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Abstract

Ectomycorrhizal (ECM) fungal communities covary with host plant communities along
soil fertility gradients, yet it is unclear whether this reflects changes in host composi-
tion, fungal edaphic specialization or priority effects during fungal community estab-
lishment. We grew two co-occurring ECM plant species (to control for host identity) in
soils collected along a 2-million-year chronosequence representing a strong soil fertil-
ity gradient and used soil manipulations to disentangle the effects of edaphic proper-
ties from those due to fungal inoculum. Ectomycorrhizal fungal community
composition changed and richness declined with increasing soil age; these changes
were linked to pedogenesis-driven shifts in edaphic properties, particularly pH and
resin-exchangeable and organic phosphorus. However, when differences in inoculum
potential or soil abiotic properties among soil ages were removed while host identity
was held constant, differences in ECM fungal communities and richness among
chronosequence stages disappeared. Our results show that ECM fungal communities
strongly vary during long-term ecosystem development, even within the same hosts.
However, these changes could not be attributed to short-term fungal edaphic special-
ization or differences in fungal inoculum (i.e. density and composition) alone. Rather,
they must reflect longer-term ecosystem-level feedback between soil, vegetation and
ECM fungi during pedogenesis.
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Introduction

Major changes in soil properties occur during long-term
soil and ecosystem development, with shifts from nitro-
gen (N) limitation of plant productivity in young soils
to phosphorus (P) limitation in old, strongly weathered
soils (Walker & Syers 1976; Wardle ef al. 2004b; Lalib-
erté et al. 2012). These changes in soil properties are
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associated with significant changes in plant community
composition (Kitayama & Mueller-Dombois 1995;
Richardson ef al. 2004) and increasing plant diversity
(Wardle et al. 2008; Laliberté et al. 2014; Zemunik et al.
2015). In addition, recent studies have highlighted
changes in communities of ecologically important root
symbionts such as arbuscular mycorrhizal fungi during
long-term soil and ecosystem development (Kruger
et al. 2015; Martinez-Garcia et al. 2015). However, less is
known about changes in ectomycorrhizal (ECM) fungi
during long-term ecosystem development (Dickie et al.
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2013), despite ECM fungi playing their important role
in plant N and P acquisition (Smith & Read 2008; Smith
et al. 2015). Understanding how ECM fungal communi-
ties change during long-term soil and ecosystem devel-
opment also has implications for ecosystem functioning,
as ECM fungi act as drivers of soil carbon (C) accumu-
lation (Orwin et al. 2011; Clemmensen et al. 2013; Aver-
ill et al. 2014).

Soil abiotic properties such as concentrations of N
and P and pH affect ECM fungi (Twieg ef al. 2009;
Navarro-Rédenas et al. 2012). Fungal communities cov-
ary with host plant communities along soil fertility gra-
dients (Davey et al. 2015), and host plant communities
can control their root-associated fungal communities
(Ishida et al. 2007; Gao et al. 2015; Martinez-Garcia et al.
2015). On the other hand, ECM fungal communities
may respond in similar, yet independent ways to the
same environmental factors driving host plant commu-
nities (Toljander et al. 2006; Glassman et al. 2015; Teder-
soo et al. 2015). To determine the extent to which soil
properties drive ECM fungal communities, it is valuable
to study ECM fungal community changes within the
same host plant species across a range of soil properties
thereby avoiding ‘host identity” as a confounding factor
(Hart et al. 2014; Davey et al. 2015).

Host identity and fungal edaphic specialization are
not the only drivers of ECM fungal communities along
soil fertility gradients; the composition of root-asso-
ciated ECM fungal communities may reflect stochastic
colonizing events during fungal community assembly
(Kennedy & Bruns 2005; Kennedy et al. 2009; Fukami
et al. 2010). Such ‘priority effects” reflect the fact that the
order of arrival of colonizing ECM fungal species can
lead to divergent communities due to competition for
limited space (e.g. number of root tips), even under
similar soil abiotic conditions (Kennedy & Bruns 2005).
Priority effects can persist up to a year after inoculation,
as shown for wood-decaying fungi (Dickie et al. 2012);
however, whether these effects can persist to drive
ECM fungal communities along fertility gradients or
long-term ecosystem development remains unknown.
Therefore, to better understand what drives host-sym-
biont selection during long-term soil and ecosystem
development, we need to disentangle the role of inocu-
lum potential from soil abiotic factors driving root colo-
nization by ECM fungi.

In this study, we hypothesized that ECM fungal com-
munities vary in composition with soil age and that
changes are driven by soil properties, rather than inocu-
lum potential, specifically soil P availability, which
drives plant (Zemunik ef al. 2015) and arbuscular myc-
orrhizal fungal communities (Kriiger et al. 2015) along
this chronosequence. Additionally, we hypothesized that
ECM fungal richness increases with soil age, as a

reflection of the increase in total and ECM host plant
diversity across the chronosequence (Zemunik et al.
2015). To test these hypotheses, we evaluated soil fertil-
ity and soil inoculum effects on the ECM fungal commu-
nity composition and richness along a 2-million-year
dune chronosequence in southwestern Australia. We
conducted a glasshouse experiment with two inoculum
treatments to disentangle the effects on root-associated
ECM fungal communities of edaphic specialization from
those due to inoculum potential (i.e. priority effects).
Studying changes in ECM fungal communities along soil
fertility gradients within single host plant species helped
us better understand environmental drivers structuring
ECM fungal communities, independent of host identity.
Because these different drivers of ECM fungal commu-
nities are difficult to disentangle, studies based on
experimental manipulations (i.e. modifying soil proper-
ties and inoculum potential) are needed to better under-
stand what drives the composition and structure of
ECM fungal communities along soil fertility gradients.

Materials and methods

Study area

The Jurien Bay dune chronosequence, located in south-
western Australia (30.29° S, 115.04° E), spans over two
million years of pedogenesis over approximately 10 km
with no dispersal barriers among stages. The chronose-
quence has been described in detail elsewhere (Laliberté
et al. 2012; Hayes et al. 2014; Turner & Laliberté 2015).
This chronosequence provides an exceptionally strong
natural nutrient availability and stoichiometry gradient
driven by long-term pedogenesis (Laliberté et al. 2014;
Turner & Laliberté 2015; Table 1). We used the same
classification of five chronosequence stages as in Hayes
et al. (2014).

Site selection and soil collection. We used all five
chronosequence stages to cover the progressive and ret-
rogressive phases of long-term ecosystem development
along this chronosequence (Laliberté ef al. 2012;
Table 1). From each chronosequence stage, we ran-
domly selected five plots (10 x 10 m) from the same set
of permanent plots used in earlier studies (Hayes et al.
2014; Laliberté et al. 2014; Turner & Laliberté 2015;
Zemunik et al. 2015).

We collected soils in November 2013, and in each
plot, we collected 5.3 1 of bulk soil from the top 30-cm
layer from three randomly positioned points around the
plot. We also collected 1.6 1 of inoculum soil from the
top 20-cm layer of soil from seven randomly positioned
points. We used these soil depths to match previous
work on soil properties and fungi on this
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Table 1 Soil properties and vegetation variables among chronosequence stages. Soil properties are from Turner & Laliberté (2015),
and vegetation properties are taken from Zemunik et al. (2015)

Chronosequence stage

1 2 3 4 5

Soil properties
Total N (g/kg) 0.51 £+ 0.01c 1.16 + 0.01a 0.8 + 0.01b 0.28 4 0.01d 0.2 + 0.01e
Total P (mg/kg) 354 + 2b 416 + 14a 289 + 7c 22 +2d 6+ 1le
Resin P (mg/kg) 1.4 + 0.1ab 19 + 04a 1.4 £ 0.2ab 1.1+ 0.1b 0.5 £ 0.0c
Organic P (% of total P) 0.3 £ 0.2e 1.5 £ 04d 3.3 + 0.6c 21.6 &+ 2b 435 + 1a
pH 9.26 + 0.03a 8.59 + 0.04b 8.58 + 0.05b 6.49 + 0.06c 5.81 £ 0.13d
Exchangeable K (cmol./kg) 0.03 &+ 0.01b 0.04 &+ 0.01b 0.04 &+ 0.01b 0.07 £+ 0.01a 0.02 £+ 0.01b
Exchangeable Mn (cmol./kg) 0+ 0a 0 + Oa 0 =+ Oa 0.003 + 0.001b 0.003 + 0.002b

Vegetation properties
Total plant cover (%) 36 £ 7c 71 £ 7a 58 + 4b 65 + 5ab 52 + 4b
ECM plant cover (%) 15.0 = 6abc 24.3 + 6a 18 & 3a 120 = 1b 8 +1c
ECM plant relative cover (%) 33 £ 10a 31 £+ 5a 31 £ 3a 19 £ 1b 19 £ 3b
Total plant richness 17 £ 2d 29 + 2¢ 26 + 1c 39 £3b 50 + 5a
ECM plant richness 3.6 + 0.6b 5.0 & 0.8a 5.6 + 0.6a 54 4 04a 5.6 + 1.4a
Acacia rostellifera cover (%) 8.8 + 4.2a 10.3 £ 4.6a 7.7 £ 32a 119 £ 8.7a 19 +£1.7b
Acacia rostellifera relative cover (%) 28.0 £+ 13.2a 13.0 £52a 13.8 + 6.5a 159 + 11.9a 2.9 + 2.4b
Melaleuca systena cover (%) 0.4 £ 04c 12.3 + 1.5a 152 £ 2.7a 32+ 1.1b 1.8 & 1.8bc
Melaleuca systena relative cover (%) 14 + 14d 18.6 £ 2.6b 254 + 3.0a 52+ 1.7¢c 4.3 + 4.3cd

Different letters indicate significant (P < 0.05) differences among chronosequence stages based on post hoc Tukey tests.

chronosequence (Laliberté et al. 2012; Kriiger ef al. 2015;
Turner & Laliberté 2015; Teste et al. 2016). The collected
soils were then mixed and bulked for each plot, keep-
ing bulk and inoculum soil separate.

In June, July and August of 2012, using a subsample
of stages (i.e. stages 2, 4 and 5), we also collected root
and soil samples following the same approach used by
Kriiger et al. (2015). Description of the methodology
used for these samples can be found in Appendix S1
(Supporting information).

Species selection. We selected two plant species that nat-
urally co-occur across the chronosequence (Zemunik
et al. 2016; Table 1) to control for host plant identity,
and, therefore, focus primarily on the effects of soil
properties and changes in fungal inoculum on root-
associated ECM fungal communities. These two plant
species were Acacia rostellifera (Fabaceae) and Melaleuca
systena (Myrtaceae). Both species form arbuscular myc-
orrhizal and ECM associations and A. rostellifera also
produce N»-fixing nodules (Albornoz et al. 2016).

Glasshouse experiment

Soil treatments. To distinguish between changes in root-
associated ECM fungal communities due to soil abiotic
properties and those due to changes in ECM fungal
inoculum, we used three soil treatments (Table 2). First,
we used unaltered (i.e. unsterilized) fresh bulk soil from
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each plot (hereafter referred to as ‘field soil’) to explore
possible differences in ECM fungal community composi-
tion and diversity that were due to the combined effects
of soil properties and ECM fungal inoculum. Second, we
triple-pasteurized bulk soil from each plot, followed by
inoculation with 7% (v/v) mixed live soil inoculum from
all five chronosequence stages (hereafter referred to as
‘pooled inoculum’). This second treatment was used to
isolate the effects of soil abiotic properties, while expos-
ing the host plant to the entire ECM fungal regional spe-
cies pool across the whole chronosequence. Finally, we
used triple-pasteurized, mixed bulk soil from all five
chronosequence stages (i.e. mixed in equal proportions,
on a volume basis), but with addition of 7% (v/v) live
soil plot-specific inoculum from each specific stage (here-
after referred to as ‘specific inoculum’). This third treat-
ment allowed us to determine whether mycorrhizal
fungal inoculum (i.e. composition, density) could be an
important factor driving responses in ECM fungal com-
munity composition, as this treatment maintained abiotic
conditions constant. Using small volumes of inoculum
soil requires more time for soil biota communities to
fully establish (Brinkman ef al. 2010), whereas larger vol-
umes provokes confounding local nutrient effects and
decreases plant growth (van der Putten et al. 1988). We
used 7% as a compromise to minimize the chances of
these two undesirable outcomes. The bulk soil from all
plots for the pooled and specific inoculum treatments
was sterilized via triple-steam pasteurization at 80 °C for
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Table 2 Summary table of inoculum treatments used in the glasshouse experiment

ECM fungal
Inoculum treatment Bulk soil Bulk soil sterilization inoculum Aim
Field soil Each plot separately None None Evaluate natural factors

Pooled inoculum Each plot separately

Specific inoculum All plots mixed in

equal volumes

Triple-pasteurized

Triple-pasteurized

All plots mixed in Isolate abiotic effect
equal volumes

Each plot separately Isolate inoculum effect

2 h per day over 7 days, following previous studies
(Fang et al. 2012; Ryan et al. 2012).

Plant growth. We germinated A. rostellifera and M. sys-
tena seed in triple-steam-pasteurized sand at 19 °C with
a 12-h photoperiod. Twenty days after germination,
healthy seedlings were transplanted into soil-filled pots
(November 2013). Seedlings were immediately trans-
planted into pots and watered to 75% field capacity
throughout the duration of the experiment. After five
(A. rostellifera) and seven months (M. systena) of growth
in the glasshouse, seedlings were harvested by severing
shoots from roots. We harvested A. rostellifera first
because of its higher growth rate than that of M. sys-
tena. Soil attached to roots was carefully washed away
from root systems over a 1-mm sieve, and clean roots
were immediately freeze-dried. Equipment was thor-
oughly washed and surface-sterilized with 70% (v/v)
ethanol between each root system harvested. We sub-
sampled and pooled 20 mg of roots of each species
from each soil treatment—plot combination. Finally, we
pooled both plant species for each treatment—plot com-
bination to maximize the amount of ECM fungal spe-
cies colonizing roots, while still controlling for host
identity for a total of 73 samples; two samples did not
contain enough root material as plants were too small
(five replicates per combination of treatments).

DNA extraction, amplification and high-throughput sequenc-
ing. A total of 40 mg of pulverized root material was
extracted using Qiagen’s DNeasy Plant Mini Kit with a
modified protocol. Several negative controls were used
to assess possible environmental contamination. DNA
extracts were then quantified via real-time quantitative
PCR (qPCR) to assess for quality and quantity of geno-
mic DNA (gDNA) using the primers ITS3-KYO2/ITS4
(Toju et al. 2012). Then, the ITS region was amplified
and sequenced (in a single PCR) on an Illumina MiSeq
system utilizing modified fusion primers with a unique
8-bp multiplex identifier tag (MID-tag) and custom
adaptors for paired-end sequencing on both primers.
The pooled amplicons were purified using Agencourt
AMPure XP PCR Purification Kit (Beckman Coulter

Genomics, NSW, Australia) following the manufac-
turer’'s protocol. Purified amplicons were elec-
trophoresed on 2% agarose (w/v) gel and pooled in
approximately equimolar ratios based on ethidium-
stained band intensity to form a MID-tagged DNA
sequencing library. Illumina MiSeq sequencing was per-
formed using a misEQ Reagent Kit v3 (600 cycles) 300-bp
paired-end protocol as per manufacturer’s instructions
(IIumina, Inc.,, San Diego, CA, USA). Details on the
DNA extraction, amplification and high-throughput
sequencing protocol can be found in Appendix 52
(Supporting information).

Bioinformatics

Deconvolution of amplicon sequences into sample
batches followed the method described in Murray et al.
(2015), using GenEloUs v8.0.2 (Drummond et al. 2011).
Sequences were then dereplicated at 100% identity
across their full length and clustered at a 97% identity
threshold using the UPARSE (Edgar 2013) algorithm
implemented in USEARCH (Edgar 2010) to identify
operational taxonomic units (OTUs). OTUs were
mapped against the original amplicon sequence fasta
file from which sequences identified as singletons and/
or chimerics were removed. An OTU table was subse-
quently created using USEARCH identifying the pres-
ence or absence of each OTU in each sample. Following
OTU identification, representative sequences from each
OTU were queried against UNITE, UNITE Envir. or
annotated INSD data sets with Mega BLAST (Altschul
et al. 1990) using MassBLASTer with default parameters
(Abarenkov et al. 2010). Operational taxonomic units
with less than 85% similarity to best match and 90%
query were removed from the study. Ectomycorrhizal
fungal lineages were assigned according to Tedersoo &
Smith (2013).

Statistical analyses

Ectomycorrhizal community composition. To visualize dif-
ferences in composition of ECM fungal communities
among chronosequence stages, we calculated the

© 2016 John Wiley & Sons Ltd
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Jaccard dissimilarity among samples and used non-
metric multidimensional scaling (NMDS). To test for
statistical differences in ECM fungal community compo-
sition among stages, we used permutational multivari-
ate analysis of variance (PERMANOVA) and, when
appropriate, pairwise comparisons between each pair of
chronosequence stages and adjusted P-values for multi-
ple comparisons. To explore whether shifts in plant
composition were related to shifts in ECM fungal com-
munity composition, we performed a Procrustes test
(Lisboa et al. 2014) between vegetation and ECM fungal
OTU matrices. Vegetation data from the same plots
were obtained from Laliberté et al. (2014).

To evaluate whether changes in ECM fungal com-
munity composition were related to other factors (i.e.
abiotic soil properties and ECM plant diversity and
cover), we performed a canonical correspondence anal-
ysis (CCA) to test whether community composition
differences were related to soil properties or vegeta-
tion. Relevant explanatory environmental variables
were selected by permutation tests with forward selec-
tion. Soil property data from all of our sites were
obtained from Turner & Laliberté (2015), and plant
species richness and cover were obtained from Zemu-
nik et al. (2015).

Ectomycorrhizal fungal richness. To allow meaningful
comparisons of fungal OTU richness among samples
while standardizing for number of sequences, we com-
pared richness estimates using individual-based rarefac-
tion (Gotelli & Colwell 2001) based on the minimum
number of sequences per sample found across all sam-
ples (447 and six sequences for the glasshouse experi-
ment and field-collected samples, respectively). Rarefied
ECM OTU richness and its relationship with soil prop-
erties among chronosequence stages were tested using
generalized least squares models. Residuals were
inspected visually to check model assumptions. When
models did not meet assumptions (i.e. residuals centred
around zero and homoscedasticity), appropriate vari-
ance structures were specified in a second model, and
both models were compared using the Akaike Informa-
tion Criterion (AIC) and likelihood ratio tests (Zuur
et al. 2009). When a main term was significant, post hoc
Tukey tests were performed.

Finally, to test the robustness of our models from the
glasshouse experiment, we calculated richness for all
fungal OTUs found in the study to ensure that our
results were not purely driven by an overall trend in
fungal OTU richness across the chronosequence
(Fig. Sla—c, Supporting information). Furthermore, as
southwestern Australian ECM fungi are poorly studied,
we also calculated ECM OTU richness using a more
relaxed criterion (i.e. classifying an OTU as
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ectomycorrhizal if it belonged to an ECM fungal family,
or if the reference sequence was isolated from an ecto-
mycorrhiza; Fig. Slb—d, Supporting information). As
both models showed the same trend, we only show
results using the more conservative 85% similarity with
best match. For the field-collected samples, we used
85% similarity with best match. All statistical analyses
were conducted in R (R Core Team 2015). Detailed func-
tions and packages used in this study are listed in
Appendix S2 (Supporting information).

Results

Ectomycorrhizal OTUs and lineages

We obtained 532 694 ECM fungal sequences across all
root samples from all seedlings in our experiment, rep-
resenting 128 unique ECM OTUs from 15 ECM fungal
lineages. In the field soil treatment, the proportion of
OTUs from each lineage varied with chronosequence
stage (Fig. 1a). Lineages such as /pulvinula, /terfezia-
peziza depressa, and /tomentella-thelephora became
less frequent in older stages of the chronosequence
(P <0.01; Table S1, Supporting information), while
/marcelleina-peziza gerardii increased in frequency
(P <0.01; Table S1, Supporting information), and /ceno-
coccum was found only in seedlings grown in soils
from stages 4 and 5 (Fig. 1a). By contrast, /tuber-
helvella was found in similar abundance in seedlings
grown in soils from all chronosequence stages (Fig. 1a).
On the other hand, all chronosequence stages from the
pooled and specific inoculum treatments were domi-
nated by the same three lineages (P > 0.2; Fig. 1b, ¢),
with /terfezia-peziza depressa being the most common
one, representing around 76% of all OTUs.

Ectomycorrhizal community composition

Ectomycorrhizal fungal community composition
strongly covaried with plant community composition
across the chronosequence for seedlings grown in field
soil (Procrustes correlation = 0.88; P < 0.0001), but not
for ones in the other soil treatments (Procrustes correla-
tion < 0.3; P = 0.09). In seedlings grown in the field soil
treatment, ECM fungal communities differed signifi-
cantly in composition among all chronosequence stages
(Fig. 2a; P <0.05, after Holm correction for pairwise
comparisons), except for stages 2 and 3, which were
indistinguishable from each other (Fig. 2a). These
changes were explained by pedogenesis-driven shifts in
abiotic soil properties: pH, organic P, % organic P of
total P and exchangeable manganese (Mn) (Fig. 3a;
Ridi =0.33, P <0.001). Ectomycorrhizal plant species
richness, cover and relative cover were not retained as



4924 F. E. ALBORNOZ ET AL.

(a) Field soil (b) Pooled inoculum (c) Specific inoculum
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Fig. 1 Proportion of ECM OTUs of all lineages found in roots of Acacia rostellifera and Melaleuca systena growing in (a) field soil, (b)
pooled inoculum or (c) specific inoculum treatments. Lineages with less than three OTUs per chronosequence stage were pooled in
‘others’. Each chronosequence stage is represented by five sites.
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Fig. 2 Nonmetric multidimensional scaling ordination plots showing differences in ECM fungal community composition associated
with Acacia rostellifera and Melaleuca systena growing in soils from all five chronosequence stages for (a) field soil, (b) pooled inocu-
lum treatment and (c) specific inoculum treatment. Ellipses show the 95% confidence intervals around the mean centroid for each
chronosequence stage based on Jaccard’s dissimilarity scores. Black arrow links centroids and shows the chronological sequence of
the chronosequence stages from the youngest (stage 1) to the oldest (stage 5) soils. Statistically significant differences in composition
were determined using pairwise comparisons with Holm correction (Holm 1979). For the field soil, composition was different
between all pairs of stages (P < 0.001) except between stages 2 and 3, while there were no differences for the two other treatments.

(a) Field soil (b) Pooled inoculum
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Fig. 3 Canonical correspondence analysis between ECM OTUs community composition on roots from Acacia rostellifera and Melaleuca
systena, and soil properties among the different chronosequence stages between two inoculum treatments. Relevant explanatory envi-
ronmental variables (P < 0.01) were selected by permutation test with forward selection using 9999 number of permutations. Organic
phosphorus (P,), percentage of P, of total P (%P,), total phosphorus (P), organic carbon (C), exchangeable manganese (Mn) and soil
pH were the only variables selected. For the (a) field soil, soil properties explained 33% of total variation (P < 0.001), while in the (b)
pooled inoculum only 13% was explained (P < 0.01).
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explanatory variables by our variable selection model
for all soil treatments.

In contrast to the field soil treatment, there were no
significant differences in ECM fungal community com-
position for seedlings grown in soils from the pooled
inoculum and specific inoculum treatments (Fig. 2b, c;
P =0.13). However, in the pooled inoculum treatment,
differences in ECM fungal community composition
could still be partly explained by total P and organic C
(Fig. 3b; Ridi =0.13, P < 0.0D).

Ectomycorrhizal richness

Rarefied ECM OTU richness in seedlings grown in the
field soil treatment was lowest in stage 5 and greatest
in stage 1 (Fig. 4a; P < 0.04). Furthermore, ECM OTU
richness was strongly associated with a decline in soil
pH and resin P (plant-available P), and with an increase
in the percentage of total P as organic P, and in
exchangeable Mn (Table S5, Supporting information).
On the other hand, there were no differences in rarefied
ECM OTU richness among chronosequence stages for
seedlings grown in soils from the pooled inoculum
treatment (Fig. 4b; P = 0.2), while in the specific inocu-
lum treatment, rarefied ECM OTU richness was lower
in stage 5 compared with stage 2, with no differences
among other stages (Fig. 4c; P < 0.05).

Results from the field-collected samples showed the
same trends found in the field soil treatment of the
glasshouse experiment (Appendix S3, Supporting infor-
mation). Indeed, relative abundance of ECM lineages
changed with chronosequence stage (Fig. S2a, Support-
ing information), community composition differed
among all chronosequence stages (P < 0.01; Fig. S2b,

Supporting information), and these changes were
explained mainly by soil pH and total P (Fig. S2¢, Sup-
porting information; Rid]. =0.27, P <0.001). Finally, rar-
efied OTU richness was lower in the oldest stage
compared to stage 4 (P <0.01; Fig. S2d, Supporting
information), but only marginally lower than that of
stage 2 (P = 0.1; Fig. S2d, Supporting information).

Discussion

Our results show major changes in ECM fungal commu-
nities and a decline in richness during long-term soil
and ecosystem development, in both the field-collected
samples and in the glasshouse where plant host identity
was constant. Our results indicate a key role of soil pH
and P as drivers of ECM fungal community composition
during long-term ecosystem development along this
chronosequence. Interestingly, our results also show that
changes in ECM fungal communities cannot be indepen-
dently attributed to short-term fungal edaphic special-
ization or differences in fungal inoculum, because
differences in ECM composition in our glasshouse
experiment largely disappeared when seedlings were
exposed to the entire fungal species pool or when they
were grown under the same abiotic conditions, but
exposed to different fungal inoculum. This is likely a
result from fungal priority effects when plants have
access to a different inoculum pool (Kennedy 2010) or
due to an altered competitive balance among ECM fun-
gal species due to soil disturbance (Baar et al. 1999; Teste
et al. 2009). Results from our study suggest that long-
term feedback between soil, plants and their root-asso-
ciated ECM fungi plays a key role in structuring ECM
fungal communities along this soil chronosequence.

(a) Field soil (b) Pooled inoculum (c) Specific inoculum
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Fig. 4 Rarefied ECM OTU richness from roots of Acacia rostellifera and Melaleuca systena grown in soils from five chronosequence
stages from (a) field soil, (b) pooled inoculum and (c) specific inoculum treatments. Values are means (points) with 95% confidence
intervals (bars). Different letters indicate significant (P < 0.05) differences among soil ages based on post hoc Tukey tests.
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Shifts in ectomycorrhizal community composition

The importance of soil abiotic properties in driving
changes in ECM fungal communities along a long-term
retrogressive chronosequence is consistent with our first
hypothesis and with other results from tropical rain-
forests (Peay et al. 2010) and boreal forests (Toljander
et al. 2006). Indeed, ECM community composition dif-
fered strongly among chronosequence stages in both
field-collected samples and in the field soil treatment of
the glasshouse experiment. Other studies have found
that ECM fungal communities vary with soil age along
other soil chronosequences (Clemmensen et al. 2015;
Gao et al. 2015). Similar results were obtained for arbus-
cular mycorrhizas by Martinez-Garcia ef al. (2015) and
Kriiger et al. (2015). However, Davey et al. (2015) found
that ECM fungal OTUs follow the same trajectory as its
associated vegetation in two short-term glacier
chronosequences in Norway. Similarly, composition of
ECM fungal communities on seedlings strongly corre-
lated with the composition of whole plant communities
along the entire chronosequence in both the field and
glasshouse experiment. Host and symbiont communi-
ties are presumably strongly interlinked, but this covari-
ation probably results from similar responses of plants
and fungi to abiotic soil factors, rather than a direct
effect of vegetation composition on fungal communities
(Tedersoo et al. 2015).

Most ECM fungal lineages showed clear changes
among chronosequence stage in the field-collected sam-
ples and the field soil treatment. For example, OTUs
belonging to the/cenococcum lineage were present
solely in the latest stages of the chronosequence, while
the/tomentella-thelephora lineage was almost restricted
to the youngest stage (absent in stage 4 and only one
OTU in stage 5). This is surprising given that Cenococ-
cum is thought to be a ubiquitous generalist group
(Dickie 2007). Nevertheless, in an alpine forest in south-
ern Germany, Baier et al. (2006) found that Cenococcum
prefers organic soil layers, while Tomentella prefers min-
eral soil horizons, and van der Heijden et al. (1999)
found in the coastal dunes of the Wadden Isles that the
ECM fungal genus Cenococcum does not occur in young
calcareous soils. Additionally, Cenococcum is highly
stress-tolerant (Pigott 2006; Fernandez & Koide 2013),
which may allow it to persist in these strongly P-impo-
verished soils. On the other hand, previous studies
showed that Thelephora species are indicators of young
stages of ecosystem development (Jumpponen et al.
2002; Dickie et al. 2013; Davey et al. 2015). These
changes in lineages during ecosystem development may
be related to the efficiency of acquiring different forms
of N and P of each ECM fungal species, given that the
composition of N and P forms varies strongly along the

chronosequence (Turner & Laliberté 2015). The few dis-
crepancies on the lineages between field-collected sam-
ples and glasshouse experiment might be because in
the glasshouse we considered only two host plant spe-
cies, to the low sequencing depth of the 454 sequencing
method (field-collected samples; Supporting informa-
tion), as opposed to Illumina (glasshouse root samples).

A significant fraction of the variation in ECM fungal
community with soil age was explained by soil abiotic
factors, accounting for 27 and 33% of the total variation
in the field-collected samples and field soil treatment,
respectively. Soil pH and total P concentration were the
strongest drivers for the field-collected samples, while
soil pH, organic P concentration and [Mn] were the
strongest drivers in field soil treatment. These results
support our first hypothesis that ECM fungal communi-
ties are partly driven by soil chemical and nutrient
availability, and agree with previous studies showing
that soil pH (van der Heijden ef al. 1999) and P (Roy
et al. 2013) can be important drivers of ECM fungal
communities at the local scale. Other studies also
showed that soil N is a key factor determining ECM
fungal communities (Lilleskov et al. 2002; Cox et al.
2010; Sterkenburg et al. 2015). However, those studies
have been carried out mostly in systems where plant
productivity is limited by N availability, while P
becomes the growth-limiting nutrient along the Jurien
Bay chronosequence (Laliberté ef al. 2012; Hayes et al.
2014).

When plants were exposed to the entire regional
ECM fungal species pool, the differences in ECM fungal
community composition among chronosequence stages
found in the field soil treatment largely disappeared,
likely as a result of short-term colonizing events (i.e.
priority effects; Kennedy & Bruns 2005; Dickie et al.
2012). Kennedy et al. (2009) experimentally showed that
for four species of the ECM genus Rhizopogon coloniz-
ing Pinus muricata, the order of arrival (i.e. priority
effect) of ECM fungi strongly impacts ECM fungal colo-
nization dynamics. Conversely, when soil abiotic differ-
ences were removed (i.e. specific inoculum treatment),
the trend found in the field soil treatment was also not
found. This suggests that changes in ECM fungal com-
munity composition during ecosystem development
cannot be independently attributed to differences in soil
abiotic properties or inoculum potential. Rather, we sur-
mise that changes in ECM fungal communities reflect
long-term ecosystem-level plant-soil-fungal feedback
(Wardle et al. 2004a, 2008). However, we cannot dis-
count the possibility that our experimental soil manipu-
lations might have favoured certain ECM fungal
species. For example, our use of 7% of inoculum by vol-
ume would have diluted the amount of inoculum
which may have favoured fast-growing fungal species.
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Such potential biases are unavoidable in experimental
manipulations to isolate effects of fungal inoculum,
because too large of a volume would have confounded
abiotic and biotic effects (Brinkman et al. 2010).

Decrease in ectomycorrhizal fungal diversity

Our second hypothesis that ECM fungal OTU richness
would increase with increasing soil age was rejected
despite increases in ECM host plant diversity (Zemunik
et al. 2015). In fact, the opposite pattern was found in
both field-collected samples and in the glasshouse
experiment using unaltered field soils. Other studies
have found that ECM fungal diversity increases with
soil age (Davey et al. 2015), but these studies were con-
ducted on postglacial soils with more available P, and
where soils contain more organic matter. The decline in
ECM OTU richness might be accounted for by strong
environmental filtering favouring ECM fungal species
that are adapted to the extremely low soil P availability
in older soils along the Jurien Bay dune chronosequence
(Laliberté et al. 2012; Turner & Laliberté 2015).

Conclusions

We show how changes in soil properties during long-
term pedogenesis influence ECM fungal community
composition and richness, even when host identity is
constant. Priority effect appears to drive ECM fungal
community composition in the short term (Kennedy &
Bruns 2005; Kennedy et al. 2009). However, our results
suggest that over time, environmental filtering plays a
stronger role, and long-term fungal edaphic specializa-
tion becomes an important driver. Hence, we surmise
that changes in ECM fungal communities during pedo-
genesis reflect a synergistic effect of edaphic specializa-
tion and changes in fungal inoculum resulting from
long-term feedback between soil, vegetation and ECM
fungi. As such, our study advances recent field-based
studies of mycorrhizal communities along long-term
retrogressive chronosequences (Clemmensen ef al. 2015;
Martinez-Garcia et al. 2015) and addresses a recent call
by Dickie ef al. (2013) to use chronosequences as model
systems to better understand plant-fungal-soil feedback
throughout ecosystem development. Further studies are
required to elucidate the functional roles that ECM fun-
gal species play during long-term ecosystem develop-
ment, particularly with regard to plant P nutrition in
severely P-impoverished soils.
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