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Abstract 
Background/Aims  The European larch is a pioneer 
tree and a valuable economic resource in subalpine 
ecosystems, thus playing crucial roles to ecosystem 
services and human activities. However, their ecto-
mycorrhizal fungal community remains unknown in 
high altitudinal natural habitats. Here, we explore the 
mycobiont diversity of Larix decidua var. decidua 
between naturally rejuvenated and adult trees, com-
pare ectomycorrhizal  colonization patterns in geo-
graphically disjunct areas within the Alps of South 
Tyrol, Italy, characterized by distinct climatic con-
ditions, and explore turnover rates across various 
seasons.
Methods  Our approach combines morphotyping of 
mycorrhized root tips with molecular analysis. Par-
ticular effort was given to monitor both ectomycorrhi-
zal host-specialist and -generalist fungi.
Results  Both adult and young trees show a 100% 
mycorrhization rate, with a total diversity of 68 
ectomycorrhizal species. The ectomycorrhizal 

composition is dominated by typical host special-
ists of larch trees (e.g., Lactarius porninsis, Russula 
laricina, Suillus cavipes, S. grevillei, S. viscidus), 
which are widely distributed across sites. A rich 
diversity of host generalists was also detected. The 
composition of rare species within a habitat was com-
paratively consistent during one sampling campaign, 
but exhibited significant differences among individual 
sampling campaigns. The ectomycorrhizal composi-
tions were only weakly correlated with distinct cli-
matic conditions and tree ages. However, species 
richness and diversity, particularly of generalist fungi, 
was consistently higher in warmer, drier sites com-
pared to cooler, more humid ones.
Conclusions  This study suggests potential myco-
biont community shifts across climatic conditions 
with significant implications for the adaptability and 
resilience of subalpine forests in the face of climate 
change.

Keywords  Larix decidua · Alpine larch · 
Suillus · Alps · Rare species turnover · Early-stage 
mycorrhizae · Host specialists

Introduction

The European larch (Larix decidua Mill.) is an eco-
nomically and traditionally important timber tree in 
Europe. Its fast-growing nature, high adaptability, 
and its hard, durable, and fragrant wood are widely 
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recognized and appreciated qualities since the eight-
eenth century. The European larch occurs in the cen-
tral and eastern mountains of Europe. Its ecological 
amplitude is comparatively large, as it can grow both 
in continental subalpine climates, tolerating very 
cold, dry, and snowy winters, and in sub-continental 
climates with mild temperatures. It has thus, a broad 
vertical range, forming forests between 180  m (in 
Poland) to 2500 m (central and south-western- Alps). 
This deciduous conifer is considered to be a pioneer 
tree, tolerating nutrient-poor ground, a range of pH 
from neutral to acid, and well-drained soils. Thus, it 
can initiate the process of reforestation by enriching 
the soil with organic matter or by promoting biodiver-
sity (Da Ronch et al. 2016). These adaptations make 
larch particularly important at high-altitude ecosys-
tem where harsh climatic conditions and soil erosion 
may limit tree establishment and forest development.

Three recognized varieties of Larix decidua exist, 
and stand in different geographical areas: the Alpine 
larch (Larix decidua var. decidua), the Carpathian 
larch (Larix decidua var. carpatica), and the Poland 
larch (Larix decidua var. polonica). In the Alps, 
Alpine larch forms the upper tree limit and can occur 
both in pure forests, such as in the Italian, French, 
and Southern Swiss Alps, or in mixed stands with 
other subalpine tree species, such as Swiss stone pine 
(Pinus cembra), green alder (Alnus viridisi), dwarf 
mountain pine (Pinus mugo), or Norway spruce 
(Picea abies). However, the projected rates of tem-
perature rise and alterations in precipitation patterns 
are considered to pose significant threats to larch for-
ests, especially in high altitudinal regions (Obojes 
et al. 2018; Sasani et al. 2021). Here, the ecosystem 
is particularly susceptible to the ongoing environ-
mental changes and a feedback from the physiologi-
cal responses of trees to the community composition 
of microorganisms in the soil, including fungi, is 
expected (Tedersoo et al. 2012, 2014; Vašutová et al. 
2017). The fungal compositional changes in response 
to experimental warming have been investigated in 
different high altitudinal ecosystems (Schindlbacher 
et  al. 2011, 2015; Treseder et  al. 2016; Solly et  al. 
2017), but the intensity of such changes differed 
strongly among ecosystems. The impact of warmer 
and drier environmental conditions on the ectomycor-
rhizal fungal associated to tree roots remains largely 
unexplored in the natural environment, although basic 

and functional knowledge on these important mutual-
istic symbiont communities is urgently needed.

Larix decidua is, like all other coniferous trees of 
the Pinaceae, usually strongly mycorrhized (Bacher 
et  al. 2010; Leski and Rudawska 2012). Ectomycor-
rhizal fungi (EcM) facilitate nutrient absorption and 
water uptake, increase resistance to fungal patho-
gens, and enhance stress tolerance of the plant host 
(Rincón et  al. 2005). Compared to non-mycorrhized 
plants, mycorrhized individuals grow faster, have 
higher vigor, and form more biomass in shoots and 
roots (Göbl 1963; Piola et al. 1995; Ohga and Wood 
2000). EcM fungi vary dramatically in enzymatic 
capabilities, environmental tolerance, and host speci-
ficity (Keller 1992; Agerer 2001; Talbot et al. 2013). 
Concerning host specificity, most EcM fungi live 
along a continuum between complete generalization 
to high degree of host specificity, where generalists 
form symbiosis with phylogenetically diverse array 
of plant host, while host specialists are exclusively 
associated with members of a specific tree family or 
genus (Pérez-Pazos et al. 2021). EcM specialists are 
usually physiologically optimally adapted to their 
host partner, resulting, for example, in a very efficient 
exchange of trace elements and carbohydrates (Bruns 
et  al. 2002). Furthermore, host-specialist fungi pos-
sess more significant competitive advantages during 
host colonization, and thus have greater access to the 
resources of the host (Bruns et  al. 2002). Host spe-
cialists typically dominate the EcM species found in 
high altitudinal forest habitats where environmental 
conditions limit tree growth (Moser 1958; Heumader 
1992; Mandolini et al. 2022). The European larch is 
well-known for being associated with a range of host 
specialists: Suillus bresadolae, S. cavipes. S. greivil-
lei and S. tridentinus, Lactarius porninsis, Russula 
laricina, Tricholoma psammopus, Hygrophorus spe-
ciosus and H. lucorum are the most important exam-
ples of L. decidua host-specialists (Smith 2017; Miy-
amoto et al. 2019). We must clarify that this rigorous 
specialization is solely limited to the fungal side, 
whereas the plant still possesses the capability to con-
temporarily associate with many fungal species. In 
fact, the potential drawbacks for a plant associating 
mainly with specialist fungi are limited adaptability 
to changing environmental conditions. These draw-
backs can be compensated by generalist EcM present 
in the habitat, whose function ranges from trophic 
interactions to protective effects (Selosse et al. 2004), 
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but they are usually occurring in low abundance only 
(Kranabetter 2004; Rainer et al. 2015).

Despite their ecological significance, the ectomy-
corrhizal or mycobiont diversity of L. decidua roots 
remains inadequately investigated and limited to 
specific circumstances. Previous studies primarily 
focused on either seedlings grown in bare-root for-
est nurseries (Leski et  al. 2008; Bacher et  al. 2010) 
or in young, naturally regenerated seedlings of Poland 
forests (Leski and Rudawska 2012). However, the 
mycobiont species composition usually changes dur-
ing the tree development, and seedlings have a dif-
ferent species composition than adult trees (Visser 
1995; Trocha et  al. 2006; Bacher et  al. 2010). It is 
also important to note that distinctions may exist in 
the composition of EcM species between nursery-
cultivated seedlings and naturally established trees 
developing in their natural habitat (Southworth 2009), 
depending on nursery management practices (Repáč 
2011, Menkis et  al.  2005). In addition, many EcM 
fungi are observed rarely and sporadically because 
of the inherently limited sampling efforts challenged 
by the necessity of screening huge amounts of soil 
volumes (Taylor 2002). The dynamics of EcM com-
munities in response to plant growth and fluctuating 
environmental conditions, whether across a single 
season or multiple years, remain poorly explored in L. 
decidua forests.

In high altitudinal natural environments, knowl-
edge concerning EcM communities of L. decidua is 
restricted to either mycorrhizal morphotyping with-
out use of molecular analysis in afforestation areas 
(Göbl and Ladurner 2000), or to data concerning 
fungal fruiting body occurrence (Moser 1956; Horak 
1963, 1985). Thus, in this study, we aim to identify 

the EcM partners of L. decidua var. decidua across 
varying high altitudinal forests in the Alps of South 
Tirol, Italy. Specifically, we wanted to address the fol-
lowing questions: (i) Are there EcM fungal communi-
ties which are characteristic for L. decidua habitats in 
general, or are there fungal species adapted to specific 
habitat conditions? (ii) Are there distinct EcM fungal 
communities that are characteristic for the different 
tree age stages? (iii) Does the mycorrhizal composi-
tion of adult larches undergo any changes within a 
year or across two different years?

Materials and methods

Study sites

Two different locations in South Tyrol (Italy) were 
chosen to carry out the study on EcM fungal com-
munities in L. decidua root systems, namely the area 
around the villages of Prettau and Schnals (Table 1, 
Fig. 1a). These locations are located in two different 
valleys within South Tyrol, Ahrntal and Schnalstal, 
respectively, that exhibit contrasting geographical 
features, resulting in distinct climatic conditions due 
to variations in wind exposure, annual rainfall, and 
historical development (Table 1). Particularly, Ahrn-
tal has higher mean annual temperatures and lower 
annual precipitations than Schnalstal, resulting in an 
overall milder climate. In each valley, we selected 
two distinct high altitudinal sites of L. decidua for-
ests: one situated on a south-exposed slope (S) and 
another on a north-facing slope (N). This determi-
nation was based on expert advice from staff of the 
Department of Agriculture and Forestry of South 

Table 1   Study sites for the investigation of EcM communities associated to Larix decidua forests in South Tyrol, Italy

*https://​tirol​atlas.​uibk.​ac.​at/​maps/​inter​face/​topo.​py/​index?​image=​c7_​boden
**Annual mean; https://​weath​er.​provi​nz.​bz.​it/​defau​lt.​asp

Location Prettau Schnals

Exposure (sites) N S N S

Position 47.021360, 12.092171 47.040662, 12.097492 46.731987, 10.801964 46.716817, 10.850029
Altitude 1910 m 1760 m 1850 m 1860 m
pH 3.3 3.7 4.3 4.3
Soil type* Semipodsole Semipodsole Semipodsole Semipodsole
Temperature (°C)** 5 6
Precipitation (mm)** 957 672

https://tirolatlas.uibk.ac.at/maps/interface/topo.py/index?image=c7_boden
https://weather.provinz.bz.it/default.asp
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Tyrol Administration upon on-ground observation of 
local vegetation, soil moisture, and local climate. The 
orientation of the slopes plays a crucial role in deter-
mining the local microclimate, with southern slopes 
typically experiencing lower moisture levels and 
higher temperatures, while northern slopes tend to be 
cooler and more humid (data not shown). In Prettau, 
the L. decidua stands were interspersed with Pinus 
cembra and Picea abies individuals. In Schnals, only 
P. cembra trees were additionally present. A typical 
subalpine vegetation covered the forest ground at all 
sites. We also measured the soil pH at each site using 
a 0.01  M CaCl2 solution, as previously described 
(Thomas 1996). Snow typically covers the sampling 
areas from October or November until April or May 
in all locations.

Sample collection

Sampling was carried out in an area within a range of 
ca. 2 km2 around the coordinates provided in Table 1. 
Importantly, all locations were sampled at the same 
elevation, roughly between 1700 and 1900  m above 
sea level. At all four sites, two different age stages 
of L. decidua were selected based on their height, 
stem diameter, and expert evaluation, namely adults 
(adult, 10–15  m high, > 50  years old) and naturally 
regenerated individuals (young, 6—15  cm tall with 

maximum stem diameter of 5–10 mm, < 3 years old) 
(Fig.  1b). When sampling the EcM fungal commu-
nity residing in the root systems of adult larch trees, 
5 soil blocks were randomly taken in the proximity of 
5 adult individuals (ca. 1–2 m away from the trunk) 
from each site at intervals of about 6 months, to cover 
both spring and autumn, for two years (Table  2). 
The samples were taken with a spade, they had an 
area of 20 × 20  cm and varied in depth (10—20  cm 
deep), depending on the subsoil conditions. Particu-
lar care was taken to minimize proximity to nearby 
interspersed spruce or stone pine trees, when present. 
To determine the autochthonous EcM fungal com-
munities of young larches, 5 whole individuals were 
extracted from each site each year in spring, for three 
years (Table  2). We retained to collect seedlings in 
autumn to avoid major natural disruption inherent to 
the removal of young individuals from a natural area.

Mycorrhizal morphotyping, DNA extraction, and 
sequencing

After each sampling campaign, mycorrhizal morpho-
typing were performed as previously described (Man-
dolini et al. 2022). Briefly, root systems of the young 
larches and soil blocks were gently cleaned. From 
these, mycorrhized fine roots were randomly taken 
and counted for a total of 600 root tips from each 

Fig. 1   Study location of Larix decidua forests object of this study. (a) The two locations in South Tirol (Italy) with north- and south-
exposed sites are marked. (b) Age stages of adult (left) and young (right) L. decidua individuals sampled
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age class, site, and time. All selected root tips were 
analyzed for morphological identification, that is dis-
tinguished based on morphological criteria (Agerer 
2001) and classified into different morphotypes (MT).

DNA extraction (CTAB protocol) and molecular 
amplification (PCR reagent mix and conditions) from 
at least 4 root tips of each MT were performed as pre-
viously described (Bacher et  al. 2010). The follow-
ing primer combinations were used: ITS1F × LR15, 
ITS1F × LR21, ITS1F × NL4 and ITS1F × ITS4 
for DNA amplification to account in intraspecific 
sequence polymorphism. Purified PCR products 
were sent to Genoscreen (Lille, France) for Sanger 
sequencing analyses starting from the beginning of 
the ITS1 region. Genomic DNA from MT which did 
not have at least 4 root tips was not extracted, thus not 
sequenced, and were categorized as “Rare MT”.

Data analyses and statistics

Sequencing analysis, taxonomic assignment, and 
data analysis were performed as previously described 
(Mandolini et al. 2022). Briefly, resulting rDNA ITS 
sequences were edited and checked using Sequencer 
(v.4.6; Gene codes Inc. Ann Arbor, MI). Sequences 
were clustered into operational taxonomical units 
(OTUs) with a 97% score similarity. Taxonomic 
assignment was obtained using full UNITE + INSD 
Fungal ITS dataset 2 v.18–07–2023 (Abarenkov et al. 
2024). Then, both UNITE and GenBank (v.09–2023) 
databases were used to determine the best match 
sequence (Table  S1). Suillus genus species often 
exhibit diversity in their ITS regions, despite falling 
under the same morphological species concept, as 
evidenced by their fruiting body characteristics (ID: 
IB20050424) (Zhang et  al. 2022). Consequently, in 

cases where different OTUs corresponded to the same 
match sequence, we applied annotations based on the 
classification of the best-matching sequence. Then, to 
differentiate between these OTUs, numerical labels 
were assigned, as exemplified by "Suillus grevillei 1". 
Assessment of host specificity for detected EcM part-
ners of L. decidua (e.g., L. porninsis, R. laricina, R. 
favrei, S. bresadolae, S. cavipes, S. grevillei) were 
based on fruiting body occurrences as previously 
reported (Moser 1956). Then, as usually more than 
one OTU could be assigned to a unique MT, root tip 
abundances were converted to relative abundances of 
these OTUs based on molecular identification. For 
each sampling time and for each age stage within 
each site, proportionate abundance matrices were 
generated by averaging the number of root tips of 
each OTU across the five replicates (5 individuals for 
adults and young) and dividing it by the total number 
of root tips in each sample (600). The EcM species 
diversity was evaluated by richness (based on OTUs), 
Shannon index, and evenness α-diversity indicators. 
Statistical analysis of the α-indexes was performed 
with the nonparametric test Kruskal–Wallis when 
Shapiro–Wilk normality and Levene’s homogeneity 
of variance were not found. To analyze the relation-
ship between observed richness and sampling time 
within each site and tree age, Spearman’s Rank cor-
relation coefficient was used. To obtain estimates of 
actual EcM species richness, the observed species 
accumulation curve and jackknife second-degree 
estimator curve with 100 randomization with sample 
replacement were calculated in Estimates 9.1.0 soft-
ware (Colwell and Elsensohn  2014). The variability 
of EcM composition among sites, tree ages, and sam-
pling times was visualized using non-metric multi-
dimensional scaling (NMDS). Analysis of similarity 

Table 2   Sampling time for 
young and adult L. decidua 
trees in both locations. 
Monthly precipitations and 
temperatures (min–max) 
are also reported for each 
sampling time

*Average of the month; 
**Min–max of the month

Sampling dates Precipitation 
(mm)*

Temperature (°C)**

Tree age Time Month Year Season Prettau Schnals Prettau Schnals

Young II June 2007 Spring 123 79 6.9—18.8 7.4—17.4
IV June 2008 Spring 75 107 6.9—19.2 7.4—17.3
V June 2009 Spring 156 69 5.9—16 7—16.8

Adult I October 2006 Autumn 32 68 2.4—13.2 3.9—11.9
II June 2007 Spring 123 79 6.9—18.8 7.4—17.4
III October 2007 Autumn 106 5 -0.7—10.3 1.6—10.4
IV June 2008 Spring 75 107 6.9—19.2 7.4—17.3
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ANOSIM was used to determine if relative abundance 
of EcM symbionts differed between factors (sites, 
exposure, tree age) based on Bray–Curtis dissimilar-
ity coefficient using vegan package (Oksanen 2011). 
All statistical analyses and graphs were performed in 
R Statistical Software (v.4.0.3; R Core Team 2021).

Results

EcM fungal diversity is higher in drier sites than in 
fresher ones

Both, adult and young European larches of all high 
altitudinal sites had a mycorrhization level of 100%. 
A total of 38 EcM morphotypes were differentiated 
across all four sample sites. Our molecular analy-
sis revealed that EcM morphotyping was not suit-
able for distinction of taxa, as usually more than one 
OTU could be assigned to one EcM morphotype. 
Overall, we detected a total of 68 unique EcM fun-
gal taxa after OTU clustering (Table  S1). Observed 
species richness (based on OTUs) increased with 
sampling effort (sampling campaigns) in all sites and 
tree stages. Nevertheless, estimates of actual species 
richness (based on OTUs) differed from the observed 
species richness depending on the site, age group, 
and slope exposure (Fig. S1), still showing a general 
underestimation of species detected (Table 3).

In general, we found higher total OTU richness 
in the drier and warmer Schnals compared to Pret-
tau (χ2

1 = 5.7, p = 0.0168) (Table 3). Concerning age 
classes, total OTU richness was higher in adult trees 
than in young trees, regardless of site (χ2

7 = 14.7, 

p = 0.04). The OTU richness of adult trees differed 
between north- and south-exposed sites in Prettau 
(χ2

1 = 4.1, p = 0.04), but not in Schnals (χ2
1 = 0.2, 

p = 0.7). In the young trees, OTU richness did not dif-
fer between north- and south-exposed sites (χ2

1 = 0.4, 
p = 0.7) regardless of location.

Over time, we found that the richness of OTUs 
in young trees tended to increase within the range 
of richness values of adult trees from the same sites, 
although this pattern was not significant (rho = 0.5, 
p = 0.7). OTU richness of young trees in the south-
exposed sites remained high across sampling times.

EcM fungal composition differed greatly among 
sites and between years of sampling time (Fig.  2). 
ANOSIM analyses based on Bray–Curtis distance 
matrix indicated that location (Schnals vs Prettau) 
and tree age (adult vs young) imposed the only effect 
on community structure, accounting for 14% of the 
variation in the EcM fungal community composition 
(Table  S2). No other explanatory factors were sig-
nificant. Nevertheless, we found that the EcM com-
position between the south-exposed sites of the two 
regions were the most similar with each other. The 
north-exposed site in Prettau and the south-exposed 
site in Schnals had the least similarities, in both tree 
ages. In this regard, the most evident difference in 
EcM composition was between young and adult trees 
(Fig. 3).

Few taxa are widespread across all sites and age 
stages

Overall, we found that Basidiomycota (70%) domi-
nated the EcM community of both seedlings and 

Table 3   Diversity indexes for the ectomycorrhizal fungal 
communities associated with L. decidua. Richness is the total 
number of species (OTUs) observed within a category across 
different sampling times. Richness-jackknife2 is the estimated 

EcM species richness (OTUs) based on second order jackknife 
estimator with 100 randomized runs with sample replacement. 
Different letters indicate significant differences between factors 
at p < 0.05 (Kruskal–Wallis test)

Location Tree age Site Richness Richness-jackknife2 Shannon Evenness

Schnals Adult North 22a 40 2.8a 0.9a

South 22a 37 2.8a 0.9a

Young North 18a 50 2.6a 0.9a

South 14b 45 2.1b 0.8b

Prettau Adult North 20a 34 2.6a 0.9a

South 13ab 40 2.2ab 0.9a

Young North 8b 22 1.8b 0.9a

South 6b 7 1.6b 0.9a
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adult L. decidua trees, followed by Ascomycota 
(30%). The EcM community belonged to a total of 17 
different families, with Suillaceae, Thelephoraceae, 
Russulaceae, and Cortinariaceae being the most 
frequent. Suillus, Cortinarius, Russula, Amanita, 
Pseudotomentella/Tomentella were the most frequent 
EcM genera. We found 11 taxa as core ECM spe-
cies of L. decidua with wide distribution: Lactarius 
porninsis, Wilcoxina mikolae, Wilcoxina sp., Suillus 
cavipes 1, S. bresadolae, S. grevillei 1, Pustularia 
sp., Amphinema sp. 1, Inocybe cincinnata, Russula 
laricina 1, and R. favrei (Figs. 3 and 4). These were 
detected as ECM in both adult and young trees, and 
in all regions or sites, showing a wide colonization 
potential. Some of these, are well known early-stage 
ECM fungi like Wilcoxina mikolae, or L. decidua host 
specialists like L. porninsis, R. laricina, R. favrei, S. 
bresadolae, S. cavipes, S. grevillei (Figs. 4 and S2).

Concerning age classes, we found 52 EcM taxa 
associated to adult trees across all sites, and 35 taxa 

to the young trees. Thus, species diversity of EcM 
fungi present on both adult and young larches was 
relatively high. A total of 33 taxa were unique to adult 
trees while 16 taxa to young trees (Fig. 4). The most 
abundant EcM species in adult L. decidua was W. 
mikolae (50%) while L. porninsis (75%) was the most 
abundant EcM partner in young trees.

When considering habitat exposure, the most fre-
quently detected EcM partners in adult trees of the 
north-exposed sites in Prettau were Tomentella lam-
miensis (13%), W. mikolae (13%), S. cavipes 1 (11%), 
and L. pornisis (8%). Sampling at the south-exposed 
site revealed W. mikolae (15%), T. lammiensis (14%), 
and Pustularia sp. (13%) to be the most abundant 
EcM species. In Schnals, the most frequently detected 
EcM taxa of adult trees of north-exposed sites were 
W. mikolae (13%), L. pornisis (11%), and R. laricina 
1 (7%). In the south-exposed sites, R. laricina 1 
(15%), W, mikolae (10%), S. grevillei 1 (8%), and L. 
porninsis (7%) were the most abundant species.

Fig. 2   Nonmetric multidimensional scaling (NMDS) analysis 
based on Adonis and Bray–Curtis distance of the OTU matrix 
of the EcM fungal community in different Larix decidua sites. 
Stress value = 0.2389. ANOSIM each factor (region, tree age): 

R2 = 0.07, p = 0.006. To distinguish communities from differ-
ent sampling campaigns, the sampling time is added above 
each sample
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In contrast to the EcM fungal community of adult 
trees, the most abundant mycobionts of young root 
trees were less diverse and dominated by few recur-
ring taxa (Figs. 3 and 4). Naturally regenerated Euro-
pean larches at the north-exposed sites in Prettau 
were predominantly colonized by S. grevillei 1 (27%), 
L. porninsis (8%), and S. cavipes 2 (8%). In the south-
exposed site, L. porninsis (21%), W. mikolae (18%), 
and S. viscidus 1 (12%) dominated on the Larix roots. 
It is worth noting that W. mikolae was only detected 
in L. decidua seedlings at these sites. In Schnals, L. 
porninsis (12%), uncultured Helotiales 1 and 2 (10%), 
and Hebeloma bruchetii (10%) were dominating myc-
orrhizal partner of the north-exposed larches. In the 
south-exposed sites, L. porninsis (33%), S. bresado-
lae (6%), and R. laricina 1 (4%) were the most abun-
dant mycobionts.

Beside EcM fungi commonly found across all 
sites, we found many that were unique to either one 
region or one slope exposure. Briefly, we found 30 
taxa that were uniquely found in the south-exposed 
sites (e.g., R. decolorans, R. laricina 2, S. cavipes 2, 
S. viscidus 2, S. grevillei 2) and 18 uniquely found in 
the north-exposed one (e.g., R. adusta, S. grevillei 3, 

S. viscidus 1, Cortinarius olivaceofuscus) (Fig. 4). In 
addition, 15 taxa were unique to Prettau (e.g., Ino-
cybe jacobi, S. cavipes 2, S. grevillei 2, 3, Tomentella 
lammiensis, Wilcoxina rehmii) while 36 taxa were 
uniquely found in Schnals (e.g., R. decolorans, R. 
laricina 2, S. viscidus 2, Tomentella sp. 1, 2, 3, Pilo-
derma sp.) (Fig. 4).

The colonization by generalist EcM fungi is very 
dynamic

The species composition of EcM fungi was remarkably 
homogeneous across all sample replicates within each of 
the four high altitudinal sites during the same sampling 
event, highlighting the consistency of EcM communi-
ties occurring in these specific L. decidua forests. How-
ever, the scenario shifted considerably between succes-
sive sampling campaigns, revealing a strong degree of 
temporal variability in species presence (Fig. 5). In fact, 
with the exception of the well-documented EcM special-
ists associated with L. decidua, many EcM fungal taxa 
were exclusively detected at one sampling time, show-
ing a great dynamism of colonization and decolonization 
within the plant-symbiont relationship. No clear seasonal 

Fig. 3   Relative abundance of EcM fungi in Larix decidua for-
ests in north- or south-exposed sites across all sampling time 
points. The fungal composition is divided by adult and young 
trees. Within each tree age, the region Prettau and Schnals are 
further divided by their site exposure. Species belonging to the 

same genus are coloured in the same shades; OTUs matching 
to the same taxon name are coloured with the same colour. 
Rare MT are root tips found only once, to which no taxonomy 
was assigned
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Fig. 4   Differential representation of EcM taxa found in the 
roots of young and adult L. decidua trees. In the y-axis, EcM 
species are arranged based on their cumulative relative abun-
dance across all four sites. Each species is represented by 

marks denoting their relative abundance (%) in the x-axis, col-
our-coded by location (Prettau or Schnals), and shape-coded by 
slope exposure (north- or south-exposed sites)
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pattern could be observed in adult trees within the same 
year of sampling. In other words, no clear changes in 
EcM composition between spring and autumn could 
be detected. For example, R. laricina 1 was detected 
in all four sites, but at different sampling times: in the 
north-exposed site of Prettau at times I (spring) and IV 
(autumn), in the south-exposed sites at time III (spring); 
in Schnals, in the north-exposed site at times III and IV 
and in the south-exposed one at times I (spring) and IV 
(Fig. 5).

Discussion

Mycorrhizal status of natural larch stands at high 
altitudes

The EcM symbiosis is important for trees in natural 
forests at high altitudinal sites. In fact, the L. decidua 

roots investigated of both adult and young trees show 
a complete mycorrhization, coherent with the root 
colonization of naturally regenerated trees in forests 
and plantlets of nurseries (Leski et  al. 2008; Bacher 
et al. 2010; Leski and Rudawska 2012). Furthermore, 
the species diversity of symbiotic partners of larch 
was relatively high (68 species) when compared to 
the mycobiont richness reported for other ectotrophic 
plants of the same altitudinal zone in the Alps with 
subalpine vegetation: in fact, only 20 species were 
reported for Pinus cembra forests from the same 
region (Mandolini et  al. 2022), 28 for Swiss Picea 
abies forests (Peter et al. 2001), 39 for Arctostaphlylos 
uva-ursi (Krpata et al. 2007), and 19 for Salix herba-
cea (Mühlmann and Peintner 2008). Previous studies 
reported only 30 OTUs for naturally regenerated L. 
decidua in Poland (Leski and Rudawska 2012) and 23 
OTUs for adult L. kaempferi at primary successional 
zones on Mount Fuji, Japan (Nara 2006). Conversely, 

Fig. 5   EcM fungal development across time of sampling 
across young and adult trees. Taxa, occurring more than 
once, are shown and ordered by their occurrence, with the 
most occurring ones, across all sites, at the top. Their relative 

abundance is also marked. Sampling times of young trees was 
always spring; sampling time of adult tree was spring (I and 
III) and autumn (II, IV)
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and coherent with our findings, other Larix species 
like L. chinensis and L. gmelinii have a rich EcM 
fungal community of 60 and 56 OTUs, respectively 
(Han et al. 2017; Miyamoto et al. 2021). Both, EcM 
colonization rates (Nara and Hogetsu 2004) and EcM 
diversity (Teste et al. 2009) are higher when seedlings 
can develop within the common mycorrhizal network 
present in forest soil of mature trees. In the same 
way, an increased number and diversity of mycobi-
onts present on adult trees may result from the more 
complex fungal community present as mycorrhizal 
inoculum in a mature forest. A similar mycobiont rich-
ness was detected based on fruiting body inventories 
in the Alpine region (Favre 1960; Horak 1963, 1985). 
Fruiting bodies of 50–60 potential ectomycorrhizal 
partners were reported in these studies, with Suillus 
grevillei, S. viscidus (= S. laricinus), S. tridentinus, 
and Suillus (= Boletinus) cavipes dominating in these 
fruiting body surveys. Unfortunately, there is nomen-
clatural confusion around S. viscidus: the epithets S. 
laricinus, and S. aeruginascens are synonyms of S. 
viscidus. Suillus bresadolae was first considered to be 
a variety of S. viscidus, but has now the status of a dis-
tinct species (Nguyen et al. 2016). As already reported 
for other studies (Kjøller 2006), fruiting body data 
matched only to a small extent with the actual mycor-
rhizal community composition detected on the roots: 
With the exception of S. tridentinus, most species 
detected as fruiting bodies and defined as leading EcM 
partner Larix decidua occurred as abundant mycorrhi-
zal partners as well. However, many dominant EcM 
fungi do not, or only rarely, form fruiting bodies, or 
the fruiting bodies are inconspicuous (e.g. corticoid), 
hidden (on the underside of deadwood), hypogeous, or 
very small and thus easily overlooked (e.g., Wilcoxina, 
Pustularia, Tomentella, Amphinema spp.). Molecular 
identification of mycorrhizal partners is thus an indis-
pensable method for obtaining a reliable picture of 
the actual distribution of fungi in an ecosystem. The 
present molecular identification of fungal symbiotic 
partners provided insight in the actual mycorrhizal 
status of European larch for the first time: Lactarius 
porninsis and Russula laricina 1 could be identified 
as ubiquitous and dominant mycorrhizal partners of 
larch at South Tyrol’s high altitudinal sites together 
with S. grevillei, S. viscidus, Pustularia and Wilcoxina 
species. A high species richness seems to be charac-
teristic for larches growing in such high altitudinal 
habitats.

Almost all dominant mycorrhizal partners of Euro-
pean larch growing in high altitudes are host special-
ists and depend on the presence of this tree species as 
symbiotic partner. The positive effect of mycorrhizal 
specialists on the establishment and development of 
larch is relatively well known. Particularly, larch root 
exudates stimulate the germination of spores from 
mycorrhizal partners (Ali and Jackson 1988). High 
abundances of mycorrhizal partners like Suillus gre-
villei, Suillus (=Boletinus) cavipes, and Lactarius 
porninsis result in significant increase in plant growth 
(Piola et al. 1995; Ohga and Wood 2000) and better 
nitrogen and phosphorus nutrition of mycorrhized 
larches compared to non-mycorrhized ones. Further-
more, Suillus species exhibit adaptive strategies (i.e., 
production of resistant sporebanks via abundant fruit 
bodies) ensuring the presence of EcM inoculum, 
even in disturbed habitats and for long time periods. 
Unfortunately, data about host specificities of Pustu-
laria are still scarce. Pustularia species are part of 
the core larch EcM microbiome at these sites. These 
ascomycetes have been reported to control C transfer 
among different tree individuals of pines based on 
radioisotope labelling experiments (Cahanovitc et al. 
2022). Overall, these factors are important for a suc-
cessful establishment of plant hosts in environments 
limiting plant growth. Further studies are needed to 
investigate the importance of these fungi in an in-vivo 
EcM network.

Furthermore, the primary mycorrhizal partners of 
European larch generally showed no preferences for 
fresh or dry sites. However, there might be differently 
adapted populations or fungal strains: Suillus vis-
cidus 1 and Suillus grevillei 3 occurred only on dry 
sites, and S. cavipes  2, S. grevillei  2, S. viscidus  2, 
and Russula decolorans only on fresh sites, suggest-
ing a preference or these specific conditions. This 
confirms that not only Cenococcum (Jany et al. 2002), 
but also other EcM fungi have a high degree genetic 
diversity, enabling them to adapt to changing environ-
mental conditions. A colonization of larch seedlings 
in forest nurseries with these fungi may guarantee a 
sustainable mycorrhization of the trees under current 
climate change predictions at comparable high altitu-
dinal sites.

Previous studies have reported the importance 
of climate and soil characteristics on EcM fungal 
richness and composition at regional (Miyamoto 
et al. 2023) and global scales (Tedersoo et al. 2012; 
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Bahram et al. 2021), which are even more important 
than geographical distance or host identity (Miy-
amoto et  al. 2015). In our study, we observed a dif-
ference in species richness between Schnals and 
Prettau, with higher ECM fungal richness in warmer 
and drier sites compared to more humid habitats at 
similar altitudes (Gong et  al. 2022). However, we 
did not find a specific EcM community composition 
depending either by sites or locations (i.e., climate). 
In other words, we did not identify a typical EcM 
fungal community for warmer or fresher climates at 
the high altitudinal sites sampled. In this regard larch 
clearly differs from other trees of the same area and 
habitat type, because P. cembra forests have typical 
EcM fungal communities (Mandolini et  al. 2022). 
Given that larch forests are approaching their margin 
of distribution due to high temperatures, the increased 
root colonization by a more diverse set of EcM (i.e., 
generalists) may be seen as a chance for resilience, 
but it can come at the expense of specialists. This has 
two significant repercussions: first, generalists better 
adapted to warmer and drier conditions may outcom-
pete specialists in colonizing plant host roots; Second, 
the incremental lack of specialists from the roots very 
likely reduces fungal fructification, and thus forma-
tion of soil spore banks. On the long run, this may 
limit the colonization success of European larches in 
primary succession ecosystems. The combination of 
these factors may facilitate the establishment of other 
plant communities at early stages of forest develop-
ment, with potentially unknown effects on mountain 
forest biodiversity and ecosystems services.

"Multi Stage" mycorrhizal partners of larches at high 
altitudes

Different "multi-stage" and "early-stage" mycorrhizal 
partners were identified regardless of location. Most 
specialists are “multi-stage” mycobionts. In fact, Suil-
lus (=  Boletinus) cavipes, Suillus grevillei, S. visci-
dus (= aeruginascens), Lactarius porninsis, and Wil-
coxina spp. occurred regularly and frequently with all 
age classes of larches and can therefore be considered 
as important and typical "multi-stage" mycobionts 
of larches at South Tyrol’s high altitudinal sites. The 
most frequent and important mycorrhizal partners 
are thus larch-specific fungi. Interestingly, Lactarius 
porninsis occurred on natural larch stands of both 
adult and naturally regenerated trees. Therefore, we 

also consider Lactarius porninsis as one of the most 
important typical "multi-stage" mycobionts of larch. 
The association of L. decidua with the larch bolete 
Suillus grevillei has long been known (Fries 1874; 
Melin 1922). S.  grevillei was originally considered 
a mycorrhizal symbiont of older, natural stands of 
larch (Pachlewski 1963), but later it was also detected 
on the roots of larch seedlings from bare-root forest 
nurseries (Leski et  al. 2008). We detected S. grevil-
lei on naturally regenerated trees, and, altogether, it 
can therefore be described as a typical and important 
"multi-stage" mycorrhizal partner of larch. Kottke 
& Oberwinkler (Kottke and Oberwinkler 1988) 
observed that hyphal growth of S. grevillei is stimu-
lated by the surface texture of the larch roots due to 
a specific recognition factor. Then, this species forms 
thick and extensive strands of hyphae (rhizomorphs) 
(Agerer 2001), which are used to exclusively con-
nect plants of the same species (Kennedy et al. 2007). 
Suillus viscidus is a sister lineage of S. bresadolae. 
The latter species is adapted to high altitudes. Our 
study confirms that S. bresadolae is a distinct spe-
cies, very likely with different physiological proper-
ties. Suillus viscidus could only be detected on the 
roots of adult larches in this study, but was detected in 
seedlings of forest nurseries in another study (Bacher 
et  al. 2010). It can thus be considered an important 
“multi-stage” mycobiont of larch. Finally, Inocybe 
cincinnata, Amphinema diadema, Pseudotomentella 
nigra, Russula favrei also occurred frequently on all 
larch age classes, but less regularly. Russula favrei 
was first described as Russula xerampelina forma b 
from a subalpine mixed conifer forest near the Swiss 
National Park (Favre 1960). This form was later 
described as distinct species typically occurring in 
subalpine forest stands of Picea abies, Pinus cembra, 
and L. decidua in the alpine range (Moser 1979).

Wilcoxina species (e.g., W. mikolae) occurred on 
all age classes (adult, young) at the natural sites, as 
well as on plants from nurseries (Bacher et al. 2010). 
In contrast, Wilcoxina rehmii was detected on all larch 
seedlings, but not on adult larches. These results indi-
cate that it is very important to differentiate within 
the genus Wilcoxina. Previously, it was assumed that 
all species of the ascomycete genus Wilcoxina are 
typical mycobiont of nursery plants (Renseigné et al. 
2006), and that Wilcoxina does normally not occur 
on adult trees (Cline et  al. 2005). According to our 
observations, the latter is true only for W. rehmii. 



703Plant Soil (2025) 506:691–707	

1 3
Vol.: (0123456789)

The other species of the genus Wilcoxina are a typi-
cal and important part of the mycorrhizal community 
of natural sites, and are important in association with 
all ages of larch. Our results also contrast those of 
Teste et al. (Teste et al. 2009), where W. rehmii was 
detected with high abundances on adult Douglas-fir.

Russula adusta occurred only on adult larch plants 
and is typical for siliceous soils at high altitudes in 
association with various conifers. The larch cuttle 
Hygrophorus speciosus and Humaria hemisphaer-
ica occurred only on naturally regenerated larches. 
Humaria hemisphaerica is a non-specific mycor-
rhizal fungus that can form mycorrhizal associations 
with various ectotrophic trees (e.g. Fagus), but also 
with orchids. Two other Hygrophorus species were 
reported on bare-rooted larch plants (Bacher et  al. 
2010), indicating that other members of this genus 
could also be considered as "early stage" EcM fungi.

Factors driving temporal changes in the EcM 
community

This study is the first to investigate the temporal vari-
ation of EcM fungal communities in high altitudinal 
larch forests. The turnover of EcM partners present 
on the roots of a plant is subject to numerous fac-
tors, including resource availability, climatic condi-
tions (e.g., temperature or water regimes), as well 
as competition among EcM for soil or plant host 
resources. Thus, the presence of rare species (OTUs 
with comparatively low relative abundance and low 
occurrences across time and sites) may only become 
evident on the host roots after environmental shifts 
or following perturbations, such as wildfires (Miy-
amoto et  al. 2021). Fungal turnover rates can vary 
considerably. The turnover of the EcM fungal species 
composition on plant roots occurs within a month in 
oak forests (Courty et  al. 2008) while EcM hyphae 
exhibit shorter responses, particularly following rain-
falls (Allen and Kitajima 2013). We observed a nearly 
complete turnover of occurring rare species across 
sampling times. Thus, our results reveal a remarkably 
dynamic EcM composition. This indicates two main 
points: first, that there is a high mycorrhizal potential 
present in these habitats, and, second, that EcM fun-
gal partner do not equally re-establish themselves on 
the host roots during consecutive seasons. The myc-
orrhizal potential of a site encompasses all mycor-
rhizal partners present, regardless of whether they are 

used for an EcM symbiosis or present as solid hyphae 
or resting stages (including spore banks). EcM colo-
nization occurs from germinating fungal dispersal 
units (spore banks), or directly through a mycorrhi-
zal network (Borchers and Perry 1990; Berman and 
Bledsoe 1998; Dickie et al. 2002). Spore banks play 
an extremely important role in the re-colonization of 
ectotrophic plants at secondary successional sites: 
after forest fires, for example, Pinus muricata seed-
lings were mainly colonized through spore banks of 
host-specific Rhizopogon spp. which were able to sur-
vive the fire (Baar et al. 1999; Bruns et al. 2002). It 
is noteworthy that pioneer plants are often associated 
with host-specific fungal partners with good abil-
ity to establish large spore banks (e.g., Suilllus spp.). 
Like their plant partners, these fungi follow a ruderal 
strategy. Furthermore, as argued for mountain beech 
forest (Gorfer et al. 2021), different mycorrhizal part-
ners follow different survival and dispersal strategies: 
some persist in the soil and "defend" their territory for 
many years or decades, while others re-establish their 
mycelia each year (Guidot et al. 2004). Some special-
ists, like Suillus grevillei, forms extensive mycelia 
in the soil, which are persistently present, but highly 
mobile as they can "migrate" relatively quickly with 
their rhizomorphs (Zhou et al. 2000).

The significant number of rare species discovered 
in our assessment underscores the importance of tem-
poral assessments for a thorough comprehension of 
EcM fungal diversity. Studies involving single sam-
pling events only offer a snapshot in time, potentially 
neglecting a vast diversity of potential EcM partners 
and yielding inaccurate conclusion about the struc-
tural and functional potential of an ecosystem. Unfor-
tunately, the driving forces behind root colonization 
by different EcM fungi, causing community-level 
turnover, remain largely unknown.

Conclusions and outlook

This is the first study addressing the mycorrhizal sta-
tus of natural Larix decidua forests at high altitudes, 
revealing the significance of the EcM symbiosis for 
both adult and young larch trees, as the roots were 
always completely mycorrhized. The symbiotic part-
ners of larch exhibited a remarkable diversity, with 
68 identified species, surpassing the mycobiont rich-
ness reported for other ectotrophic plants in similar 
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habitats of the Alps. Our molecular identification of 
fungal symbiotic partners, a first for European larch in 
natural habitats, highlighted the importance and ubiq-
uitous mycorrhizal partners such as Lactarius pornin-
sis, Russula laricina, Suillus (= Boletinus) cavipes, S. 
grevillei, S. viscidus, Pustularia and Wilcoxina spp.. 
These dominant mycorrhizal partners play crucial 
roles in enhancing plant growth and nutrition. Fur-
thermore, the study identified different mycorrhizal 
partners that varied across age classes, emphasizing 
the importance of considering the multi-stage mycor-
rhizal associations for mycorrhizal inoculations. Our 
findings also contribute valuable insights into factors 
influencing temporal changes in EcM communities. 
The dynamic nature of EcM composition, including 
the existence of rare species, underscores the impor-
tance of temporal assessments for a comprehensive 
understanding of EcM fungal diversity.

Future research could focus into understanding 
the ecological and environmental factors influenc-
ing the temporal dynamics of EcM communities. 
Furthermore, investigating the specific physiological 
properties of distinct EcM species, particularly those 
adapted to high altitudes, could enhance our under-
standing of their roles and interactions within the 
symbiotic relationships. A better understanding of the 
physiological and functional properties of ectomycor-
rhizal partners would form a solid base for a future 
modelling of the potential impacts of climate change 
on EcM communities and thus also on host plant per-
formance. In  vivo environmental variable manipu-
lation experiments (temperature, CO2, drought) or 
in  vitro studies assessing the physiological range 
and effect of selected EcM partner on the host plant 
performance could help to provide such information. 
Long-term monitoring studies could also provide 
valuable insights into how EcM communities respond 
to climate variability and change over extended peri-
ods. The observed differences in EcM fungal richness 
between warmer and drier sites compared to more 
humid habitats at similar altitudes emphasize the 
need for further exploration in this direction.

Acknowledgements  We are especially grateful to the Amt 
für Forstverwaltung and all involved forest officials for their 
precious and active support. Thanks to Irmgard Oberkofler and 
Regina Kuhnert for their help in the lab. We remember with 
gratitude Dr. Friederike Göbl, who provided valuable advice 
during the project planning phase. This work was funded by 
the Autonome Provinz Bozen (Mycorrhizaprojekt Lärche und 

Zirbe in Südtirol: P7180-017-013) which provided financial 
support to MB, and by the Austrian Scientific Funds (FWF) 
(MICINSNOW project: 310380) providing financial support to 
EM.

Author contribution  UP conceived and designed the 
study. MB performed the experiments. EM analyzed the data 
and wrote the original manuscript. UP contributed to writing 
review, editing, and overall supervision.

Funding  Open access funding provided by University of 
Innsbruck and Medical University of Innsbruck. This work was 
funded by the Autonome Provinz Bozen (Mycorrhizaprojekt 
Lärche und Zirbe in Südtirol: P7180-017–013) which provided 
financial support to MB, and by the Austrian Scientific Funds 
(FWF) (MICINSNOW project: 310380) providing financial 
support to EM.

Data availability  The raw sequencing data were deposited in 
GenBank SRA database (https://​www.​ncbi.​nlm.​nih.​gov/​genba​
nk/) under the accession numbers referenced in the Supplemen-
tary Material Table S1.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Conflict of interests  Authors declare no conflicts of interests.

Competing interests  The authors have no relevant financial 
or non-financial interests to disclose.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abarenkov K, Allan Z, Timo P, Raivo P, Filipp I, Henrik NR, 
Urmas K (2024) Full mothur UNITE+INSD dataset 1. 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
http://creativecommons.org/licenses/by/4.0/


705Plant Soil (2025) 506:691–707	

1 3
Vol.: (0123456789)

UNITE Community. https://​doi.​org/​10.​15156/​BIO/​29593​
46

Agerer R (2001) Exploration types of ectomycorrhizae: A 
proposal to classify ectomycorrhizal mycelial systems 
according to their patterns of differentiation and putative 
ecological importance. Mycorrhiza 11:107–114. https://​
doi.​org/​10.​1007/​s0057​20100​108

Ali NA, Jackson RM (1988) Effects of plant roots and their 
exudates on germination of spores of ectomycorrhizal 
fungi. Trans Br Mycol Soc 91:253–260. https://​doi.​org/​10.​
1016/​S0007-​1536(88)​80212-2

Allen MF, Kitajima K (2013) In situ high-frequency observa-
tions of mycorrhizas. New Phytol 200:222–228. https://​
doi.​org/​10.​1111/​nph.​12363

Baar J, Horton TR, Kretzer A, Bruns TD (1999) Mycorrhizal 
colonization of Pinus muricata from resistant propagules 
after a stand-replacing wildfire. New Phytol 143:409–418

Bacher M, Margit Z, Ursula P (2010) Ectomycorrhizal status 
of Larix decidua-, Picea abies-, and Pinus cembra-nursery 
plants in South Tyrol. For Obs 5:3–30

Bahram M, Netherway T, Frioux C et al (2021) Metagenomic 
assessment of the global diversity and distribution of bac-
teria and fungi. Environ Microbiol 23:316–326. https://​
doi.​org/​10.​1111/​1462-​2920.​15314

Berman JT, Bledsoe CS (1998) Soil transfers from valley oak 
(Quercus lobata Nee) stands increase ectomycorrhizal 
diversity and alter root and shoot growth on valley oak 
seedlings. Mycorrhiza 7:223–235. https://​doi.​org/​10.​1007/​
s0057​20050​185

Borchers JG, Perry DA (1990) Physical processes affecting soil 
biotic and abiotic responses to disturbance in forest eco-
systems of southwestern Oregon. Oregon State University

Bruns TD, Bidartondo MI, Taylor DL (2002) Host specificity 
in ectomycorrhizal communities: What do the exceptions 
tell us? Integr Comp Biol 42:352–359. https://​doi.​org/​10.​
1093/​icb/​42.2.​352

Cahanovitc R, Livne-Luzon S, Angel R, Klein T (2022) Ecto-
mycorrhizal fungi mediate belowground carbon transfer 
between pines and oaks. ISME J 16:1420–1429. https://​
doi.​org/​10.​1038/​s41396-​022-​01193-z

Cline ET, Ammirati JF, Edmonds RL (2005) Does proximity to 
mature trees influence ectomycorrhizal fungus communi-
ties of Douglas-fir seedlings? New Phytol 166:993–1009. 
https://​doi.​org/​10.​1111/j.​1469-​8137.​2005.​01387.x

Colwell RK, Elsensohn JE (2014) EstimateS turns 20: statisti-
cal estimation of species richness and shared species from 
samples, with non-parametric extrapolation. Ecography 
37(6):609–613

Courty PE, Franc A, Pierrat JC, Garbaye J (2008) Tempo-
ral changes in the ectomycorrhizal community in two 
soil horizons of a temperate oak forest. Appl Environ 
Microbiol 74:5792–5801. https://​doi.​org/​10.​1128/​AEM.​
01592-​08

Da Ronch F, Caudullo G, Tinner W, de Rigo D (2016) Larix 
decidua and other larches in Europe: distribution, habitat, 
usage and threats

Dickie IA, Koide RT, Steiner KC (2002) Influences of estab-
lished trees on mycorrhizas, nutrition, and growth of 
Quercus rubra seedlings. Ecol Monogr 72:505–521

Favre J (1960) Catalogue descriptif des champignons supé-
rieurs de la zone subalpine du Parc National Suisse. Lüdin

Fries EM (1874) Hymenomycetes Europaei sive epicriseos sys-
tematis mycologici

Göbl F (1963) Die Zirbenmykorrhiza in Pflanzgärten. Cent 
Gesamte Forstwes 80:20–30

Göbl F, Ladurner H (2000) Mykorrhizen und Pilze der Hochla-
genaufforstung Haggen. Bundesministerium für Land-und 
Forstwirtschaft

Gong S, Feng B, Jian SP, Wang GS, Ge ZW, Yang ZL (2022) 
Elevation matters more than season in shaping the hetero-
geneity of soil and root associated ectomycorrhizal fungal 
community. Microbiol  Spectr 10(1):e01950-21. https://​
doi.​org/​10.​1128/​spect​rum.​01950-​21

Gorfer M, Mayer M, Berger H et al (2021) High fungal diver-
sity but low seasonal dynamics and ectomycorrhizal abun-
dance in a Mountain Beech forest. Microb Ecol 82:243–
256. https://​doi.​org/​10.​1007/​s00248-​021-​01736-5

Guidot A, Debaud JC, Effosse A, Marmeisse R (2004) Below-
ground distribution and persistence of an ectomycorrhi-
zal fungus. New Phytol 161:539–547. https://​doi.​org/​10.​
1046/j.​1469-​8137.​2003.​00945.x

Han Q, Huang J, Long D et  al (2017) Diversity and commu-
nity structure of ectomycorrhizal fungi associated with 
Larix chinensis across the alpine treeline ecotone of Tai-
bai Mountain. Mycorrhiza 27:487–497. https://​doi.​org/​10.​
1007/​s00572-​017-​0766-z

Heumader J (1992) Gedanken über die Schutzwirkung des 
Gebirgswaldes. Österr Forstzeitung 11

Horak E (1963) Pilzökologische Untersuchungen in der sub-
alpinen Stufe (Piceetum subalpinum und Rhodoreto-Vac-
cinietum) der Rätischen Alpen:(Dischmatal, Graubünden), 
39th edn. Mitteilung der Scqeizerischen Anstalt für das 
Forstliche Versuchwesen

Horak E (1985) Die Pilzflora (Macromyceten) und ihre Ökolo-
gie in fünf Pflanzengesellschaften der montansubalpinen 
Stufe des Unterengadins (Schweiz). Lüdin

Jany JL, Garbaye J, Martin F (2002) Cenococcum geophilum 
populations show a high degree of genetic diversity in 
beech forests. New Phytologist 154(3):651–659

Keller G (1992) Isozymes in isolates of Suillus species from 
Pinus cembra L. New Phytol 120:351–358. https://​doi.​org/​
10.​1111/j.​1469-​8137.​1992.​tb010​75.x

Kennedy PG, Hortal S, Bergemann SE, Bruns TD (2007) 
Competitive interactions among three ectomycorrhizal 
fungi and their relation to host plant performance. J Ecol 
95:1338–1345. https://​doi.​org/​10.​1111/j.​1365-​2745.​2007.​
01306.x

Kjøller R (2006) Disproportionate abundance between ecto-
mycorrhizal root tips and their associated mycelia. FEMS 
Microbiol Ecol 58:214–224. https://​doi.​org/​10.​1111/j.​
1574-​6941.​2006.​00166.x

Kottke I, Oberwinkler F (1988) Comparative studies on the 
mycorrhization of Larix decidua and Picea abies by Suil-
lus grevillei. Trees 2:115–128. https://​doi.​org/​10.​1007/​
BF001​96758

Kranabetter JM (2004) Ectomycorrhizal community effects on 
hybrid spruce seedling growth and nutrition in clearcuts. 
Can J Bot 82:983–991. https://​doi.​org/​10.​1139/​b04-​077

Krpata D, Mühlmann O, Kuhnert R et al (2007) High diversity 
of ectomycorrhizal fungi associated with Arctostaphylos 
uva-ursi in subalpine and alpine zones: Potential inoculum 

https://doi.org/10.15156/BIO/2959346
https://doi.org/10.15156/BIO/2959346
https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s005720100108
https://doi.org/10.1016/S0007-1536(88)80212-2
https://doi.org/10.1016/S0007-1536(88)80212-2
https://doi.org/10.1111/nph.12363
https://doi.org/10.1111/nph.12363
https://doi.org/10.1111/1462-2920.15314
https://doi.org/10.1111/1462-2920.15314
https://doi.org/10.1007/s005720050185
https://doi.org/10.1007/s005720050185
https://doi.org/10.1093/icb/42.2.352
https://doi.org/10.1093/icb/42.2.352
https://doi.org/10.1038/s41396-022-01193-z
https://doi.org/10.1038/s41396-022-01193-z
https://doi.org/10.1111/j.1469-8137.2005.01387.x
https://doi.org/10.1128/AEM.01592-08
https://doi.org/10.1128/AEM.01592-08
https://doi.org/10.1128/spectrum.01950-21
https://doi.org/10.1128/spectrum.01950-21
https://doi.org/10.1007/s00248-021-01736-5
https://doi.org/10.1046/j.1469-8137.2003.00945.x
https://doi.org/10.1046/j.1469-8137.2003.00945.x
https://doi.org/10.1007/s00572-017-0766-z
https://doi.org/10.1007/s00572-017-0766-z
https://doi.org/10.1111/j.1469-8137.1992.tb01075.x
https://doi.org/10.1111/j.1469-8137.1992.tb01075.x
https://doi.org/10.1111/j.1365-2745.2007.01306.x
https://doi.org/10.1111/j.1365-2745.2007.01306.x
https://doi.org/10.1111/j.1574-6941.2006.00166.x
https://doi.org/10.1111/j.1574-6941.2006.00166.x
https://doi.org/10.1007/BF00196758
https://doi.org/10.1007/BF00196758
https://doi.org/10.1139/b04-077


706	 Plant Soil (2025) 506:691–707

1 3
Vol:. (1234567890)

for afforestation. For Ecol Manage 250:167–175. https://​
doi.​org/​10.​1016/j.​foreco.​2007.​05.​012

Leski T, Rudawska M (2012) Ectomycorrhizal fungal com-
munity of naturally regenerated European larch (Larix 
decidua) seedlings. Symbiosis 56:45–53. https://​doi.​org/​
10.​1007/​s13199-​012-​0164-4

Leski T, Rudawska M, Aučina A (2008) The ectomycorrhi-
zal status of European larch (Larix decidua Mill.) seed-
lings from bare-root forest nurseries. For Ecol Manage 
256:2136–2144. https://​doi.​org/​10.​1016/j.​foreco.​2008.​08.​
004

Mandolini E, Bacher M, Peintner U (2022) Ectomycor-
rhizal fungal communities of Swiss stone pine (Pinus 
cembra) depend on climate and tree age in natural for-
ests of the Alps. Plant Soil. https://​doi.​org/​10.​1007/​
s11104-​022-​05497-z

Melin E (1922) Untersuchungen über die Larix-Mykorrhiza. I.: 
Synthese der Mykorrhiza in Reinkultur

Menkis A, Vasiliauskas R, Taylor AF, Stenlid J, Finlay R 
(2005) Fungal communities in mycorrhizal roots of coni-
fer seedlings in forest nurseries under different cultivation 
systems, assessed by morphotyping, direct sequencing and 
mycelial isolation. Mycorrhiza 16:33–41

Miyamoto Y, Sakai A, Hattori M, Nara K (2015) Strong effect 
of climate on ectomycorrhizal fungal composition: Evi-
dence from range overlap between two mountains. ISME J 
9:1870–1879. https://​doi.​org/​10.​1038/​ismej.​2015.8

Miyamoto Y, Maximov TC, Sugimoto A, Nara K (2019) Dis-
covery of Rhizopogon associated with Larix from north-
eastern Siberia: Insights into host shift of ectomycorrhizal 
fungi. Mycoscience 60:274–280. https://​doi.​org/​10.​1016/j.​
myc.​2019.​03.​003

Miyamoto Y, Danilov AV, Bryanin SV (2021) The dominance 
of Suillus species in ectomycorrhizal fungal communi-
ties on Larix gmelinii in a post-fire forest in the Russian 
Far East. Mycorrhiza 30:55–66. https://​doi.​org/​10.​1007/​
s00572-​020-​00995-3

Miyamoto Y, Murata M, Koizumi T et al (2023) Climate con-
ditions are primary predictors of the regional-scale spatial 
diversity patterns of ectomycorrhizal fungi. J Biogeogr 
00:1–13. https://​doi.​org/​10.​1111/​jbi.​14721

Moser M (1956) Die Bedeutung der Mykorrhiza für Auf-
forstungen in Hochlagen. Forstwissenschaftliches Cent 
75:8–18

Moser M (1958) Die künstliche Mykorrhizaimpfung an For-
stpflanzen (in German) Forstwirtsch. Cent Forstwes 
77:32–40

Moser M (1979) Uber eine subboreale und eine subalpine Rus-
sula Art. Sydowia; annales mycologici, vol 31

Mühlmann O, Peintner U (2008) Mycobionts of Salix herbacea 
on a glacier forefront in the Austrian Alps. Mycorrhiza 
18:171–180. https://​doi.​org/​10.​1007/​s00572-​008-​0169-2

Nara K (2006) Pioneer dwarf willow may facilitate tree succes-
sion by providing late colonizers with compatible ectomy-
corrhizal fungi in a primary successional volcanic desert. 
New Phytol 171:187–198

Nara K, Hogetsu T (2004) Ectomycorrhizal fungi on estab-
lished shrubs facilitate subsequent seedling establishment 
of successional plant species. Ecology 85:1700–1707. 
https://​doi.​org/​10.​1890/​03-​0373

Nguyen NH, Vellinga EC, Bruns TD, Kennedy PG (2016) Phy-
logenetic assessment of global Suillus ITS sequences sup-
ports morphologically defined species and reveals synony-
mous and undescribed taxa. Mycologia 108:1216–1228. 
https://​doi.​org/​10.​3852/​16-​106

Obojes N, Meurer A, Newesely C et al (2018) Water stress lim-
its transpiration and growth of European larch up to the 
lower subalpine belt in an inner-alpine dry valley. New 
Phytol 220:460–475. https://​doi.​org/​10.​1111/​nph.​15348

Ohga S, Wood DA (2000) Efficacy of ectomycorrhizal basidi-
omycetes on Japanese larch seedlings assessed by ergos-
terol assay. Mycologia 92:394–398. https://​doi.​org/​10.​
1080/​00275​514.​2000.​12061​173

Oksanen J (2011) Multivariate analysis of ecological commu-
nities in R: vegan tutorial. R package version 1(7):1–43

Pachlewski R (1963) Suillus grevillei (Klotzch) Sing. i Suil-
lus aeruginascens (Secr.) Snell w Parku Botanicznym 
w Białowieży I w części zagospodarowanej Puszczy 
Białowieskiej (in Polish with English summary). Pr Inst 
Badaw Leśnictwa 261:103–117

Pérez-Pazos E, Certano A, Gagne J et  al (2021) The slip-
pery nature of ectomycorrhizal host specificity: Suillus 
fungi associated with novel pinoid (Picea) and abietoid 
(Abies) hosts. Mycologia 113:891–901. https://​doi.​org/​
10.​1080/​00275​514.​2021.​19215​25

Peter M, Ayer F, Egli S, Honegger R (2001) Above-and 
below-ground community structure of ectomycorrhizal 
fungi in three Norway spruce (Picea abies) stands in 
Switzerland. Can J Bot 79:1134–1151

Piola F, Rohr R, von Aderkas P (1995) Controlled mycorrhi-
zal initiation as a means to improve root development 
in somatic embryo plantlets of hybrid larch (Larix × 
eurolepis). Physiol Plant 95:575–580. https://​doi.​org/​10.​
1111/j.​1399-​3054.​1995.​tb055​25.x

Rainer G, Kuhnert R, Unterholzer M et al (2015) Host-spe-
cialist dominated ectomycorrhizal communities of Pinus 
cembra are not affected by temperature manipulation. J 
Fungi 1:55–75. https://​doi.​org/​10.​3390/​jof10​10055

R Core Team (2021) A Language and Environment for Sta-
tistical Computing. R Foundation for Statistical Com-
puting, Vienna, Austria. https://​www.R-​proje​ct.​org/

Renseigné N, Rudawska M, Leski T (2006) Mycorrhizal 
associations of nursery grown Scots pine ( Pinus sylves-
tris L.) seedlings in Poland. Ann for Sci 63:715–723

Repáč I (2011) Ectomycorrhizal inoculum and inoculation 
techniques. Diversity and biotechnology of ectomycor-
rhizae. pp 43–63

Rincón A, Ruiz-Díez B, García-Fraile S et al (2005) Coloni-
sation of Pinus halepensis roots by Pseudomonas fluo-
rescens and interaction with the ectomycorrhizal fungus 
Suillus granulatus. FEMS Microbiol Ecol 51:303–311. 
https://​doi.​org/​10.​1016/j.​femsec.​2004.​09.​006

Sasani N, Pâques LE, Boulanger G et  al (2021) Physiologi-
cal and anatomical responses to drought stress dif-
fer between two larch species and their hybrid. Trees 
- Struct Funct 35:1467–1484. https://​doi.​org/​10.​1007/​
s00468-​021-​02129-4

Schindlbacher A, Rodler A, Kuffner M et  al (2011) Experi-
mental warming effects on the microbial community 
of a temperate mountain forest soil. Soil Biol Biochem 
43:1417–1425

https://doi.org/10.1016/j.foreco.2007.05.012
https://doi.org/10.1016/j.foreco.2007.05.012
https://doi.org/10.1007/s13199-012-0164-4
https://doi.org/10.1007/s13199-012-0164-4
https://doi.org/10.1016/j.foreco.2008.08.004
https://doi.org/10.1016/j.foreco.2008.08.004
https://doi.org/10.1007/s11104-022-05497-z
https://doi.org/10.1007/s11104-022-05497-z
https://doi.org/10.1038/ismej.2015.8
https://doi.org/10.1016/j.myc.2019.03.003
https://doi.org/10.1016/j.myc.2019.03.003
https://doi.org/10.1007/s00572-020-00995-3
https://doi.org/10.1007/s00572-020-00995-3
https://doi.org/10.1111/jbi.14721
https://doi.org/10.1007/s00572-008-0169-2
https://doi.org/10.1890/03-0373
https://doi.org/10.3852/16-106
https://doi.org/10.1111/nph.15348
https://doi.org/10.1080/00275514.2000.12061173
https://doi.org/10.1080/00275514.2000.12061173
https://doi.org/10.1080/00275514.2021.1921525
https://doi.org/10.1080/00275514.2021.1921525
https://doi.org/10.1111/j.1399-3054.1995.tb05525.x
https://doi.org/10.1111/j.1399-3054.1995.tb05525.x
https://doi.org/10.3390/jof1010055
https://www.R-project.org/
https://doi.org/10.1016/j.femsec.2004.09.006
https://doi.org/10.1007/s00468-021-02129-4
https://doi.org/10.1007/s00468-021-02129-4


707Plant Soil (2025) 506:691–707	

1 3
Vol.: (0123456789)

Schindlbacher A, Schnecker J, Takriti M et al (2015) Micro-
bial physiology and soil CO2 efflux after 9 years of 
soil warming in a temperate forest - no indications for 
thermal adaptations. Glob Chang Biol 21:4265–4277. 
https://​doi.​org/​10.​1111/​gcb.​12996

Selosse MA, Baudoin E, Vandenkoornhuyse P (2004) Sym-
biotic microorganisms, a key for ecological success and 
protection of plants. Comptes Rendus - Biol 327:639–
648. https://​doi.​org/​10.​1016/j.​crvi.​2003.​12.​008

Smith N (2017) British larch-associated Basidiomycota: a 
review. F Mycol 18:98–103. https://​doi.​org/​10.​1016/j.​fld-
myc.​2017.​07.​010

Solly EF, Lindahl BD, Dawes MA et  al (2017) Experimental 
soil warming shifts the fungal community composition at 
the alpine treeline. New Phytol 215:766–778. https://​doi.​
org/​10.​1111/​nph.​14603

Southworth D, Carrington EM, Frank JL, Gould P, Harrington 
CA, Devine WD (2009) Mycorrhizas on nursery and field 
seedlings of Quercus garryana. Mycorrhiza 19:149–158

Talbot JM, Bruns TD, Smith DP et al (2013) Independent roles 
of ectomycorrhizal and saprotrophic communities in soil 
organic matter decomposition. Soil Biol Biochem 57:282–
291. https://​doi.​org/​10.​1016/j.​soilb​io.​2012.​10.​004

Taylor AFS (2002) Fungal diversity in ectomycorrhizal com-
munities: Sampling effort and species detection. Plant Soil 
244:19–28. https://​doi.​org/​10.​1023/A:​10202​79815​472

Tedersoo L, Bahram M, Toots M et al (2012) Towards global 
patterns in the diversity and community structure of ecto-
mycorrhizal fungi. Mol Ecol 21:4160–4170. https://​doi.​
org/​10.​1111/j.​1365-​294X.​2012.​05602.x

Tedersoo L, Bahram M, Põlme S et al (2014) Global diversity and 
geography of soil fungi. Science (80- ) 346:1256688. https://​
doi.​org/​10.​1126/​scien​ce.​12566​88

Teste FP, Simard SW, Durall DM (2009) Role of mycorrhizal 
networks and tree proximity in ectomycorrhizal coloniza-
tion of planted seedlings. Fungal Ecol 2:21–30. https://​
doi.​org/​10.​1016/j.​funeco.​2008.​11.​003

Thomas GW (1996) Soil pH and soil acidity. Methods Soil 
Anal Part 3:475–490

Treseder KK, Marusenko Y, Romero-Olivares AL, Maltz MR 
(2016) Experimental warming alters potential function of 
the fungal community in boreal forest. Glob Chang Biol 
22:3395–3404. https://​doi.​org/​10.​1111/​gcb.​13238

Trocha LK, Rudawska M, Leski T, Dabert M (2006) Genetic 
diversity of naturally established ectomycorrhizal fungi 
on norway spruce seedlings under nursery conditions. 
Microb Ecol 52:418–425. https://​doi.​org/​10.​1007/​
s00248-​006-​9110-4

Vašutová M, Edwards-Jonášová M, Baldrian P et  al (2017) 
Distinct environmental variables drive the community 
composition of mycorrhizal and saprotrophic fungi at the 
alpine treeline ecotone. Fungal Ecol 27:116–124. https://​
doi.​org/​10.​1016/j.​funeco.​2016.​08.​010

Visser S (1995) Ectomycorrhizal fungal succession in jack 
pine stands following wildfire. New Phytol 129:389–401. 
https://​doi.​org/​10.​1111/j.​1469-​8137.​1995.​tb043​09.x

Zhang R, Shi X, Liu P et al (2022) Host Shift Speciation of the 
Ectomycorrhizal Genus Suillus (Suillineae, Boletales) and 
Biogeographic Comparison With Its Host Pinaceae. Front 
Microbiol 13:1–11. https://​doi.​org/​10.​3389/​fmicb.​2022.​
831450

Zhou Z, Miwa M, Hogetsu T (2000) Genet Distribution of 
Ectomycorrhizal Fungus Suillus grevillei Populations in 
Two Larix kaempferi Stands over Two Years. J Plant Res 
113:365–374

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1111/gcb.12996
https://doi.org/10.1016/j.crvi.2003.12.008
https://doi.org/10.1016/j.fldmyc.2017.07.010
https://doi.org/10.1016/j.fldmyc.2017.07.010
https://doi.org/10.1111/nph.14603
https://doi.org/10.1111/nph.14603
https://doi.org/10.1016/j.soilbio.2012.10.004
https://doi.org/10.1023/A:1020279815472
https://doi.org/10.1111/j.1365-294X.2012.05602.x
https://doi.org/10.1111/j.1365-294X.2012.05602.x
https://doi.org/10.1126/science.1256688
https://doi.org/10.1126/science.1256688
https://doi.org/10.1016/j.funeco.2008.11.003
https://doi.org/10.1016/j.funeco.2008.11.003
https://doi.org/10.1111/gcb.13238
https://doi.org/10.1007/s00248-006-9110-4
https://doi.org/10.1007/s00248-006-9110-4
https://doi.org/10.1016/j.funeco.2016.08.010
https://doi.org/10.1016/j.funeco.2016.08.010
https://doi.org/10.1111/j.1469-8137.1995.tb04309.x
https://doi.org/10.3389/fmicb.2022.831450
https://doi.org/10.3389/fmicb.2022.831450

	Ectomycorrhizal communities of adult and young European larch are diverse and dynamics at high altitudinal sites
	Abstract 
	BackgroundAims 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Study sites
	Sample collection
	Mycorrhizal morphotyping, DNA extraction, and sequencing
	Data analyses and statistics

	Results
	EcM fungal diversity is higher in drier sites than in fresher ones
	Few taxa are widespread across all sites and age stages
	The colonization by generalist EcM fungi is very dynamic

	Discussion
	Mycorrhizal status of natural larch stands at high altitudes
	"Multi Stage" mycorrhizal partners of larches at high altitudes
	Factors driving temporal changes in the EcM community

	Conclusions and outlook
	Acknowledgements 
	References


