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Abstract

There is growing evidence that root-associated fungi have important roles in Arctic

ecosystems. Here, we assess the diversity of fungal communities associated with roots

of the ectomycorrhizal perennial herb Bistorta vivipara on the Arctic archipelago of

Svalbard and investigate whether spatial separation and bioclimatic variation are

important structuring factors of fungal community composition. We sampled 160

plants of B. vivipara from 32 localities across Svalbard. DNA was extracted from entire

root systems, and 454 pyrosequencing of ITS1 amplicons was used to profile the fungal

communities. The fungal communities were predominantly composed of Basidiomy-

cota (55% of reads) and Ascomycota (35%), with the orders Thelephorales (24%), Agari-

cales (13.8%), Pezizales (12.6%) and Sebacinales (11.3%) accounting for most of the

reads. Plants from the same site or region had more similar fungal communities to one

another than plants from other sites or regions, and sites clustered together along a

weak latitudinal gradient. Furthermore, a decrease in per-plant OTU richness with

increasing latitude was observed. However, no statistically significant spatial autocor-

relation between sites was detected, suggesting that environmental filtering, not dis-

persal limitation, causes the observed patterns. Our analyses suggest that while

latitudinal patterns in community composition and richness might reflect bioclimatic

influences at global spatial scales, at the smaller spatial scale of the Svalbard archipel-

ago, these changes more likely reflect varied bedrock composition and associated

edaphic factors. The need for further studies focusing on identifying those specific bio-

climatic and edaphic factors structuring root-associated fungal community composition

at both global and local scales is emphasized.
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Introduction

Arctic environments are characterized by low mean

annual temperatures and short growing seasons. In

these hostile environments, fungi may play important

functional roles as decomposers of plant material,

pathogens and as symbionts of plants (mycorrhizae,

endophytes) and algae (lichens) (Gardes & Dahlberg

1996; Ludley & Robinson 2007; Tibbett & Cairney 2007;

Timling & Taylor 2012). Those fungi associated with the

roots of Arctic plants seem to be of particular impor-

tance. It has been estimated that 61–86% of the nitrogen

in Arctic tundra plants is provided by mycorrhizal

fungi (Hobbie & Hobbie 2006) and carbon can be trans-

ferred between plants via their shared mycorrhizal net-

works (Deslippe & Simard 2011). Although the

ecological role and function of endophytic fungi are less

well known than those of mycorrhiza, these fungi can

have positive effects on plant biomass and nitrogen and

phosphorus contents, making them similarly important

in ecosystem function and plant success and production
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(Newsham 2011). This further highlights the importance

of root-associated fungi in the Arctic. The factors shap-

ing the composition and richness of root-associated fun-

gal communities in the Arctic are not well understood

(Timling & Taylor 2012). However, temperature, precip-

itation and host identity have been identified as impor-

tant predictors of community richness and composition

on a global scale (Tedersoo et al. 2012; P~olme et al.

2013), and communities are known to vary along latitu-

dinal gradients (Bjorbækmo et al. 2010; Timling et al.

2012). At finer spatial scales, plant root-associated fun-

gal communities can exhibit habitat specificity related

to local pH, edaphic and bedrock conditions (Fujimura

et al. 2008; Fujimura & Egger 2012), and both field and

experimental observations suggest that Arctic fungal

communities in roots and soil are plastic and change in

response to environmental factors including tempera-

ture, precipitation, nutrient availability and pH (Clem-

mensen & Michelsen 2006; Fujimura & Egger 2012;

Timling et al. 2012).

Svalbard is a High Arctic archipelago, spanning the

latitudinal range 74–81 degrees north and the longitudi-

nal range 10–35 degrees east. Its land area constitutes

about 61 000 km2, of which ~ 60% is covered by gla-

ciers. Three of five Arctic bioclimatic zones are repre-

sented in Svalbard: the middle-Arctic tundra zone

(bioclimatic zone C), the northern Arctic tundra zone

(bioclimatic zone B) and the Arctic polar desert

zone (bioclimatic zone A; Elvebakk 1999; Walker et al.

2005). The perennial herb Bistorta vivipara (L.) Delarbre

[syn. Polygonum viviparum L. and Persicaria vivipara (L.)

Ronse Decr.] is widespread across Svalbard and occurs

in both bioclimatic zones B and C. It is well docu-

mented that B. vivipara forms ectomycorrhizal symbiosis

with a wide range of fungal taxa (Hesselmann 1900;

Read & Haselwandter 1981; Massicotte et al. 1998;

M€uhlmann et al. 2008; Blaalid et al. 2012; Kauserud et al.

2012) and its small, condensed root system makes

analysis of its entire root-associated fungal community

feasible using novel high-throughput sequencing tech-

niques such as 454 pyrosequencing (Blaalid et al. 2012;

Kauserud et al. 2012). By analysing the entire root sys-

tem, sampling bias associated with selecting a limited

number of root tips can, to a large extent, be avoided.

In the present study, we survey the fungal communities

associated with B. vivipara on Svalbard using 454 ampli-

con pyrosequencing. Our main aims were to (i) assess

the biodiversity of fungi associated with Bistorta roots

on Svalbard, (ii) determine whether the Bistorta root-

associated fungal communities on Svalbard exhibit

structure in composition and richness at a landscape

level and (iii) investigate fungal community composi-

tion and richness across the main bioclimatic gradient

of Svalbard (i.e. its bioclimatic zones).

Materials and methods

Location and sampling strategy

We sampled a total of 160 Bistorta vivipara plants with

their entire root systems, five plants at each of 32 locali-

ties across the Svalbard archipelago (Fig. 1A). The local-

ities were grouped into 11 geographic regions roughly

corresponding to the different islands and fjord systems

(Fig. 1A, Table 1). At 23 localities, the five replicate

plants were sampled within 1 9 1 m plots, while at the

remaining nine localities plants were selected at random

within an area of ~ 1 9 1 km (Table 1). Although sam-

pling was conducted at different scales, a Bonferroni-

corrected t-test comparison of the pairwise, within-site

Bray–Curtis distances of the fungal communities associ-

ated with each root system for the two sampling scales

(1 9 1 m vs. 1 9 1 km) was not statistically significant

(P = 0.25), suggesting that sites from different sampling

scales can validly be compared to one another. All

plants were sampled within the plant’s short flowering

season (1–30 August) in the years 2009–10. Plant sam-

ples were stored at 4 °C and processed no later than

24 h after sampling. The root systems were rinsed in

tap water to remove visible soil and plant debris. All

rootlets not attached to a main rhizome were removed.

Subsequently, the plant roots were rinsed thoroughly in

filtered, deionized water for at least 5 min. The root

systems were then transferred to Eppendorf tubes con-

taining cetyltrimethylammonium bromide (CTAB) lysis

buffer and stored at �20 °C until DNA extraction.

Molecular analyses

We extracted DNA from the entire plant root systems

using a modified CTAB extraction method (Murray &

Thompson 1980; Gardes & Bruns 1993). Two mock

extractions in which no plant tissue was added to the

CTAB extraction buffer were conducted to control for

possible airborne and reagent contamination. All DNA

extracts were cleaned using E.Z.N.A soil clean-up kit

(Omega Biotek Doraville, GA, USA), following the man-

ufacturer’s protocol. The samples and mock extraction-

negative controls were prepared for 454 pyrosequencing

by amplifying the ITS1 region of the ITS rDNA repeat

as in Blaalid et al. (2012). Nested PCR amplification was

performed using the fungal-specific primers ITS1F and

ITS4 (White et al. 1990; Gardes & Bruns 1993) in the

first PCR and fusion primers including ITS5 and ITS2

(White et al. 1990) in the nested PCR step. Fusion prim-

ers were constructed by adding 12 different 10-bp tags

and 454 pyrosequencing adaptors A and B to ITS5 and

ITS2, respectively. The nested approach was chosen, as

recommended by Berry et al. (2011), to avoid the
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ligation bias known to occur in barcode primer-free

approaches (Gillevet et al. 2010). Highly replicable

results have earlier been obtained using this set-up

(Kauserud et al. 2012). PCR was performed in 20-lL
reaction volumes using the reaction conditions specified

in Blaalid et al. (2012). PCR products were cleaned

using the Wizard© SV Gel and PCR Clean-Up System

(Promega, Madison, WI, USA), concentration-normalized

using a Sequalprep Normalization kit (Invitrogen,

Carlsbad, CA, USA) and pooled into 12 equimolar

amplicon libraries. 454 sequencing of the tagged ampli-

cons was performed at the Norwegian Sequencing Cen-

tre at the University of Oslo using 12 lanes of a 454

plate divided into 16 lanes. The raw data have been

accessioned in the NCBI, short read archive, accession

no. SRP006836.

(A) (B)

(C) (D)

Fig. 1 (A) Map of Svalbard showing collection sites, colour-coded by region. (B) GNMDS ordination of the fungal communities asso-

ciated with individual Bistorta plants (stress = 29.05). Plants are identified by the abbreviation of the site they were collected from

and are colour-coded by the region in which they were collected. Ellipses representing the 95% confidence interval for the centroids

of bioclimatic zones B and C are indicated in grey and black, respectively. (C) The GNMDS ordination with the degrees of latitude

fitted as contour lines. Points are colour-coded by the region in which they were collected. (D) The GNMDS ordination with the per-

plant OTU richness fitted as contour lines. Each point is sized proportionally to its OTU richness and colour-coded by the region in

which it was collected.
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Bioinformatics

The 244 523 sequences generated were quality-filtered,

denoised and clustered using QIIME v. 1.3.0 (Caporaso

et al. 2010). Reads with length less than 250 bp, an aver-

age Phred quality score of less than 25 or errors in the

tags were discarded. Those sequences with homopoly-

mers of length >8 bp, ambiguous base calls (N) and

more than one error in the primer sequence were also

filtered from the data set. In addition, a sliding window

of 50 bp in length was used to identify regions of low

sequence quality (average quality score <25) and trun-

cate the sequence at the beginning of the low-quality

window. Truncated sequences still meeting the mini-

mum length requirement (250 bp) were retained in the

data set. Those reads with nonmatching tags at the for-

ward and reverse end were discarded from the data

set, as tag switching is a known problem in amplicon

pyrosequencing (Carlsen et al. 2012). DENOISER v. 0.91

(Reeder & Knight 2010) was used to denoise the result-

ing 202 890 reads, which were then clustered into OTUs

using a 97% similarity threshold and the uclust algo-

rithm (Edgar 2010) as implemented in QIIME v. 1.3.0. To

minimize the effects of sequencing errors, those OTUs

represented globally by a single sequence were dis-

carded (Tedersoo et al. 2010). The most abundant

sequence in each cluster was designated the representa-

tive sequence and subjected to BLAST searches against

the NCBI-nr/nt database (downloaded on January

2013). For a broad-scale taxonomic overview, taxonomy

was assigned at the level of family and order. When the

top BLAST match was to an unclassified or uncultured

fungus, the top 10 matches were screened for concor-

dance, and if possible, taxonomy was assigned based

on the most parsimonious lineage among those matches

meeting the minimum thresholds of >80% sequence

Table 1 Location, region, sampling scale, mean July temperature, bioclimatic zone and bedrock geologic supergroup of all sites at

which Bistorta vivipara was sampled

Region Site name

Site

code

Sampling

scale Northing Easting

Bioclimatic

zone

Mean July

temp (°C)
Geologic

supergroup

Adventfjorden Adventdalen AD m 78.1748 16.231 C 7.2 Adventdalen

Adventfjorden Bjørndalen BD m 78.2079 15.3445 C 7.2 VanMijen

Adventfjorden Endalen ED m 78.1732 15.6830 C 7.2 Adventdalen

Adventfjorden Longyeardalen LD m 78.1921 15.5414 C 7.2 Adventdalen

Billefjorden Billefjorden BF m 78.7043 16.6151 C 6.5 Gipsdalen

Billefjorden Skansebukta SB m 78.5343 16.0324 C 6.5 Gipsdalen

East Spitsbergen Kvalhovden KHD km 77.5278 18.1759 B 4.5 Adventdalen

East Spitsbergen Sørfylrabba SFR km 76.57688 16.71524 B 3.0 Gaashamna

Edgeøya KappLee SCL km 78.1186 20.8676 B 3.9 KappToscana

Edgeøya Negerpynten NP km 77.2490 22.6715 B 2.8 KappToscana

Grønfjorden Barentsburg BB m 78.0622 14.2147 C 6.5 Adventdalen

Kongsfjorden Krossfjordflya SNT m 79.0759 11.7214 B 5.9 Krossfjorden

Kongsfjorden Kvadehuken SKV m 78.9656 11.3346 B 5.9 Gipsdalen

Kongsfjorden Ny�Alesund SNAA m 78.9498 11.9230 B 5.9 Tempelfjorden

Kongsfjorden Ny�AlesundDam SKO m 78.9156 11.8875 B 5.9 VanMijen

Kongsfjorden Storholmen SS m 78.9321 12.220 B 5.9 Krossfjorden

Nordfjorden Dicksonfjorden DF m 78.7177 15.1902 C 6.5 AndreeLand

Nordfjorden KappThordsen KT m 78.4581 15.4665 C 6.5 Sassendalen

Nordfjorden KappWaern KW m 78.5905 14.9361 C 6.5 Tempelfjorden

Nordfjorden Kolloseum K m 78.6991 14.5688 C 6.5 Gipsdalen

Nordfjorden Sveaneset SN m 78.5521 14.5828 C 6.5 Sassendalen

Nordfjorden Yoldiabukta YB m 78.4746 14.3846 C 6.5 KappToscana

Tempelfjorden Bjonehamna BH m 78.3953 16.8348 C 6.5 Gipsdalen

Tempelfjorden Deltaneset DN m 78.3497 15.8435 C 6.5 KappToscana

Tempelfjorden Gipsbukta SG m 78.4409 16.6167 C 6.5 Gipsdalen

Tempelfjorden KappSchultz KSC m 78.3945 17.1148 C 6.5 Gipsdalen

VanMijenfjorden Reindalen RD km 77.9257 15.8179 C 6.6 VanMijen

VanMijenfjorden Svea SVEA km 77.8974 16.7287 C 6.6 Adventdalen

VanMijenfjorden VanMijen S m 77.8599 16.3474 C 4.8 VanMijen

Wijdefjorden Ringhorndalen RHD km 79.3245 16.1785 C 6.5 Atomfjellet

Woodfjorden Bockfjorden BOF km 79.4745 13.2073 C 6.5 Smaabreen

Woodfjorden M�akeøya MOE km 79.6081 13.4497 B 4.5 AndreeLand
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similarity and >50% coverage. All OTUs with BLAST

matches to nonfungal organisms were removed, as

were those that could not reliably be identified as fungi

(best BLAST match <80% sequence similarity or <50%
coverage). Those OTUs identified as putative chimeras

based on the criteria of both (i) being identified as

chimeric by the perseus algorithm as implemented in

MOTHUR v. 1.25.0 (Schloss et al. 2009) and (ii) having a

top BLAST match with <90% coverage and <90% identity

to a known fungal sequence were also removed from

the data set. Thirty-eight OTUs were detected in the

mock extraction-negative controls and were removed

from the data set. A supplementary ordination analysis

(using the parameters described below) of the data set

prior to the exclusion of these OTUs was conducted. This

ordination structure was statistically significantly more

similar than would be expected at random to the ordina-

tion structure of a data set in which those OTUs detected

in the extraction-negative samples were excluded from

the analysis (Procrustes sum of squares = 2.096, correla-

tion in a symmetric Procrustes rotation = 0.9084,

P = 0.001). The resulting OTU table was used for the cal-

culation of rarefaction curves in ESTIMATES v. 8.2.0 (Col-

well 2009), and then, 50 random rarefactions to an even

sampling depth of 400 reads per sample were conducted.

This sequence depth allowed us to retain the majority of

samples while still maintaining a reasonable sequencing

depth.

Statistical analyses

Per-plant OTU richness was calculated for 50 random

rarefactions of the entire data set to an even sequencing

depth of 400 reads per plant. The average OTU richness

across these rarefactions for each plant was used for

further analyses in order to minimize potential biases

introduced by a single down-sampling of read-rich

samples. A generalized linear model with a Poisson dis-

tribution was fitted using the stats package of R (Craw-

ley 2007; R R Development Core Team 2013) to examine

the effects of latitude, longitude and bioclimatic zone

on per-plant OTU richness.

To account for inconsistencies in abundance measures

as described by Amend et al. (2010), the first of the rari-

fied read abundance matrixes of samples vs. OTUs was

transformed to a presence–absence matrix. Spatial auto-

correlation between sites was investigated by conduct-

ing a Mantel test on a matrix of geographic distances

between sites vs. a Jaccard dissimilarity matrix of sites.

Global nonmetric multidimensional scaling (GNMDS)

(Kruskal 1964a,b; Minchin 1987) and detrended corre-

spondence analysis (DCA) (Hill 1979; Hill & Gauch

1980) ordinations were conducted in parallel on the

presence–absence matrix using the vegan package

implemented in R (Oksanen et al. 2011; R Development

Core Team 2013). GNMDS was run with the following

options [following recommendations by Økland (1996b)

and Liu et al. (2008)]: distance measure = Bray–Curtis

distance, dimensions = 2 or 3, initial configurations =
100, maximum iterations = 200, convergence ratio for

stress = 0.999999. DCAs were run with default options.

Both ordinations were inspected for outliers and known

artefacts like the arch effect (in GNMDS) and the tongue

effect (in DCA) (Økland 1990; Økland & Eilertsen 1993).

Similar results by the two methods and absence of visual

artefacts were interpreted as a strong indication that a

reliable gradient structure had been found (Økland

1996a,b). Correlations between DCA and GNMDS axes

were calculated using nonparametric Kendall’s rank cor-

relation coefficient s (Table S1, Supporting Information).

The envfit function in vegan was used to fit bioclimatic

zone, site, region and bedrock formation as factor-type

variables to the GNMDS ordination (represented by

points for each factor level), as well as the continuous

variables mean July temperature, and the north and east

components of the geographic coordinates (represented

by vectors). The goodness-of-fit statistic R2 provided by

envfit is the squared correlation coefficient (r2), which for

factor-type variables is defined as R2 = 1� ssw/sst, where

ssw and sst are within-group and total sums of squares,

respectively. P-values for the tests that R2 is not larger

than expected of a random factor with the same number

of levels or a random variable of similar length were

assessed by a permutation test (999 permutations; Oksa-

nen et al. 2011). Mean July temperature values were

assigned from the nearest available weather station in a

25-km radius (eklima.no, unis.no) or, if no weather sta-

tion data were available, a value was assigned represent-

ing the mean of the temperature range for that

bioclimatic zone, as reported by Walker et al. (2005).

Using the default parameters implemented in QIIME v.

1.3.0, G-tests of independence were used to determine

whether any OTUs occurred at significantly higher fre-

quency in one of the two bioclimatic zones that were

sampled.

Results

Data characteristics

A total of 1310 OTUs were recovered from the 202 890

reads that passed all quality control and denoising steps,

representing an average of 804 reads per sample (range:

6–2561). Removal of OTUs identified as singletons, chi-

meras and host or nontarget organisms (485 OTUs,

57 476 reads), and rarefaction of the entire OTU table to

an even sampling depth of 400 reads per sample (thereby

excluding 6385 reads, representing 23 samples with <400

© 2013 John Wiley & Sons Ltd

SPATIAL STRUCTURE OF BISTORTA ROOT FUNGI 653



reads and the 74 OTUs that were exclusively contained

therein), resulted in a final data set comprising 751 OTUs

and 137 of the 160 root systems sampled. Species accu-

mulation curves did not approach an asymptote

(Fig. 2A). An average of 26.5 OTUs (range: 6–62) were

detected in each root system. Each OTU occurred in an

average of 4.8 root systems (range: 1–100) and contained

a mean of 73.0 reads (range: 1–2682), with the majority of

OTUs having a frequency of less than 5 (72%) and most

containing fewer than 10 reads (58%). OTUs representing

38 orders of fungi were detected. The fungal communi-

ties were dominated by OTUs belonging to Dikarya, with

the Basidiomycota (44% of OTUs, 55% of reads) and Asc-

omycota (43% of OTUs, 35% of reads) detected in almost

equal amounts. A small proportion of OTUs (0.6%, 0.1%

of reads) were assigned to the Glomeromycota and Mu-

cormycotina. The dominant orders among the Basidi-

omycota were the Agaricales (primarily Cortinariaceae

and Inocybaceae), Sebacinales and Thelephorales. The

Chaetothyriales, Helotiales and Pezizales were the most

commonly occurring ascomycete orders (Table 2, Table

S2, Supporting Information).

Community composition and richness

The GNMDS ordination of presence–absence data

showed site-related structuring, with plants coming

from the same site or the same region exhibiting greater

similarity to one another than plants from other sites or

regions (Fig. 1B, Table 3). However, a Mantel test found

no significant spatial autocorrelation between sites

(R = 0.0859, P = 0.178). The fungal communities were

also somewhat structured along a latitudinal gradient

(Fig. 1C, Table 3) and by bedrock type (Fig. S1, Sup-

porting Information, Table 3). However, sampling was

insufficient and some bedrock types were represented

by only a single site (Table 1). Community composition

did not show a significant structuring by longitude or

mean July temperature (Fig. 1B, Table 3). Although ten

of those OTUs occurring in >10 root systems occurred

exclusively in one of the two bioclimatic zones, G-tests

of significance corrected for multiple comparisons were

nonsignificant (Table S3, Supporting Information), and

the GNMDS ordination did not show a significant

structuring of community composition by bioclimatic

zone (Fig. 1B, Table 3).

Table 2 Taxonomic distribution of the root-associated fungal

community of Bistorta vivipara growing on Svalbard prior to

and after rarefaction to an even sequencing depth

Taxonomic group

Before rarefaction After rarefaction

% Reads % OTUs % Reads % OTUs

Ascomycota 31.7 42.4 35.2 42.5

Chaetothyriales 6.7 4.1 7.5 4.5

Helotiales 10.5 16.6 10.3 16.5

Pezizales 12.9 4.2 12.6 4.5

Basidiomycota 57.5 43.4 55.1 44.2

Agaricales 14.8 15.2 13.8 15.2

Cortinariaceae 0.9 2.3 1.0 2.4

Inocybaceae 7.5 5.8 7.1 6.3

Sebacinales 11.1 6.1 11.3 6.1

Thelephorales 24.5 16.8 24.0 17.6

Glomeromycota <0.1 <0.1 <0.1 0.1

Mucormycotina 0.1 0.5 0.1 0.5

Unassigned 10.6 13.6 9.6 12.6

(A) (B)

Fig. 2 (A) Species accumulation curves of the Bistorta root-associated communities in bioclimatic zones B and C on Svalbard. The

curves represent sequences from 94 root systems in zone C and 43 root systems from zone B. (B) Plot showing per-root system OTU

richness vs. latitude.
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Total OTU richness did not vary significantly between

the bioclimatic zones, and the factor bioclimatic zone

was also excluded from the best-fitted model explaining

per-root system OTU richness. Similarly, longitude and

mean July temperature were excluded from the model,

and only latitude explained a significant part of the vari-

ation in per-plant OTU richness (P < 0.001) (Fig. 2B).

Accordingly, the weak structuring of community compo-

sition by latitude that was observed corresponded to a

decrease in per-plant OTU richness from the south to the

north (Fig. 1D, Table 3).

Discussion

Root-associated fungi present in the Arctic Archipelago
Svalbard

The Bistorta root-associated fungal communities

detected on Svalbard primarily comprised Basidiomy-

cota and Ascomycota, the majority of which belonged

to ectomycorrhizal-forming lineages including the

Agaricales, Sebacinales, Thelephorales and Pezizales.

Helotialean ascomycetes, a group including many dark

septate endophytes, were also frequently recovered.

Despite reports of arbuscular mycorrhizal fungi coloniz-

ing Bistorta (Blaschke 1991), relatively few representa-

tives of the Glomeromycota were recovered, which may

reflect primer bias (Stockinger et al. 2010) as opposed to

true absences in the system. It should also be noted that

some ascomycete groups may be under-represented in

the data set due to intron-related primer bias. The ITS1F

primer amplifies an intron that is located at the end of

the small subunit rRNA gene of some ascomycetes

(Martin & Rygiewicz 2005), which generates long ampli-

cons that may be incompletely sequenced due to the

length limitations of amplicon pyrosequencing. In addi-

tion, accumulation curves failed to approach an asymp-

tote, indicating that sequencing depth was insufficient

to recover the full diversity of the communities, further

emphasizing that the recovered taxonomic profile can-

not be considered to be a complete representation of

those fungi associated with the roots of Bistorta. Never-

theless, the dominance of basidiomycete ectomycorrhi-

zal taxa within these communities is consistent with

reports of Bistorta root-associated fungal communities

from alpine habitats in Scandinavia and continental

Europe (M€uhlmann et al. 2008; Blaalid et al. 2012; Yao

et al. 2013). The distribution of fungal orders in the Bis-

torta root systems was remarkably similar to that which

has been found in Arctic and alpine root systems of the

woody ectomycorrhizal plant Dryas octopetala (Bjor-

bækmo et al. 2010), which would seem to suggest that

root-associated fungal communities are similar at

higher-order levels of taxonomy across Svalbard.

Inocybe, a well-known ECM-forming genus (Kuyper

1986) that includes more than 500 species (Kirk et al.

2008), was the most frequently occurring genus in Bis-

torta vivipara root systems at Svalbard. Inocybaceaen

taxa are frequently detected as a dominant component

of Arctic mycorrhizal communities (Geml et al. 2012;

Timling et al. 2012) and are known to increase in abun-

dance in more northern latitudes, which may reflect

cold-tolerance adaptation within this group, and indi-

cate that they play increasingly important roles in

northern ecosystems (Timling et al. 2012). As has been

observed in other root-associated communities (Bjor-

bækmo et al. 2010) and soil communities (Geml et al.

2012) in Svalbard, the Sebacinales and Thelephorales

also account for a substantial part of the diversity of the

Bistorta root-associated community. Both orders mainly

include species with inconspicuous fruitbodies and

have therefore largely been overlooked in fruitbody-

based surveys of Arctic fungi (V€are et al. 1992; Gardes

& Dahlberg 1996; Gulden & Torkelsen 1996). The Sebac-

inales are able to form a broad diversity of mycorrhizal

associations (Weiß et al. 2004), but can also occur as

symptomless endophytes that enhance plant growth

and improve host resistance to abiotic stress factors and

fungal pathogens (Weiß et al. 2011). Given their higher

abundance in Arctic Bistorta root-associated fungal com-

munities compared to more temperate habitats (Yao

et al. 2013), it is expected that the Sebacinales play an

important role in tundra ecosystems, but further

research is needed to determine whether these root-

associated fungi are functioning as mycorrhizae or as

endophytes. Thelephorales is an exclusively ECM-form-

ing, cosmopolitan group (K~oljalg 1996), which becomes

an increasingly frequent and dominant member of the

community at increasingly northern latitudes (Timling

et al. 2012). The Thelephorales were recovered in higher

abundance and diversity in this study than in other

studies of Bistorta roots from mainland Norway (Blaalid

et al. 2013, Yao et al. 2013), further supporting the

Table 3 Significance of vectors and factors that were fitted to

the GNMDS ordination of the fungal communities associated

with Bistorta vivipara plant roots

Vector/Factor r2 P-value

Northing 0.1082 0.001

Easting 0.0101 0.478

OTU richness 0.2740 0.001

Site 0.7517 0.001

Region 0.4625 0.001

Bioclimatic zone 0.0050 0.487

Mean July temperature 0.0075 0.583

Bedrock 0.5041 0.001
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importance of the Thelephorales in root-associated com-

munities at higher latitudes.

Environmental filtering of Bistorta root-associated
fungal communities

The Bistorta root-associated fungal communities exhib-

ited a high degree of patchiness in fungal OTU distribu-

tion across Svalbard, with most OTUs occurring in

fewer than five root systems and only 46% of OTUs

occurring at more than one site. Some degree of spatial

heterogeneity across relatively short distances (100–

1000 m) has previously been observed in Bistorta ECM

communities (M€uhlmann et al. 2008; Blaalid et al. 2012;

Yao et al. 2013), and it has been suggested that this is

due to the effects of heterogeneous soil composition

and the presence of microhabitats (M€uhlmann et al.

2008). Indeed, changes in Bistorta root-associated fungal

community composition have been correlated with

changes in soil pH, carbon, nitrogen and phosphorus

contents (Blaalid et al. 2012; Yao et al. 2013). Further-

more, B. vivipara has frequently been reported as non-

mycorrhizal (Nespiak 1953; Currah & van Dyk 1986;

Bledsoe et al. 1990), including on Svalbard (V€are et al.

1992), and Massicotte et al. (1998) suggest that the plant’s

ECM colonization may be facultative and determined by

abiotic factors. As such, soil heterogeneity and the effects

of abiotic factors across fine-scale microhabitats may

explain the high heterogeneity and patchiness of fungal

distributions observed here. Nevertheless, considerable

structure was observed at broader spatial scales, with

samples belonging to the same site tending to have simi-

lar community composition, and at a larger geographic

scale, samples from the same region tending to cluster

together along a weak latitudinal gradient. Spatial struc-

ture in ECM communities has been documented at scales

of centimetres to tens of metres (Lilleskov et al. 2004;

Pickles et al. 2010), which accords with the clustering of

samples from a single site with one another in this study.

However, given that spatial autocorrelation was not

detected at higher levels between sites, the structuring of

community composition by region that was observed

over a broader spatial scale (kilometres or tens of kilome-

tres) likely reflects the occurrence of environmental filter-

ing in which some shared environmental character

within the area, such as edaphic factors like pH or carbon

and nitrogen contents, determines the fungal commu-

nity’s composition.

In addition to the primary structure observed at the

levels of site and region, a weak structuring by latitude

was observed. The study area spans a latitudinal gradient

from 76.5°N to 79.6°N, within which per-plant OTU rich-

ness increases from north to south. This trend of increas-

ing per-plant OTU richness likely continues over a wider

latitudinal gradient, given that other pyrosequencing

studies of Bistorta root-associated communities on main-

land Norway (Blaalid et al. 2012; Yao et al. 2013) have

reported higher per-plant OTU richness than is observed

here. Furthermore, Yao et al. (2013) report a lower-lati-

tude Bistorta root-associated fungal community in which

the proportion of Helotiales is increased, while the pro-

portion of Thelephorales and Sebacinales is decreased in

comparison with those communities observed on Sval-

bard. This suggests that the observed latitudinal changes

in community composition across Svalbard may also con-

tinue across a broader latitudinal gradient. Latitudinal

variation in community composition and/or richness has

been reported in a number of different fungal communi-

ties at broad geographic scales (Richardson 2001; Arnold

& Lutzoni 2007; Raja et al. 2009; Amend et al. 2010; Roe

et al. 2011; Tedersoo et al. 2012; Timling et al. 2012),

including in root-associated fungi (Bjorbækmo et al. 2010;

Tedersoo & Nara 2010; Tedersoo et al. 2012; Timling et al.

2012). Temperature and precipitation have been identi-

fied as important factors determining fungal community

composition and richness along these broad latitudinal

gradients (Tedersoo et al. 2012; Timling et al. 2012). While

the mean January and July temperatures do not vary sub-

stantially between the warmest Svalbard locations and

those mainland alpine locations (Norwegian Meteorolog-

ical Institute, met.no) studied by Blaalid et al. (2012) and

Yao et al. (2013), precipitation on Svalbard is consider-

ably lower than at these locations, suggesting that the

observed trend of increasing per-plant OTU richness

with decreasing latitude could be related to precipitation

when considered across broad gradients. However, at the

landscape level, the primary temperature and precipita-

tion regimes on Svalbard do not follow a latitudinal gra-

dient, and the structure of community composition and

richness on Svalbard by latitude, rather than by biocli-

matic zone, is therefore surprising.

While it is unclear whether the lack of temperature or

precipitation-related structuring is a result of the rela-

tively short latitudinal span of Svalbard (3°) being

insufficient to reflect such broad-scale patterns, it seems

to suggest that other abiotic factors are more important

environmental filters, at least on smaller spatial scales

(tens to hundreds of kilometres). A number of studies

have identified edaphic factors, particularly pH and

nitrogen availability, as well as bedrock type and soil

parent material, as strongly influencing the composition

of root-associated fungal communities in Arctic ecosys-

tems (Fujimura et al. 2008; Fujimura & Egger 2012; Tim-

ling et al. 2012). This is consistent with the suggestion

by M€uhlmann et al. (2008) that heterogeneous soil com-

position and microhabitats may have a great effect on

the composition of fungal communities associated with

Bistorta roots and with the findings of Blaalid et al.

© 2013 John Wiley & Sons Ltd
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(2012) and Yao et al. (2013) that compositional turnover

in Bistorta root-associated fungal communities parallels

changes in soil pH, carbon, nitrogen and phosphorus

contents. In Svalbard, the underlying bedrock forma-

tions often have a strong effect on soil pH and change

along a roughly north–south gradient (Bedrock Map of

Svalbard and Jan Mayen, Norwegian Polar Institute),

with most fjords occurring within a single bedrock type.

This fits with the hypothesis that the latitudinal struc-

turing observed in this study reflects edaphic factors

related to the underlying bedrock type. Sampling across

bedrock types was, however, insufficient to definitively

conclude that bedrock-related structuring occurs. As

such, further research with detailed characterization of

specific, local edaphic factors in conjunction with more

detailed comparisons across broader latitudinal

gradients should be conducted to elucidate the specific

environmental factors that are most important in struc-

turing the fungal communities associated with Bistorta

roots at different scales and across all parts of the

plant’s range.

Conclusions

The fungal community associated with Bistorta vivipara

roots was primarily composed of ectomycorrhizal bas-

idiomycetes and was dominated by several fungal

groups that have previously been reported as impor-

tant components of the Arctic fungal community and

appear to have some degree of specialization to this

environment (i.e. Thelephorales, Sebacinales, Inocyba-

ceae). Although high heterogeneity was observed

between individual root systems, a strong spatial com-

ponent to the fungal community composition was

observed, with community similarity being highest

within sites and regions and with weak structure pres-

ent along the latitudinal gradient. However, spatial

autocorrelation between sites was not observed, indi-

cating that environmental filtering is more important

to community composition than spatial location. A

decrease in per-root system OTU richness from south

to north was also observed, which does not corre-

spond to the primary temperature and precipitation

gradients on Svalbard. Fungal community composition

on Svalbard was not structured by mean July tempera-

ture or by bioclimatic zone, indicating that the main

bioclimatic gradients are not the primary factors affect-

ing Bistorta root-associated fungal community composi-

tion at this scale, although they may play a role on

broader geographic scales. Some structure by bedrock

type across Svalbard was observed, but further

detailed investigations are needed to determine the

role of edaphic factors and other fine-scale abiotic fac-

tors in fungal community composition and richness.
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