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Abstract Environmental disturbances define the diversity
and assemblage of species, affecting the functioning of eco-
systems. Fire is a major disturbance of Mediterranean pine
forests. Pines are highly dependent on the ectomycorrhizal
(EM) fungal symbiosis, which is critical for tree recruitment
under primary succession. To determine the effects of time
since fire on the structure and recovery of EM fungal com-
munities, we surveyed the young Pinus pinaster regenerate in
three sites differing in the elapsed time after the last fire event.
Pine roots were collected, and EM fungi characterized by
sequencing the internal transcribed spacer (ITS) and the large
subunit (LSU) regions of the nuclear ribosomal (nr)-DNA.
The effects of the elapsed time after fire on the EM community
structure (richness, presence/absence of fungi, phylogenetic
diversity) and on soil properties were analysed.

Fungal richness decreased with the elapsed time since the
fire; although, the phylogenetic diversity of the EM community
increased. Soil properties were different depending on the
elapsed time after fire and particularly, the organic matter,
carbon-to-nitrogen (C/N) ratio, nitrogen and iron significantly
correlated with the assemblage of fungal species. Ascomycetes,
particularly Tuberaceae and Pezizales, were significantly over-

represented on saplings in the burned site. On seedlings, a
significant over-representation of Rhizopogonaceae and
Atheliaceae was observed in the most recently burned site,
while other fungi (i.e. Cortinariaceae) were significantly
under-represented. Our results are consistent with the hypoth-
esis that fire can act as a selective agent by printing a phyloge-
netic signal on the EM fungal communities associated with
naturally regenerated pines, pointing out to some groups as
potential fire-adapted fungi.

Keywords Ectomycorrhizas . Fire ecology . Fungal
diversity .Pinus pinaster . Phylogenetic structure

Introduction

Fire is an integral disturbance of Mediterranean forest ecosys-
tems (Keeley et al. 2012). Wildfires generate drastic spatial-
temporal changes that usually reduce landscape heterogeneity
and affect the distribution and functioning of all living organ-
isms (Loepfe et al. 2010). Expected drought and longer fire
seasons related to climate change have led to predictions of
increased wildfire activity (frequency, intensity and duration)
(Thompson and Calkin 2011), which represent a major threat
to vulnerable ecosystems such as the Mediterranean one.

Mediterranean plants have evolved fire-adaptive strategies
that partially explain the high resilience of Mediterranean
forest ecosystems (Keeley et al. 2012). However, post-fire
natural regeneration of forests depends onmultiple factors such
as the initial plant species composition, fire intensity, seed bank
availability, and the recovery of soil microbial communities
(Rodrigo et al. 2004; Hart et al. 2005; Buscardo et al. 2011).
Mediterranean pines display remarkable colonization abilities
as a result of both high genetic variability and phenotypic
plasticity. Pinus pinaster Ait. is a good example of a wide-
spread tree species in the Mediterranean basin showing fire-
adaptive traits such as serotiny or thick bark (Tapias et al.

Electronic supplementary material The online version of this article
(doi:10.1007/s00572-013-0520-0) contains supplementary material,
which is available to authorized users.

A. Rincón (*) :B. P. Santamaría
Instituto de Ciencias Agrarias (ICA-CSIC), Serrano 115bis,
28006 Madrid, Spain
e-mail: ana.rincon@csic.es

L. Ocaña
Empresa de Transformación Agraria, S.A. Julián Camarillo, 6b.,
28037 Madrid, Spain

M. Verdú
Centro de Investigaciones sobre Desertificación (CIDE,
CSIC-UV-GV), Carretera de Moncada-Náquera Km 4.5, 46113,
Moncada Valencia, Spain

Mycorrhiza (2014) 24:131–141
DOI 10.1007/s00572-013-0520-0

http://dx.doi.org/10.1007/s00572-013-0520-0


2004). Successful pine recruitment after a fire can be hindered
by the adverse post-fire environmental conditions, the compe-
tition with neighbouring plants and the availability of mycor-
rhizal fungi in soil (Rodrigo et al. 2004; Dickie et al. 2009;
Rincón and Pueyo, 2010; Buscardo et al. 2011). EM fungi play
major roles in the functioning of forest ecosystems notably by
improving the uptake and transfer of nutrients and water to the
host plants, so decreasing their moisture and nutritional stress-
es especially under adverse environmental conditions (Smith
andRead 1997). Since pine species are obligatorymycorrhizal,
post-fire-regenerated seedlings are highly dependent on the
availability of active EM fungal propagules in soil (i.e. myce-
lium, spores) to establish the symbiotic partnership that will
help them to cope with the adverse environmental conditions
imposed by fire (Dahlberg et al. 2001; Buscardo et al. 2011).

Fire alters soil properties and reduces the microbial activity,
causing deep changes on the availability of nutrients and
directly impacting the vegetation recovery (McMullan-
Fisher et al. 2011). Particularly, EM fungi are affected by fire
through the increase of soil temperature, the combustion of the
organic layer, the deposition of ashes and the soil surface run-
off (Cairney and Bastias 2007). Additionally, fire causes the
loss of vegetation and thus the lack of colonisable roots,
disrupting the continuity of the mycorrhizal interaction and
affecting the life cycle of the EM fungi.

Fire generally resets the specific composition and structure
of EM fungal communities (Torres and Honrubia 1997;
Stendell et al. 1999; Grogan et al. 2000; Dahlberg et al.
2001; Bastias et al. 2006; Rincón and Pueyo 2010), which
require many years to return to pre-fire conditions (Treseder
et al. 2004; Kipfer et al. 2011). Interactions among fungal
species within the community can be determinant of important
ecosystem functions such as nutrient cycling (Kennedy 2010).
However, at present, the consequences of structural changes
of EM communities in terms of ecosystem functioning remain
largely unknown (Johnson et al. 2012). Phenotypic differ-
ences or similarities among species within a community are
founded in their evolutionary history, and it is commonly
accepted that inter-specific interactions are influenced by the
net ecological similarity of taxa, with closely related species
tending to be ecologically more similar than distantly related
ones (Webb et al. 2002). The phylogenetic analysis of diver-
sity can thus be a useful indicator for estimating the relative
importance of evolutionary and ecological forces in shaping
living communities (Webb et al. 2002; Pausas and Verdú
2010). How these assumptions apply to microorganisms
(Horner-Devine and Bohannan 2006; Maherali and
Klironomos 2007) and, in particular, to EM fungal communi-
ties (Branco and Ree 2010; Peay et al. 2010) has been little
explored.

The aim of this study was to determine differences in the
structure and recovery of EM fungal communities associated
with naturally regenerated pines in three sites differing in the

elapsed time since the last fire event. It was hypothesized that
time since fire will modify the structure of the EM community
by printing a phylogenetic signal that will allow the identifi-
cation of fire-adapted fungi (Baar et al. 1999, Claridge et al.
2009). The elapsed time after fire was thus predicted to alter
not only the richness of the EM community but also its
phylogenetic diversity. The fire-related response of the EM
community was expected to be linked to soil changes, and
differentially expressed depending on the age of the
regenerated host. Gaining knowledge on the structure of
post-fire EM fungal communities will contribute to our un-
derstanding of the complex temporal-spatial feedbacks be-
tween soil-fungus-plant interactions and of the potential re-
covery of these communities after disturbance.

Materials and methods

Site description

The study was conducted in a P. pinaster forest located in
Guadalajara, central-east Spain (41º3′N, 2º26′W), where three
sites in a fire chronosequence were defined. The study loca-
tion was at approximately 1,000 m elevation and had
Mediterranean climate with cold, wet winters and hot, dry
summers. Meanmonthly temperatures range form −4 to 28 °C
and annual precipitation is of 580 mm, most falling between
April and June. Soils are brown and formed by parent ferru-
ginous sandstones and siliceous puddingstones from the
Buntsandstein.

In the study location, two neighbouring areas were burned in
stand replacing wildfires in the summers of 1994 (Fi-94) and
2005 (Fi-05). A control site was established in an adjacent P.
pinaster forest unaffected by fire at least in the preceding
60 years (dominant trees of approximately 40-cm diameter)
(Fig.S1). Fire-prone Mediterranean pines such as P. pinaster
usually show fire-adaptive traits (i.e. serotiny and fire-induced
seed germination) enabling a quick and efficient post-fire re-
generation, as it was the case in all the sites chosen for this
study. In the study locations, plant communities represented
several stages of secondary succession; the plant community in
Fi-05 was dominated by herbaceous perennials with low cover
of small-sized shrubs (i.e. Lavandula stoechas Lam., Thymus
sp., Santolina sp.), scattered 3-year-old P. pinaster seedlings
and none adult pines. In Fi-94, it consisted of dispersed ever-
green shrubs (i.e. Cistus laurifolius L., Rosa canina L.), con-
spicuous P. pinaster saplings and seedlings, herbaceous peren-
nials and isolated saplings of Quercus pyrenaica Willd. and
Quercus ilex L. In the control site, forest over-storey was
dominated by P. pinaster, the mid-storey was primarily com-
posed of small trees of P. pinaster and isolated Q. pyrenaica
and under-storey composed of evergreen shrubs (i.e. C.
laurifolius L.,Cytisus scoparius L. (Link)), lichens andmosses.
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Experimental design and sampling

Three different sites in P. pinaster which stand within an area
of approximately 40 km2 were selected according to the time
since the last fire event: (a) greater than 60 years after fire
(Control), (b) 1994 burn, 14 years after fire (Fi-94) and (c)
2005 burn, 3 years after fire (Fi-05) (Fig. S1). At each site,
three replicated 100×100 m plots separated more than ap-
proximately 1 km were selected in a haphazard fashion for
sampling roots, in spring 2008. The study was focused on
early regeneration, considering young pines with the expected
age similar to that of having been naturally regenerated after
the burns of 2005 and 1994 (3 and 14 years, respectively).
Two kinds of samples were harvested in a haphazard fashion
for root-tip collection: (1) roots of seedlings (3-year-old pines)
in all sites (control, Fi-94 and Fi-05), and (2) roots of saplings
(14-year-old pines) in control and Fi-94 sites. In the first case,
five to eight individual seedlings per plot were carefully
excavated in each site. Roots of saplings were excavated in a
10×10-cm surface and 20 cm of soil depth at 0.5 to 1 m from
the trunk in north and south directions, traced back to the
target sapling, and a total of five samples per plot were
collected in each site. The number of pine internodes was
counted for age estimation. In all cases, samples were sepa-
rated by a minimum of 5 m.

Processing of EM samples and soil analyses

Once collected, roots were removed from soil by hand, gently
washedwith water over 2 and 0.5 mm sieves, and cut into 2- to
3-cm segments. Root segments were observed under a
dissecting microscope, and a subset of approximately 200
randomly selected root tips per sample was taken. Root tips
were classified as mycorrhizal based on the existence of
fungal mantle and mycelium, or non-mycorrhizal based on
their absence and the existence of root hairs. Total percentage
of EM roots per sample (number of mycorrhizal tips / total
number of root tips) was assessed and EM tips were classified
by morphotypes based on the characteristics of their mantle
and extra-matrical mycelium (branching, surface colour, tex-
ture, emanating hyphae and rhizomorphs; Agerer 1987–
1998). When ectomycorrhizas were not evident, cross-
sections were made and examined under the microscope to
verify the presence of the Hartig net. For each sample, three to
five EM root tips of each morphotype were separately collect-
ed and stored at −80 °C for molecular analyses. Soils from
each sample were air dried, sieved to 2 mm and measured for
different variables: pH (1:5w/v in H2O), electrical conductiv-
ity (1:5w/v in H2O), organic matter (OM) and total C, total N
(determined by the Kjeldahl method), and extractable K, Mg,
Mn and Fe determined by inductively coupled plasma spec-
trometry (Optima 4300DV, Perkin-Elmer).

Molecular identification of EM fungi

To identify each EM fungal morphotype in a molecular basis,
the ITS region of nuclear ribosomal DNA was analysed by
combining restriction fragment length polymorphism (RFLP)
and sequencing analyses. DNAwas extracted from three root
tips of each morphotype in every sample as described by
Gardes and Bruns (1993). Polymerase chain reaction (PCR)
amplifications were done using the primer pairs ITS-1F/ITS-4
or ITS-1F/ITS4B under the PCR conditions previously de-
scribed (White et al. 1990; Gardes and Bruns 1993). Negative
controls without DNA were performed to detect possible
contaminations. ITS-PCR products were separately digested
by the endonucleases HinfI, MspI and TaqI (NewEngland
Biolabs, UK) and the restriction patterns (RFLPs) were
analysed by electrophoresis (5 V/cm) in 2.5 % low-fusion-
point agarose gel (MS4, Pronadisa, Spain) in TAE buffer
providing a resolution of approximately 10 bp. Samples were
scored for the presence/absence of the fragments obtained by
each endonuclease and a binary matrix was generated. Jaccard
similarity indices were calculated for each pair of samples, and
a dendrogram was constructed by the un-weighted pair group
method of analysis using the SPSS v 17.0 software. Samples
were distributed within clusters on the basis of their RFLP
patterns, which allowed verifying and correcting the previous
classification of morphotypes made by morphological fea-
tures. Samples within a same RFLP cluster (95 to 100 %
similarity) were pooled and classed as a separate EM type,
and a sample of each unique RFLP pattern was chosen for
sequencing. PCR products were purified using the GFX™
PCR Gel Band Purification Kit (Amersham Pharmacia
Biotech, USA), before sequencing. Sequencing reactions
were performed using the ABI PRISM™ Dye Terminator
Cycle Sequencing Kit (Applied Biosystems, USA) with the
primers ITS-1F/ITS-4, and analysed in an automatic ABI
PRISM 3730 sequencer (Applied Biosystems).

Forward and reverse sequences were aligned and manually
corrected, and pair-wise comparisons were made between all
sequences, which were then clustered based on the percent-
ages of similarity. Taking into account the different sources of
expected variation when assembling fungal ITS sequences
into clusters, 97 % or greater sequence similarity was consid-
ered to define a unique sequence type or fungal operational
taxonomic unit (OTU) (Nilsson et al. 2008). Tentative taxo-
nomic identifications to the genus or species level of each
unique OTU were performed by basic local alignment search
tool (BLAST) searching in the GenBank and UNITE data-
bases, based on sequence similarity with ITS sequences only
of voucher sporocarps. Proper species matches were consid-
ered if a minimum overlap of 450 base pairs and 97 % or
greater similarity to an ITS sequence in the Genbank or
UNITE databases were obtained. When no taxonomic identi-
fication was possible, the sample was classed as “unknown”
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EM-#. Additionally, partial amplification of the 25S nuclear
ribosomal LSU gene was carried out for each OTU using the
primer pairs LROR/TW13 and ctb6/TW13, as described by
Tedersoo et al. (2006). All LSU sequences were queried by
BLAST, their previous taxonomic identification verified, and
used to perform the phylogenetic analysis. Representative ITS
and LSU sequences of each fungal OTUwere deposited in the
GenBank database (accession numbers JQ975951-JQ976017)
(Table S1).

Phylogenetic analysis

A phyogenetic tree was built using the 5.8S and 25S LSU
sequences of all EM fungal OTUs (Fig. S1). A sequence of
Glomus mosseae (FN547492) was used as out-group.
Alignments were built with the MUSCLE v3.6 (Edgar 2004)
and manually edited with the BioEdit v7.0.9. Ambiguously
aligned regions were removed using the Gblocks 0.91b
(Castresana 2000). The phylogenetic tree was constructed
with the BEAST v 1.6.1 assuming a general time-reversible
model of nucleotide substitution rates, a speciation Yule pro-
cess and an uncorrelated relaxed lognormal clock (Drummond
and Rambaut 2007). Topological constraints following differ-
ent phylogenetic studies of the kingdom Fungi were applied
(Hibbet 2006; James et al. 2006; Moncalvo et al. 2006;
Sugiyama et al. 2006; Schoch et al. 2009). A chronological
constraint of 390±50 million years was applied to the split
between Basidiomycetes and Ascomycetes (Berbee and
Taylor 1993). A maximum clade credibility tree was summa-
rized from the trees resulting after MCMC sampling every 103

generations over a total of 107 steps (Fig. S2).

Statistical analyses

Relative frequency was defined as the absolute frequency
of an individual OTU (the number of samples on which it
was found divided by the total number of samples) divided
by the sum of the absolute frequencies of all OTUs.
Similarly, relative abundance (root tip number) was esti-
mated as the absolute abundance of an individual OTU
(sum of abundances of a given OTU divided by the total
number of samples) divided by the sum of the absolute
abundances of all fungal OTUs. The effects of the elapsed
time after fire on EM fungal general occurrence and assem-
blage patterns (i.e. relative frequency/abundance, the presence/
absence of OTUs) were tested considering all data. Richness
and phylogenetic structure of the EM community were inde-
pendently analysed for seedlings and saplings to separate
potential host age-related effects.

The number of fungi per sample and fungal richness (S)
were determined for seedlings and saplings, and the Shannon-
Wiener diversity index (H′) and dominance (Simpson index
D) calculated (Magurran 1988). A generalised linear model

either based onGaussian (EM colonization, Shannon diversity
and dominance) or a Poisson (fungi per sample and richness)
error distribution, using the time since fire as ordered factor
(Fi94-Fi05-Control), was used for testing linearized and qua-
dratic contrasts. Significant linear contrasts (P<0,05) with
positive or negative t values indicate, respectively, an increase
or decrease of the dependent variable in response to the factor.
Significant quadratic contrasts with positive or negative t
values indicate respectively that the dependent variable
reaches minimum or maximum values at the intermediate
treatment of the rank.

The effect of the elapsed time after fire on the soil variables
was analysed by analysis of variance, and significant differ-
ences among treatments were separated by Tukey's test
(P<0.05). The effect of the elapsed time after fire on the
assemblage of fungal OTUs was tested by nonparametric
multivariate analysis of variance (ADONIS) using the Raup–
Crick similarity index, a probabilistic measure based on the
presence/absence of data, and statistical significance tested
against 10,000 null permutations. The EM community struc-
ture was drawn by non-multidimensional scaling (NMDS)
using the presence/absence of data of fungal OTUs, and
fungal-environmental correlations, tested against 10,000 null
permutations, were plotted onto the ordination by using the
envfit R function of MASS R package. These analyses were
performed as implemented in the vegan and MASS R pack-
ages (Oksanen et al. 2011).

The phylogeny obtained was used to calculate the net
relatedness index (NRI) using the program Phylocom
(Webb et al. 2008). NRI is an indicator of phylogenetic
diversity, which measures the mean pair-wise phylogenetic
distance between all taxa within a sample standardized
against a null model. In this case, the null model used
sampled at random two species from the phylogenetic tree.
Results were consistent with other null models available in
the picante R package (Kembel et al. 2010). The effect of
the elapsed time after fire on the phylogenetic diversity
(NRI) of EM fungal communities of seedlings and saplings
was analysed by a generalised linear model based on
Gaussian error distribution, using the time since fire as an
ordered factor (ranked as Fi-94-Fi-05-Control) for testing
linearized and quadratic contrasts (P<0.05), as previously
explained. To identify the phylogenetic clades that were
significantly influenced by the time since fire or by the
age of the tree, the procedure nodesig in Phylocom was
used (Webb et al. 2008). This procedure tests whether a
particular node in the phylogeny has significantly more or
less descendent taxa in a sample than predicted by a null
model. The null model randomly draws s taxa from the
phylogenetic tree, where s is the number of taxa in the
sample (Webb et al. 2008). All the analyses were performed
with the R software v.2.15.1 (R Development Core Team,
2011).
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Results

Occurrence and identification of ectomycorrhizal fungi

At the control site, most samples harboured three or four
different EM fungal OTUs with a maximum of five, whereas
in the burnt sites the majority of samples harboured only one
(Fi-05) or two (Fi-94) different fungi (Fig. 1a). The frequency
curves showed the EM fungal communities represented by
few dominant fungi and many less frequent ones, particularly
in both burned sites (Fig. 1b).

A total of 67 different EM fungal OTUs were identified in
the study, among which 32 were found only in one sample
(Table S1). Thirty-seven different OTUs were respectively
identified in the control and the Fi-94 sites, and 20 in the most
recently burned site. The 75 % of OTUs were Basidiomycetes
and the 25 % Ascomycetes (Table S1). The BLAST search
resulted in the tentative identification of 38 % of the EM
OTUs to the level of species, 18 % to genus and 28 % to
family, while 16 % remained unidentified (Table S1).

Only five OTUs were found in all sites: EM-1
(Atheliaceae), Cenococcum geophilum Fr., Craterellus
tubaeformis (Fr.) Quél., Rhizopogon graveolens (Vittad.)
Tul. and C. Tul. and Russula nauseosa (Pers.) Fr (Table S2).
Across all fire treatments, 41 different fungal OTUs were
found on seedlings and 37 on saplings, and the 30 % of the
total OTUs were found on both, coincident with the most
frequent fungi overall (Table S2). Usually, the most frequent
fungi were also the most abundant (Fig. 1c), except in the case
of C. geophilum that was highly frequent but with low abun-
dance in all sites. Far from the rest, the most frequent and
abundant fungus in the burned sites was R. graveolens
(Fig. 1c; Table S2).

The highest diversity was found for the families
Thelephoraceae (12 OTUs, including Tomentella and
Thelephora), Cortinariaceae (11 OTUs, including
Cortinarius and Inocybe) and Russulaceae (10 OTUs, includ-
ing Russula and Lactarius) (Tables S1, S2).

Mycorrhization rates and EM fungal richness

Rates of EM root colonization ranged from 63 to 81 % across
treatments (Fig. 2a). EM root colonization on seedlings was
lowest in site Fi-05, whereas the maximum was reached in the
site Fi-94 (Fig. 2a). The percentage of EM root colonization of
saplings was not affected by the time since fire (Fig. 2a). On
both seedlings and saplings, the number of fungal OTUs
found per sample was significantly reduced as the elapsed
time since fire was shorter (Fig. 2b). A gradual increase of
fungal richness and Shannon diversity coupled with a de-
crease of dominance were observed as the time elapsed since
fire increased, effects that were significant only on saplings
(Fig. 2c,d,e).

Effects of time since fire on soil properties and EM fungal
assemblages

Soils in Fi-94 showed significant lower values of almost all
variables tested compared with soils in the control site
(Table 1). In the most recently burned site Fi-05, significant
reductions in OM, Fe and Mn contents compared with control
soils were also observed (Table 1). The content of nitrogen
was significantly reduced in Fi-94 compared with the control,
but unaffected in the most recently burned site. When com-
paring both fire-affected soils that burned 14 years ago had
significantly less OM, Fe and Mn than the most recently
burned soil, and in both sites, the C/N ratio was significantly
reduced compared with the control site (Table 1).

A significant effect among the three sites differentially
affected by fire on the presence/absence of EM fungi was
shown by nonparametric multivariate analysis of variance
(R2=0.710, P<0.025). The results were drawn by ordination
analysis, which also showed the weight of the edaphic vari-
ables in grouping the EM OTUs (Fig. 3). Among soil vari-
ables, the organic matter (P=0.001), C/N ratio (P=0.005),
nitrogen (P=0.037), and Fe (P=0.019) were significant
explaining the assemblage of EM fungal OTUs (Fig. 3).
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Phylogenetic diversity of the EM fungal community

In the control site, most samples showed negative NRI values
indicating that taxa were phylogenetically clustered (low phy-
logenetic diversity), whereas in both burned sites, the majority
of samples had positive NRI values, indicating phylogenetic
overdispersion (high phylogenetic diversity) (Fig. 4). In the
case of seedlings, the elapsed time after fire did not signifi-
cantly affect the phylogenetic diversity of the EM fungal
community (Fig 4a). However, clade-level analyses showed
that seedlings established immediately after fire (FI-05)
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harboured a significant over-representation of fungi corre-
sponding to Rhizopogonaceae and Atheliaceae, while other

fungi such as Amanita phalloides Scr., Hebeloma cistophilum
Maire, Laccaria bicolor (Maire) P.D. Orton, or the clade with
OTUs belonging to Cortinariaceae were significantly under-
represented (Fig. 5a). This phylogenetic predilection
disappeared when seedlings established in the sites with lon-
ger elapsed time after fire (Fi-94 and Control, Fig. 5a). In the
case of saplings, a significant increase of the phylogenetic
diversity of fungal taxa within the EM community was ob-
served in the sites affected by fire (Fig. 4). This increment was
probably the consequence of fire significantly reducing the
presence of the larger clade of Basidiomycetes and signifi-
cantly favouring the presence of the clade of Ascomycetes,
particularly of the groups Pezizales (Pezizaceae and
Pyronemataceae) and Tuberaceae (Fig. 5b).

Discussion

Mycorrhizal colonization was not reduced in the burned sites,
and even a significant increase was observed on seedlings in
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Fig. 4 Phylogenetic diversity (net relatedness index, NRI) of the EM
fungal community of Pinus pinaster seedlings and saplings, in sites
differing in the elapsed time since the last fire event: control = > 60-yr
after fire (white), Fi-94 = 14-yr after fire (grey), and Fi-05 = 3-yr after fire
(black). Linearized (L) and quadratic (Q) contrasts: t value / P probability
(P < 0,05*). Significant L contrasts with negative t-values indicate a
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the site affected by fire 14 years ago. Negative effects possibly
related with fire were observed in fungal richness that was
progressively reduced and in dominance that was increased as
the elapsed time after fire was shortened, effects that signifi-
cantly persisted in saplings 14 years after fire. The EM root
colonization and fungal richness of post-fire EM fungal com-
munities have been previously reported to be reduced
(Dahlberg et al. 2001; Kipfer et al. 2011; LeDuc et al. 2012),
or not affected by fire (Jonsson et al. 1999; Grogan et al. 2000;
Rincón and Pueyo 2010; Longo et al. 2011) depending on the
host tree species, the fire severity, the elapsed time after fire, and
the local post-fire edaphic-climatic conditions. Additionally, it
should be noticed that due to pseudo-replication, a common
limitation of many ecological field studies and particularly of
those related with fire (Legendre et al. 2010), effects observed
in this study could be attributable to other underlying factors
other than fire.

In the most recently burned site Fi-05, seedlings showed
the lowest mycorrhizal colonization rates and most samples
harboured only one fungal OTU compared with the three or
four found per sample at the control site, suggesting that
abiotic filtering probably operated through fire-induced reduc-
tion of active EM inoculum. Fire can induce a rapid decline of
active fungal propagule density, especially in the form of
mycelium, by means of soil heating and elimination of host
vegetation (Cairney and Bastias 2007). The most direct source
of EM inoculum for seedlings installed immediately after fire
is the soil bank of fungal spores and other resistant propagules
built up over the time (Taylor and Bruns 1999; Buscardo et al.
2010). At subsequent phases of regeneration, fungi from
deeper mineral soil layers or propagules from adjacent areas
can progressively re-colonize the burned areas (Taylor and
Bruns 1999), as it was probably the case in the Fi-94 site,
where most of the samples were colonized by two fungi.
Interestingly, some fungi found in the control site (i.e.
Inocybe sp.1, Rhizopogon sp., Russula sp.1, Tomentella
coerula or Tuber borchii), also appeared in the site affected
by fire 14 years ago but not at the most recently burned one,
which could be interpreted in terms of re-colonization and
ecosystem recovery.

Approximately half of the total fungi were found only in
one sample, the majority on seedlings at the site Fi-94,
suggesting that point-source inoculum (i.e. spores, isolated
mycelial clones) still prevailed especially for the youngest
regenerated pines, even 14 years after fire. The viability of
potential post-fire EM inoculum sources and the strength of
their contribution to fungal re-colonization after fire are pro-
cesses difficult to determine (Cairney and Bastias 2007).

In our study, changes in the representativeness of some
fungal groups were observed in the burned sites, and even
the presence or absence of discrete fungi was triggered, shifts
that might have been influenced by changes in soil properties
(i.e. organic matter, C/N ratio, total nitrogen, Fe). Post-fire

chemical and physical changes of the edaphic environment
have been previously demonstrated to affect the richness and
structure of soil fungal communities (Hart et al. 2005; Cairney
and Bastias 2007; LeDuc et al. 2012). In our study, the soils of
both burned sites showed significant reductions of organic
matter, Fe and Mn, with particularly negative effects probably
attributable to fire in the long term (Fi-94 site). After wildfire,
organic matter and other soil elements are usually lost by
combustion and leaching, losses that can be accentuated over
time by runoff events and increased erosion (Certini 2005).
The lowest levels of extractable elements (i.e. Mg, Fe andMn)
observed in Fi-94 soils could also be attributed to an indirect
effect of pH on their solubility (Pereira et al. 2012). The content
of nitrogen was unaffected in themost recently burned soil, but
significantly reduced in the soil burned 14 years ago. Fire
drives the conversion of organic into inorganic forms of nitro-
gen that can be more easily lost by volatilization, direct
leaching, erosion or denitrification, inducing the reduction of
total nitrogen content in soil along the time (Certini 2005). EM
fungi are highly conditioned by nitrogen availability (i.e. spo-
rocarp production, root colonization), which can select EM
fungi to evolve diverse nitrogen extraction and utilization traits
(Avis et al. 2003), and shifts in fungal taxa have been reported
to be in a close relation with organic forms of nitrogen (Tweig
et al. 2009; LeDuc et al. 2012). In both burned soils, the C/N
ratio was considerably reduced 3 and 14 years after fire. This
parameter was significant explaining the general EM assem-
blage pattern. Fire primarily affects soil organic horizons
where a high proportion of EM fungi live, inducing higher
carbon than nitrogen losses and the reduction of soil C/N ratio,
a variable that has been considered a good indicator of fire
severity (Pereira et al. 2012). The return of the EM community
to a pre-fire structure has been previously related to the pro-
gressive gain of soil nitrogen, phosphorous (Avis et al. 2003;
Longo et al. 2011) and organic matter and C/N ratio (Treseder
et al. 2004; Nilsson et al. 2012), although further studies are
needed for better understanding the links among post-fire soil
dynamics and the mechanisms governing the fungal assem-
blage patterns.

A general tendency of low phylogenetic diversity (clustering)
of the EM community was observed in the control site, in
contrast with the high phylogenetic diversity (over-dispersion)
found in both burned sites. Specifically, the phylogenetic diver-
sity of the EM fungal community of saplings at the burnt site
was significantly higher compared with the control site. It was
attributable to the predominance of Ascomycetes over
Basidiomycetes, with a significant over-representation of the
clades belonging to Tuberaceae and Pezizales, fungi that can
produce high amounts of resistant spores. The increase of
Ascomycetes has been usually reported in the EM communities
at early stages of secondary succession (Torres and Honrubia
1997; Grogan et al. 2000; Cairney and Bastias 2007; Claridge
et al. 2009; Rincón and Pueyo 2010; Buscardo et al. 2010).
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Immediately after fire, some ascomycetous fungi (i.e. saprophyt-
ic Geopyxis carbonaria or mycorrhizal Peziza violacea) pro-
duce intense fruiting flushes and subsequent spore accumula-
tion, probably as a fire-adaptive strategy to better exploit
carbonised resources and/or competitively colonize the roots
of newly regenerated plants. Competition has been invoked to
increase the phylogenetic diversity in ecological communities
(Webb et al. 2002). More specifically, competition through
inhibitory priority effects has been shown to produce an increase
of phylogenetic diversity in nectar yeast communities because
the negative effect of early-arriving on late-arriving species is
stronger between closer relatives (Peay et al. 2012). Priority
effects can also increase phylogenetic diversity through facilita-
tion when early-arriving species alters abiotic or biotic condi-
tions favouring the establishment of distantly related species
(Valiente-Banuet and Verdú 2007). For example, yeasts living
in restrictive habitats like necrotic stems of columnar cactus
facilitate the growth of distantly related species increasing thus
the phylogenetic diversity of the yeast community (Anderson
et al. 2004). In post-fire environments, EM fungal traits allowing
a rapid colonization of the scarce roots such as the accumulation
of abundant viable propagules in the soil, the speed of spore
germination and hyphal growth, and the host compatibility can
be decisive in defining priority effects (that can lead phyloge-
netic over-dispersion), and consequently in structuring EM
communities (Kennedy et al. 2009).

On seedlings, the elapsed time since fire did not affect the
overall phylogenetic diversity of the whole EM community,
although this lack of effect could be the net result of some
fungal clades being significantly overrepresented and others
under-represented. The clades belonging to Rhizopogonaceae
and Atheliaceae were clearly favoured in the site recently
affected by fire, suggesting that fungi within each respective
group could share specific traits of potential adaptation to fire.
Rhizopogon spp. have been previously reported dominating
EM communities associated with pine roots in post-fire set-
tings (Horton et al. 1998; Baar et al. 1999; Rincón and Pueyo
2010; Buscardo et al. 2010), where some traits such as the
production of abundant fruit-bodies and spores, the long-
distance exploration type mycelium, the dispersal spore strat-
egy by animals and the host preference towards Pinus spp.
(Molina et al. 1999; Taylor and Bruns 1999; Agerer 2001;
Bruns et al. 2002) could be decisive conferring competitive
advantage to these species. Buscardo et al. (2010) showed that
in maritime pine forest soils affected by fire, Rhizopogon
spores accumulated, and even reported an alternate domi-
nance of the species R. luteolus and R. roseolus depending
on the fire return interval length. The clade corresponding to
Cortinariaceae, with some species typically reported in ma-
ture pine forests, was significantly underrepresented at the
most recently burnt site, an effect that could be related with
traits such as the production of low amount of spores (Taylor
and Bruns 1999; Nara 2009), or the preference of species

within this group for organic forms of nitrogen (Lilleskov
et al. 2002). Similarly, other fungi such as Amanita phalloides
Scr., Laccaria bicolor (Maire) P.D. Orton and Hebeloma
cistophilum Maire, were underrepresented in the site more
recently affected by fire. Specifically, the two last fungus
appeared on pine roots in the site affected by fire fourteen
years ago probably indicating seedlings sharing diversity with
other plants (i.e. Cistus spp. or pine saplings) via common
myceliar networks.

Overall, our results indicate that the elapsed time after fire
could act as a selective agent affecting the phylogenetic struc-
ture of the EM fungal communities of naturally regenerated
young pines, pointing out to some groups as potentially fire-
adapted fungi. Additional work is needed for better under-
standing the responses and underlying mechanisms governing
the assemblage patterns of post-fire EM fungal communities
and the meaning of their interaction with naturally regenerated
plants, which is of prime importance for the recovery and
conservation of Mediterranean forest ecosystems.
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