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Abstract

Ectomycorrhizal (ECM) fungi are important tree symbionts within forests. The bioge-
ography of ECM fungi remains to be investigated because it is challenging to observe
and identify species. Because most ECM plant taxa have a Holarctic distribution, it is
difficult to evaluate the extent to which host preference restricts the global distribu-
tion of ECM fungi. To address this issue, we aimed to assess whether host preference
enhances the endemism of ECM fungi that inhabit dipterocarp rainforests. Highly
similar sequences of 175 operational taxonomic units (OTUs) for ECM fungi that were
obtained from Lambir Hill's National Park, Sarawak, Malaysia, were searched for in
a nucleotide sequence database. Using a two-step binomial model, the probability
of presence for the query OTUs and the registration rate of barcode sequences in
each country were simultaneously estimated. The results revealed that the probabil-
ity of presence in the respective countries increased with increasing species richness
of Dipterocarpaceae and decreasing geographical distance from the study site (i.e.
Lambir). Furthermore, most of the ECM fungi were shown to be endemic to Malaysia
and neighbouring countries. These findings suggest that not only dispersal limitation
but also host preference are responsible for the high endemism of ECM fungi in dip-
terocarp rainforests. Moreover, host preference likely determines the areas where
ECM fungi potentially expand and dispersal limitation creates distance-decay pat-
terns within suitable habitats. Although host preference has received less attention
than dispersal limitation, our findings support that host preference has a profound

influence on the global distribution of ECM fungi.
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1 | INTRODUCTION

Although the biogeographic realms of terrestrial animals and
plants have been well-investigated (Holt et al.,, 2013; Kreft &
Jetz, 2010; Morrone, 2018), the development of biogeographic
studies on fungi has lagged. This is primarily because of the pau-
city of morphological characters in fungi, which can lead to con-
fusion between multiple species that are morphologically similar
(Balasundaram et al., 2015; Bickford et al., 2007). Moreover, there
is often insufficient data available on the large-scale distribution of
the respective fungal species, including mushroom-forming fungi
(Peay & Matheny, 2016; Sato et al., 2012). However, the recent
development of DNA-based approaches has contributed to deter-
mining fungal biogeographic patterns (Duarte et al., 2016; Peay
& Matheny, 2016; Tedersoo, 2017; Werth, 2011). Sequencing of
the rRNA internal transcribed spacer (ITS) regions, that is, the bar-
code locus for fungi, has become an effective tool for distinguish-
ing between cryptic fungal species (Koéljalg et al., 2013; Nilsson
et al.,, 2018; Schoch et al.,, 2012; Smith et al., 2007; Vétrovsky
et al., 2020), making it easy to assess whether two fungal collec-
tions are conspecific. In addition, the DNA metabarcoding tech-
nologies have allowed for the collection of distribution data from
environmental samples, such as soil and plant tissues (Koljalg
etal, 2013; Peay & Matheny, 2016; Schmidt et al., 2013). Although
an increased number of studies have examined the biogeography
of fungi in the past few decades, fungal biogeography at a large
scale still remains to be elucidated (Duarte et al., 2016; Peay &
Matheny, 2016; Tedersoo, 2017; Werth, 2011).

Recent studies focusing on fungal biogeography have presented
evidence that fungal species are not necessarily cosmopolitan. The
classic Baas-Becking hypothesis, ‘Everything is everywhere, but
the environment selects’ suggests that microbial taxa are found
anywhere on earth where there is suitable habitat for them (De
Wit & Bouvier, 2006). This is, to an extent, true for some fungal
guilds, such as arbuscular mycorrhizal fungi (Davison et al., 2015;
Sttrmer et al., 2018), ericoid mycorrhizal fungi (Kohout, 2017), root-
endophytic fungi (Glynou et al., 2016; Queloz et al., 2011) and soil-
borne saprotrophic fungi (Egidi et al., 2019; Tedersoo et al., 2014),
for which inter-continental distribution is often observed. However,
fungal taxa with an almost cosmopolitan distribution are less com-
mon than traditionally thought. For instance, studies using DNA me-
tabarcoding technologies have indicated that most soil-inhabiting
fungal taxa are not cosmopolitan but are rather endemic to par-
ticular bioregions (Talbot et al., 2014; Tedersoo et al., 2014, 2022;
Vétrovsky et al., 2019).

Ectomycorrhizal (ECM) fungi are one of the most well-known
soil-inhabiting fungi that are believed to have restricted distribution
ranges (Peay, Garbelotto, & Bruns, 2010; Peay & Matheny, 2016;
Sato et al., 2012; Talbot et al., 2014; Tedersoo et al., 2014, 2022;
van der Linde et al., 2018). ECM fungi are ubiquitous mutualistic
symbionts of trees that are dominantly found in temperate and
tropical forests, such as those belonging to Pinaceae, Fagaceae,
Betulaceae, Dipterocarpaceae and Myrtaceae (Smith & Read, 2008;

Tedersoo et al., 2010; Tedersoo & Smith, 2013). There are approx-
imately 20,000-25,000 (Rinaldi et al., 2008) or more (Sato, 2024)
ECM fungal species on earth, which are known to decline moder-
ately towards lower latitudes (Mikryukov et al., 2023; Tedersoo &
Nara, 2010). Although ECM symbiosis is almost ubiquitous in forest
ecosystems, previous studies have shown a strong distance-decay
relationship in ECM fungal communities at both large and local
scales (Bahram et al., 2013; Bogar & Peay, 2017; Peay, Garbelotto,
& Bruns, 2010; Sato et al., 2012; Talbot et al., 2014; Tedersoo
et al., 2014, 2022).

Animportant question in the field of ECM fungal biogeography is
to what extent host-fungus compatibility controls the biogeography
of ECM fungi on a global scale. Distribution ranges of ECM fungal
species are restricted by dispersal limitations that can be caused
by geographical barriers (e.g. mountain and ocean) and the limited
dispersal ability of microscopic propagules (Bahram et al., 2013;
Bogar & Peay, 2017; Glassman et al., 2015; Peay et al., 2012; Peay,
Garbelotto, & Bruns, 2010). It is worth noting that ECM fungi ex-
hibit stronger distance-decay patterns than saprotrophic fungi
(Sato et al., 2012). A potentially important factor to explain this
is the compatibility of ECM fungi with host plants, that is, host
specificity and host preference. For instance, the distribution of
host plants was highly correlated with that of ECM fungi at larger
scales (Delhaye et al., 2024; Pélme et al., 2013; Sato et al., 2012;
van der Linde et al., 2018). However, caution should be exercised
when interpreting the effect of host distribution because there
are not many host-specific ECM fungi (Molina et al., 1992; Molina
& Horton, 2015; Tedersoo et al.,, 2008) (but also see Tedersoo
et al., 2024). Furthermore, the Holarctic distribution is so common
in ECM plant families (e.g. Pinaceae, Fagaceae and Betulaceae) and
genera (e.g. Abies, Pinus, Quercus, Betula and Alnus) (Heywood, 1978)
that difficulty is encountered in testing whether host specificity or
preference for either of these plant taxa could control the ECM fun-
gal biogeography at a global scale. Therefore, an important challenge
in ECM fungal biogeography is to evaluate the influence of host dis-
tribution on a global scale more confidentially.

This study aimed to test the hypothesis that host distribution is
the major determinant for controlling the distribution range of ECM
fungi on a global scale. To determine this, we estimated the global
distribution of ECM fungi that were found in a dipterocarp rainforest
in Lambir Hill's National Park, Sarawak, Malaysia, using ITS barcodes
obtained from international nucleotide sequence databases. We fo-
cused on ECM fungi in a dipterocarp rainforest because the bioge-
ography of Dipterocarpaceae does not overlap with that of other
ECM plant taxa, which allows for the confidential evaluation of host
effects on ECM fungal biogeography on a global scale. In this study,
we used a modified version of the two-step binomial mode that was
previously developed (Sato et al., 2012) to address the incomplete
and biased registration rates of ITS barcodes among the different
countries. Based on the estimation by modelling, we evaluated to
what extent the distribution range of ECM fungi in the study site (i.e.
Lambir Hill's National Park) could be explained by variables such as
hosts, geographical distance and climatic variables.
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2 | MATERIALS AND METHODS
2.1 | Dataset

In this study, 175 ECM fungal operational taxonomic units (OTUs)
that were found in Lambir Hill's National Park, Sarawak, Malaysia
(N4°12’, E114°02/, 130-150ma.s.l.), were used for the analysis
(hereafter, referred to ‘query OTUs'). As Lambir Hill's National
Park is known as one of the most tree-diverse forests in the
Palaeotropical region (Ashton, 2005), we selected this area as the
study site for estimating the global distribution of ECM fungi in-
habiting dipterocarp rainforests. Three datasets were prepared
for this study, including Dataset 1 (108 OTUs detected in Sato
et al. (2015)), Dataset 2 (89 OTUs detected in Peay, Kennedy,
et al. (2010)) and Dataset 3 (175 OTUs detected in these two stud-
ies). These OTUs were collected from ECM root samples. All query
OTUs used in the analysis are available in the Dryad repository
(https://doi.org/10.5061/dryad.k3j9kd5gs). The study area con-
sists of approximately 6500ha of primarily lowland, and mixed
tropical forest, which is dominated by Dipterocarpaceae. The pri-
mary and secondary ECM hosts in the area are Dipterocarpaceae
and Fagaceae (especially Lithocarpus), although the latter trees are
relatively rare. The rocks are sedimentary and are composed of
alternating layers of sandstone and shale.

2.2 | BLAST search

Fungal materials that showed highly similar sequences with the
query OTUs were searched at the global scale using the basic local
alignment search tool (BLAST) available on the National Center for
Biotechnology Information (NCBI), UNITE (https://unite.ut.ee/) and
GlobalFungi (https://globalfungi.com/) sites. The target fungal mate-
rials in the searches were restricted to the fruitbody and ECM root
samples to ensure that focal fungal species were established in areas
where they were detected. The geographical origins of the highly
similar hit sequences (i.e. 297% sequence identity and 270% query
coverage with query sequences) were recorded. In addition, 98% se-
quence similarity was used to ensure that the results were robust
for the threshold of sequence similarity between the query and hit
sequences. The number of query OTUs for which highly similar hit
sequences were found were then tallied for each country, except for
the five largest countries in the world (Russia, Canada, China, United
States and Brazil), which were further divided into five to eight re-
gions each (Table S1), and the number of query OTUs was counted
at the regional level.

2.3 | Modelling

The modelling used in this study aimed to reveal how many ECM
fungal OTUs in the study site are shared with respective coun-
tries/regions. This model postulates that failure to detect ECM
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fungi in a particular country can occur because either the focal
ECM fungi are absent or they are present, but their ITS barcodes
have not yet been registered in the evaluated database. To ad-
dress this, the observed data in this study were fitted to a modi-
fied version of the two-step binomial model that was used in a
previous study (Sato et al., 2012). In this modelling, the number of
OTUs detected in a particular country/region is drawn from two
binomial processes. The first binomial process controls the prob-
ability that an arbitrary fungal OTU in the study site is present in
country/region i in Dataset j (piyj). This process also comprises the
number of fungal OTUs that exist in country/region i in Dataset j
(E,J) among the total number of fungal OTUs detected in the study
site in Dataset j (N}.). The second binomial process controls the
proportion of fungal OTUs whose ITS barcodes have already been
registered in the nucleotide sequence database in country/region i
in Dataset j (r,AJ.). This process also comprises the number of fungal
OTUs that are detected in country/region i in Dataset (D,.’j) among
EU. Among these parameters, N]. and DiJ are known parameters and
the remaining are unknown parameters to be estimated. Ignoring
the influence of covariates, the two-step binomial model is drawn
as follows:

) N. _E.. .
Pr[D,; =0] = (1-p;;)" +( ! >p"JE'J(1—pi,i)N' B (1-ry)

E;;

ij ij

where each parameter is defined above.

Multiple logistic regression was used to estimate the proba-
bility of presence (pi,i) based on several explanatory variables, in-
cluding the species richness of primary (S1) and secondary (S2)
host plants, geographical distance from the study site (GD), annual
mean temperature (AT) and annual accumulative precipitation (AP)
in each country/region (Table S2). Here, the primary and second-
ary host plants correspond to Dipterocarpaceae and Lithocarpus
(Fagaceae), respectively, because they are the most dominant
and second most dominant ECM trees in the study site, respec-
tively. The global distribution of respective species belonging to
Dipterocarpaceae and Lithocarpus was examined from the Plants
of the World Online database hosted by the Royal Botanic Garden
Kew (https://powo.science.kew.org/). The species richness of the
primary and secondary hosts was used as proxies for the pre-
dominance of these hosts. Geographical distance was calculated
based on the latitude and longitude of the study site and the cap-
ital city in each country/region. A set of bioclimatic variables for
each country/region, including annual temperature (biol) and pre-
cipitation (bio12), was downloaded from WorldClim v2.1 (http://
www.worldclim.org) at a resolution of 2.5 arc minutes using the
‘worldclim_global’ function of the ‘geodata ver. 0.5.8’ R packages
(Hijmans et al., 2023). The resulting layer was converted into a data
frame using the ‘rasterToPoints’ function of the ‘raster ver. 3.6.23’
R package (Hijmans et al., 2015). The two bioclimatic variables
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were then averaged over all data points that were located within
a 3.0x 3.0min grid centred on the capital of each country/region.

Therefore, p, is described as follows:

K

logit(p;;) = o; + 2 BixXk
k=1

where logit is the logistic transformation, x, is the value of the kth
explanatory variable, a; is an intercept and Bk is the partial regres-
sion coefficient estimated for the kth explanatory variable in Dataset
j. Among the five explanatory variables, the log transformation (i.e.
log(x;+ 1)) was applied to S1, S2 and GD to reduce the skewness.
Except for GD, two different schemes were prepared for the ex-
planatory variables; the values of the respective variables obtained
in the focal country/region were directly used for the first scheme
(raw), whereas the absolute difference of the values between the
study site and focal country/region was used for the second scheme
(abs. dif.). A non-informative prior distribution was used to estimate
a; and By In addition, the multicollinearity was pre-checked based
on the tolerance value and variance inflation factor (VIF), where a
VIF value 210 is often used as an indication of a potential multicol-
linearity problem.

The deposition rate of ITS barcodes in each country/region in
Dataset j (r,.'j) was modelled using the Beta distribution. The Beta
distribution can be used to estimate the posterior for the unknown
rate, in which two parameters a and b are usually interpreted as
the prior number of successes and failures respectively (Gupta
& Nadarajah, 2004). To assess prior successes and failures in our
model, there was a need to clarify how many ECM fungal OTUs
available in the NCBI were non-singleton (OTUs occurring more
than once) or singleton (OTUs occurring only once) because non-
singleton and singleton OTUs are considered as prior successes and
failures, respectively, based on leave-one-out cross validation. At
first, the 88,354 ITS barcodes of ECM fungal taxa were downloaded
from the NCBI website. The resulting ITS barcodes were clustered
into 15,479 OTUs at the 97% sequence similarity threshold using
the ‘clclassseqv’ command in Claident ver. 0.2.2019.05.10 (Tanabe &
Toju, 2013). Then, the number of non-singleton and singleton OTUs
was counted for each country/region. Therefore, 1 is described as

follows:
r;j ~Beta(a; + 1,b; + 1)

where a; and b; are the number of non-singleton and singleton OTUs
in country/region i respectively. Notably, this prior is almost equiv-
alent to a non-informative prior when the total number of ECM
fungal OTUs in the focal country/region is zero or nearly zero. To
reduce the spurious estimation, two schemes were prepared to esti-
mate the deposition rates; the countries where the total number of
ECM fungal OTUs was <5 and 1 were precluded from the analysis
in the first and second schemes respectively (i.e. 102 and 127 coun-
tries in the first and second schemes respectively). Overall, there
were 24 schemes present in this modelling, including three datasets
(Datasets 1, 2 and 3), two settings for sequence similarity threshold

in BLAST search (i.e. 97% and 98%), two schemes for setting ex-
planatory variables (i.e. raw value and absolute difference) and two
schemes for the number of focal countries in the estimation (i.e. 102
and 127 countries).

The analyses were run in a Bayesian framework using the
Stan probabilistic programming language, in R ver. 4.3.0 (R
Core Team, 2023) using the ‘rstan ver. 2.26.23’ package (Stan
Development Team, 2023). The default Hamilton Monte Carlo ap-
proach was used as a model-fitting algorithm within rstan. The mod-
els were run with four chains of 5000 iterations and thinned every
5th iteration. The first 1000 iterations were burn-in iterations to
guarantee convergence to the posterior distributions (resulting in a
total of 800x 4 =3200 samples). The convergence of the four chains
was tested using the Gelman-Rubin convergence diagnostic statis-
tic (i.e. Rhat <1.1) (Gelman & Rubin, 1992). In addition, an effective
sample size of each parameter was confirmed to be 2200 to ensure
sufficient sampling. The Stan code and R commands are shown in
the Dryad repository (https://doi.org/10.5061/dryad.k3j9kd5gs).

Subsequent analyses were performed using R ver. 4.3.0. A pos-
terior density of the standard partial regression coefficient for each
explanatory variable was plotted using the ‘ggplot2 ver.3.4.3’ and
‘ggsci ver. 3.0.0’ R packages after reshaping the values obtained in
rstan using the ‘melt’ function of the ‘reshape2 ver. 1.4.4’ R pack-
age. In the multiple logistic regression for the full model, a one-tailed
test was used to confirm whether the partial regression coefficient
of each explanatory variable was significantly positive or negative.
Multiple testing problems were addressed using the false discovery
rate (FDR) correction that was applied to the p-values obtained for
each explanatory variable. The world map was obtained using the
‘map_data’ function of the ‘maps ver.3.4.1' R package. The probabil-
ity of occurrence (p,) and the ITS deposition rate (r,) were then plot-
ted on the world map using the ggplot2 and ‘tidyverse ver. 2.0.0' R
packages. The leave-one-out cross-validation information criterion
(LOOIC) (Vehtari et al., 2017; Watanabe 2010) was used to calculate
the expected log predictive density (ELPD) and to select the most
appropriate model from the full and reduced models in the logistic
regression of p (i.e. the model with the lowest LOOIC was the most
appropriate). If the difference in the ELPD (elpd_diff) between the
models was <4, the difference between the models was considered
not important. The LOOIC was calculated using the ‘loo’ function
of the ‘loo ver. 2.6.0' R package (Vehtari et al., 2021). In total, 16
models were compared, including M1 (full model; raw), M1d (full
model; abs. dif.), M2 (S1+GD+AT + AP; raw), M2d (S1+GD +AT +
AP; abs. dif.), M3 (S1+S52+GD +AP; raw), M3d (S1+S2+GD +AP;
abs. dif.), M4 (S1+S2+AT + AP; raw), M4d (S1+S2+AT + AP; abs.
dif.), M5 (S1+S2+GD +AT, raw), M5d (S1+S2+GD +AT; abs. dif.),
Mé (S2+GD+AT + AP; raw), Méd (S2+GD+AT + AP; abs. dif.),
M7 (S1+GD+AP; raw), M7d (S1+GD +AP; abs. dif.), M8 (S1+GD;
raw), and M8d (S1+GD; abs. dif.). Furthermore, a linear correlation
between each explanatory variable and the posterior mean for the
probability of presence (pi‘i) that was estimated using the full model
was plotted using the ‘geom_point’ and ‘geom_smooth’ functions of
the ggplot2 R package.
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3 | RESULTS
3.1 | Detection of highly similar sequences

The number of hit sequences with 297% sequence identity in
Dataset 1, 2 and 3 was 64, 33 and 96 respectively (Table S3). These
hit sequences were available from both the NCBI (90 accessions) and
UNITE (6 accessions) databases. No highly similar hit sequences were
found from the Global Fungi database, presumably due to the low
sequence coverage of the database sequences. When the threshold
of sequence identity between the query and hit sequences was set
to 297%, the numbers of query OTUs for which highly similar hit
sequences were obtained were 38, 39 and 55 in Dataset 1, 2 and 3
respectively (Table S3). These numbers decreased slightly when the
threshold of sequence identity was set to 298%, which resulted in
35, 36 and 51 query OTUs in Dataset 1, 2 and 3 respectively. The
most predominant geographic origin of highly similar sequences was
Malaysia, including both Peninsula Malaysia and Borneo; the data-
base sequences originating from Malaysia showed a297% sequence
identity with 33, 33 and 44 query OTUs in Dataset 1, 2 and 3 respec-
tively (Tables 1 and S3). The second most predominant geographic
origin was Indonesia, including Jawa, Sumatra and Bangka Island; se-
quences originating from Indonesia showed a297% sequence iden-
tity with 9, 8 and 14 query OTUs in Dataset 1, 2 and 3 respectively
(Tables 1 and S3). Several query OTUs showed a297% sequence
identity with the database sequences originating from tropical areas
in Southeast and South Asia, such as Papua New Guinea (2, 0 and
2 query OTUs in Dataset 1, 2 and 3 respectively), Singapore (0, 1
and 1 query OTUs in Dataset 1, 2, and 3 respectively), Thailand (0, 3
and 3 query OTUs in Dataset 1, 2 and 3 respectively), Laos (1, 0 and
1 query OTUs in Dataset 1, 2 and 3 respectively), Bangladesh (0, 1

TABLE 1 Results of the global search for sequences that are
highly similar to the ectomycorrhizal (ECM) fungal operational
taxonomic units (OTUs) detected in Lambir Hill's National Park
using the basic local alignment search tool (BLAST).

Dataset 1 Dataset 2 Dataset 3

Region (N=108) (N=89) (N=175)
Malaysia 33(29) 33(32) 44 (40)
Indonesia 9(8) 8(8) 14 (13)
Papua New Guinea 2(2) 0(0) 2(2)
Singapore 0 (0) 1(1) 1(1)
Thailand 0(0) 3(3) 3(3)
Laos 1(1) 0 (0) 1(1)
Bangladesh 0(0) 1(1) 1(1)
Sri Lanka 0(0) 1(0) 1(0)
China Southeast 2(2) 2(2) 3(3)
Japan 1(1) 1(1) 1(1)

Note: The number in each cell represents the number of query OTUs
for which hit sequences with >97% (or >98%) sequence identity were
found in a focal country. N represents the total number of query OTUs
in each dataset.
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and 1 query OTUs in Dataset 1, 2 and 3 respectively) and Sri Lanka
(0, 1 and 1 query OTUs in Dataset 1, 2 and 3 respectively) (Tables 1
and S3). In addition, hit sequences with a=297% sequence identity
were partially found in the subtropical areas in East Asia, such as
China (2, 2 and 3 query OTUs in Dataset 1, 2 and 3 respectively; the
geographical origins were Hunan, Jiangxi and Guangdong provinces)
and Japan (1, 1 and 1 query OTUs in Dataset 1, 2 and 3 respectively;
geographical origin was Yakushima Island in Kyushu) (Tables 1 and
S3). When the threshold of the sequence identity was set to 298%,
the results changed in several countries. The number of query OTUs
that were highly similar to the hit sequences found in the focal coun-
tries decreased in Malaysia (29, 32 and 40 query OTUs in Dataset 1,
2 and 3 respectively), Indonesia (8, 8 and 13 query OTUs in Dataset
1, 2 and 3 respectively) and Sri Lanka (0, O and O query OTUs in
Dataset 1, 2 and 3 respectively).

3.2 | Results of modelling

Results of the multiple logistic regression showed that S1 and GD
had significant and strongest effects on the probability of pres-
ence of ECM fungal OTUs in the study site (Figures 1 and S1). In all
the results, the standardized partial regression coefficients for S1
were significantly positive and negative when the raw and abs. dif.
were used as the explanatory variables, respectively (Figures 1 and
S1). Moreover, the standardized partial regression coefficients for
GD were significantly negative, except for one setting (Dataset=1,
similarity threshold=98%, country=102, variable type=abs. dif.)
(Figures 1 and S1). The absolute values of the standardized partial re-
gression coefficients for these two variables were substantially high
in all results. The standardized partial regression coefficients for S2
and AT were neither significantly positive nor negative in all the re-
sults. The standardized partial regression coefficients for AP were
significantly positive in one setting (Dataset=1, similarity thresh-
old=98%, country =102 and variable type=raw) and significantly
negative in two settings (Dataset=1, similarity threshold=97%,
country=102 and variable type=abs. dif.; Dataset=3, similarity
threshold=97%, country=127 and variable type=abs. dif.). A cor-
relation between the probability of presence and each explanatory
variable also revealed that the probability of presence changed sub-
stantially depending on S1 and GD but changed only slightly with
regard to AT and AP (Figures $2-S4). Overall, S1 and GD had a strong
influence on the probability of presence, regardless of the model
settings, whereas the influence of the other factors was not neces-
sarily supported by the data.

The results of the model selection were almost similar to those
of the standardized partial regression coefficients. The models with
the lowest LOOIC for the first (Dataset 1 and 102 countries), second
(Dataset 2 and 102 countries), third (Dataset 3 and 102 countries),
fourth (Dataset 1 and 127 countries), fifth (Dataset 2 and 127 coun-
tries) and sixth (Dataset 3 and 127 countries) settings were M8d,
M8d, M3d, M8d, M2 and M3d respectively (Table 2). However, in
total, 13, 12, 11, 12, 14 and 12 models were shown to be equally
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Standardized partial regression coefficient

Explanatory variable

M Species richness of primary host (S1) Species richness of secondary host (S2) Geographical distance (GD)
Annual mean temperature (AT) M Annual accumulative precipitation (AP)
+ Positive effect (>95% posterior probability) - Negative effect (>95% posterior probability)

supported (elpd_diff <4) under the first, second, third, fourth, fifth
and sixth settings respectively (Table 2). All the equally supported
models included S1 as an explanatory variable, regardless of the

model settings (Table 2). In the second, third and sixth settings, all
the equally supported models included GD as an explanatory vari-
able (Table 2). In contrast, the models in which S2, AT and AP were
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FIGURE 1 Posterior distribution of the standardized partial regression coefficient calculated in multiple logistic regression modelling

the probability of presence of ectomycorrhizal fungal operational taxonomic units (OTUs) detected in Lambir Hill's National Park using a
97% threshold of sequence identity between the query OTUs and hit sequences in the database. The absolute value of the standardized
partial regression coefficient represents the impact of each explanatory variable on the probability of presence. Positive and negative values
indicate positive and negative effects, respectively. The results are shown according to the difference in the datasets used in the estimation
(Dataset 1, 2 or 3), the setting of explanatory variables (i.e. raw value and absolute difference between Lambir Hill's National Park and

the focal country/region), and the number of focal countries in the estimation (i.e. 102 and 127 countries). Primary and secondary hosts
correspond to Dipterocarpaceae and Lithocarpus, respectively. The posterior distributions for the different explanatory variables are shown
in different colours. An explanatory variable that shows a positive (+) or negative (-) effect with a>95% posterior probability (the false

discovery rate (FDR) correction was used) is shown in each graph.

removed (M8 and M8d) had sufficiently low LOOIC values (elpd_
diff <4) under all the settings (Table 2), indicating that S2, AT and
AP were not especially important for predicting the probability of
presence.

The probability of presence was particularly high in the neigh-
bouring countries of Malaysia, in which dipterocarp trees are pres-
ent (Figure 2, Table S4). Except for Malaysia, the probability of
presence in the most appropriate models was highest in Indonesia,
where the mean probabilities (+ standard deviation (SD)) in the
first, second, third, fourth, fifth and sixth settings were 23.4%
(£8.3%), 23.8% (+£8.5%), 42.1% (+13.7%), 47.2% (+15.4%), 36.0%
(+11.1%) and 37.9% (+11.4%) respectively (Figure 2, Table S4).
This was followed by the Philippines (7.6% (+3.4%), 6.5% (+2.7%),
8.2% (+3.7%), 13.9% (+6.8%), 9.7% (+3.6%) and 9.2% (+3.2%)),
Singapore (8.6% (+£5.6%), 6.8% (+4.2%), 7.9% (+5.4%), 15.5%
(+£9.8%), 8.6% (+4.8%) and 7.5% (+3.7%)), Thailand (6.2% (+1.8%),
6.0% (+£1.8%), 8.6% (+2.7%), 5.1% (+£2.5%), 5.1% (+1.7%) and
4.7% (£1.6%)) and Vietnam (2.8% (+0.8%), 2.6% (+0.8%), 2.8%
(+1.0%), 3.9% (+1.3%), 4.1% (+1.2%) and 4.1% (+1.2%)) respec-
tively (Figure 2, Table S4). Among the countries where dipterocarp
trees are absent, the probability of presence in the first, second,
third, fourth, fifth and sixth settings was highest in Taiwan (0.2%
(+£0.3%), 0.1% (+0.2%), 0.1% (+£0.1%), 0.5% (+1.0%), 1.0% (+1.2%)
and 1.1% (+1.4%)). The probability of presence was almost sim-
ilar across the equally supported models under all the settings,
except for Indonesia. In Indonesia, the mean probabilities were
remarkably high in the models where GD was removed (M4 and
M4d), ranging from 61.3% (Dataset 1 and 127 countries) to 79.7%
(Dataset 2 and 127 countries), whereas they were relatively low in
models where S2, AT, and AP were removed (M8 and M8d), rang-
ing from 23.4% (Dataset 1 and 102 countries) to 42.1% (Dataset 2
and 102 countries) (Table S4).

As expected, the deposition rate of the ITS barcodes in the
database was higher in temperate areas than in tropical areas.
Regardless of the model settings, the deposition rate was espe-
cially high in Hungary, New Zealand, the United States, Canada, and
China (Table S4). Although the SD was high, the mean deposition
rate was also high in Bangladesh and Greenland (Table S4). When
the number of focal countries was 127, the deposition rates were
particularly high in Venezuela, Azerbaijan, and Armenia, but these
rates were likely overestimated (Table S4). Except for Thailand, the
deposition rate was relatively low in Southeast Asian countries, such

as Malaysia, Cambodia, Myanmar, Singapore, Indonesia, and the
Philippines (Table S4).

4 | DISCUSSION

These findings have important implications for the understanding
of what determines the ECM fungal biogeography on a global scale.
In our modelling, the distribution of Dipterocarpaceae trees and the
geographical distances were shown as the primary determinants for
the global distribution of ECM fungi in the study site. This result sug-
gests that not only dispersal limitation but also host-fungus com-
patibility strongly control the distribution ranges of ECM fungi on
a global scale, which results in high endemism of ECM fungi in dip-
terocarp rainforests, although caution should be exercised for the
limitations of the modelling.

Our results support the hypothesis that host-fungus com-
patibility can control the areas where ECM fungi can expand on a
global scale. The modelling results showed that the abundance of
Dipterocarpaceae had a strong influence on the probability of occur-
rence (Figures 1 and S1, Table 2), suggesting that the vast majority of
ECM fungi in the study site cannot expand into areas where diptero-
carp trees are absent. These findings indicate that host-fungus com-
patibility is one of the most important determinants for ECM fungal
biogeography at a large scale, which is in agreement with previous
studies (Delhaye et al., 2024; Pdlme et al., 2013; Sato et al., 2012; van
der Linde et al., 2018). However, this view is counterintuitive given
that strict host specificity phenomena do not appear to be common
in ECM fungi (Molina et al., 1992; Molina & Horton, 2015; Tedersoo
et al., 2008). This is likely true for ECM fungi in dipterocarp rainforests
(Peay et al., 2015; Sato et al., 2015). Nevertheless, many ECM fungi
appear to exhibit host preference and an association with a preferred
specific host genus or family (Delhaye et al., 2024; Ishida et al., 2007;
Tedersoo et al., 2008, 2009, 2024; van der Linde et al., 2018), suggest-
ing that host preference, rather than host specificity, can restrict the
distribution ranges of ECM fungi. Notably, ECM fungi that preexist in
forests usually have an advantage over later immigrants in earlier ac-
cess to root tips and subsequent ECM colonization (i.e. priority effect)
(Kennedy, 2010; Kennedy et al., 2009), which may increase the chance
that preexisting ECM fungi are associated with non-preferable hosts.
In other words, immigrant ECM fungi may be more stringently depen-
dent on preferable hosts than preexisting ECM fungi. Therefore, the
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FIGURE 2 Probability of presence in each country of the ectomycorrhizal fungal operational taxonomic units (OTUs) that were detected
in Lambir Hill's National Park. Results are shown according to the difference in the dataset used in the estimation (Dataset 1, 2 or 3) and
number of focal countries in the estimation (i.e. 102 and 127 countries). The probability of presence in each panel was calculated using the
most appropriate model (see Table 2). The probability of presence was estimated at the regional level in the five largest countries in the
world (Russia, Canada, China, United States and Brazil). For these countries, the probability is averaged over the regions. The sequence
identity threshold between the query OTUs and hit sequences in the database is 97%. The probability of presence is shown by the strength
of the orange colour. The grey colour indicates that data are not available.

sufficient availability of preferable hosts is presumably crucial for the
expansion of ECM fungi into new areas.

Our findings suggest that dispersal limitation shapes the dis-
tinct distance-decay patterns within areas where a sufficient num-
ber of preferable hosts are present. In addition to the distribution
of the primary host, the geographical distance explains the proba-
bility of presence (Figures 1 and S1, Table 2), suggesting that strong

dispersal limitation is present in ECM fungi in dipterocarp rainforests.
This pattern is similar to those observed in temperate areas (Glassman
et al., 2015; Peay et al., 2012; Peay, Garbelotto, & Bruns, 2010) and is
in agreement with the previous finding that distance-decay patterns
were especially clear in the tropical ECM fungal communities, in which
host densities were low (Bahram et al., 2013). Therefore, it is likely
that habitats suitable for ECM fungi are easily fragmented because
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of strong host preference, especially in tropical areas, which results in
distinct distance-decay patterns (i.e., high endemism and biodiversity)
in ECM fungal communities. Overall, the present findings suggest that
the presence of preferable hosts determines the potentially habitable
areas for ECM fungi, where the dispersal limitation acts as the primary
nested factor that controls the distance-decay patterns.

Factors other than preference for Dipterocarpaceae and disper-
sal limitations seemingly have a limited contribution to the global
distribution of ECM fungi in the study site. For instance, both tem-
perature and precipitation were shown to have a limited effect on
the probability of presence (Figures 1 and S1, Table 2), which is
somewhat inconsistent with previous studies where stronger cli-
matic effects were detected (Delhaye et al., 2024; Li et al., 2023;
Talbot et al.,, 2014; Tedersoo et al., 2014, 2022; van der Linde
et al., 2018; Vétrovsky et al., 2019). This is presumably because the
distribution range of Dipterocarpaceae trees is narrower than that
of Holarctic ECM trees, such as Pinaceae, Betulaceae, and Fagaceae
(Heywood, 1978). In other words, the variation of climatic factors
in dipterocarp rainforests is sufficiently small that these factors do
not act as the primary determinants for the biogeography of ECM
fungi. The results of the modelling also revealed that the distribution
of Lithocarpus had a limited effect on the probability of occurrence
(Figures 1 and S1, Table 2). However, a small fraction of ECM fungi
in the study site appeared to be distributed in East Asian countries
where Dipterocarpaceae trees are absent but Lithocarpus trees are
predominant, such as in Japan and Taiwan (Figure 2, Tables 1, S3
and S4), suggesting that the predominance of Lithocarpus trees in
forests, rather than the species richness, might have a moderate in-
fluence on the probability of occurrence. Overall, the biogeography
of ECM fungi in dipterocarp rainforests may primarily be explained
by preference for Dipterocarpaceae and dispersal limitations, and
only partially by preference for Lithocarpus (or Fagaceae) and cli-
matic factors.

It remains to be elucidated why host preference is common in
ECM fungi. A possible explanation for this is that there might be few
disadvantages of host preference at genus or family level in ECM
fungi. For instance, most ECM plant genera and families are abun-
dant and widespread (Tedersoo, 2017), and thus the availability of
compatible hosts seems to be sufficiently high at local scales even
if ECM fungi prefer specific plant genera or families. Moreover,
host-fungus compatibility can be often relaxed by the neighbour-
hood effect, an expansion of ECM colonization from original pre-
ferred hosts to neighbouring plants (Bogar & Kennedy, 2013),
which may reduce the risk of local extinction of ECM fungal popu-
lations (Bogar & Kennedy, 2013; Pérez-Pazos et al., 2021; Tedersoo
et al., 2024). Nevertheless, further studies are still needed to verify
this hypothesis.

Our results also have important implications for understanding
the biodiversity conservation of ECM fungi in dipterocarp rainfor-
ests. It is likely that high endemism of ECM fungi is not limited to
a dipterocarp rainforest in Lambir Hill's National Park but extends
to those in Southeast Asia (Tedersoo et al., 2014, 2022). Thus,
ECM fungi in these areas are likely vulnerable to the decline and

fragmentation of dipterocarp rainforests, given that both of host
preference and dispersal limitation are the key determinants for the
biogeography of ECM fungi. Although further accumulation of cases
is needed, our findings suggest high endemism and vulnerability of
ECM fungi in tropical rainforests in Borneo.

An important challenge for the future is to separate the effect
of host distribution from that of dispersal limitation more clearly. To
do this, the focal area of the analysis is needed to be changed to
the area where the forest type is different from neighbouring areas,
such as tropical montane oak forests in the palaeotropics and plan-
tations of exotic ECM plants. These approaches will be useful to fur-
ther corroborate the view that the distribution of preferable hosts
is the primary determinant for the biogeography of ECM fungi at
large scales.

The modelling used in this study is a useful approach to address
incomplete and biased sampling for the estimation of the global dis-
tribution of ECM fungi; however, some limitations exist. Count ma-
trices of microbial data often contain an excessive number of zero
counts, which may be related to undersampling, data redundancy,
and a low sequencing depth, resulting in overdispersion (Paulson
et al., 2013; Zeng et al., 2022). For instance, about 90% of the vari-
ation in ECM fungal communities on a global scale remains unex-
plained (Tedersoo et al., 2014). Several statistical frameworks have
been widely used to address the problem of inflated zeros in regres-
sion analysis of count data, such as a zero-inflated Poisson model
(Hall, 2000; Lambert, 1992; Zuur et al., 2009), but the problem be-
comes complicated with the excess zeros in community data matri-
ces. The use of two-step binomial processes, as shown in this study,
is an intuitive approach for reducing biases caused by excess zeros
observed in global distribution data. We should caution that the
registration rates of ITS barcodes are, to a greater or lesser extent,
overestimated in countries where only a few database sequences
are available (Figure 3, Table S3); however, the accuracy is expected
to be improved in future by an increase in ITS barcodes in these
countries. A major limitation of this method is the difficulty in includ-
ing edaphic parameters, which are often important determinants of
the ECM fungal biogeography especially at the local scale (Bahram
et al.,, 2015; Mikryukov et al., 2023; Peay, Kennedy, et al., 2010;
Talbot et al., 2014; Tedersoo et al., 2014; van der Linde et al., 2018).
In addition, we must be cognizant that there are a substantial number
of inaccurate sequences (e.g. noisy and chimeric sequences) in the
nucleotide sequence database (Peay & Matheny, 2016). Although
caution should be exercised for these limitations, the two-step bi-
nomial model shown in this study is a powerful tool to address the
excess zeros and overdispersion observed in the global distribution
data of fungi, which are difficult to overcome in empirical studies of
fungal community ecology.

5 | CONCLUSION

Although less attention has been paid to host effects than to dis-
persal limitations in ECM fungal biogeography, our findings have
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FIGURE 3 Deposition rate of the ectomycorrhizal fungal operational taxonomic units (OTUs) for the nucleotide sequence database for
each country. Results are shown according to the difference in the dataset used in the estimation (Dataset 1, 2 and 3) and the number of

focal countries in the estimation (i.e. 102 and 127 countries). The deposition rate in each panel was calculated using the most appropriate
model (see Table 2). The deposition rate is shown by the strength of the orange colour. The grey colour indicates that data is not available.

important implications for the understanding of how host prefer-
ence can control the global distribution of ECM fungi. Our results
suggest that both host preference and dispersal limitations are the
primary determinants of the high endemism of ECM fungi in diptero-
carp rainforests. Therefore, it is likely that ECM fungi expand only
into areas where preferred hosts are sufficiently available. Within
these suitable habitats, dispersal limitations act as a nested factor
that controls the distance-decay pattern. Furthermore, the two-
step binomial model used in this study is an effective tool to reduce
the overdispersion caused by an excessive number of zero counts

and to estimate the fungal distribution patterns at a large scale, al-
though caution should be exercised concerning the limitations, such
as the overestimation of ITS registration rates in some countries, the
difficulty of using edaphic factors in modelling, and the insufficient
reliability of the database sequences.
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