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Abstract:

Ectomycorrhizal associations (ECM, or EM) are mutualistic
associations between higher fungi and Gymnosperms or Angiosperms.
ECM associations consist of a soil mycelium system, linking
mycorrhizal roots and storage or reproductive structures.
Ectomycorrhizal roots (formerly known as ectotrophic or sheathing
mycorrhizas) are characterized by the presence of a mantle and Hartig
net. Ectomycorrhizal (ECM) associations involve the most diverse
category of myocrrhizae. The diversity derives from the fungal
partners; more than 5,000 species of fungi, mainly Basidiomycetes,
Ascomycetes and a few Zygomycetes. On the contrary relatively few
families of plants such as Fagaceae, Pinaceae, Betulaceae, and
Dipterocarpaceae are involved in the ECM associations. These plants,
however, are distributed over wide areas of temperate and boreal
forests, and are therefore economically important. ECM makes a
significant contribution to forest ecosystems by increasing biomass and
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creating a network among trees through which nutrients are
transported. ECM fungi also improve the growth of host plants at the
seedling stage.

Key words: Ectomycorhizae, Morphology, Sporocarp, Nutrient
acquisition.

INTRODUCTION

Most land plants form associations with mycorrhizal fungi.
Mycorrhizae are mutualistic associations between fungi and
plant roots (Dell, 2002; Brundrett, 2009) and regulate
elemental and energy flows in terrestrial ecosystems (Allen et
al., 2003). This interaction occurs in and on the root tips
involving a bidirectional exchange of nutrients (Smith and
Read, 1997). In mycorrhizal associations, the term symbiosis is
often used to describe highly interdependent mutualistic
relationships where the host plant receives mineral nutrients
while the fungus obtains photosynthetically derived carbon
compounds (Harley, 1989; Harley and Smith, 1983). They are
described as symbiotic because the fungus receives
photosynthetically derived carbon compounds and the plant has
increased access to mineral nutrients and sometimes water.
Mycorrhizal associations predominate in most natural
terrestrial ecosystems (Brundrett, 1991). Whereas the AM fungi
are widespread geographically and have a very extensive host
range, the ECM fungi are more restricted, forming associations
predominantly with genera of important woody plants.
Nevertheless, ECM fungi are dominant components of the
ground-dwelling macro-fungi in ecosystems where members of
the  following plant families abound: Betulaceae,
Dipterocarpaceae, Fagaceae, Myrtaceae, Pinaceae, Ulmaceae,
Salicaceae (Dell, 2002). Because of their ability to acquire water
and nutrients at low concentrations in the soil, ECM have been
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cited as having been crucial for the colonization of land by
plants (Cairney, 2000; Blackwell, 2000; Brundrett, 2002:
Pirozynski and Malloch, 1975). They are considered to be of
importance in nutrient stressed infertile environments (Gao
and Yang, 2010), hence believed to be vital in restoration of
degraded forest ecosystems.

CLASSIFICATION OF MYCORRHIZAE:

Mycorrhizae are multifaceted associations comprising diverse
morphological, functional and evolutionary categories (Smith
and Read, 1997; Brundrett, 2002). Some types of mycorrhizae
are similar and share plant lineages while others have highly
distinct anatomical features and separate evolutionary histories
(Brundrett, 2002). Frank (1885) distinguished two main types
of mycorrhiza: ectotrophic and endotrophic. Early
morphological classifications separated mycorrhizas into
endomycorrhizal, ectomycorrhizal and ectendomycorrhizal
associations based on the relative location of fungi in roots
(Peyronel et al., 1969).

1) Ectomycorrhizae, where absorbing organ is entirely
surrounded by a well developed compact mantle of
fungal material from which hyphae arise that pass into
the absorbing organ and grow between the absorbing
cells.

11) Endomycorrhizae, where the hyphae external to
absorbing organ are not aggregated by any extent, but
inter and intracellular penetration by hyphae is
characteristic

1i1) Ectendomycorrhizae which have an external mantle of
some sort although it may not be always be very well
developed and the hyphae within the host penetrate its
cells as well as grow between them.
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On the basis of morphological characteristics, mycorrhizal types
can be divided into seven main groups namely arbuscular
mycorrhiza, arbutoid mycorrhiza, ectendomycorrhiza,
ectomycorrhizae, ericoid mycorrhiza, monotropoid mycorrhiza
and orchid mycorrhiza (Harley and Smith, 1983; Brundrett,
2004 and Finlay, 2008). The mycorrhizal types contribute
differentially to functional traits of plant carbon (C) cycling
(Cornelissen et al., 2001).

2. ECTOMYCORRHIZAE (ECM):

Ectomycorrhizae are the dominating mycorrhizal type in
temperate and boreal forests as 80%—90% trees in temperate
and boreal forest ecosystems live in symbiosis with
ectomycorrhizal (ECM) fungi (Read, 1992; Valtanen, 2012;
Deckmyn et al., 2014). Fossil records of ECM originate from 50-
52 million years ago (Beimforde et al., 2011, LePage et al.
1997), but presumably ECM evolved together with
gymnosperms and exist since 190 million years (Taylor et al.,
2009). ECM associations are formed by estimated 7,000-10,000
fungal taxa and by 8,000 plant taxa (Taylor and Alexander,
2005). Even though only a small fraction of terrestrial plants
form ECM symbioses, they include numerous ecologically and
economically important tree species (Taylor and Alexander,
2005).

In the terrestrial ecosystems ectomycorrhizal association
1s one of the most ecologically important symbiotic associations
(Smith and Read, 1997; Cairney and Chambers, 1999; Rinaldi
et al., 2008). This association is supposed to be valuable for
alleviating nutritional stress for both plants and fungi (Gao and
Yang, 2010). Ectomycorrhizal fungi cover the finest root
branches of the tree and provide nutrients from the soil in
exchange for phytosynthetically derived carbon (Tedersoo et al.,
2012). These symbionts contribute up to 39% of microbial
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biomass and 10-35% of respiration in boreal forest soils (Smith
and Read, 2008; Hogberg et al., 2010). The partners in this
association are members of the fungus kingdom (Zygomycetes,
Ascomycetes and Basidiomycetes, but not protistan fungi such
as Oomycetes) and most vascular plants both gymnosperms
(Pinaceae, Cupressaceae) and angiosperms (Juglandaceae,
Fagaceae, Betulaceae, Tiliaceae, Salicaceae, Ulmaceae,
Rosaceae, Leguminosae, Sapindacea, Aceraceae, Myrtaceae,
Ericaceae and Dipterocarpaceae) (Harley and Smith, 1983;
Newman and Reddell, 1987; Smith and Read, 1997; Brundrett,
2009). The fungus partner mainly belongs to higher fungi,
which produce mushrooms and puffballs (Trappe, 1977). Fungal
members of the Basidiomycota dominate this type of
mycorrhiza (45 genera) with members of Ascomycota
occasionally forming ectomycorrhizas (18 genera), and
Zygomycota very rarely forming ectomycorrhizas (members of
the genus Endogone) (Carlile et al., 2001, Brundrett et al., 1996,
Smith and Read, 1997). Genera such as Amanita, Boletus,
Cantharellus, Cortinarius, Inocybe, Laccaria, Lactarius,
Rhizopogon, Russula, Suillus and Xerocomus are common and
well recognized ectomycorrhizal (ECM) Basidiomycota genera
(Cairney and Chambers, 1999). ECM fungi are considered to
form more species specific associations as compared to AM
fungi which mostly are generalists. However, some ECM fungal
species associate with a wide range of hosts, for example
Pisolithus spp. that associate with 20 confirmed host plant
genera (Cairney and Chambers, 1999), as opposed to members
of the genus Suillus that associate exclusively with plant hosts
within the family Pinaceae (Dahlberg and Finlay, 1999). ECM
fungi generally, but not without exception, associate with
perennial woody tree species belonging to plant genera that
commonly include: Abies, Betula, Fagus, Picea, Pinus, Populus,
Quercus and Salix, (Europe and America), and Acacia,
Eucalyptus, Nothofagus in Australia (Brundrett et al., 1996),
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and members of Caesalpiniaceae and Dipterocarpaceae in
Southern Africa (Hogberg, 1986). Many of the plant species
naturally found in the Northern Hemisphere are planted in
managed forest plantations in the Southern Hemisphere, such
as Pinus. Although ECM plant host diversity appears to be
limited, plant hosts from 130 genera in 43 plant families have
been recorded (Carlile et al., 2001).

2.1 Morphology of ECM

Morphologically, ectomycorrhizae have been characterized by
three structural traits: a mantle of fungal tissue that encases
the root tip, secondly, a net of hyphae penetrating the root and
thereby surrounding epidermal and cortical root cells, which is
called the Hartig’s net, and thirdly, a system of emanating
hyphae, the extra-radical mycelium. This extra radical
mycelium is the collection of filamentous hydrophilic fungal
hyphae emananting from ectomycorrhizae and act as the direct
connection between the symbiotic plant and the microsites in
the soil environment (Bodeker, 2012).

The early phase of interaction between the roots and
ectomycorrhizal fungi prior to symbiosis establishment is
accompanied by stimulation of lateral root development in the
host (Felten et al., 2009). Infected short roots become swollen
and variously coloured due to the colour of fungal symbionts.
Each such short root, regardless of branching pattern is an
ectomycorrhiza. @ The formation and functioning of
ectomycorrhizas lead to complex morphological and
physiological changes in both the plant and the fungus (Martin
and Nehls, 2009; Courty et al., 2010). Root hairs probably play
a role during the initial stages of ectomycorrhizal development
due to their sensitivity to diffusible factors released by the
symbiotic fungi and act as a preferential anchorage site. Root
hairs respond to the fungal presence with nuclear movements,
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although fungal penetration most often occurs through
atrichoblasts or occasionally at the base of trichoblasts.

Upon ectomycorrhizal colonization a fungal sheath
called the mantle covers the short roots of the host tree. To
maximize the contact between the plant and the fungi, hyphae
colonize the intercellular space between cortical root cells, by
excreting pectinases forming the Hartig net (Moore, 2011, Marx
and Beatie, 1977; Kottke and Oberwinkler, 1987). From the
mantle, hyphae extend out into the surrounding substrate. The
mantle of fungal tissue surrounding the host lateral roots
varies from pseudoparenchymatous tissue to a weft
arrangement of hyphae on the root surface (Graham and Miller,
2005). Development of the mantle proceeds through a
programmed series of events (Martin et al.,, 1997). Fungal
hyphae, originating from a soil propagule or an existing
mycorrhizal root tip, penetrate into the root cap cells and grow
between them. The root cap tissue is progressively transformed
by intercellular colonization into the inner layers of the mantle.
A high level of structural and physiological heterogeneity exists
within the mantle and between the mantle and the fungal
networks (Cairney and Burke, 1996).

The mycorrhizal short root is the functional unit of the
symbiosis where exchange of nutrients, carbon and water
between the symbiotic partners takes place (Smith and Read,
1997). Saprotrophic and mycorrhizal fungi are not separate
groups from an evolutionary perspective, indicating that the
ability of fungi to form symbiotic associations with plants is a
life strategy that has appeared from ancestral saprotrophic life
strategies several times during evolutionary history (Hibbet et
al., 1997). The mycorrhizal strategy to derive carbon from its
living host releases them from competition with other soil fungi
for deriving carbon from sources of dead organic material
(Rosling et al., 2003).
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2.2 Sporocarp formation and sporulation

Sporocarp formation is the sexual reproductive stage of a
fungus, the function of which is spore dispersal of the species.
Sporocarps are the result of two monokaryon hyphae that meet
to form dikaryon hyphae with a pair of sexually compatible
nuclei. The cell is now technically diploid, but contains two
haploid nuclei (Smith and Read, 1997). Occasionally, the
hyphae may contain nuclei from more than two individuals and
are then termed polypoid (Carlile et al., 2001). Compatibility of
strains and nuclear migration are controlled too by unlinked
genetic factors, A and B. Factor A encodes transcription factors
that regulate the development of the dikaryotic mycelium.
Factor B is thought to encode for pheromones and receptors
that control interactions between the nuclei of the two strains
(Smith and Read, 1997). Dikaryotic hyphae then either form
ECM associations or sporocarps (Smith and Read, 1997). In
case of the latter, the hyphae elongate up towards the soil
surface. A specialized hyphal layer called the hymenium
undergoes meiosis to produce spores (Carlile et al., 2001). The
hymenial hyphae may be exposed or enclosed and are known as
basidia, asci or sporangia, according to the ontogeny of the
spore (Carlile et al., 2001) and are borne in corresponding
sporocarps known as basioma and ascoma. The position of the
hymenial layer may be exposed, forming along gills, within
pores or along spines, or enclosed within the sporocarp.
According to Hibbett et al., (1997) gilled sporocarp morphology
has evolved at least six times, and enclosed ball-like
morphology, at least four times, based on the sequencing and
phylogenetic analysis of nuclear and ribosomal DNA. Sporocarp
morphology is therefore not monophyletic, i.e. descended from a
single origin. The fruiting bodies of Basidiomycota ECM, known
as sporocarps (or basidioma), are often presented with a stipe,
pileus (cap), and lamellae (gills) or pores, although the variety
of sporocarp morphology is large. Fruiting bodies develop only
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from the secondary mycelia, initially forming a primordium,
after which, the hyphae undergo elongation, extending a stipe
to a suitable position to release spores borne on the fertile
hymenium (Kendrick, 1992). The hyphae in the secondary
mycelium characteristically have clamp connections, which are
necessary to maintain the dikaryotic state of the mycelium. The
spores develop on basidia, which develop four protrusions,
known as sterigmata, the tip of which swells. The nuclei
undergo fusion and meiosis and the four resulting haploid
nuclei move into the four sterigmata. The tip of the sterigmata
1s then separated by a cell wall from the basidium, forming a
spore and is dispersed actively using a surface-tension catapult
mechanism (Carlile et al., 2001).

2.3 Nutrient acquisition and assimilation
ECM fungi have been shown to absorb and exchange a number
of nutrients with their host plants (Cairney, 2011; Plassard and
Dell, 2010). Marschner and Dell (1994) summarized that
phosphorus (P), ammonium (NHs"), nitrate (NOs) and
potassium (K*) are involved in fungus-plant transfers, but
probably the most important and the most widely investigated,
1s the uptake and transfer of P. Because of the high uptake
efficiency of mineral P and the low mobility in the soil in a
forest, P is generally derived from organic compounds that are
less available as a source of P to plants (Deckmyn et al., 2014).
Extracellular enzymes released by fungal hyphae tips degrade
organically bound compounds. Organic P compounds, often in
the form inositol phosphate, are degraded by extracellular
phosphatases and organic acids, such as oxalic acid, that
release P from organic compounds (Marschner and Dell, 1994).
The P is then assimilated as polyphosphate, which reduces the
P concentration within the hyphae.

Similarly, extracellular acid proteinases are involved in
the breakdown of organic nitrogen (N) compounds (Finlay et al.,
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1992) such as amino acids and proteins. In general, plant N
uptake is improved by association with ECM fungi through four
possible mechanisms: (i) efficiency of the uptake mechanisms,
(i1) exploration of bigger soil volume, (ii1)) uptake of organic
forms (e.g., amino acids), and (iv) release of nutrients from
nonplant available sources (e.g., complex organic matter)
(Plassard, et al., 1991; Deckmyn et al., 2014).

Although it is assumed that ectomycorrhizal fungi have
some capacity to degrade complex organic compounds (Smith
and Read, 2008; Durall et al., 1994; Hobbie and Hobbie, 2006;
Rineau et al., 2012), the majority of species seem to rely on the
host plants' C supplies to a very high degree (Nehls, 2008;
Courty et al., 2010).The litter layer is a rich source of organic
nutrients, which fungi break down, assimilate and transfer to
the plant. Complex carbon compounds, such as lignin and
cellulose, present in soil are primarily found in the litter and
organic layers. ECM has a limited ability to degrade and use
these complex carbon compounds and it is therefore assumed
that ECM could only make use of simple carbohydrates
released into the soil in the form of exudates from plants and
micro-organisms (Melin, 1925; Smith and Read, 1997). Cairney
and Burke (1994) emphasize that, although evidence of
extracellular endo- and exoglucanase has been documented
from Pisolithus tinctorius, the level of cellulytic enzyme activity
1s much lower than some saprotrophic wood decomposers, e.g.
Trichoderma reesei. Hydrolytic activity of carbon compounds,
from complex starch and cellulose to more simple sugars, such
as glucose and fructose, varies within and between species and
it is thought that this enzyme activity is functional only at the
colonization stage, where plant cell wall softening is needed for
hyphal penetration (Cairney and Burke, 1994).

Most ECM fungi can assimilate forms of complex
inorganic P and N, such as phosphates, ammonium and
nitrates. Oxalic acid produced by the fungus is a strong
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solubilizer of mineral phosphates, for instance calcium
phosphate that can then readily be assimilated (Zohlen and
Tyler, 2004). Mineral nitrogen, in the form of ammonium and
nitrate, is available for uptake in the soil. Martin et al., (1986)
suggested that fungi utilize a combination of glutamate
dehydrogenase and glutamine synthetase pathways to
assimilate N. The N is then transported to the plant in the form
of glutamine or glutamate. Finlay et al.,, (1988) used !N-
labelled ammonium to follow the N uptake and assimilation by
Rhizopogon roseolus, Suillus bovinus, Pisolithus tinctorius and
Paxillus involutus associated with Pinus sylvestris. They found
that glutamine / glutamic acid, alanine and aspartate /
asparagines are important nitrogen sinks and that amino acids
were used for N storage. Also, Finlay et al. (1988) supplied °N-
labelled ammonium and nitrate to a Paxillus involutus/Fagus
sylvatica symbiosis. N was incorporated into a wide range of
free amino acids and the study, once again, identified Glutamic
acid, Aspartic acid and Alanine as important N sinks. All fungi
are known to readily assimilate ammonium but studies show
that nitrate is less readily mobilized. Utilizing different
nitrogen sources as substrates for three strains of Cantharellus
cibarius, Rangel- Castro et al. (2002) experimentally
determined that nitrate is assimilated less readily than
ammonium and that there exists a variation between the
strains in their ability to assimilate the different nitrogen
sources. Similarly, Finlay et al. (1988) showed that although
assimilation of nitrate was lower than ammonium, there was
significant uptake by the fungus. It has also been reported that
ECM readily utilize inorganic than organic nutrients (Smith
and Read, 1997).
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2.4. Factors affecting ECM fungal growth

2.4.1 ECM growth, species composition and diversity
Although seasonal moisture and temperature changes affect
fungal growth, soil pH is the major determining factor
influencing fungal growth and fungal species diversity. Culture
experiments on fungal ECM species show sensitivity to a pH of
7 (Hung and Trappe, 1983). Generally ECM fungi are
acidophilic (pH 3-5) but optimal pH ranges differ between and
within species. In contrast to cultural conditions Erland et al.
(1990) showed that effect of pH dependant was not evident
when Piloderma croceum was associated with plant hosts. The
study demonstrated that although the optimum pH growth
range of P. croceum occurred at pH 4-5 in culture, an extensive
hyphal network developed on peat, buffered at pH 7.3. Even
though the mycelial network was not as dense as at pH 3.8,
there was still significant growth. Therefore, in vitro growth
experiments may not accurately reflect in vivo processes
(Erland et al., 1990).

At the international level, mycorrhizal research has
been undertaken for decades and has contributed to the
understanding of physiological function and factors that affect
fungal behaviour. Of particular interest are the effects of
pollution, liming, acid rain and fertilization of forests on the
diversity of ECM fungi, as these factors change the soil nutrient
composition (Finlay, 1995). Many studies produced contrasting
community structure results in response to the afore-mentioned
disturbances. Lilleskov et al.,, (2002) investigated an area
comprising a gradient from high ammonia deposition to low
deposition and found that species richness decreased from 29
species in the low N to 7 species in the high N sites. In addition
to decrease in ECM fungal diversity, a shift in dominant species
from Piloderma byssinum, Amphinema byssoides, Thelephoroid,
Tricholoma inamoenum and Lactarius theiogalus in the low N
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sites to Paxillus involutus, Lactarius theiogalus, Basidiomycete,
Tomentella sublilacina and Cenococcum geophilum in the high
N sites was also found. The enhanced nutrient concentrations
in the soil resulting from intensive stock farming, industrial
and vehicular emissions (acid rain) and managed plantations
result in decreased pH and solubility of nitrogen and
phosphorus compounds and increased solubility of aluminium
(Arnolds, 1988).

In managed plantations a number of disturbance factors
may affect ECM abundance and species composition. Mahmood
et al., (1999) found that repeated harvesting of forest residues
lead to decrease in ECM fungal colonization from 295
roots/metre root lengths to 181 ECM roots per metre root
length. Clear-felling and slash burning not only change the
litter dynamics, but have also been shown to remove some ECM
fungal species (Bruns et al., 2002) especially from the upper soil
layer. The fertilization of managed plantations to enhance plant
growth including the addition of nutrient supplements such as
nitrogen (N), phosphorus (P) and potassium (K) affected ECM
fungal populations. These studies have concentrated on short-
term effects, but lack sufficient information regarding long-
term effects (Erland and Taylor, 2002). Erland and Soderstrom
(1990) studied the effects of pH on ECM communities and
reported an increase in root colonization of up to 100% at pH 5,
but colonization decreased to 40% at pH 7. Chalot et al. (1995)
reported that amino acid uptake, including alanine and
aspartate of the ECM fungus, Paxillus involutus, is reduced at
pH 4.5 to 6.4 and concluded that this may have consequences
regarding the ability of the fungus to colonize host plants.

Nutrient addition of P has a direct effect on ECM fungi
and inhibits both mycelia growth and effective colonization of
host plant roots. Treseder (2004) conducted a meta-analysis
study in a range of biomes and recorded a 32% decline of
mycorrhizal abundance resulting from P fertilization. The
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application of N fertilizers also have a considerable short-term
effect on both the species richness and abundance, although
some studies have shown that instead of decrease there is a
shift in species composition. Fransson et al., (2000) studied the
ECM root tip community in a Norway spruce forest fertilized
with ammonium and nitrate. The results indicated that there
was no overall effect of N fertilizer on the species richness or
abundance, but change in the relative abundance of dominant
species occurred.

There is considerable variation between different ECM
fungal species in their ability to breakdown, assimilate and
transfer nutrients to the host plant. Therefore, shifts in the
species diversity could have direct consequences on host plant
nutrition. The function of individual ECM fungal species in the
field is largely unknown, hence the effect that shifts in ECM
fungal communities have on plant nutrition is uncertain
(Erland and Taylor, 2002).

2.4.2 Sporocarp formation

Factors that affect sporocarp production include a number of
environmental factors such as nutrient availability, light,
moisture and temperature. Natural gradients of rainfall
correlated positively with ECM sporocarp biomass and species
richness in a study conducted by ODell et al. (1999). The
production of large sporocarps, such as those produced by ECM
fungi, requires a large nutrient input (Kendrick, 1992). Fungi
that produce these sporocarps normally have a large mycelial
network accessing nutrients, in particular carbon, needed for
the production of the spores (Carlile et al., 2001). ECM fungi
primarily rely on host plant carbon products to meet the energy
requirements for sporulation. The dependence of fungi on host-
plant carbon to produce sporocarps was demonstrated by
Hogberg et al. (2001). The study involved the tree girdling of
Pinus sylvestris, inhibiting carbon allocation to the roots. This
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resulted in a decrease of species richness from 11 species in the
control plots to one in the early girdled plots and a reduction in
abundance from 252 sporocarps in the control plots to four in
the early girdled plots. Light, particularly in the blue and UV
spectrum, may have an effect on some fungi (Kendrick, 1992),
by influencing the development of phototropic sporocarps. Light
may determine the position of the sporocarp and the release of
the spores. Some fungi show no response to light and will
sporulate in darkness (Carlile et al., 2001).

Added to these factors are those of nutrient additions to
the soil through fertilization treatments, acid rain pollution and
liming that may have positive or negative effects on species
abundance and richness (Smith and Read, 1997). It is has been
suggested that the response of sporocarp production to
fertilization techniques, particularly N, is more acute than that
of ECM roots in terms of species diversity and abundance
(Wallanda and Kottke, 1998). Lilleskov et al., (2001) noted a
large decrease in species diversity from 144 to 14 in response to
increased N application and Pampolina et al. (2002) recorded a
14% reduction in sporulation in response to high P application.
Wallanda and Kottke (1998) summarized that N applications
may have considerable effects, usually a reduction of sensitive
species, on both species richness and abundance, although some
generalist ECM fungal species may be unaffected.

On a more localized scale ECM fungal species
composition and diversity is driven by biotic factors such as
host plant species composition and abiotic factors such as
season and soil quality and composition (Smith and Read,
1997). Additionally, a theory of successional dynamics also
suggests that stand age may also determine the composition of
ECM fungal species present (Smith et al.,, 2002, Bigg, 2000,
Jumpponen et al., 2002). Tedersoo et al. (2012) used meta-
analysis to disentangle the global determinants of diversity and
community composition for ectomycorrhizal fungi and revealed
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that richness of these root symbionts has a unimodal relation
both with temperature and latitude. Fungal richness peaks at
temperate and boreal latitudes, but there is large variation
among sites indicating the importance of habitat heterogeneity
and local processes. The low richness in subalpine
environments of temperate latitudes shows that temperature
rather than distance from the equator per se have the strongest
impact on ECM fungal richness (Rahbek, 2004). In addition,
both the subarctic and lowland tropical environments have also
lower phylogenetic diversity, that is, fewer lineages of EcM
fungi (Bjorbeekmo et al. 2010; Tedersoo and Nara, 2009),
indicating that environmental filtering may occur at both ends
of the temperature gradient and it operates at both species and
higher taxonomic levels.
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