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associated with Salix herbacea and Salix polaris
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Abstract This study explores mid-alpine ectomycorrhizal
communities on Salix herbacea and Salix polaris in plant
communities differing in nutrient status and snow con-
ditions. Plant species were identified by tracking roots back
to above ground structures while fungal species were
identified using molecular methods. The fungi were
identified to 34 molecular operational taxonomic units
(MOTUs)/species but species accumulation curves indicat-
ed that the communities were only partially sampled. The
estimated total species richness was 49 (±9 SD) MOTUs/
species. No significant ectomycorrhizal community speci-
ficity was found between the two plant species and only
weak specificity between different plant communities.
Furthermore, no difference in proportion of colonized root
tips could be demonstrated between plant communities.
However, some fungal taxa showed tendencies to associate
with specific environmental conditions. Sebacinaceae,
Inocybe egenula, Russula cf. emetica, and a Tomentella
sp. were found in meadow communities but not in the heath
communities. Sistotrema cf. alboluteum and Tomentella cf.
terrestris were only found in the dry and mesic heath
communities. Classifications into exploration types showed

that the contact type is more abundant in the dry heath
community than the other communities. Cenococcum geo-
philum was the most common species but Cortinarius spp.,
Russula spp., Tomentella spp., and Lactarius spp. were also
common. This study confirms that alpine communities are
rich in ectomycorrhizal fungi including species from a wide
variety of fungal lineages and also show that many
dominant species have wide ecological amplitude.
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Introduction

Alpine and arctic environments cover about 8% of the
surface of the Earth and represent rather extreme environ-
ments considering the low winter temperatures and the
short growing season. They are remarkable in the high
abundance of dwarf shrubs and herbs in genera such as
Salix, Betula, Dryas, Kobresia, and Bistorta forming
ectomycorrhizal associations (Cripps and Eddington
2005). Despite this, the ectomycorrhizal communities of
this biome are less studied than those of, for example,
temperate forests. As alpine and arctic ectomycorrhizal
communities are species rich, with about half of the species
unique to this environment (Gardes and Dahlberg 1996), it
is important to increase our knowledge of these systems
especially when considering threats to this biome from
climate change.

It is well known that different ectomycorrhizal fungal
species have differing habitat preferences, regarding for
example soil condition and plant species association (e.g.,
Knudsen and Vesterholt 2008). In addition, different plants
may benefit most from association with specific fungi
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depending on the enzymatic capabilities of the fungal
species (Smith and Read 2008) and what soil conditions the
plants are most commonly associated with and the bio-
chemical composition of that soil. For instance, Read
(1991) and Read and Perez-Moreno (2003) hypothesized
that the dominant form of mycorrhiza in a community is
correlated with the relative concentration of different forms
of nitrogen (N). Soils dominated by NO3

− are proposed to
be dominated by arbuscular mycorrhiza, whereas soils
dominated by NH4

+ should be dominated by ectomycor-
rhiza (Smith and Read 2008). Giesler et al. (1998) and
Björk et al. (2007a) found the model applicable and
relevant to natural small-scale gradients in a boreal forest
and a tundra landscape, respectively. However, few studies
exist investigating how the mycorrhizal communities
associated with a few or a single plant species change
within natural gradients. A study of alpine tundra
(Hrynkiewicz et al. 2009) found a decreased diversity in
the mycorrhizal community with increased N supply for
Salix polaris. For another arctic willow, Salix arctica,
Fujimura et al. (2008) found a strong association between
the ectomycorrhizal fungal communities and site-specific
soil conditions in high arctic Canada. Furthermore, numer-
ous fertilization studies (e.g., Wallenda and Kottke 1998;
Urcelay et al. 2003; Treseder 2008; Clemmensen and
Michelsen 2006; Clemmensen et al. 2008) in a variety of
ecosystems have found changes in the ectomycorrhizal
community after addition of N. It was therefore expected
that the mycorrhizal communities would differ between
plant communities differing in soil properties.

In this study, we investigate the ectomycorrhizal fungal
communities, and their exploration types (Agerer 2001),
associated with Salix herbacea and S. polaris in five plant
communities that differ in pH, carbon (C), and N ratio,
dominant N form, soil moisture content, and duration and
thickness of snow cover. We also investigate if there is any
difference in the proportion of root tips colonized by
ectomycorrhiza between the different plant communities. In
addition we compare fungal communities between S.
herbacea and S. polaris to investigate if there is any
specificity in plant–fungi association.

Materials and methods

Study site and plots

The fieldwork was conducted at Latnjajaure Field Station in
northern Sweden (68°20′ N, 18°30′ E). The field station is
situated in a mid-alpine U shaped valley at an altitude of
about 980 ma.s.l. The annual mean temperature is −1.9°C
(1993–2008), the warmest month is July, with a mean
temperature of +8.6°C, and the coldest month is February,

with a mean temperature of −9.4°C. The mean annual
precipitation is 847 mm (1990–2008), of which 200 mm
falls during the growth season (approximately June–
August). The vegetation is of low arctic character (Molau
et al. 2003; Lindblad et al. 2006).

Five plant communities were studied; mesic meadow,
meadow snowbed, dry heath, mesic heath, and heath
snowbed. The heath plant communities have a pH ranging
between 3.4 and 4.1 while the meadow plant communities
range between pH 4.4 and 5.3 (Björk et al. 2007a). The net
N mineralization rate is more than three times higher in the
meadow ecosystems than in the heath ecosystems. The
sample areas are located within 250 m from each other,
with a maximum difference in altitude of 20 m. S. herbacea
and S. polaris have a plant coverage ranging from 7% to
18% (total plant coverage 27% to 74%). S. herbacea has
wider ecological amplitude than S. polaris, but preferen-
tially grow in more acidic sites, whereas S. polaris grow
under more calcareous conditions and is common in
snowbeds. For a more complete description of the vegeta-
tion and soil properties of the studied plant communities see
Björk et al. (2007a). The root biomass distribution of the
plants is mostly concentrated in the shallow organic soil
layer in the studied plant communities (from <1 cm to ca.
6 cm deep; Björk et al. 2007a, b).

Collection of root tips

Between July 15 and 30, 2008, six soil cores (10×10 cm)
were randomly collected from a 10×10 m square within
each plant community, except for the mesic meadow where
five samples were collected. All samples were taken to a
depth of 5 cm, or until hitting stone, but to a minimum
depth of 3 cm. The samples were submerged in water
overnight to facilitate separation of roots from the soil. All
samples were processed within 2 days of collection. S.
herbacea and S. polaris plants were identified and roots
were tracked from above ground structures. The roots were
examined under a dissection microscope, and root tips
colonized with ectomycorrhiza, as judged from the pres-
ence of a fungal mantle layer, were assigned to morpho-
types and the number of tips for each morphotype was
counted. Non-colonized root tips were also counted. One to
four healthy and well-developed ectomycorrhizal tips from
each morphotype and sample were selected for sequencing
and stored in 1% CTAB (cetyltrimethylammonium bro-
mide) buffer.

Generation of sequences and species identification

DNA extraction was performed using the CTAB protocol of
Larsson and Jacobsson (2004). PCR reactions were carried
out using illustraTM PuReTaq ReadyToGo PCR Beads (GE
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Healthcare BioSciences AB). The primers ITS1F (Gardes
and Bruns 1993) and LR21 (Hopple and Vilgalys 1999)
were used to amplify the complete ITS region and about
375 bp of the 5′ end of the LSU region. Amplified products
were purified using Qiaquick spin columns (Qiagen)
applying 35 μl elution buffer instead of 100 μl to increase
the final concentration. Sequencing was conducted by
Macrogen Inc. (Seoul, South Korea). The ITS3 primer
(White et al. 1990) was used for sequencing to obtain
sequences of the ITS2 region and the 5′ part of the LSU
region. For samples where no sequence was obtained, an
additional PCR was performed on the previous PCR
product using the ITS1 and ITS4 primer (White et al.
1990). These were then purified and sequenced as above.

To provide a taxonomic affinity each obtained sequence
was searched against the GenBank (Benson et al. 2010),
and UNITE (Kõljalg et al. 2005) databases for similar
sequences using BLAST (Altschul et al. 1997). Sequences
best matched by ectomycorrhizal species (as given in
Rinaldi et al. 2008 and Tedersoo et al. 2010) were divided
into taxonomic groups based on the results of the BLAST
output. The sequences best matched by species of other
nutritional modes or with dubious taxonomic affiliation
were excluded from further analysis. For each taxonomic
group similar sequences from the BLAST outputs and
sequences from phylogenetic studies (Shimono et al. 2004;
Garnica et al. 2005; Douhan and Rizzo 2005; Matheny
2005; Osmundson et al. 2005; Nilsson et al. 2006; Ryberg
et al. 2008) were selected to provide a phylogenetic
context. Each taxonomic group, including the additional
sequences, were aligned in ClustalW (Thompson et al.
1994) as implemented in BioEdit (version 7.0.9.0; Hall
1999) and then manually adjusted in SeaView (Gouy et al.
2010). Cortinarius was divided into two matrices: subgenus
Telamonia and remaining Cortinarius.

The alignments were used to estimate phylogenies under
the maximum likelihood criteria using RAxML 7.0.4
(Stamatakis 2006). For each alignment a rapid search for
the best scoring maximum likelihood tree was done in
combination with 1,000 bootstrap replicas (TreeBase:
10400). In addition to the phylogenetic analysis a sequence
similarity of 97% (Hamming distances; Swofford et al.
1996) in the ITS2 region was used to delimit molecular
operational taxonomic units (MOTUs)/species.

Statistical analysis

Correspondence analysis (CA) for the ectomycorrhizal
communities and Detrended correspondence analysis
(DCA) for exploration types were conducted using
CANOCO 4.5 to investigate differences between plant
communities. Multi-response permutation procedure
(MRPP) using Euclidean and Bray-Curtis (Bray and Curtis

1957) distances was also used to test the hypothesis of no
difference between the ectomycorrhizal communities, both
regarding species and exploration types, using the vegan
package (Oksanen et al. 2009) in R (R development core
team 2009). Euclidean distances is more in accordance with
the ordination analysis but it have no upper limit, it may
give higher similarities between samples based on shared
missing species, and it depends on the scale of the
variables. Bray-Curtis distances do not suffer from these
issues but they do not consider abundances and thus give
equal weight to both rare and common species. P value for
the MRPP was estimated from 999 permutations. Root
colonization and species densities (species/area) were
analyzed using a one-way ANOVA, with plant community
as the fixed factor. All data were, after addition of a
constant, log-transformed and concomitantly scaled to unit
variance to achieve a normal distribution, to eliminate
skewness, and to ensure homogeneity of variances accord-
ing to Økland et al. (2001). The one-way ANOVAs were
conducted using SPSS 14.0 (SPSS Inc., Chicago, IL, USA).
EstimateS 8.2.0 (Colwell 2009) was used to construct
species accumulation curves and to estimate the number of
species in the communities using the Chao 2 estimator.
Species specificity between the two Salix spp. was
evaluated using Fisher’s exact test (following Tedersoo et
al. 2008).

Results and discussion

This study investigated 7,457 root tips of which about 50%
were ectomycorrhizal. Despite their preference for different
soil conditions, we did not find any support for S. herbacea
and S. polaris to be associated with different ectomycor-
rhizal fungal partners when compared in the same vegeta-
tion types (P=0.94). Specificity in plant association has
been demonstrated in several other communities (Ishida et
al. 2007; Tedersoo et al. 2008) but the occurrence of
preference in plant association is considered to be less
pronounced in tundra environments (Kernaghan and Harper
2001; Ryberg et al. 2009). This may be due to the extreme
environmental features of the tundra that promote fungi
adapted to these conditions rather than plant-specific
specialists. Another explanation for the lack of species
specificity may be the close phylogenetic relationship
between S. herbacea and S. polaris. Since no specificity
was indicated, all samples from the two plant species were
pooled together in the rest of the analyses.

Eleven different ectomycorrhizal morphotypes were
found, which is in the midrange of what has previously
been reported for S. herbacea and S. polaris (four to 21
morphotypes, Dhillion 1994; Clemmensen and Michelsen
2006; Mühlmann and Peintner 2008; Hrynkiewicz et al.
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2009). From these 154 sequences of ectomycorrhizal taxa
were obtained which were classified into 34 MOTUs/
species (Online Resource 1). Since we determined ectomy-
corrhizal colonization from presence of a mantle layer, we
may have missed some morphotypes with poorly developed
mantles, such as some Ascomycetes. Sequences from the
same morphotype within each sample generated the same
MOTUs/species except for in a few cases attributable to
dual colonization or secondary colonization by saprotrophic
fungi. In such cases the morphotype was attributed to the
MOTU/species that was indicated by the most sequences.
The total MOTUs/species richness in our study is some-
what higher but in the same range as that of other tundra
studies (Fujimura et al. 2008; Mühlmann and Peintner
2008), but lower than in a cliff ecosystem at the same site
(Ryberg et al. 2009). We found a tendency towards higher
species density in the meadow communities (P=0.058;
Fig. 1). However, as no species accumulation curves
leveled off (Fig. 2) the real species richness of these
communities is probably higher and the Chao 2 estimates of
minimum species richness for each plant community were:
11 (±5 SD) mesic heath, 14 (±8 SD) heath snowbed, 25 (±8
SD) meadow snowbed, 40 (±21 SD) dry heath, and 47 (±24
SD) for the mesic meadow, respectively. The minimum
total richness was estimated to 49 MOTUs/species (±9 SD)
but is probably an underestimation since the samples in
each community are correlated compared to between
communities. Fujimura et al. (2008) found higher species
density in the more nutrient-rich communities in high-arctic
tundra, which is in line with the tendency found in our
study. Thus, even though the relative cover of ectomycor-
rhizal plants is higher in heath communities, these
communities may have lower species richness and conse-
quently Read’s (1991; Read and Perez-Moreno 2003)

model may not hold for small-scale gradients as previously
suggested by Björk et al. (2007a).

Unexpectedly, we found only a trend toward differences
between the ectomycorrhizal communities in the plots of
different plant communities using CA (Fig. 3) or Euclidean
distances in MRPP (P=0.06; A=0.06). However, using
Bray-Curtis distances the difference was significant
(P=0.013; A=0.06). The CA uses only the difference along
the two most prominent axes in the multidimensional space
of the ordination while the MRPP uses the actual differ-
ences. The fact that we did not observe any difference

Fig. 1 Mean number of species per square decimeter for the different
plant communities: dry heath (HD), mesic heath (HM), heath snowbed
(HS), mesic meadow (MM), and meadow snowbed (MS). Error bars
represent standard errors of the means
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Fig. 2 Species accumulation curves for each plant community
separately and for all combined. For all combined the 95% confidence
interval is indicated

Fig. 3 Mean values (±85% confidence interval corresponding to a α=
0.05 test; see Payton et al. 2000, 2003) of sample scores from the
correspondence analysis (CA) of the ectomycorrhizal communities
within the different plant communities
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between the plant communities in the CA and using
Euclidean distances in the MRPP is due to that many of
the dominating species such as Cenococcum geophilum,
Cortinarius cf. saniosus, Cortinarius cf. croseus, Lactarius
cf. trivialis, and a Russula sp. were found in several
vegetation types and across vegetation series. However,
53% of the MOTUs/species were found in only one sample
and consequently only in one plant community (Online
Resource 1). C. geophilum was the most abundant species,
both regarding the number of samples (79%) it was found
in and regarding the number of root tips (24%) it was
collected from (Fig. 4). This corroborates findings in other
tundra soils (Dhillion 1994; Clemmensen and Michelsen
2006; Mühlmann and Peintner 2008; Hrynkiewicz et al.
2009). The dominance of C. geophilum in our study
(relative abundance 58%) was also higher than found by
Hrynkiewicz et al. (2009; relative abundance ca. 32%),
which in addition reported differences in ectomycorrhizal
communities between plant communities. C. geophilum
possesses proteolytic enzymes and may have higher
ligninolytic capacity in comparison to other ectomycor-
rhizal fungi (Bending and Read 1997), which make them
able to mobilize organically bounded nitrogen (Dahlberg et
al. 1997) favoring them in nutrient poor environments such
as tundra soils. Even though the CA showed no support for
habitat specificity in the ectomycorrhizal community, we
found some taxa that were specific to either heath or
meadow communities. For instance, Sebacinaceae spp.,

Inocybe egenula, Russula cf. emetica, and one of the
Tomentella species were only found in the two meadow
communities, whereas Sistotrema cf. alboluteum and
Tomentella cf. terrestris were found only in the dry and
mesic heath. The fact that the dominating ectomycorrhizal
fungal species were found in several plant communities and
that there was no significant difference in the CA analysis
and the MRPP using Euclidean distances show that the
community specificity is low in these ecosystems. Howev-
er, the MRPP using Bray-Curtis distances and the tendency
towards higher species richness in the meadow communi-
ties indicate that there are some differences between
communities regarding less common species.

Unlike Hrynkiewicz et al. (2009), we did not find any
significant difference in the proportion of colonized root
tips between the different plant communities (Fig. 5). The
difference between our studies implores further exploration
of this pattern. The proportion of colonized root tips in our
study is slightly higher than in the study of Hrynkiewicz et
al. (2009), but lower than what was found in nearby
fellfield vegetation (Michelsen et al. 1996; Clemmensen
and Michelsen 2006) and a glacier forefront in the Austrian
Alps (Mühlmann and Peintner 2008). It has been proposed
that root colonization by mycorrhizal fungi decreases with
increasing nutrient availability in the soil, because plants
can meet their nutrient requirements through direct uptake
by roots without the extra C expenditure required to support
mycorrhizal fungi (Aerts and Chapin 2000). However,
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Fig. 4 Number of root tips per
species/MOTU (above) and
number of samples each species/
MOTU were found in (below)
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while short-term N fertilization studies (e.g., Urcelay et al.
2003; Treseder 2008) show a decrease in the root
colonization rate long-term studies do not (reviewed in
Wallenda and Kottke 1998; Clemmensen and Michelsen
2006). Clemmensen and Michelsen (2006) suggested that
the differences between short- and long-term studies were a
time effect of the adjustment of the ectomycorrhizal
community to the altered environmental conditions. How-
ever, we did not find any differences in colonization rate
and only a weak difference in ectomycorrhizal communities
between the different natural occurring N conditions, which
may suggest that short-term effects may be due to
ecosystem disturbance rather than an N fertilization effect.

Three different exploration types were found, contact,
short-distance, and medium-distance fringe type (Agerer
2001). In general, the short-distance was the most common
exploration type (2,842 root tips) followed by the contact
type (818 root tips) and medium-distance fringe type (65
root tips). However, in the dry heath the contact type was
the most common, this difference was significant in the CA
(Fig. 6) but not in the MRPP (Euclidean distances P=0.08,
A=0.06; Bray-Curtis P=0.09, A=0.07). Studies in moun-
tainous Norway spruce stands (Baier et al. 2006; Scattolin
et al. 2008) have found the short-distance type to be related
to the organic layer and high N content, and the contact
type to the mineral soil layer. These studies hypothesized
that since the mineral soil is characterized by organic matter
that is hard to degrade, stabilized by calcium–magnesium–
humic compounds, the contact types might be able to utilize
these sources because they are often hydrophilic and can
degrade lignin to increase access to nitrogen complexed to
phenolic substances (Agerer et al. 2000; Agerer 2001). The
preference for the short-distance type to the organic layer
was ascribed to their dense cover of emanating hyphae
(Baier et al. 2006; Scattolin et al. 2008). Hence, they are

probably more suitable to explore the larger volume of the
looser and more porous litter and organic layers of the soil
(Agerer 2001). Kranabetter et al. (2009) found an increase
of contact and medium-distance types with increased soil
fertility along a productivity gradient in a boreal forest. Our
data does not support any of the above alternatives,
although the dry heath has very thin organic layer (as do
the snowbeds), it is also very poor in N compared to the
meadows. However, the dry heath has the shallowest snow
cover (maximum 10 cm thick), and it is therefore frequently
subjected to freeze-thaw events, which may interrupt longer
hyphae and rhizomorphs and consequently favor the contact

Fig. 6 Mean values (±85% confidence interval corresponding to a α=
0.05 test; see Payton et al. 2000, 2003) of sample scores from the
detrended correspondence analysis (DCA) of the exploration types
within the different plant communities together with the species scores
outline as vectors illustrating the increase of an exploration type
within the ordination space

Fig. 5 Mean number of root tips colonized with ectomycorrhiza. To the left is number of root tips per square decimeter and to the right is
proportion of colonized roots. Error bars represent standard errors of the means
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type in this community. However, there may be a bias towards
the contact and short-distance type as hyphae and rhizo-
morphs signifying medium- and long-distance types may be
lost when extracting the root tips from the soil.

Alpine and arctic plant communities with dwarf shrubs
and herbs form unique environments for ectomycorrhizal
fungi. We show that several common fungi in these
environments have wide ecological amplitude and can
occur in several plant communities. However, soil factors
may still be important for many of the rarer species.
Information on habitat specificity will be important to
evaluate the threat to the species diversity of the alpine and
arctic biome as these retract and decrease in area.

Acknowledgments We are grateful to Josephine Rodriguez and two
reviewers for comments and suggestions on earlier drafts of this paper.
Financial support was received from Helge Ax:son-Johnsons founda-
tion and Kapten Carl Stenholms donationsfond.

References

Aerts R, Chapin FS (2000) The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. Adv Ecol Res
30:1–67

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

Agerer R, Schloter M, Hahn C (2000) Fungal enzymatic activity in
fruitbodies. Nova Hedwig 71:315–336

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z, Miller W,
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new
generation of protein database search programs. Nucleic Acids
Res 25:3389–3402

Baier R, Ingenhaag J, Blaschke H, Göttlein A, Agerer R (2006)
Vertical distribution of an ectomycorrhizal community in upper
soil horizons of a young Norway spruce (Picea abies [L.] Karst.)
stand of the Bavarian limestone Alps. Mycorrhiza 16:197–206

Bending GD, Read DJ (1997) Lignin and soluble phenolic degrada-
tion by ectomycorrhizal and ericoid mycorrhizal fungi. Mycol
Res 101:1348–1354

Benson DA, Karsch-Mizrachi I, Lipman DJ, Ostell J, Sayers EW
(2010) GenBank. Nucleic Acids Res 38:D46–D51

Björk RG, Klemedtson L, Molau U, Harndorf J, Ödman A, Giesler R
(2007a) Linkages between N turnover and plant community
structure in tundra landscape. Plant Soil 294:247–261

Björk RG, Majdi H, Klemedtson L, Lewis-Johnsson L, Molau U (2007b)
Long-term warming effects on root morphology, root mass
distribution, and microbial activity in two dry tundra plant
communities in northern Sweden. New Phytol 176:862–873

Bray JR, Curtis JT (1957) An ordination of the upland forest
communities of southern Wisconsin. Ecol Monogr 27:326–
349

Clemmensen KE, Michelsen A (2006) Integrated long-term responses
of an arctic-alpine willow and associated ectomycorrhizal fungi
to altered environment. Can J Bot 84:831–843

Clemmensen KE, Sorensen PL, Michelsen A, Jonasson S, Ström L
(2008) Site-dependent N uptake from N-form mixtures by arctic
plants, soil microbes and ectomycorrhizal fungi. Oecologia
155:771–783

Colwell RK (2009) EstimateS: Statistical estimation of species
richness and shared species from samples. Version 8.2. User’s
Guide and application published at: http://purl.oclc.org/estimates

Cripps CL, Eddington LH (2005) Distribution of mycorrhizal types
among alpine vascular plant families on the beartooth plateau,
Rocky Mountains, U.S.A., in reference to large-scale patterns in
arctic–alpine habitats. Arct Antarct Alp Res 37:177–188

Dahlberg A, Jonsson L, Nylund JE (1997) Species diversity and
distribution of biomass above and below ground among
ectomycorrhizal fungi in an old-growth Norway spruce forest in
south Sweden. Can J Bot 75:1323–1335

Dhillion SS (1994) Ectomycorizae, arbuscular mycorrhizae, and
Rhizoctonia sp. of Alpine and Boreal Salix spp. in Norway. Arct
Alp Res 26:304–307

Douhan GW, Rizzo DM (2005) Phylogenetic divergence in a local
population of the ectomycorrhizal fungus Cenococcum geo-
philum. New Phytol 166:263–271

Fujimura KE, Egger KN, Henry GHR (2008) The effect of
experimental warming on the root associated fungal community
of Salix arctica. ISME J 2:105–114

Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for
Basidiomycetes—application to the identification of mycorrhizae
and rusts. Mol Ecol 2:113–118

Gardes M, Dahlberg A (1996) Mycorrhizal diversity in Arctic and
alpine tundra: an open question. New Phytol 133:147–157

Garnica S, Weiss M, Oertel B, Oberwinkler F (2005) A framework for
a phylogenetic classification in the genus Cortinarius (Basidio-
mycota, Agaricales) derived from morphological and molecular
data. Can J Bot 83:1457–1477

Giesler R, Högberg M, Högberg P (1998) Soil chemistry and plants in
Fennoscandian boreal forest as exemplified by a local gradient.
Ecol 79:119–137

Gouy M, Guindon S, Gascuel O (2010) SeaView version 4: a
multiplatform graphical user interface for sequence alignment
and phylogenetic tree building. Mol Biol Evol 27:221–224

Hall T (1999) BioEdit—Biological Sequence Alignment Editor for
Windows. North Carolina State University, Raleigh

Hopple JS Jr, Vilgalys R (1999) Phylogenetic relationships in the
mushroom genus Coprinus and dark-spored allies based on
sequence data from the nuclear gene coding for the large
ribosomal subunit RNA: divergent domains, outgroups, and
monophyly. Mol Phylogenet Evol 13:1–19

Hrynkiewicz K, Baum C, Leinweber P (2009) Mycorrhizal commu-
nity structure, microbial biomass P and phosphatase activities
under Salix polaris as influenced by nutrient availability. Eur J
Soil Biol 45:168–175

Ishida TA, Nara K, Hogetsu T (2007) Host effects on ectomycorrhizal
fungal communities: insight from eight host species in mixed
conifer-broadleaf forests. New Phytol 174:430–440

Kernaghan G, Harper KA (2001) Community structure of ectomycor-
rhizal fungi across an alpine/subalpine ecotone. Ecography
24:81–188

Knudsen H, Vesterholt J (eds) (2008) Funga Nordica: Agaricoid,
boletoid and cyhelloid genera. Nordsvamp, Kopenhagen

Kõljalg U, Larsson K-H, Abarenkov K, Nilsson RH, Alexander IJ,
Eberhardt U, Erland S, Høiland K, Kjøller R, Larsson E,
Pennanen T, Sen R, Taylor AF, Tedersoo L, Vrålstad T, Ursing
BM (2005) UNITE: a database providing web-based methods for
the molecular identification of ectomycorrhizal fungi. New
Phytol 166:1063–1068

Kranabetter JM, Durall DM, MacKenzie WH (2009) Diversity and
species distribution of ectomycorrhizal fungi along productivity
gradients of a southern boreal forest. Mycorrhiza 19:99–111

Larsson E, Jacobsson S (2004) The controversy over Hygrophorus
cossus settled using ITS sequence data from 200-year-old type
material. Mycol Res 108:781–786

Mycorrhiza (2011) 21:289–296 295

http://purl.oclc.org/estimates


Lindblad KEM, Nyberg R, Molau U (2006) Generalization of
heterogeneous alpine vegetation in air photo-based image
classification, Latnjajaure catchment, northern Sweden. Pirineos
161:3–24

Matheny PB (2005) Improving phylogenetic inference of mushrooms
with RPB1 and RPB2 nucleotide sequences (Inocybe; Agar-
icales). Mol Phylogenet Evol 35:1–20

Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D (1996)
Leaf 15 N abundance of subarctic plants provides field evidence
that ericoid, ectomycorrhizal and non- and arbuscular mycorrhi-
zal species access different sources of soil nitrogen. Oecologia
105:53–63

Molau U, Kling K, Lindblad R, Björk R, Dänhardt AL (2003) A GIS
assessment of alpine biodiversity at range of scales. In: Nagy L,
Grabherr G, Körner C, Thompson DBA (eds) Alpine biodiversity
in Europe, Ecol Stud 167:221–229

Mühlmann O, Peintner U (2008) Mycobionts of Salix herbacea on a
glacier forefront in the Austrian Alps. Mycorrhiza 18:171–180

Nilsson RH, Larsson K-H, Larsson E, Kõljalg U (2006) Fruiting body—
guided molecular identification of root-tip mantle mycelia provides
strong indications of ectomycorrhizal associations in two species of
Sistotrema (Basidiomycota). Mycol Res 110:1426–1432

Økland RH, Økland T, Rydgren K (2001) Vegetation-environment
relationships of boreal spruce swamp forest in Østmarka Nature
Reserve, SE Norway. Sommerfeltia 29:1–190

Oksanen J, Kindt R, Legendre P, O'Hara B, Simpson GL, Solymos P,
Stevens MHH, Wagner H (2009) vegan: Community Ecology
Package. R package version 1.15-4

Osmundson TW, Cripps CL, Mueller GM (2005) Morphological and
molecular systematics of Rocky Mountain alpine Laccaria.
Mycologia 97:949–972

Payton ME, Miller AE, Raun WR (2000) Testing statistical hypoth-
eses using standard error bars and confidence intervals. Commun
Soil Sci Plant Anal 31:547–551

Payton ME, Greenstone MH, Schenker N (2003) Overlapping
confidence intervals or standard error intervals: what do they
mean in terms of statistical significance? J Insect Sci 3:34

R Development Core Team (2009) R: A language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna

Read DJ (1991) Mycorrhizas in ecosystems. Experientia 47:376–391
Read DJ, Perez-Moreno J (2003) Mycorrhizas and nutrient cycling in

ecosystems—a journey towards relevance? New Phytol
157:475–492

Rinaldi AC, Comandini O, Kuyper TW (2008) Ectomycorrhizal
fungal diversity: separating the wheat from the chaff. Fungal
Divers 33:1–45

Ryberg M, Nilsson RH, Kristiansson E, Töpel M, Jacobsson S,
Larsson E (2008) Mining metadata from unidentified ITS
sequences in GenBank: a case study in Inocybe (Basidiomycota).
BMC Evol Biol 8:50

Ryberg M, Larsson E, Molau U (2009) Ectomycorrhizal diversity on
Dryas octopetala and Salix reticulata in an alpine cliff
ecosystem. Arct Antarct Alp Res 41:506–514

Scattolin L, Montecchio L, Mosca E, Agerer R (2008) Vertical
distribution of the ectomycorrhizal community in the top soil of
Norway spruce stands. Eur J Forest Res 127:347–357

Shimono Y, Kato M, Takamatsu S (2004) Molecular phylogeny of
Russulaceae (Basidiomycetes; Russulales) inferred from the
nucleotide sequences of nuclear large subunit rDNA. Myco-
science 45:303–316

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd edn.
Academic, London

Stamatakis A (2006) RAxML-VI-HPC: maximum likelihood-based
phylogenetic analyses with thousands of taxa and mixed models.
Bioinform 22:2688–2690

Swofford DL, Olsen GJ, Waddell PJ, Hillis DM (1996) Phylogenetic
inference. In: Hillis DM, Moritz C, Mable BK (eds) Molecular
Systematics, 2nd edn. Sinauer Associates Inc, Sunderland,
pp 407–514

Tedersoo L, Jairus T, Horton BM, Abarenkov K, Suvi T, Saar I,
Kõljalg U (2008) Strong host preference of ectomycorrhizal
fungi in a Tasmanian wet sclerophyll forest as revealed by DNA
barcoding and taxon-specific primers. New Phytol 180:479–
490

Tedersoo L, May TW, Smith ME (2010) Ectomycorrhizal lifestyle in
fungi: global diversity, distribution, and evolution of phyloge-
netic lineages. Mycorrhiza 20:217–263

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTALW: improving
the sensitivity of progressive multiple sequence alignment through
sequence weighting, position-specific gap penalties and weight
matrix choice. Nucleic Acids Res 22:4673–4680

Treseder KK (2008) Nitrogen additions and microbial biomass: a
meta-analysis of ecosystem studies. Ecol Lett 11:1111–1120

Urcelay C, Bret-Harte MS, Díaz S, Chapin FS (2003) Mycorrhizal
colonization mediated by species interactions in arctic tundra.
Oecologia 137:399–404

Wallenda T, Kottke I (1998) Nitrogen deposition and ectomycorrhizas.
New Phytol 139:169–187

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics.
In: Inns MA, Gelfand DH, Sninsky JJ, White TJ (eds) PCR
Protocols: a Guide to Methods and Applications. Academic, New
York, pp 315–322

296 Mycorrhiza (2011) 21:289–296


	Weak habitat specificity in ectomycorrhizal communities associated with Salix herbacea and Salix polaris in alpine tundra
	Abstract
	Introduction
	Materials and methods
	Study site and plots
	Collection of root tips
	Generation of sequences and species identification
	Statistical analysis

	Results and discussion
	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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /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 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


