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Mid-domain effect (MDE) models predict that the random placement of species’ ranges within a
bounded geographical area leads to increased range overlap and species richness in the center of
the bounded area. These models are frequently applied to study species-richness patterns of
macroorganisms, but the MDE in relation to microorganisms is poorly understood. In this study, we
examined the characteristics of the MDE in richness patterns of ectomycorrhizal (EM) fungi, an
ecologically important group of soil symbionts. We conducted intensive soil sampling to investigate
overlap among species ranges and the applicability of the MDE to EM fungi in four temperate forest
stands along an elevation gradient on Mount Fuji, Japan. Molecular analyses using direct
sequencing revealed 302 EM fungal species. Of 73 EM fungal species found in multiple stands, 72
inhabited a continuous range along the elevation gradient. The maximum overlap in species range
and the highest species richness occurred at elevations in the middle of the gradient. The observed
richness pattern also fit within the 95% confidence interval of the mid-domain null model, supporting
the role of the MDE in EM fungal richness. Deviation in observed richness from the mean of the mid-
domain null estimation was negatively correlated with some environmental factors, including
precipitation and soil C/N, indicating that unexplained richness patterns could be driven by these
environmental factors. Our results clearly support the existence of microbial species’ ranges along
environmental gradients and the potential applicability of the MDE to better understand microbial

diversity patterns.
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Introduction

Ectomycorrhizal (EM) fungi are plant-root symbionts
that have critical roles in forest functioning,
especially in nutrient cycling. These fungi establish
obligate associations with many species of host trees
and receive up to 22% of the photosynthetic carbon
produced by these trees (Hobbie, 2006). In return,
the extensive mycelial networks of EM fungi absorb
soil nutrients and can deliver these nutrients, which
may comprise >40% of plant nitrogen, to their
hosts (Hobbie and Hobbie, 2006). The diversity and
abundance of EM fungi are thought to influence tree
growth and establishment, and thus overall forest
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health (Horton et al., 1999; Nara, 2006). EM fungi are
taxonomically and functionally diverse and show
high sensitivity to environmental change (Tedersoo
et al., 2010; Rineau and Courty, 2011). Therefore,
better understanding of these fungal communities is
critical for conservation of biodiversity under
environmental change and forest degradation
(Courty et al., 2010; Koide et al., 2011).

The advancement of molecular techniques has
improved accurate identification of microorganisms
in field samples and has revealed the existence of
highly diverse EM fungal communities in many
ecosystems (Horton and Bruns, 2001; Ishida et al.,
2007; Peay et al., 2010). Numerous studies have
reported that EM fungal communities are structured
by both biotic and abiotic factors, including host
plants (Ishida et al., 2007; Tedersoo et al., 2008;
Murata et al., 2013), soil environmental factors
(e.g., pH, nutrients and litter characteristics)
(Aponte et al., 2010; Cox et al., 2010; Peay et al.,
2010), climate (Bahram et al., 2012), succession
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(Visser, 1995; Nara et al., 2003; Twieg et al., 2007)
and competition (Pickles et al., 2012). However,
little is known about geographic patterns in species
richness of EM fungi or the mechanisms underlying
these patterns.

Numerous studies have demonstrated geographical
patterns of species richness in plants and animals.
Species richness of most macroorganism groups
peaks in tropical latitudes and decreases toward
the poles (Gaston, 2000; Hillebrand, 2004), or peaks
at intermediate elevations and decreases toward
lower and higher elevations (Grytnes, 2003; McCain,
2004; Rahbek, 2005). Although the causal mechan-
isms for these general patterns remain controversial,
mid-domain effect (MDE) models have been repeat-
edly proposed as a candidate mechanism to explain
observed patterns or as a null model for extracting
causal factors from the patterns (Colwell et al., 2004;
Currie and Kerr, 2008). MDE models predict that
random placement of species ranges within a
bounded geographical area (i.e., a domain) leads to
maximum overlap in species ranges and to the
highest richness at mid-domain locations, excluding
environmental and biological factors (Colwell and
Lees, 2000).

Elevation gradients provide an ideal opportunity
for testing the applicability of MDE models (Kluge
et al., 2006; McCain, 2009; Lee et al., 2013). Species
distributions and range overlaps across sites are
readily recognized in plants and animals, but
examining such patterns in soil microorganisms
remains a major challenge. Inventories of EM fungi
in microbial communities are often incomplete
because these communities generally include many
rare species that are likely to be overlooked in
general surveys (Horton and Bruns, 2001; Peay et al.,
2008). Thus, EM communities reported in the
literature represent small fractions of the species
existing at the studied sites. To our knowledge, no
studies have quantified range overlap, and thus the
applicability of the MDE, among EM fungal species
along elevation gradients.

Table 1 Description of the study sites

Although many different sampling methods have
been used to study EM fungal communities, a clear
tradeoff exists between the number of samples
collected and the number of sites surveyed.
Extensive sampling methods (i.e., more sampling
sites but fewer samples per site) tend to result in
inventories that include fewer species per site; the
majority of species may remain undetected at
each site (Taylor, 2002). These methods may be
appropriate for broad observations of community
patterns (Grytnes, 2003; Bahram et al., 2012) but
may not be suited to examining range overlap
among species between sites. Alternatively, inten-
sive sampling methods (i.e., fewer sampling sites
but more samples per site) tend to provide more
comprehensive inventories of EM fungi at a given
site. Intensive sampling may be necessary to
demonstrate the presence or absence of range
overlap and the role of the MDE.

In this study, we used intensive sampling to
examine species range overlap and the possible role
of the MDE in EM fungal richness along an elevation
gradient on Mount Fuji, Japan. We also examined
the relative importance of elevation and host tree
species in explaining EM fungal composition along
the gradient.

Materials and methods

Study sites and sampling

Field sampling was conducted on the northwest
slope of Mt Fuji, central Japan, in 2011. This area
has a temperate climate characterized by warm, wet
summers and cool, moderately dry winters. We
established four study sites in closed-canopy natural
forests developed on a scoria deposit (Table 1;
Miyamoto et al., 2013). These forests are estimated
to be more than 300 years old and are among the
ecosystems least affected by human activity. The
highest sampling site (2250m) was located just
below tree line.

Site Site 1 Site 2 Site 3 Site 4
Elevation (m) 1100 1550 1900 2250
Coordinates N35°27 N35°15’ N35°23’ N35°23’
E138°38’ E138°24/ E138°41 E138°42’
Temperature (°C) 9.2 6.3 5.5 3.6
Precipitation (mm)® 1887 2323 2764 2766
Tree density (stems per ha) 1640 886 1462 1477
Tree basal area (m® per ha) 56.1 72.0 49.5 93.7
Number of tree species 25 25 5 6
Number of host tree species 9 8 5 5
pH (H,0) 4.1-5.1 (4.6) 4.4-5.8 (5.1) 3.9-5.5 (4.6) 4.0-5.5 (4.9)
C/NP 10.7-20.2 (13.6) 11.3-21.1 (15.2) 5.4-34.3 (22.7) 12.6-30.5 (22.1)
Litter depth (cm)® 2.0-8.0 (4.5) 1.5-5.0 (3.1) 0.5-5.5 (2.8) 2.0-6.0 (3.5)

2Site-specific mean annual temperature and mean annual precipitation were obtained from the interpolated mesh data (1 x 1km?; 30-year
averages from 1981 to 2010) provided by The Japan Meteorological Agency (2011).

bValues are minimum-maximum (mean).
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A complete list of tree species identified at the
study sites is available in Miyamoto et al. (2013).
Site 1 (1100 m) was dominated by Quercus crispula
(36% of relative basal area), Fagus japonica (13%),
Carpinus tschonoskii (10%) and Fagus crenata
(8%). Site 2 (1550m) was a deciduous—conifer
mixed stand, dominated by F. crenata (47%),
Abies homolepsis (29%) and Tilia japonica (12%).
Sasamorpha borealis was the predominant ground-
cover at Site 2. The two higher-elevation sites (Sites
3 and 4) were characterized as subalpine coniferous
forests exclusively dominated by Pinaceae species.
Dominant trees at Site 3 (1900m) included Abies
veitchii (50%) and Tsuga diversifolia (44%);
T. diversifolia (74%), Larix kaempferi (23%) and
A. veitchii (3%) were the main species at Site
4 (2250 m). The tree species composition along the
elevation gradient comprises typical vegetation in
central Japan.

Fifty soil cores (5x5cm to 10cm deep) were
collected from a 1-ha area at each site. A distance of
5-10m was maintained between soil-sampling
locations to ensure independence of the samples
(Lilleskov et al., 2004; Pickles et al., 2009). Soil
cores were stored separately in plastic bags at 4 °C
until processing. A vegetation survey was conducted
at every other soil-sampling location. Tree species
and diameter at breast height (1.3 m) were recorded
for all living trees (>1.3 m tall) within a 5-m radius
of the sampling point. Litter depth and geographic
coordinates (Garmin 62S; Garmin International,
Olathe, KS, USA) were recorded at each sampling
point.

Molecular analyses

All roots were carefully removed from each soil
sample. EM root tips were classified by their
morphological characteristics, including surface
color, texture of the mantle surface, emanating
hyphae and rhizomorphs. Healthy EM root tips
(n=1-3) were sampled from each morphotype of
each core for molecular analyses. Morphotyping was
completed within 3 weeks after soil sampling.

We followed Murata et al. (2013), with minor
modifications, for DNA extraction and molecular
analyses. Briefly, fungal DNA was extracted from
root tips using the cetyltrimethyl ammonium
bromide method. Polymerase chain reaction was
performed to amplify internal transcribed spacer
(ITS) regions (ITS1, 5.8S, ITS2) of the rDNA using
the forward primer ITS1F and various reverse
primers, that is, ITS4, ITS4B, LR21, LR22 and LR5,
depending on their amplification success with each
morphotype. The amplified polymerase chain
reaction products were checked on 1.2% agarose
gels (0.5 x TBE buffer) and visualized under UV
light to examine the quality and quantity of
amplicons. Restriction fragment length polymorph-
ism (RFLP) patterns were compared among replicates
of each morphotype, and all polymerase chain
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reaction products with unique RFLP types in each
morphotype were purified and sequenced. Sanger
sequencing was conducted primarily using primer
ITS1. Another sequencing primer, that is, ITS4, was
additionally used for poorly sequenced samples.

High-quality ITS sequences >350bp in length
were aligned, manually edited and clustered into
molecular operational taxonomic units (hereafter
referred to as ‘species’) at >97% similarity (Izzo
et al., 2005; Murata et al., 2013) using ATGC ver. 7
(Genetyx Corp., Tokyo, Japan). The sequences were
compared with known sequences in the inter-
national nucleotide sequence database; species
names were assigned based on the taxonomy of
those with which they shared the highest homology
in the BLAST searches. Sequences that showed high
homology with saprophytic and parasitic fungi or
with non-fungal sequences were excluded from
subsequent analyses. Cenococcum geophilum (here-
after referred to as ‘Cg’) is a species complex that is
not well classified solely by wvariability in ITS
regions (Douhan and Rizzo, 2005). Thus, Cg was
identified based primarily on its unique morphol-
ogy, as in many previous studies (e.g. Twieg et al.,
2007; Murata et al., 2013).

Host trees associated with EM fungal species were
identified to the genus by amplifying the trnL
intron of chloroplast rDNA using primer pairs that
amplified chloroplast trnC-trnD and trnE—trnF
(Taberlet et al., 1991; Murata et al., 2013). RFLP
patterns of root-tip samples were then compared
with those obtained from leaves of host species
identified in the field. Direct sequencing was applied
for samples with unclear RFLP patterns. We did not
treat Tilia as an EM host species because Tilia was
not detected among the EM roots examined.

Soil analyses

Soil samples were air dried and passed through a
1-mm sieve, and the pH of each sample was
measured using an aqueous slurry and HM-25G
glass electrode (TOA DKK Corp., Tokyo, Japan). The
soils were further sieved through a 250-um screen
and used to measure total C and total N by dynamic
flash combustion with a Flash EA 1112 CN Analyzer
(AMCO Inc., Tokyo, Japan).

Statistical analyses

Estimated species richness was computed for each
site using Chao2 nonparametric estimators (Chao,
1984) and for the whole region using EstimateS ver.
8.20 (Colwell et al., 2012) with 1000 randomizations
without replacement.

We tested whether the MDE models could explain
observed richness patterns in EM fungi. We used a
fully-stochastic null model that uses empirical data
and places all species ranges entirely within the
bounded domain (Colwell and Hurtt, 1997; Colwell
and Lees, 2000). Mid-domain null simulations were
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conducted according to McCain (2004). The domain
limits (1100-2250m) and the number of divisions
within the domain (n=4) were defined based on our
sampling scale. Range sizes of recorded fungal
species were calculated from the upper and lower
limits of their occurrence. A Monte Carlo method
was then used to compute estimated richness using
randomly chosen range midpoints and empirical
range sizes without replacement. Confidence limits
(95%) were computed based on 50 000 simulations.
Simple linear and quadratic regression analyses
were used to examine relationships between
EM fungal richness and environmental factors.
Environmental factors included mean annual
temperature, mean total precipitation, litter depth,
soil pH, soil C/N and richness of host-tree genera.
Residuals of EM fungal richness from MDE were
calculated by subtracting observed richness from the
estimated richness computed by the mid-domain
null model. The residuals were then used for
regression analyses with environmental factors.
The occurrence of fungal species per host genus
per site was treated as a sample unit. Hellinger
transformation was applied to the community
matrix to downweight the influence of rare species
(Legendre and Gallagher, 2001). Community
dissimilarities were visualized using non-metric
multidimensional scaling on Bray—Curtis distances
(999 permutations). The Mantel test was used to
assess the spatial dependence of fungal species
composition. Euclidean and Bray—Curtis distances
were used for elevation and fungal species composi-
tion, respectively. Differences in EM fungal compo-
sition among host-tree genera and families were
tested using a permutation-based multivariate
analysis of variance test (ADONIS test, Vegan
package in R). Bray—Curtis distances were used,
and significance was tested with 999 permutations.
The relative importance of elevation and host to
fungal community composition was then analyzed
using variation partitioning by redundancy ana-
lyses. These statistical analyses were conducted in
the R Language and Environment for Statistical
Computing (ver. 2.15). Statistical significance was
defined as P<0.05, unless otherwise noted.

Results

General descriptions of EM fungal communities

Tree roots colonized by EM fungi were found in 197
of the 200 cores. DNA was extracted from 2813 root
tips, and 1014 of 1347 sequenced tips (75%) were
successfully identified (>350bp). Eleven sequences
did not belong to EM fungal taxa. In total, 85% of the
morphotypes were successfully classified to species.
We identified 302 EM fungal species, including 148
singletons (49.0% of the total) and 63 doubletons
(20.9%) (Supplementary Table S1). Chao2-estimated
richness across the entire study area was 475 + 38.3.
Rarefaction curves of observed richness did not
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reach an asymptote at any site, whereas estimated
(Chao2) richness became nearly asymptotic at all
sites (Supplementary Figure S1).

Major lineages recorded in this study included:
/tomentella-thelephora (59 species), /cortinarius (51),
/russula-lactarius (42), /sebacina (30) and /inocybe
(28). Most species were Basidiomycetes; Ascomycetes
(12 species) were a minor component (4%). Cg was
the most abundant fungal taxon, recorded in 156 of
200 soil cores (78.0%), followed by Russula bicolor
sp.1 (20 cores, 10%) and Xerocomus sp.2 (17 cores,
8.5%). Cg occurred at all four sites. In the following
sections, we present results obtained by excluding
Cg from the analyses to avoid the influence of this
incomparably abundant species complex and to
improve analytical accuracy (some results including
Cg are available in Supplementary Figure S2 and
Table S2).

Elevation patterns

Both observed and estimated EM fungal richness
showed a unimodal pattern, with the highest
richness at 1550m (Table 2 and Figure 1). The
observed EM fungal richness—elevation pattern fit
the 95% prediction curves computed from 50 000
simulations of the mid-domain null model
(Figure 1). No climate or soil factors showed
significant linear or quadratic correlation with
observed fungal richness (P>0.1). However, resi-
duals of EM fungal richness from the mid-domain

null model were correlated with elevation
(F,.,=14.2, R*=0.82, P=0.063), precipitation
(F1,22103.6, R?*=0.97, P=0.009), soil C/N

(F,,=69.9, R*=0.96, P=0.014) and richness of
host genera (F,,=19.0, R*=0.86, P=0.049).

The relative occurrence of each EM fungal lineage
in a given site was defined as the number of cores in
which a given lineage occurred divided by the total
number of cores containing EM-colonized roots.
Higher elevations were associated with higher
relative occurrence of /cortinarius (6.9%, 7.6%,
20.8%, and 18.7%, respectively, from low- to high-
elevation sites) and /russula-lactarius (15.4%, 6.9%,
20.0%, 24.2%). Lower-elevation sites showed higher
relative occurrence of /sebacina (12.8%, 11.5%, 2.0%,
2.3%) and /inocybe (8.5%, 7.6%, 2.3%, 2.7%).

Table 2 Summary of ectomycorrhizal fungal diversity

Site Site 1 Site 2 Site 3  Site 4
Mean richness per soil core 3.9 5.2 5.3 4.4
Observed richness 93 113 100 74
B-Diversity® 23.8 21.7 18.9 16.8
Proportion of singleton species 0.62 0.62 054 049
Estimated richness (Chao2) 177 236 186 155
Shannon’s diversity index 4.1 4.2 4.0 3.7

Simpson’s diversity index (1/D)  44.7 28.2 24.0 19.5

?B-Diversity was calculated as observed richness divided by the mean
richness per soil core.
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Figure 1 Observed richness (solid line) and the 95% confidence
limits computed by the mid-domain null model based on 50000
simulations (dotted lines). Error bars indicate the 95% confidence
interval of observed richness, computed by EstimateS. Quadratic
regression models were fitted to the richness and confidence
limits.

The relative occurrence of /tomentella-thelephora
(16.0%, 18.0%, 14.6%, 5.0%) showed a unimodal
pattern along the elevation gradient, with the highest
occurrence at 1550 m. Fisher’s exact tests showed that
the relative occurrence of each of the above lineages
significantly differed among sites (P<0.002).

Seventy-three (24.2%) species occurred in two or
more sites. Piloderma fallax sp.2 and Sebacina sp.1
occurred in three sites (1550—2250m). Most species
that were present in >1 site (72 species) occurred in
adjacent sites, and only one (Amphinema byssoides)
appeared in non-adjacent sites (Figure 2). The
lowest- and highest-elevation sites did not share
any species in common. The y*test with Yates
correction showed that the proportion of species
shared among sites was significantly higher in
adjacent site pairs than in non-adjacent site pairs
(P<0.001).

Effects of elevation and host species on EM fungal
composition

Host genus was identified for 83% of the EM root
tips. We excluded hosts represented by <5 soil
cores, thus retaining 266 of the 301 EM fungal
species (88.1%; excluding Cg) for the subsequent
analyses.

The Mantel test showed that dissimilarity in EM
fungal composition increased with elevation
(r=0.66, P<0.001). The non-metric multidimen-
sional scaling plot revealed a separation of EM
composition by site and host (Figure 3). Host effects
were not significant at the genus level (F,s=1.24,
P=0.079) but were significant at the family level
(F,..=1.77, R*=0.24, P=0.009) based on ADONIS
tests. Variation partitioning was applied to examine
the relative importance of host family and elevation
in explaining the variation in EM species composition.

The mid-domain effect in ectomycorrhizal fungi
Y Miyamoto et al

a - 21
) 2
1900m 14“ 37
- 21
1550m q -
1100m 73 Ia

0 50 100 150 200 250 300
Number of fungal species

b -
2250m 0.37
1900m 0.12 g 0.38 QKRS
1550m O 0.59 0.12
1100m 0.72
T T T T T

T
0.0 0.5 1.0 1.5 2.0 25 3.0
Frequency

Figure 2 Occurrence overlap of ectomycorrhizal fungal species
across sites. (a) Cumulative number of fungal species, from Sites 1
to 4. Values in the columns are the numbers of species. Open
columns indicate site-specific species and closed columns
indicate site-shared species between adjacent site pairs. Shaded
columns at the right end indicate two species that were found
across three adjacent sites and one species found between non-
adjacent sites (Sites 2 and 4). (b) Frequency of occurrence in each
site. Columns correspond to (a), but values in the columns are
relative frequency of occurrence in each site (values for the short
columns are presented beside the columns or not shown for
clarity). X axis is the cumulative frequency across sites.
Supplementary Table S1 provides detailed information on species
taxa and occurrence. Cg is excluded.

Elevation alone explained more variation
(R*adj=0.026) than did host alone (not significant);
elevation and host collectively explained the largest
variance (R*adj=0.075) in fungal composition.

The majority (42 of 53) of fungal species found
in >1 site occurred on multiple host genera
(Supplementary Table S3). We examined whether
the distribution of site-shared species was affected by
host genera by using variation partitioning to separate
the effects of host and elevation. The results showed
an insignificant effect of host genera and a significant
effect of elevation (P=0.001, R*adj=0.201).

Discussion

We revealed high species richness of EM fungi on a
slope of Mt Fuji, identifying 302 species and
estimating that nearly 480 species exist in this
location. This is among the highest richness
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Figure 3 Non-metric multidimensional scaling plot showing
similarity in EM fungal composition by site and host. Hosts
represented by <5 soil samples were excluded from the analyses.
Stress =0.017. Open circles represent Pinaceae, gray circles
represent Fagaceae and black circles represent Betulaceae. Host
genera are Fagus (F), Quercus (Q), Betula (B), Carpinus (C), Abies
(A), Tsuga (T), Larix (L) and Pinus (P). The number following each
genus indicates the sites.

reported from a single mountain area (Morris et al.,
2008; Tedersoo et al., 2008; Bahram et al., 2012;
Murata et al., 2013).

The MDE on species richness is recognized in
many terrestrial macroorganisms (Colwell et al.,
2004; McCain, 2005; Rahbek, 2005; Lee et al.,
2013) and in freshwater macroinvertebrates (Wang
et al., 2011), but this study is the first to demonstrate
this effect in microorganisms and EM fungi. MDE
models predict that random placement of species
ranges within a bounded geographical domain leads
to increased range overlap toward the center of the
domain, producing a peak in species richness in that
area (Colwell and Lees, 2000). The MDE models
assume that species have continuous distribution
ranges (Colwell et al., 2004; Currie and Kerr, 2008)
that are potentially related to environmental gradi-
ents. Our results support the MDE in EM fungal
richness. First, 99% (72 of 73) of fungal species
found at two or more sites occurred at adjacent sites,
showing that individual EM fungal species were
distributed continuously along the gradient. Second,
these continuous species distributions led to
greater range overlap at mid-elevation than at higher
and lower elevations (Figure 2). Finally, richness
peaked in the mid-elevation site, and the pattern
fit the 95% confidence limits computed by
mid-domain null simulations (Figure 1). In our study
area, the natural tree line was located just above the
highest site (2250m). Extensive residential areas
and vegetation not associated with EM fungi
extended below the lowest site (1100 m). Thus, the
examined slope was geographically constrained,
and EM fungi were unable to colonize habitats
outside the boundaries of the study. This geographic
setting and our empirical data suggest that geometric
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constraints are potential drivers of EM species
richness patterns along elevation gradients.

We also analyzed deviation of the observed
species richness from the mean values of the
mid-domain null model. The deviation showed a
negative correlation with elevation (P=0.063),
indicating that unexplained richness patterns could
be attributed to elevation-related factors. Indeed, the
deviation was correlated with precipitation, soil
(C/N) and richness of host-tree genera. These factors
are not mutually exclusive and are likely to
affect EM fungal richness via interaction effects
(Bahram et al., 2012; Tedersoo et al., 2012). Our
results suggest that the MDE can be an effective null
model for isolating significant environmental factors
that determine microbial richness.

Global meta-analyses suggest that host family is
the main driver of fungal community composition
(Tedersoo et al., 2012). However, importance of
hosts tends to vary by host groups, regions and
scales (Smith et al., 2009; Tedersoo et al., 2011;
Murata et al., 2013). Host effects are also less clear
when the distribution of host is determined by
geographic position and environmental conditions.
In our study sites, various host trees were distrib-
uted along the elevation gradient within a narrow
geographical area, enabling us to separate the effects
of elevation and host on EM species composition.

Variation partitioning showed that elevation
explained more of the variability in EM fungal
composition than did host. Many studies have
reported strong host effects on EM fungal commu-
nities at the stand scale (Ishida et al., 2007; Morris
et al., 2008; Smith et al., 2009), but other factors
(e.g., climate) may be more important at larger scales
(Lilleskov and Parrent, 2007; Bahram et al., 2012).
For example, the EM composition of co-occurring
Fagus and Abies spp. in a mixed stand was more
similar than that of Abies pairs in adjacent conifer
stands (Figure 3). The same host genera in the two
deciduous stands also showed clear separations in
fungal composition by elevation. These results may
indicate that many EM fungi have evolved compat-
ibility to a wide range of co-occurring host lineages,
such as Pinaceae, Fagaceae and Betulaceae that
share overlapping geographic ranges (Bahram et al.,
2013). Several studies also have suggested that host
shifts among EM fungi prevail when preferable hosts
are absent within a community (Trocha et al., 2012;
Wolfe and Pringle, 2012; Bahram et al., 2013; Murata
et al., 2013).

It should be noted that the interaction effect of
elevation and host explained more of the variance
in EM species composition than did either
elevation or host alone. Furthermore, two conifer
stands at the two higher-elevation sites shared
many common EM fungi despite the differences in
elevation. These results reflected the interaction
effects and varying importance of elevation and
host species on the composition of EM fungal
communities.



Conclusions

Microbial communities are usually represented by
numerous rare species, which are inevitably over-
looked with lower sampling efforts. Thus, sampled
microbial communities may not represent the
existing microbial communities in the field, often
making it inappropriate to apply ecological models
originally developed for macroorganisms to micro-
organisms. In particular, demonstrating geographical
distributions of microbes is challenging. In this
study, we used an intensive sampling approach and
obtained relatively large EM fungal community data
at each site. This approach enabled us to detect
many site-shared species across the sites along the
elevation gradient. Interestingly, these site-shared
species nearly always appeared in adjacent sites
along the gradient, clearly confirming the existence
of species distribution range along the gradient.
Furthermore, observed EM fungal richness was
within the range of estimated richness under the
MDE null model, which is based on the assumption
that individual species have geographical distribu-
tion ranges. These findings indicate that intensive
sampling approaches are promising in ecological
studies on microbes. Although we used a single
gradient in this study because of the tradeoff between
sampling intensity and number of sites, further
investigations of microbial community patterns by
intensive approaches in other gradients and meta-
analyses would confirm the generality of our findings.
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