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Abstract Fires shape fundamental properties of many

forest ecosystems and climate change will increase their

relevance in regions where fires occur infrequently today.

In ecosystems that are not adapted to fire, post-fire tree

recruitment is often sparse, a fact that might be attributed to

a transient lack of mycorrhizae. Ectomycorrhizal (EcM)

fungi play an important role for recruitment by enhancing

nutrient and water uptake of their hosts. The questions arise

whether and for how long the EcM community is trans-

formed by fire. We investigated the resistance and resil-

ience of EcM fungal communities on a chronosequence of

12 Pinus sylvestris stands in Valais (Switzerland) and Val

d’Aosta (Italy) affected by fire between 1990 and 2006.

Soil samples from burnt and non-burnt forests were ana-

lyzed with respect to EcM fungi by means of a bioassay.

The number of EcM species was significantly lower in

samples from recently (2–5 years) burnt sites than non-

burnt forest, and increased with time since fire reaching

levels of adjacent forests after 15–18 years. Community

composition changed after fire but did not converge to that

of non-burnt sites over the 18 year period. Only Rhizopo-

gon roseolus and Cenococcum geophilum were abundant in

both burnt sites and adjacent forest. Our data indicate fire

resistance of some EcM fungal species as well as rapid

resilience in terms of species number, but not in species

composition. As long as the function of different EcM

species for seedling establishment is unknown, the conse-

quences of long-term shifts in EcM community composi-

tion for tree recruitment remain unclear.

Keywords Fire disturbance � Recruitment � Resilience �
Resistance � Scots pine

Introduction

Forest fires are disturbances of far reaching spatial and

temporal extent (Pausas and Keeley 2009) and result in a

wide variety of ecological effects at the scale of regions

(Bowman et al. 2009), landscapes (Turner and Romme

1994) and individual forest stands. Fires alter physical and

chemical soil properties (Neary et al. 1999; Certini 2005),

affect soil microbial populations (Vázquez et al. 1993;

Mataix-Solera et al. 2009), shape plant community com-

position (Bond and Keeley 2005) and create spatial heter-

ogeneity in forest ecosystems (Turner et al. 2003;

Bradstock 2008). Wildfire prone parts of the world span

ecosystems ranging from tropical savannas to boreal for-

ests, with fire occurrence being most abundant in biomes

with relatively high biomass productivity and concomitant

weather patterns that promote biomass burning (Krawchuk

et al. 2009). In Central European forests, fire activity is

currently rather low. As a results of human activity, fires

nevertheless regularly occur in the dry, inner-alpine valleys

such as the Val d’Aosta (Italy), the Valais (Switzerland)

and the upper Inn valley (Austria; Bovio et al. 2005;

Gossow et al. 2007; Zumbrunnen et al. 2009). Both the
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123

Oecologia (2011) 167:219–228

DOI 10.1007/s00442-011-1981-5

http://dx.doi.org/10.1007/s00442-011-1981-5


occurrence and the extent of forest fires are expected to

increase in these regions due to climate and land-use

change (Zumbrunnen et al. 2009), especially under the

projected increase of extreme drought events (Schär et al.

2004; Beniston et al. 2007).

In the Central Alps, regeneration failure of Pinus sylves-

tris L. after fire has been reported repeatedly (Delarze and

Werner 1985; Maumary et al. 1995; Moser et al. 2010).

Moser et al. (2010) concluded that microclimatic conditions,

especially water availability during summer period, hamper

P. sylvestris recruitment at its Southern distributional limit.

Ectomycorrhiza (EcM), the symbiosis between fungi and

roots of woody plants, is suggested to play an important role

in water uptake by forest trees and in the resistance of forests

towards water shortage (Garbaye 2000). The formation of an

extensive mycelium by EcM fungi allows symbiotic plants to

explore a considerably larger volume of soil, to access water

in soil pores that are smaller than its own fine roots and to

transport it to the hosts’ roots (Duddridge et al. 1980;

Brownlee et al. 1983; Lamhamedi et al. 1992). Moreover, the

dense fungal sheath covering the short roots of EcM plants

may protect them from desiccation (Pigott 1982; di Pietro

et al. 2007). Biotic interactions between EcM fungi and

seedlings may be important for seedling growth and thus tree

recruitment success, especially in an environment where

water availability is highly variable, as is the case in the

inner-alpine valleys. Species belonging to the family of

Pinaceae, in common with several other major plant families,

depend obligately on symbioses with EcM fungi for suc-

cessful seedling establishment (Molina et al. 1992; Read

1998) and the presence of EcM fungi has been shown to

increase survival and to enhance growth of conifer seedlings

(Mikola 1970; Amaranthus and Perry 1987; Nuñez et al.

2009). Seedling establishment success may be affected by

EcM fungal community composition since EcM species

differ in their ability to facilitate different aspects of seedling

growth (Jonsson et al. 2001). Consequently, successful tree

recruitment in fire prone regions may depend on the resis-

tance of EcM species to fire and the speed at which they are

able to re-establish from surviving and post-fire dispersed

inoculum.

The response of organisms to high-severity fire distur-

bance can be described in terms of resistance, i.e. the extent

to which a community is displaced by disturbance, and

resilience, i.e. the rate of recovery of a community fol-

lowing disturbance (Pimm 1984; Attiwill 1994). In the

context of community composition, resistance is measured

as similarity in species composition before and after dis-

turbance, whereas resilience is defined as the time needed

for the species composition on a site to return to its original

state after a disturbance (Halpern 1988; Moretti et al. 2006;

Bruelheide and Luginbühl 2009). The impact of fire dis-

turbance on plants has been investigated both in terms of

resistance and resilience of species richness or abundance

of certain functional groups (Keeley et al. 1981; Delarze

et al. 1992; Esposito et al. 1999; Kazanis and Arianoutsou

2004). As a general pattern, succession of post-fire plant

communities has been found to be a function of survival of

propagules (e.g. seed bank) and dispersal of new propa-

gules onto that site (Whelan 1995). For tree species, an

additional aspect emerges: the availability of EcM fungi.

Most of the studies investigating the effects of forest fires

on EcM focused on resistance of EcM communities rather

than resilience (reviewed in Cairney and Bastias 2007).

Field studies found that species number decreases follow-

ing fire (Dahlberg et al. 2001; Smith et al. 2004; Smith

et al. 2005) and EcM community structure changes

(Jonsson et al. 1999; Stendell et al. 1999; Grogan et al.

2000; Buscardo et al. 2010). Experiments with soil heating

have further demonstrated that EcM species react differ-

ently to fire effects (Izzo et al. 2006; Peay et al. 2009;

Kipfer et al. 2010). Regarding EcM community resilience

(sensu Attiwill 1994), there are two chronosequence stud-

ies that have evaluated EcM communities over long peri-

ods (C100 years; Visser 1995; Twieg et al. 2007), but the

first decades after fire disturbance were only poorly

resolved. In both studies, however, it is concluded that

changes in EcM community composition are most dramatic

in these first decades after a fire event.

In this study, we investigated the community composi-

tion of EcM fungi on a two-decade chronosequence of fire

sites in P. sylvestris forest stands from two valleys in the

Central Alps, the Val d’Aosta (Italy) and the Valais

(Switzerland). Since fire severity may influence EcM sur-

vival, we only included sites affected by stand-replacing

fire. As a result, P. sylvestris recruitment was sparse or

missing at several sites, and we have chosen an indirect

bioassay approach to assess EcM communities where soil

samples from the fire sites and adjacent non-burnt forests

were sown with P. sylvestris, and colonized roots were

analyzed for EcM fungi. The following questions were

addressed: (1) To what extent are EcM species number

reduced and community composition changed after fire

disturbance? (2) At what rates do species number increase

after the fire? (3) Do EcM fungal communities converge to

pre-fire composition? (4) Are burnt sites primarily colo-

nized by species that survived the fire, by abundant species

from the adjacent forest, or both?

Materials and methods

Study sites

The study sites are located in two inner-alpine valleys:

Val d’Aosta (Italy) and Valais (Switzerland; Online
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Resource 1). Both valleys are similar in terms of climate

and vegetation composition (Braun-Blanquet 1961; Ozenda

1988). They are characterized by a continental-like climate.

In Val d’Aosta, average summer precipitation is 291 ±

84 mm, and winter precipitation is 243 ± 105 mm. Aver-

age summer temperature is 17.7 ± 0.7�C, and winter

temperature 4.4 ± 0.7�C (meteorological station in St.

Christophe, 545 m a.s.l.; Agenzia Regionale pel la Pro-

tezione dell’ Ambiente). For the Central Valais, an average

summer precipitation of 320 ± 77 mm and an average

winter precipitation of 277 ± 93 mm have been measured

in the same period. Average summer temperature is 16.6 ±

0.7�C and winter temperature is 4.5 ± 1�C (meteorological

station in Sion, 482 m a.s.l.; MeteoSwiss). In Val d’Aosta,

a total of 366 fires have been recorded between 1986 and

2002, destroying 1,666 ha of forest. Most of these fires

occurred in the colline-montane zone (\1,400 m a.s.l.;

Bovio et al. 2005). In the Valais, 906 fires (equivalent to 1

fire per km2 forested area) are documented for the period

between 1904 and 2006, with an increase in the number of

large fires in the last decades. The fire regime in this area is

dominated by anthropogenic influence with 85% of fires

with known source of ignition caused by humans (Zumb-

runnen et al. 2009). Based on charcoal analyse in lake

sediments, it is assumed that large-scale fires were infre-

quent in these ecosystems in the past, but a sharp increase

in charcoal concentration has been found since the begin-

ning of the 20th century (Bendel et al. 2006).

Based on the forest fire databases of the Nucleo Antin-

cendi Boschivi, Aosta, and the WSL, Birmensdorf, all

recorded fire sites in the Val d’Aosta and the Valais

were selected that satisfied the following criteria: former

P. sylvestris forest affected by a stand-replacing wildfire

(i.e. no surviving trees) with a burnt area C2 ha to avoid

edge effects. This resulted in 12 fire sites, which burnt

between 1990 and 2006 (Table 1). Stand age of the forests

within which the fires occurred ranged from 60 (pastured

until mid of the 20th century) to 160 years (Table 1). Since

fires were stand-replacing, seedling banks were destroyed

and post-fire recruitment had to start from seeds. This

process is slow and can be hindered by rapid re-coloniza-

tion of herbaceous vegetation (Moser et al. 2010). As a

result, natural regeneration of P. sylvestris on the study

sites was sparse or missing. Cover of EcM forming plant

species (coniferous trees, deciduous pioneer trees and

shrubs) was low, except in the three oldest sites Boesse,

Del and Ronteron (Table 1). Areas where nursery-grown

saplings had been planted were excluded from sampling.

There are no records of previous fires in the selected sites.

An exception is the site in Muin, which has been partly

burnt in 1952 (G. Cesti, personal communication). Since

this sample did not act as an outlier in our analyses, we

decided to leave it in the dataset.

Soil sampling

To assess EcM communities of both burnt and non-burnt

forests, we sampled soils along transects in paired burnt

and non-burnt sites. Sampling took place between the 22

October 2008 and 15 November 2008. At each forest fire

Table 1 Location and forest stand characteristics of the 12 study sites in Valais (Switzerland; CH) and Val d’Aosta (Italy; I)

Site Longitude Latitude Time

since

fire (yrs)

Forest

stand

age (yrs)a

Elevation

(m a.s.l.)

Aspect Slope

(%)

Area

(ha)a
Pinus
sylvestris
recruitmentb

Cover of

EcM

plants (%)c

1 Menfrey (I) 7�30048.110 0 45�45055.430 0 2 60–70 1,029 SSE 40 25 0 2

2 Lens (CH) 7�26034.660 0 46�16018.510 0 3 140–160 1,035 S 45 6 2 4

3 Muin (I) 7�29005.470 0 45�45055.740 0 3 50–70 991 S 45 91 0 22

4 Leuk (CH) 7�38007.560 0 46�19026.530 0 5 140–160 1,035 WSW 53 310 0 2

5 Blavesse (I) 7�34053.050 0 45�45048.070 0 5 80–100 1,300 WSW 13 299 0 2

6 Grand Villa (I) 7�31011.390 0 45�46051.640 0 7 100 1,550 SSE 53 79 1 4

7 Avion (I) 7�26034.850 0 45�45046.300 0 11 60–70 1,300 S 46 2 0 12

8 Morgex (I) 7�00012.920 0 45�46003.680 0 11 120–150 1,046 SSW 48 12 2 3

9 Stalden (CH) 7�52019.730 0 46�15010.860 0 12 60–70 946 SSE 65 4 1 8

10 Del (I) 7�33001.640 0 45�46005.610 0 13 60–70 1,400 S 35 14 1 50

11 Ronteron (I) 7�28022.250 0 45�46004.380 0 18 60–70 1,007 W 60 23 2 63

12 Boesse (I) 7�36053.580 0 45�45055.420 0 18 60–70 1,400 NW 61 201 3 27

a Estimates by the local forest services
b Number of transects on the burnt sites where P. sylvestris seedlings were present within 1 m distance on each side of the transect (4 transects/

site were sampled)
c EcM plant species included Quercus spp., Betula pendula, Populus tremula, Salix appendiculata, Prunus mahaleb, Sorbus aria, Viburnum
lantana, Rosa spp., Berberis vulgaris, Juniperus communis, Pinus sylvestris, Larix decidua, Arctostaphylos uva-ursi
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site, four parallel transects, each 30 m long and separated

by 50 m, were established along the slope contours in the

burnt area and another four similarly established in the

adjacent non-burnt forest. To avoid edge effects (Dickie

and Reich 2005), the nearest distance of a transect to the

forest edge was always around 20 m. Thus transects from

each pair of burnt and non-burnt locations were separated

from each other by around 40 m. On account of this

relatively small distance we assume that plant and EcM

species composition prior to the burn have been similar

at burnt and control sites, although we cannot fully

exclude that differences in soil moisture exist. Since

P. sylvestris forests in the Central Alps are generally

restricted to shallow soils they all host similar understory

vegetation (Keller et al. 1998). The use of four transects

allowed to sample areas of identical size, despite the fact

that total area of the burnt sites differed (Table 1). Every

3 m, a soil sample of approximately 0.5 L was taken

between 0 and 15 cm soil depth with a shovel. This

sampling procedure was chosen because soils of most

sites were too stony to be excavated by a soil corer. The

eleven samples of one transect were pooled, packed in a

sealed plastic bag and stored at \10�C until further

processing. Between each transect, sampling tools were

cleaned with ethanol to avoid cross-contamination. The

same sampling scheme was also applied in the adjacent

non-burnt forest, giving a total of eight bioassay samples

per location.

Bioassay and morphotyping

Within 7 days after removal, 1 L of each soil sample was

filled in three plastic pots and sown with ten surface-ster-

ilized seeds of P. sylvestris per pot. The pots were placed in

a growth chamber with day/night cycles of 16/8 h, tem-

perature of 24/18�C, respectively, relative humidity of

60%, and mean irradiance of 640 lux during the day cycles.

12 additional pots were filled with autoclaved (120�C,

20 min) soil to assay for possible contaminants in the

growth chamber. Seedlings were watered with deionized

water every 3–4 days. When most of the seeds had

germinated, seedlings were thinned to 4 per pot. After

6 months, seedlings were harvested and the roots were

carefully rinsed under tap water. Root samples originating

from the same transect were pooled for further analysis.

The root tips were examined under a dissecting microscope

and classified into morphotypes based on morphological

characteristics such as color, mantle texture, type of ram-

ification, presence of rhizomorphs, etc. as described in

Agerer (1987–1997). From each sample, one representative

of each morphotype was used for molecular identification.

Mean colonization rate of bioassay seedlings was

83 ± 9%.

DNA extraction, amplification and sequencing

DNA was extracted from the root tips using a DNeasy

Plant Mini Kit according to the manufacturer’s protocol

(Qiagen 2006), and 5 ll of the extract was amplified fol-

lowing the protocol of Gardes and Bruns (1993) using the

primer pair ITS1F (Gardes and Bruns 1993) and ITS4

(White et al. 1990). PCR products were visualized with gel

electrophoresis, and successful amplifications were cleaned

on MultiScreen filter plates (Millipore, Billerica, USA).

5.5 ll PCR product was used together with 1 ll of the

Terminator Ready Reaction Mix for cycle sequencing with

the ITS1F-primer according to the protocol of Applied

Biosystems (AppliedBiosystems 2002). Products were

purified with a Sequencing Reaction Cleanup Kit (Milli-

pore, Billerica, USA) and sequenced in one direction using

an ABI 3730xl DNA Analyzer (Applied Biosystems, Foster

City, CA). Obtained sequences with a high degree of

similarity (cutoff of 98%) were clustered into groups and

were visually optimized using the programs Sequencing

Analysis 5.1 (Applied Biosystems, Foster City, USA) and

DNA Dynamo (Blue Tractor Software Ltd., North Wales,

UK). The consensus sequence of groups or—where clus-

tering failed—individual sequences were then entered for a

query in the UNITE sequence database (Kõljalg et al.

2005) and the NCBI GenBank and analyzed using the

BLASTn algorithm (Altschul et al. 1997). Consensus

sequences or individual sequences showing less than 95%

identity with a relevant database entry were identified at

family or ordinal level, 95–97% at genus level, and greater

than 97% at species level. Where two or more sequences or

sequence clusters with less than 98% identity between each

other matched the same database entry, a number was

added to the name to mark the difference between the two,

e.g. Tomentella sp. 1 and Tomentella sp. 2. Each sequence

or cluster of sequences that differ from others by more than

98% is hereafter referred to as ‘‘operational taxonomic

unit’’ (OTU), regardless of whether it has been identified to

species, genus or family level. A list with the species

names and the accession numbers of the corresponding

database entry of the best match is given in Online

Resource 2. Sixty-six percent of root tips could be identi-

fied successfully, either after one attempt of DNA extrac-

tion and sequencing or, where needed, after a second

attempt on a backup root tip with the same morphotype

from the same root sample. Two unidentified ascomycete

species occurred also in the control pots with autoclaved

soil, and were considered to be contaminants in the growth

chamber and therefore were excluded from further analy-

sis. Another four species, Neonectria macrodidyma,

N. radicicola, Oidiodendron citrinum and Pseudodictyos-

porium wauense, were excluded because they are not

considered to be EcM fungi.
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Statistical analyses

Calculations were conducted using R version 2.11.0

(R Development Core Team 2010). Species lists of the four

transects from the burnt sites and the non-burnt forest,

respectively, were pooled. The mean number of OTUs

between burnt sites and non-burnt forest was compared

using analysis of variance with location as random effect.

The number of OTUs on burnt sites in relation to the time

since fire was analyzed by linear regression, with number of

OTUs on burnt sites standardized by the number of OTUs

on adjacent non-burnt forest sites. For this analysis, both the

successfully identified as well as the unidentified species

were included. To present the community composition, a

non-metric multidimensional scaling (NMDS) on Bray–

Curtis distances was performed using vegdist and isoMDS

of the R vegan library (Oksanen et al. 2011). To test for

differences in species composition between burnt sites and

non-burnt forest, an analysis of similarity was performed

using the anosim function of the R vegan library with 1,000

permutations. The overlap in species composition of burnt

sites and non-burnt forest was expressed by the Jaccard

index (Koleff et al. 2003), plotted against time and analyzed

by a linear regression. The analyses on species composition

were performed on a subset of data containing successfully

sequenced species only (108 OTUs; see Online Resource 2).

Results

The number of OTUs were lower on burnt sites than in

adjacent forest stands (ANOVA of 24 samples, F1,11 =

19.03, P = 0.001). The mean number of OTUs in the

forests was 21.2 ± 3.5 (mean ± SD), whereas 11.6 ± 1.5

OTUs were found in the most recently burnt sites

(2–5 years since burn), and 19.5 ± 2.1 OTUs on the most

ancient sites ([13 years). For the samples from burnt sites,

there was a slight but significant increase in number of

OTUs with increasing time since fire (linear regression,

P = 0.004, radj
2 = 0.53). This trend was even more pro-

nounced when the number of OTUs of each fire site was

standardized by the number of OTUs in the adjacent forest

(P = 0.001, radj
2 = 0.61; Fig. 1). 18 years after fire, the

number of OTUs in the burnt sites has reached the number

of OTUs in the non-burnt forests.

Samples from burnt sites differed in species composition

from those from non-burnt forest sites as demonstrated by

NMDS (Fig. 2) and confirmed by analysis of similarity

(P = 0.001). The proportion of OTUs shared between pairs

of burnt sites and the adjacent non-burnt forest was low:

The Jaccard index varied between 0.05 (Morgex) and 0.38

(Avion), but no temporal trend could be detected (Fig. 3).

Although the similarity between burnt and non-burnt sites

is not clearly related to the age of the forest stands (linear

regression, P = 0.07, radj
2 = 0.22), it is apparent that the

forest stands of the 5 sites with the highest Jaccard index

values are all less than 70 years old.

Fig. 1 Changes in ectomycorrhizal diversity in relation to time since

fire. Data are the ratio of the number of OTUs detected on burnt and

non-burnt forest sites (N = 4 pooled soil samples per burnt and non-

burnt site, respectively). Line plotted is the ratio of OTUs = 0.39 9

time since fire-0.95 and was fitted with log–log regression

Fig. 2 Ectomycorrhizal community composition in burnt and non-

burnt forest sites as determined by nonmetric multidimensional

scaling (NMDS) using Bray–Curtis distances as a measure of

dissimilarity. Dimensions: 294 operational taxonomic units (uniden-

tified species included) 9 24 sites. Stress = 20.5 and non-metric fit

r2 = 0.96. Site_Yrs: sites are coded Av Avion, Bla Blavesse, Bo
Boesse, Del Del, Gra Grandvilla, Len Lens, Leu Leuk, Men Menfrey,

Mo Morgez, Mu Muin, Ro Ronteron, Sta Stalden and Yrs as years

since fire for the burnt sites
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The most frequent species on the burnt sites were

Rhizopogon roseolus (38 occurrences), Cenococcum geo-

philum (9), an unidentified ascomycete species (8) and an

unidentified Pyronemataceae species (8, Online Resource

3). The first three species were also the most abundant

species in the non-burnt forest, thus we assume that they

either survived the fire or are among the very early post-fire

colonizers. The unidentified Pyronemataceae, as well as

Hebeloma mesophaeum, were also among the early post-

fire colonizers, but neither of them was found in more than

one forest site. Later colonizers not present in the forest

sites include Hebeloma crustuliniforme (present

5–10 years after the burn) and an unidentified Inocybaceae

species (present [10 years after the burn). Besides

R. roseolus and C. geophilum, the EcM communities of the

non-burnt forest were dominated by members of the

Atheliaceae, Sebacinaceae and several Tomentella species,

which were not present in the burnt sites. Overall, the

variability in species composition between sites as well as

between transects within sites was high: more than 50% of

the successfully identified species from both burnt sites and

non-burnt forests occurred in only a single transect (Online

Resources 3 and 4).

Discussion

On forest fire sites in the Central Alps, the window of

opportunity for conifer seedling establishment is narrow

because competing herbaceous species colonize the fire

sites in the first few years after fire (Moser et al. 2010).

Moreover, conifer seed production is highly variable

between years, with the majority of trees producing seeds

synchronously in masting years. During non-masting years,

the probability of encounter and re-association between

plant and fungus is low and thus, the efficiency of EcM

facilitating the recruitment process is limited (Yamauchi

et al. 2009). Given that the presence of EcM fungi is

necessary for the establishment of obligately ectomycor-

rhizal P. sylvestris (Molina et al. 1992), successful post-fire

pine recruitment requires either a fire-resistant EcM com-

munity or one that is resilient through rapid re-coloniza-

tion, or a combination of both. We found that the number

of species in terms of OTUs was reduced by 45% on

recently burnt sites (2–5 years after the fire) compared to

the corresponding adjacent non-burnt forest sites. Never-

theless, ten or more OTUs were recorded in these sites,

indicating that a considerable number of EcM species

survived the fire or re-colonized the soil rapidly after fire.

Since sampling in the most recent fire site at Menfrey took

place 2 years after the fire, we cannot distinguish between

survival and very early re-colonization. Several of the

species present at Menfrey are, however, known to survive

artificial soil heating (Cenococcum geophilum, Rhizopogon

roseolus and Wilcoxina rehmii; Kipfer et al. 2010), sug-

gesting that there is considerable resistance to fire among

the EcM community. On the one hand, soils do not burn

homogenously, even not during a stand-replacing fire, and

temperatures decrease rapidly across the soil profile,

reaching detrimental temperatures only in the uppermost

layer (DeBano et al. 1998). Thus, especially in deeper soil

layers, EcM fungi may have to resist only moderate tem-

peratures, but mycelium may also die because hosts are

destroyed during stand-replacing fires. On the other hand, it

is known that species in these genera have high re-colo-

nization abilities after disturbance because of their abun-

dant stock of resistant propagules (spores, sclerotia) in the

soil (Baar et al. 1999; Taylor and Bruns 1999; Rincón and

Pueyo 2010).

The number of OTUs increased with increasing time

since fire, roughly doubling from around 11–19 OTUs in a

time-frame of two decades after fire. Increasing number of

OTUs is a result of newly arriving spores which are dis-

persed by wind (Allen 1987; Trappe and Luoma 1992),

water run-off (Trappe and Luoma 1992), insects, soil-

dwelling arthropods (resupinate fungi with fruitbodies

consisting of a crust lying flat on the substrate; Lilleskov

and Bruns 2005) and small mammals (hypogeous fungi

with fruitbodies that are buried in the soil; Johnson 1996;

Pyare and Longland 2001). In our study, dispersal by small

mammals is probably of little relevance in promoting EcM

community recovery because, with the exception of

R. roseolus and Tuber rufum, species known to produce

hypogeous fruitbodies were absent in the soil samples from

burnt sites. Ectomycorrhizae of epigeous fungi (above-

ground fruiters) were the predominant species, accounting

for 88% of all identified species. Epigeous fungi are mainly

wind-dispersed and spore rain largely depends on the

abundance of fruitbodies in the surrounding forests in the

Fig. 3 Changes in similarity in species composition based on

Jaccard’s index of community similarity between burnt sites and

non-burnt forest in relation to time since fire. Unidentified species

were excluded
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years after the fire (Ingold 1971). Consequently, EcM

re-colonization may be determined by EcM community

composition in the adjacent forest, which, in turn, may be

affected by forest type and stand history. Not all abundant

EcM species of the forest sites were found in the burnt

sites, and many species present in the burnt sites were not

found in the adjacent forest (Online Resource 3). These

patterns may be largely due to the high spatial and tem-

poral variation of species occurrences, as shown by the

large number of OTUs encountered on single transects

(Online Resource 4).

While the number of OTUs on the burnt sites increased

with increasing time since fire, there was no apparent

tendency for community composition from burnt sites to

converge to that of non-burnt forest over the same time

frame (Figs. 2, 3). This corroborates the study by Visser

(1995) and Twieg et al. (2007), who suggested that changes

in EcM community composition are most dramatic in the

first decades after a fire event. Differences in community

composition between burnt and non-burnt sites are in

accordance with the finding that the EcM community in

North American oak savanna, an ecosystem dependant on

low-intensity fires, is unique compared to that in adjacent

mature oak forest (Dickie et al. 2009). Similarly, EcM

community composition in a Pinus muricata stand changed

markedly following a severe wildfire (Grogan et al. 2000).

In contrast, Visser (1995) found that all morphotypes

present at a 41 year-old wildfire site also occurred at a

122 year-old site with mature Pinus banksiana forest. The

fact that, in our study, the similarity between burnt and

non-burnt EcM communities varied considerably between

sites (Fig. 2) and showed no temporal trend (Fig. 3) may

have several reasons: first, the forest stand age may affect

the EcM community composition in non-burnt sites, with

community composition of younger stands more similar to

disturbed sites than older stands due to species succession

over time. This is supported by our finding that the sites

with the highest similarity between forest and burn are all

less than 70 years old (Fig. 3). Second, re-colonization is,

to some extent, a stochastic process with early arriving

species benefitting from low competition. Consequently,

succession pathways may vary according to the availability

of fungal propagules in the first months or years after fire.

Third, the bioassay method used to assess EcM community

composition can only detect species that readily form

ectomycorrhizae with seedlings under growth chamber

conditions. Species that exclusively colonize roots of

mature trees such as members of the Russulaceae and

Amanitaceae (see Taylor and Bruns 1999) are missed, but

these species are less relevant to this study as our interest is

with seedling establishment.

Our study on burnt P. sylvestris stands in the Central

Alps shows that EcM species richness is both moderately

resistant and resilient to fire events. Pioneer tree species

such as Betula pendula, Populus tremula and Salix spp.

were found to re-colonize burnt sites (Wohlgemuth et al.

2010), and these early colonizers, together with the pro-

cumbent woody shrub Arctostaphylos uva-ursi, may facil-

itate the establishment of a EcM network belowground

(Horton et al. 1999; Nara and Hogetsu 2004). Our data also

show that fire events change EcM community composition

in comparison to non-burnt forests. It may take far more

than two decades for EcM communities to reach species

composition similar to that before fire. To our knowledge,

this is the first time that a relatively short but high-reso-

lution chronosequence was investigated, and that species

composition was compared to EcM communities from the

adjacent, non-burnt forest. The question of whether EcM

fungi account for the observed post-fire regeneration fail-

ure of P. sylvestris in the Valais cannot be answered con-

clusively. Regeneration failure was not caused by the

absence of EcM fungi per se, since EcM fungi were present

in all fire sites irrespective of time since burn. However, it

remains unclear whether seedling growth varies with EcM

community composition. Further studies should focus on

the question of whether taxonomically different EcM

communities also differ in their function, that is, whether

changes in the composition of fungal communities during

post-fire succession affect the facilitative effects of EcM

fungi on seedling performance. In case different function-

alities should emerge, long-term changes in EcM species

composition after fire might be decisive for post-fire

recruitment of P. sylvestris.
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Zürich (GDC) and financial support was provided by Swiss National

Foundation Grant No. 31003A_118002. The work described in this

manuscript complies with the current laws of Switzerland.

References

Agerer R (1987–1997) Colour atlas of ectomycorrhizae, 1st–11th

(edn) Einhorn Verlag, Schwäbisch Gmünd
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Appenzeller C (2004) The role of increasing temperature

variability in European summer heatwaves. Nature 427:332–

336

Smith JE, McKay D, Niwa CG, Thies WG, Brenner G, Spatafora JW

(2004) Short-term effects of seasonal prescribed burning on the

ectomycorrhizal fungal community and fine root biomass in

Ponderosa pine stands in the Blue Mountains of Oregon. Can J

For Res 34:2477–2491

Smith JE, McKay D, Brenner G, McIver J, Spatafora JW (2005) Early

impacts of forest restoration treatments on the ectomycorrhizal

fungal community and fine root biomass in a mixed conifer

forest. J Appl Ecol 42:526–535. doi:10.1111/j.1365-2664.

2005.01047.x

Stendell ER, Horton TR, Bruns TD (1999) Early effects of prescribed

fire on the structure of the ectomycorrhizal fungus community in

a Sierra Nevada Ponderosa pine forest. Mycol Res 103:1353–

1359

Taylor DL, Bruns TD (1999) Community structure of ectomycorrhi-

zal fungi in a Pinus muricata forest: minimal overlap between

the mature forest and resistant propagule communities. Mol Ecol

8:1837–1850

Trappe JM, Luoma DL (1992) The ties that bind: fungi in ecosystems.

In: Carroll GC, Wicklow DT (eds) The fungal community, 2nd

edn. Marcel Dekker, New York, pp 17–27

Turner MG, Romme WH (1994) Landscape dynamics in crown fire

ecosystems. Landsc Ecol 9:59–77

Turner MG, Romme WH, Tinker DB (2003) Surprises and lessons

from the 1988 Yellowstone fires. Front Ecol Environ

1:351–358

Twieg BD, Durall DM, Simard SW (2007) Ectomycorrhizal fungal

succession in mixed temperate forests. New Phytol

176:437–447. doi:10.1111/j.1469-8137.2007.02173.x

Vázquez FJ, Acea MJ, Carballas T (1993) Soil microbial populations

after wildfire. FEMS Microbiol Ecol 13:93–103

Visser S (1995) Ectomycorrhizal fungal succession in Jack pine

stands following wildfire. New Phytol 129:389–401

Whelan RJ (1995) The Ecology of Fire, 1st edn. Cambridge

University Press, Cambridge

White T, Bruns T, Lee S, Taylor J (1990) Amplification and direct

sequencing of fungal ribosomal RNA genes for phylogenetics.

In: Innis M, Gelfand D, Sninsky J, White T (eds) PCR

protocols—a guide to methods and applications. Academic

Press, New York, pp 315–322

Wohlgemuth T, Hester C, Joss AR, Wasem U, Moser B (2010)

Recruitment dynamics following the stand replacing fire near

Leuk (VS). Schweiz Z Forstwes 161:450–459

Oecologia (2011) 167:219–228 227

123

http://dx.doi.org/10.1016/j.funbio.2010.03.008
http://dx.doi.org/10.1111/j.1469-8137.2005.01376.x
http://dx.doi.org/10.1371/journal.pone.0005102
http://dx.doi.org/10.1371/journal.pone.0005102
http://dx.doi.org/10.1007/s00442-006-0450-z
http://dx.doi.org/10.1007/s10342-010-0363-6
http://dx.doi.org/10.1890/08-2139.1
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1525/bio.2009.59.7.10
http://dx.doi.org/10.1525/bio.2009.59.7.10
http://dx.doi.org/10.1111/j.1365-2745.2009.01489.x
http://dx.doi.org/10.1016/j.foreco.2010.04.028
http://dx.doi.org/10.1016/j.foreco.2010.04.028
http://dx.doi.org/10.1111/j.1365-2664.2005.01047.x
http://dx.doi.org/10.1111/j.1365-2664.2005.01047.x
http://dx.doi.org/10.1111/j.1469-8137.2007.02173.x


Yamauchi A, Nishida T, Ohgushi T (2009) Stochastic tunneling in the

colonization of mutualistic organisms: primary succession by

mycorrhizal plants. J Theor Biol 261:74–82. doi:10.1016/j.jtbi.

2009.07.021

Zumbrunnen T, Bugmann H, Conedera M, Bürgi M (2009) Linking

forest fire regimes and climate—a historical analysis in a dry

inner alpine valley. Ecosystems 12:73–86. doi:10.1007/s10021-

008-9207-3

228 Oecologia (2011) 167:219–228

123

http://dx.doi.org/10.1016/j.jtbi.2009.07.021
http://dx.doi.org/10.1016/j.jtbi.2009.07.021
http://dx.doi.org/10.1007/s10021-008-9207-3
http://dx.doi.org/10.1007/s10021-008-9207-3

	Ectomycorrhiza succession patterns in Pinus sylvestris forests after stand-replacing fire in the Central Alps
	Abstract
	Introduction
	Materials and methods
	Study sites
	Soil sampling
	Bioassay and morphotyping
	DNA extraction, amplification and sequencing
	Statistical analyses

	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


