
LETTER Small-scale spatial variability in the distribution of

ectomycorrhizal fungi affects plant performance and fungal

diversity

Stav Livne-Luzon,1* Ofer

Ovadia,1* Gil Weber,2 Yael Avidan,2

Hen Migael,2 Sydney I.

Glassman,3 Thomas D. Bruns4

and Hagai Shemesh2*

Abstract

The effects of spatial heterogeneity in negative biological interactions on individual performance
and species diversity have been studied extensively. However, little is known about the respective
effects involving positive biological interactions, including the symbiosis between plants and ecto-
mycorrhizal (EM) fungi. Using a greenhouse bioassay, we explored how spatial heterogeneity of
natural soil inoculum influences the performance of pine seedlings and composition of their root-
associated EM fungi. When the inoculum was homogenously distributed, a single EM fungal
taxon dominated the roots of most pine seedlings, reducing the diversity of EM fungi at the treat-
ment level, while substantially improving pine seedling performance. In contrast, clumped inocu-
lum allowed the proliferation of several different EM fungi, increasing the overall EM fungal
diversity. The most dominant EM fungal taxon detected in the homogeneous treatment was also
a highly beneficial mutualist, implying that the trade-off between competitive ability and mutualis-
tic capacity does not always exist.
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INTRODUCTION

Environmental heterogeneity plays an important role in driv-
ing fundamental ecological processes related to species interac-
tions and diversity (Hutchinson 1959; MacArthur 1972;
Tilman 1986; Murdoch & Stewart-Oaten 1989; Kareiva et al.
1990; Pacala et al. 1990; Hassell et al. 1991; Rosenzweig 1995;
Chesson 1996; Siemann 1998; Tews et al. 2004). One of these
well-studied patterns is the positive correlation between envi-
ronmental heterogeneity and species diversity, stemming from
the idea that environmental heterogeneity creates more eco-
logical niches, therefore allowing the coexistence of a greater
diversity of taxa (Hutchinson 1959; MacArthur 1972; Tilman
1986; Rosenzweig 1995; Stevens & Tello 2011).
Both structural (i.e. variation in the physical structure of

the environment) and resource heterogeneity (i.e. variation in
the number of resources) (Stevens & Tello 2011), dictate the
distribution of individuals in space, resulting in spatial hetero-
geneity in species interactions (Kareiva et al. 1990). The
effects of spatial heterogeneity in negative biological interac-
tions, such as competition (Chesson 1985, 2000; Adler et al.
2006) and predation (Briggs & Hoopes 2004) on individual
performance and community structure have been studied
extensively. Nevertheless, positive biological interactions in
nature are ubiquitous, playing a critical role in regulating
many ecosystem functions (Stachowicz 2001) and processes
(Wall & Moore 1999). Yet, it is unclear how small-scale

spatial heterogeneity in mutualistic interactions affect both
players and their respective population and community
dynamics (but see Billick & Tonkel 2003; Bever et al. 2009;
Verbruggen et al. 2012).
Plant interaction with mycorrhizal fungi is one of the most

common and ecologically important mutualistic interactions
in terrestrial ecosystems (Smith & Read 1997). The most com-
mon type of such interactions involves arbuscular mycorrhizal
(AM) fungi. Nevertheless, the establishment of many trees
depends on early ectomycorrhizal (EM) infection (Smith &
Read 1997). EM fungi colonise plant roots by forming an
intercellular interface consisting of highly branched hyphae,
while also forming a dense hyphal sheath, surrounding the
root surface. This entire hyphal network aids in increasing
root surface area (Smith & Read 1997), thus improving plant
access to nutrients (Dhillion & Anderson 1993) and water
(Lehto & Zwiazek 2011). Plant roots are colonised by one to
many EM fungal species as they grow and encounter EM fun-
gal spores or hyphae. When a single seedling is colonised by
more than one fungal species, a few outcomes are possible.
The different fungal species can coexist over time (Bruns
1995), one species can exclude the others depending on their
competitive abilities (Hortal et al. 2008), or the first fungal
species to colonise the root system can exclude the others
(Kennedy & Bruns 2005; Kennedy et al. 2009; Johnson 2015;
Werner & Kiers 2015). The fact that mature trees are typically
associated with diverse communities of EM fungi (Bruns
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1995), suggest that the possible outcome of such interactions
can change over time.
EM fungal inoculum are not uniformly distributed in space,

exhibiting heterogeneity at scales ranging from thousands of
kilometres (Talbot et al. 2014; Tedersoo et al. 2014; Glassman
et al. 2015), through metres (Izzo et al. 2006; Pickles et al.
2010; Bahram et al. 2012), and down to a few centimetres
(Yoshida et al. 2014). Although generally overlooked, it is the
small-scale variability in mycorrhizal inoculum available to
individual plants that has potentially large-scale effects on
plant performance. Small-scale spatial variability in the distri-
bution of fungal inoculum can result from a variety of factors,
including differences in fungal niche requirements (Dickie et al.
2002), competitive ability (Pickles et al. 2012), dispersal mecha-
nisms (Johnson 1996), spore survival (Bruns et al. 2009;
Nguyen et al. 2012; Glassman et al. 2016) and hyphal growth
rates (Peay et al. 2011). Although all these studies aimed to
explore the mechanisms underlying spatial diversity of the EM
fungi associated with plant roots, none experimentally manipu-
lated the spatial distribution of EM fungal inoculum in the soil.
Furthermore, the ecological consequences of small-scale spatial
variation in the distribution of EM fungi in the soil on plant
establishment and growth, and on the diversity of EM fungi
colonising the host plant roots, has been rarely investigated.
The limited work on the consequences of spatial variation in

the distribution of mycorrhizal fungi is essentially restricted to
AM fungi. Bever et al. (2009) showed that spatial separation
between two fungal species, differing in the benefit they provide
to the host plant, enabled proliferation of the more beneficial
fungal species. They related this pattern to the ability of plants
to divert more resources to preferred mutualists, when spatially
separated from the less beneficial ones (Kiers et al. 2011;
Arg€uello et al. 2016). In contrast, Verbruggen et al. (2012)
illustrated both theoretically and empirically, that spatial clus-
tering can support the persistence of less beneficial fungal spe-
cies. This is because, when two fungal species occupy separate
parts of the root system, the plant has no other option but to
interact with both. These elegant experiments were carried out
with synthetic communities of only two species of AM fungi
each, and have focused on theoretical questions related to the
persistence of superior and inferior fungal partners. The signifi-
cance of the spatial distribution of diverse fungal communities
can go far beyond this theoretical question, and there is almost
no knowledge regarding the ecological implications of EM fun-
gal spatial distribution to plant performance and to their root-
associated EM fungal communities.
The distribution of fungal inoculum in natural soils can be

spatially coupled with that of soil nutrients. Previous work
has illustrated that clumped distribution of soil nutrients
enhances the growth of individual plants (Borkert & Barber
1985; Cahill & Casper 1999). Here, we tested, for the first
time, the effect of spatial heterogeneity of EM fungal spores
in the soil, on plant performance, as well as on the composi-
tion of EM fungi colonising the host plant roots. To do so,
we performed a bioassay experiment in which EM fungal
inoculum (i.e. natural soils) were either distributed homoge-
neously or heterogeneously in a potting material, and tested
the effects on Pinus halepensis seedling performance and root
colonisation. We hypothesised that when EM fungal inoculum

are homogeneously distributed in the soil, the proportion of
colonised pine root tips would be higher, and the respective
EM fungal community would be dominated by a few competi-
tively superior and/or pine preferred fungal species. We
hypothesised that when the distribution of EM fungal inocu-
lum is clumped, weaker EM fungal competitors would get a
better chance to infect the plant roots, thus increasing the
total diversity of EM fungi colonising the roots. However,
increasing the diversity of root-associated fungi can result in
either increased or decreased pine seedling performance. A
diverse root-associated fungal community should enhance
plant performance by increasing the chance to include a
highly beneficial species in the assemblage. However, if the
plant interacts with the first fungal partner encountered,
clumped distribution of EM fungal spores can lead to less
beneficial fungal partners dominating the root system, result-
ing in reduced plant performance.

METHODS

Experimental design

We carried out a full factorial bioassay experiment exploring
the performance (i.e. biomass, height and branching) of pine
seedlings exposed to either clumped (i.e. heterogeneous treat-
ment) or uniform (i.e. homogeneous treatment) distribution of
EM fungal inoculum. To increase the ecological validity of our
experiment, inoculum was implemented as natural soils col-
lected from four different habitat types. Hence, clumped distri-
bution of EM fungal spores was coupled with clumped
distribution of soil nutrients. To dissociate this apparent link,
the inoculum was autoclaved in half of the pots, substantially
reducing the abundance of viable EM fungal spores, while hav-
ing a negligible effect on soil nutrient levels (See Supportive
Information S1). The experiment included four treatments, each
replicated 25 times (2 levels of spatial heterogeneity 9 2 inocu-
lum treatment (natural vs. autoclaved) 9 25 replications = 100
pots). It was conducted under natural day-length (12–13 h) and
ambient air temperatures (21.66 � 6 °C) in a net-house in
Tel-Hai College, Israel (33�1409.600 N, 35�34037.2000 E).

Plant material

Pine (Pinus halepensis) seeds were collected from 20 trees in
Ramot Naftali forest, Israel (33�13051.600 N, 35�3401200 E).
Seeds were soaked in tap water for 24 h after which they were
left to germinate in perlite under room temperature (c. 25 °C).
After 2 weeks, the sprouts were transplanted to 4L pots.

Soil collection

To maximise the spatial heterogeneity in EM fungal spore
diversity, we used natural soil inoculum collected from four
different habitats characterised by high abundance of a single
host tree: Quercus calliprinos woodland (33�1034.1700 N,
35�24021.15 E); Quercus ithaburensis sparse woodland
(33�14027.1300 N, 35�40026.9700 E); Eucalyptus camaldulensis
forest (33�13058.1500 N, 35�34046.0400 E); Pinus halepensis for-
est (33�13043.1000 N, 35�33052.9600 E). The fact that these four
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host tree species often co-occur in the same habitat (i.e. mixed
forest), strongly suggest that the spatial heterogeneity in EM
fungal spore diversity simulated in this experiment is ecologi-
cally realistic.
In each habitat, five samples were collected from the top

15 cm of the soil (i.e. including the top and mineral soil hori-
zon) at distances of at least 10 m apart. The soil samples from
each habitat were pooled and sieved (2 mm). Soils were air-
dried to reduce complexity and to ensure inoculum was from
spores and other resistant propagules (Glassman et al. 2015).
Half of the samples were autoclaved (two cycles, 120 °C,
20 min each; autoclaved inoculum), so that we could tease
apart the effect of spatial distribution of EM fungal spores
from that of soil nutrients. A soil sample from each habitat
was inserted into a 25 mL tube, and immediately stored in a
�20 °C freezer for later DNA extraction and soil properties
analysis (for the latter, see Supporting Information S1).

Potting material

The bulk of soil in each pot was live grassland soil that is nat-
urally poor in EM fungal spores due to lack of appropriate
hosts (i.e. the nearest ectomycorrhizal host was at c. 50 m)
(33�13058.8000 N, 35�34049.5000 E); this was mixed with sand
(55% sand per volume) to improve pot drainage. Hereafter,
we refer to this mixture as potting material.

Treatment implementation

Spatially heterogeneous: 3.9L of potting material was thor-
oughly mixed and then transferred to a 4L pot. Four eight cm
deep holes were created in the soil (3 cm in diameter) in equal
distances of 3.5 cm from the pot centre. Twenty-five ml of
each of the four inoculum sources was poured into each hole
(see Fig. S1a).
Spatially homogeneous: 3.9L of potting material was thor-

oughly mixed with equal volumes (25 mL) of each of the four
inoculum sources (see Fig. S1b).
Before planting the pine sprouts, all pots were irrigated

until saturation. Two sprouts were planted in the centre of
each pot. Sprouts were reduced to one sprout per pot 34 days
after planting (March 19–April 21, 2015). Ten pine seedlings
were planted in pots containing only potting material to con-
trol for air-borne contamination.
Plants were watered by foggers four times a day for 10 min

bouts. Due to increased temperatures, starting from June 3
2015, extra irrigation was added twice a week, bringing the
soil to field capacity.

Harvesting protocol

After 6 months, plants were removed intact from the pots,
and washed under tap water within a 2-mm sieve to prevent
root loss. Root and shoot were separated. The shoot length,
stem diameter and the number of side branches were mea-
sured and the shoot was then oven-dried at 60 °C for 48 h.
Shoot mass was measured using an analytical scale (CP224S;
Sartorius AG, Germany; accuracy of 0.1 mg). To quantify the
proportion of colonised root tips, six lateral roots (over 10 cm

long) of each pine seedling were randomly selected, and thor-
oughly scanned under a dissecting microscope for colonised
root tips. All colonised root tips were removed using a ster-
ilised forceps, inserted into a 1.5 mL Eppendorf tube, and
immediately stored in a �20 °C freezer. The tubes were
immersed in liquid nitrogen at the end of the day and stored
in a �80 °C freezer until DNA extraction. To avoid cross-
contamination between samples, all tools were sterilised using
ethanol (70%).

Molecular identification of species

Molecular identification of species followed the methods of
Glassman et al. (2016) with minor modifications during the
DNA extraction stage (For a complete description of the
analysis and bioinformatics, see Supporting Information S2).

Statistical analyses

Multivariate analyses were performed using PRIMER v.6
(Clarke & Warwick 1994). To test for effects of heterogeneity
and inoculation treatments on EM fungal community compo-
sition, a PERMANOVA (Anderson & Walsh 2013) was per-
formed twice; first, based on Bray–Curtis similarity matrix
(Clarke & Warwick 1994) generated using rarefied species
read abundances that were fourth-root transformed (Clarke &
Warwick 1994; Clarke et al. 2008). Second, based on Jaccard
similarity matrix (Clarke & Warwick 1994) using presence/
absence data generated from the rarefied dataset (Clarke &
Warwick 1994). To detach the effect of heterogeneity from
that of the inoculation treatments, we performed another
PERMANOVA on a subset of the data including only the
natural inoculum.
Differences in community composition of the EM fungal

colonising pine roots may result from two different patterns:
(1) all pine seedlings within a specific treatment combination,
are colonised by several similar EM fungal species, or (2) dif-
ferent pine seedlings within a specific treatment are colonised
by few different EM fungal species (See Fig. S2). We thus cal-
culated diversity at the seedling/sample level (a1 diversity),
and diversity based on the cumulative abundances of each
treatment combination (a2 diversity). Similar a1 and a2 val-
ues imply that species diversity is consistent between the seed-
ling and treatment levels. Low a1 and high a2 imply that
each plant is dominated by a different fungal species, and
when examined at the treatment level, the community exhibits
higher diversity. We calculated two diversity indices (i.e. Shan-
non, Simpson), implemented in the ‘diversity’ function of the
‘vegan’ R package (R version: 3.1). We also calculated species
richness, implemented in the ‘specnumber’ function of the
‘vegan’ R package and calculated Pielou’s evenness by divid-
ing the Shannon diversity by the natural logarithm of species
richness. Ninety-five percent confidence intervals (95% CI)
were calculated using a standard bootstrap procedure (Manly
2006) (See supplement S3 in supportive information). To test
for differences in diversity patterns, we used a permutation
test based on a script written in R (version 3.1) (Supporting
Information S3; https://github.com/stavlivne/DiversityRand
omization). We corrected all P-values for multiple
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comparisons using the false discovery rate correction (Ben-
jamini & Hochberg 1995) implemented in the p.adjust func-
tion of the stats R package (version 3.1).

Proportion of colonised root tips and plant performance

We first examined the combined effects of spatial heterogene-
ity and inoculation treatment on the proportion of colonised
root tips and shoot biomass using two-way ANOVAs. To con-
trol for the effect of root colonisation on plant performance
(i.e. plant total and shoot biomass, and foliage height), we
used a two-way ANCOVA with spatial heterogeneity and inocu-
lation treatment as the explanatory variables and percent of
colonised root tips as the covariate.
The statistical analyses described in the above two sections

were performed using STATISTICA v. 12 (StatSoft, Inc.,
Tulsa, OK, USA).

Species-specific plant responses

We used Principle Component Analysis (PCA) to obtain an
agglomerative measure of plant size using all of the measured
plant variables. Since an increase in plant size is related to an
increase in all of these plant variables, the coefficients of the
first PCA axis are all expected to have a positive value. There-
fore, the first PCA axis constitute as a measure of the total
plant size. To examine the association between the relative
abundance of EM fungal species and total plant size, we used
a set of simple linear regressions for each of the most abun-
dant EM fungal species against PC1. Lastly, we built a matrix
of Pearson correlations for all of the above mentioned plant
variables against the relative abundance of EM fungal species

using the ‘corr’ and ‘heatmap.2’ functions implemented in R
(version 3.1).

RESULTS

EM fungi detected in different soil types

We first examined the relative sequence abundance of the EM
fungal genera detected in the four soil types by sequence
(Fig. 1). The Pinus halepensis forest soil was dominated by
Sebacina (56%), Inocybe (33%) and Tomentella (8.5%). The
Quercus calliprinos soil was dominated by Sebacina (28%),
Tomentella (22%) and Tuber (37%). The Eucalyptus camaldu-
lensis soil was dominated by Reddellomyces (54.5%) and
Scleroderma (27%). The Quercus ithaburensis soil was domi-
nated by Tuber (57.5%), Inocybe (31%) and Tomentella (9%).

Effect of autoclaving

Autoclaving the inoculum led to a significant reduction in total
read abundance of EM fungi detected on pine seedling root
tips (Two-way ANOVA: F1, 55 = 5.95, P = 0.018). Total read
abundance of the two most prevalent EM fungal species did
not vary significantly between the spatially heterogeneous and
homogeneous treatments (see Supporting Information S4 and
Figs S3). Autoclaving also reduced the proportion of colonised
root tips (Two-way ANOVA: F1, 80 = 67.90, P < 0.001), however,
this pattern was not consistent between the two spatial hetero-
geneity treatments (Two-way ANOVA: Heterogeneity 9 Inocula-
tion, F1, 80 = 24.14, P < 0.001). Specifically, when the
inoculum was clumped, there were no significant differences in
the proportion of colonised root tips between the natural and

Figure 1 Relative sequence abundance of EM fungal genera in the four soil types used as inoculation sources: (a) Pinus halepensis forest, (b) Quercus

calliprinos woodland, (c) Eucalyptus camaldulensis forest and (d) Quercus ithaburensis sparse woodland. Bars represents EM fungal genera which had

sequence read abundance lower than 10%.
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autoclaved inoculation treatments. However, when the inocu-
lum was homogeneously distributed, autoclaving led to a
reduction in the proportion of colonised root tips (see Table S8
and Fig. S3a), along with an overall decrease (> 100%) in
shoot biomass (Two-way ANOVA: F1,80 = 51.19, P < 0.001).

Community composition of root-associated EM fungi

Community composition of EM fungi colonising pine root tips
varied significantly (at the P < 0.1 level) between the spatially
heterogeneous and homogeneous treatments (PERMANOVA:
Pseudo. F1,49 = 3.09, P = 0.051), and between natural and
autoclaved inoculum (PERMANOVA: Pseudo. F1,49 = 3.35,
P = 0.039), however, the interaction between these two factors
was not significant (PERMANOVA: Pseudo. F1,49 = 0.69,
P = 0.505). Examining the community composition of EM
fungi colonising pine root tips, using presence/absence data, we
found no significant differences between the spatially heteroge-
neous and homogeneous treatments (PERMANOVA: Pseudo.
F1,49 = 1.60, P = 0.174), nor between the natural and auto-
claved inoculum (PERMANOVA: Pseudo. F1,49 = 2.29,
P = 0.073), and the respective two-way interaction was also not
significant (PERMANOVA: Pseudo. F1,49 = 1.05, P = 0.343).
However, when examining a subset of the data including only
the natural inoculum, there were significant differences in spe-
cies composition of EM fungi colonising pine root tips between
the spatially heterogeneous and homogeneous treatments
(PERMANOVA based on Bray–Curtis similarity matrix:
Pseudo. F1,32 = 5.62, P = 0.007; PERMANOVA based on Jac-
card similarity matrix: Pseudo. F1,32 = 3.45, P = 0.018).
In all four treatments diversity on individual seedlings, a1

diversity, (see Fig. S2) was low (Table 1), and the root-asso-
ciated EM fungal community was dominated by one/two spe-
cies on each seedling (see Fig. S4). No differences were
detected in a1 diversity between the spatially homogeneous
and heterogeneous treatments, either when natural or auto-
claved inoculum were used (Table 1). This was also the case
when examining all other pairwise combinations (see
Table S6), or when considering the aggregate effect of each
treatment level (see Table S7). Next, we examined the commu-
nity composition of root-associated EM fungi at the treatment
level (a2; Fig. S2). Pine seedling subjected to the spatially

homogeneous-natural inoculum treatment, were mainly colo-
nised by Geopora sp.1 (79%) and Reddellomyces donki (17%).
In seedlings subjected to the spatially heterogeneous-natural
inoculum treatment, the EM fungal community was more
even; equally dominated by three main fungal species:
Geopora sp.1 (34%), Reddellomyces westraliensis (35%) and
Reddellomyces donki (28%). In the spatially homogeneous-
autoclaved inoculum treatment, the EM fungal community
was equally dominated by Geopora sp.1 (52.5%) and Reddel-
lomyces donki (46%). In the spatially heterogeneous-auto-
claved inoculum treatment, the EM fungal community was
mainly dominated by Reddellomyces westraliensis (55%), Geo-
pora sp.1 (31%) and Reddellomyces donki (10.5%), (Fig. 2a).
Treatment diversity (a2 diversity) was significantly higher in
the spatially heterogeneous than homogeneous treatment, but
only when natural inoculum was used (Fig. 2b; Table 1). No
significant differences in a2 diversity were detected between
the homogeneous-natural and homogeneous-autoclaved, nor
between the heterogeneous-natural and heterogeneous-auto-
claved treatments (Table S6). In all treatment combination, a2
diversity was higher than a1 diversity (two- to sevenfold
increase; Table 1).

Plant performance

Clumped distribution of inoculum caused a significant reduc-
tion in shoot biomass relative to the homogeneous treatment
(Two-way ANOVA: F1,80 = 13.05, P < 0.001) (Two-way ANOVA:
Heterogeneity 9 Inoculation, F1,80 = 9.58, P = 0.002) (see
Table S9 and Fig. S3a).
An increase in the proportion of colonised root tips corre-

lated with increased shoot biomass (ANCOVA: F1,71 = 4.56,
P = 0.036), and this pattern was consistent between treatments
(all two- and three-way interaction terms involving the propor-
tion of colonised root tips were not significant: P > 0.678 in all
cases). Autoclaving the inoculum had a significant negative
effect on shoot biomass (ANCOVA: F1,71 = 16.77, P < 0.001).
Similarly, shoot biomass was c. twofold lower in the spatially
heterogeneous than homogeneous treatment (Fig. 2c; ANCOVA:
F1, 71 = 10.22, P < 0.001). This pattern tended to be less pro-
nounced when the inoculum was autoclaved (ANCOVA: Hetero-
geneity 9 Inoculation, F1,71 = 3.45, P = 0.067). Similar results

Table 1 Species diversity of the root-associated EM fungal community under the different treatment combinations. Species diversity was calculated at the

seedling/sample level (a1), and based on the cumulative abundances of each treatment combination (a2)

Natural Autoclaved

Homogeneous Heterogeneous P-value

FDR adjusted

P-value Homogeneous Heterogeneous P-value

FDR adjusted

P-value

a 1 Richness 2.3 2.214 0.865 0.865 2.182 2.25 0.922 0.922

Simpson 0.152 0.184 0.667 0.865 0.098 0.068 0.758 0.866

Shannon 0.266 0.284 0.863 0.865 0.207 0.135 0.665 0.866

Pielo’s evenness 0.319 0.357 0.735 0.865 0.265 0.167 0.518 0.866

a 2 Richness 6 9 0.641 0.865 10 8 0.718 0.866

Simpson 0.348 0.683 0.002 0.008 0.587 0.51 0.517 0.866

Shannon 0.634 1.214 0.000 0.000 1.071 0.762 0.189 0.866

Pielo’s evenness 0.354 0.553 0.096 0.256 0.465 0.367 0.552 0.866

Significant P-values are marked in bold.
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Figure 2 (a) Relative sequence abundance of the root-associated EM fungal species in each of the four treatment combinations. (b) Mean alpha diversity

based on the cumulative abundances (a2; Simpson diversity index) at each of the four treatment combinations. Error bars represent the 95% confidence

interval. Shoot biomass (corrected values – residuals after regressing against proportion of colonised root tips) under the four different treatment

combinations. Positive values indicate that shoot biomass was greater than expected based on root colonisation alone, negative values indicate the

opposite. Error bars indicate � 1SE. Different letters denote significant differences among treatments.
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were obtained when examining the combined effect of spatial
heterogeneity and inoculum treatments on total plant biomass
(ANCOVA: Heterogeneity 9 Inoculation; F1,71 = 3.57, P = 0.062),
and on foliage height (ANCOVA: Heterogeneity 9 Inoculation;
F1,71 = 3.45, P = 0.067).

Species-specific plant responses

A PCA including all plant traits illustrated that the first PCA
axis explained 90.2%, and the second axis explained 4.5% of
the variation in the data. All of the coefficients of the first
PCA axis were positive; therefore, the first PCA axis (PC1)
was used as a measure of the total plant size. When examining
the effect of each EM fungal species on total plant size (PC1)
separately, only the relative abundance of the two most

common species (Geopora sp.1 and Reddellomyces westralien-
sis) had a significant effect on total plant size, and their
apparent effects were opposite to each other (Table 2)
(Fig. 3). Total plant size increased when the relative sequence
abundance of Geopora sp.1 increased, and decreased when the
relative sequence abundance of R. westraliensis increased.
However, since these are relative abundances, this pattern is
not an indication that R. westraliensis had a negative effect on
plant size; rather it could be an outcome of lower infection
rate of the more beneficial Geopora sp.1.

DISCUSSION

We demonstrate that spatial distribution of EM fungal spores
has significant effects on the root-associated EM fungal

Table 2 Simple linear regressions describing the relationship between overall plant size (PC1 – first PCA axis) and the relative abundances of the three most

common EM fungal species detected on pine seedling root tips

Independent variable (X) Equation R2 F P-value FDR-adjusted P-value

Geopora sp.1 PC1 = �1.06 + 0.008 X 0.169 F(1,50) = 11.403 0.001 0.003

Reddellomyces westraliensis PC1 = 0.433�0.005 X 0.086 F(1,50) = 4.725 0.034 0.051

Reddellomyces donki PC1 = 0.168�0.004 X 0.024 F(1,50) = 1.238 0.271 0.271

Significant P-values are marked in bold.

Figure 3 A heatmap presenting Pearson’s correlations between different root-associated EM fungal species (on the X axis) and different plant performance

variables (on the Y axis). Positive correlations appear in blue and negative correlations appear in red. Significant correlations between overall plant size

(PC1 – first Principle Component Analysis (PCA) axis) and relative abundance of different root-associated EM fungal species are marked by *.
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community and on pine seedling performance. Seedling per-
formance was substantially improved when EM fungal inocu-
lum was homogenously distributed in the soil. Species richness
of this EM fungal community was relatively low at the single
plant level (c. 2 species), and it increased at the treatment level
(6–10 species). At both scales, no differences in species rich-
ness were detected between treatments. Similarly, species
diversity was very low at the single plant level (a1), but it
greatly increased when examined at the treatment level (a2).
This latter pattern was more pronounced when the distribu-
tion of EM fungal spores was clumped. This is probably
because the identity of the dominant fungal species (in terms
of sequence abundance) varied more among pine seedlings
encountering clumped distribution of EM fungal spores
(Fig. S4). Specifically, when soil inoculum was homogeneously
distributed, a single Geopora species dominated the root
system of most pine seedlings. When spores of Geopora, seem-
ingly a superior fungal competitor, were in close proximity to
most pine root tips, they colonised the entire root system,
restricting the establishment of other EM fungi. When the dis-
tribution of soil inoculum was clumped, the occurrence of
Geopora free space allowed the infection of probably weaker
EM fungal competitors, such as Reddellomyces species, to
colonise the pine root system first, which then prevented Geo-
pora from taking over the root system. The reduced overlap
in the distribution of Geopora and Reddellomyces species
(Fig. S4), supports the ideas of priority effect (Kennedy et al.
2009), and competitive exclusion (Jaderlund et al. 1997; Koide
et al. 2005). The fact that apparently weaker fungal competi-
tors can persist if they have priority over the root system has
also been recently demonstrated (Werner & Kiers 2015) in an
arbuscular mycorrhizal system.
Besides its effect on the root-associated EM fungal commu-

nity, spatial distribution of the soil inoculum had a strong
effect on pine seedling performance. Homogeneous distribu-
tion of natural soil inoculum caused a 130% increase in seed-
ling shoot biomass. This pattern can be explained by the
higher proportion of infected root tips in the homogeneous
treatment. However, this size effect was also evident after con-
trolling for variation in the proportion of colonised root tips
(Fig. 2b). Although it has been suggested that a diverse root-
associated fungal community should enhance plant perfor-
mance by increasing its niche breadth (Klironomos et al.
2000), no support for this hypothesis has been found in our
study, probably because the plants were not stressed and
because diversity increased only at the treatment level, rather
than at the single plant level.
Diverse root-associated fungal communities can also

enhance plant performance through a sampling effect and this
pattern is dependent on species-specific responses of plants to
these fungal species (Vogelsang et al. 2006; Jansa et al. 2008).
We found that clumped distribution of soil inoculum caused
an increase in the root-associated EM fungal diversity at the
treatment level, while reducing pine seedling performance.
These effects might be related to species-specific growth
responses of pine seedlings to EM fungi (Kennedy et al.
2007). It seems that Geopora was the most beneficial EM fun-
gal species (Fig. 3), and that its relative sequence abundance
on pine root tips was enhanced by inoculum mixing (Fig. 2a).

Gehring et al. (2014) also found a positive correlation
between Geopora species infection rates and pine shoot
growth. The ecology of species of the genus Geopora is still
poorly understood, but they appear to have the morphological
characteristics of low carbon demand fungus (Saikkonen et al.
1999), possibly promoting plant drought tolerance (Flores-
Renter�ıa et al. 2014).
Species-specific growth responses may explain the negative

association between EM fungal species diversity and plant
performance. Such a diverse fungal community can result
from both local and foreign EM fungal species. Both Reddel-
lomyces westraliensis and Reddellomyces donki are of Aus-
tralian origin, and they probably arrived at the eastern
Mediterranean region with the Eucalyptus (Fig. 1). EM fun-
gal species that are able to interact with local tree species
have a better chance to invade and establish (Menzel et al.
2017). The two foreign Reddellomyces species that are nor-
mally associated with Eucalyptus are able to associate with
the local P. halepensis. However, it appeared that they con-
tribute less to plant performance than the native Geopora
sp.1 does (Fig. 3).
Spatial heterogeneity can stabilise mutualistic interactions in

systems where the host can allocate resources to different
symbionts according on the benefit it could gain from each
one of them (Kiers et al. 2011). Bever et al. (2009) showed
that the less beneficial AM fungi proliferated in spatially well-
mixed environments. This is an expected outcome when the
delivery of greater benefit to the host increases the fitness cost
for the fungus providing it. In contrast, Verbruggen et al.
(2012), who also worked with AM fungi, illustrated that soil
mixing increases the benefit to the host, owing to host associa-
tion predominately with the high-quality fungal species, while
spatial structure can support the persistence of less beneficial
fungal species. Our results illustrated that soil mixing increases
host plant performance, probably owing to pine association
primarily with the more beneficial fungal species (Geopora
sp.1). This result suggests that the most beneficial fungal spe-
cies was also a superior competitor, entailing that a trade-off
between competitive ability and mutualistic capacity does not
always exist. The fact that in a previous bioassay, the root
tips of Pinus halepensis seedlings growing on mixed forest soil,
were also dominated by Geopora (Livne-Luzon et al. 2017),
lends further support to this idea. However, the fact that the
most beneficial and competitive taxon detected on pine seed-
lings (i.e. Geopora sp.1) had very low abundance in the pine
forest soil (Fig. 1) suggests that such dominance is most likely
temporal and context dependent. The high dominance of Geo-
pora on root tips in the spatially homogeneous treatment is
probably related to its germination and colonisation speeds.
However, its abundance in the forest soil is dependent on its
ability to fruit in that particular system, and on the longevity
of its spores.
Since we used natural soils as inoculum sources, the distri-

bution of EM fungal spores and soil nutrients were spatially
coupled. Clumped distribution of soil nutrients enhances indi-
vidual plant’s growth (Borkert & Barber 1985; Cahill & Cas-
per 1999). To dissociate the potential link between spatial
distribution of EM fungi and that of soil nutrients, the inocu-
lum was autoclaved in half of the pots. Doing so drastically
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reduced the proportion of pine seedling root tips colonised by
EM fungi (Fig. S3a), while also having a negative effect on
individual plant performance (Fig. S3b and Fig. 2c). Auto-
claving the inoculum had a minor effect on soil nutrient levels
(see Table S1). We thus suggest that the observed negative
effect of autoclaving the inoculum on plant performance
should be attributed to reduced relative abundance of the
more beneficial EM fungal species. Pine seedling performance
was higher when soil inoculum was homogeneously dis-
tributed (Fig. S3b and Fig. 2c). The fact that this pattern was
not evident when the inoculum was autoclaved, imply that it
is the spatial distribution of the EM fungal spores, rather than
that of soil nutrients that had the most prominent effect on
plant performance. Nutrient patches are exploited and
depleted over time; however, mycorrhizal symbiosis can start
from a single spore and grow into a large mycelium. This sug-
gests that patchiness of resources might have different effects
than patchiness of mutualistic interactions.
A recent discussion suggested that soil mixing can have

strong effects on the results of experiments seeking to quantify
the impact of soil biota on plants (Reinhart & Rinella 2016).
Hence, the decision of whether or not to mix the soil should
depend on the specific research questions, feasibility of differ-
ent experimental designs and some other technical details
(Cahill et al. 2016). The EM spore bank is naturally patchy
for some species and more uniform for others (Izzo et al.
2006). In our experiment, the mixing of natural soils allowed
to better control the scale at which heterogeneity occurred,
simplifying it into a binary condition that was conducive to
replication.
Our results illustrated strong biological effects of soil mixing

on the root-associated EM fungal community and on plant per-
formance, lending further support to the assertion that soil mix-
ing greatly influences the strength of the interactions between
soil biota and plants, essentially by reducing the stochastic
selection of mutualistic partners. We further propose that
small-scale spatial variation in the distribution of EM fungal
spores has the potential to greatly influence the establishment
and growth of their host plants, constituting an important com-
ponent of terrestrial ecosystems throughout the globe.
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