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Abstract

Plants interact with a diversity of microorganisms, and there is often concordance in their commu-
nity structures. Because most community-level studies are observational, it is unclear if such con-
cordance arises because of host specificity, in which microorganisms or plants limit each other’s
occurrence. Using a reciprocal transplant experiment, we tested the hypothesis that host specificity
between trees and ectomycorrhizal fungi determines patterns of tree and fungal soil specialisation.
Seedlings of 13 dipterocarp species with contrasting soil specialisations were seeded into plots
crossing soil type and canopy openness. Ectomycorrhizal colonists were identified by DNA
sequencing. After 2.5 years, we found no evidence of host specificity. Rather, soil environment
was the primary determinant of ectomycorrhizal diversity and composition on seedlings. Despite
their close symbiosis, our results show that ectomycorrhizal fungi and tree communities in this
Bornean rain forest assemble independently of host-specific interactions, raising questions about

how mutualism shapes the realised niche.
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INTRODUCTION

The activity of belowground organisms greatly influences the
structure of plant communities. Empirical studies show that
changing the composition (Bever 1994; Klironomos 2002;
Mangan et al. 2010), richness (van der Heijden et al. 1998) or
abundance (Bagchi et al. 2014) of soil microorganisms directly
alters the growth and survival of individual plants, thereby
affecting community structure. In tropical forests, particular
attention has been paid to the importance of negative feed-
backs with fungal pathogens in maintaining diverse plant
communities (Gilbert 2002; Mangan et al. 2010). Far fewer
studies have examined the importance of beneficial feedbacks
with soil microbial mutualists, such as mycorrhizal fungi, but
the available evidence suggests that they, too, play critical,
but as yet poorly understood roles, in determining tropical
forest structure and dynamics (McGuire 2007; Batterman
et al. 2013).

One way that microbial mutualists could affect tropical tree
communities is by mediating edaphic specialisation, which is
an important component of tropical tree diversity (Ashton
1964; Harms et al. 2001). Indeed, the relatively few molecular
surveys that have been conducted to date of soil microbial
communities underlying tropical forests show that the soil
microbiota often change in parallel with variation in floristic

communities across edaphic gradients (Russo et al. 2012; Peay
et al. 2013). Mycorrhizal fungi are particularly important in
plant nutrition (Smith & Read 2008) and also covary with soil
environment in temperate and tropical ecosystems (Toljander
et al. 2006; Peay et al. 2010). Despite the tight linkages
between plants and mycorrhizal fungi, the mechanisms pro-
ducing covariation in these communities are not known,
prompting Janos to ask whether mycorrhizal fungi are “agents
or symptoms of tropical communities” (Janos 1985).
Covariation in the community structure of tropical trees
and mycorrhizal fungi may arise if there is strong host-speci-
ficity, resulting in specialised interactions between particular
tree and mycorrhizal taxa. In this case, either the fungus or
tree species may be the edaphic specialist, and one simply fol-
lows the other (Janos 1985). In other words, mycorrhizal
fungi may be agents of tropical tree communities, if the trees
follow the fungi, or the symptom of tree communities, if the
fungi follow the trees. Indeed, it was long thought that the
distribution of trees conditioned the distribution of fungal
mutualists (Bisby 1943). Alternatively, this may be an overly
simplistic view, and mycorrhizal fungi may be neither agents
nor symptoms of tree communities. Covariation between tree
and fungal mutualist communities may instead arise in the
absence of specialised interactions, if they respond similarly,
but independently, to edaphic variation. In other words, both
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tree species and mycorrhizal fungi may display edaphic spe-
cialisation, but not because of host-specificity. Without experi-
mental evidence, however, it is impossible to distinguish
between these alternative hypotheses.

In the southeast Asian tropics, the ectomycorrhizal Diptero-
carpaceae, a species-rich family, dominate most lowland rain
forests, often accounting for ~ 20% of individual trees and
~ 40% of stand basal area (Ashton 1964; Lee et al. 2002). In a
previous study (Peay et al. 2010), ectomycorrhizal communities
were found to be highly differentiated across a clay-sand soil
ecotone varying in soil fertility in old-growth dipterocarp rain
forest of northern Borneo (Baillie et al. 2006). Tree species
composition varies strongly across the edaphic gradient.
Indeed, the distributions of 73% of species are significantly
aggregated on only one soil type (Davies er al. 2005). As a
result, the direct effects of specialised interactions between
ectomycorrhizal fungi (EMF) and tree species versus soil type
in controlling ectomycorrhizal distributions could not be dif-
ferentiated. Likewise, tree species’ edaphic specialisations may
arise though associations with particular ectomycorrhizal taxa
that are themselves only found in certain soil environments
(Janos 1985).

To disentangle the role of soil environment versus host-speci-
ficity in driving the distributions of both EMF and trees across
this edaphic gradient in northwest Borneo, we conducted a
reciprocal transplant experiment across two soil and light envi-
ronments using seedlings of 13 dipterocarp species with differ-
ent edaphic specialisations, and identified EMF communities
on seedling roots using DNA sequencing. We tested the
hypothesis that host-specificity is responsible for covariation
between tree and EMF communities along this edaphic gradi-
ent and thus contributes to edaphic specialisation of these taxa.
We expected that when specialist tree species were sown in
their non-preferred soil type, their EMF colonists would exhi-
bit reduced taxonomic richness and divergent composition,
compared with co-occurring seedlings growing on their pre-
ferred soil type. Alternatively, if host-specificity is not responsi-
ble for covariation between tree and EMF communities, then
the richness and composition of EMF colonists on a particular
soil type should not depend on a seedlings’ edaphic specialisa-
tion. In addition, because canopy gaps are the main form of
disturbance in tropical rainforests, a secondary objective was
to quantify their effects on EMF, as little is known about the
basic ecology of tropical EMF communities.

METHODS
Study system

Lambir Hills National Park (Lambir) is in northern Borneo,
in Sarawak, Malaysia, (4°20' N, 113°50' E). Lambir is a
hyper-diverse, aseasonal, tropical rain forest, receiving
approximately 3000 mm of rainfall per year, with maximum
and minimum daily temperatures between 32 and 24 °C (Lee
et al. 2002). The study was conducted adjacent to a 52-ha
forest dynamics plot (FDP) established in 1991. The Diptero-
carpaceae are the dominant tree family in the FDP, with 87
species that account for 42% of the basal area and 16% of
the total number of individuals (Lee et al. 2002). Other poten-
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tial ectomycorrhizal host lineages occur less frequently in the
plot, with the Myrtaceae, Leguminosae and Fagaceae com-
prising only 3.6, 2.2 and < 1% of individuals respectively.
Lambir contains two geological formations that give rise to
four distinct soil types within the FDP (Davies et al. 2005).
These soil types form a gradient from low to high soil fertility,
with the two ends represented by high fertility clay (formerly
named udult) and a lower fertility sandy loam, (formerly
named humult) soil types (Baillie ez a/. 2006). The clay has
significantly higher nitrogen, phosphorous, magnesium and
calcium concentrations, significantly greater moisture content
and significantly lower pH and organic matter accumulation,
relative to sandy loam (Davies et al. 2005; Baillie et al. 2006).
Tree community composition and demographic rates also vary
significantly across these soil types, with many species show-
ing distinct soil specialisation (Davies et al. 2005; Russo et al.
2005). The distribution of ectomycorrhizal fungi is also highly
structured across this edaphic gradient (Peay et al. 2010).

Experimental design

The reciprocal transplant experiment used 13 species from five
genera of Dipterocarpaceae, 11 of which specialise on sandy
loam or clay (10 congeneric species pairs plus an additional
sandy loam specialist), plus two generalist species (Table 1).
Species’ edaphic specialisation patterns were based on a Pois-
son cluster model analysis of tree distribution data from the
FDP (Davies et al. 2005). Seeds from each species were col-
lected from local mother trees (1-5 trees per species, depending
on seed availability) in January 2010 during a general flower-
ing and mast fruiting event. Vouchers from all mother trees
are stored in the FDP herbarium. Seeds were randomly sown
directly into 24 experimental plots (5 x 5 m) in clay or sandy
loam under closed or open forest canopy (six plots per Soil
Type x Canopy Status combination). Closed canopy plots
had completely closed canopies with no quantifiable gaps,
whereas open canopy plots had noticeable canopy gaps result-
ing in greater insolation for most of the day. Measurements
using photosynthetically active radiation sensors (LI-190; Li-
Cor, Lincoln, Nebraska, USA) confirmed the far greater pho-
ton flux density in gap versus closed canopy plots (data not
shown). Therefore, our plots encompassed a range of canopy
closure environments found in the forest, as differences in
proximity to overstory trees and photosynthetic carbon assim-
ilation due to variation in light could influence EMF colonisa-
tion.

Seeds were randomly sown into 33 x 33 cm squares of each
plot (one seedling/square, but not all squares were used). Seeds
experienced heavy predation from termites and vertebrates,
and so multiple seeds of a species were sown in each square to
ensure that one seedling established. Not all tree species were
represented in each plot in the final molecular data set, con-
sisting of 251 seedlings (8-25 seedlings/species; Table 1). Due
to multiple sowing, seedling mortality was not quantified; we
focus on the EMF communities of surviving seedlings (i.e. our
results are conditioned on seedlings surviving to be sampled).
Soil nutrient supply rates were characterised for a companion
set of plots in the same areas from another study (S.E. Russo,
unpublished data). Thus, the experiment is a factorial recipro-
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Table 1 Edaphic specialisation and estimated richness of ectomycorrhizal fungi colonising dipterocarp seedlings in a reciprocal transplant experiment in

Bornean forest

Clay-Closed Clay-Gap Sand-Closed Sand-Gap
Species Code Edaphic Specialisation S SD N S SD N S SD N S SD N
Anisoptera grossivenia ANI2GR Generalist 732 2.07 3 465 394 6 822 429 3 660 323 6
Dipterocarpus acutangulus DIPTAC Generalist 3.99 NA 1 457 282 7 937 1.96 2 793  4.00 5
Dipterocarpus globosus DIPTGL Sandy loam 7.38 5.20 6 523  0.68 5 647 098 4 569 395 5
Dipterocarpus palembanicus ~ DIPTPA Clay 8.00 4.24 2 648 526 S 496 NA 1 NA NA 0
Dryobalanops aromatica DRYOAR  Sandy loam 4.62 554 3 537 256 4  4.00 283 2 7.66 217 6
Dryobalanops lanceolata DRYOLA  Clay 7.19  1.62 4 357 243 7 887 485 4 725  3.06 6
Hopea beccariana HOPEBE Sandy loam 450 237 4 400 1.73 6 NA NA 0 512 2380 4
Hopea dryobalanoides HOPEDR Clay 3.50  2.64 4 410 2.50 9 NA NA 0 6.00 NA 1
Shorea beccariana SHORBE Sandy loam 5.00 NA 1 391 234 6 6.08 253 7 7.65 2.09 3
Shora laxa SHORLA Sandy loam 4.00 1.41 2 410  3.27 S 795 444 6 600 231 10
Shorea macrophylla SHORML  Clay 340 1.52 5 548 236 4 746 144 5 420 132 7
Shorea xanthophylla SHORXA Clay 548  1.33 6 391 217 11 699 NA 1 499 2095 7
Vatica nitens VATINT Sandy loam 499  3.89 7 334 187 9 7.50 495 2 6.06 2.55 7
Summary 534 289 48 452 261 84 7.08 314 37 626 276 67

The number of seedlings (N) and average richness (S) and standard deviation (SD) based on rarefaction to 5000 sequences are shown for each species
across factorial combinations of soil type (Clay, Sandy Loam) and canopy status (Open, Closed). Species names are followed by six letter species codes and
each species edaphic specialisation: soil generalist, clay specialist or sandy loam specialist.

cal transplant design crossing Tree Species Edaphic Specialisa-
tion x Soil Type x Canopy Status (Supplemental Methods).

Molecular characterisation ECM fungi

In order to identify ectomycorrhizal fungi, we excavated seed-
ling root systems after 2.5 years of in situ growth and
extracted DNA from 15 EMF root-tips (Supplemental Meth-
ods) using a modified chloroform-CTAB (cetyl trimethyl
ammonium bromide) buffer extraction coupled with a com-
mercial DNA extraction kit (Qiagen Tissue Kit; Qiagen,
Valencia, CA, USA), as in Peay et al. (2010). The fungal
internal transcribed spacer 1 (ITS1) region of the nuclear ribo-
somal RNA genes were amplified using modified ITSIF and
ITS2 primer constructs and sequenced on an Illumina MiSeq
using the protocol of Smith & Peay (2014). Low-quality reads
and non-ectomycorrhizal taxa were removed bioinformatically
(Supplemental Methods) to generate the final species table.
Sequences and sample data are deposited in the NCBI
sequence read archive (SRP057798).

Statistical analysis

Based on rarefaction curves, the EMF species table was rare-
fied to 5000 sequences per sample as this produced asymptotic
richness estimates for all nearly all samples (Fig. Slc). We
analysed variation in EMF richness per seedling using a linear
mixed effects model with Soil Type, Tree Species Edaphic
Specialisation, Canopy Status and their interactions as fixed
effects and Plot Number and Tree Species Identity as random
effects using the package Ime4 1.1-6 as implemented in lmer-
Test v2.0-6 in R statistical software. Based on inspection of
residuals, EMF richness was square root transformed to
improve normality, and homogeneity of variances was
confirmed using Levene’s test. We calculated pseudo-R* (pR?)
values, which estimate the goodness of fit for the fixed factors

alone and the random and fixed factors together in multilevel
models, based on the method of Nakagawa & Schielzeth
(2013) as implemented in R (Jon Lefcheck, pers. comm.). We
also fit a linear model using average richness for each species
by treatment combination, excluding species with no seedlings
(HOPEBE, HOPEDR, DIPTPA; Table 1, Fig. S2) in any sin-
gle treatment combination, with Soil Type, Tree Species
Edaphic Specialisation, Canopy Status and their interactions as
fixed effects and Tree Species Identity as a random effect.
Richness was log-transformed to improve normality of model
residuals, and Levene’s test confirmed homogeneity of vari-
ances. As an additional test of whether host identity affected
EMF richness, we used the full data set to estimate a linear
mixed effects model with random effects for Plot and Tree
Species Identity and a single fixed factor (Match) with two lev-
els indicating whether or not the seedling was matched with
its preferred soil type. We used correlation tests to evaluate
whether seedling growth parameters (growth rates in seedling
mass, root mass and leaf area, relative growth rates in seed-
ling diameter and height, leaf area ratio and root mass ratio)
affected EMF richness (Supplemental Methods).

To examine variation in composition of EMF with respect
to host species and treatments, we used permutational analysis
of variance (permanNova; Anderson 2001) as implemented in
the program Primer v. 6.1.13 with permanNova+ v. 1.0.3 (PRI-
MER-E Ltd, Lutton, Ivybridge, United Kingdom). Commu-
nity composition across treatments was visualised by non-
metric multidimensional scaling (NMDS) using the R software
package vegan. For analysis of the full data set with permano-
vA, we included Plot identity as a random factor nested within
Soil Type and Canopy Status. Analysis of community struc-
ture with permaNova was done using both Bray—Curtis (rela-
tive abundance) and B, (presence-absence, but controls for
richness) dissimilarities. We tested for differences in multivari-
ate dispersion between treatments groups using the betadisper
function in the vegan package. Because of strong effects of

© 2015 John Wiley & Sons Ltd/CNRS
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Soil Type and uneven representation of tree species across soil
types, we examined host effects with permaNovaA separately on
clay and sandy loam sites to avoid the possibility of con-
founding Soil Type and Host Species Identity. For clay we
used only the gap plots because NMDS appeared to show
some separation between gap and closed canopy plots and
because all species were well represented on clay-gap plots
(Table 1). As with richness, we tried an additional analysis to
look for host effects in permanova by using the full data set
with a random plot effect and a single fixed factor with two
levels specifying whether or not a seedling was matched on its
preferred soil (Match). We visualised dipterocarp species —
EMF interactions using the R package, Bipartite (Dormann
et al. 2008).

We also used a multivariate generalised linear model
(GLM) to test whether EMF species abundance distributions
were affected by Soil Type, Canopy Status and Tree Species
Identity (Warton et al. 2012). These models avoid conflation
of location and dispersion that can be associated with dis-
tance-based models such as permanova and allow direct tests
of whether individual species respond to the treatment factors.
Here, we present results using a negative binomial model
using sequence count data, but a binomial GLM (presence-
absence) gave similar results. We tested the effects of Soil
Type, Canopy Status and their interactions using the full data
set and tested for the effects of Tree Species Identity
separately using the data sub-setted for Clay-Gap and Sandy
Loam treatments. Analyses were conducted using the R
package mvabund using the 50 most abundant EMF species
(Wang et al. 2014).

RESULTS

The mean number of EMF species colonising dipterocarp
seedlings was 5.53 (4 3.05 SD), but varied significantly with
both Soil Type and Canopy Status (Table 2). Based on pR>
the full linear mixed effects model explained 18% of variation
in EMF species richness with significant main effects of Soil
Type (pR>=0.095, P <0.001) and Canopy Status
(pR*=0.033, P =0.016). On average, seedlings growing in
sandy loam had 1.81 (37%) more EMF species than in clay,
while seedlings growing under closed canopy had 1.06 (20%)
more EMF species than under open canopy (Fig. 1). There

was no significant effect of tree species edaphic specialisation,
nor of any interaction (P > 0.05; Table 2), on EMF species
richness. In addition, pR? showed that the proportion of vari-
ation explained by random effects was small for Plot Identity
(pseudo R? = 0.035) and essentially zero for Species Identity
(pR* < 0.001). Tests using average species richness values of
EMF for each tree species x treatment combination yielded
similar results for fixed effects and explained a large fraction
of variation in EMF richness (Model pR? = 0.45; Table SlI).
As with the model based on non-averaged data, there was vir-
tually zero variance attributable to the random effect included
for dipterocarp host Species Identity (pR> < 0.001). A linear
mixed effects model with the same random effects but the
fixed factor Match showed that whether a seedling was
matched on its preferred soil type did not affect EMF species
richness (P = 0.164). While seedling growth varied in predict-
able ways across treatments (e.g. seedlings generally grew bet-
ter on high fertility clay soils and in gaps; data not shown),
the only seedling growth measure significantly correlated with
EMF richness was Root Mass Ratio (root dry mass/total
seedling dry mass; r = 0.24, P = 0.047), which was positively
associated with the number of EMF species (Fig. S3). Incor-
poration of seedling growth into more complex statistical
models did not reveal any meaningful relationships between
EMF richness, seedling growth and whether the seedling was
growing on its preferred soil type (data not shown).

The EMF observed on the roots of dipterocarp seedlings
represented a broad range of phylogenetic lineages. The 306
species were assigned to 42 genera (Table S2) and 27 families
(Table S3, Fig. S4). The most common genera were Russula
(Russulaceae), Tomentella (Thelephoraceae), Phylloporus (Bo-
letaceae), Lactarius (Russulaceae), Sebacina (Sebacinaceae)
and Cortinarius (Cortinariaceae) (Fig 2, Table S2). The abun-
dance distribution was lognormal with a few common species,
but 22% of species were found on only one seedling (Fig. S95).
Most EMF taxa had relatively restricted distributions with
respect to soil and canopy status. Of the 238 taxa that
occurred on more than one seedling, 167 (70%) were detected
on a single soil type, and 112 (47%) were found in a single
light environment. Only 28 of 143 (19%) taxa that occurred
on four or more seedlings were detected in all treatment com-
binations. Taking into account relative abundance (% of
sequences per seedling) of species on seedlings only strength-

Table 2 Factors affecting richness of ectomycorrhizal fungi colonising dipterocarp seedlings based on a linear mixed effects model including fixed effects for
Soil Type (Clay, Sandy Loam), Canopy Status (Open, Closed) and seedling Edaphic Specialisation (Clay, Sandy Loam, Generalist) and random effects for

Plot Identity and Species Identity

Sum Sq Mean Sq NumDF DenDF F Pr(> F)
Soil type 6.31 6.31 1 38.44 12.97 0.001
Canopy status 1.78 1.78 1 38.44 6.40 0.016
Edaphic specialisation 1.00 0.50 2 221.73 1.73 0.179
Soil : Canopy < 0.01 <0.01 1 38.44 <0.01 0.962
Soil : Edaphic specialisation 0.18 0.09 2 221.73 0.03 0.967
Canopy : Edaphic specialisation 0.42 0.21 2 221.73 0.75 0.472
Soil : Canopy : Edaphic specialisation 0.55 0.28 2 221.73 0.77 0.463

Pseudo R? for the entire model was 17.8%, with 3.5% and < 0.1% of total model variation attributed to the random effects of Plot and Species Identity

respectively.

© 2015 John Wiley & Sons Ltd/CNRS
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Figure 1 Richness of ectomycorrhizal fungal species colonising dipterocarp
seedlings in a reciprocal transplant experiment in Bornean forest.
Richness estimates are based on a subsample of 15 root tips and
rarefaction to 5000 sequences per seedling. Linear mixed effects models
showed that richness per seedling was higher on sandy loam compared
with clay soils and in closed canopy forest compared with gaps.
***indicates P < 0.05. Only main effects are shown as there was no
interaction between Soil Type and Canopy Status.

ened these patterns. For example, 84% of species had > 90%
of their relative abundance on a single soil type. Similar pat-
terns were not seen with respect to host species identity and
plot (Fig. S5). The more common EMF species colonised the
majority of dipterocarp hosts: only 8 (3%) of the EMF spe-
cies that were found on more than one seedling were found
on a single host species, and only 39 (16%) were found in a
single plot. Abundant EMF species (i.e. those found on many
seedlings) were also found to colonise most dipterocarp
species used in the experiment (Fig. S5). The same was not
true with respect to plots, and even abundant EMF were not
present in a large number of plots (Fig. S5).

Analysis by permanova and NMDS ordination provided
evidence for distinctive communities of EMF on seedlings
based on the Soil Type they were grown in (Fig. 3, Table S4).
The effect of Canopy Status on EMF community composition
was marginally insignificant, as was the interaction between
Soil Type and Canopy Status. Similar results were obtained
when using a presence-absence metric controlling for richness
differences (Bgm). The ordination represented the data struc-
ture well (stress = 0.1079), and there was a strong correlation
between ordination axes and our treatments (Axis 1 R*>=
0.51, Axis 2 R*> =0.12). A Tukey HSD test on group multi-
variate dispersions showed significant differences across some
treatment groups (Fags = 3.39, P = 0.019): there was greater
dispersion in EMF community dissimilarities between seed-
lings in open versus closed canopy plots on sandy loam
(P =0.027) and marginally significant differences between
open canopy plots on sandy loam and closed canopy plots on
clay (P =0.068) and between open canopy plots on sandy
loam versus clay (P = 0.097). A permaNova test based on plot

EMF composition also showed a significant effect of Soil
Type (> = 0.10, P < 0.001), but not Canopy Status (r* = 0.05,
P =0.11), nor any interaction (+* = 0.05, P = 0.153). Exami-
nation of EMF host associations in sandy loam and clay gap
plots showed no evidence for differential colonisation by
EMF of the different dipterocarp species (P > 0.05, Fig. S6).
Similarly, a permaNova model including the factor indicating
whether a seedling was matched on its preferred soil type
(Match) showed no effect on community composition
(P = 0.163), and models including seedling growth parameters
were uninformative (data not shown).

The use of multivariate species abundance GLMs gave a
similar picture of ectomycorrhizal community structure: both
Soil Type (Dev =401.1, P=0.001) and Canopy Status
(Dev = 165.5, P = 0.001) had significant effects, with a signifi-
cant interaction (Dev = 49.3, P = (0.002). Univariate tests for
the fifty most abundant taxa showed that 68% had distribu-
tions significantly (P < 0.05) biased towards one soil type
(32% after correction for multiple comparisons), 32% to one
canopy type (6% after correction) and 8% with significant
interactions (none after correction). EMF distributions gener-
ally showed high fidelity to a particular habitat, but rampant
partner-sharing within soil types (Fig. 4). Multivariate abun-
dance GLMs testing for host specificity separately on clay-gap
and sandy loam were both non-significant (P > 0.05).

DISCUSSION

Host identity and soil environment have been the primary
focus of ectomycorrhizal ecology since the symbiosis was first
described over a century ago (Frank 1885, translatation by
Trappe 2005). Using a reciprocal transplant experiment to dis-
entangle these two factors, we demonstrate extreme edaphic
specialisation of EMF across a natural soil ecotone, but no
detectable specificity in the relationships between EMF and
their dipterocarp seedling hosts. Neither tree species identity,
nor edaphic specialisation, showed any influence on the com-
position and richness of the EMF colonists of seedlings. Our
study involved young trees of 13 dipterocarp species, and fur-
ther investigation is required to evaluate whether our results
hold for more mature trees, other dipterocarps, or non-dip-
terocarp ectomycorrhizal species. However, available evidence
suggests that our findings for seedlings would likely apply to
more mature trees in this forest. To date no studies have
found differential ectomycorrhizal specificity as plants age.
Moreover, seedlings growing near mature trees have EMF
communities similar to adults, generally consisting of the
later-successional taxa that we found to be abundant (Last
et al. 1987; Tedersoo et al. 2008). Our study therefore pro-
vides strong experimental evidence that host-specificity does
not contribute to EMF and tree species’ edaphic distributions
in this forest. Instead, our results support the alternative
hypothesis that tree and mycorrhizal communities assemble
independently of each other in this forest, but in response to
similar environmental factors, implying that the mechanisms
generating the soil habitat specialisation observed in this for-
est are not directed by symbiotic partners, even in an obligate
mutualism. While having a suite of locally adapted mycorrhi-
zal fungi is beneficial for plant performance (Johnson et al.

© 2015 John Wiley & Sons Ltd/CNRS
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Figure 2 Relative abundance of ectomycorrhizal genera colonising dipterocarp seedlings in a reciprocal transplant experiment in Bornean forest with respect
to combinations of Soil Type (Clay, Sandy Loam) and Canopy Status (Open, Closed). Relative abundance is calculated as the total proportion of DNA

sequences in each treatment combination assigned to each genus.

2010), the ability of clay specialist dipterocarps to associate
with sandy loam EMF (and vice versa) appears to be insuffi-
cient to allow these taxa to maintain large population densi-
ties in non-preferred soil types in this forest. Instead, we
propose that tree and EMF diversity and distribution patterns
may be determined by the extent to which independent adap-
tations of EMF-tree species associations jointly enable these
taxa to overcome limitations imposed by the biotic and
abiotic environment on their respective soil habitats.

Lack of host-specificity

Results from our reciprocal transplant suggest that partner
specialisation contributes little to the structure of ectomycor-
rhizal fungal communities on dipterocarp seedlings in this rain
forest. This is in contrast with early work suggesting specific-
ity could play an important role in dipterocarp ecology
(reviewed in Brearley 2012). Previous work on ectomycorrhi-
zal symbiosis in other systems has been mixed with respect to
the importance of host specificity. When strong examples of

© 2015 John Wiley & Sons Ltd/CNRS

specificity exist, they tend to be restricted to particular broad
taxonomic groups. For example, there is a strong host speci-
ficity between members of the Pinaceae and Suillaceae and
between mycoheterotrophic plants such as Monotropa and the
fungi they parasitise (Bruns ez al. 2002). Introduced trees from
different biogeographic regions often fail to associate with
native fungi in the introduced range (Dickie et al. 2010).
However, in New Zealand the specificity of plant-EMF symbi-
oses was not found to be a major barrier to the spread of
invasive plants into novel habitats (Bogar et al. 2015). In prin-
ciple, tight host-specificity could be true of the Dipterocarpa-
ceae and their EMF mutualists, but we found no evidence
that this was the case in the seedlings of our study species.
Instead, our results are more consistent with studies showing
the predominance of multi-host fungi. For example, Kennedy
et al. (2003) found that the majority of EM associations were
shared between Pinaceae and Fagaceae in a temperate forest,
with no evidence for host specialisation. Similarly, there is no
evidence for host specialisation by ectomycorrhizal fungi
amongst co-occurring caesalpinoid legumes and the neotropi-
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Figure 3 Non-metric multidimensional scaling plot illustrating differences
in ectomycorrhizal fungal composition on dipterocarp seedlings grown in
Clay (black fill) and Sandy Loam (unfilled) soils and in Gaps (squares) or
under Closed canopy (diamonds) in a reciprocal transplant experiment in
Bornean forest. Data points represent individual seedlings and lines show
95% confidence ellipses for each treatment combination, with green for
sandy loam, orange for clay, dashed for gaps and solid for closed canopy.

cal dipterocarp, Pakaraimaea dipterocarpacea (Smith et al.
2013) or amongst African Dipterocarpaceae and Sarcolaena-
ceae (Tedersoo et al. 2011). By contrast, other studies have
found evidence that host specialisation contributes signifi-
cantly to diversity and composition of ectomycorrhizal fungi
(Ishida et al. 2007). For example, Tedersoo et al. (2013) esti-
mated that relatedness of tree species explained 20% of varia-
tion in EMF community composition amongst European
Salicaceae. Sthultz et al. (2009) found that genotypes of Pinus
edulis differing in herbivore susceptibility were colonised by
distinct EMF communities, raising the possibility that EMF
may also respond to genotypic variation of closely related
species if their phenotypes are ecologically divergent. One dif-
ficulty in field studies of host-specialisation is the confounding
role of environment, since, as with the EMF taxa, most
co-occurring tree species also differ in some niche-dimension,
as at Lambir (Russo et al. 2007). As host environmental spe-
cialisation or host effects on local soil environment may give
rise to community patterns identical to host specialisation,
experimental approaches are essential for parsing these alter-
natives, and we expect they will reveal even greater degrees of
host generalism amongst ectomycorrhizal fungi than previ-
ously suspected.

Importance of the soil environment

The results from this study are highly consistent with our
previous work in the Lambir FDP (Peay er a/. 2010), in
which minimal overlap in ectomycorrhizal fungal community
composition across soil types and a marked decrease in ecto-
mycorrhizal species richness on clay soils were observed. In
addition, the 29 species of EMF common to the two studies
showed consistent patterns of habitat fidelity. In both stud-
ies, we observed similar patterns of variation in taxonomic

composition, with high abundance of Russulaceae,
Thelephoraceae and Boletaceae, and some indication of line-
age-level habitat specificity, for example amongst the Thele-
phoraceae (clay) and Cortinarius (sandy loam). Sandy soils
at Lambir are relatively oligotrophic, with decreased litter
nutrients (P, N, Ca, Mg, K and Mn) and slower decompo-
sition rates resulting in greater accumulation of humus and
plant necromass relative to clay soils (Baillie ez al. 2006).
Previous work in boreal and temperate ecosystems has gen-
erally found a strong role for increasing soil fertility, pri-
marily in the form of nitrogen, in driving EMF
composition and richness (Lilleskov et al. 2002; Toljander
et al. 2006). The ability to utilise N in organic forms is
thought to be an important functional trait for many ecto-
mycorrhizal fungi (Smith & Read 2008) and likely confers a
competitive advantage to plant associates, particularly in
soils rich in organic matter. Consistent with this, increases
in mineral N are often associated with declines in EMF
richness and the loss of protein-utilising EMF, such as the
Cortinariaceae (Lilleskov et al. 2002). While the fertility gra-
dient at Lambir is complex, and it is not yet clear which
nutrients limit tree growth (Kochsiek er al. 2013), we
observed a decline in richness and abundance of Cortinarius
on the more fertile clay soils. Feedbacks between soil fertil-
ity, plant litter quality and decomposition rate appear to be
general drivers of EMF composition and richness from Bor-
eal to tropical biomes.

Total P is generally higher in clay-rich soils, and PO,*~, the
form available to plants, is considered the primary limiting
nutrient to tree growth in many tropical forests (Vitousek
1984). Differential use of organic and inorganic P forms may
be linked to the type of mycorrhizal association of tree species
in tropical forests (Steidinger et al. 2014), but these dynamics
are still poorly understood. Even less is known about how P
availability affects ectomycorrhizal communities, although it
may be a key structuring factor in N-saturated systems
(Walker et al. 2014). Interestingly, nutrient addition studies
with Dipterocarpaceae do not show P to be the primary nutri-
ent limiting growth (Palmiotto et al. 2004), and availability of
cations may also have important effects on tree growth at
Lambir (Kochsiek ez al. 2013) and in other tropical forests
(Vitousek 1984). It is possible that the ability to overcome P
limitation in SE Asian rain forests may partially explain the
success of the ectomycorrhizal strategy of dipterocarps. How-
ever, the role of P availability in determining the structure
and function of tropical EMF communities deserves further
investigation.

Role of canopy gaps in EMF colonisation

Tree-fall gaps are one of the most important disturbances
in lowland rain forests (Whitmore 1978), increasing insola-
tion available to seedlings and thereby their photosynthetic
carbon fixation. Improved plant C balance is generally posi-
tively correlated with EMF colonisation (e.g. Ingleby et al.
1998). In temperate forests, canopy disturbance has been
shown to diminish the availability of EMF hyphae in the
soil and lead to reductions in EMF richness and increases
in the proportion of spore-colonising ruderal species among

© 2015 John Wiley & Sons Ltd/CNRS
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Figure 4 Extreme host generalism and habitat specialisation between dipterocarps and ectomycorrhizal fungi (EMF). Lines represent observed colonisation
events, with line thickness proportional to the number of DNA sequences for each EMF. Seedling labels are coloured depending on whether they are
edaphic specialists on Clay (Orange), Sandy Loam (Green) or are Generalists (Blue). The colour of seedling boxes and lines show whether the interaction
occurred on Clay (Orange) or Sandy Loam (Green) soil. The width of seedling boxes is proportional to the number of seedlings for each dipterocarp
species. Labels and boxes for EMF are coloured based on statistically significant association for Clay (Orange), Sandy Loam (Green) or no significant
edaphic association (Blue) based on multivariate abundance analysis (see text). For EMF lack of significance may represent habitat generalism or lack of
statistical power due to limited data. Only the 50 most abundant EMF are plotted.

soil EMF (Baar et al. 1999). Although the effect of canopy
status on EMF species composition was only marginally
significant, and smaller than that of soil type, we found
that seedlings establishing in high-light gaps had overall
20% fewer species of ectomycorrhizal fungi on their roots
compared to seedlings in closed-canopy plots. This result is
more consistent with the availability of EMF to seedlings in
gaps being reduced by disturbance-caused increases in colo-
nisation distance, rather than by endogenous plant carbon
dynamics, but more work is needed on the responses of

© 2015 John Wiley & Sons Ltd/CNRS

EMF to gap formation and variable carbon allocation in
tropical forests.

CONCLUSIONS

Two decades ago, David Janos asked whether tropical mycor-
rhizal fungi were ‘agents or symptoms’ of tropical tree
community structure (Janos 1985). Our results suggest that
perhaps they are neither. Although community structure of
both ectomycorrhizal fungi and their dipterocarp hosts
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responds strongly to the edaphic gradient at Lambir, our
seedling experiment supports the hypothesis that this is not
due to mutually dependent assembly. Clearly, there are
benefits to plant hosts of associating with mycorrhizal fungi
matched for a particular environment (Johnson et al. 2010),
presumably enhancing the growth, survival and reproduction
of both parties in complex ways. However, because they were
not found to be species-specific, these symbiotic associations
are not sufficient to explain the edaphic distributions of either
EMF or dipterocarp tree species at Lambir. Rather, we pro-
pose that this mutualism is just one component of the respec-
tive tree and fungal ecological strategies that govern how
interactions with the biotic and abiotic environment are trans-
lated into fitness differences across this soil, and potentially
other types of environmental gradients. Even if obligate tree-
EMF mutualism does not explain differential edaphic speciali-
sation of species within the Dipterocarpaceae, its evolution
has likely been a hugely important innovation leading to dom-
inance of this tree family in southeast Asian tropical forests
and other predominantly ectomycorrhizal taxa in other tropi-
cal forests (McGuire 2007). If our results hold for other
systems, then it may be necessary to re-evaluate our under-
standing of how EMF root mutualisms shape the realised
niches of both plants and fungi in the absence of strong host
specificity.
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