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One sentence summary: Long-term experimental warming alters diversity and community composition of taxonomic and functional groups of arctic

fungi in moist and dry tundra types.
Editor: Ian Anderson

ABSTRACT

Fungi, including symbionts, pathogens and decomposers, play crucial roles in community dynamics and nutrient cycling
in terrestrial ecosystems. Despite their ecological importance, the response of most arctic fungi to climate warming is
unknown, so are their potential roles in driving the observed and predicted changes in tundra communities. We carried out
deep DNA sequencing of soil samples to study the long-term effects of experimental warming on fungal communities in
dry heath and moist tussock tundra in Arctic Alaska. The data presented here indicate that fungal community composition
responds strongly to warming in the moist tundra, but not in the dry tundra. While total fungal richness was not
significantly affected by warming, there were clear correlations among operational taxonomic unit richness of various
ecological and taxonomic groups and long-term warming. Richness of ectomycorrhizal, ericoid mycorrhizal and lichenized
fungi generally decreased with warming, while richness of saprotrophic, plant and animal pathogenic, and root endophytic
fungi tended to increase in the warmed plots. More importantly, various taxa within these functional guilds followed
opposing trends that highlight the importance of species-specific responses to warming. We recommend that species-level
ecological differences be taken into account in climate change and nutrient cycling studies that involve arctic fungi.

Keywords: Alaska; climate change; ITEX; ITS; metabarcoding; Toolik Lake

INTRODUCTION Callaghan et al. 2004; Welker et al. 2004; Welker, Rayback and
Henry 2005; Oechel et al. 2014). Regional rates of warming in sev-
eral arctic areas, e.g. in the region that is the focus of this paper,
are among the highest globally, reaching a mean temperature
increase of 0.1°C per year over the past 35 years and further in-
creases in temperature are predicted (Anisimov et al. 2007).

The arctic tundra occupies an area of 8 million km? and is on the
threshold of significant structural and functional changes (Tape
etal. 2012). Because arctic soils store a great portion of the Earth’s
reactive carbon (C), nutrient cycling in the Arctic has major con-
sequences for global change (Welker, Fahnestock and Jones 2000;
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Marked changes have already been observed in terres-
trial arctic ecosystems, including increased microbial activity
leading to increased plant nitrogen (N) availability (Chapin 1983;
Nadelhoffer et al. 1992; Aerts 2006), faster C turnover in soils
(Hobbie and Chapin 1998; Shaver et al. 2006) and shifts in land
surface vegetation (Bret-Harte, Shaver and Chapin 2002; Stow
et al. 2004; Chapin et al. 2005) in response to warming. For ex-
ample, increases in the abundance and extent of arctic shrubs
have been reported (Sturm et al. 2001, 2005; Stow et al. 2004; Tape,
Sturm and Racine 2006; Tape et al. 2012). In addition, vegetation
studies carried out in plots of long-term experimental warming
featured in this study indicated significant increases in the cover
and height of shrubs (e.g. Betula nana and Salix pulchra) (Walker
et al. 2006; Pattison and Welker 2014). Conversely, the bryophytes
and lichens decreased significantly (Mercado-Diaz 2011), most
likely due to competitive exclusion by shrubs (Cornelissen et al.
2001; Jagerbrand et al. 2009).

Fungi are central to the functioning of terrestrial arctic
ecosystems due to their roles as symbionts (e.g. mycorrhizae,
endophytes, lichens) and decomposers. Almost all arctic plants
are highly dependent on mutualistic relationships with myc-
orrhizal fungi for survival in these nutrient-poor environments
(Gardes and Dahlberg 1996; Hobbie et al. 2009; Bjorbaekmo et al.
2010). Such associations include ectomycorrhizal (ECM), arbus-
cular mycorrhizal (AM) and ericoid mycorrhizal (ERM) fungi
(Vére, Vestberg and Eurola 1992; Michaelson et al. 2008; New-
sham, Upson and Read 2009). It has been estimated that 61—
86% of N in arctic tundra plants is obtained through mycorrhizal
fungi (Hobbie and Hobbie 2006). In addition, endophytic fungi
appear to be ubiquitous in the roots and above-ground parts
of arctic-alpine plants (Vare, Vestberg and Eurola 1992; Higgins
et al. 2007; Newsham, Upson and Read 2009), but little is known
about their diversity, identity and ecological role in the Arctic.
Given their intimate relationships with plants in a wide range
of symbioses and importance in nutrient cycling, fungi are ex-
pected to play an important role in arctic vegetation change.

Currently, our ability to predict the response of fungal and
plant communities to climate change factors is hampered both
by the few detailed descriptions of the members of these com-
munities and our limited understanding of the ecological role
of many fungal species. Globally, approximately 100 000 species
of fungi have been described, but their true diversity may be
as high as 5 million species (Blackwell 2011). In recent years,
an increasing number of molecular studies have been devoted
to studying arctic fungi. The vast majority of these focused
on root-associated, particularly ECM fungi, amassing valu-
able information on their diversity and biogeographic patterns
(Bjorbaekmo et al. 2010; Blaalid et al. 2012; Geml et al. 2012; Tim-
ling et al. 2012) and their responses to experimental warming
(Clemmensen et al. 2006; Deslippe et al. 2011; Morgado et al. 2015).
While ECM species are among the most ecologically important
taxa, they represent a small fraction of the taxonomic and func-
tional diversity of fungi. Yet, most other groups of arctic fungi
have received little attention with the exceptions of the work of
Semenova et al. (2015) on arctic ascomycetes and that of Timling
et al. (2014) on soil fungal communities in zonal tundra vegeta-
tion types along a latitudinal transect spanning the low and high
arctic bioclimatic subzones of North America.

Despite these important advances in our knowledge, the ef-
fect of long-term experimental warming on the taxonomic and
functional diversity of a broad range of arctic soil fungal commu-
nities remains largely unknown. This knowledge is important
to understand what roles fungi may have in the observed and
predicted changes in tundra communities. In this study, we use

deep DNA sequencing of soil samples to study the long-term ef-
fects of experimental warming on total fungal community in dry
heath and moist tussock tundra in Northern Alaska. Specifically,
we aimed to examine (1) how total fungal richness changes af-
ter 18 years of summer warming, (2) which ecological and taxo-
nomic groups are favoured or hindered by warming, and (3) how
the observed changes in fungal community composition relate
to formerly reported vegetation trends.

MATERIALS AND METHODS

Experimental design and soil sampling

The study was undertaken at the International Tundra Experi-
ment (ITEX) long-term research site in the Toolik Lake region in
the northern foothills of the Brooks Range, Alaska, USA (68°37’
N, 149°32' Wj; 760 m above sea level) (Walker et al. 1999; Welker,
Fahnestock and Jones 2000; Pattison and Welker 2014). The re-
gion lies within the bioclimatic subzone E that is the warmest
subzone of the arctic tundra with mean July temperatures rang-
ing from 9 to 12°C (Walker et al. 2005). The two main vegetation
types of the region are dry acidic heath tundra, characterized
by Dryas octopetala, Salix polaris, Vaccinium species and fruticose
lichens, and moist acidic tussock tundra, dominated by Betula
nana, Salix pulchra species, the sedge Eriophorum vaginatum and
several peat moss species (Sphagnum spp.). Detailed descriptions
of the plant communities can be found in Walker et al. (1999) and
Kade, Walker and Raynolds (2005).

We sampled soil from 20 plots representing the dry and the
moist tussock tundra in the last week of July 2012. In each tun-
dra type, we sampled five plots that were subjected to passively
increased summer air and upper soil temperature by hexagonal
open top chambers (OTCs), subsequently referred to as ‘treat-
ment’, and five adjacent areas with unaltered conditions (‘con-
trol’). The OTCs have a 1 m? surface area, are 0.4 m high and are
made of translucent fibreglass (Marion et al. 1997; Walker et al.
1999); they increase the summer air and upper soil temperature
by a mean daily average of 1.5-2 °C measured at 15 cm height
and 5 cm depth, respectively, within the OTCs (Jones et al. 1998;
Walker et al. 1999). Every year since 1994, the OTCs were set up
as soon as 50% of the ground area of a given plot was snow-
free (late May or early June) and were removed at the end of
August or early September, following the ITEX protocol (Welker
et al. 1997). It has been repeatedly shown that OTCs provide a
reasonable approximation to the predicted climatic changes in
the Arctic as they alter daytime temperature significantly and
minimize unwanted ecological effects, such as changes in soil
moisture, the influence of wind speed on air temperature, etc.
(Marion et al. 1997; Bokhorst et al. 2013 and references therein).
Therefore, OTCs have been recommended to study the response
of high-latitude ecosystems to warming (Marion et al. 1997). The
soil sampling was performed with a soil core of 2 cm x 20 cm
(diameter x depth). In each of the 20 plots, five randomly cho-
sen soil cores were taken, thoroughly mixed and kept frozen un-
til lyophilization.

Molecular work

Genomic DNA was extracted from 1 ml (0.4-1 g) of lyophilized
soil from each of the 20 samples using NucleoSpin® soil kit
(Macherey-Nagel Gmbh & Co., Diiren, Germany), according to
manufacturer’s protocol. For each sample, two independent
DNA extractions were carried out and pooled in order to opti-
mize the homogenization of the extraction. PCR amplification



and Ion Torrent sequencing of the ITS2 region (ca. 250 bp) of the
nuclear ribosomal rDNA repeat were carried out as described in
detail by Geml et al. (2014b) using primers fITS7 (Ihrmark et al.
2012) and ITS4 (White et al. 1990). The ITS4 primer was labelled
with sample-specific multiplex identification DNA tags. The am-
plicon library was sequenced at the Naturalis Biodiversity Cen-
ter using an Ion 318™ Chip and an Ion Torrent Personal Genome
Machine ( Life Technologies, Guilford, CT, USA).

Sequence data analysis

The raw sequence data contained 4046 811 reads with an aver-
age length of 212 + 111 bp (SD). The initial clean-up of the raw
sequence data was carried out using the online platform Galaxy
(https://main.g2.bx.psu.edu/root), in which the sequences were
sorted according to samples and sequence regions of primers
and adapters (identification tags) were removed. We used a par-
allel version of MOTHUR v. 1.32.1 (Schloss et al. 2009) for sub-
sequent sequence analyses following the protocol described in
detail in Geml et al. (2014a,b). A total of 2068 216 sequences
remained after quality filtering and trimming with an average
read length of 255 + 56 (mean =+ SD). The quality-filtered se-
quences were normalized following Gihring, Green and Schadt
(2012) by rarefying to the lowest number of sequences obtained
for a sample (56 483 reads). The resulting 1129 660 sequences
were clustered into operational taxonomic units (OTUs) using
OTUPIPE (Edgar 2010) with the simultaneous removal of puta-
tively chimeric sequences with both de novo and reference-based
filtering using curated dataset of fungal ITS sequences with rep-
resentative of known taxonomic groups across the kingdom of
fungi (Nilsson et al. 2011) as reference. We used a 97% sequence
similarity clustering threshold as has been routinely done in
fungal ecology studies (e.g. O’Brien et al. 2005; Geml, Laursen and
Taylor 2008; Geml et al. 2009, 2010; Kauserud et al. 2012; Brown
et al. 2013). Global singletons were discarded from further anal-
ysis. Because of the very high number of sequences generated
per sample and because most singletons in next-generation se-
quencing datasets tend to be artefactual and can overestimate
the diversity of ‘rare taxa’ (e.g. see Kunin et al. 2010; Tedersoo
et al. 2010), we opted to be conservative and excluded all global
singletons (OTUs that were found only once across all samples
despite the deep sequencing effort) from further analyses. The
reference database published by Koljalg et al. (2013) was used to
determine the taxonomic affinity of the OTUs using USEARCH
v7 (Edgar 2010). OTUs with less than 80% similarity to any iden-
tified fungal sequence were also excluded from the final analy-
sis due to unreliable classification. The raw sequence data for all
samples have been deposited to Dryad (doi:10.5061/dryad.2fc32),
while the OTU distribution matrices for the moist and dry tundra
types and the representative sequences of OTUs are provided in
Tables S1-3 (Supporting Information).

Statistical analysis

We calculated Good’s coverage (complement of the ratio be-
tween local singletons and the total sequence count) for each
sample to estimate the exhaustiveness of our deep sequenc-
ing efforts. The effect of tundra and treatment type on ob-
served richness of OTUs (S), Good’s coverage estimators, Simp-
son’s diversity (D = 1 - sum [p;?], where p; is the importance
probability in element i) and Shannon’s diversity (H = sum[p; x
Inp;]) were tested across all sites using analysis of variance in R
(Faraway 2002). In addition, we calculated the species-area curve
of all fungal OTUs vs. the number of sampled sites with first-

Gemletal. | 3

and second-order jackknife to estimate the total fungal diver-
sity in the moist and dry tundra types. Beta diversity was calcu-
lated for each tundra type and treatment combination following
Whitaker (1972),1.e. 8 =S¢/ S -1, where S, is the total number of
OTUs in all plots in a certain tundra and treatment type and S is
the average number of OTUs per plot.

Because preliminary analyses using one-way clustering
based on an OTU vs. plot matrix revealed substantial differ-
ences in the community composition of the dry and moist tun-
dra plots (Fig. S1, Supporting Information), we carried out the
ordinations separately for the two tundra types in order to elim-
inate the influence of habitat and to focus only on the effects
of warming. We used PC-Ord v. 5.32 (McCune and Grace 2002)
to run non-metric multidimensional scaling (NMDS) on a pri-
mary matrix of experimental plots by OTUs and a secondary
matrix of plots by OTU richness in various taxonomic and eco-
logical groups. Because of demonstrated uncertainties regard-
ing the reliability of read abundance as indicator of taxon abun-
dance or biomass in the samples (Amend, Seifert and Bruns
2010; Baldrian et al. 2013), we carried out the ordination analyses
based on presence-absence values as well as with square-root
transformed read abundance to moderate the influence of OTUs
with high sequence counts, while maintaining some approxi-
mation of template abundance. Given the very high sequencing
coverage we achieved, ‘presence’ was defined as >5 sequences
on a per sample basis following the recommendations of
Lindahl et al. (2013) to minimize false positives (e.g. OTUs that
are common in one sample, but may be low abundant contam-
inants in others). The dataset was subjected to 500 iterations
per run using the Sgrensen similarity (Bray-Curtis index) and
a random starting number. Orthogonal rotation of the resulting
NMDS solution with the lowest stress was used to maximize cor-
relation between the warming treatment and the major axes.
Pearson’s correlation coefficient (r) values between relative OTU
richness, OTU diversity per taxon, and axes 1 and 2 were calcu-
lated. OTU richness values were calculated for fungal taxonomic
groups based on the current classification in Index Fungorum
as implemented in UNITE, while we assigned OTUs to ecologi-
cal groups based on the identities of the most similar sequences
coupled with the source information of the reference sequence,
when available, or based on published ecological information of
the taxon in question (Kirk et al. 2008; Tedersoo, May and Smith
2010; Griinig, Queloz and Sieber 2011; Tedersoo and Smith 2013).
For the latter, only OTUs with >95% similarity to a reference se-
quence identified to genus were used. We tested whether fun-
gal communities were statistically different across the replicates
using two different methods: multiresponse permutation pro-
cedure (MRPP) and permutation-based nonparametric MANOVA
(Anderson 2001). We determined any preferences of individ-
ual OTUs for either control or treatment plots in moist tussock
and dry tundra using indicator species analyses (Dufréne and
Legendre 1997) as implemented in PC-Ord v. 5.32. Finally, we
compared the OTU richness values of functional groups among
the control and warmed plots using Student’s t-test.

RESULTS

Fungal diversity

Out of the 4046 811 original sequences, 2068 216 passed the se-
ries of quality-filtering steps. After normalizing the library size
across all samples by rarefying, 1129 660 sequences were assem-
bled into 6887 non-singleton OTUs, while 1249 singletons and
3148 putatively chimeric clusters were removed. After excluding
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OTUs with <80% similarity or <150 bp pairwise alignmentlength
to a fungal sequence as performed by USEARCH, 5438 OTUs were
retained for further analyses. The observed number of OTUs did
not differ significantly among the tundra and treatment types
(F = 1.22, p = 0.33) (Fig. 1a). Good’s coverage estimators (0.993 +
0.001, mean + SD across all sites) indicate that the deep sequenc-
ing allowed for a very high OTU coverage. The coverage estima-
tors did not differ among tundra or treatment types (F = 1.02,
p = 0.41), suggesting that our sequencing effort were similarly
deep across all plots (Fig. 1b). Similarly, there was no significant
difference among Shannon’s diversity index (F = 0.42, p = 0.74)
and Simpson’s diversity index (F = 0.04, p = 0.99) values among
the tundra and treatment types (Fig. 1c and d). The species-area
curves generated based on the accumulating number of OTUs
with increased number of sites indicated that the majority of
the soil fungi that occur in the moist tussock and dry heath tun-
dra types in the Toolik Lake region likely have been sampled in
our study. In the moist tundra, there were 3534 observed OTUs
(Sobs), with first- and second-order jackknife estimates of 4429
and 4725, respectively (Fig. 1e), while the values were somewhat
higher in the dry tundra, with 3543 observed OTUs and first- and
second-order jackknife estimates of 4503 and 4894, respectively
(Fig. 1f). Beta diversity values were relatively low within the tun-
dra and treatment types, although in both the dry and the moist
tundra, warmed plots had slightly decreased beta diversity val-
ues among the replicates (dry control: 1.389, dry warmed: 1.147,
moist control: 1.143, moist warmed: 1.123).

Of the 5438 fungal OTUs, Ascomycota was by far the most
OTU-rich phylum and accounted for 2189 OTUs (40.25%), fol-
lowed by Basidiomycota with 1206 (22.18%). Glomeromycota was
represented by 9 OTUs (0.17%), while basal lineages formerly
classified in Zygomycota accounted for 145 OTUs (2.66%) and
Chytridiomycota for 5 OTUs (0.09%). In addition, there were 1884
(34.65%) unidentified fungal OTUs with most similar sequences
to other environmental sequences without assignment to a
phylum. In Ascomycota, there were several taxonomic orders
with a high number of OTUs, such as Helotiales, Chaetothyri-
ales and Lecanorales, while in Basidiomycota, the order Agari-
cales was the most diverse, followed by Sebacinales and Thele-
phorales. The proportional distribution of OTUs representing
the taxonomic phyla and orders is shown in Fig. S2 (Supporting
Information).

The effect of warming on fungal community
composition

For the moist tussock and dry heath tundra types, NMDS
analyses resulted in 2D solutions with final stress values
of 0.049 52 (square-root abundance) and 0.051 31 (presence-
absence) in the moist and 0.069 31 (square-root abundance)
and 0.046 41 (presence-absence) in the dry tundra, with fi-
nal instability values <0.000 01 (Figs 2 andS3, Supporting In-
formation). The Monte Carlo test results indicated that all 2D
solutions using the real data were significantly better than
chance occurrences (p < 0.01). In the moist tundra, coeffi-
cients of determination for the correlations between ordina-
tion distances and distances in the original n-dimensional space
were axis 1: r¥2 = 0.537, axis 2: r2 = 0.323, total r2 = 0.861,
with orthogonality = 84.9% (square-root abundance), axis 1:
r? = 0.550, axis 2: 1’ = 0.377, total r? = 0.927, with orthogonality =
88.1% (presence-absence). For dry tundra, these values were axis
1:12 = 0.538, axis 2: r? = 0.357, total r? = 0.895, with orthogonal-
ity = 99.9% (square-root abundance), axis 1: r? = 0.618, axis 2:
r? = 0.334, total r? = 0.952, with orthogonality = 100% (presence-

absence). The NMDS ordination plots were orthogonally rotated
by treatment. Because the ordination plots based on square-root
abundance and presence-absence were almost identical (Figs 2
and S3, Supporting Information, respectively), only the square-
root abundance NMDS plots were used to calculate the Pearson
correlation coefficient (r) values between all environmental and
fungal community variables and the ordination axes. Follow-
ing Rogers, Moore and Ryel (2009), variables with |r| > 0.5 val-
ues for either axis were considered important for characteriz-
ing changes in fungal community structure and were superim-
posed on the ordination plot as direction and strength vectors to
best illustrate differences among ecological groups (Fig. 2a and
b), ascomycete (Fig. 2c and d) and basidiomycete (Fig. 2e and f)
genera.

The NMDS plot revealed a strong structuring of fungal com-
munities according to the warming treatment in the moist tun-
dra, while in the dry tundra the compositional difference be-
tween the warmed and the control plots was less pronounced
(Fig. 2). MRPP confirmed that the total fungal community com-
position was significantly altered by long-term warming in the
moist tundra (effect size A = 0.132 93, probability p = 0.003 79),
while the changes were not significant in the dry tundra (A =
0.015 46, p = 0.125 76). Similarly, permutation-based MANOVA
indicated that fungal community structure in the warmed and
control plots differed significantly in the moist tundra (p =
0.0064), where the treatment explained 36.26% of the variation.
In contrast, the warming treatment did not significantly alter
fungal community composition in the dry tundra (p = 0.1224)
and accounted for only 5.54% of the variation.

With respect to functional groups, ECM basidiomycetes rep-
resented the most OTU-rich ecological guild in both tundra
types, followed by lichenized fungi in the dry tundra and sapro-
trophic zygomycetes in the moist tundra. In the moist tus-
sock tundra, OTU richness in the following groups was neg-
atively correlated with axis 1 (warming treatment): lichens,
ERM basidiomycetes (in Sebacinales), endophytes of herbs,
dung/litter fungi, moss endophytes and ECM basidiomycetes.
In contrast, some groups were more diverse in the moist
warmed plots, such as predominantly saprotrophic (and op-
portunistically pathogenic) soil asco- and zygomycetes, DSE
fungi, ERM ascomycetes, animal pathogens and wood-rotting
ascomycetes (Fig. 2a). The patterns were different in the dry
heath tundra, where only ERM ascomycetes showed strong neg-
ative correlation with warming, while ECM asco- and basid-
iomycetes, plant pathogens, wood-rotting basidiomycetes, herb
endophytes, moss endophytes, lichens, saprotrophic soil basid-
iomycetes and AM fungi were represented by more OTUs in the
warmed plots (Fig. 2b). These patterns were confirmed by statis-
tical comparisons of the ecological groups using t-tests that the
majority of the above differences between control and warmed
plots were significant (p < 0.05) or marginally significant (p < 0.1)
(Fig. 3).

In the moist tundra, the following genera had higher
OTU richness in the control plots: Alatospora, Cladonia, Phialea
and Sclerotinia in Ascomycota, and Clavaria, Galerina, Hebeloma,
Hemimycena, Inocybe, Lactarius, Ramariopsis, Rhodotorula, Sebacina
and Tomentella in Basidiomycota. Genera with strong positive
correlation with warming included Cladosporium, Cryptosporiop-
sis, Hypocrea, Lachnum, Mollisia, Penicillium, Phialocephala, Pseu-
dogymnoascus and Troposporella in Ascomycota and Exobasid-
ium and Omphalina in Basidiomycota (Fig. 2c and e). In the
dry tundra, OTU richness in Archaeorhizomyces, Cladonia, Hy-
phodiscus, Mycoblastus, Rhizoscyphus and Sphaerophorus (Ascomy-
cota) and that in Clavaria and Malassezia (Basidiomycota) were
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Figure 2. NMDS ordination plots for fungal communities from the warmed and control plots in the dry and moist tundra types based square-root abundance. Because
of the high number of variables tested, vectors of variables representing OTU richness in ecological groups and in genera of Ascomycota and Basidiomycota are
distributed over six identical ordination plots. Only variables that correlated with any ordination axis at |r| > 0.5 are displayed. Abbreviations are apath = animal
pathogen, bryophilous = fungi living on mosses, DSE = dark-septate endophyte, dung/litter = secondary decomposer fungi that live on litter and/or dung, ECM-
asc = ectomycorrhizal ascomycete, ECM-bas = ectomycorrhizal basidiomycete, ericoid-asc. = ericoid mycorrhizal ascomycete, ericoid-bas. = ericoid mycorrhizal
basidiomycete, herb end = endophyte of herbs, lichen = lichenized fungi, moss end = endophyte of mosses, ppath = plant pathogen, soil-asc = soil saprotrophic
ascomycete, soil-bas = soil saprotrophic basidiomycete, soil-zyg = soil saprotrophic zygomycete, wood-asc = wood-rotting ascomycete, wood-bas = wood-rotting

basidiomycete.

final stress = 0.06931
final instability < 0.00001
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Figure 3. OTU richness of ecological groups of fungi represented by at least five OTUs with standard deviations. Significance values of Student’s t-tests are indicated
as follows: * = marginally significant (P < 0.1), ** = significant (P < 0.05). Abbreviations are as explained in Table 1.

strongly negatively correlated with warming. In contrast, OTU
richness in the following genera was higher in the warmed
plots: Agonimia, Cadophora, Cenococcum, Chalara, Cladophialophora,
Coniochaeta, Peltigera, Pseudogymnoascus, Verrucaria, Xanthoria and
Xylaria in Ascomycota and Agaricus, Mycena and Leccinum in Ba-
sidiomycota (Fig. 2d and f). Pearson correlation values of all eco-
logical groups and genera are displayed in Table 1.

Indicator species

In the moist tundra, 365 OTUs had significant (<0.05) p-values
in the indicator species analyses. Of these, 212 were indica-
tors for the control and 153 for the warming treatment. In
contrast, there were only 83 OTUs in the dry tundra with
significant indicator values, of which 25 were indicators of
the control and 58 of the warmed plots. We conservatively
identified 130 indicator OTUs to species or species complexes

based on >97% sequence similarity to a reference sequence
(Table S4, Supporting Information). Among plant-associated
fungi in the moist tundra, ECM basidiomycetes were gen-
erally negatively affected by the warming, and all indica-
tor species representing this ecological group were associated
with the control treatment. In the moist tundra, ECM basid-
iomycetes negatively affected by warming included Hebeloma
radicosum SH039561.06FU, Russula renidens SH025103.06FU, Se-
bacina sp. SH231852.06FU and Tomentella spp. SH220174.06FU,
SH202711.06FU, SH202533.06FU and SH220001.06FU. In the dry
tundra, Tomentella sp. SH112690.05FU and the unidentified ECM
agaric fungus SH220993.06FU were indicators of the control
treatment (Table S4, Supporting Information).

Similarly, ERM and root endophytic fungi belonging to the
Sebacinales appeared to be negatively affected by warming.
In the moist tundra, the unidentified sebacinoid ERM species
SH113701.05FU, SH101765.05FU and SH265789.06FU, and root
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Table 1. Pearson’s correlation values (r) for variables in the NMDS ordination performed with the OTU vs. site matrix. Variables with |r| >
0.5 values are shown in bold and are displayed in the NMDS ordinations in Fig. 2, where axis 1 represents the warming treatment. Pearson’s
correlation values were not calculated for taxonomic orders with less than three OTUs in any site. Abbreviations are apath = animal pathogen,
bryophilous = fungi living on mosses, DSE = dark-septate endophyte, dung/litter = secondary decomposer fungi that live on litter and/or dung,
ECM-asc = ectomycorrhizal ascomycete, ECM-bas = ectomycorrhizal basidiomycete, ericoid-asc. = ericoid mycorrhizal ascomycete, ericoid-
bas. = ericoid mycorrhizal basidiomycete, herb end = endophyte of herbs, lichen = lichenized fungi, moss end = endophyte of mosses, ppath =
plant pathogen, soil-asc = soil saprotrophic ascomycete, soil-bas = soil saprotrophic basidiomycete, soil-zyg = soil saprotrophic zygomycete,
wood-asc = wood-rotting ascomycete, wood-bas = wood-rotting basidiomycete.

Moist Dry Moist Dry Moist Dry
Axes Axes Axes Axes Axes Axes
1 2 1 2 1 2 1 2 1 2 1 2
AM 0.500 -0.312 Agaricus 0.705 -0.050 Acremonium 0.452 0.108
apath 0.829 -0.382 -0.107 0.075 Alnicola 0.002 -0.338 Agonimia 0.826 0.152
bryophilous -0.513 0.089 0.264 0.056 Arrhenia 0.049 0.422 Alatospora -0.628 0.024
DSE 0.680 -0.598 0.420 0.095 Clavaria -0.662 0.545 -0.720 -0.486 Archaeorhizomyces -0.070 -0.278 -0.750 0.223
dung/litter -0.690 0.474 0.390 -0.427 Clavicorona -0.106 0.687 Cadophora -0.237 -0.234 0.500 0.713
ECM-asc 0.445 -0.098 0.486 0.620 Clavulina 0.017 -0.145 0.360 -0.574 Capronia 0.230 0.492 0.405 0.164
ECM-bas -0.532 0.067 0.505 0.239 Corticium 0.153 -0.423 Cenococcum -0.343 0.154 0.638 0.246
ericoid-asc  0.747 -0.376 -0.486 -0.506 Cortinarius -0.287 0.346 0.358 -0.108 Chalara -0.739 0.390 0.791 0.076
ericoid-bas -0.730 0.143 -0.304 -0.101 Cryptococcus -0.106 -0.134 0.378 0.257 Cladonia -0.075 0.185 -0.775 -0.316
herb end -0.744 -0.125 0.524 -0.362 Dioszegia -0.392 0.204 Cladophialophora ~ 0.630 -0.132 0.712 0.336
lichen -0.640 0.535 0.531 -0.067 Entoloma 0.027 0.129 -0.369 0.156 Clathrosphaerina  -0.190 0.291
mossend -0.539 0.435 0.713 0.102 Exobasidium 0.785 -0.286 Coniochaeta 0.691 -0.512
ppath -0.126 0.513 0.849 0.114 Fellomyces 0.278 -0.122 Cryptosporiopsis 0.775 -0.458
soil-asc 0.538 -0.706 -0.083 0.380 Galerina -0.570 -0.144 Hyaloscypha -0.063 -0.239
soil-bas -0.096 0.150 0.606 0.706 Hebeloma -0.544 -0.071 0.140 0.225 Hymenoscyphus -0.197 0.272
soil-zyg 0.805 -0.730 0.247 0.232 Hemimycena -0.611 -0.006 Hyphodiscus -0.326 0.286 -0.596 -0.254
wood-asc 0.524 -0.297 0.215 0.199 Inocybe -0.748 -0.014 -0.216 0.511 Hypocrea 0.455 -0.810
wood-bas 0.072 0.271 0.660 -0.288 Kockovaella 0.079 0.042 Hypogymnia -0.261 -0.185
Lactarius -0.535 -0.191 Lachnum 0.595 0.073 -0.009 -0.076
Leccinum -0.238 -0.285 0.612 -0.115 Lecanora -0.165 0.186
Malassezia -0.124 0.743 -0.460 -0.441 Lecythophora 0.055 -0.100 0.566 0.177
Mrakia 0.390 0.350 Meliniomyces 0.462 -0.111 0.339 -0.222
Mycena -0.171 0.758 0.761 -0.081 Mollisia 0.718 -0.339
Omphalina 0.511 -0.225 Mycoblastus -0.374 -0.653
Psathyrella -0.444 -0.023 Neobulgaria -0.057 0.361
Pseudotomentella -0.074 0.789 Parmelia -0.060 -0.308
Psilocybe -0.041 -0.164 Peltigera 0.755 0.239
Ramariopsis -0.893 0.410 Penicillium 0.572 -0.711 0.352 -0.089
Rhodocybe 0.412 0.173 Pertusaria 0.172  0.466
Rhodotorula -0.546 0.531 0.411 0.562 Phaeomoniella -0.276 -0.248
Russula -0.488 0.143 0.021 0.272 Phialea -0.619 0.659
Sebacina -0.686 0.234 -0.021 0.381 Phialocephala 0.601 -0.624
Sistotrema -0.278 -0.113 Phoma 0.343  0.453
Sporobolomyces  -0.109 0.343 Pseudogymoascus ~ 0.864 -0.697 0.555 0.289
Tomentella -0.600 -0.124 0.291 0.029 Ramalina 0.554 0.205
Trechispora 0.232 -0.263 Rhizoscyphus 0.093 0.344 -0.656 -0.573
Tremella -0.198 0.409 Sclerotinia -0.620 0.372
Sphaerophorus -0.606 -0.128
Trichocladium 0.363 0.242
Troposporella 0.607 -0.148
Venturia 0.029 0.322
Verrucaria 0.682 -0.076
Xanthoria 0.602 0.256
Xylaria 0.685 0.476

endophytic SH265824.06FU, SH167198.06FU and SH285151.06FU,
as well as other members of the Sebacinales previously
sequenced from soils (SH214727.06FU and SH265810.06FU) were
all indicators of the control plots.

In contrast, trends in ascomycetes capable of forming
both ECM and DSE symbioses were more complex and
appeared to be taxon-specific. ECM/DSE ascomycete indica-

tors of the moist control treatment were Cladophialophora sp.
SH228315.06FU, Meliniomyces bicolor SH161266.06FU, Meliniomyces
sp. SH207177.06FU, and unidentified Helotiales SH209187.06FU
and SH208255.06FU. ECM/DSE ascomycetes that were indi-
cators of the moist warmed plots included Cadophora melinii
SH267533.06FU, Cladophialophora sp. SH228303.06FU, Lach-
num spp. SH189825.06FU and SH189775.06FU, Meliniomyces



bicolor SH207165.06FU, Phialocephala fortinii SH113844.06FU,
and unidentified ECM fungi in Chaetothyriales and Helotiales,
SH220001.06FU and SH207207.06FU, respectively. In the dry
tundra, the unidentified ECM Chaetothyriales SH305874.06FU
was indicator of the control plots, while the unidentified ECM
Helotiales SH209187.06FU, SH108616.06FU and SH209187.06FU,
Meliniomyces bicolor SH207295.06FU and Meliniomyces sp.
SH207172.06FU were significant indicators of warming
treatment.

DISCUSSION

Our results show that arctic tundra fungal communities respond
strongly to long-term experimental summer warming, partic-
ularly in the moist tussock tundra. We found that while total
fungal diversity and richness are not significantly affected by
warming and are comparable across moist and dry tundra sites,
there are clear patterns of correlations among OTU richness of
various ecological and taxonomic groups and long-term warm-
ing. In general, the changes are more pronounced in the moist
tundra, where the effect of warming on the total fungal com-
munity was strongly significant and there were more ecological
and taxonomic groups with significant differences in OTU rich-
ness between the control and the warmed plots. The greater re-
sponsiveness of fungi in the moist tussock tundra may partly
be explained by the fact that ambient moist tundra soils, being
generally cool throughout the summer, tend to experience less
fluctuations in temperature than dry tundra soils that are regu-
larly exposed to higher temperatures as well as pronounced wa-
ter stress in the upper layers (Jones et al. 1998). Sedge-dominated
moist tundra sites were also shown to be more responsive to
warming than dry tundra sites in a study focusing on the rich-
ness and community composition of nitrogen-cycling bacte-
rial communities in the Canadian High Arctic (Walker, Egger
KN, Henry 2008). These findings and the accumulating evidence
from alpine and arctic dry tundra plant communities (Welker
et al. 1993, 1997; Lupascu et al. 2013, 2014; Sharp et al. 2013) sug-
gest that temperature responses of microbial and plant commu-
nities likely are predicated on soil water conditions and resulting
differences in productivity among tundra types.

The warming-induced changes we report here are particu-
larly notable when taking into account that warming-induced
vegetation shifts at the same experimental site were caused
by changes in the relative abundance of various plant func-
tional groups rather than changes in richness or species iden-
tities (Wahren, Walker and Bret-Harte 2005). In fungi, most of
the differences in community composition among the control
and warmed plots were caused by the presence of many OTUs
in a particular treatment type and absence in the other, as
shown by the ordinations and the indicator species analyses.
While the currently prevailing view is that altered plant commu-
nity composition drives fungal community change in the Arctic
(Dahlberg et al. 2013), we conclude that fungal community com-
position may change independently and that fungi may be par-
ticularly well suited to monitor early responses to environmen-
tal changes.

One finding in our paper is that OTU richness of ERM and
ECM basidiomycetes was negatively affected by warming in the
moist tundra. ECM basidiomycetes represent the most OTU-
rich functional guild, and the strong decrease in richness in
the moist warmed plots in almost all ECM basidiomycete gen-
era may have functional implications. For example, in the moist
tundra, warming appeared to favour taxa with medium-distance
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fringe mycelial exploration types (e.g. Cortinarius), which showed
non-significant decrease in richness as opposed to the signifi-
cant decrease seen in all other exploration types, potentially af-
fecting the mobilization of different nutrient pools in the soil
(Morgado et al. 2015). In the dry tundra, although total ECM ba-
sidiomycete richness tended to increase slightly in response to
the warming treatment in dry tundra, the difference was not sig-
nificant. Similarly, Morgado et al. (2015) did not detect significant
differences among the control and treatment plots in various
genera of ECM basidiomycetes, although Cortinarius, Hebeloma,
Leccinum and Tomentella tended to be more diverse in the warmed
plots, in agreement with our study. In ERM basidiomycetes (Se-
bacinales), the warming-induced decrease in OTU richness was
evident in both tundra types, albeit with only marginally sig-
nificant p-values in the dry tundra. The decrease in the num-
ber of observed OTUs of bryophilous and moss endophytic fungi
(many of them sebacinoid) in the moist tundra is in line with the
previously reported decline of moss cover in the warmed plots
(Wahren, Walker and Bret-Harte 2005; Walker et al. 2006). How-
ever, moss endophytes were significantly more OTU rich in the
warmed dry tundra plots. A similar pattern was shared by endo-
phytes of herbs that had significantly less OTUs in the warmed
moist plots, but showed positive correlation with warmingin the
dry tundra.

The responses of root-associated ascomycetes to warming
appear less clear, as different species within various groups
of root-associated fungi respond differently to warming. For
example, OTU richness of DSE and ECM ascomycetes (e.g.
Cadophora, Cenococcum, Cladophialophora, Cryptosporiopsis, Phialo-
cephala) tended to be higher in the warmed plots in both tun-
dra types, although the difference was only significant for DSE
fungi in the moist tundra. Because these fungi are able to min-
eralize organic nitrogen in the rhizosphere (Newsham, Upson
and Read 2009), they may contribute significantly to the growth
of their hosts, possibly including increased shrub growth. How-
ever, it is worth noting that although several OTUs of DSE and
ECM ascomycetes were indicators for the warmed plots, there
were also some that showed significant association with the
controls as shown in the section ‘Results’. Similarly, we ob-
served differential responses in ascomycete genera capable of
forming ERM symbioses, e.g. Pseudogymnoascus and Rhizoscy-
phus. OTU richness in Rhizoscyphus declined in the warmed dry
plots, but showed no difference in the moist plots, while Pseudo-
gymnoascus clearly benefited from the warming in both tundra
types. Because several Pseudogymnoascus species are also known
to live as psychrotolerant saprotrophs (Rice and Currah 2006),
the increase in available nutrients resulting from the warming-
induced thawing of permafrost (Schuur et al. 2008) may con-
tribute to the increase in their richness. This indicates that,
to some extent, response to warming may be species-specific
within these broadly defined ecological groups. In addition, it
is likely that many binomials in our species list refer to mor-
phological species and which, in reality, may harbour multiple
phylogenetic species. For example, the DSE/ECM Meliniomyces
bicolor was among the indicators of both the moist control and
warmed plots and the dry warmed plots. However, the matching
sequences and the phylogeny-based species hypothesis num-
bers differed among the indicators of the distinct treatments,
suggesting that Meliniomyces bicolor may in fact include multiple
evolutionary lineages, each with a specific niche and distinct re-
sponse to warming. These results further emphasize the need
for ecological studies at fine taxonomic scales.

The significant decrease of OTU richness of litter/dung fungi
(e.g. Clavaria, Coprinus, Lycoperdon, Preussia spp.) in the moist
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warmed plots is surprising, given the increased litter accumu-
lation observed in the warmed plots (Walker et al. 2006). OTU
richness in diverse taxonomic groups of soil saprotrophic
(e.g. Cladosporium, Coniochaeta, Hypocrea, Mollisia, Penicillium,
Troposporella and Xylaria in Ascomycota, Rhodotorula in Basid-
iomycota, and Mortierella and Umbelopsis in Zygonycota) and an-
imal pathogenic fungi (Isaria sp., Lecanicillium sp., Pochonia bulbil-
losa) increased or were indicators of the warmed plots, although
less so in the dry tundra that may be explained by the gen-
eral environmental conditions described above. These results
are in agreement with previous findings on warming-induced
increase in microbial decomposition of organic matter (Nadel-
hoffer et al. 1992; Sistla et al. 2013) and in insect abundance in
the Arctic (Hasle 2013). Similar patterns were observed in plant
pathogens as well, e.g. Chalara, Davidiella and Exobasidium. It is
unclear whether these plant pathogens primarily benefit from
the increased biomass of the deciduous and evergreen shrubs
(Walker et al. 2006) or from higher temperatures (or both). How-
ever, similar to other broader groups, distinct species-specific re-
sponses to warming were revealed by the indicator species anal-
yses in saprotrophic and pathogenic taxa as well. For example,
while most plant pathogen or saprotrophic indicators were as-
sociated with the moist or dry warmed plots (Bullera sp., Capro-
nia sp., Davidiella tassiana, Exobasidium arescens, E. woronichinii,
Leptodontidium sp., various Mortierella spp., Phacidium lacerum,
Rhodotorula sp., Pseudocercosporella sp., Trimmatostroma botulinum,
various Umbelopsis spp. and Venturia alpina), Leptosphaeria do-
liolum and the unidentified Archaeorhizomyces sp. and Dothierella
sp. were indicators of the control plots.

Lichens showed a mixed response to warming both in terms
of tundra type and lichenized fungal genera. The negative effect
of warming on lichen richness in the moist plots may be partly
explained by the observed decrease in cover of shade-intolerant
lichens and plants in the moist warmed plots (Walker et al. 2006),
while the low abundance of erect shrubs results in little shading
in the dry plots. However, strong taxon-specific responses were
observed again, as OTU richness of Cladonia and Shaerophorus
strongly negatively correlated with warming particularly in the
dry plots, while Agonimia, Peltigera, Verrucaria and Xanthoria ben-
efited from the increased temperatures in the dry tundra. The
reindeer lichens (Cladonia spp.) are considered keystone compo-
nents in arctic ecosystems and are the main winter food source
for caribou (Dahlberg et al. 2013). Cladonia was one of the very
few fungal genera that showed consistent and strong warming-
induced decline in richness in both tundra types. Because the
sampled tundra types represent communities with the great-
est surface areas in Northern Alaska (Walker et al. 2005), the ob-
served trend of declining lichen richness (Semenova et al. 2015
and this study) and cover (Walker et al. 2006; Joly, Jandt and Klein
2009) may have detrimental effects on Alaskan caribou popu-
lations, with potentially profound social implications for local
people (Joly, Jandt and Klein 2009).

The low diversity of AM fungi (Glomeromycota) in our sam-
ples is somewhat surprising, given that, although AM fungi tend
to be rare in high arctic regions (Kohn and Stasovski 1990; Vére,
Vestberg and Eurola 1992), they have nevertheless been reported
from numerous sites and plant species, particularly in the Low
Arctic (Strelkova 1956; Miller and Laursen 1978; Olsson, Erikssen
and Dahlberg 2004). It seems unlikely that the low diversity of
AM is a methodological artefact, although this possibility can-
not be ruled out. Glomeromycota was represented by 409 OTUs
(ca. 3% of all fungal OTUs) from diverse taxonomic orders in a
Neotropical study that used the same primers and methodol-
ogy as in the present study (Geml et al. 2014b). Also, Stockinger,

Kriiger and Schifiler (2010) showed that primers routinely used
to amplify ITS2 rDNA (including primer ITS4 used in this study)
show mismatches in only a small fraction of known glom-
eromycete sequence types and they considered the ITS2 frag-
ment a good candidate for AM species identification by metabar-
coding studies. It is possible that AM fungi are present in very
low biomass in the sampled arctic soils and some species may
have been missed by our sampling efforts. The positive correla-
tion of AM fungi with warming is in agreement with their pre-
sumed preference for higher temperatures, although the low
number of AM OTUs prevented their statistical comparison be-
tween the controls and the warming treatments. In addition,
because AM fungi have been shown to prefer non-acidic soils
in a wide range of ecosystems (Porter, Robson and Abbott 1987;
Coughlan et al. 2000; Geml et al. 2014a,b), it is possible that their
richness in the acidic tundra sites, such as those sampled in this
study, is unusually low. Future studies should assess the diver-
sity of AM fungi in non-acidic arctic tundra habitats as well.

CONCLUSIONS

The data presented in this study describe changes within arc-
tic soil fungal communities induced by long-term experimental
warming. Many OTUs in this dataset could not be confidently
assigned to species or genera due to limited fungal reference se-
quences. Nevertheless, we were able to show how the richness
and composition of fungal functional groups may respond to
decades of summer temperature increases. We were also able to
present evidence that compositional changes in fungal commu-
nities in response to warming are species-specific, and may be
masked when communities are compared at higher taxonomic
levels. Therefore, we recommend that studies of arctic fungal
communities (for example, their roles in nutrient cycling) take
into account species-level differences.

DATA ACCESSIBILITY

The raw sequence data have been submitted to Dryad
(doi:10.5061/dryad.2fc32). The representative sequences of OTUs
and the OTU distribution matrices with read abundance for the
moist and dry tundra are shown in the Supplementary Material.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.

ACKNOWLEDGEMENTS

Financial support for this project was provided by the NWO-ALW
Open Programme research grant (821.01.016) awarded to ES and
JG and the Naturalis personal research budgets of JG and LM.
The long-term experimental work is largely supported by NSF
grants OPP AON 0856728 and OPP IPY ITEX 0632184 awarded
to JMW. The authors thank Rob Cermak (University of Alaska
Fairbanks) for bioinformatic assistance, the staff of the Toolik
Field Station for logistical support and Marcel Eurlings and Elza
Duijm (Naturalis Biodiversity Center) for conducting the Ion Tor-
rent sequencing. The authors are grateful to Todd O’Hara and
Perry S. Barboza (University of Alaska Fairbanks) for providing
equipment and assistance to lyophilize the large quantities of
soil samples. Finally, they thank the two anonymous reviewers


http://femsec.oxfordjournals.org/lookup/suppl/doi:10.1093/femsec/fiv095/-/DC1

for their constructive comments that helped them to improve
the manuscript.

Conflict of interest. None declared.

REFERENGES

Aerts R. The freezer defrosting: global warming and litter de-
composition rates in cold biomes. ] Ecol 2006;94:712-24.

Amend AS, Seifert KA, Bruns TD. Quantifying microbial commu-
nities with 454 pyrosequencing: does read abundance count?
Mol Ecol 2010;19:5555-65.

Anderson MJ. A new method for non-parametric multivariate
analysis of variance. Austral Ecol 2001;26:32-46.

Anisimov OA, Vaughan DG, Callaghan TV, et al. Polar regions
(Arctic and Antarctic). In: Parry ML, Canziani OF, Palutikof
JP, van der Linden PJ, Hanson CE (eds). Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working
Group II to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change. Cambridge: Cambridge University
Press, 2007, 653-85.

Baldrian P, Vétrovsky T, Cajthaml T, et al. Estimation of fungal
biomass in forest litter and soil. Fungal Ecol 2013;6:1-11.

Bjorbaekmo MFM, Carlsen T, Brysting A, et al. High diversity
of root associated fungi in both alpine and arctic Dryasoc-
topetala. BMC Plant Biol 2010;10:244.

Blaalid R, Carlsen T, Kumar S, et al. Changes in the root-
associated fungal communities along a primary succes-
sion gradient analysed by 454 pyrosequencing. Mol Ecol
2012;21:1897-908.

Blackwell M. The Fungi: 1, 2, 3 ... 5.1 million species? Am ] Bot
2011;98:426-38.

Bokhorst S, Huiskes A, Aerts R, et al. Variable temperature effects
of open top chambers at polar and alpine sites explained
by irradiance and snow depth. Glob Change Biol 2013;19:
64-74.

Bret-Harte MS, Shaver GR, Chapin FS. Primary and secondary
stem growth in arctic shrubs: implications for community
response to environmental change. J Ecol 2002;90:251-67.

Brown SP, Callaham MA, Oliver AK, et al. Deep Ion Torrent se-
quencing identifies soil fungal community shifts after fre-
quent prescribed fires in a southeastern US forest ecosystem.
FEMS Microbiol Ecol 2013;86:557-66.

Callaghan TV, Bjorn LO, Chernov Y, et al. Biodiversity, distribu-
tions and adaptations of arctic species in the context of en-
vironmental change. Ambio 2004;33:404-17.

Chapin FS, III. Direct and indirect effects of temperature on Arc-
tic plants. Polar Biol 1983;2:47-52.

Chapin FS, III, Sturm M, Serreze MC, et al. Role of land-surface
changes in arctic summer warming. Science 2005;310:657-60.

Clemmensen KE, Michelsen A, Jonasson S, et al. Increased ecto-
mycorrhizal fungal abundance after long-term fertilization
and warming of two arctic tundra ecosystems. New Phytol
2006;171:391-404.

Cornelissen JHC, Callaghan TV, Alatalo JM, et al. Global change
and arctic ecosystems: is lichen decline a function of in-
creases in vascular plant biomass? J Ecol 2001;89:984-94.

Coughlan AP, Dalpé Y, Lapoint L, et al. Soil pH-induced changes
in root colonization, diversity, and reproduction of symbi-
otic arbuscular mycorrhizal fungi from healthy and declin-
ing maple forests. Can ] Forest Res 2000;30:1543-54.

Dahlberg A, Biltmann H, Cripps CL, et al. Fungi. In: Meltofte H
(ed.) Arctic Biodiversity Assessment. Status and Trends in Arctic

Gemletal. | 11

Biodiversity. Akureyri: Conservation of Arctic Flora and Fauna
(CAFF), 2013, 354-71.

Deslippe JR, Hartmann M, Mohn WW, et al. Long-term experi-
mental manipulation of climate alters the ectomycorrhizal
community of Betula nana in Arctic tundra. Glob Change Biol
2011;17:1625-36.

Dufréne M, Legendre P. Species assemblages and indicator
species: the need for a flexible asymmetrical approach. Ecol
Monogr 1997;67:345-66.

Edgar RC. Search and clustering orders of magnitude faster than
BLAST. Bioinformatics 2010;26:2460-1.

Faraway JJ. Practical Regression and Anova using R. R-Project,
www.stat.Isa.umich.edu /Afaraway/book, 2002.

Gardes M, Dahlberg A. Mycorrhizal diversity in arctic and alpine
tundra: an open question. New Phytol 1996;133:147-57.

GemlJ, Gravendeel B, Neilen M, et al. DNA metabarcoding reveals
high fungal diversity and pH-correlated habitat partitioning
in protected coastal Salix repens communities in the Nether-
lands. PLoS One 20144a;9:€99852.

Geml ], Laursen GA, Herriott I, et al. Phylogenetic and ecological
analyses of soil and sporocarp DNA sequences reveal high
diversity and strong habitat partitioning in the boreal ecto-
mycorrhizal genus Russula Pers. (Russulales; Basidiomycota).
New Phytol 2010;187:494-507.

Geml J, Laursen GA, Taylor DL. Molecular diversity assess-
ment of arctic and boreal Agaricus taxa. Mycologia 2008;100:
577-89.

Geml], Laursen GA, TimlingI, et al. Molecular phylogenetic biodi-
versity assessment of arctic and boreal Lactarius Pers. (Russu-
lales; Basidiomycota) in Alaska, based on soil and sporocarp
DNA. Mol Ecol 2009;18:2213-27.

Geml J, Pastor N, Fernandez L, et al. Large-scale fungal diver-
sity assessment in the Andean Yungas forests reveals strong
community turnover among forest types along an altitudinal
gradient. Mol Ecol 2014b;23:2452-72.

Geml J, Timling I, Robinson CH, et al. An arctic community
of symbiotic fungi assembled by long-distance dispersers:
phylogenetic diversity of ectomycorrhizal basidiomycetes
in Svalbard based on soil and sporocarp DNA. ] Biogeogr
2012;39:74-88.

Gihring TM, Green S, Schadt CW. Massively parallel rRNA gene
sequencing exacerbates the potential for biased community
diversity comparisons due to variable library sizes. Environ
Microbiol 2012;14:285-90.

Griinig CR, Queloz V, Sieber TN. Structure of diversity in dark
septate endophytes: from species to genes. In: Pirttila AM,
Frank C (eds). Endophytes of Forest Trees: Biology and Applica-
tions. Berlin: Springer, 2011, 3-30.

Hasle TE. The effect of experimental warming on insect herbivory in
an alpine plant community. M.Sc. Thesis. Norwegian University
of Life Sciences, 2013.

Higgins KL, Arnold AE, Miadlikowska J, et al. Phylogenetic rela-
tionships, host affinity, and geographic structure of boreal
and arctic endophytes from three major plant lineages. Mol
Phylogenet Evol 2007;42:543-55.

Hobbie JE, Hobbie EA. °N in symbiotic fungi and plants esti-
mates nitrogen and carbon flux rates in Arctic tundra. Ecology
2006;87:816-22.

Hobbie JE, Hobbie EA, Drossman H, et al. Mycorrhizal fungi
supply nitrogen to host plants in Arctic tundra and boreal
forests: 15N is the key signal. Can J Microbiol 2009;55:84-94.

Hobbie SE, Chapin FS, III. The response of tundra plant biomass,
above-ground production, nitrogen, and CO, flux to experi-
mental warming. Ecology 1998;79:1526—44.



12 | FEMS Microbiology Ecology, 2015, Vol. 91, No. 8

Ihrmark K, Bodeker ITM, Cruz-Martinez K, et al. New primers
to amplify the fungal ITS2 region—evaluation by 454-
sequencing of artificial and natural communities. FEMS Mi-
crobiol Ecol 2012;82:666-77.

Jagerbrand AK, Alatalo JM, Chrimes D, et al. Plant community re-
sponses to 5 years of simulated climate change in meadow
and heath ecosystems at a subarctic-alpine site. Oecologia
2009;161:601-10.

Joly K, Jandt RR, Klein DR. Decrease of lichens in Arctic ecosys-
tems: the role of wildfire, caribou, reindeer, competition and
climate in north-western Alaska. Polar Res 2009;113:433-42.

Jones MH, Fahnestock JT, Walker DA, et al. Carbon dioxide fluxes
in moist and dry arctic tundra during the snow-free season:
responses to increases in summer temperature and winter
snow accumulation. Arctic Alpine Res 1998;30:373-80.

Kade A, Walker DA, Raynolds MK. Plant communities and soils in
cryoturbated tundra along a bioclimate gradient in the Low
Arctic, Alaska. Phytocoenologia 2005;35:761-820.

Kauserud H, Kumar S, Brysting AK, et al. High consistency be-
tween replicate 454 pyrosequencing analyses of ectomycor-
rhizal plant root samples. Mycorrhiza 2012;22:309-15.

Kirk PM, Cannon PF, Minter DW, et al. Dictionary of the Fungi.
Wallingford, UK: CABI, 2008.

Kohn LM, Stasovski E. The mycorrhizal status of plants at
Alexandra Fjord, Ellesmere Island, Canada, a high arctic site.
Mycologia 1990;82:23-35.

Koljalg U, Nilsson RH, Abarenkov K, et al. Towards a unified
paradigm for sequence-based identification of Fungi. Mol Ecol
2013;22:5271-77.

Kunin V, Engelbrektson A, Ochman H, et al. Wrinkles in the rare
biosphere: pyrosequencing errors can lead to artificial infla-
tion of diversity estimates. Environ Microbiol 2010;12:118-23.

Lindahl BD, Nilsson RH, Tedersoo L, et al. Fungal commu-
nity analysis by high-throughput sequencing of amplified
markers—a user’s guide. New Phytol 2013;199:288-99.

Lupascu M, Welker JM, Seibt U, et al. High Arctic wetting reduces
permafrost carbon feedbacks to climate warming. Nat Clim
Chang 2013;4:51-5.

Lupascu M, Welker JM, Xu X, et al. Rates and radiocarbon content
of summer ecosystem respiration in response to long-term
deeper snow in the High Arctic of NW Greenland. ] Geophys
Res-Biogeo 2014;119:1180-94.

McCune B, Grace JB. Analysis of Ecological Communities. Gleneden
Beach, OR, USA: MjM Software, 2002.

Marion GM, Henry GHR, Freckman DW, et al. Open-top designs
for manipulating field temperature in high-latitude ecosys-
tems. Glob Change Biol 1997;3:20-32.

Mercado-Diaz J. Plant community responses of the Alaskan Arctic
tundra to environmental and experimental changes in climate.
M.Sc. Thesis. University of Puerto Rico, Rio Piedras Campus,
PR, 2011.

Michaelson GJ, Ping CL, Epstein H, et al. Soils and frost boil
ecosystems across the North American Arctic Transect.
] Geophys Res-Biogeo 2008;113:1-11

Miller OK, Jr, Laursen GA. Ecto- and endomycorrhizae on arc-
tic plants at Barrow, Alaska. In: Tieszen LL (ed.). Vegetation
and Production Ecology of an Alaskan Arctic Tundra. New York:
Springer-Verlag, 1978, 229-37.

Morgado LN, Semenova TA, Welker JM, et al. Summer tempera-
ture increase has distinct effects on the ectomycorrhizal fun-
gal communities of moist tussock and dry tundra in Arctic
Alaska. Glob Change Biol 2015;21:959-72.

Nadelhoffer KJ, Giblin AE, Shaver GR, et al. Microbial processes
and plant nutrient availability in Arctic soils. In: Chapin FS,

111, Jefferies RL, Reynolds JF, Shaver GR, Svoboda J (eds). Arctic
Ecosystems in a Changing Climate: An Ecophysiological Perspec-
tive. San Diego, CA: Academic Press, 1992, 281-300.

Newsham KK, Upson R, Read DJ. Mycorrhizas and dark septate
root endophytes in polar regions. Fungal Ecol 2009;2:10-20.

Nilsson RH, Abarenkov K, Larsson K-H, et al. Molecular iden-
tification of fungi: rationale, philosophical concerns, and
the UNITE database. The Open Applied Informatics Journal
2011;5:81-6.

O’Brien H, Parrent JL, Jackson JA, et al. Fungal community analy-
sis by large-scale sequencing of environmental samples. Appl
Environ Microb 2005;71:5544-50.

Oechel WC, Laskowski CA, Burba G, et al. Annual patterns and
budget of CO, flux in an Arctic tussock tundra ecosystem. J
Geophys Res-Biogeo 2014;119:323-39.

Olsson PA, Erikssen B, Dahlberg A. Colonization by arbuscular
mycorrhizal and fine endophytic fungi in herbaceous veg-
etation in the Canadian High Arctic. Can J Botany 2004;82:
1547-56.

Pattison RR, Welker JM. Differential ecophysiological response of
deciduous shrubs and a graminoid to long-term experimen-
tal snow reduction and addition in moist tundra, Northern
Alaska. Oecologia 2014;174:339-50.

Porter WM, Robson AD, Abbott LK. Field survey of the distribu-
tion of vesicular-arbuscular mycorrhizal fungi in relation to
soil pH. J Appl Ecol 1987;24:659-62.

Rice AV, Currah RS. Two new species of Pseudogymnoascus with
Geomyces anamorphs and their phylogenetic relationship
with Gymnostellatospora. Mycologia 2006;98:307-18.

Rogers PC, Moore KD, Ryel R]. Aspen succession and nitrogen
loading: a case for epiphytic lichens as bioindicators in the
Rocky Mountains, USA. ] Veg Sci 2009;20:498-510.

Schloss PD, Westcott SL, Ryabin T, et al. Introducing mothur:
open-source, platform-independent, community-supported
software for describing and comparing microbial communi-
ties. Appl Environ Microb 2009;75:7537-41.

Schuur EA, Bockheim ], Canadell JG, et al. Vulnerability of per-
mafrost carbon to climate change: implications for the global
carbon cycle. Bioscience 2008;58:701-14.

Semenova TA, Morgado LN, Welker JM, et al. Long-term ex-
perimental warming alters community composition of as-
comycetes in Alaskan moist and dry arctic tundra. Mol Ecol
2015;24:424-37.

Sharp ED, Sullivan PF, Steltzer H, et al. Complex carbon cy-
cle responses to multi-level warming and supplemental
summer rain in the high Arctic. Glob Change Biol 2013;19:
1780-92.

Shaver GR, Giblin AE, Nadelhoffer KJ, et al. Carbon turnover
in Alaskan tundra soils: effects of organic matter qual-
ity, temperature, moisture and fertilizer. J Ecol 2006;94:
740-53.

Sistla SA, Moore JC, Simpson RT, et al. Long-term warming re-
structures Arctic tundra without changing net soil carbon
storage. Nature 2013;497:615-8.

Stockinger H, Kriiger M, Schiifsler A. DNA barcoding of arbuscu-
lar mycorrhizal fungi. New Phytol 2010;187:461-74.

Stow DA, Hope A, McGuire D, et al. Remote sensing of vegetation
and land-cover change in arctic tundra ecosystems. Remote
Sens Environ 2004;89:281-308.

Strelkova AS. Mycorrhizae of plants of tundra and taiga in
Taimyr. Bot Zhurn 1956;41:1161-68.

Sturm M, Douglas T, Racine C, et al. Changing snow and shrub
conditions affect albedo with global implications. J Geophys
Res 2005;110:G01004.



Sturm M, McFadden JP, Liston GE, et al. Snow-shrub interactions
in Arctic tundra: a hypothesis with climatic implications.
] Climate 2001;14:336-45.

Tape KD, Hallinger M, Welker JM, et al. Landscape heterogene-
ity of shrub expansion in Arctic Alaska. Ecosystems 2012;15:
711-24.

Tape KD, Sturm M, Racine C. The evidence for shrub expan-
sion in Northern Alaska and the Pan-Arctic. Glob Change Biol
2006;12:686-702.

Tedersoo L, May TW, Smith ME. Ectomycorrhizal lifestyle in
fungi: global diversity, distribution, and evolution of phylo-
genetic lineages. Mycorrhiza 2010;20:217-63.

Tedersoo L, Nilsson RH, Abarenkov K, et al. 454 pyrosequencing
and Sanger sequencing of tropical mycorrhizal fungi provide
similar results but reveal substantial methodological biases.
New Phytol 2010;188:291-301.

Tedersoo L, Smith ME. Lineages of ectomycorrhizal fungi re-
visited: foraging strategies and novel lineages revealed by
sequences from belowground. Fungal Biol Rev 2013;27:83-
99.

Timling I, Dahlberg A, Walker DA, et al. Distribution and drivers
of ectomycorrhizal fungal communities across the North
American Arctic. Ecosphere 2012;3:1-25.

Timling I, Walker DA, Nusbaum C, et al. Rich and cold: diversity,
distribution and drivers of fungal communities in patterned-
ground ecosystems of the North American Arctic. Mol Ecol
2014,23:3258-72.

Vare H, Vestberg M, Eurola S. Mycorrhiza and root-
associated fungi in Spitsbergen. Mycorrhiza 1992;1:93-
104.

Wahren CH, Walker MD, Bret-Harte MS. Vegetation responses
in Alaskan arctic tundra after 8 years of a summer warm-
ing and winter snow manipulation experiment. Glob Change
Biol 2005;11:537-52.

Walker DA, Raynolds MK, Daniéls FJA, et al. The Circumpolar Arc-
tic vegetation map. J Veg Sci 2005;16:267-82.

Gemletal. | 13

Walker JKM, Egger KN, Henry GHR. Long-term experimental
warming alters nitrogen-cycling communities but site fac-
tors remain the primary drivers of community structure in
high arctic tundra soils. ISME J 2008;2:982-95.

Walker MD, Wahren CH, Hollister RD, et al. Plant community re-
sponses to experimental warming across the tundra biome.
P Natl Acad Sci USA 2006;103:1342-6.

Walker MD, Walker DA, Welker JM, et al. Long-term experimen-
tal manipulation of winter snow regime and summer tem-
perature in arctic and alpine tundra. Hydrol Process 1999;13:
2315-30.

Welker JM, Fahnestock JT, Henry GH, et al. CO, exchange in three
Canadian High Arctic ecosystems: response to long-term ex-
perimental warming. Glob Change Biol 2004;10:1981-95.

Welker JM, Fahnestock JT, Jones MH. Annual CO, flux in dry
and moist arctic tundra: field responses to increases in sum-
mer temperatures and winter snow depth. Climatic Change
2000;44:139-50.

Welker JM, Molau U, Parsons AN, et al. Response of Dryas oc-
topetala to ITEX manipulations: a synthesis with circumpolar
comparisons. Glob Change Biol 1997;3:61-73.

Welker JM, Rayback S, Henry GH. Arctic and North Atlantic
Oscillation phase changes are recorded in the isotopes
(880 and §3C) of Cassiope tetragona plants. Glob Change Biol
2005;11:997-1002.

Welker JM, Wookey P, Parson AP, et al. Leaf carbon isotope dis-
crimination and demographic responses of Dryas octopetala
to water and temperature manipulations in a high arctic po-
lar semi-desert, Svalbard. Oecologia 1993;95:463-70.

Whitaker RH. Evolution and measurement of species diversity.
Taxon 1972;21:213-51.

White TM, Bruns T, Lee S, et al. Amplification and direct sequenc-
ing of fungal ribosomal RNA for phylogenetics. In: Innis MA,
Gelfand DH, Sninsky JJ, White TJ (eds). PCR Protocols: A Guide
to Methods and Applications. San Diego, CA: Academic Press,
1990, 315-21.



	NIEUW Template embargo 6 maanden Repository Taverne (15).pdf
	​Naturalis Repository 


