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ABSTRACT

Arctic plants are affected by many stressors. Root-associated fungi are thought to influence plant performance in
stressful environmental conditions. However, the relationships are not well-known; do the number of fungal
partners, their ecological functions and community composition mediate the impact of environmental conditions
and/or influence host plant performance? To address these questions, we used a common arctic plant as a model
system: Bistorta vivipara. Whole plants (including root system, n = 214) were collected from nine locations in
Spitsbergen. Morphometric features were measured as a proxy for plant performance and combined with met-
abarcoding datasets of their root-associated fungi (amplicon sequence variants, ASVs), edaphic and meteoro-
logical variables. Seven biological hypotheses regarding fungal influence on plant measures were tested using
structural equation modelling. The best-fitting model revealed that local temperature affected plants both
directly (negatively aboveground and positively below-ground) and indirectly - mediated by fungal richness and
the ratio of symbio- and saprotrophic ASVs. The influence of temperature on host plants is therefore complex and
should be examined further. Fungal community composition did not impact plant measurements and plant
reproductive investment was not influenced by any fungal parameters. The lack of impact of fungal community
composition on plant performance suggests that the functional importance of fungi is more essential for the plant

than their identity.

1. Introduction

Arctic plants are facing many environmental constraints for growth,
such as short vegetation season, consistent cold, limitation of nutrients
or cyclic physical disturbances, i.e. cryoturbation (Billings, 1987). These
plants have evolved a range of adaptations to cope with the prevailing
conditions, including being perennial and allocating most of their
biomass below-ground (Iversen et al., 2015; Poorter et al., 2012; Qi
et al., 2019). Being perennial provides a resource-saving advantage in
nutrient-poor habitats with low temperatures that slow down
biochemical reactions and therefore also growth; whereas the benefits of
biomass allocation to below ground parts include increased area of
nutrient absorption. The interface between plant and soil is thought to
mediate plants’ stress tolerance (Hou et al., 2021). Because of common

nutrient scarcity and a large portion of plant biomass located under-
ground this interface seems to be of relatively greater importance in the
Arctic than in other biomes (Poorter et al., 2012).

A significant part of the soil-plant interface is inhabited by microbes,
including root-associated fungi (RAF). Arctic plant RAF consist mostly of
symbiotrophic fungi, especially ectomycorrhizal (Bjorbzkmo et al.,
2010; Blaalid et al., 2012; Mundra et al., 2015 a). These fungi efficiently
increase the volume of soil that can be penetrated in search for re-
sources, such as nutrients from seasonally or newly thawed permafrost
(Hewitt et al., 2020). The most severe limitations for growth observed in
arctic plants are low temperatures and resource limitation (Billings,
1987; Chapin and Shaver, 1985), suggesting that the relationship with
RAF might play a crucial role in plant survival and growth.

Multiple characteristics of species communities play an essential role
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in the functioning of ecosystems, such as richness, abundance or com-
munity structure (Hooper et al., 2005; Loreau, 2001; Maestre et al.,
2012; Tilman et al., 2012). Based on previous findings, we expect that
the more diverse the RAF community, the better for a host plant (Baxter
and Dighton, 2001). However, it is not clear how these characteristics of
RAF communities impact their host plants, especially in cold biomes.
Symbiotic fungi provide resources and probably additional benefits such
as mitigating harmful effects of environmental stressors, thus enhancing
plant growth and productivity (Wardle et al., 2004). However, releasing
root exudates of primary metabolites that can be absorbed by members
of its microbiota does come with a cost for a plant (Brzostek et al., 2014;
Shi et al., 2015). In nitrogen-limited tundra in Alaska, 61-88% of plant
nitrogen was supplied from mycorrhizal fungi; in exchange, the plant
delivered 8-17% of carbon produced photosynthetically to the fungi
(Hobbie and Hobbie, 2006). A plant could perhaps increase the amount
of released nutritious root exudates to attract more species of symbio-
trophic fungi that in turn could increase the amount of nitrogen
delivered.

However, higher fungal richness would increase competition for
limited space in the rhizosphere and possibly for resources, although the
mechanism is not yet fully understood. Therefore, plants ‘living on the
edge’ in the High Arctic may benefit from selectively choosing their RAF
community members, favouring the most beneficial fungal partners for
plant growth or stress mediation (Mundra et al., 2016). In this scenario,
species richness in RAF communities would be irrelevant for plant
performance. On the other hand, the presence of specific functional
traits rather than the identity of particular species could be more
important (Louca et al., 2017). The vast array of interconnected biotic
and abiotic factors occurring in natural systems complicate uncovering
if and how plants prefer specific root-associated fungi from the pool of
species present in the soil (Jones et al., 2019).

One approach to disentangle these often-confounded factors are
controlled experiments. Most of the experiments assessing the impact of
RAF diversity on host plant performance have focused on arbuscular
mycorrhiza in crops (Begum et al., 2019); whereas similar studies on
ectomycorrhizal (EcM) plant species come mostly from the pre-high
throughput sequencing era and have focussed on trees (e.g. Baxter and
Dighton, 2001). Several experiments under controlled settings have
shown that EcM host plants benefit from increased fungal richness,
however, the tested level of richness was often incomparable with nat-
ural environments, such as an increase from 1 to 4 species of EcM fungi
(Baxter and Dighton, 2001). Some studies, however, did not find
enhanced plant performance mediated by EcM fungi or concluded that
the influence of EcM species richness on plant productivity is context
dependent (Jonsson et al., 2001). RAF diversity was shown to be
particularly sensitive to experimental conditions compared to fungi that
inhabit space further from the roots in the rhizosphere or bulk soil
(Almario et al., 2017). Moreover, morphology and physiology of
lab-grown plants differ from those in the natural system, e.g. by
increased growth rate and higher concentrations of nutrients in tissues
(Poorter et al., 2016). All these differences could affect and alter
plant-associated organisms, such as RAF. Experimental procedures
cannot consider all the complexity of natural systems and their effects do
not always reflect those observed in the wild. Thus, observational
studies can provide crucial complementary knowledge, in particular for
extreme environments like the High Arctic.

Species response to environmental shifts, including ongoing climate
changes, is one of the crucial questions in natural sciences. It is a
particularly outstanding issue in the Arctic where temperatures are
increasing at the fastest pace in the world, and are predicted to continue
rising rapidly (Bintanja and Selten, 2014; Post et al., 2019). These
changes impact mechanisms that alter biogeochemical cycles and
determine critical ecosystem-climate feedback processes, such as the
release of organic carbon pool of which nearly half of the global stock is
stored in the Arctic soils (Schuur et al., 2015; Tarnocai et al., 2009). Such
ecosystem feedbacks, which are essential bricks in the understanding of
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global change, depend on complex relationships between abiotic and
biotic factors in arctic soils (Wookey et al., 2009). However, the biology
of these arctic soils remains at present an understudied ‘black box’
(Metcalfe et al., 2018; Virkkala et al., 2019).

To shed some light onto these soil processes, we used a plant-centric
approach to study the impact of the root-associated fungal community
on the growth and reproductive investment of a wide-spread arctic
plant, Bistorta vivipara. We took into account the most important abiotic
factors, both edaphic and climatic, affecting the host plant and its RAF
community. We used structural equation modelling (SEM) to assess
whether the fungal community mediates the effect of abiotic conditions
on plant performance and to disentangle direct from indirect effects. We
tested the following hypotheses: (i) Plant morphological measurements
(considered as a proxy for plant performance) depend both on abiotic
conditions and on the fungal community, and (ii) only richness and
functional traits, but not the specific species composition of the RAF
community affects plant morphology. Moreover, we tested which mea-
surements of plant parts involved in different processes such as energy
storage, energy acquisition and reproduction depend among others on
the RAF community.

2. Methods
2.1. Study system

To test our hypotheses, we selected alpine bistort Bistorta vivipara (L.)
Delarbre (Polygonaceae), a model plant to study root-associated micro-
bial communities in alpine (e.g. Blaalid et al., 2012; Gao and Yang,
2016; Miihlmann et al., 2008; Ronikier and Mleczko, 2013; Thoen et al.,
2019; Vik et al., 2013) and arctic habitats (e.g. Blaalid et al., 2014;
Botnen et al., 2019; Brevik et al., 2010; Davey et al., 2015; Mundra et al.,
2015; Mundra et al., 2016; Mundra et al., 2015 a). Bistorta vivipara is a
common, long-lived perennial herb in the northern hemisphere. Its
compact root system, combined with the ability to inhabit a range of
habitats, makes this species a perfect candidate to study root-associated
communities in environmental gradients, such as chronosequences
(Blaalid et al., 2012; Brevik et al., 2010; Davey et al., 2015) or climate
gradients (Botnen et al., 2019).

2.2. Datasets

We combined and reanalysed datasets from nine different locations
collected in 2012 and 2013 in Spitsbergen, the largest island of the High
Arctic Archipelago Svalbard, Norway (Table 1; Fig. 1; precise descrip-
tion of location and environmental conditions of each sample is avail-
able at https://github.com/magdawutkowska/bistorta/blob/master/en
v_bistorta_temp.txt). Each dataset consisted of host morphology and
molecular description of the RAF community, together with associated

Table 1

Overview of the data included in this study. Each dataset was generated to
investigate specific topics regarding Bistorta vivipara root-associated fungi
(RAF). References are given for previously published data.

Number of Variables:
Specific topic 12;1;:%/ edaphic B.v. RAF B.v.
P morphology
temporal 1/72 Mundra Mundra this study
variation etal. (2015)  etal. (2015)
marginal 3/58 Mundra Mundra this study
habitats etal. (2016) et al. (2016)
large scale 5/38 Botnen Botnen this study
spatial etal. (2020) et al. (2020)
variability
response to 1/46 this study this study this study
increased
snow
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edaphic variables (Table 1). Each of the studies established a random-
ized sampling scheme in the locality of choice, also assuring that
sampled plants were of different age. B. vivipara grows, sets leaves and
develops inflorescence early, which means that even plants sampled in
June were already fully grown. Whole plants with an intact root system
were excavated. To explore the associations between plant performance,
allocation patterns and its environment we measured three morpho-
logical features of the B. vivipara individuals hosting the analysed RAF
communities (Supplementary 1). The rhizome is an underground stor-
age organ that accumulates assimilated biomass as non-structural car-
bohydrates, and was therefore used as a proxy for overall plant
performance (Hartmann and Trumbore, 2016). Rhizome dimensions
were measured and used to calculate an approximate volume (RV) by
multiplying its length, height and width. Length of the longest stem leaf
(LL) was used as a proxy for photosynthetic capability of the plant — the
longer the leaf, the bigger the photosynthetic area. In the upper part of
the stem, B. vivipara produces flowers and bulbils for sexual and asexual
reproduction, respectively. We used the ratio of the length of the stem
covered by flowers and bulbils (inflorescence) to the total stem length
(1/S), as a proxy for the plant’s investment in reproduction.

2.3. Meteorological and edaphic variables

Meteorological data were obtained for each sampling point from the
high-resolution 1 km-gridded dataset Sval Imp_v1 (Schuler and @stby,
2020). We extracted the sum of average monthly precipitation (p) and
average July air temperature (t), both from the year of sampling. Sval-
bard is characterized by steep temperature gradients and the main cli-
matic contrasts in our study were between sites. However, to take into
account the two different years of sampling at the Isdammen site, we
used weather data of the sampling year, as interannual variability in
temperature may impact the RAF community. Soil samples were
collected from the same sampling spot as plants. The following edaphic
parameters, representing critical properties of the abiotic environment,
were measured in all datasets: pH, soil nitrogen concentration (N) and
carbon to nitrogen ratio (C/N; used as an indicator for soil nitrogen
availability or soil fertility). Edaphic variables were obtained in the
same way for all datasets (described in detail in Mundra et al., 2015;
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Fig. 1. Bistorta vivipara plants from the four concat-

enated datasets were collected from nine localities on

Spitsbergen. The localities represent different habi-
Tro| | kje| de ne tats:  glacier forefronts  (Renardbreen and
Hgrbyebreen), soil around hot springs (Trollkjel-
dene), arctic steppe (Ringhorndalen), hydrocarbon-
rich site (Kvalvdgen), nutrient-rich mine-contami-
nated site (Bjgrndalen, tailings from a mine),
nutrient-rich tundra located under bird cliffs (Vest-
pynten) and two natural tundra patches both located
in Adventdalen (snow fence experimental setup and
Isdammen).

Ringhorndalen
Horbyebreen
Vestpynten
Bjarndalen
Isdammen
Adventdalen
Kvalvagen

Renandbreen

Mundra et al., 2016; Mundra et al., 2015 a).

2.4. Fungal data

Bistorta vivipara roots were cleaned within a day after sampling and
fixed in a 2% CTAB extraction buffer until DNA extraction (details
described in each of the publications; Table 1). All datasets targeted the
same fragment of internal transcribed spacer 2 amplified with fITS7a
forward primer (Ihrmark et al., 2012) and reverse primer ITS4 (White
et al., 1990). The amplified fragments were sequenced with Illumina
MiSeq (300bp paired-end reads).

Each dataset was a mixture of sequences located in ‘forward” and
‘reverse’ direction. Thus, first, a mapping file with variable length
barcodes and primer sequences was used to identify sequences in each
location using sabre (https://github.com/najoshi/sabre) and generating
separate R1 and R2 files for each read direction. Next, primers were
clipped, and sequences with ambiguous bases (Ns) were removed using
cutadapt v. 2.5 (Martin, 2011). Python script FastqCombinePairedEnd.
py (https://github.com/enormandeau/Scripts) was used to assure that
each sequence had its pair and were in the matching order for further
analyses. We used an amplicon sequence variants (ASVs) approach
implemented in DADA2 v. 1.11.1 (Callahan et al., 2016) and executed in
Rv. 3.5.2 (R Core Team, 2018; for details see Supplement 2 and scripts
generated for this study). The datasets were analysed using DADA2 ITS
workflow (https://benjjneb.github.io/dada2/ITS_workflow.html).
Fungal data were produced independently for each study; therefore,
they were initially analysed separately due to different error rates for
each sequencing run. Separate ASVs tables were then merged. A
consensus method was used to remove chimeras (3759 out of 11243
input sequences). Sequences shorter than 200bp and six samples with a
very low number of reads were removed. Due to profound differences in
depth of sequencing the ASV table was randomly subsampled (21639
reads per sample; the number of detected ASVs before and after sub-
sampling was highly correlated; Kendall’s T = 0.95). Taxonomy was
assigned using the RDP naive Bayesian classifier implemented in DADA2
using the full UNITE + INSD reference dataset for fungi (UNITE Com-
munity, 2019; sh_general release_dynamic_02.02.2019). All the ASVs
were functionally annotated using the FUNGuild database (Nguyen
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et al., 2016).

Differences in community composition were summarized through
non-metric multidimensional scaling (GNMDS; vegan package (Oksanen
et al., 2019). The first axis that most clearly separated localities and
habitats was used as a proxy for composition in further analyses. We
used both presence-absence based metrics and parameters based on read
abundance to describe RAF communities: ASV diversity (D), a ratio of
symbio- to saprotrophs (Sy/Sa) and GNMDS values for 1st axis as a proxy
for community composition (CC; Table 2).

2.5. Statistical analyses and model selection

The statistical analyses were performed in R v. 3.5.2 (R Core Team,
2018). Based on available literature of soil and weather influence on
fungi and plant interactions in the Arctic (Table 3), we built seven hy-
pothetical causal path models relating abiotic variables to the three
metrics characterizing the fungal community and plant morphological
measurements (solid lines in Fig. 2). The unbranched rhizome of
B. vivipara elongates with age, providing space for new roots to stem
from its distal end (Diggle, 1997) and therefore increasing the richness
of recruited RAF (Thoen et al., 2019). Randomised sampling schemes in
each of the studies included in our study excluded the potential influ-
ence of plant age on the results. For the full model, we assumed that all
three fungal parameters influence all three plant measures, in addition
to abiotic factors impacting both fungal and plant variables.

There is a growing body of evidence suggesting that RAF might not
always provide benefits for its hosts (Agren et al., 2019; Corréa et al.,
2006; Noé and Kiers, 2018). Additionally, resources provided by RAF
can be used to address many current needs within a host, which perhaps
could not be manifested in a larger investment in growing different body
parts. Thus, we tested models hypothesizing that changes in fungal
richness and community composition along the sample gradient are not
essential for specific plant measurements. Therefore, in the three sub-
sequent models, we preserved all the relationships omitting only the
fungal variables’ link to a specific plant response (I/S, RV or LL was not
influenced by fungi). In the next model, we, hypothesized that CC is not
an important parameter for any of the plant measurements. Addition-
ally, we combined this last model with the best model obtained from
simplifying the relationships between fungi and plants responses.

Finally, in our null model, to evaluate whether fungal parameters
have any impact on plant measurements, we removed all connections
between fungal parameters and plant measurements. In all the models,
we treated edaphic and meteorological variables as independent. We are
aware that they can affect each other, but this was not the focus of the
study. The strongest correlation among them was between N and C/N (r
= —0.64). We also did not hypothesize any causal links between the
fungal parameters. Concerning the plant variables, we assumed a causal
link between rhizome volume and leaf length, because leaf growth in the
start of the season depends on stored resources. Locality was used as a
random effect in all the models because: (i) fungal community compo-
sition usually shows a high spatial variation (e.g. Blaalid et al., 2014),
(ii) preliminary ordinations showed that in our dataset fungal commu-
nities differed between localities and (iii) plants may have local adap-
tations influencing growth. Additionally, for the site we accounted for

Table 2

Metrics used to describe the fungal community used in this study for presence
absence data and number of reads, respectively. All the parameters were
calculated using a rarefied table containing amplicon sequence variants (ASVs).

Fungal parameter Presence-absence table Abundance table

Diversity (D) richness (number of Shannon-Wiener (H')

ASV) index

Symbio— ratio of ASVs ratio of reads
———— (Sy/S
Saprotrophs (Sy/82)
Community composition GNMDS 1st axis score GNMDS 1st axis score
cC
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Table 3

Relationships between abiotic factors and root-associated fungi or plant metrics
documented in the literature. Some of the relationships have been demonstrated
generally for arctic plants and arctic fungi, and have not been specifically shown
in B. vivipara. Abbreviations: N - soil nitrogen content; C/N - ratio of soil nitrogen
to soil carbon content; p - precipitation, t - temperature, B.v. - whether the study
was specifically conducted on B. vivipara plants or B. vivipara root-associated

fungal communities.

Causal Association ~ Response variable Study/from By
variable
SOIL: PLANTS:
N positive below-ground biomass ~ Van Wijk et al., no
allocation 2003/Low Arctic
N&C/N  positive leaf (length, width, Wookey et al. yes
area), corm dry (1994)/Svalbard
weight,spike length,
number of bulbils per
spike,individual bulbil
dry weight
pH negative plant performance Totland and Nyléhn yes
(1998)/alpine tundra,
Norway
CLIMATE: PLANTS:
p positive leaf area Wookey et al. yes
(1994)/Svalbard
t positive metabolism rate Billings and Mooney no
(growth, productivity (1968)/circumpolar &
etc.) alpine
positive sexual reproduction Billings and Mooney no
(1968)/circumpolar &
alpine
positive spike length Wookey et al. yes
(1994)/Svalbard
positive leaf length and plant Baruah et al. yes
height in (2017)/subarctic,
tussocktundra; leaf Sweden
width and plant height
inDryas heath
negative leaf length in Dryas Baruah et al. yes
heath and wet (2017)/subarctic,
meadow Sweden
SOIL: FUNGI:
N negative richness Siciliano et al. no
(2014)/circumpolar
C/N negative richness Ni et al. (2018)/alpine no
tundra
pH negative richness Siciliano et al. no
(2014)/circumpolar
positive abundance of Canini et al. no
ectomycorrhizal fungi (2019)/Greenland
CLIMATE: FUNGI:
P positive richness Botnen et al. (2019)/* yes
t positive richness Botnen et al. (2019)/* yes

* Austria, Scotland, Mainland Norway, Iceland, Jan Mayen and Svalbard.

in-between year variation by using year-specific climatic variables.

We applied structural equation modelling (SEM) to carry out an
exploratory path analysis of these models, using the psem function in the
piecewiseSEM package (Lefcheck, 2016). The SEM was composed of
linear mixed-effects models (LMMs) for each fungi parameter and plant
measurement, which was fitted using the Ime function in nlme package
(Pinheiro et al., 2020). The fit of the separate LMMs were assessed
graphically for normality of the residuals. Residuals clearly deviating
from the expected distribution on a quantile-quantile plot with stand-
ardised residuals > |3| were considered as outliers and these data points
were therefore excluded.

The analysis was performed using both presence-absence and read
abundance metrics for the fungal community. Because some of the
fungal parameters were correlated, we included non-directed correla-
tions among them in the SEM to make it possible to estimate the paths in
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Fig. 2. Schematic illustration of a conceptual plant-centric model representing
relationships between variables suggested by the literature and tested in this
study. Solid lines are associations that were researched by studies from the
Arctic; dashed lines were described by fewer studies, mainly from other regions.
The full model includes all possible links between each abiotic, fungal and plant
variable. Abbreviations and symbols: N - soil nitrogen content; C/N - the ratio of
soil nitrogen to soil carbon content; p- precipitation; t - temperature; D - di-
versity; Sy/Sa - the ratio of symbio- to saprotrophs; CC - fungal community
composition; I/S - the ratio of inflorescence to stem length; RV - rhizome vol-
ume; LL - leaf length of the longest leaf.

our exploratory model. This was the case for CC and Sy/Sa based on
presence-absence and for Sy/Sa and D based on read abundance. The
distributions of all variables were assessed graphically, and some were
log- or logit-transformed to assure roughly normal distributions. All
variables were scaled to 0 mean and a standard deviation of 1 to make
effect sizes comparable.

A prerequisite for a SEM model to be considered as fitting was
Fisher’s C p-value > 0.05 (Shipley, 2013). The best models among the
candidate sets described above were chosen based on the lowest AIC
values. Both of these values were calculated within the psem function.
We used statistically significant estimates from the best fitting
presence-absence model to calculate indirect effects of abiotic factors on
plant measures.

The combined dataset consisted of 214 B. vivipara plant measure-
ments with associated edaphic data and corresponding RAF data. For the
SEM, we excluded all observations with missing values resulting in a
final dataset with 188 plants (after excluding outliers the presence-
absence dataset had 187 data points and the abundance dataset had
185).

3. Results
3.1. Models based on presence-absence fungal parameters

The best-fitting presence-absence path model (Table 4) supported
the hypothesis that fungal CC does not impact plant measurements
within the range of CC variation in the sampling gradient in our study.
Simultaneously no fungal parameters affect the 1/S. The second best-
fitting model with a relative difference AAIC <1, supported the
related hypothesis that I/S does not depend on any of the fungal pa-
rameters included in this study, but included the effect of CC on other
plant parameters.

In the best-fitting and most parsimonious model, fungal community
richness and the ratio of symbiotrophic to saprotrophic species were
related to plant measurements as follows (Fig. 3): fungal richness was
positively related to RV (path coefficient + standard error = 0.26 +
0.07, p < 0.001); full list of all the effect sizes in Supplement 4a) and Sy/
Sa was negatively related to LL (—0.20 + 0.07, p = 0.004). Except for the
fungal metrics, the RV also showed positive correlations with p (0.29 +
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Table 4

Summary of the models and statistics used to select the best fitting model. Each
model reflects a separate hypothesis. The full model includes all possible links
between each fungal variable and each plant variable. Subsequent models
exclude some of the links, as indicated in the name of each model. Abbreviations:
1/S - ratio of inflorescence to stem length; RV - rhizome volume; LL - leaf length;
CC - root-associated fungal community composition. The best model for each
approach is highlighted in bold. Models which don’t fit based on the test of
directed separation are in italics.

Model Fisher’s C p AIC
Presence-absence
Full 3.2 0.780 121.23
1/S does not depend on fungi 8.9 0.837 118.86
RV does not depend on fungi 28.0 0.014 138.00
LL does not depend on fungi 22.3 0.073 132.31
Fungal CC not important 10.3 0.739 120.32
Fungal CC not important + no I/S 12.0 0.849 117.97
No effect of fungi on plants 42.9 0.020 140.86
Abundance

Full 7.1 0.529 123.07
1/S does not depend on fungi 11.7 0.632 121.68
RV does not depend on fungi 13.6 0.482 123.58
LL does not depend on fungi 13.4 0.492 123.44
Fungal CC not important 13.5 0.491 123.45
Fungal CC not important + no I/S 13.5 0.759 119.53
No effect of fungi on plants 21.3 0.728 119.28

0.11, p = 0.01). LL was negatively impacted by N content (PC + SE =
—0.20 £+ 0.08, p = 0.02) and t (—0.34 + 0.08, p < 0.001). The highest
estimate in our model suggested a positive correlation between RV and
LL (0.53 £ 0.06, p < 0.001).

Meteorological data had a clear effect on fungal parameters: p had a
positive effect on Sy/Sa (0.44 + 0.21, p < 0.04), and t on fungal CC
(0.27 £ 0.09, p = 0.003), but t had a negative effect on D (—0.45 + 0.13,
p < 0.001). Based on the best fitting presence-absence model, edaphic
variables did not seem to impact any fungal parameters and plant
measurements except the already mentioned N content impact on LL. On
the other hand, t correlated with multiple fungal and plant variables.

Among abiotic factors impacting plant measurements, t affected LL
over three pathways: one direct (negative, path coefficient = —0.34) and
two indirect: positive through RV (path coefficient = 0.29 * 0.53 =
0.154) and negative through fungal D (path coefficient = —0.45 * 0.26
= —0.117). The direct effect was therefore the strongest and the two
indirect effects were of comparable magnitude, but opposite directions.

3.2. Abundance model

The best-fitting path model based on read abundance supported the
hypothesis that fungal parameters do not impact any plant measure-
ments within the range of fungal parameters’ variation in the sampling
gradient in our study (Table 4). Another model that differed by AAIC =
0.25 supported the same hypothesis as the best fitting presence-absence
model: fungal CC does not impact plant measurements, and I/S is not
affected by other fungal parameters.

Although the role of fungi in the best model based on abundance
differed substantially from the best model based on the presence-
absence ASV table, some of the statistically significant relationships
between environmental variables and plant measurements were pre-
served (Fig. 3, full list of all effect sizes from both types of models in
Supplement 4). This included the negative correlations between N
content and LL (—0.23 + 0.08, p = 0.005), t and LL (—0.37 4+ 0.08, p <
0.001), as well as the effect of t on CC (0.31 + 0.09, p < 0.001). Also, the
relationship between the two plant variables RV and LL, showed the
same magnitude as in the best fitting presence-absence model (0.54 +
0.06, p < 0.001). The best fitting abundance model did not support any
indirect effects of abiotic factors mediated by fungal parameters.

The abundance-based model revealed links between edaphic and
fungal parameters that were not statistically significant in the presence-
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Fig. 3. Path diagram showing resulting connections between predictor and
response variables in the best fitting models. Statistically significant (p < 0.05)
links are depicted by arrow colours (positive or negative nature of the rela-
tionship) and thickness (relationship magnitude); the numbers are estimates
from the models. Abbreviations and symbols: N - soil nitrogen content; C/N -
the ratio of soil nitrogen to soil carbon content; p - precipitation; t - tempera-
ture; D - diversity; Sy/Sa - the ratio of symbio- to saprotrophs; CC - fungal
community composition; I/S - the ratio of inflorescence to stem length; RV -
rhizome volume; LL - leaf length of the longest leaf. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

absence model. N content and C/N ratio correlated negatively with Sy/
Sa (—0.28 + 0.10, p = 0.007 and —0.20 + 0.10, p < 0.04; respectively).
The N content positively impacted fungal diversity (0.24 £+ 0.11, p <
0.04).

3.3. Variance in fungal and plant response variables

In both best fitting models, the variance in plant measurements was
on average better explained by fixed factors than the variance in fungal
parameters (marginal RZ = 0.02-0.44 vs 0.07-0.26, Table 5). However,
overall, the variance explained by fixed factors was rather low. On the
other hand, locality included as a random factor explained on average
more variation in fungi than in plants (conditional R? - marginal R? =
0.03-0.58 and 0.01-0.33, respectively). The high proportion of variance
explained for fungal response variables was especially pronounced in
presence-absence compared to the abundance model (conditional R? -
marginal R? = 0.40-0.58 and 0.03-0.48, respectively).
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Table 5

Proportion of variance explained without (marginal R?) and with random factors
(conditional R?). Locality was used as a random factor in all of the models.
Abbreviations: D - diversity; Sy/Sa - the ratio of symbio- to saprotrophs; CC -
fungal community composition; I/S - the ratio of inflorescence to stem length;
RV - rhizome volume; LL - leaf length of the longest stem leaf.

Presence-absence model Abundance model

CC does not impact plants + no I/S No effect of fungi on plants

Response  Marginal R>  Conditional R* Marginal R Conditional R?
Fungi:

D 0.11 0.51 0.07 0.32

Sy/Sa 0.16 0.56 0.08 0.11

CC 0.26 0.84 0.18 0.66

Plant:

1/S 0.02 0.34 0.02 0.33

RV 0.24 0.39 0.15 0.24

LL 0.44 0.46 0.42 0.43

4. Discussion

Our exploratory study revealed that measurements of below- and
aboveground plant organs responded in opposite ways to average July
temperature, the effects of which were both direct and mediated by
parameters of the RAF community. Regarding fungal parameters, both
species richness and functional diversity were important for plant per-
formance measurements, but not the specific community composition.

Our study revealed that among the abiotic factors temperature was
the most important element, reflecting its immense significance in
physical constraints for arctic biota (Billings, 1987) and the general
tendency of modifying interactions between organisms (Bideault et al.,
2019). However, our results also suggest that the impact of temperature
on an arctic plant is far more complex than previously thought (Chapin,
1983; De Long et al., 2015; Rinnan et al., 2020) and perhaps unpre-
dictable (De Long et al., 2019). Our results showed different influences
of temperature on below- and aboveground plant measurements (Fig. 3),
which question current methods of monitoring changes in arctic vege-
tation, such as the use of normalized difference vegetation index (NDVI)
as a proxy for plant biomass. This technology advanced the under-
standing of vegetation biomass dynamics simultaneously over vast and
otherwise under-sampled areas of the Arctic (e.g. Myers-Smith et al.,
2020; Myneni et al., 1997; Phoenix and Bjerke, 2016). However, it is
based on remote measurements of Earth’s surface reflectance, and
therefore takes into consideration only aboveground changes in foliage.
In these methods plants’ below-ground productivity and biomass are
disregarded, probably resulting in underestimation of the overall impact
of increased temperatures on plants, such as B. vivipara, which is an
ubiquitous species in the Arctic and essential food source for ptarmigans
(Steen and Unander, 1985), geese (Anderson et al., 2012) and reindeer
(Bjorkvoll et al., 2009). Temperature had a direct opposite effect of
similar magnitude on LL and RV (—0.34 vs 0.29, respectively), addi-
tionally complicated by indirect fungal effects. This suggests that NDVI
can easily underestimate the impact of warming on overall plant
biomass and confuse understanding of carbon stocks dynamics. Pres-
ently, there are no tools that can be used to scan below-ground plant
biomass at scales similar to NDVI. However, more laborious in situ
methods, e.g. minirhizotrons, are used to measure below-ground
biomass (Wilson, 2014). Their use significantly enhances our under-
standing of the dynamics in belowground biomass allocation. Never-
theless, temperature affecting a host plant through multiple direct and
indirect pathways generates major difficulties in projections of the
future response of ecosystems to warming.

The temperature also affected two measures of RAF: diversity and
community composition. Parameters associated with RAF communities,
such as richness and the ratio between symbiotrophic and saprotrophic
ASVs, impacted the plant both positively and negatively, thus balancing
themselves out. The mechanism behind fungal mediation of temperature
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is not clear. However, there are other molecular and physiological
characteristics that could explain the influence of fungi on plant per-
formance mechanistically. For instance, secretion of fungal signalling
molecules, such as volatile organic compounds (Schenkel et al., 2018) or
plant-like hormones (Chanclud and Morel, 2016; Han and Kahmann,
2019) that can be translocated to host plant cells and there elicit a
physiological response. Release of these molecules could be
temperature-dependent. Similarly, plant-based responses to these sig-
nals could also be at least partly temperature-dependent, e.g. release of
root exudates (Canarini et al., 2019).

The finding of negative impact of nitrogen on leaf length was un-
expected in light of previous findings (Fig. 3; Wookey et al., 1994).
Bistorta vivipara is regarded as a pioneer plant (Dormann et al., 2002),
able to cope with severe conditions and resource limitations (Davey
et al., 2015; Miihlmann et al., 2008). In a High Arctic nitrogen-rich
habitat, such as bird cliffs, where the competition between organisms
is high, it is most likely outcompeted by other plants. Additionally, these
nutrient-rich habitats are characterised by an increased number of plant
interactions with herbivores, such as reindeers or geese, that can elim-
inate foliage and may change the ratio of below to above ground plant
parts.

Almost all symbiotrophic RAF of B. vivipara in Svalbard are ecto-
mycorrhizal (Davey et al., 2015; Mundra et al., 2015 a). Since these
fungi exchange nitrogen with plants in return for versatile carbon me-
tabolites (Hobbie and Hobbie, 2006), we hypothesized that in a
resource-limiting environment this fungal trophic mode could promote
bigger plants (Tedersoo et al., 2020) with bigger leaves. This way, fungi
could potentially influence the number and amount of metabolites that
the plant could produce in return and share in its rhizosphere. However,
our results showed the opposite scenario, where Sy/Sa had a negative
effect on leaf length, suggesting that more fungal partners enhance
competition over scarce resources (Kennedy, 2010). When accounted for
separately, the richness of symbio- and saprotrophs did not show any
associations with plant measurements (data not shown). However, the
ratio of their richness did, perhaps reflecting the characteristics of soil
conditions in different localities. Small ratio of Sy/Sa was found in lo-
calities with little organic matter (Supplementary 3), suggesting that this
parameter mirrors fertility properties of soil (soil organic matter content
could not be included in the SEM analysis, because it was lacking for 5%
percent of the samples). When soil organic matter content is low, colo-
nizing plant roots ensure fungal access to an easily accessible pool of
carbon from root exudates (Baldrian and Kohout, 2017). Although the
B. vivipara root system is relatively compact and flexible, growing in
mineral soils could promote longer roots to assure access to quickly
drained soil water, e.g. at early stages of soil development in glacier
forefronts (Frenot et al., 1998). Intense disturbance caused by peri-
glacial processes in these habitats may contribute to physical breaks in
fine roots or associated fungal mycelium, perhaps leading to an increase
in the number of saprotrophic fungal species. Alternatively, sapro-
trophic fungi could be among the first organisms in primary community
assembly, based on their ability to use organic carbon from heterotro-
phic communities of invertebrates that feed on allochthonous organic
matter. This is now recognized as a crucial step in primary succession
before establishment of autotrophs (Hodkinson et al., 2001, 2002;
Jumpponen, 2003).

Our finding that fungal community composition does not affect plant
measurements could perhaps originate from strong environmental
filtering of root-associated fungal communities (Blaalid et al., 2014).
High physicochemical heterogeneity of arctic soils corresponds with
distinct RAF community composition observed at different scales
(Bjorbzekmo et al., 2010; Blaalid et al., 2012; Botnen et al., 2019;
Mundra et al., 2015 a). A set of physicochemical conditions that trans-
late into ecological niches selects fungal species that can withstand and
thrive in these locality-specific combinations of factors. Principally,
abiotic factors have previously been shown to affect fungal parameters
(Botnen et al., 2019; Canini et al., 2019; Ni et al., 2018; Siciliano et al.,
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2014). Relationships between variables collected from literature
searches (Table 3) were, in general, poorly reflected in the results of our
models (Fig. 3). In most cases, we saw no effect of these abiotic drivers
on neither plants nor fungi. It was especially pronounced in RAF com-
munity composition, suggesting other sources of the differences that are
specifically connected to locality (Mundra et al., 2016). These could be
other edaphic factors not included in this study (e.g. phosphorus (Darcy
et al., 2018) or heavy metal concentrations (Hanaka et al., 2019),
competition (Bell et al., 2013; Kennedy, 2010) or other factors that
historically impacted the community assembly (Nemergut et al., 2014)).
Nevertheless, the fact that arctic ectomycorrhizal RAF display little or no
affinity to host species (Botnen et al., 2014) suggests that the fungal
contribution to plants reflects mitigation of locality-specific conditions,
rather than individual species needs. Similar conclusions were made in
edge soil habitats beyond the Arctic. For instance, RAF communities in
soil characterised by combined effects of poor nutritional and water
status (Marasco et al., 2018) or high contamination levels (Gil-Martinez
et al., 2018) seem to also be host-independent and highly variable be-
tween sites. In this study we did not look into the percentage of root
colonisation in the different habitats, taxonomically specific analyses,
the fraction of fungi that are metabolically active or their specific ac-
tivities, but we think that these could be next steps in future analyses.

To explain discrepancies in results between presence-absence and
read abundance models, it is necessary to identify possible sources of
variation in read abundances in fungal metabarcoding studies. Fungal
species vary in the copy number of ribosomal DNA (rDNA; 14-1442),
and this number is independent of genome size or ecological roles, such
as guild or trophic mode (Lofgren et al., 2019). Strains of the same
fungal species, especially yeast, can exhibit high variation of rDNA copy
number (Kwan et al., 2016; Liti et al., 2009). Relative abundances of
reads are sometimes used as a proxy for the relative biomass contribu-
tions of some species (Deagle et al., 2019). However, a quantitative
meta-analysis found only a weak relationship between the two (Lamb
et al., 2019). Read abundance can be profoundly affected by methodo-
logical biases at several steps during metabarcoding procedures, starting
from the choice of primers through wet-lab methods, including
sequencing, to bioinformatic pipelines (Lindahl et al., 2013; Nguyen
et al., 2015; Song et al., 2015; Taylor et al., 2016). However, in our
study, the main pathways affecting plants directly and not through
fungal parameters remained present in both best-fitting models. This
supports prevalence of a biological signal over methodological biases
from abundance data. On the other hand, the abundance-based model in
this study showed clear links between fungal parameters and soil
fertility (N and C/N) mirroring the stoichiometric state of the environ-
ment (Elser et al., 2000) and temperature that controls the rate of
biochemical reactions.

Here we demonstrated that fungal parameters, such as richness and
functional diversity, could mediate the influence of abiotic factors on
host plants, but the underlying mechanisms remain unknown. It is not
clear how different fungal species contribute to plants’ biometrics, how
many resources are being exchanged with plants and how that changes
with RAF variation in time and space. Not only molecular identification,
but also establishing biomass estimations for both fungi and bacteria
could help to understand below-ground dynamics. Low proportion of
variance explained by fixed factors showed that there is a strong need to
obtain and include more abiotic and biotic variables that were not
considered in this study but are of high importance for fungi and plants.
Controlled experiments could potentially help to address these un-
certainties. Additionally, morphological characterization of multiple
plant species, biomass and nutrient concentration measurements in
separate plant parts would ensure precise comparisons between plant
life strategies in variable habitats and distant locations. Another critical
aspect in making these links is to include the host plant genotype to
accurately tie its phenotype to the influence of the environment (de
Villemereuil et al., 2016). A comprehensive interdisciplinary study
employing various methods could help to develop a mechanistic
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understanding of links between above- and below-ground biota,
including other taxonomic groups. Elucidating these functional re-
lationships between the components of Arctic ecosystems is a critical
step towards understanding the dynamics of soil carbon pools and
decrease associated uncertainties (Wieder et al., 2019; Zha and Zhuang,
2018).

Author contributions statement

MW, DE, SM, PB, AV - wrote and edited the manuscript; MW, AV -
analysed sequencing data; MW, DE - did statistical modelling; SM -
collected and processed soil samples, measured abiotic parameters,
generated sequencing data, PB - developed the idea and provided
funding.

Additional information

The already published datasets are available online at Dryad re-
pository (Botnen et al., 2020; Mundra et al. 2015, 2016). The other
dataset containing B.vivipara root-associated fungal sequences used in
this study are available at 10.5281/zenodo0.4301997. Environmental
data, scripts generated for bioinformatic and statistical analysis are
available at https://github.com/magdawutkowska/bistorta.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors are thankful to all the people that contributed to the
terrestrial part of the MicroFun project through collecting and process-
ing the samples. This research was funded by the University Centre in
Svalbard (UNIS), as well as ConocoPhillips and Lundin Petroleum
through The Northern Area Program. The Svalbard Science Forum is
acknowledged for providing Arctic Field Grant to SM (2012 and 2013),
for sampling in Svalbard (project code 220126/E10; RIS ID 5009). We
also thank the Governor (Sysselmannen, Longyearbyen) for permitting
us to collect the root and soil samples from Svalbard. We would like to
thank anonymous reviewers for their insightful comments and
suggestions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.s0ilbio.2021.108284.

References

/‘-’\gren, G.I., Hyvonen, R., Baskaran, P., 2019. Ectomycorrhiza, friend or foe? Ecosystems
22 (7), 1561-1572. https://doi.org/10.1007/s10021-019-00356-y.

Almario, J., Jeena, G., Wunder, J., Langen, G., Zuccaro, A., Coupland, G., Bucher, M.,
2017. Root-associated fungal microbiota of nonmycorrhizal Arabis alpina and its
contribution to plant phosphorus nutrition. Proceedings of the National Academy of
Sciences 114 (44), E9403-E9412. https://doi.org/10.1073/pnas.1710455114.

Anderson, H.B., Godfrey, T.G., Woodin, S.J., van der Wal, René, 2012. Finding food in a
highly seasonal landscape: where and how pink footed geese Anser brachyrhynchus
forage during the Arctic spring. Journal of Avian Biology 43 (5), 415-422. https://
doi.org/10.1111/j.1600-048X.2012.05699.x.

Baldrian, P., Kohout, P., 2017. Interactions of saprotrophic fungi with tree roots: can we
observe the emergence of novel ectomycorrhizal fungi? New Phytologist 215 (2),
511-513. https://doi.org/10.1111/nph.14665.

Baruah, G., Molau, U., Bai, Y., Alatalo, J.M., 2017. Community and species-specific
responses of plant traits to 23 years of experimental warming across subarctic tundra
plant communities. Scientific Reports 7 (1), 1-11. https://doi.org/10.1038/s41598-
017-02595-2.

Baxter, J.W., Dighton, J., 2001. Ectomycorrhizal diversity alters growth and nutrient
acquisition of grey birch (Betula populifolia) seedlings in host-symbiont culture

Soil Biology and Biochemistry 159 (2021) 108284

conditions. New Phytologist 152 (1), 139-149. https://doi.org/10.1046/j.0028-
646x.2001.00245.x.

Begum, N., Qin, C., Ahanger, M.A., Raza, S., Khan, M.L,, Ashraf, M., Ahmed, N.,
Zhang, L., 2019. Role of arbuscular mycorrhizal fungi in plant growth regulation:
implications in abiotic stress tolerance. Frontiers in Plant Science 10. https://doi.
org/10.3389/fpls.2019.01068.

Bell, T., Callender, K., Whyte, L., Greer, C., 2013. Microbial competition in polar soils: a
review of an understudied but potentially important control on productivity. Biology
2 (2), 533-554. https://doi.org/10.3390/biology2020533.

Bideault, A., Loreau, M., Gravel, D., 2019. Temperature modifies consumer-resource
interaction strength through its effects on biological rates and body mass. Frontiers
in Ecology and Evolution 7, 45. https://doi.org/10.3389/fevo.2019.00045.

Billings, W.D., 1987. Constraints to plant growth, reproduction, and establishment in
arctic environments. Arctic and Alpine Research 19 (4), 357-365. https://doi.org/
10.1080/00040851.1987.12002616.

Billings, W.D., Mooney, H.A., 1968. The ecology of arctic and alpine plants. Biological
Reviews 43 (4), 481-529. https://doi.org/10.1111/7.1469-185X.1968.tb00968.x.

Bintanja, R., Selten, F.M., 2014. Future increases in Arctic precipitation linked to local
evaporation and sea-ice retreat. Nature 509 (7501), 479-482. https://doi.org/
10.1038/naturel3259.

Bjorbaekmo, M., Carlsen, T., Brysting, A., Vralstad, T., Hgiland, K., Ugland, K., Geml, J.,
Schumacher, T., Kauserud, H., 2010. High diversity of root associated fungi in both
alpine and arctic Dryas octopetala. BMC Plant Biology 10 (1), 244. https://doi.org/
10.1186/1471-2229-10-244.

Bjerkvoll, E., Pedersen, B., Hytteborn, H., Jénsdéttir, 1.S., Langvatn, R., 2009. Seasonal
and interannual dietary variation during winter in female svalbard reindeer (Rangifer
tarandus platyrhynchus). Arctic Antarctic and Alpine Research 41 (1), 88-96. https://
doi.org/10.1657/1523-0430-41.1.88.

Blaalid, R., Carlsen, T., Kumar, S., Halvorsen, R., Ugland, K.I., Fontana, G., Kauserud, H.,
2012. Changes in the root-associated fungal communities along a primary succession
gradient analysed by 454 pyrosequencing: primary succession of root-associated
fungi. Molecular Ecology 21 (8), 1897-1908. https://doi.org/10.1111/j.1365-
294X.2011.05214.x.

Blaalid, R., Davey, M.L., Kauserud, H., Carlsen, T., Halvorsen, R., Hgiland, K., Eidesen, P.
B., 2014. Arctic root-associated fungal community composition reflects
environmental filtering. Molecular Ecology 23 (3), 649-659. https://doi.org/
10.1111/mec.12622.

Botnen, S.S., Davey, M.L., Aas, A.B., Carlsen, T., Thoen, E., Heegaard, E., Vik, U.,
Dresch, P., Mundra, S., Peintner, U., Taylor, A.F.S., Kauserud, H., 2019.
Biogeography of plant root-associated fungal communities in the North Atlantic
region mirrors climatic variability. Journal of Biogeography 13613. https://doi.org/
10.1111/jbi.13613 jbi.

Botnen, S.S., Mundra, S., Kauserud, H., Eidesen, P.B., 2020. Glacier retreat in the High
Arctic: opportunity or threat for ectomycorrhizal diversity? FEMS Microbiology
Ecology 96 (12), fiaal71. https://doi.org/10.1093/femsec/fiaal71.

Botnen, S., Vik, U., Carlsen, T., Eidesen, P.B., Davey, M.L., Kauserud, H., 2014. Low host
specificity of root-associated fungi at an Arctic site. Molecular Ecology 23 (4),
975-985. https://doi.org/10.1111/mec.12646.

Brevik, A., Moreno-Garcia, J., Wenelczyk, J., Blaalid, R., Eidesen, P.B., Carlsen, T., 2010.
Diversity of fungi associated with Bistorta vivipara (L.) Delarbre root systems along a
local chronosequence on Svalbard. Agarica 29, 15-26.

Brzostek, E.R., Fisher, J.B., Phillips, R.P., 2014. Modeling the carbon cost of plant
nitrogen acquisition: mycorrhizal trade-offs and multipath resistance uptake
improve predictions of retranslocation: carbon cost of mycorrhizae. Journal of
Geophysical Research: Biogeosciences 119 (8), 1684-1697. https://doi.org/
10.1002/2014JG002660.

Callahan, B.J., McMurdie, P.J., Rosen, M.J., Han, A.W., Johnson, A.J.A., Holmes, S.P.,
2016. DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nature Methods 13 (7), 581-583. https://doi.org/10.1038/nmeth.3869.

Canarini, A., Kaiser, C., Merchant, A., Richter, A., Wanek, W., 2019. Root exudation of
primary metabolites: mechanisms and their roles in plant responses to
environmental stimuli. Frontiers in Plant Science 10, 157. https://doi.org/10.3389/
fpls.2019.00157.

Canini, F., Zucconi, L., Pacelli, C., Selbmann, L., Onofri, S., Geml, J., 2019. Vegetation,
pH and water content as main factors for shaping fungal richness, community
composition and functional guilds distribution in soils of western Greenland.
Frontiers in Microbiology 10, 2348. https://doi.org/10.3389/fmicb.2019.02348.

Chanclud, E., Morel, J.-B., 2016. Plant hormones: a fungal point of view: hormones from
fungi. Molecular Plant Pathology 17 (8), 1289-1297. https://doi.org/10.1111/
mpp.12393.

Chapin, F.S., 1983. Direct and indirect effects of temperature on arctic plants. Polar
Biology 2 (1), 47-52. https://doi.org/10.1007/BF00258285.

Chapin, F.S., Shaver, G.R., 1985. Individualistic growth response of tundra plant species
to environmental manipulations in the field. Ecology 66 (2), 564-576. https://doi.
org/10.2307/1940405.

Correéa, A., Strasser, R.J., Martins-Louc¢ao, M.A., 2006. Are mycorrhiza always beneficial?
Plant and Soil 279 (1-2), 65-73. https://doi.org/10.1007/s11104-005-7460-1.
Darcy, J.L., Schmidt, S.K., Knelman, J.E., Cleveland, C.C., Castle, S.C., Nemergut, D.R.,
2018. Phosphorus, not nitrogen, limits plants and microbial primary producers
following glacial retreat. Science Advances 4 (5), eaaq0942. https://doi.org/

10.1126/sciadv.aaq0942.

Davey, M., Blaalid, R., Vik, U., Carlsen, T., Kauserud, H., Eidesen, P.B., 2015. Primary
succession of Bistorta vivipara (L.) Delabre (Polygonaceae) root-associated fungi
mirrors plant succession in two glacial chronosequences: fungi and plants share
successional trajectories. Environmental Microbiology 17 (8), 2777-2790. https://
doi.org/10.1111/1462-2920.12770.


https://github.com/magdawutkowska/bistorta
https://doi.org/10.1016/j.soilbio.2021.108284
https://doi.org/10.1016/j.soilbio.2021.108284
https://doi.org/10.1007/s10021-019-00356-y
https://doi.org/10.1073/pnas.1710455114
https://doi.org/10.1111/j.1600-048X.2012.05699.x
https://doi.org/10.1111/j.1600-048X.2012.05699.x
https://doi.org/10.1111/nph.14665
https://doi.org/10.1038/s41598-017-02595-2
https://doi.org/10.1038/s41598-017-02595-2
https://doi.org/10.1046/j.0028-646x.2001.00245.x
https://doi.org/10.1046/j.0028-646x.2001.00245.x
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.3389/fpls.2019.01068
https://doi.org/10.3390/biology2020533
https://doi.org/10.3389/fevo.2019.00045
https://doi.org/10.1080/00040851.1987.12002616
https://doi.org/10.1080/00040851.1987.12002616
https://doi.org/10.1111/j.1469-185X.1968.tb00968.x
https://doi.org/10.1038/nature13259
https://doi.org/10.1038/nature13259
https://doi.org/10.1186/1471-2229-10-244
https://doi.org/10.1186/1471-2229-10-244
https://doi.org/10.1657/1523-0430-41.1.88
https://doi.org/10.1657/1523-0430-41.1.88
https://doi.org/10.1111/j.1365-294X.2011.05214.x
https://doi.org/10.1111/j.1365-294X.2011.05214.x
https://doi.org/10.1111/mec.12622
https://doi.org/10.1111/mec.12622
https://doi.org/10.1111/jbi.13613
https://doi.org/10.1111/jbi.13613
https://doi.org/10.1093/femsec/fiaa171
https://doi.org/10.1111/mec.12646
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref20
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref20
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref20
https://doi.org/10.1002/2014JG002660
https://doi.org/10.1002/2014JG002660
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.3389/fpls.2019.00157
https://doi.org/10.3389/fmicb.2019.02348
https://doi.org/10.1111/mpp.12393
https://doi.org/10.1111/mpp.12393
https://doi.org/10.1007/BF00258285
https://doi.org/10.2307/1940405
https://doi.org/10.2307/1940405
https://doi.org/10.1007/s11104-005-7460-1
https://doi.org/10.1126/sciadv.aaq0942
https://doi.org/10.1126/sciadv.aaq0942
https://doi.org/10.1111/1462-2920.12770
https://doi.org/10.1111/1462-2920.12770

M. Wutkowska et al.

De Long, J.R,, Fry, E.L., Veen, G.F., Kardol, P., 2019. Why are plant-soil feedbacks so
unpredictable, and what to do about it? Functional Ecology 33 (1), 118-128.
https://doi.org/10.1111/1365-2435.13232.

De Long, J.R., Kardol, P., Sundqvist, M.K., Veen, G.F.C., Wardle, D.A., 2015. Plant
growth response to direct and indirect temperature effects varies by vegetation type
and elevation in a subarctic tundra. Oikos 124 (6), 772-783. https://doi.org/
10.1111/0ik.01764.

de Villemereuil, P., Gaggiotti, O.E., Mouterde, M., Till-Bottraud, I., 2016. Common
garden experiments in the genomic era: new perspectives and opportunities.
Heredity 116 (3), 249-254. https://doi.org/10.1038/hdy.2015.93.

Deagle, B.E., Thomas, A.C., Mclnnes, J.C., Clarke, L.J., Vesterinen, E.J., Clare, E.L.,
Kartzinel, T.R., Eveson, J.P., 2019. Counting with DNA in metabarcoding studies:
how should we convert sequence reads to dietary data? Molecular Ecology 28 (2),
391-406. https://doi.org/10.1111/mec.14734.

Diggle, P.K., 1997. Extreme preformation in alpine Polygonum viviparum: an architectural
and developmental analysis. American Journal of Botany 84 (2), 154-169. https://
doi.org/10.2307/2446077.

Dormann, C.F., Albon, S.D., Woodin, S.J., 2002. No evidence for adaptation of two
Polygonum viviparum morphotypes of different bulbil characteristics to length of
growing season: abundance, biomass and germination. Polar Biology 25 (12),
884-890. https://doi.org/10.1007/s00300-002-0417-4.

Elser, J.J., Sterner, R.W., Gorokhova, E., Fagan, W.F., Markow, T.A., Cotner, J.B.,
Harrison, J.F., Hobbie, S.E., Odell, G.M., Weider, L.W., 2000. Biological
stoichiometry from genes to ecosystems. Ecology Letters 3 (6), 540-550. https://doi.
org/10.1111/j.1461-0248.2000.00185.x.

Frenot, Y., Gloaguen, J.C., Cannavacciuolo, M., Bellido, A., 1998. Primary succession on
glacier forelands in the subantarctic Kerguelen Islands. Journal of Vegetation
Science 9 (1), 75-84. https://doi.org/10.2307/3237225.

Gao, Q., Yang, Z.L., 2016. Diversity and distribution patterns of root-associated fungi on
herbaceous plants in alpine meadows of southwestern China. Mycologia 108 (2),
281-291. https://doi.org/10.3852/14-324.

Gil-Martinez, M., Lépez-Garcia, A., Dominguez, M.T., Navarro-Fernandez, C.M.,
Kjgller, R., Tibbett, M., Maranon, T., 2018. Ectomycorrhizal fungal communities and
their functional traits mediate plant-soil interactions in trace element contaminated
soils. Frontiers in Plant Science 9, 1682. https://doi.org/10.3389/fpls.2018.01682.

Han, X., Kahmann, R., 2019. Manipulation of phytohormone pathways by effectors of
filamentous plant pathogens. Frontiers in Plant Science 10, 822. https://doi.org/
10.3389/fpls.2019.00822.

Hanaka, A., Plak, A., Zagorski, P., Ozimek, E., Rysiak, A., Majewska, M., Jaroszuk-
Scisel, J., 2019. Relationships between the properties of Spitsbergen soil, number
and biodiversity of rhizosphere microorganisms, and heavy metal concentration in
selected plant species. Plant and Soil 436 (1-2), 49-69. https://doi.org/10.1007/
s11104-018-3871-7.

Hartmann, H., Trumbore, S., 2016. Understanding the roles of nonstructural
carbohydrates in forest trees — from what we can measure to what we want to know.
New Phytologist 211 (2), 386-403. https://doi.org/10.1111/nph.13955.

Hewitt, R.E., DeVan, M.R., Lagutina, I.V., Genet, H., McGuire, A.D., Taylor, D.L.,
Mack, M.C., 2020. Mycobiont contribution to tundra plant acquisition of permafrost-
derived nitrogen. New Phytologist 226 (1), 126-141. https://doi.org/10.1111/
nph.16235.

Hobbie, J.E., Hobbie, E.A., 2006. 15N in symbiotic fungi and plants estimates nitrogen
and carbon flux rates in arctic tundra. Ecology 87 (4), 816-822. https://doi.org/
10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2.

Hodkinson, 1.D., Coulson, S.J., Harrison, J., Webb, N.R., 2001. What a wonderful web
they weave: spiders, nutrient capture and early ecosystem development in the high
Arctic — some counter-intuitive ideas on community assembly. Oikos 95 (2),
349-352. https://doi.org/10.1034/j.1600-0706.2001.950217.x.

Hodkinson, 1.D., Webb, N.R., Coulson, S.J., 2002. Primary community assembly on land
— the missing stages: why are the heterotrophic organisms always there first? Journal
of Ecology 90 (3), 569-577. https://doi.org/10.1046/j.1365-2745.2002.00696.x.

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, J.H.,
Lodge, D.M., Loreau, M., Naeem, S., Schmid, B., Setéld, H., Symstad, A.J.,
Vandermeer, J., Wardle, D.A., 2005. Effects of biodiversity on ecosystem
functioning: a consensus of current knowledge. Ecological Monographs 75 (1), 3-35.
https://doi.org/10.1890/04-0922.

Hou, S., Wolinska, K.W., Hacquard, S., 2021. Microbiota-root-shoot-environment axis
and stress tolerance in plants. Current Opinion in Plant Biology 62, 102028. https://
doi.org/10.1016/].pbi.2021.102028.

Thrmark, K., Bodeker, I.T.M., Cruz-Martinez, K., Friberg, H., Kubartova, A., Schenck, J.,
Strid, Y., Stenlid, J., Brandstrom-Durling, M., Clemmensen, K.E., Lindahl, B.D., 2012.
New primers to amplify the fungal ITS2 region—evaluation by 454-sequencing of
artificial and natural communities. FEMS Microbiology Ecology 82 (3), 666-677.
https://doi.org/10.1111/j.1574-6941.2012.01437 .x.

Iversen, C.M., Sloan, V.L., Sullivan, P.F., Euskirchen, E.S., McGuire, A.D., Norby, R.J.,
Walker, A.P., Warren, J.M., Wullschleger, S.D., 2015. The unseen iceberg: plant roots
in arctic tundra. New Phytologist 205 (1), 34-58. https://doi.org/10.1111/
nph.13003.

Jones, P., Garcia, B.J., Furches, A., Tuskan, G.A., Jacobson, D., 2019. Plant host-
associated mechanisms for microbial selection. Frontiers in Plant Science 10, 862.
https://doi.org/10.3389/fpls.2019.00862.

Jonsson, L.M., Nilsson, M.-C., Wardle, D.A., Zackrisson, O., 2001. Context dependent
effects of ectomycorrhizal species richness on tree seedling productivity. Oikos 93
(3), 353-364. JSTOR.

Jumpponen, A., 2003. Soil fungal community assembly in a primary successional glacier
forefront ecosystem as inferred from rDNA sequence analyses. New Phytologist 158
(3), 569-578. https://doi.org/10.1046/j.1469-8137.2003.00767 .x.

Soil Biology and Biochemistry 159 (2021) 108284

Kennedy, P., 2010. Ectomycorrhizal fungi and interspecific competition: species
interactions, community structure, coexistence mechanisms, and future research
directions: tansley review. New Phytologist 187 (4), 895-910. https://doi.org/
10.1111/j.1469-8137.2010.03399.x.

Kwan, E.X., Wang, X.S., Amemiya, H.M., Brewer, B.J., Raghuraman, M.K., 2016. rDNA
copy number variants are frequent passenger mutations in Saccharomyces cerevisiae
deletion collections and de Novo transformants. G3: Genes|Genomes|Genetics 6 (9),
2829-2838. https://doi.org/10.1534/g3.116.030296.

Lamb, P.D., Hunter, E., Pinnegar, J.K., Creer, S., Davies, R.G., Taylor, M.1., 2019. How
quantitative is metabarcoding: a meta-analytical approach. Molecular Ecology 28
(2), 420-430. https://doi.org/10.1111/mec.14920.

Lefcheck, J.S., 2016. piecewiseSEM: piecewise structural equation modelling in R for
ecology, evolution, and systematics. Methods in Ecology and Evolution 7 (5),
573-579. https://doi.org/10.1111/2041-210X.12512.

Lindahl, B.D., Nilsson, R.H., Tedersoo, L., Abarenkov, K., Carlsen, T., Kjgller, R.,
Koljalg, U., Pennanen, T., Rosendahl, S., Stenlid, J., Kauserud, H., 2013. Fungal
community analysis by high-throughput sequencing of amplified markers—a user’s
guide. New Phytologist 199 (1), 288-299. https://doi.org/10.1111/nph.12243.

Liti, G., Carter, D.M., Moses, A.M., Warringer, J., Parts, L., James, S.A., Davey, R.P.,
Roberts, I.N., Burt, A., Koufopanou, V., Tsai, I.J., Bergman, C.M., Bensasson, D.,
O’Kelly, M.J.T., van Oudenaarden, A., Barton, D.B.H., Bailes, E., Nguyen, A.N.,
Jones, M., et al., 2009. Population genomics of domestic and wild yeasts. Nature 458
(7236), 337-341. https://doi.org/10.1038/nature07743.

Lofgren, L.A., Uehling, J.K., Branco, S., Bruns, T.D., Martin, F., Kennedy, P.G., 2019.
Genome-based estimates of fungal rDNA copy number variation across phylogenetic
scales and ecological lifestyles. Molecular Ecology 28 (4), 721-730. https://doi.org/
10.1111/mec.14995.

Loreau, M., 2001. Biodiversity and ecosystem functioning: current knowledge and future
challenges. Science 294 (5543), 804-808. https://doi.org/10.1126/
science.1064088.

Louca, S., Jacques, S.M.S., Pires, A.P.F., Leal, J.S., Srivastava, D.S., Parfrey, L.W.,
Farjalla, V.F., Doebeli, M., 2017. High taxonomic variability despite stable
functional structure across microbial communities. Nature Ecology & Evolution 1
(1), 15. https://doi.org/10.1038/541559-016-0015.

Maestre, F.T., Castillo-Monroy, A.P., Bowker, M.A., Ochoa-Hueso, R., 2012. Species
richness effects on ecosystem multifunctionality depend on evenness, composition
and spatial pattern. Journal of Ecology 100 (2), 317-330. https://doi.org/10.1111/
j.1365-2745.2011.01918.x.

Marasco, R., Mosqueira, M.J., Fusi, M., Ramond, J.-B., Merlino, G., Booth, J.M., Maggs-
Kolling, G., Cowan, D.A., Daffonchio, D., 2018. Rhizosheath microbial community
assembly of sympatric desert speargrasses is independent of the plant host.
Microbiome 6 (1), 215. https://doi.org/10.1186/s40168-018-0597-y.

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.Journal 17 (1), 10. https://doi.org/10.14806/
€j.17.1.200.

Metcalfe, D.B., Hermans, T.D.G., Ahlstrand, J., Becker, M., Berggren, M., Bjork, R.G.,
Bjorkman, M.P., Blok, D., Chaudhary, N., Chisholm, C., Classen, A.T., Hasselquist, N.
J., Jonsson, M., Kristensen, J.A., Kumordzi, B.B., Lee, H., Mayor, J.R., Prevéy, J.,
Pantazatou, K., et al., 2018. Patchy field sampling biases understanding of climate
change impacts across the Arctic. Nature Ecology & Evolution 2 (9), 1443-1448.
https://doi.org/10.1038/s41559-018-0612-5.

Miihlmann, O., Bacher, M., Peintner, U., 2008. Polygonum viviparum mycobionts on an
alpine primary successional glacier forefront. Mycorrhiza 18 (2), 87-95. https://doi.
org/10.1007/s00572-007-0156-z.

Mundra, S., Bahram, M., Eidesen, P.B., 2016. Alpine bistort (Bistorta vivipara) in edge
habitat associates with fewer but distinct ectomycorrhizal fungal species: a
comparative study of three contrasting soil environments in Svalbard. Mycorrhiza 26
(8), 809-818. https://doi.org/10.1007/s00572-016-0716-1.

Mundra, S., Bahram, M., Tedersoo, L., Kauserud, H., Halvorsen, R., Eidesen, P.B., 2015.
Temporal variation of Bistorta vivipara-associated ectomycorrhizal fungal
communities in the High Arctic. Molecular Ecology 24 (24), 6289-6302. https://doi.
org/10.1111/mec.13458.

Mundra, S., Halvorsen, R., Kauserud, H., Miiller, E., Vik, U., Eidesen, P.B., 2015a. Arctic
fungal communities associated with roots of Bistorta vivipara do not respond to the
same fine-scale edaphic gradients as the aboveground vegetation. New Phytologist
205 (4), 1587-1597. https://doi.org/10.1111/nph.13216.

Myers-Smith, I.H., Kerby, J.T., Phoenix, G.K., Bjerke, J.W., Epstein, H.E., Assmann, J.J.,
John, C., Andreu-Hayles, L., Angers-Blondin, S., Beck, P.S.A., Berner, L.T., Bhatt, U.
S., Bjorkman, A.D., Blok, D., Bryn, A., Christiansen, C.T., Cornelissen, J.H.C.,
Cunliffe, A.M., Elmendorf, S.C., et al., 2020. Complexity revealed in the greening of
the Arctic. Nature Climate Change 10 (2), 106-117. https://doi.org/10.1038/
s41558-019-0688-1.

Myneni, R.B., Keeling, C.D., Tucker, C.J., Asrar, G., Nemani, R.R., 1997. Increased plant
growth in the northern high latitudes from 1981 to 1991. Nature 386 (6626),
698-702. https://doi.org/10.1038/386698a0.

Nemergut, D.R., Shade, A., Violle, C., 2014. When, where and how does microbial
community composition matter? Frontiers in Microbiology 5. https://doi.org/
10.3389/fmicb.2014.00497.

Nguyen, N.H., Smith, D., Peay, K., Kennedy, P., 2015. Parsing ecological signal from
noise in next generation amplicon sequencing. New Phytologist 205 (4), 1389-1393.
https://doi.org/10.1111/nph.12923.

Nguyen, N.H., Song, Z., Bates, S.T., Branco, S., Tedersoo, L., Menke, J., Schilling, J.S.,
Kennedy, P.G., 2016. FUNGuild: an open annotation tool for parsing fungal
community datasets by ecological guild. Fungal Ecology 20, 241-248. https://doi.
org/10.1016/j.funeco.2015.06.006.


https://doi.org/10.1111/1365-2435.13232
https://doi.org/10.1111/oik.01764
https://doi.org/10.1111/oik.01764
https://doi.org/10.1038/hdy.2015.93
https://doi.org/10.1111/mec.14734
https://doi.org/10.2307/2446077
https://doi.org/10.2307/2446077
https://doi.org/10.1007/s00300-002-0417-4
https://doi.org/10.1111/j.1461-0248.2000.00185.x
https://doi.org/10.1111/j.1461-0248.2000.00185.x
https://doi.org/10.2307/3237225
https://doi.org/10.3852/14-324
https://doi.org/10.3389/fpls.2018.01682
https://doi.org/10.3389/fpls.2019.00822
https://doi.org/10.3389/fpls.2019.00822
https://doi.org/10.1007/s11104-018-3871-7
https://doi.org/10.1007/s11104-018-3871-7
https://doi.org/10.1111/nph.13955
https://doi.org/10.1111/nph.16235
https://doi.org/10.1111/nph.16235
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1034/j.1600-0706.2001.950217.x
https://doi.org/10.1046/j.1365-2745.2002.00696.x
https://doi.org/10.1890/04-0922
https://doi.org/10.1016/j.pbi.2021.102028
https://doi.org/10.1016/j.pbi.2021.102028
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1111/nph.13003
https://doi.org/10.1111/nph.13003
https://doi.org/10.3389/fpls.2019.00862
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref53
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref53
http://refhub.elsevier.com/S0038-0717(21)00157-7/sref53
https://doi.org/10.1046/j.1469-8137.2003.00767.x
https://doi.org/10.1111/j.1469-8137.2010.03399.x
https://doi.org/10.1111/j.1469-8137.2010.03399.x
https://doi.org/10.1534/g3.116.030296
https://doi.org/10.1111/mec.14920
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/nph.12243
https://doi.org/10.1038/nature07743
https://doi.org/10.1111/mec.14995
https://doi.org/10.1111/mec.14995
https://doi.org/10.1126/science.1064088
https://doi.org/10.1126/science.1064088
https://doi.org/10.1038/s41559-016-0015
https://doi.org/10.1111/j.1365-2745.2011.01918.x
https://doi.org/10.1111/j.1365-2745.2011.01918.x
https://doi.org/10.1186/s40168-018-0597-y
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/s41559-018-0612-5
https://doi.org/10.1007/s00572-007-0156-z
https://doi.org/10.1007/s00572-007-0156-z
https://doi.org/10.1007/s00572-016-0716-1
https://doi.org/10.1111/mec.13458
https://doi.org/10.1111/mec.13458
https://doi.org/10.1111/nph.13216
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1038/s41558-019-0688-1
https://doi.org/10.1038/386698a0
https://doi.org/10.3389/fmicb.2014.00497
https://doi.org/10.3389/fmicb.2014.00497
https://doi.org/10.1111/nph.12923
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006

M. Wutkowska et al.

Ni, Y., Yang, T., Zhang, K., Shen, C., Chu, H., 2018. Fungal communities along a small-
scale elevational gradient in an alpine tundra are determined by soil carbon nitrogen
ratios. Frontiers in Microbiology 9, 1815. https://doi.org/10.3389/
fmicb.2018.01815.

Noé, R., Kiers, E.T., 2018. Mycorrhizal Markets, Firms, and Co-ops. Trends in Ecology &
Evolution 33 (10), 777-789. https://doi.org/10.1016/j.tree.2018.07.007.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E.,
Wegner, H., 2019. Vegan: community ecology package (2.5-4) [computer software].
https://CRAN.R-project.org/package=vegan.

Phoenix, G.K., Bjerke, J.W., 2016. Arctic browning: extreme events and trends reversing
arctic greening. Global Change Biology 22 (9), 2960-2962. https://doi.org/
10.1111/gcb.13261.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., R Core Team, 2020. Nlme: linear and
nonlinear mixed effects models (R package version 3.1-150) [computer software].
https://CRAN.R-project.org/package=nlme.

Poorter, H., Fiorani, F., Pieruschka, R., Wojciechowski, T., van der Putten, W.H.,
Kleyer, M., Schurr, U., Postma, J., 2016. Pampered inside, pestered outside?
Differences and similarities between plants growing in controlled conditions and in
the field. New Phytologist 212 (4), 838-855. https://doi.org/10.1111/nph.14243.

Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P., Mommer, L., 2012. Biomass
allocation to leaves, stems and roots: meta-analyses of interspecific variation and
environmental control: tansley review. New Phytologist 193 (1), 30-50. https://doi.
org/10.1111/j.1469-8137.2011.03952.x.

Post, E., Alley, R.B., Christensen, T.R., Macias-Fauria, M., Forbes, B.C., Gooseff, M.N.,
Iler, A., Kerby, J.T., Laidre, K.L., Mann, M.E., Olofsson, J., Stroeve, J.C., Ulmer, F.,
Virginia, R.A., Wang, M., 2019. The polar regions in a 2°C warmer world. Science
Advances 5 (12), eaaw9883. https://doi.org/10.1126/sciadv.aaw9883.

Qi, Y., Wei, W., Chen, C., Chen, L., 2019. Plant root-shoot biomass allocation over diverse
biomes: a global synthesis. Global Ecology and Conservation 18, e00606. https://
doi.org/10.1016/j.gecco.2019.e00606.

R Core Team, 2018. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. https://www.R-project.org/.

Rinnan, R., Iversen, L.L., Tang, J., Vedel-Petersen, 1., Schollert, M., Schurgers, G., 2020.
Separating direct and indirect effects of rising temperatures on biogenic volatile
emissions in the Arctic. Proceedings of the National Academy of Sciences 117 (51),
32476-32483. https://doi.org/10.1073/pnas.2008901117.

Ronikier, M., Mleczko, P., 2013. Observations on the mycorrhizal status of Polygonum
viviparum in the Polish Tatra Mts. (Western Carpathians). Acta Mycologica 41 (2),
209-222. https://doi.org/10.5586/am.2006.023.

Schenkel, D., Macia-Vicente, J.G., Bissell, A., Splivallo, R., 2018. Fungi indirectly affect
plant root architecture by modulating soil volatile organic compounds. Frontiers in
Microbiology 9, 1847. https://doi.org/10.3389/fmicb.2018.01847.

Schuler, T.V., @stby, T.I., 2020. Sval_Imp: a gridded forcing dataset for climate change
impact research on Svalbard. Earth System Science Data 12 (2), 875-885. https://
doi.org/10.5194/essd-12-875-2020.

Schuur, E.A.G., McGuire, A.D., Schédel, C., Grosse, G., Harden, J.W., Hayes, D.J.,
Hugelius, G., Koven, C.D., Kuhry, P., Lawrence, D.M., Natali, S.M., Olefeldt, D.,
Romanovsky, V.E., Schaefer, K., Turetsky, M.R., Treat, C.C., Vonk, J.E., 2015.
Climate change and the permafrost carbon feedback. Nature 520 (7546), 171-179.
https://doi.org/10.1038/nature14338.

Shi, Y., Xiang, X., Shen, C., Chu, H., Neufeld, J.D., Walker, V.K., Grogan, P., 2015.
Vegetation-associated impacts on arctic tundra bacterial and microeukaryotic
communities. Applied and Environmental Microbiology 81 (2), 492-501. https://
doi.org/10.1128/AEM.03229-14.

Shipley, B., 2013. The AIC model selection method applied to path analytic models
compared using a d-separation test. Ecology 94 (3), 560-564. https://doi.org/
10.1890/12-0976.1.

Siciliano, S.D., Palmer, A.S., Winsley, T., Lamb, E., Bissett, A., Brown, M.V., van Dorst, J.,
Ji, M., Ferrari, B.C., Grogan, P., Chu, H., Snape, I., 2014. Soil fertility is associated
with fungal and bacterial richness, whereas pH is associated with community
composition in polar soil microbial communities. Soil Biology and Biochemistry 78,
10-20. https://doi.org/10.1016/j.s0ilbio.2014.07.005.

Song, Z., Schlatter, D., Kennedy, P., Kinkel, L.L., Kistler, H.C., Nguyen, N., Bates, S.T.,
2015. Effort versus reward: preparing samples for fungal community
characterization in high-throughput sequencing surveys of soils. PloS One 10 (5),
e0127234. https://doi.org/10.1371/journal.pone.0127234.

10

Soil Biology and Biochemistry 159 (2021) 108284

Steen, J.B., Unander, S., 1985. Breeding biology of the svalbard rock ptarmigan Lagopus
mutus hyperboreus. Ornis Scandinavica 16 (3), 191-197. https://doi.org/10.2307/
3676630.

Tarnocai, C., Canadell, J.G., Schuur, E.A.G., Kuhry, P., Mazhitova, G., Zimov, S., 2009.
Soil organic carbon pools in the northern circumpolar permafrost region: soil organic
carbon pools. Global Biogeochemical Cycles 23 (2), GB2023. https://doi.org/
10.1029/2008GB003327.

Taylor, D.L., Walters, W.A., Lennon, N.J., Bochicchio, J., Krohn, A., Caporaso, J.G.,
Pennanen, T., 2016. Accurate estimation of fungal diversity and abundance through
improved lineage-specific primers optimized for Illumina amplicon sequencing.
Applied and Environmental Microbiology 82 (24), 7217-7226. https://doi.org/
10.1128/AEM.02576-16.

Tedersoo, L., Bahram, M., Zobel, M., 2020. How mycorrhizal associations drive plant
population and community biology. Science 367 (6480). https://doi.org/10.1126/
science.abal223.

Thoen, E., Aas, A.B., Vik, U., Brysting, A.K., Skrede, I., Carlsen, T., Kauserud, H., 2019.
A single ectomycorrhizal plant root system includes a diverse and spatially
structured fungal community. Mycorrhiza 29 (3), 167-180. https://doi.org/
10.1007/500572-019-00889-z.

Tilman, D., Reich, P.B., Isbell, F., 2012. Biodiversity impacts ecosystem productivity as
much as resources, disturbance, or herbivory. Proceedings of the National Academy
of Sciences 109 (26), 10394-10397. https://doi.org/10.1073/pnas.1208240109.

Totland, @., Nyléhn, J., 1998. Assessment of the effects of environmental change on the
performance and density of Bistorta vivipara: the use of multivariate analysis and
experimental manipulation. Journal of Ecology 86 (6), 989-998. https://doi.org/
10.1046/j.1365-2745.1998.00318.x.

UNITE Community, 2019. Full UNITE+INSD dataset for fungi. https://doi.org/
10.15156/BI0/786347.

Van Wijk, M.T., Williams, M., Gough, L., Hobbie, S.E., Shaver, G.R., 2003. Luxury
consumption of soil nutrients: a possible competitive strategy in above-ground and
below-ground biomass allocation and root morphology for slow-growing arctic
vegetation? Journal of Ecology 91 (4), 664-676. https://doi.org/10.1046/j.1365-
2745.2003.00788.x.

Vik, U., Logares, R., Blaalid, R., Halvorsen, R., Carlsen, T., Bakke, I., Kolstg, A.-B.,
@kstad, O.A., Kauserud, H., 2013. Different bacterial communities in
ectomycorrhizae and surrounding soil. Scientific Reports 3 (1), 3471. https://doi.
org/10.1038/srep03471.

Virkkala, A.-M., Abdi, A.M., Luoto, M., Metcalfe, D.B., 2019. Identifying
multidisciplinary research gaps across Arctic terrestrial gradients. Environmental
Research Letters 14 (12), 124061. https://doi.org/10.1088/1748-9326/ab4291.

Wardle, D.A., Bardgett, R.D., Klironomos, J.N., Setala, H., van der Putten, W.H., Wall, D.
H., 2004. Ecological linkages between aboveground and belowground biota. Science
304 (5677), 1629-1633. https://doi.org/10.1126/science.1094875.

White, T., Bruns, T., Lee, S., Taylor, F.J.R.M., White, T.J., Lee, S.-H., Taylor, L., Shawe-
Taylor, J., 1990. Amplification and direct sequencing of fungal ribosomal RNA genes
for phylogenetics. PCR protocols: a guide to methods and applications. https://www.
scienceopen.com/document?vid=36d59e39-6250-4a7f{-b5fe-7155abbb4e03.

Wieder, W.R., Sulman, B.N., Hartman, M.D., Koven, C.D., Bradford, M.A., 2019. Arctic
soil governs whether climate change drives global losses or gains in soil carbon.
Geophysical Research Letters 46 (24), 14486-14495. https://doi.org/10.1029/
2019GL085543.

Wilson, S.D., 2014. Below-ground opportunities in vegetation science. Journal of
Vegetation Science 25 (5), 1117-1125. https://doi.org/10.1111/jvs.12168.

Wookey, P.A., Welker, J.M., Parsons, A.N., Press, M.C., Callaghan, T.V., Lee, J.A., 1994.
Differential growth, allocation and photosynthetic responses of Polygonum viviparum
to simulated environmental change at a high arctic polar semi-desert. Oikos 70 (1),
131-139. https://doi.org/10.2307/3545708.

Wookey, Philip A., Aerts, R., Bardgett, R.D., Baptist, F., Brathen, K.A., Cornelissen, J.H.
C., Gough, L., Hartley, L.P., Hopkins, D.W., Lavorel, S., Shaver, G.R., 2009.
Ecosystem feedbacks and cascade processes: understanding their role in the
responses of Arctic and alpine ecosystems to environmental change. Global Change
Biology 15 (5), 1153-1172. https://doi.org/10.1111/j.1365-2486.2008.01801 ..

Zha, J., Zhuang, Q., 2018. Microbial decomposition processes and vulnerable arctic soil
organic carbon in the 21st century. Biogeosciences 15 (18), 5621-5634. https://doi.
org/10.5194/bg-15-5621-2018.


https://doi.org/10.3389/fmicb.2018.01815
https://doi.org/10.3389/fmicb.2018.01815
https://doi.org/10.1016/j.tree.2018.07.007
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1111/gcb.13261
https://doi.org/10.1111/gcb.13261
https://CRAN.R-project.org/package=nlme
https://doi.org/10.1111/nph.14243
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1111/j.1469-8137.2011.03952.x
https://doi.org/10.1126/sciadv.aaw9883
https://doi.org/10.1016/j.gecco.2019.e00606
https://doi.org/10.1016/j.gecco.2019.e00606
https://www.R-project.org/
https://doi.org/10.1073/pnas.2008901117
https://doi.org/10.5586/am.2006.023
https://doi.org/10.3389/fmicb.2018.01847
https://doi.org/10.5194/essd-12-875-2020
https://doi.org/10.5194/essd-12-875-2020
https://doi.org/10.1038/nature14338
https://doi.org/10.1128/AEM.03229-14
https://doi.org/10.1128/AEM.03229-14
https://doi.org/10.1890/12-0976.1
https://doi.org/10.1890/12-0976.1
https://doi.org/10.1016/j.soilbio.2014.07.005
https://doi.org/10.1371/journal.pone.0127234
https://doi.org/10.2307/3676630
https://doi.org/10.2307/3676630
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.1128/AEM.02576-16
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1126/science.aba1223
https://doi.org/10.1007/s00572-019-00889-z
https://doi.org/10.1007/s00572-019-00889-z
https://doi.org/10.1073/pnas.1208240109
https://doi.org/10.1046/j.1365-2745.1998.00318.x
https://doi.org/10.1046/j.1365-2745.1998.00318.x
https://doi.org/10.15156/BIO/786347
https://doi.org/10.15156/BIO/786347
https://doi.org/10.1046/j.1365-2745.2003.00788.x
https://doi.org/10.1046/j.1365-2745.2003.00788.x
https://doi.org/10.1038/srep03471
https://doi.org/10.1038/srep03471
https://doi.org/10.1088/1748-9326/ab4291
https://doi.org/10.1126/science.1094875
https://www.scienceopen.com/document?vid=36d59e39-6250-4a7f-b5fe-7155abbb4e03
https://www.scienceopen.com/document?vid=36d59e39-6250-4a7f-b5fe-7155abbb4e03
https://doi.org/10.1029/2019GL085543
https://doi.org/10.1029/2019GL085543
https://doi.org/10.1111/jvs.12168
https://doi.org/10.2307/3545708
https://doi.org/10.1111/j.1365-2486.2008.01801.x
https://doi.org/10.5194/bg-15-5621-2018
https://doi.org/10.5194/bg-15-5621-2018

	Can root-associated fungi mediate the impact of abiotic conditions on the growth of a High Arctic herb?
	1 Introduction
	2 Methods
	2.1 Study system
	2.2 Datasets
	2.3 Meteorological and edaphic variables
	2.4 Fungal data
	2.5 Statistical analyses and model selection

	3 Results
	3.1 Models based on presence-absence fungal parameters
	3.2 Abundance model
	3.3 Variance in fungal and plant response variables

	4 Discussion
	Author contributions statement
	Additional information
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


