regarding the direct
translocation of carbon among plants via AM fungal networks for the benefit of a
neighbouring connected plant does not seem to hold up as an ecologically mean-
ingful mechanism by which AM fungi facilitate plant community composition and
productivity (Robinson and Fitter 1999; Bever et al. 2010; van der Heijden and
Horton 2009). However, the translocation of nitrogen and phosphorus between
plants via AM fungal networks and the ecological consequences of resource
redistribution throughout the soil via the extensive AM hyphal networks remain
largely unresolved (but see Lekberg et al. 2010 and Weremijewicz and Janos 2013).

It is important to consider that carbon allocation to the fungus does not neces-
sarily reflect a cost to the plant. In many ecosystems nutrients are limiting plant
growth and genes responsible for photosynthesis are down-regulated as carbon (e.g.
as starch) accumulates in the plant. Hence, if this is the case, carbon can be con-
sidered a luxury good for the plant and investment into mycorrhizal networks may
not produce a cost for the plant (e.g. Kiers and van der Heijden 2006). As such
fungi merely stimulate the sink strength and do not reduce the amount of carbon
available for growth. This scenario is most likely to be relevant for strongly nutrient
limited ecosystems where photosynthesis does not run at full capacity (e.g. Qui and
Israel 1992, Poorter and de Jong 1999). Thus, the facilitative effects of mycorrhizal
networks are likely to be related to soil nutrient availability.
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7.3 Antagonism

Although facilitative effects of AM fungi are commonly observed, AM fungi have
also been known to be associated with growth depressions and other negative
effects on affiliated plants (Jakobsen and Hammer Chap. 4, this volume). The fact
that such effects have not only been reported in pot experiments, but also in field
conditions, suggests that AM fungal antagonism is not a mere artifact (Smith and
Smith 2011). Nonetheless, as in AM fungal facilitation, AM fungal antagonism is
very context dependent and may change through time (Johnson 2010). Moreover,
most studies usually focus on one or few indicators of plant performance, usually
growth responses or nutrient uptake (typically phosphorus; Johnson and Graham
2013). Hence, an apparently plant growth antagonistic AM fungal association might
may be regarded as beneficial if other AM fungal functions are considered
throughout the life cycle of the plant (e.g. seedling establishment, protection against
pathogens, drought tolerance, fecundity, etc.).

Recently, there has been growing interest in the antagonistic effects of AM fungi
on host plants and on the drivers that may cause this typically beneficial association
to become antagonistic. Therefore, several mechanisms by which AM fungal
associations incur growth depressions in plants have been proposed. Many of these
are similar to those by which AM fungi facilitate plant productivity, but with the
opposite effect. However, generally, very little is known about the mechanisms
responsible for antagonistic effects of AM fungal associations relative to facilitative
effects. In this section we review mechanisms by which AM fungi may function as
plant antagonists: (1) nutrient exchange imbalance between plants and fungi,
(2) AM fungal mediated enhanced performance of competitors, (3) AM fungal
allelopathy and activation of defence responses.

7.3.1 Plants at the Losing End of Resource Exchange

Perhaps the most well known driver of AM fungal antagonism is a consequence of
the resources available to the plant for direct uptake from the soil (Johnson 2010).
For instance, soils with high levels of plant available nutrients, particularly nitrogen
and phosphorus, can result in a negative effect of AM fungi on plant productivity
(Hoeksema et al. 2010; Johnson 2010). This effect may be particularly evident if
plants do not require an AM fungal partner for acquiring resources to achieve
optimal growth. Thus, AM fungal associations may provide no benefit, or incur a
cost, to the plant for it to maintain the fungal association under certain abiotic
conditions that limit the mycorrhizal association (Johnson et al. 1997; Graham and
Eissenstat 1998; Johnson 2010). However, when conditions are not optimal for the
host plant to maintain the AM fungal association, such as under high phosphorus
relative to nitrogen nutrient conditions, a reduced AM fungal colonization of
roots is commonly observed (Jasper et al. 1979; Thomas et al. 1986; Johnson 2010).
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This would reflect a more complex resource supply and demand scenario between
plants and fungi based on the plant available soil resources (Johnson 2010; Kiers
et al. 2011).

Negative AM fungal effects on plant growth are hence often explained by carbon
demands of the fungus that exceed any reciprocal benefit, primarily through
enhanced phosphorus uptake by the plant (Tinker 1975; Graham and Abbott 2000;
Smith et al. 2009). Consequently, AM fungi that induce growth depressions are
usually regarded as “cheaters” or “parasites” (e.g. Johnson et al. 1997). In fact,
fungal carbon demands on a plant host have been estimated to be as high as 15–20 %
of its total carbon budget (Jakobsen and Rosendahl 1990; Wright et al. 1998).
Additionally, some studies suggest that mycorrhizal C costs are linked to lower plant
allocation to growth and defense (Buwalda and Goh 1982; Peng et al. 1993; Graham
and Abbott 2000; Jifon et al. 2002; Vannette and Hunter 2011).

Recent experiments using radioactive phosphorus (32P or 33P) have shown that
in some unresponsive or negatively-responsive plants, a great percentage of plant
phosphorus is derived from the AM fungal partner (Smith et al. 2003; Li et al. 2006;
Grace et al. 2009). In such situations, it seems that the AM fungus is not acting like
a “parasite” by delivering little or no phosphorus to the host. It may be that the
growth of such plants is nitrogen limited and additional phosphorus supply by the
fungus does not lead to enhanced plant growth. Alternatively, it has been proposed
that growth depressions may arise from phosphorus deficiency as a result of a
decrease in direct phosphorus uptake (via plant roots) in mycorrhizal plants, that is
not compensated for by the phosphorus delivered via the AM fungus (Grace et al.
2009; Smith et al. 2009; Smith and Smith 2011, 2012). Furthermore, it has been
observed that, in some plants, photosynthetic rates can be stimulated by the carbon
sink exerted by AM fungal colonization, counteracting mycorrhizal carbon costs
(Kaschuk et al. 2009; Lendenmann et al. 2012). Together, these observations have
led to an ongoing debate on how imbalanced carbon-for-phosphorus trade might be
an over simplified model that cannot universally explain negative effects of AM
fungi on plants and on whether the fungus is truly antagonistic (Smith and Smith
2012; Johnson and Graham 2013; Smith and Smith 2013). Regardless, nutritional
exchanges between a plant and its fungal partner(s) are still a key factor determining
plant responses (Johnson 2010), and might be especially important in mycorrhizal
plant communities where plants are linked by a mycorrhizal network (MN).

Previously we discussed how a MN could have facilitative effects through the
translocation of resources among plants. However, the MN interconnecting two (or
more) plants may also have antagonistic effects. A number of studies have shown
that competition between plants for soil resources can be altered due to the presence
of a MN, where two neighboring plants unequally invest and benefit from a MN
(Janouskova et al. 2011; Walder et al. 2012; Weremijewicz and Janos 2013; Merrild
et al. 2013). Typically, a plant host will invest carbon into the AM fungal asso-
ciation, but the nutrient rewards from the AM fungus may be preferentially allo-
cated to a neighbouring plant connected to the AM fungal network (Lekberg et al.
2010; Kiers et al. 2011). This could have potential negative effects to the
carbon-investing plant. In these cases, the plants receiving the unwarranted benefits
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are referred to as “cheaters”. Walder et al. (2012) nicely illustrate how carbon and
phosphorus exchange rates between plant and fungus can be altered by the presence
of other plants tapping into the mycorrhizal fungal network. They found that when
sorghum (Sorghum bicolor) and flax (Linum usitatissimum) were interconnected by
a MN, sorghum provided large amounts of carbon to the fungus and received little
nutrients in return, performing marginally poorer as a result. Conversely, flax
invested little carbon but gained much more in nutritional benefits from the fungus
and its performance was enhanced.

Interestingly, negative effects of AM fungi on plant growth have also been
observed in non-mycorrhizal plants (Allen et al. 1989; Sanders and Koide 1994;
Francis and Read 1995; Rinaudo et al. 2010; Veiga et al. 2012, 2013) and in
mycorrhiza-defective mutants (Neumann and George 2005; Facelli et al. 2010).
These and other studies usually report AM fungal structures colonizing roots of
typically non-AM fungal host plants (Ocampo et al. 1980; Horton et al. 1998; Smith
et al. 1998; Wagg et al. 2008, 2011c). In nearly all cases arbuscules, the primary site
for nutrient exchange between plant and fungus (Parniske 2008; Bonfante and
Genre 2010), are reported as being absent. Although it is generally unknown what
functional role this atypical colonization has on the plant, the absence of arbuscules
suggests the lack of a trophic interaction and root infection may be more associated
with the life strategy of the fungus (Wagg et al. 2011c). Therefore, imbalanced
nutrient exchanges between the plant and AM fungus likely do not explain
antagonistic effects of AM fungi on non-mycorrhizal plants and it is plausible that
other mechanisms are involved.

7.3.2 AM Mediated Plant—Plant and Plant—AM Fungal
Competition

Competition for soil resources between plants and between plants and AM fungi can
result in indirect antagonistic effects of AM fungi. As discussed earlier some plants
depend more upon AM fungal associations to acquire soil resources and improve
their competitive ability than others. The improved resource uptake by the more AM
fungal dependent plant can come at a cost to the neighbouring plants as resources are
depleted. For instance, both Scheublin et al. (2007) and Wagg et al. (2011b) showed
that the presence of AM fungi changed the competitive relationship between a grass
and a legume species, favoring the more AM-dependent species, the legume, to the
detriment of the grass. AMmediated plant-plant competition might also explain why
negative effects of AM fungi on the growth of non-mycorrhizal plants (or
mycorrhiza-defective mutants) are frequently observed when they co-occur with a
mycorrhizal species (e.g. Sanders and Koide 1994; Facelli et al. 2010; Veiga et al.
2012, 2013, see Fig. 7.5 for an example). This mechanism is probably one of the
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primary mechanisms for plant growth depressions in a mixed plant community in the
presence of AM fungi (Fitter 1977; Hartnett et al. 1993; Zobel and Moora 1995;
Urcelay and Diaz 2003; Scheublin et al. 2007; Collins and Foster 2009; Wagg et al.
2011a; Veiga et al. 2011).

It is known that soil microbes can compete with plants for soil resources such as
nitrogen (Kaye and Hart 1997; Schimel and Bennett 2004; Dunn et al. 2006;
Harrison et al. 2007). In a similar manner, AM fungi compete with plants by taking
up soil nutrients for their own growth and development (Treseder and Allen 2002;
Hodge and Fitter 2010). For instance, AM fungi may compete with plants for N as
considerable amounts of N have been found in mycorrhizal fungal networks
(Hodge and Fitter 2010). Therefore AM fungal nutrient immobilization may also
have a deleterious effect on plant performance.

Fig. 7.5 Example of a growth depression of a non-host plant (Stellaria media) in the presence of
an AM fungal (AMF) network supported by a co-existing host species (Zea maize). Roots of the
two plant species were separated by a hyphal mesh (30 µm in size) to restrict direct root
competition (see Veiga et al. 2011 for similar Methods). Bars represent the means ± SEM (n = 7)
of S. media or maize in the presence (AMF) or absence (NM) of AM fungi. The total biomass of
S. media in the presence of an AMF network supported by maize was lower (P < 0.05) than the
control S. media plants grown in the absence of AM fungi. By contrast, the host plant maize grew
better (P = 0.05) when AM fungi were present. This suggests that the host, maize, benefited from
AM fungi through increased access to soil resources that, consequently, became unavailable to the
neighbour non-host, S. media. (R. Veiga Unpublished data.)
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7.3.3 AM Fungal Allelopathy and Activation of Defence
Responses

Less explored avenues by which AM fungi may be antagonistic is through the
release of toxic compounds and/or by activating plant defence responses. For
instance, Francis and Read (1994, 1995) observed that aqueous extracts of soil
containing AM mycelium had a direct inhibitory effect on the development of
non-mycorrhizal seedlings, suggesting that AM fungi may produce allelopathic
compounds. However, recently, by using two different methods Veiga et al. (2012)
found no evidence that AM fungi produce compounds that suppress the growth of
AM non-hosts.

In addition to growth depressions and seedling mortality, some studies have
reported abnormal root structures and root development of non-mycorrhizal species
in the presence of AM fungi. Allen et al. (1989) observed that inoculation of the
non-host Salsola kali with AM fungi resulted in browning and death of infected
root segments while Francis and Read (1995) reported swellings and distortion of
the meristems of several non-host roots in the presence of AM mycelium. Such
effects resemble a hypersensitive-like plant response (García-Garrido and Ocampo
2002), probably to limit colonization by the fungus. Such a response could directly
impair the plants’ capacity to take up soil resources. Furthermore, it is known that
defence responses can entail costs derived from trade-offs between investment in
defence and allocation of resources to plant growth and development (Walters and
Heil 2007). Therefore, activation of defence responses could be another mechanism
explaining growth depression and abnormalities in the non-host plants in the
presence of AM fungi. This hypothesis has not been further investigated in any
great detail. Interestingly however, there are indications that similar antagonistic
effects of AM fungi can be reproduced on the non-host Arabidopsis thaliana, which
is the model organism for plant molecular biology and genetics (Veiga et al. 2013).
Arabidopsis thaliana may thereby in the future serve as a valuable tool in unrav-
elling the molecular basis of incompatible plant—AM fungi interactions.

7.4 Concluding Remarks and Future Considerations

The facilitative and antagonistic interactions between plant communities above-
ground and AM fungal communities and networks belowground are more dynamic
and context dependent than previously thought. Unravelling the complexities of
such interactions are pertinent for the remediation of grassland biodiversity and
agricultural management. This entails understanding the functional compatibility
between plants and AM fungi. The way forward in attaining a predictive under-
standing of AM fungal antagonistic and facilitative effects for ecological application
may be in the assessment of phylogenetic and functional changes in the AM fungal
community after anthropogenic disturbance. For instance, tillage damages the
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richness of AM fungi and potentially results in the loss of some of the services AM
fungi provide to agriculturally desirable plant hosts. The phylogenetic under dis-
persion in an AM fungal community, indicated by the presence of few AM fungal
genera or families, could be used as an indicator of where AM fungal communities
may be limited in functional diversity, if phylogeny can be linked with functional
complementarity and AM fungal coexistence (e.g. Maherali and Klironomos 2007).
Finally, the application of niche theory and temporal community dynamics to AM
fungal communities would greatly improve the knowledge base as to how envi-
ronmental heterogeneity may support AM fungal diversity and thus the overall
facilitative effects of an AM fungal community. Nonetheless, although the facili-
tative, and to a lesser extent antagonistic effects of AM fungi have been long
studied, the mechanisms that control them in a predictable fashion for future eco-
logical application have yet to be fully realized.
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Chapter 8
Interspecific Mycorrhizal Networks
and Non-networking Hosts: Exploring
the Ecology of the Host Genus Alnus

Peter G. Kennedy, Jennifer K.M. Walker and Laura M. Bogar

Abstract While the dominant ectomycorrhizal (ECM) fungi in most temperate and
tropical forests have low host specificity, a commonly cited exception to this pattern
is the ECM fungal community associated with the host genus Alnus. In this chapter,
we discuss multiple hypotheses that have been put forth to explain the specificity of
the Alnus ECM symbiosis and consider their strengths and weaknesses in light of
current research on the topic. In addition to reviewing the range of suggested
explanations, we also propose and discuss a new alternative explanation of Alnus
ECM specificity involving three-way interactions among Alnus plants, ECM fungi,
and Frankia bacteria. With specific regard to common mycorrhizal networks
(CMNs), we believe they may play an important role in the specificity observed in
the Alnus ECM system. To understand that role in the larger context of research on
Alnus ECM fungal communities, we begin our chapter with a synopsis of the
studies documenting the unique specificity pattern. From there, we discuss why it
appears to be advantageous for Alnus plants not to participate in interspecific
CMNs. Finally, we elaborate on how specificity may be established and maintained
in the Alnus ECM system and suggest what we consider to be promising future
research directions.
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8.1 Introduction

A fundamental prerequisite for the formation of interspecific common mycorrhizal
networks (CMNs) is the ability of mycorrhizal fungi to associate with multiple
species of co-occurring host plants. Many ectomycorrhizal (ECM) fungi have broad
host ranges (Molina et al. 1992; Molina and Horton, Chap. 1, this volume) and form
compatible mycorrhizal relationships with many distantly related plant genera and
species. At the same time, ECM fungi specific to a particular host plant genus are
common, even on ECM host plants with broad fungal compatibility (Molina et al.
1992). ECM hosts also have variable degrees of receptivity to fungal associates. For
example, some ECM hosts, such as Pseudotsuga menziesii, are reported to be
receptive to colonization by thousands of fungal species (Trappe and Fogel 1977);
others, such as Pisonia grandis, appear to associate with only a very limited number
of ECM fungi (Suvi et al. 2010).

Based on a range of recent studies, it appears that the most frequent and/or
abundant ECM fungi in most temperate and tropical forests have low host speci-
ficity (Horton and Bruns 1998; Horton et al. 1999; Cullings et al. 2000; Kennedy
et al. 2003; Nara and Hogetsu 2004; Ishida et al. 2007; Twieg et al. 2007; Tedersoo
et al. 2008; Richard et al. 2009; Smith et al. 2011; but see Smith et al. 2009).
A commonly cited exception to this pattern, however, is ECM fungi associated with
the host genus Alnus. Unlike other ECM fungi-plant host systems, Alnus ECM
fungal communities have been consistently characterized by low species richness
and a high proportion of genus-specific species (Molina 1979; Tedersoo et al. 2009;
Walker et al. 2014). While other ECM hosts do associate with ECM fungi that are
also genus-specific (e.g. Rhizopogon and ECM hosts genera within the Pinaceae),
they are rarely the dominant fungi present in mature forests.

The factors contributing to the reciprocal specificity of the Alnus ECM system
have been the subject of considerable speculation. In this chapter, we highlight a
number of hypotheses that have been put forth to explain this specificity and
consider their strengths and weaknesses in light of current research on the topic. We
begin with a synopsis of the studies documenting the unique specificity pattern.
From there, we discuss why it appears to be advantageous for Alnus plants not to
participate in interspecific CMNs. Finally, we elaborate on how specificity may be
established and maintained in the Alnus ECM system and suggest what we consider
to be promising future research directions.

8.2 Documenting the Alnus ECM Specificity Pattern

Frank (1888) was the first to determine that fungal colonization of the roots of Alnus
trees was ectomycorrhizal in nature (Table 8.1). It took many more years, however,
before distinct morphologies were identified (Masui 1926) and fungal species
identities were reported (Favre 1948, Singer 1950). An early review by Trappe
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(1962) cited 14 ECM fungal species associated with Alnus hosts based on mor-
phological characterization, including members of the genera Alnicola, Russula,
Lactarius, Gyrodon, and Cenococcum. Additional ECM fungal morphotypes were
later observed on field-collected Alnus roots (Horak 1963; Neal et al. 1968; Mejstrik
and Benecke 1969), some of which were initially identified as Cortinarius,
Paxillus, and Alpova. Molina (1979, 1981) and Godbout and Fortin (1983) found
that fungal species consistently observed with Alnus trees as sporocarps (Neal et al.
1968; Trappe 1975) formed ectomycorrhizas in pure culture synthesis assays, while
others not observed to be associated with Alnus did not typically form ectomyc-
orrhizas, or formed ones that were anatomically anomalous. Intriguingly, the
presence of Paxillus involutus (now recognized as a species complex; Jargeat et al.
2014) as an Alnus associate in field settings remained unclear, but additional pure
culture work indicated that this species could form functional ectomycorrhizas with
Alnus species in lab settings (Chatarpaul et al. 1989; Arnebrant et al. 1993;
Massicotte et al. 1999). Despite further detailed morphotyping analyses of ECM
root tips (Miller et al. 1991), the global total of ECM fungal species thought to
associate with Alnus trees by the mid-1990s was fewer than 50 (Molina et al. 1994).

DNA-based analyses of the Alnus ECM system have largely confirmed previous
work based on other methods. Pritsch et al. (1997) were the first to use these
methods by matching RFLP patterns of Alnus ECM morphotypes with sporocarps
present in Alnus forests. Although those authors did not detect any new Alnus-
associated ECM fungal genera, they did increase the number of species present on
Alnus roots. In subsequent studies where DNA extraction was followed by
sequencing of the fungal ITS and/or LSU region, some new genera and lineages
were identified (Tedersoo et al. 2009; Kennedy and Hill 2010; Kennedy et al.
2011a; Bogar and Kennedy 2013). Those studies also increased the number of
ECM fungal species associated with Alnus hosts, but not in a way that significantly
altered the general pattern of low richness and high specificity. Interestingly,
Tedersoo et al. (2009) found that the majority of ascomycete species (4 of 6)
associated with A. glutinosa and A. incana in Estonia were also found in association
with other ECM hosts, although those species made a minor component of the
communities identified in that study. Rochet et al. (2011) summarized much of this
molecular work by noting that there appear to be six dominant Basidiomycete
genera (Tomentella, Alnicola, Lactarius, Cortinarius, Alpova, and Russula), a few
other Basidiomycete genera not consistently found as ectomycorrhizas (e.g.
Paxillus, Hebeloma, Inocybe, and Pseudotomentella), and a number of unknown
members of the Helotiales associated with Alnus hosts. At present, the best estimate
of the number of Alnus-associated ECM fungal species comes from the global-scale
study by Polme et al. (2013), which suggested total richness to be around 200
species.
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8.3 Could the Alnus ECM Specificity Pattern Be
an Artifact?

The atypical specificity of the Alnus ECM system has been observed in many
different studies and experimental settings. The consistency of those results pre-
sented a striking pattern, but some aspects of previous work leave open the pos-
sibility that the currently accepted specificity paradigm could be artifactual. For
example, the study of Alnus ECM fungal communities has focused largely on
temperate geographic regions, but Alnus species also occur at tropical latitudes in
Central and South America. Studies from many groups of organisms have shown
that species richness tends to be higher in tropical regions and decreases as one
moves towards the poles (i.e. the latitudinal gradient of species diversity—LGD)
(Townsend et al. 2008). As such, part of the current perception that Alnus ECM
fungal communities are species poor may be related to the temperate bias of past
Alnus studies. Similarly, nearly all previous studies involving comparisons between
Alnus and other ECM fungal communities have involved distantly related ECM
hosts, such as Pseudotsuga menziesii (Miller et al. 1992), multiple Pinaceae species
(Massicotte et al. 1994), and Pinus montezumae (Kennedy et al. 2011a).
Because ECM fungal community similarity has been shown to be lower when
comparing more distantly related hosts (Ishida et al. 2007), the observed specificity
of the Alnus system could also be an artifact of the types of host comparisons made
thus far. Below we discuss three of our own studies that recently examined these
issues to test the robustness of the Alnus ECM specificity pattern (Kennedy et al.
2011a; Bogar and Kennedy 2013).

Two Alnus species, A. jorullensis and A. acuminata, grow in montane tropical
forests in central Mexico, either alone or with other ECM host species such as Pinus
montezumae. Kennedy et al. (2011a) sampled the ECM fungal communities present
at multiple sites for each Alnus species. We found that, like their temperate
counterparts, the Alnus ECM fungal communities in Mexico had relatively low
species richness. Interestingly, many of the ECM fungi present in the Mexican
Alnus forests were strikingly similar to those present in Alnus forests in other parts
of the world. For example, in the genus Tomentella, the five most abundant species
in Mexico had sequences that matched much better to sequences of Tomentella
species sampled in forests in the United States, Europe, and Argentina than to other
Tomentella species sampled in Mexico (Fig. 8.1). The sequence matches were very
high (>97 %), suggesting that Alnus species may associate with many of the same
ECM fungi globally. A similar pattern was also evident in the ECM fungal genera
Cortinarius, Lactarius, and Inocybe. In addition, we identified notably higher
species richness on P. montezumae in ten-fold fewer ECM fungal root tips; 24 ECM
fungal species were identified from 42 Pinus montezumae ECM root tips, compared
to only 21 ECM fungal species detected on over 400 concurrently sampled Alnus
ECM root tips. This result reinforces the depauperate nature of Alnus ECM fungal
communities compared with other ECM hosts. More importantly, despite a clear
intermingling of root systems at two of the study sites, there were no species shared
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between the ECM fungal communities on A. jorullensis and P. montezumae. The
low species richness and reciprocal specificity observed on Alnus species in this
tropical-based study, suggests that the unique pattern present in the Alnus ECM
system is consistent regardless of geographic location of study. Polme et al.
(2013) confirmed this conclusion with a comprehensive spatial sampling of 22
Alnus species over 96 geographic locations covering a wide range of latitudes.

We also examined whether host evolutionary relationships might explain Alnus
ECM specificity by comparing Alnus and Betula ECM fungal communities. We
predicted that if Alnus ECM fungi are specific to the family Betulaceae, rather than
only to Alnus, they would be expected to associate with both genera. To test this
hypothesis, we examined the ECM fungal communities on Alnus
rhombifolia and Betula occidentalis in western Idaho, USA (Bogar and Kennedy
2013). We characterized the communities in a riparian habitat where the hosts
co-occur, comparing the ECM fungal communities present when Alnus and
Betula roots overlapped to those present on each host alone. In order to accomplish
this, we collected soil cores at the base of trees of each host species in pure stands
(i.e. from solitary host trees >2 m from the other host type) and soil cores from
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Fig. 8.1 Phylogenetic reconstruction of taxa in the ECM genus Tomentella based on rDNA ITS
sequences. Nodes are labeled with aLRT scores from the maximum likelihood analysis above
0.60. Species are labeled with species names or unique identifier and GenBank or UNITE number
in parentheses. Alnus-associated species are designated in gray boxes, with the Mexican Alnus-
associated species in bold. Symbols next to selected Alnus-associated species indicate the
geographic area from which they were obtained. The percentage values for the selected groups
represent pair-wise comparisons between all group members. Thelephora pseudoterrestris was
designated as the outgroup for rooting
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between the two host species (i.e. we dug directly in between alternate hosts that
were ≤30 cm from each other) in mixed stands. We found that the ECM fungal
community associated with A. rhombifolia was relatively species poor and
host-specific as compared to the ECM fungal community on B. occidentalis (i.e.
overall, there were fewer ECM fungal species on A. rhombifolia, and the same
ECM fungal species were not found on B. occidentalis in this study, Fig. 8.2). This
was true even when overlapping root systems of the two hosts were sampled
(Fig. 8.2). In comparison to the results of Kennedy et al. (2011a), the specificity of
the Alnus-associated ECM fungal community was not as strong: the two host
species associated with six of the same ECM fungal species across the site.
However, overlapping root systems (i.e. those found in the same core) of A.
rhombifolia and B. occidentalis almost never associated with the same fungal
species. Thus, even though host specificity may not be absolute for some Alnus-
associated ECM fungi, it appears that association with Alnus may preclude
simultaneous association with Betula. In short, this study suggests that the unique
specificity observed in the Alnus ECM system is not a byproduct of previous
comparisons involving more distantly related hosts.

More recently, we also examined the ECM fungal communities associated with
Alnus glutinosa in New Zealand, which is a non-native tree invader on the North
and South Islands (Bogar et al. 2015). We speculated that by sampling outside the
native range of Alnus trees, the A. glutinosa individuals present in New Zealand
might be ‘forced’ into associating with a broader suite of ECM fungi, particularly
those present on native ECM hosts (e.g. Nothofagus spp.). We found, however, that
the ECM fungal communities present on A. glutinosa in New Zealand were notably
species poor (only 9 species present across over 300 root tips sampled) and com-
pletely dominated by European Alnus-associated ECM species (which is the native
range of A. glutinosa). In fact, we found no ECM fungal species present on A.
glutinosa that appeared to be associated with native New Zealand ECM hosts. This
result further reiterates the globally anomalous nature of the Alnus-associated ECM
system and suggests that even well outside their native ranges, the specificity of the
plants and fungi involved in this symbiosis remains intact.

Taken together, we believe there is abundant evidence that Alnus ECM fungal
communities are both species poor (Masui 1926; Horak 1963; Neal et al. 1968;
Mejstrik and Benecke 1969; Brunner et al. 1990; Miller et al. 1992) and highly host
specific (Molina 1979, 1981; Molina et al. 1992; Godbout and Fortin 1983; Pritsch
et al. 1997; Tedersoo et al. 2009; Kennedy and Hill 2010; Bent et al. 2011) and that
this unique pattern is not based on sampling artifact (Kennedy et al. 2011a; Bogar
and Kennedy 2013; Bogar et al. 2015).
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Fig. 8.2 Ranked relative abundance of ECM species richness on Betula occidentalis (open bars)
and Alnus rhombifolia (filled bars) at a field site in western Idaho, USA. Sampling found six
fungal taxa that were present on both Betula and Alnus (names in bold)
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8.4 Why or Why not Participate in CMNs?

To better understand why reciprocal specificity among Alnus and their associated
ECM fungi makes them unlikely to participate in interspecific CMNs, it is helpful
to briefly revisit the ecological benefits provided by CMNs. One of the most widely
cited benefits of CMNs for both plants and fungi is access to a larger resource pool.
By joining an extensive established mycelial network, connected plants have the
ability to draw from a much larger soil volume than unconnected plants (Newman
1988). This benefit appears to be particularly important for seedlings, which lack
well-developed root systems (van der Heijden and Horton 2009). With connections
to a variety of host species (Booth 2004), or to the same host species at a range of
growth stages (Teste et al. 2010; Beiler et al. 2010; Booth and Hoeksema 2010),
ECM fungi also receive carbon from multiple sources. This redundancy may pro-
vide an important buffer against spatially or temporally variable host inputs (e.g.
deciduous versus evergreen hosts, canopy versus understory individuals).

A related proposed benefit of CMNs is inter- or intraspecific plant facilitation
(Molina and Horton, Chap. 1, this volume; Nara Chap. 6, this volume). Molina and
Trappe (1982) hypothesized that the resprouting ability of certain plant species in
forests of the Pacific Northwest, USA allows the ECM fungal community to be
maintained directly after fire or clear-cutting. The presence of compatible fungi
benefits subsequent colonization of later seral plants by providing those individuals
with access to established mycelial networks. Seedlings of the resprouting plants
then reciprocally establish in the understory of those later seral forests and therefore
benefit from CMNs in the same way. Evidence supporting CMN-mediated inter-
specific plant facilitation has been documented in California (Horton et al. 1999),
Japan (Nara and Hogetsu 2004) and Corsica (Richard et al. 2009), and recent work
in the dry forests of western Canada indicates that CMNs can also facilitate the
establishment of conspecific Pseudotsuga menziesii seedlings (Teste et al. 2010).
Fungal benefit in the above scenarios comes from the ability to maintain a constant
carbon source during disturbance-associated host species regeneration.

CMNs may also benefit plants by mediating nutrient transfer among connected
individuals (Simard et al. Chap. 5, this volume). This benefit has been most clearly
documented among mycoheterotrophic plants, which received all of their carbon
from CMNs connected to adjacent autotrophic plants (Bidartondo 2005). The
transfer of carbon has also been documented among autotrophic plants, although
the levels of movement among autotrophic individuals appear to be much lower
than to both mycoheterotrophic or mixotrophic plants (Simard et al. 2012). In
addition to carbon, other resources can also move among CMN-linked plants,
including nitrogen (Arnebrant et al. 1993; He et al. 2004, 2005), phosphorus (Finlay
and Read 1986), water, and defense compounds (Song et al. 2010; Johnson and
Gilbert 2015). Although we are unaware of studies demonstrating beneficial
movement of resources among fungal individuals through linked plants, that
pathway may exist, especially for a resource that would be lost or not transferable
through soil. Finally, we believe it is important to stress that the three
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aforementioned benefits are not mutually exclusive; plants and fungi may benefit in
multiple simultaneous ways from CMNs (Simard et al. 2012).

Notwithstanding potential intraspecific networks (i.e. connections among Alnus
individuals) and given the aforementioned benefits provided by CMNs, why do
Alnus plants and their associated ECM fungi remain unconnected to co-occurring
non-Alnus ECM hosts? One reason is likely related to the general life history of this
host genus. As typically pioneer successional species, Alnus individuals establish in
habitats where, in many cases, other ECM hosts are not already present. Doing so
reduces or eliminates the opportunity for Alnus plants to join established mycelial
networks or to benefit from CMN-mediated facilitation. (Because Alnus seedlings
are shade intolerant, and do not occur under an established Alnus overstory, they
also do not have immediate access to intraspecific CMNs.) While Alnus forests tend
to be mono-dominant initially, there is establishment by other ECM hosts (e.g.
those in the Pinaceae) over time (Miller et al. 1992). While the presence of other
ECM host species provides the potential for CMNs and the transfer of resources
between connected individuals, the dynamics of CMN nutrient transfer appears to
be unfavorable for Alnus plants. Simard et al. (1997) showed that interspecies
CMN-mediated resource transfer follows a source-sink pattern, with net carbon
movement towards shaded individuals. Connecting to CMNs with understory
species would therefore represent a carbon loss for Alnus individuals, as it would
for other pioneer species. In addition, since Alnus seedlings tend not to establish
under canopies, there are also no reciprocal opportunities for this genus to regain
carbon benefits from CMNs (unlike the scenario discussed by Molina and Trappe
(1982) above).

The forests of central Mexico provide an interesting exception to this pattern. At
some locations, Alnus jorullensis persists under a Pinus montezumae canopy,
resulting in Alnus as the potential carbon sink (i.e. a favorable situation for Alnus;
Kennedy et al. 2011a). As noted earlier, however, Alnus and Pinus individuals at
those sites do not appear to share any common ECM fungi, therefore no CMNs
between Alnus and Pinus are possible. This finding suggests the absence of CMNs
among Alnus trees and other ECM hosts is not solely driven by unfavorable
carbon-based source-sink dynamics.

We believe that a second key factor discouraging the formation of CMNs for
Alnus plants is their co-association with nitrogen-fixing Frankia bacteria. These
bacteria provide Alnus with a unique source of nitrogen relative to co-occurring
ECM host plants. Although interspecific CMNs involving Alnus plants appear to be
functionally non-existent in natural settings, in a laboratory study, Arnebrant et al.
(1993) showed that substantial amounts (*20 %) of fixed nitrogen could move
through CMNs from Alnus glutinosa to Pinus contorta. Similar results were
obtained by Ekblad and Huss-Danell (1995), who observed that up to 9.5 % of the
nitrogen in CMN-linked Pinus sylvestris seedlings was derived from Frankia-based
nitrogen fixation. Given the substantial carbon allocation by Alnus plants towards
Frankia bacteria (see below), and the value of nitrogen as a resource, the absence of
CMNs between Alnus and non-Alnus individuals would prevent co-occurring plants
from directly accessing this commodity. Intriguingly, He et al. (2004, 2005) used
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labeled isotopes to show a net movement of nitrogen through CMNs from non-
Frankia-associated Eucalyptus maculata to Frankia-associated Casuarina cun-
ninghamiana individuals. Since these latter results conflict with the findings of
Arnebrant et al. (1993) and Ekblad and Huss-Danell (1995), additional studies,
particularly in field settings, are needed to further define the patterns and drivers of
nitrogen transfer dynamics.

8.5 Establishment and Maintenance of the Alnus-ECM
Fungus Specificity Pattern

Although the absence of CMNs may be selectively advantageous for Alnus plants
based on their life history and relationship with Frankia bacteria, questions remain
about how specificity in the Alnus-ECM fungus system is established and main-
tained. Many authors have discussed this system from a co-evolutionary standpoint
(Molina et al. 1994; Moreau et al. 2006; Kennedy and Hill 2010) and there is
evidence to support its role in driving patterns of co-speciation (Rochet et al. 2011).
Our interests, however, lie in the more proximate causes of the observed specificity.
As such, we focus the remainder of the chapter on a number of hypotheses that may
explain how current interactions among Alnus trees and their associated ECM fungi
reinforce their unique specificity pattern.

8.5.1 Alnus-ECM Fungus Specificity: Signaling
and Sanctioning Hypothesis

Before ECM host plants and fungi begin to interact with one another, each symbiont
is confronted with incomplete information about the other partner. For example, how
do Alnus plants identify which of the fungi in the ECM community pool have the
right characteristics to meet their needs? Similarly, how do ECM fungi differentiate
Alnus roots from those of other co-occurring hosts? The latter issue is partially
resolved by the fact that Alnus trees often establish in mono-dominant stands, but
there are a number of situations in which Alnus individuals do co-occur with other
host species (Tedersoo et al. 2009; Kennedy et al. 2011a; Bogar and Kennedy 2013).
This problem of asymmetric information can be resolved in two ways (Archetti et al.
2011). The first is to choose partners before the interaction is established. This
mechanism, known as partner choice (Bull and Rice 1991), can be accomplished by
signaling. Under this scenario, Alnus plants would broadcast information about their
own attributes, and the ECM fungi would respond by associating or not based on that
signal. The experimental study of Massicotte et al. (1994) showed strong indirect
support for chemical signaling between Alnus plants and ECM fungi. Those authors
observed that Alpova diplophloeus, an Alnus-specific ECM fungus, germinated
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readily in the presence of Alnus roots (as determined by subsequent root tip colo-
nization) but never in the sole presence of roots of a number of other ECM host
species. Conversely, no non-Alnus associated ECM fungus germinated in the
presence of Alnus roots alone, but most did germinate in the presence of their
preferred host, infrequently colonizing a secondary host. Collectively, these data
suggest that Alnus roots release a unique chemical cue that induces spore germi-
nation of only the fungi having attributes beneficial to Alnus (and perhaps only
eliciting a response from those fungi that may also benefit from resources associated
with Alnus). Analogous signaling that induces partner germination has been
observed among mycoheterotrophic plants and their associated ECM fungi (Bruns
and Read 2000; Bidartondo and Bruns 2005) as well as with the conifer-induced
germination of other host-specific ECM fungi in the genus Suillus (Fries et al. 1987).

A second way that the asymmetric information problem can be resolved is by
monitoring the interaction after it has been established. This kind of monitoring is
commonly referred to as host sanctioning and typically involves some form of
punishment of “misbehaving” symbionts (Kiers and Denison 2008). One example of
host sanctioning comes from the soybean-rhizobia symbiosis, where the soybean
host is able to selectively decrease oxygen availability to nodules that are not fixing
nitrogen (Kiers et al. 2003). While nitrogen fixation is a tightly controlled anaerobic
process mediated by plant leghemoglobin, oxygen is still required by these bacteria
as a terminal electron acceptor, therefore reduced oxygen impedes rhizobial per-
formance (Kiers et al. 2003). In the Alnus ECM system, some of the results of
Molina (1979) are consistent with host sanctioning. He found that two ECM fungi
not typically associated with Alnus rubra, Paxillus involutus and Astraeus pteridis,
were able to establish mycorrhizas with this host species in pure culture synthesis
assays. Interestingly, Molina (1979) found that cross-sections of the A. rubra-
P. involutus mycorrhizas had high concentrations of phenolics in root cortical cells
that were not present in the comparable mycorrhizas of Alpova diplophloeus. This
was interpreted as the result of Alnus recognizing P. involutus as the “wrong”
symbiont and attempting to decrease subsequent colonization. Similar results were
reported by Malajczuk et al. (1982) involving interactions between multiple
Eucalyptus host species and Pinus-specific ECM fungi. However, if this mechanism
of sanctioning was the primary way that Alnus plants avoid significant colonization
by the “wrong” fungi, a similar pattern should have also been observed in the
mycorrhizas of Astraeus pteridis. Instead, phenolic concentrations in A. rubra-A.
pteridis mycorrhizas were low, suggesting that this “wrong” symbiont (1) was able
to meet host needs and prevent sanctioning, (2) was subject to sanctioning at some
other time or under some environmental condition not captured in that experiment,
or (3) had some way of remaining undetected despite being the “wrong” symbiont.

These two mechanisms, partner choice and host sanctioning, could also work in
concert to create the unique specificity observed in the Alnus ECM system. The
collective results of the two aforementioned studies suggest that partner choice
likely plays a significant role in preferentially inducing the germination of ECM
fungi recognized by Alnus as beneficial, while host sanctioning might be an
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important mechanism available to minimize or eliminate any “incorrect” Alnus
ECM interactions. Considering the relative strengths of the two mechanisms, col-
onization of Alnus plants by the “wrong” ECM fungi seems either non-existent or to
occur only very rarely in field settings (Kennedy et al. 2011a; Bogar and Kennedy
2013; Polme, personal communication). If host sanctioning were the dominant
mechanism driving specificity, one would expect to find more ECM fungi forming
mycorrhizal associations with Alnus trees, at least initially. Since this is not nor-
mally the case, it seems that pre-interaction partner recognition is most likely the
dominant mechanism affecting Alnus ECM specificity, with interaction-based host
sanctioning playing a limited secondary role.

8.5.2 Alnus-ECM Fungus Specificity: Interspecific
Competition Hypothesis

The specificity of the Alnus-ECM fungus system may also be mediated by com-
petition between Alnus and co-occurring ECM host plants either directly or via
ECM fungi. Both hosts and fungi could escape a certain amount of competitive
pressure by restricting the set of symbionts with which they associate. This applies
particularly to situations in which hosts or fungi are adapted to colonize soon after
disturbance events. To fully appreciate why a set of symbionts might not participate
in local CMNs, it is important to consider selection acting on both the hosts and the
fungi individually since it occurs at distinctly different spatial and temporal scales.

As noted previously, CMN connectivity could be helpful to ECM host species
that establish under the canopy of other trees. By maintaining broad receptivity to
many different ECM fungi, a later successional ECM host has a greater chance of
joining an established mycelial network early in development. This scenario was
discussed by Kropp and Trappe (1982) with respect to Tsuga heterophylla, a
late-successional, broadly receptive ECM host in northwest North America. In
contrast, by denying later successional seedlings access to CMNs by associating
with host-specific ECM fungal communities, early successional hosts would sup-
press the establishment of competing hosts and maintain their own dominance in a
stand. In the case of Alnus, whose dominance is limited by its short-lived nature, not
participating in CMNs would also prevent any ‘facultative epiparasitism’ (sensu
Bruns et al. 2002) of fixed nitrogen by co-occurring ECM host plants. Intraspecific
competition, of course, would be unaffected by this specificity, and would remain
an important ecological force in these situations (also noted by Bruns et al. 2002).
Kropp and Trappe (1982) and Molina et al. (1992) both noted that pioneer tree
species often do associate with communities of host-specific ECM fungi (e.g.
Pseudotsuga, Alnus), supporting the hypothesis that these early successional set-
tings encourage specialization.

Selection on the fungi must also influence whether or not a set of symbionts will
participate in local CMNs. As discussed above, in most situations, ECM fungi
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would benefit by connecting to multiple host species. This would expand the
effective resource pool available to a given fungal genet, and provide the fungus
with insurance in the event that resources were no longer provided by a primary
host. Competitive dynamics, however, have led some ECM fungi to specialize on
particular hosts. Bruns et al. (2002) discuss the case of the genus Rhizopogon,
species of which dominate both the “spore bank” and the below-ground commu-
nities of their ECM hosts (Pinus and Pseudotsuga) early in forest succession at
Point Reyes, CA, USA. Over time, this group of fungi becomes less common on
their hosts, suggesting that they are weaker competitors relative to the other fungi
with which the hosts associate (Bruns et al. 2002). It seems possible, then, that these
fungi have specialized on early successional hosts as a consequence of competition:
a combination of long-lived propagules (Bruns et al. 2009) and well-timed,
host-specific germination (Massicotte et al. 1994) could allow these fungi to
guarantee themselves a host with relatively little competition from other fungi, at
least early in succession (see further discussion of this dynamic in Kennedy 2010;
Kennedy et al. 2011b). While the competitive dynamics of Alnus- and non-Alnus-
associated ECM fungi have not been examined, a similar spore longevity pattern to
Rhizopogon has been noted for the Alnus-specific species Alpova diplophloeus
(Miller et al. 1994).

On the whole, both ECM hosts and fungi may experience competitive pressure
to specialize—and thus, evade CMN participation—under a number of circum-
stances, but particularly early-successional situations and settings in which a
symbiont has enhanced access to a particular set of resources.

8.5.3 Alnus-ECM Fungus Specificity: Soil Chemistry
Hypothesis

One of the ways that fidelity (see Molina and Horton, Chap. 1, this volume) could
be reinforced is by some form of environmental filtering. A widely noted envi-
ronmental parameter with respect to Alnus forests is their soil chemistry (Hibbs
et al. 1994; Becerra et al. 2005; Tedersoo et al. 2009; Yarwood et al. 2010). Alnus
soils are typically characterized by low pH, which is a byproduct of the hydrogen
production associated with nitrification (Bormann et al. 1994). Both high acidity
and high nitrate levels may represent a formidable combination of environmental
filters, as both have been shown to the limit the growth of a variety of ECM fungi
(Hung and Trappe 1983; Lilleskov et al. 2002; Avis et al. 2003; Trudell and
Edmonds 2004; Cox et al. 2010). To experimentally test their effects in the Alnus
ECM system, Huggins et al. (2014) manipulated the pH and nitrate concentrations
present in the liquid media of a suite of Alnus- and non-Alnus ECM fungal species.
They found that the growth of Alnus ECM fungi were not, on average, affected by
high acidity, while non-Alnus ECM fungi had a significantly negative growth
response under the same conditions. Similarly, when grown at high nitrate, non-
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Alnus ECM fungi also generally performed more poorly. Taken together, the results
of Huggins et al. (2014) are consistent with soil pH and nitrate concentrations being
important environmental filters that may underlie the specificity in the Alnus ECM
system. At the same time, multiple lines of other evidence do not clearly support
this mechanism. Sites initially dominated by Alnus trees are readily replaced by
other ECM host species over time and if high soil acidity and nitrate levels are
strongly inhibitory to non-Alnus ECM fungi, one would expect that ECM fungal
colonization of other hosts to be low in Alnus-influenced soils. Miller et al. (1992),
however, observed that Pseudotsuga menziesii seedlings grown in soils from both
young and older Alnus forests were similarly well colonized with a diverse range of
ECM fungi as P. menziesii seedlings grown in young and older P. menziesii forest
soils. Data from the recent field study of Alnus and Betula ECM fungal commu-
nities also indicates that non-Alnus ECM fungi can survive on their preferred hosts
even when occupying the same soil as Alnus roots (Bogar and Kennedy 2013). If
the specificity of Alnus ECM fungal communities is strongly driven by soil
chemistry alone, the ECM fungal community on Betula roots should have been
substantially changed when overlapping with Alnus roots relative to the community
on Betula roots in the absence of Alnus. It was not, however, suggesting that either
Betula ECM fungal associates are tolerant of similar soil conditions as Alnus ECM
fungal associates or conditions were not changed enough in mixed settings to shift
community composition significantly. It also appears that at least some Alnus-
associated ECM fungi are negatively affected by high nitrate concentrations. For
example, Koo et al. (1995) found that colonization of Alpova diplophloeus on Alnus
rubra seedlings was significantly decreased in highly mineral nitrogen-amended
soils and Huggins et al. (2014) also showed that some Alnus ECM fungi performed
poorly at high nitrate levels. Taken together, these studies suggest that Frankia-
induced changes in pH and soil nitrogen concentrations can affect ECM fungal
colonization and community structure, but do not appear to be solely responsible
for the atypical composition of Alnus ECM fungal communities.

Along with pH and nitrogen, Alnus trees are known to influence other aspects of
soil chemistry as well. Specifically, soils in Alnus forests can be low in inorganic
phosphorus (Giardina et al. 1995; Compton and Cole 1998, 2001), and enriched in
organic phosphorus (Zou et al. 1995). Tedersoo et al. (2009) hypothesized that
ECM fungal communities associated with Alnus species may be strongly associated
with soil phosphorus concentrations due to the phosphorus demands of
co-occurring Frankia (see below). Their community analyses, however, indicated
that soil phosphorus levels had no statistically significant effects on ECM fungal
community structure. Koo et al. (1996) also found that mineral phosphorus fertil-
ization did not decrease mycorrhizal colonization in a greenhouse study.
Collectively, these studies suggest that soil phosphorus concentration does not
strongly influence Alnus ECM fungal community composition or colonization,
however, our more recent work suggests that Alnus ECM fungal communities may
have a unique physiological response to soil phosphorus availability (see below).
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8.5.4 Alnus-ECM Fungus Specificity: Host Metabolic
Hypothesis

A different way that the presence of Frankia bacteria may affect Alnus ECM fungal
communities is by shifting host nutritional needs in a way that favors fungi adept at
acquiring nutrients aside from nitrogen. In particular, nitrogen-fixing plants are
often limited by phosphorus (Benson and Clawson 2002), so Alnus individuals may
selectively associated with ECM fungi that have enhanced enzymatic abilities
towards phosphorus acquisition. Indirect support for this hypothesis was shown by
Ekblad et al. (1995), who found that in microcosms containing Alnus incana and
Pinus sylvestris seedlings colonized by Paxillus involutus, fungal biomass peaked
in low phosphorus soils. Another study found that Alnus seedlings colonized by
both Frankia and ECM fungi could have higher phosphorus tissue concentrations
when grown in certain types of soils than seedlings colonized by just Frankia alone
(Yamanaka et al. 2003). However, because the presence of ECM fungal colo-
nization tends to raise seedling phosphorus levels on other hosts (Smith and Read
2008), it is unclear whether the response seen in those Alnus-based studies is due
simply to ECM fungal colonization or colonization by ECM fungi specialized on
greater phosphorus acquisition.

To test whether Alnus ECM fungi have different enzymatic capabilities relative
to ECM fungi associated with other host trees, direct assays of enzyme production
from ECM root tips are necessary. The logistics and throughput capacities of ECM
root tip enzyme assays have improved significantly in recent years (Courty et al.
2005; Pritsch et al. 2011) and a growing body of literature is developing around
these techniques (Courty et al. 2010; Pritsch and Garbaye 2011; Jones et al. 2012).
With regard to the Alnus-ECM fungus system, we recently compared the enzyme
activity of ECM fungal root tips sampled from pure stands of Alnus rubra and
Pseudotsuga menziesii at the Cascade Head and H.J. Andrews Experimental Forests
in Oregon, USA (Walker et al. 2014). Excised ECM fungal root tips were tested for
acid phosphatase (phosphorus) and leucine aminopeptidase (nitrogen) activity and
DNA was extracted for molecular identification based on the rRNA ITS gene
region.

From those samples, we were able to molecularly identify 62 and 75 % of the
ECM fungal root tips sampled from A. rubra and P. menziesii plots, respectively.
The ITS sequences of 18 different ECM fungal species were recovered from A. rubra
root tips, while 76 ECM fungal species were detected on P. menziesii root tips, and
an additional four species were shared. These levels of species richness correspond
well with previous studies of both A. rubra and P. menziesii ECM fungal commu-
nities (Kennedy et al. 2003; Cline et al. 2005; Horton et al. 2005; Kennedy and Hill
2010). In support of the aforementioned hypothesis, the A. rubra-associated ECM
fungal community had significantly higher acid phosphatase activity than the ECM
fungi associated with P. menziesii, while the leucine aminopeptidase of A. rubra-
ECM fungal root tips was significantly lower at the nitrogen-rich site (Fig. 8.3).
Collectively, these results indicate that A. rubra-associated ECM fungi appear to
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Fig. 8.3 Differences in potential (a) acid phosphatase and (b) leucine aminopeptidase activity
between the ECM fungal community on Alnus rubra (grey) as compared to Pseudotsuga menziesii
(white) at Cascade Head and H.J. Andrews, Oregon, USA. Raw data is presented in the figure, but
all data were cube root transformed in order to meet assumptions of normality for statistical
analyses. Lower case letters designate significant differences at P ≤ 0.05 detected by univariate
ANOVAs and subsequent Tukey’s HSD tests. Boxes surrounding median values represent the first
and third quartiles, while whiskers show the smaller (and larger) of either the maximum
(and minimum) values or 1.5× the interquartile range (approximately ±2 SD); N = 2
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have enhanced phosphorus acquisition abilities, and that host nitrogen status may
mediate ECM fungal physiological response as demonstrated by the elevated levels
of organic nitrogen acquisition by the P. menziesii ECM fungal community in the
absence of Frankia-derived nitrogen.

8.5.5 Alnus-ECM Fungus Specificity: A Host-Fungus
Reward System Based on Nitrogen?

We formalize an additional hypothesis regarding Alnus ECM specificity: that Alnus
plants may also provide a reward to ECM fungi to help maintain specificity in this
system. A reward system may be particularly important for Alnus individuals
because they may provide less carbon to ECM fungi than other hosts, due to their
simultaneous interaction with Frankia bacteria. While this speculation about carbon
allocation has yet to be tested, the photosynthetic rates of Alnus species are similar
to non-Frankia-associated broad-leaved species (Agren and Ingestad 1987; Koike
1990). As such, Alnus individuals do not appear to have a larger carbon pool from
which to allocate to their dual symbionts. Since carbon allocation to Frankia and
ECM fungi has been estimated at *15 % per symbiosis (Tjepkema et al. 1986;
Smith and Read 2008), it seems likely that, relative to other hosts, Alnus plants may
provide less carbon to ECM fungi. In light of this carbon dynamic, what might
Alnus plants offer to prevent defection to more carbon generous hosts?

We suggest that Alnus may provide its chosen ECM fungi with direct access to
the nitrogen fixed by the Frankia bacteria. While this would represent a reversal of
the way nitrogen is typically traded between plants and ECM fungi (nitrogen is
usually provided to the plant by the fungus), the unique ecology of this tri-partite
symbiosis may favor this change in partner trading dynamics. From the fungal
perspective, getting nitrogen from the host would decrease the need to scavenge
nitrogen from the soil. Although Alnus individuals may provide less carbon to the
fungi, the fungi may not need to invest as much carbon in nitrogen-scavenging
enzymes as they would when colonizing a non-nitrogen-fixing host. Furthermore,
since organic matter may be limited in early successional settings, it would be easier
for the fungi to get nitrogen from the host instead of relying on organic sources in
soil. From the host perspective, it may be advantageous to provide Frankia–derived
nitrogen to ECM fungi unlikely to participate in networks so that no nitrogen is lost
through CMNs to other host species. While providing nitrogen to their fungi would
represent a cost to Alnus plants (because of their carbon investment in the Frankia
bacteria) all else being equal, multiple studies have shown that Alnus individuals
colonized by both Frankia bacteria and ECM fungi can be larger than plants with
only a single symbiont (Chatarpaul et al. 1989; Koo et al. 1995). This suggests the
putative benefits of host-ECM nitrogen provisioning outweigh its costs. It has also
been noted that plants can have higher phosphorus concentrations in their tissues
when colonized by Frankia bacteria and ECM fungi (Yamanaka et al. 2003). Since
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phosphorus has been demonstrated to be a limiting resource for nitrogen fixation
(Jha et al. 1993; Uliassi and Ruess 2002), the presence of ECM fungi would be
beneficial to the Frankia bacteria as well, if the plant is able to allocate greater
phosphorus to bacterial nodules.

In support of this nitrogen reward hypothesis, Arnebrant et al. (1993) found that
many of the amino acids in the ECM fungus used in their study, P. involutus,
contained nitrogen originally fixed by Frankia. Given the short-time scale of their
experiment (ten weeks, seven day labeling period) and the fact that live Frankia
nodules are not known to excrete nitrogen into their external environment, it seems
very likely that the nitrogen was passed from Frankia to the plant and then onto the
ECM fungus. Ekblad and HussDanell (1995) obtained comparable results, although
amino acids were not directly assayed in that study. The results of two additional
studies are also consistent with a potential transfer of nitrogen from host to fungus
in Alnus ECM interactions. Koo et al. (1995) found that Alpova diplophloeus
colonized only 10 % of the root systems of Alnus rubra seedlings when they were
non-nodulated, but 65 % when Frankia nodules were present. Similarly, Yamanaka
et al. (2003) observed no colonization by Alpova diplophloeus on non-nodulated
Alnus tenuifolia seedlings, but between 75 and 100 % colonization when Frankia
nodules were present. Although neither of these studies directly indicates that
nitrogen is the resource responsible for higher ECM fungal colonization, the results
are consistent with a significant benefit provided to the fungus by co-colonization
with Frankia bacteria. It should also be noted that in experimental settings, Frankia
are the first of the two microbial symbionts to colonize Alnus seedlings (Miller et al.
1992; Koo et al. 1995), and that all Alnus individuals in field conditions are col-
onized by Frankia bacteria (Benson and Dawson 2007). These latter findings
indicate that the ability of Alnus individuals to readily access nitrogen for a reward
system for ECM fungi appears to be the default state in nature.

If nitrogen is provided from the plant to the fungus, monitoring its consumption
could also be a way in which Alnus individuals control which fungi are sanctioned.
Presumably, the nitrogen demands of ECM fungi engaged in CMNs with other hosts
would be higher than for non-networked species [due to demand from the other
hosts and the source-sink dynamics of CMN resource transfer (Simard et al. 1997)].
By limiting colonization of CMN-forming fungi, Alnus individuals may be able to
prevent any facultative epiparasitism via CMNs. It should be noted, however, that
this method of sanctioning would not prevent host generalist ECM fungi from
colonizing Alnus plants. In fact, if a host generalist ECM fungus were only asso-
ciating with an Alnus individual, its nitrogen demands should be similar to that of
typically Alnus-associated species and therefore it would likely avoid sanctions. Data
from our study of Alnus rhombifolia and Betula occidentalis ECM fungal com-
munities show some support for this scenario (Bogar and Kennedy 2013). We found
that there were six ECM species associated with both Alnus rhombifolia and Betula
occidentalis. Five of the six ECM species were, however, never found on the roots
of both hosts within the same soil core. This suggests while some fungal species
could associate with both hosts, different individuals of those fungal species
were present on each host. We did, however, find one species, Laccaria laccata, that
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was present on both Alnus rhombifolia and Betula occidentalis ECM root tips in the
same soil core. If those tips were colonized by the same fungal individual and our
logic about sanctioning based on nitrogen allocation is accurate, we would expect
that Alnus ECM roots in that core would begin to reject colonization by L. laccata
over time due to excess nitrogen consumption. A key untested assumption of this
logic is the spatial scale over which sanctioning is occurring. If it occurs at the
individual tip scale, it seems unlikely that L. laccata would be able to establish since
excess nitrogen consumption should begin immediately if source-sink dynamics
drive CMN resource transfer (Simard et al. 1997). In contrast, if it occurs at the
multi-tip scale, it seems possible that L. laccata could establish on Alnus, but once
sensed as a significant nitrogen drain, would be rejected as a preferred symbiont.

8.6 Future Research Directions

As shown in this chapter, the reciprocal specificity of the Alnus-ECM fungus
system is well established. The mechanisms responsible for creating and main-
taining this specificity and how it may reinforce non-participation in CMNs,
however, still require further study. Based on the hypotheses discussed above, we
believe research in the following areas will be particularly important: (1) deter-
mining the full carbon budget for Alnus plants colonized with both Frankia and
ECM fungi (to test the primary assumption of the rewards system hypothesis),
(2) further examining the enzymatic capacities of Alnus-associated and non-Alnus-
associated ECM fungal root tips (to reinforce our recent findings supporting the
host metabolic hypothesis), (3) defining the signal used by Alnus plants to induce
specific spore germination (to validate the role of partner recognition), (4) exploring
the growth of more Alnus-associated and non-Alnus-associated fungi under a range
of acidity and nitrogen concentrations in the same experimental setting (to better
test the role of environmental filtering), and (5) assessing the competitive dynamics
between Alnus- and non-Alnus-associated fungi (to assess the influence of inter-
specific competition). In addition, if Frankia bacteria play a central role in the
specificity patterns observed in the Alnus ECM system, a similar pattern should be
seen in other systems where all three symbionts are present. Members of the plant
genera Allocasuarina, Casuarina Cercopcarpus and Dryas are known ECM fungal
hosts that also associate with Frankia bacteria. Therefore, examining patterns of
ECM fungal richness and host specificity in these host systems would be helpful in
generalizing about the putatively distinctive nature of the Alnus-Frankia-ECM
fungus tri-partite symbiosis.
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Chapter 9
Experimentally Testing Effects
of Mycorrhizal Networks on Plant-Plant
Interactions and Distinguishing
Among Mechanisms

Jason D. Hoeksema

Abstract Plants of the same and different species are often linked by common
mycorrhizal networks (CMNs), and there is substantial disagreement in the litera-
ture about whether these linkages have important effects on plant-plant interactions,
beyond simply providing mycorrhizal inoculum. Here, I attempt to reconcile
opposing viewpoints by reviewing available evidence for three distinct mechanisms
by which CMNs can affect plant-plant interactions. I also analyze the details of
manipulative field experiments that have been conducted to test CMN effects on
plant-plant interactions, and make recommendations for the kinds of future studies
that will be most useful in moving forward. I argue that few experiments have
unequivocally tested whether CMNs have unique effects on plant-plant interactions,
and that these experiments have largely been ignored in favor of debates about the
magnitude of resource flows (especially carbon) from plant to plant through CMNs.
I suggest that progress on the debate will only be made through more thorough
testing of alternative mechanisms besides plant-to-plant carbon flow, especially
coupled with experimental manipulations of CMNs to test for consequences on
specific aspects of plant community ecological processes.
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9.1 Introduction

Many mycorrhizal ecologists agree that common mycorrhizal networks (CMNs),
i.e., physical linkages among plant individuals via the mycelia of mycorrhizal fungi,
are likely common in nature (Newman 1988; Molina et al. 1992; Francis and Read
1994; Leake et al. 2004; Simard and Durall 2004; Simard et al. 2012; Molina and
Horton Chap. 1, this volume; Giovannetti et al. Chap. 2, this volume). The
observation that species of arbuscular mycorrhizal (AM) and ectomycorrhizal
(EM) fungi are often compatible with multiple host plant species, coupled with the
ability of genetically compatible hyphae to anastomose (see Giovannetti et al.
Chap. 2, this volume), suggest that CMNs are probably ubiquitous, although
confirmation of this conjecture will require direct evidence for these linkages in the
field, including careful population genetic studies (Leake et al. 2004; Simard and
Durall 2004; Selosse et al. 2006). Hundreds of achlorophyllous plants likely depend
on CMN connections with green plants for 100 % of their carbon supply (Leake
et al. 2004; Bidartondo 2005), and such ‘mycoheterotrophy’ also exists to various
degrees in some green orchid species, especially at the seedling stage (e.g., Julou
et al. 2005; Zimmer et al. 2008). What is less clear is the degree to which these
CMN linkages have unique consequences for the ecology of typical green plants,
and especially whether mechanisms and consequences (such as community com-
position) of plant-plant interactions are commonly altered by these linkages. Are
physical mycelial linkages between plants per se, beyond just the provisioning of
mycorrhizal fungi, generally important for plant ecology?

A variety of approaches, ranging from isotope tracer studies to field manipula-
tions of CMNs, have been used to directly or indirectly address this question, and
results of these efforts have generated significant debate. In reviewing some aspects
of the evidence, some authors have concluded that CMNs can have “profound
effects on plant communities” (Selosse et al. 2006), while others have argued that
there is nothing unique about these physical linkages that separates them from other
kinds of mutualisms in which plants engage and thus the term “common mycorrhizal
networks” is misleading (Bever et al. 2010). Here, I attempt to reconcile these
opposing viewpoints and make recommendations for the kinds of future studies that
will be most useful in moving forward. I argue that few experiments have
unequivocally tested whether CMNs have unique effects on plant-plant interactions,
and that these experiments have largely been ignored in favor of debates about the
magnitude of resource flows (especially carbon) from plant to plant through CMNs.
I suggest that progress on the debate will only be made through more thorough
testing of alternative mechanisms besides plant-to-plant carbon flow, especially
coupled with experimental manipulations of CMNs to test for consequences on
specific aspects of plant community ecological processes. This review is not
intended as a comprehensive survey of studies on CMNs; rather, I attempt a con-
ceptual analysis that may be useful as a roadmap for design and interpretation of
future studies.
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9.1.1 Mechanisms Are Central to the Debate

At least three distinct mechanisms have been hypothesized by which CMNs may
affect plant-plant interactions:

Mechanism 1: Flow of resources from one plant to another through the CMN.
Under this mechanism, one plant may benefit if it receives a net flow through the
CMN of limiting resources including carbon, nitrogen, phosphorus, or water.
Mechanism 2: Unequal contributions of carbon to the CMN by different plants.
Under this mechanism, some plants (e.g., recruiting seedlings) may receive the
benefits of association with a CMN while contributing a less than proportional share
of carbon to the build the CMN.
Mechanism 3: Unequal distribution of a resource by the CMN to different plants.
Under this mechanism, a common resource (regardless of where it was obtained by
the fungus) may be distributed unequally to different plants.

Newman (1988), in a seminal review that stimulated a great deal of work on the
function and significance of CMNs, highlighted five potential “profound implica-
tions” of CMNs for the functioning of ecosystems. The first of these implications
was that seedlings might be able to join a pre-existing hyphal network and benefit
from it at an early stage, which falls under Mechanism 2 above. His second and
fourth implications were that organic and mineral nutrients, respectively, could flow
from plant to plant and alter the performance of the receiving plant or the balance of
plant-plant interactions. These phenomena fall under Mechanism 1 above.
Newman’s third implication was that plant competition could be altered if com-
peting plants are receiving nutrients from a commonly shared fungal network,
rather than taking up nutrients independently, which falls under Mechanism 3
above. Newman’s fifth implication was that nutrients could flow from dying plants
through CMNs directly to living plants, which has interesting implications for
ecosystem cycling of nutrients but does not relate directly to our discussion here on
the implications for plant ecology.

Much debate over the importance of CMNs for plant ecology has centered
around one specific version of Mechanism 1: net flow of carbon from one plant to
another through a CMN (see Simard et al. Chap. 5, this volume). After reviewing
early studies that showed radio-labeled carbon could potentially flow both direc-
tions from plant to plant through a CMN, Newman (1988) argued that key next
steps would be to test whether flow was more significant in one direction than
another (i.e., net flow) and to quantify how large is the carbon gain by the receiver
plant compared to its gain from photosynthesis. When net flow of carbon through a
CMN was first demonstrated in an ectomycorrhizal system, the resulting paper
appeared in a high profile international journal (Simard et al. 1997a) and was
greeted with significant enthusiasm and discussion. Subsequently, however, there
has been significant debate about whether the amounts of carbon flowing through a
CMN are likely to be ecologically meaningful (i.e., to have consequences for
individual plant growth, populations, or communities), whether the data distinguish
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between carbon flow through the CMN versus other pathways (such as respiration
from CMN fungi and subsequent fixation by plants linked to the CMN), and why
some other studies have failed to find net transfer of carbon (Fitter et al. 1999;
Robinson and Fitter 1999; Pfeffer et al. 2004; Bever and Schultz 2005; Whitfield
2007; Bever et al. 2010 but see, e.g., Song et al. 2015). Indeed, it has been argued
that since the evidence for net carbon flow from plant to plant is so mixed, CMNs
may not have unique consequences for general plant ecology that require recog-
nition of the physical linkages among green plants (Bever et al. 2010).

9.1.2 Density Effects and Plant-Soil Feedbacks: General
Phenomena that Make CMNs Irrelevant?

Specifically, Bever et al. (2010) argued that the dynamics of plant interactions with
mycorrhizal fungi (and other above- and belowground mutualists such as animal
pollinators and n-fixing bacteria) can be effectively explained by a traditional
population dynamics framework, regardless of whether CMNs form physical
linkages among plants (see also Bever and Schultz 2005). Under this view,
Mechanisms 2 and 3 may influence plant ecology, but the physical connection
among plants through a CMN is not important conceptually. For example, one of
two plant species may have a disproportionately positive effect on the density of a
particular shared mycorrhizal fungal species in the soil (Mechanism 2), which then
has a disproportionately positive effect on the second plant species (Mechanism 3).
Although the physical linkage provides the means by which one plant may dis-
proportionately contribute to the density of shared mycorrhizal fungi, or by which a
shared fungus may contribute disproportionately to one particular host plant (e.g.,
Fellbaum et al. 2014), such disproportionate effects on shared interactors is not
unique to plant-plant interactions mediated by CMNs. The sharing of mycorrhizal
fungi between two plants is conceptually no different than, say, the sharing of the
same pollinator by two plants. Species of plants and mycorrhizal fungi simply
interact and affect each other’s densities, and the strength of indirect interactions
among plants and consequent community composition of both plants and fungi
depend on the relative strengths of specific direct interactions between particular
plant and fungal species (Fig. 9.1). This view has been synthesized more generally,
taking into account other soil organisms besides mycorrhizal fungi, as the plant-soil
feedbacks approach (Bever 2003).

There are significant advantages to this perspective. Perhaps most importantly, it
allows effects of mycorrhizal fungi on plant ecology to be modeled, both concep-
tually and mathematically, in a very general existing theoretical framework that also
applies to other kinds of interactions. It allows us to avoid the messy mixture of
concepts (density/population effects and physical engineering/physiological effects)
involved when we must consider that mycorrhizal fungi may act as physical con-
duits for resources among plants. Moreover, plant-soil feedback phenomena can be
measured experimentally with straightforward protocols.
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I suggest, however, that available evidence does not support abandoning the idea
that CMNs and the physical connections among green plants have unique general
effects on plant ecology. Although the plant-soil feedbacks approach can usually
account for Mechanisms 2 and 3, it does not capture Mechanism 1. Even if we
accept the argument that net carbon flows between green plants through CMNs are
usually not significant enough to be ecologically important, and we set aside the
examples of achlorophyllous plants and green orchids, compared to carbon flow,
relatively little attention has been paid to plant-to-plant flow of other plant
resources, such as nitrogen (N), phosphorus (P), and water (Simard et al. 2012; see
Simard et al. Chap. 5, this volume); or of non-resource molecules such as defense or
stress signaling compounds (e.g., Song et al. 2014, 2015) and allelopathic chemi-
cals (Achatz and Rillig 2014; see Jakobsen and Hammer Chap. 4, this volume). If
these flows are important, then CMNs may significantly affect plant ecology via
Mechanism 1, and those effects cannot be captured in the population dynamics of
mycorrhizal mutualists. Moreover, experiments manipulating CMNs and measuring

Fig. 9.1 Net pairwise negative feedback between Panicum sphaerocarpon and Plantago
lanceolata generated by changes in composition of AM fungi (Bever 2002). The thickness of
arrows represents the relative strengths of benefit between individual species of plants and AM
fungi. Scutellospora calospora has high fitness with Plantago, but Plantago does not grow well
with Sc. calospora. Rather, Plantago has highest growth rates in association with AM fungi,
Archaeospora trappei and Acaulospora morrowiae, which themselves have high fitness in
association with Panicum. The asymmetric fitness relationships generate negative feedback which
can contribute to coexistence of these competing plant species. Modified from Fig. 9.2d in Bever
et al. (2010), and used with permission from Elsevier
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plant ecological outcomes (such as the strength of plant-plant interactions) have
found evidence that CMNs have unique effects on these outcomes in some contexts,
and Mechanism 1 has found support or has not been ruled out in those cases. While
such experiments are still relatively few, their importance, design, and strengths and
weaknesses have been given short shrift relative to studies of resource flow in the
debate about CMNs in plant ecology.

In the remainder of this chapter, I have two objectives. First, I will summarize
the potential importance for plant ecology of nitrogen, phosphorus, and water flows
from plant to plant through CMNs. Second, I will analyze the details and outcomes
of experiments designed to test effects of CMNs on plant-plant interactions,
focusing especially on manipulative field experiments, and including discussion of
how such experiments can help to clarify the role of CMNs in plant ecology.

9.1.3 Nitrogen, Phosphorus, and Water Flow Through
CMNs

Nitrogen. N flow from plant to plant through both AM and EM CMNs can
sometimes be substantial (reviewed by He et al. 2009; see Simard et al. Chap. 5,
this volume). For example, a pair of laboratory microcosm experiments (He et al.
2004, 2005) examined the potential for net N transfer through CMNs between two
ectomycorrhizal plants, Eucalyptus maculata and Casuarina cunninghamiana. The
authors grew these plants in compartments separated by 37 µm mesh, which
allowed hyphal growth between plants in adjacent compartments, and a 5 mm air
gap, which reduced diffusion of water and N between the compartments. Prior
studies had used this approach to study one-way N transfer through CMNs (e.g.,
Bethlenfalvay et al. 1991), but He et al. moved the field forward by applying these
methods to test for bi-directional and net flow between two plant species. They also
included high water-holding capacity crystals in the soil medium to reduce water
diffusion, and included non-mycorrhizal control treatments. As Casuarina engages
in a nitrogen-fixing symbiosis with Frankia bacteria living in root nodules,
non-nodulated treatments were also included to test for the effects of nodulation on
N transfer. These experiments demonstrated the potential for substantial amounts of
N transfer from plant to plant through CMNs, with up to 39 % of 15N-labeled
ammonium being transferred from mycorrhizal Eucalyptus to Casuarina and only
10 % in the reverse direction (He et al. 2005). In the same subset of plants,
approximately 30 % of Casuarina’s N was derived from transfer through the CMN.

In a field study of an AM system, Moyer-Henry et al. (2006) used 15N natural
abundance studies to show that two different AM weed species received up to 80 %
of their N via transfers from leguminous crops. Two different non-mycorrhizal
weeds in the same experiment received negligible N transfer from the crops, sug-
gesting that the main pathway of N transfer from the crops to the weeds was via
AM hyphal networks. Not all studies have found such substantial amounts of N
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transferred through CMNs (e.g., Shen and Chu 2004), but these examples show
plant-to-plant N transfer in amounts that certainly have the potential to be eco-
logically significant in N-limited environments, in support of Mechanism 1 above.

Phosphorus. Ecologically meaningful quantities of P have now also been
demonstrated to move from plant to plant, with support for the hypothesis that
CMNs provide a primary pathway for such flow (see Simard et al. Chap. 5, this
volume). For example, Wilson et al. (2006) used a creative combination of
CMN-manipulation treatments (No roots/+CMN vs. No roots/No CMN) and
mycorrhizal suppression treatments (Benomyl fungicide or no fungicide), along
with 32P-labeling, to estimate P flows through multiple pathways between two AM
plants, Indian Grass (Sorghastrum nutans) and the perennial forb Louisiana
Sagewort (Artemisia ludoviciana). They found that Indian Grass received more than
50 % of its P via interplant transfers through AM fungal CMNs, whereas Louisiana
Sagewort received less than 20 % of its P via CMN transfer, and that transfer
through a soil pathway and diffusion through the mesh barrier were negligible. This
experimental design and associated results build on earlier studies that used
32P-labeling to show significant P flow from plant to plant, mediated by CMNs (e.g.
, Martins and Read 1996; Tuffen et al. 2002). As with N transfer, some studies have
shown P transfer among plants to be negligible (e.g., Ikram et al. 1994), but the
results highlighted here show that in some systems, P transfer among plants
mediated by CMNs can be substantial.

Water. Plants with deep root systems can bring deep water to the soil surface at
night and distribute it among fine roots throughout shallow soil layers, through the
physiological process of hydraulic lift (Caldwell et al. 1998; Simard et al. Chap. 5,
this volume). This process makes water more available during the daytime to
shallow roots of the plant conducting hydraulic lift and also to roots belonging to
neighboring plants, potentially allowing facilitation among plant individuals of the
same or different species (e.g., Dawson 1993). Studies have now shown that plants
can transfer hydraulically lifted water directly to the mycelia of their mycorrhizal
fungi (Querejeta et al. 2003), and that mycelia of mycorrhizal fungi can then
redistribute hydraulically lifted water throughout their masses to multiple plants
connected to the same CMN (Egerton-Warburton et al. 2007; Warren et al. 2008;
Allen 2009). Lilleskov et al. (2009) used oxygen stable isotope analysis to show that
EM sporocarps receive and transpire substantial amounts of hydraulically lifted
water, either from host plant roots or via direct mycelial transport from deep water
sources. Egerton-Warburton et al. (2007) used fluorescent dye and isotopic tracers,
coupled with manipulations of CMNs independent of plant roots in microcosms, to
show that CMNs of both AM and EM fungi could distribute hydraulically lifted
water from Quercus agrifolia seedlings to conspecifics and to different plant species
including Salvia mellifera, an AM plant. Warren et al. (2008) used dye tracers in a
field study to show that CMNs of EM fungi can provide a conduit for hydraulic
redistribution of water from adult Pinus ponderosa trees to nearby seedlings.
Although the narrow diameter of fungal hyphae may restrict mass water flow
through CMNs in some cases, the rhizomorphs of some EM fungi may be partic-
ularly well suited for this function, especially those that are hydrophobic and possess
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large, vessel-like internal hyphae, such as Suillus and Rhizopogon (Lilleskov et al.
2009; Agerer 2001). Thus, it is possible that mass flow of water may be more
substantial through some EM fungal CMNs than through AM fungal CMNs.

These studies on N, P, and water transfer typically cannot rule out the possibility
of resource leakage from roots or mycorrhizal hyphae and immediate reabsorption
by the CMN, but this caveat does not alter the implications of the results, as these
studies do show clearly that CMNs are significantly involved in resource transfer
among plants (Wilson et al. 2006). Significant redistribution of water within a
CMN, for example, regardless of whether or not it leaks out and is reabsorbed,
homogenizes water availability among the shallow root systems of large and small
individual plants. When water is a limiting resource, this process effectively creates
facilitation of small, shallow-rooted plants by large, deep-rooted plants, mediated
by CMNs. Similarly, experiments on N and P flow show clearly that CMNs are
mediating significant resource transfer among plants, and additional studies
demonstrate an important role for chemical signaling or chemically-mediated
interactions among plants (Achatz and Rillig 2014; Song et al. 2014, 2015). These
physiological mechanisms are not adequately captured by a simple consideration of
the population dynamics of plants and fungi, since facilitation of one plant by
another via this mechanism does not require density responses of the fungi to their
host plants. Rather, these results suggest the potential for a unique influence of
CMNs on plant-plant interactions via Mechanism 1.

9.1.4 Experimental Tests of CMN Effects on Plant-Plant
Interactions

Testing whether CMNs affect plant ecological outcomes requires going beyond
estimates of resource flows through CMNs. Measurements of plant-plant interaction
strengths and/or community level consequences, such as composition and diversity,
must be made and compared among treatments differing in the presence of CMN
linkages, ideally under field conditions (a CMN field manipulation experiment).
Moreover, claims that specific amounts of resource flow are or are not ecologically
significant are difficult to justify when we have such a paucity of actual tests for
CMN effects (and any associated resource flow) on the plant ecological outcomes of
interest. Relatively few such experiments have been published, likely reflecting the
difficulty of creating experimental treatments that differ in the presence of CMNs
but not in other confounding variables. Despite these challenges, several manipu-
lative field experiments now provide evidence that CMNs formed by mycorrhizal
fungi have unique effects on aspects of green plant community ecology. The studies
all have unique strengths and weaknesses, an analysis of which may help to inspire
and strengthen a new generation of studies that push the field further forward.
Below is such an analysis, focusing first on manipulative field experiments before
discussing the implications of results from these and other types of studies.
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In typical CMN field manipulation experiments, the performance of a target
mycorrhizal plant (typically a seedling) is compared among several treatments. In
most cases, these experiments have been designed with the possibility in mind that
neighbor plant roots may have different (specifically, more negative) direct effects
on seedlings than linkages with neighbor plant CMNs, and have utilized at least
three treatments to estimate those two separate effects: No roots/+CMN, No
roots/No CMN, and +roots/+CMN (Fig. 9.2).

Comparison of target seedling performance in a No roots/+CMN treatment
versus a No roots/No CMN treatment (e.g., a trenching treatment) estimates the
CMN effect of neighbor plants on a target seedling, in the absence of neighbor roots
(Fig. 9.2c vs. d or b vs. d). As detailed below, a No roots/No CMN treatment may
(Fig. 9.2c) or may not (Fig. 9.2b) include a control for the effect of the container
used to exclude roots in the No roots/+CMN treatment. Comparison between a No
roots/No CMN treatment and a +roots/+CMN treatments estimates the net effect of
roots and CMNs together (Fig. 9.2a vs. b). By subtraction of these two treatment
effects, the effect of roots alone can be estimated. Sometimes, a fourth treatment has
been included, +roots/No CMN, which can be used to estimate the effect of CMNs
in the presence of roots (when compared to the +roots/+CMN treatment) and to
directly estimate the effect of roots alone (when compared to the No roots/No CMN
treatment). It is important to note that in all treatments in these studies, both the
target plant and the neighbor plant(s) are mycorrhizal. What is being manipulated is
whether or not the mycorrhizal fungi of the target and neighbor plants are connected

Fig. 9.2 Potential treatments in a field experiment testing separate effects on target plants of
common mycorrhizal networks (CMNs) and roots associated with neighboring plants. Solid black
lines are root, thin gray lines are mycorrhizal fungal mycelium, dotted lines are trenching
treatments or solid barriers, and dashed black lines are containers (e.g., bags or PVC cylinders)
with mesh openings large enough to allow penetration by fungal mycelium but small enough to
exclude roots. a +roots/+CMNs. b No roots/No CMN. c No roots/No CMN (container control).
d No roots/+CMN
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in a CMN and whether or not target and neighbor plant root systems are over-
lapping. Below, I discuss how these treatments have been implemented, including
potential strengths and weaknesses of various approaches. Table 9.1 summarizes
the approaches taken in published field studies to date (of which I am aware). Note
that all such field experiments so far have studied EM (not AM) fungal CMNs.

No roots/+CMN treatment. This treatment (Fig. 9.2d), when compared with a No
Roots/No CMN treatment (Fig. 9.2c vs. d or b vs. d), allows estimation of the effect
of neighbor plant CMNs on a target plant, in the absence of neighbor plant roots.
Neighbor plant roots may have a different effect on the target plant, so it is ideal to
separately estimate root effects and CMN effects. Published studies so far have
created No roots/+CMN target plant plots, which lack neighbor plant roots but
contain CMNs associated with neighbor plants, using mesh barriers with pore sizes
between 20 and 250 µm in cylindrical or rectangular forms ranging in diameter
from 10 to 20 cm and in depth from 18 to 40 cm. This pore size range, depending
on the plant community, excludes most neighbor roots but allows colonization by
fungi. Teste and Simard (2008) and Teste et al. (2009b) included two different
treatments, one with 35 µm mesh designed to allow only individual fungal hyphae,
and one with 250 µm mesh designed to also allow colonization by rhizomorphs.
They observed rare instances of rhizomorphs breaking down into an unstructured
form and penetrating the 35 µm mesh. Teste and Simard (2008) also argued that the
thickness (not the diameter of the openings) of the mesh used in their study
(*320 µm) likely prevented contact exploration types of EM fungi from colonizing
these plots and forming CMNs, although it is unclear how important those contact
exploration types are, relative to other types of EM fungi, in forming functional
CMNs. An important consideration for this treatment is the volume of the mesh
enclosure, which must be sufficient to allow unrestricted target plant root growth for
the intended duration of the experiment, but which must not be too large as to be
impractical to install.

No roots/No CMN treatment. Early experiments, designed to test how contact
with adult tree root systems and associated CMNs may influence the EM fungal
community of seedlings, used trenching or coring and subsequent insertion of
impermeable barriers to separate outplanted seedlings from the roots and CMNs of
neighboring adult trees (reviewed by Deacon and Fleming 1992; see also Simard
et al. 1997b). In more recent experiments focused on testing effects of CMNs on
plant ecology, two different approaches have been used to establish this treatment,
which excludes both roots and CMNs associated with neighbor plants, but in which
target plants are mycorrhizal (Fig. 9.2b, c). In one approach, bags or cylinders of the
same size as those in the No roots/+CMN treatment are used, but are made of an
impermeable material or covered with a mesh of sufficiently small pore size (0.45–
4 µm) to exclude roots and fungi but to potentially allow some passage of water and
gases (e.g., McGuire 2007; Teste et al. 2009b). An alternative approach has been to
repeatedly (every 4–6 weeks) renew a conical trench around the target plant plot,
severing roots and CMNs that have grown into the plot (Booth 2004; Booth and
Hoeksema 2010). In both cases, target plants establish their own mycorrhizas (not
linked to neighbor plants via a CMN) independently, via fungal propagules in the
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soil. One major advantage of the first approach (bags or cylinders the same size as
in the No roots/+CMN treatment) is that once the bags or cylinders are installed,
much less labor is required to maintain the treatment, whereas the trenching
treatment requires a great deal of physical labor. In addition, the physical process of
trenching could potentially cause disturbance of the target plant plot. On the other
hand, the trenching approach has a significant advantage, which is that the volume
of soil inside the trenched zone, and thus the soil volume that can be explored by
the mycorrhizal fungi associated with the target plant, can be substantially larger
than the mesh bag or cylinder used to create the No roots/+CMN treatment. In
contrast, if an impermeable barrier or very fine mesh is used to create the No
roots/No CMN treatment, then target plants and their associated mycorrhizal fungi
in that treatment are restricted to explore the volume of soil inside the bag or
cylinder. This situation could be problematic when comparing plant growth with
the No roots/+CMN treatment, in which mycorrhizal fungi associated with target
plants are theoretically free to explore a much larger soil volume. In addition, the
trenching approach allows inclusion of a No roots/No CMN treatment that controls
for bag/cylinder effects by growing the target seedling inside a bag or cylinder
identical to the one used in the No roots/+CMN treatment (Fig. 9.2c). Regardless of
how this treatment is imposed, it is possible it may select for a different subset of the
mycorrhizal fungal community than other treatments allowing CMN connections,
potentially confounding interpretation of comparisons of plant performance among
treatments (also see below under Field CMN-manipulation Experiments).

+roots/+CMN treatment. All of the published CMN manipulation experiments
reviewed here took a similar approach to establishing this treatment, which was to
plant target plants into intact soil containing roots and compatible CMNs associated
with neighbor plants (Fig. 9.2a). In some cases, investigators took the extra step to
first impose a disturbance similar to that created in the two No Roots treatments,
e.g., installing and then removing a mesh bag or cylinder, in order to control for the
effects of this disturbance across the whole experiment (McGuire 2007; Teste et al.
2009b; Booth and Hoeksema 2010; Bingham and Simard 2012a).

+roots/No CMN treatment. This treatment (when compared with a +roots/
+CMN treatment) potentially allows estimation of the effect of neighbor plant
CMNs on a target plant, in the presence of interactions between target and neighbor
plant roots. However, this treatment is the most difficult to establish in a way that
does not include confounding effects. Ideally, target and neighbor plants are both
mycorrhizal, and their roots and mycorrhizal fungi are intermingled, but no CMN
connections form between the mycorrhizas of the two plants. The only way this
treatment has been achieved in published experiments is to establish AM target
plants in soil colonized by roots and incompatible CMNs of EM neighbor plants
(Eason et al. 1991; Booth 2004). In theory another possible approach, if target and
neighbor plants are different species, would be to inoculate target and neighbor
plants with different host-specific mycorrhizal fungi. All of these approaches have
the limitation of confounding the lack of CMNs with one or more other factors that
may differ between this treatment and the +roots/+CMN treatment, such as differing
densities of compatible mycorrhizal fungi for the target plant, differing species or
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types of neighbor fungi, differing neighbor plant species or microenvironments, or
differing target plant species.

Additional methodological considerations for CMN field manipulation experi-
ments. Some studies (e.g., McGuire 2007) allowed no time for in-growth of CMNs
into No roots/+CMN plots before seedlings were planted, while others allowed up
to a year (e.g., Booth and Hoeksema 2010). Although both of these experiments
observed positive effects of CMNs on target plant growth and/or survival, I suggest
that studies allowing a longer time for establishment of the CMN before planting
target plants are more likely to provide accurate estimates of the potential effect of
CMNs, since these benefits may be highest when target plants are youngest and join
an existing CMN. For the same reason, benefits of CMNs may be less likely to be
observed when older seedlings are planted as target plants (e.g., Teste and Simard
2008) compared to when seeds or young seedlings are planted (e.g., McGuire
2007). One study compared results between both of these approaches (Teste et al.
2009b). Bingham and Simard (2012a) demonstrated how the timing of planting can
dramatically affect how target seedlings respond to CMNs. Finally, one study
(Kranabetter 2005) used open-bottomed bags to implement treatments, making it
possible that CMNs and overstorey roots were present in both No roots/No CMN
and No roots/+CMN treatments, thereby potentially masking distinct CMN effects.
Open-bottomed containers for target plants may be appropriate for implementing
these treatments in some systems, but investigators must take care to insure and
verify that this approach does not result in confounding colonization of target plant
plots by unwanted roots or mycorrhizal fungi from neighbor plants.

9.1.5 What Do Results of Previous Field, Laboratory,
and Other CMN Studies Tell Us?

Field CMN-manipulation experiments. Four CMN manipulation studies conducted
in EM forests have found substantially higher growth and/or survival of target
seedlings in No roots/+CMN treatments compared to No roots/No CMN treatments
(Booth 2004; McGuire 2007; Booth and Hoeksema 2010; Bingham and Simard
2012a), providing support for the notion that overstorey trees can have important
facilitative effects on seedlings through CMNs (but see Jakobsen and Hammer,
Chap. 4, this volume). Two of these studies (Booth and Hoeksema 2010; Bingham
and Simard 2012a) reported data that provide a partial test for whether resource
transfer (i.e., Mechanism 1) was the mechanism underlying the facilitative effect of
CMNs. Booth and Hoeksema (2010) found higher survival of target Pinus radiata
seedlings over two years in No roots/+CMN plots compared to No roots/No CMN
plots, but no differences in target seedling growth, N status, or maximum photo-
synthetic rates, suggesting that N transfer from overstorey Pinus radiata trees was
not responsible for facilitative effects. This study did, however, find that leaves of
target seedlings connected to overstorey CMNs were significantly depleted in 13C at
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the end of the experiment relative to non-networked seedlings. This is the opposite
pattern that would be expected if the leaves of networked seedlings contained a
substantial proportion of carbon transferred through the CMN from overstorey trees
(Hogberg et al. 1999). Rather, this result supports the hypothesis that networked
seedlings had access to and transpired more water than non-networked seedlings, as
total water transpiration is correlated with depletion in 13C (Farquhar et al. 1989;
Fotelli et al. 2003; Querejeta et al. 2006). Moreover, most target seedling mortality
occurred during the dry season. Altogether, these results suggest that CMNs
associated with overstorey trees had a facilitative effect on understorey seedling
dry-season survival through the redistribution of water that was hydraulically lifted
by overstorey trees. In the same study, overstorey tree roots were found to have a
direct negative (competitive) effect on seedling survival, but much of this com-
petitive effect was offset by the facilitative effect of overstorey CMNs. Bingham and
Simard (2012a) found that Douglas fir (Pseudotsuga menziesii) seedling survival
under a Douglas fir canopy was dramatically higher in a No roots/+CMN treatment
compared to a No roots/No CMN treatment. They measured 13C natural abundance
in target seedling stems, but did not find significant differences among CMN
treatments.

Three field studies (Teste and Simard 2008; Teste et al. 2009b; Bingham and
Simard 2013) found no difference in target Douglas fir seedling performance
between No roots/+CMN treatments compared to No roots/No CMN treatments.
The authors of the two earlier field studies suggested that CMN formation was
limited in their No roots/+CMN treatments, and they found increases in target
Douglas fir seedling performance in +roots/+CMN treatments compared to No
roots/No CMN treatments, which suggests facilitation of seedlings through either
roots or CMNs associated with neighbor Douglas fir individuals. One of the field
studies (Teste et al. 2009b) tested for C and N transfer from Douglas fir trees to
target seedlings, and one (Bingham and Simard 2013) tested indirectly for C and
water transfer by measuring 13C natural abundance in target seedling stems; both
found little evidence of significant differences among CMN treatments in the
amount of resources transferred. In the field experiment by Teste and Simard
(2008), however, deuterium-labeled water was used to track water transfer, and it
was estimated that target seedlings received more than 21 % of their water through
hydraulic redistribution from adult neighbor trees (Schoonmaker et al. 2007).
Whether or not the pathway was root-soil-root or root-CMN-root, transfer of water
seems to be one of the underlying mechanisms behind this instance of seedling
facilitation by trees.

Bever et al. (2010) recently argued that these CMN manipulation experiments do
not distinguish between the mechanisms of resource transfer between plants versus
changes in density or composition of mycorrhizal symbionts, since treatments that
sever the CMN also reduce the density of mycorrhizal fungi available to the target
plant and reduce resource availability to the mycorrhizas of the target plant.
I disagree with this blanket assessment, and suggest that a careful examination of
the details of these experiments can help distinguish between alternative mecha-
nisms. For example, in the Booth and Hoeksema (2010) study, No roots/+CMN
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plots and No roots/No CMN both contained cylinders wrapped in mesh that
excluded roots but allowed CMN colonization. These cylinders were allowed one
year to be colonized by overstorey CMNs before young target seedlings were
planted in January during the wet season and trenches were cut to sever overstorey
roots and CMNs entering the No roots/No CMN plots. Planted seedlings may have
encountered reduced initial densities of mycorrhizal fungi in the latter plots;
however, there were no differences among treatments in seedling mortality or
growth during the early phase of the experiment. Rather, treatment differences in
target seedling mortality appeared later in the experiment, during two subsequent
dry summers, when mycorrhizal fungal densities were likely very similar among
treatments. Moreover, it seems unlikely that trenching substantially reduced
resource availability to mycorrhizas associated with the target seedlings in No
roots/No CMN plots (except for resources potentially transferred from overstorey
CMNs), as trenches were cut well away from the target seedling cylinders, in a
conical shape with a diameter at the soil surface of 0.5 m. As discussed above,
stable isotope data from this experiment suggest that seedlings in the No roots/
+CMN treatment survived at a higher rate during dry summers at least in part due to
great access to hydraulically distributed water from CMNs. Restriction of available
resources to mycorrhizas in the No roots/No CMN treatment might be more of a
concern in experiments that create this treatment using impermeable or micromesh
bags the same size as the mesh bags used in the No roots/+CMN treatment.

As Bever et al. (2010) rightly pointed out, however, the mechanism of resource
transfer through CMNs is not mutually exclusive from that of plant-soil feedbacks
through altered densities or composition of mycorrhizal symbionts and asymmetric
distribution of benefits by the symbionts among different hosts (i.e., versions of
Mechanisms 2 and 3) in explaining facilitation of target plants by neighbor plants
(see also Simard and Durall 2004; Selosse et al. 2006), and both mechanisms may
have been operating in the experiments discussed above that showed facilitation of
target seedlings by CMNs of overstorey trees (Booth 2004; McGuire 2007; Booth
and Hoeksema 2010; Bingham and Simard 2012a). However, none of those studies
reported data on variation in mycorrhizal fungal densities or community compo-
sition among treatments. In the experiment by Booth and Hoeksema (2010) one EM
fungal taxon, Tomentella sublilacina, was most abundant on target seedlings in all
treatments, although composition of rare taxa may have differed among treatments
(K.J. Hennig, unpublished data). Teste et al. (2009b) found that when Douglas fir
seeds (rather than seedlings) were planted in target plant plots, ectomycorrhizal
colonization on target seedlings was higher after the first growing season in the
+roots/+CMN treatment, but this effect disappeared by the following growth sea-
son. In the study by Teste and Simard (2008), treatments had no effect on myc-
orrhizal colonization, richness, or diversity (reported in Teste et al. 2009a), whereas
the field study by Bingham and Simard (2013) found that the similarity of target
seedling EM fungal communities to those of neighboring adult trees was signifi-
cantly altered by CMN manipulations (reported in Bingham and Simard 2012b). In
future experimental studies of potential CMN effects on plant ecology, it will be
essential to report companion data on how mycorrhizal fungal community
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composition is altered by treatments, and ideally also on variation among fungal
taxa in how they affect plant growth, so that alternative mechanisms can be clearly
distinguished.

Laboratory CMN-manipulation studies. Laboratory (greenhouse or growth
chamber) studies across diverse systems have now shown that severing of CMN
connections between plants can significantly alter outcomes of plant-plant inter-
actions. In particular, recent experiments in AM systems support the idea that
CMNs mediate antagonistic, rather than facilitative, interactions among plants (e.g.,
Janos et al. 2013; Merrild et al. 2013; Weremijewicz and Janos 2013). Typically,
these studies have used restrictive mesh to prevent root overlap between adjacent
plants and to allow mycorrhizal hyphae to form a CMN, creating a No roots/+CMN
treatment, and have compared target plant performance between this treatment and
a No roots/No CMN treatment in which the CMN is severed or prevented. One
advantage of these laboratory experiments is that fungal community composition
can be controlled, and plant and fungal densities can be either controlled or care-
fully monitored.

In one example from an AM system, target tomato (Solanum lycopersicon)
seedlings were found to grow significantly larger and to attain a higher P status when
CMN connections to neighbor cucumber (Cucumis sativus) plants were severed,
suggesting that connections mediate antagonistic effects of cucumber on tomato
(Merrild et al. 2013). Fungal densities and root colonization were high across
treatments, and the authors argued that asymmetric distribution of P by the AM fungi
forming the CMN (Mechanism 3) was responsible for the antagonistic interaction,
although the possibility of interplant transfer of P or other resources through the
CMN was not explored. Similar growth benefits of severing an AM CMN, despite
consistent AM colonization among treatments, were found for Eucalyptus tetrodonta
(Janos et al. 2013). In yet another AM system, intact CMNs mediated intraspecific
competition between big bluestem (Andropogon gerardii) individuals, resulting in
greater size inequality among plants interconnected by CMNs compared to those
with severed CMNs (Weremijewicz and Janos 2013). In this experiment, plants with
access to CMNs exhibited higher root colonization by AM fungi, supporting the idea
that CMNs mediated plant-plant interactions at least partly through density effects
(Mechanism 2). However, the authors argue that CMNs had access to larger volumes
of soil for nutrient acquisition, compared to the AM fungi of non-networked plants,
allowing higher overall productivity in systems connected by CMNs. This inter-
pretation highlights the problem, highlighted above (under “No roots/No CMN
treatment”), that emerges when CMN connections are prevented by using an
impermeable container the same size as those in which CMN-connected plants are
grown: In this case, the soil volume available for nutrient acquisition by plants
disconnected from the CMN is much smaller than the soil volume available to
CMN-networked plants, confounding effects of CMN connections per se with dif-
ferences in resource availability. One laboratory study in an EM system found no
difference in target Douglas fir seedling performance between No roots/+CMN
treatments compared to No roots/No CMN treatments (Bingham and Simard 2011),
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but was notable for its effort to test for C and water transfer between Douglas fir
seedlings using stable isotope pulse-labeling.

CMN-inoculation and near-planting experiments. Another type of experiment
relevant to the debate about the importance of mycorrhizal networks is one in which
the performance of a target plant is compared between two treatments—one in
which no mycorrhizal inoculum is provided and one in which mycorrhizal inocu-
lum is provided in the form of the mycelium associated with a companion plant
(e.g., Nara 2006). In these experiments, target plant performance is consistently
found to be higher when inoculum is provided by a companion plant compared to
when it is not (reviewed by van der Heijden and Horton 2009). Although the
inoculum in these experiments is indeed provided by the CMN associated with a
neighbor plant, I suggest that these results do not provide evidence for unique CMN
effects on plant ecology. Since target plant performance is compared between a
+CMN treatment and a non-mycorrhizal treatment, the effect of CMN network
connections per se cannot be distinguished from the simple effect of mycorrhizal
inoculation. This point has been made previously by other authors (Teste and
Simard 2008; Bever et al. 2010), and Teste and Simard (2008) suggest that facil-
itation in these experiments be termed “MN-inoculation” effects rather than direct
MN effects. Certainly, these studies provide examples in which the mechanism of
indirect plant-plant facilitation is altered density of the mycorrhizal fungal sym-
biont, as discussed by Bever et al. (2010).

More informative to the debate about unique CMN effects in which linkages per
se are important is a comparison of the magnitude of benefit to a target plant when it
is inoculated by a CMN versus inoculation by spores or mycelium. Such an
experiment would essentially constitute a comparison between a +roots/+CMN or
No roots/+CMN treatment versus a No roots/No CMN treatment as described
above, in which all target plants are mycorrhizal, but the two treatments differ in the
presence of CMN connections. If the mycorrhizal No roots/No CMN treatment is
compared with a +roots/CMN treatment, then the relative roles of neighbor plant
roots versus CMNs may not be clear. Moreover, the mechanism of interactions
(Mechanisms 1–3) would not be clear without careful examination of companion
data in each experiment. An example of one such experiment was provided by
Kytöviita et al. (2003), who compared the growth of four herbaceous perennial
plants in a greenhouse experiment across several treatments, including
non-mycorrhizal target plants, target plants inoculated in isolation with spores of
one of several AM fungi, or target plants inoculated via mycelial growth of AM
fungi from the CMN of an established neighbor plant. They found that growth of
the target plants was not improved by inoculation through the CMN compared to
inoculation by spores, suggesting either no benefit of a CMN connection, a benefit
that was offset by competitive effects of the neighboring plant root system, or a
benefit that was offset by competition for resources through the CMN itself (as the
authors argue).

In an intermediate approach between CMN manipulations and CMN inoculation
studies, a few studies have effectively generated a comparison of target plant per-
formance among +roots/+CMN, No roots/No CMN, and/or +roots/No CMN
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treatments by planting an EM target plant in the field near different types of neighbors
and/or at different distances from neighbors (e.g., Horton et al. 1999; Dickie et al.
2002, 2005; Teste and Simard 2008). In some of these experiments, +roots/No CMN
and +roots/+CMN treatments were effectively established by planting EM target
plants in soil colonized by roots and either incompatible CMNs of predominantly AM
neighbor plants or compatible CMNs of EM neighbor plants, respectively. Dickie
et al. (2002) also created a no roots/+CMN treatment by planting their EM target
plants near stumps of dead EM host plants, in soils that presumably lacked roots and
CMNs associated with neighbor plants. A key difference between these experiments
versus CMN inoculation experiments (reviewed by van derHeijden andHorton 2009)
is that the target seedlings in all treatments had access to natural levels of compatible
EM inoculum, so that an effect of neighbor CMNs was not necessarily just an inoc-
ulation effect. One potential challenge of these studies is that multiple aspects of the
microenvironment had the potential to differ among treatments, so interpretation was
aided by thorough measurement of microenvironmental variation. Horton et al.
(1999) found substantially increased survival of EM Pseudotsuga target plants near
EM Arctostaphylos neighbors compared to those near predominantly AM
Adenostoma neighbors, and Dickie et al. (2002) found significantly increased nutrient
status and growth in Quercus seedlings planted near EM Quercus neighbors com-
pared to those near AM Acer neighbors. In both studies, microenvironmental differ-
ences among treatments were minimal, and data on densities and identities of EM
fungi on target plants supported the hypothesis that facilitation by neighbors was
mediated by altered densities and composition of EM inoculum (as hypothesized by
Bever and Schultz 2005; Bever et al. 2010), although resource transfers were not
estimated or ruled out, andHorton et al. (1999) also noted available soil P andmoisture
as potentially explaining treatment differences.

9.2 Conclusions

If we are to make efficient progress in understanding what roles mycorrhizal fungi
play in mediating community dynamics and general plant ecology, we need to clearly
recognize the kinds of studies that are needed to distinguish among multiple alter-
native hypotheses, including resource flows through CMNs and altered densities and
composition of mycorrhizal fungal communities. First, we need experimental studies
that clearly distinguish between effects of physical connections throughCMNs per se,
versus effects of CMNs on inoculum densities and composition, on strengths of
interactions among plants and/or plant community composition. Although these
experiments are difficult to execute in a way that allows clear inference, several
examples have been published on which future efforts can build. In particular, more
such field experiments are needed in AM systems. Most importantly, such studies
need to be combined with companion data sufficient to distinguish among multiple
types of resource flow through CMNs, as well as data to quantify altered densities,
composition, and functions of mycorrhizal fungal symbionts, so that Mechanisms 1–
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3 can be effectively tested. In particular, water, phosphorus, and nitrogen flow
through CMNs may be more ecologically significant than attention paid to them in
previous studies would indicate, andwe still understand relatively little about whether
or how individual fungal taxa in mixed communities may contribute differently to
plant growth or the function of CMNs. Despite decades of progress, we are still in the
early stages of determining the general ecological significance of common mycor-
rhizal networks, and significant advances will only come with careful accumulation
and examination of proper evidence.
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Atriplex sagittata, 97
Avena barbata, 104
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Betula, 10, 13, 21, 25, 26
Betula ermanii, 181
Betula nana, 151
Betula occidentalis, 234, 236, 247, 248
Betula papyrifera, 14, 20, 21, 26, 149
Betula pendula, 15, 23
Bidens pilosa, 95
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Boletus edulis, 76
Bothriochloa bladhii, 106
Bouteloua curtipendula, 105
Bouteloua gracilis, 114
Brachypodium pinnatum, 97
Brachystegia cynometroides, 24
Brassica oleraceae, 94
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Ceanothus cuneatus, 155
Ceiba pentandra, 95
Cenococcum, 229
Cenococcum geophilum, 9, 78, 182
Cenococum geophilum, 82
Centaurea maculosa, 97
Centaurea melitensis, 103
Cephaloziella various, 11
Cercocarpus, 23
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Citrus sinensis, 104
Cortinarius, 181, 184, 192, 229, 233
Cortinarius fennoscandicus, 151
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Cucumis sativus, 96, 271
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Frankia, 153, 227, 238, 239, 243, 244,
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mosseae), 44
Funniliformis caledonius, 45, 56
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Gigaspora, 93, 107
Gigaspora albida, 46
Gigaspora gigantea, 46
Gigaspora margarita, 17, 46
Gigasoporaceae, 209

Glomeraceae, 209
Glomus, 17
Glomus hoi, 46
Gnaphalium norvegicum, 95
Gossypium hirsutum, 54
Gyrodon, 229
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Hebeloma, 229
Hebeloma crustuliniforme, 17
Hebeloma cylindrosporum, 184
Helianthus annuus, 105
Holcus lanatus, 119
Hordeum jubatum, 105
Hypericon perforatum, 94
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Inocybe, 229, 233
Inocybe lacera, 181
Instia bijuga, 15
Instia palembanica, 24
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Koeleria pyranidata, 103
Koleria cristata, 104

L
Laccaria amethystina, 181
Laccaria bicolor, 17, 81, 140
Laccaria laccata, 17, 18, 181
Laccaria murina, 181
Laccaria proxima, 71
Lactarius, 229, 233
Lactarius deliciosus, 76
Lactarius deterrimus, 27
Lactarius quietus, 78
Lactarius theiogalus, 78
Lactuca sativa, 54
Larix, 14, 25, 27
Larix eurolepis, 156
Larix kaempferi, 181
Leccinum, 13
Ligularia virgaurea, 105
Linum usitatissimum, 105, 217
Lithocarpus densiflora, 21, 23
Litsea glutinosa, 95
Lolium multiflorum, 96
Lolium perenne, 119
Lotus corniculatus, 119

M
Maianthemum racemosum, 95
Medicago lupulina, 96
Medicago sativa, 53, 102
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Medicago truncatula, 17, 98
Melinis repens, 95
Myrtaceae, 13
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Nothofagus, 235
Nothofagus cunninghamii, 26
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Otholobium hirtum, 101
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Paxillus, 229, 240
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Phleum pratense, 103
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Picea, 10, 15, 20, 26, 27
Picea abies, 75, 154
Picea engelmannii, 20, 23
Picea glauca, 20, 23, 26
Picea sitchensis
Piloderma byssinum, 78
Pinus, 10, 11, 20, 21, 23, 26, 27, 184, 233, 238,

240, 242
Pinus contorta, 14, 20, 23, 153, 156, 238
Pinus montezumae, 233, 238
Pinus ponderosa, 261
Pinus radiata, 17, 268
Pinus resinosa, 20, 22
Pinus sabiniana, 155
Pinus sylvestris, 13, 27, 142, 153, 156, 238,

244
Pinus taeda, 76
Pisolithus tinctorius, 17
Pisonia grandis, 14, 228
Plantago lanceolata, 113, 259
Polygonum, 181
Populus, 11, 13, 15, 26
Prunella vulgaris, 94
Prunus cerasifera, 45
Pseodoroegneria spicata, 104
Pseudotomentella, 229
Pseudotsuga, 9, 11, 20, 21
Pseudotsuga menziesii, 8, 10, 19–21, 23, 228,

233, 237, 243, 244, 269
Pseudotsuga menziesii var. glauca, 145
Pterospora andromedea, 10, 21
Pyrola ascarifolia, 155

Pyrola picta, 24

Q
Quercus, 9, 10, 14–16, 21, 23, 26, 29, 181
Quercus agrifolia, 16, 261
Quercus canariensis, 14
Quercus crassifolia, 26
Quercus douglasii, 155
Quercus ilex, 21, 22
Quercus laurina, 26
Quercus suber, 14, 26

R
Racocetra castanea, 57
Rhizobium, 153
Rhizocyphus ericae, 11
Rhizoglomus clarus, 46
Rhizoglomus intraradices, 46
Rhizoglomus irregularis (formally Glomus

intraradices), 60
Rhizoglomus proliferus, 46
Rhizophagus, 93
Rhizophagus irregularis (formally Glomus

intraradices), 28
Rhizopogon, 9, 10, 13, 19, 21, 24, 180, 228,

242
Rhizopogon luteolus, 17
Rhizopogon rubesens, 17
Rhizopogon salebrosus, 14
Rhizopogon vesiculosus, 145
Rhizopogon vinicolor, 17, 145
Russula, 151, 181, 187, 192, 229
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Salix, 11, 27
Salix arctica, 27
Salix reinii, 181
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Salsola kali, 219
Salvia mellifera, 261
Schizachyrium scoparium, 105
Scleroderma, 13
Scleroderma bovista, 181
Scutellospora, 93, 107
Scutellospora calospora, 259
Sebeniales, 11
Setaria lutescens, 103
Shorea, 24
Shorea leprosula, 24
Sibbaldia procumbens, 94
Silene vulgaris, 98
Sisymbrium loeselii, 95
Solanum lycopersicon, 96, 271
Solanum melongena, 54
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Solanum nigrum, 106
Solidago virgaurea, 94
Sorgastrum nutans, 105, 261
Sorghum bicolor, 105, 217
Sorghum vulgare, 94
Sporobolus heterolepis, 105
Stellaria media, 218
Stylosanthes gracilis, 104
Suillus, 8, 189, 240
Suillus bovinus, 17, 81, 142, 156
Suillus grevillei, 27, 142
Suillus larcinus, 14
Suillus plorens, 27
Suillus species, 82
Suillus variegatus, 24

T
Taraxacum officinale, 106
Thelephora, 138
Thelephora terrestris, 14, 71
Thujaplicata, 149
Thymus vulgaris, 45
Tomentella, 181, 229, 233, 234
Tomentella sublilacina, 270
Trifolium pratense, 113
Trifolium repens, 103

Trifolium subterraneum, 45, 95
Tripleurospermum inodorum, 95
Triticum aestivum, 119
Tsuga, 10, 20
Tsuga heterophylla, 14, 20, 21, 23, 241
Tuber, 14
Tylospora fibrillosa, 78

U
Uapaca, 25

V
Vaccinium, 14
Vaccinium macrocarpon, 11
Vaccinium membranaceum, 155
Vicia faba, 44, 119
Vulpia ciliata, 101

W
Wilcoxina, 14, 138
Woolsia pungens, 11

Z
Zea maize, 218
Zea mays, 104
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