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In the high-Arctic, increased temperature results in permafrost thawing and increased primary production. This
fresh plant-derived material is predicted to prime microbial consortia for degradation of the organic matter
stored in tundra soils. However, the effects of warming and plant input on the microbial community structure is
hardly known. We assessed the use of glycine, a readily available C and N source, and cellulose, a long C-
biopolymer, by prokaryotic and fungal communities using DNA-SIP in tundra soils incubated at 8 °C or 16 °C.
Glycine addition contributed mainly to instantaneous microbial carbon use and priming of soil organic matter
decomposition, particularly under elevated temperature. By contrast, cellulose was linked to the dominant and
active microbial communities, with potential carbon stabilization in soils. Our findings stress the importance of
the type of plant-derived material in relation to microbial metabolism in high-Arctic soils and their consequences
for the carbon cycle in response to global warming.

1. Introduction

Microbial mediated mineralization of soil organic matter (SOM)
stored in Arctic soils is expected to be one of the most important feed-
back effects on the global climate system in response to altered precip-
itation regimes and increased temperature (Schuur et al., 2015). This is
because elevated temperature accelerates microbial processes and in-
creases the availability of easily decomposable organic matter (Chapin
[T etal., 1995; Donhauser et al., 2020), resulting in higher heterotrophic
respiration and C release from soils (Dorrepaal et al., 2009; Lulakova
et al., 2019; Schadel et al., 2016). Elevated temperature, however, leads
to increased primary production (Bintanja and Andry, 2017; Elmendorf
et al., 2012; Hartley et al., 2012; Lynch et al., 2018; Sistla et al., 2013),
but how both climate change and increased plant biomass will influence
the carbon stock in tundra soils is poorly known.

Recent studies revealed that an increase in plant-derived material
may have a potential positive priming effect (i.e. acceleration of C
mineralization following a substrate addition), whereby the excess of C
and N from fresh plant biomass (via litter and root exudates) boosts
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microbial activities (Adamczyk et al., 2020, 2021) and the breakdown of
organic matter stored in tundra soils (Wild et al., 2016). Additional C
may provide prokaryotes and fungi with energy that facilitates the
decomposition of SOM (Blagodatskaya and Kuzyakov, 2008; Fontaine
et al., 2007), while additional N may fuel the synthesis of extracellular
enzymes breaking down polymeric compounds of SOM (Sinsabaugh
et al., 2014). However, C and N sources from plant-derived material
might alternatively reduce the microbial decomposition of native and
relatively recalcitrant SOM. This, termed “negative priming” or
“entombing effect”, involves a decrease in the microbial dependence on
more complex substrates of the native SOM (Kuzyakov et al., 2000) or
the synthesis of compounds stabilizing the soil by the formation of
mineral-organic aggregates (Liang et al., 2017). It follows that enhanced
plant-derived input to Arctic tundra soils might either increase loss of
native soil C, or alternatively promote the formation of newly stabilized
soil C (Street et al., 2020). This implies that the response of vegetation to
warming and its feedback effects on soil microbial communities is a
critical, yet poorly understood, regulator of global C cycling (Blok et al.,
2018; Wild et al., 2016).
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Moreover, the response of soils to warming is also largely governed
by the soil hydrologic regime (Christiansen et al., 2017; Schadel et al.,
2016), with higher rates of C mineralization effects in drier soils (aerobic
decomposition) than in moist soils (anaerobic decomposition). Alter-
nating surface hydrology due to glacier thawing, permafrost thawing
and regional changes in precipitation in the Arctic has expanded the
portion of the tundra that is a fragmented landscape of drier and wetter
soil ecosystems with varying vegetation and C stocks in soils (Jorgenson
et al., 2013; Kern et al., 2019; Schadel et al., 2016). Following a typical
Arctic vegetation toposequence (Kern et al., 2019; Walker et al., 2011),
soil moisture varies from upslope zones (drier) to downslope zones
(wetter). This variation in the Arctic microtopography is expected to add
complexity for predicting the responses of soils to climate change.

Carbohydrates, carboxylic acids, peptides and amino acids are
common components of the organic carbon pool found in Arctic tundra
soils. Polymers such as cellulose, hemicellulose and pectin are the major
structural components of plant litter input in soils (Foster et al., 2016;
Pushkareva et al., 2020; Tveit et al., 2013). Cellulose is a structural C
pool derived from the most abundant plant component in high-latitude
soils (Ivanova et al., 2016; Segura et al., 2017; Tveit et al., 2013).
Glycine, a common component of plant root exudate, is one of the most
abundant amino acids available in tundra soils (Ravn et al., 2017;
Weintraub and Schimel, 2005) and microorganisms as well as most
plants can easily metabolize glycine-derived C and N (Adamczyk et al.,
2021; Andresen et al, 2009, 2014; Sorensen et al., 2008). Decomposition
of plant-derived organic matter in the Arctic tundra requires a cooper-
ation of functional microbial groups (Rime et al., 2016; Tao et al., 2020;
Tveit et al., 2015). However, we do not have a complete picture of which
specific microorganisms carry out critical C transformations in
high-Arctic tundra soils under elevated temperature and varying soil
moisture, and which groups drive the priming effect.

Our aim was to assess the main microbial utilizers of glycine and
cellulose in both upslope and downslope high-Arctic tundra soils under
current mean and elevated summer soil temperatures. We hypothesized
that (1) readily available substrates, such as glycine, cause a more
important priming effect on C utilization than structural plant compo-
nents such as cellulose, leading to (2) a stronger impact on the microbial
community structure, promoting fast growing taxa with putative copi-
otrophic lifestyle. We also expect that (3) environmental factors such as
temperature and soil types with different moisture levels influence the
microbial community structure and its response to C substrate
utilization.

2. Materials and methods
2.1. Site description and soil collection

The soils used for the incubation experiment were collected in
summer 2017 at Knudsenheia (N78°56.544 E11°49.055), situated in the
vicinity of the research settlement of Ny-Alesund (Svalbard). Surface
soils (0-10 cm depth) were collected from three upslope and three
downslope plots along a natural topographic gradient (Kern et al., 2019;
Pushkareva et al., 2020). The upslope plots (N 78°56'22.1”, E 11°
48'28.17, elevation 36.2 m ASL) were situated on a small hilltop or
ridge. Downslope plots (N 78°56'30.7, E 11° 49'41.0, elevation 26.8 m
ASL) were situated close to a pond. Soil samples were collected from
three replicated plots of 1 m? (at least 10 m away from each other). At
each plot, a composite sample was collected and pooled together. The
soil samples were kept at 0.5 °C in air-tight bags in order to minimize
microbial activities and changes within the microbial communities until
being used for the experiment (4 months after collection). Soil
physico-chemical parameters (Table 1) were measured as described in
Kern et al. (2019). Soil organic C and N were quantified after
HCl-fumigation (Walthert et al., 2010).

Upslope soils were drier (15.4 + 0.7% of soil moisture for 0-10 cm
depth, mean + SD) than in the downslope ones (21.3 + 2.8%; Table 1).
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Table 1

Physico-chemical characteristics of the upslope and downslope tundra soils
(topsoil 0-10 cm) at the Knudsenheia site near Ny Alesund. Differences between
the soil types were tested using one-way ANOVA. SOM = soil organic matter, C
= carbon, N = nitrogen, BSCs = biological soil crusts. Parameters with a “*” are
data reported from Kern et al. (2019), where upslope soil correspond to “dry”
and downslope soils to “wet” in Kern et al. (2019). N = 3.

Parameters Upslope Downslope Upslope vs.
Downslope
mean =+ std mean =+ std F P
dev. dev.

Elevation (m ASL) 36.2 26.8

Soil moisture 0-10 cm 15.4 +0.7 21.3 +2.8 14.2 0.020
depth (%)

pH 6.3 +0.9 7.2 +0.3 41.3  0.003

SOM (%) 16.9 +14.5 20.7 +20.9 1.8 0.253

Total C (%) 5.0 +1.1 8.0 +8.6 0.0 0.937

Organic C (%) 4.9 +1.0 7.7 +7.6 0.4 0.846

Total N (%) 0.3 +0.1 0.5 +0.6 0.3 0.618

Organic N 0.3 +0.1 0.5 +0.5 0.4 0.575

Sand (%) 71.1 +9.1 84.7 +5.4 7.8 0.049

Silt (%) 20.6 +8.0 7.3 +2.6 17.4  0.014

Clay (%) 8.3 +1.6 8.0 +5.1 0.07  0.804

*Total vegetation 86.7 +2.9 87.0 +8.2 0.0 0.982
cover (%)

*Coverage higher 21.7 +5.8 5.0 +1.7 349 0.004
plants (%)

*Coverage mosses (%) 0.7 +0.6 6.0 +3.5 10.0 0.034

*Coverage lichens (%) 59.3 +8.3 8.7 +6.4 27.5  0.006

*Coverage BSCs (%) 5.0 +4.4 67.3 +2.5 43.3  0.003

Upslope soils had a significantly lower pH and sand content but con-
tained more silt than the downslope soils. Soil organic matter and
organic C content in both upslope and downslope soils were in similar
range as other high-Arctic soils (Kern et al., 2019). Moreover, the low
nitrogen content in both soils was comparable with high-Arctic tundra
soils from other regions (Kern et al., 2019). The total vegetation cover
did not differ between upslope and downslope plots, but the type of
vegetation varied (Table 1, data from Kern et al., 2019). Upslope zone
was dominated by lichens, corresponding to the snow bed zone along a
typical Arctic landscape toposequence (Kern et al., 2019). In contrast,
biological soil crusts prevailed in the downslope zone which reflected
the topographic entity of an Arctic wetland (Kern et al., 2019).

2.2. Experiment set-up

Stable isotope probing (SIP) incubation experiments were carried out
in microcosms prepared with 15 g (dry mass) of either upslope or
downslope Arctic tundra soil. The soils were previously sieved at 2 mm
and homogenized before being transferred into 100 ml polypropylene
containers (Sarstedt AG, Sevelen, Switzerland) which served as micro-
cosms. The soils were primed with 30 mg of either glycine or cellulose
substrate or without substrate (control). Glycine represented a readily
available substrate serving as a source of both C and N. Glycine sub-
strates contributed up to 0.8% of the total C content in the microcosms
which is about 10% of the total soil C content and in the range of plant
input in Arctic soils (Sorensen et al., 2008). Cellulose represented a C
source requiring cellulase enzymes prior to microbial C assimilation
from that substrate. Cellulose substrates contributed up to 1% of the
total C content in the microcosms. For both glycine and cellulose, mi-
crocosms contained either 2C substrate or '3C-labelled substrate in
order to control GC-content in microbial cell during the SIP procedure
(see “Data Analyses”). The 12¢. and 3¢ (>99% of 3¢ atoms) glycine
molecules used in the incubation were artificially synthesized (Sig-
ma-Aldrich, Buchs, Switzerland). The 12¢ (<1.2% of '3C atoms) and the
13C-enriched (>97% of 13C atoms) cellulose substrate were extracted
from maize leaves (Isolife, Wageningen, The Netherlands).

Soils were gently air dried (at 25 °C) for an optimized mix with the
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substrates, accomplished with an end-over-end shaker mixing the soils
and the substrates for 1 h. Subsequently, the soil moisture in the mi-
crocosms was adjusted to their original soil moisture levels (15% for
upslope and 21% for downslope) with sterile milliQ water. Microcosms
were then incubated in climate chambers either at 8 °C or at or 16 °C
corresponding to soil mid-summer (July) mean temperature and
elevated temperature, respectively. The microcosms were incubated for
21 days with continuous monitoring and adjustment of water content. In
total 120 microcosms were prepared accounting for: 2 soil types (up-
slope and downslope) x 5 labelled/non-labelled substrates (12C-glycine,
13¢C-glycine, 12C-cellulose, 3C-cellulose and control without substrate)
x 2 incubation temperatures (8 and 16 °C) x 2 sampling times (7 days
and 21 days) x 3 replicates.

2.3. CO, and §'3CO, fluxes

To measure CO, and 5'3CO, gas fluxes from soils, the microcosms
were placed in air-tight glass jars (volume = 1L) with a lid equipped with
a septum, enabling gas sampling with a syringe. CO5 production was
measured over a 24 h period at days 1, 3, 5, 7, 10, 14 and 20 of incu-
bation. On these days, jars were hermetically closed for 24h and 1 ml of
accumulated gas was collected and released into an exetainer tube
(Labco limited, Lampeter, United Kingdom). The CO, and 313c0, were
measured with a gas chromatograph (Trace GC Ultra, Thermo Fisher
Scientific, Waltham, MA, USA) coupled with an isotope-ratio mass
spectrometer (IRMS; Delta V Advantage, Thermo Fisher Scientific).
Because the IRMS used to detect the §!3C-CO, signature was not
equipped for measuring a high percentage of '3C atoms, gas sampled
from glycine-amended soils was diluted 100 times with atmospheric gas.
The 813C—C02 values were expressed per mill (%o) in relation to the
Vienna-Pee Dee Belemnite gauged reference material. The percentage of
the derived C from the substrate (%Csubstrate) was derived from 8'°C
values of CO, fluxes from amended and non-amended soils (Tao et al.,
2020):

Scontrol — Sresp

%Csubstrate = ——F————————
Scontrol — Ssubstrate

where é&control is the 613C—C02 of the control non-amended soils,
Streatment is the 8'3G-COy of the treated soil with glycine or cellulose
amendment and Ssubstrate is the 5'3C value of 1C-glycine or 13C-cellu-
lose. From there, the percentage of CO, derived for the original soil
organic carbon was calculated as 100 - %Csubstrate. CO, emission rates
from the soil organics carbon were integrated over the whole incubation
period and priming was calculated as the difference in respired soil
organic carbon between amended samples and controls, as described in
Mau et al. (2015).

2.4. DNA extraction, DNA fractionation and amplicon sequencing

Total DNA was extracted from 0.6 g of soil from each microcosm
after 7 and 21 days of incubation with the DNeasy Powersoil Kit (Qia-
gen, Hilden, Germany). DNA concentration was quantified with the
Picogreen dsDNA quantification Kit (Thermo Fisher). DNA from '3C-
enriched samples (glycine or cellulose '3C-enriched substrate) and
unlabelled samples (12C-enriched substrate and control) were retrieved
by ultracentrifugation (Neufeld et al., 2007; Rime et al., 2016; Zumsteg
et al., 2013b). Five pg DNA was suspended in 5 ml of CSCI buffer and
adjusted to an optical density of 1.4029 + 0.0002 with a Refracto 30PX
(Mettler-Toledo, Greifensee, Switzerland), corresponding to a volu-
metric density of 1.720 g ml~L. The samples were subsequently sealed in
polyallomer tubes (Beckman Coulter, Indianapolis, CA, USA) and
ultracentrifuged at 177,000xg for 40 h at 20 °C (Vti-65.1 vertical rotor
and optimaTM L-80 XP ultracentrifuge, Beckman Coulter). The samples
were then separated into 21 fractions of 250 pl each, collected drop-wise
from the bottom of the tubes. The optical density of each fraction was
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measured (Refracto 30XP). Each fraction was then precipitated with 0.7
ml PolyEthylGlycerol buffer (30% PEG and 1.5 M NaCl; incubation at
37 °C for 1h, centrifugation at 4 °C for 30 min), washed with 150 pl of
70% ethanol and eluted in 30 pl of 10 mM Tris buffer. The DNA content
of each fraction was quantified with Nanodrop (Thermo Fisher Scienti-
fic) and with gel visualization subsequent to amplification of the 16S
rRNA gene. The light fraction was identified as the three fractions
directly below a density of 1.720 g ml™! and the heavy as the three
fractions directly above a density of 1.730 g ml~L. At least four fractions
had a density falling between the light and heavy fractions. The three
light and three heavy fractions were each pooled to form the light (*2C)
and heavy (*3C) fractions for each sample.

PCR amplification of the 16S rRNA gene (region V3-V4, 341F and
806R primers, Frey et al., 2016) and fungal ribosomal internal tran-
scribed spacers (region ITS2, Its and ITS4 primers, Tedersoo et al., 2014)
was performed with both light and heavy fractions, as described previ-
ously (Frey et al., 2016; Frossard et al., 2018). The light and heavy
samples were amplified in triplicate and pooled before purification with
Agencourt AMPure XP beads (Beckman Coulter). Amplicons were sent to
the Génome Québec Innovation Centre (Montreal, Canada) for barcod-
ing using the Fluidigm Access Array technology and paired-end
sequencing on the Illumina MiSeq v3 platform (Illumina Inc., San
Diego, CA, USA).

Prokaryotic and fungal raw sequences were quality filtered, chimeras
and singletons were removed, and high-quality reads were clustered into
operational taxonomic units (OTUs) based on 97% identity as described
previously (Frossard et al., 2018), using a customized pipeline based on
UPARSE (Edgar, 2013; Edgar and Flyvbjerg, 2015) and implemented in
USEARCH v.9.2 (Edgar et al., 2011). Taxonomic assignment of the OTUs
was achieved by querying centroid sequences against the SILVA v.138
(for 16S; Quast et al., 2013) and UNITE v.8.0 (for ITS; Abarenkov et al.,
2010) reference databases using the Bayesian classifier (Wang et al.,
2007) with a minimum bootstrap support of 60% implemented in
MOTHUR (Schloss et al., 2009). Rarefication curves reached saturation,
indicating that sequencing effort was sufficient. Raw sequences were
deposited in the NCBI database under the accession number
PRJINA640992.

2.5. Data analyses

Statistical analyses were performed in the R software v 3.6.2 (R
Development Core Team, 2020). Analyses of variances (ANOVAs) were
conducted on the repeated CO fluxes measurements with a linear mixed
effects model (“lme” function in Ime4 package) to test for significance
between substrates (cellulose, glycine and control), soils (upslope and
downslope) and temperatures (8 and 16 °C), with times (1, 3, 5, 7, 10, 14
and 21 days of incubation) considered as a random factor (repeated
measures design). Tukey’s post-hoc tests were used to determine sig-
nificances among Glycine, cellulose and control treatments. Variables
were log-transformed to achieve normality of the residual distribution
and variance homoscedasticity to ensure validity of the test.

OTUs responding to substrates (i.e. responsive community) were
defined as OTUs whose relative abundance increased by at least a logo-
fold change ratio between the heavy and light fractions of labelled
samples and between amended and control samples. To correct for DNA
GC-content which can impact on the density gradient (i.e. light and
heavy fractions), we selected OTUs which were increased by a logs-fold
change factor between the amended (cellulose or glycine) 3C-labelled
and the amended non-labelled (*2C only). Richness, Shannon diversity
and Pielou’s evenness indices were based on randomly rarefied OTU
abundance matrices. A linear model (Im function) was used to test sig-
nificance between substrates, soils, temperature and incubation time (7
or 21 days) for the relative abundance of the responsive OTUs and alpha-
diversity metrics.

Bray-Curtis dissimilarity matrices were generated based on the
relative abundance of the total and responsive prokaryotic and fungal
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communities, and the overall variability was examined by non-metric
multidimensional scaling (NMDS) ordination plots. Permutational
multivariate analysis of variance (PERMANOVA) was performed to
assess significant between substrates, soil types, temperatures and times
with the function ‘Adonis’ in the vegan package v2.5-6 (Oksanen et al.,
2011). Calculations were based on Bray-Curtis dissimilarities and 10,
000 permutations. Taxonomic networks of the abundant (>10 reads)
prokaryotic and fungal responsive OTUs were generated with Cytoscape
(Cytoscape.org, version 3.7.2) with an edge-weighted algorithm.

3. Results
3.1. CO; and §'3CO; fluxes

Cumulative CO; fluxes over the 21 days of incubation from the soils
amended with glycine reached 37.5 £ 10.2 and 51.5 + 9.8 mg C-CO»
gDM ™! (g Dry Mass, mean = standard eror) for soils incubated at 8 and
16 °C, respectively (Fig. 1A). These values were about 10 times higher
than those for soils amended with cellulose, which reached 4.7 4+ 0.9
and 5.4 & 1.1 mg C-CO, gDM ! at 8 and 16 °C, respectively (Fig. 1B,
Table 2). Cumulative CO, fluxes in the control soils were minimal,
reaching 1.8 + 0.8 and 2.1 + 0.8 mg C-CO, gDM ! for soils incubated at
8 and 16 °C, respectively. While the higher incubation temperature led
to significantly higher cumulative CO; fluxes, soil type (i.e. upslope or
downslope) had no effect on these fluxes (Table 2).

Likewise, both amended substrate type and temperature had

Soil Biology and Biochemistry 162 (2021) 108419

Table 2

Statistical differences (ANOVA) in cumulative CO, fluxes over the 21 days of
incubation and in §!3C-CO, values between substrate (glycine, cellulose and
control), soil type (upslope and downslope) and incubation temperatures (8 and
16 °C), as well as all possible interactions among factors. Cumulative CO fluxes
were extrapolated for the length of the incubation experiment by adjusting the
rates at each new measurement. Significant difference at P < 0.05 are shown in
bold. N = 21.

Factors Cumulative CO, 513¢-co,
Pairwise comparisons —
DF F P F P
Substrate 2, 686.4 <0.001 1454.9 <0.001
Control vs. cellulose 234 <0.001 <0.001
Control vs. glycine <0.001 <0.001
Cellulose vs. glycine <0.001 0.001
Soil type 1, 1.8 0.176 0.1 0.718
234
Temperature 1, 14.6 <0.001 9.8 0.002
234
Substrate x Soil type 2, 0.8 0.458 0.3 0.072
234
Substrate x Temperature 2, 9.5 <0.001 2.5 0.087
234
Soil type x Temperature 1, 0.7 0.408 0.6 0.432
234
Substrate x Soil type x 2, 2.9 0.057 1.9 1.145
Temperature 234
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Fig. 1. Cumulative fluxes of C-CO, (A and B) and 5'3c-Co, signatures (C and D) from the upslope and downslope soils amended with either glycine, cellulose or no
substrate (control) during the 21-day incubation experiment. Cumulative CO, fluxes were extrapolated for the length of the incubation experiment by adjusting the
rates at each new measurement. Lines represent mean rates and individual measurements are shown as data points (N = 3).
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significant effects on 613C—C02 values emitted from the soils (Table 2).
The 5'3C-CO, values from soil amended with glycine incubated at 16 °C
rapidly increased and peaked on day 7, while the values of the glycine-
amended soil incubated at 8 °C peaked only on day 15 (Fig. 1C). The
§'3C-CO,, values of the soil amended with cellulose exhibited a slower
increase and was highest at the end of the 21-day incubation period
(Fig. 1D). At the end of the experiment, most of the C-glycine was
respired in the soils incubated at 16 °C (65.4 + 16.3% for upslope soils
and 95.6 + 25.5% for downslope soils), while only a small percentage
was respired at 8 °C (14.0 + 12.9% for upslope and 20.7 + 2.2% for
downslope soils). Similarly, a small percentage of the C-cellulose was
respired at 8 °C (18.0 + 8.1% for upslope and 29.5 + 11.1% for
downslope), while the percentage was higher at 16 °C (30.1 &+ 11.7% for
upslope and 68.4 + 46.9% for downslope).

Priming was positive for both substrates but was highly enhanced in
the soils amended with glycine, with rates 14 times higher than in
cellulose-amended soils (Fig. 2, Table 3). While priming in glycine-
amended soils was up to 97.3 + 35.8 and 134.1 + 26.7 mgC-CO,
gDM ™! for soil incubated at 8 and 16 °C, respectively, it only reached
7.7 + 2.2 and 8.7 + 2.6 mgC-CO, gDM ! soil for 8 and 16 °C, respec-
tively, in soils amended with cellulose.

3.2. Prokaryotic and fungal alpha-diversity

Subsequent to quality filtering, a total of 5,903,964 prokaryotic and
3,509,049 fungal sequences mapped into 12,053 prokaryotic and 1992
fungal OTUs were recovered from the samples. The ratio of responsive to
total prokaryotic taxa, defined as the percentage of prokaryotic OTUs
responding significantly to substrate addition, was higher in soils
amended with cellulose (average 34.1 + 4.1%) than in those soil
amended with glycine (average 14.5 + 3.6%; Fig. 3, Supp. Table S1).
However, the percentage of reads of responsive prokaryotic OTUs was
higher in glycine-amended soils (averaging 86.4 + 10.0%) than in
cellulose-amended soils (averaging 55.9 + 3.8%; Supp. Table S1). Thus,

1501

100+

Priming (mgC-CO, gDM-")
o
Q

ol == /7 i

Upslope Downslope

Upslope Downslope

Temperature
g’c JJrec

Fig. 2. Cumulative priming rates at the end of the experiment (after 21 days of
incubation) for glycine and cellulose amended to upslope and downslope tun-
dra soils, calculated as the difference in respired soil organic matter between
amended samples and controls. Bars represent mean values and error bars
represent standard errors (N = 3). Significance between substrates is shown
with a *.
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Table 3

Statistical differences (ANOVA) for cumulative priming (mgC-CO, gDM’l) at
the end of the experiment (after 21 days) between amended substrate (glycine
and cellulose), soil type (upslope and downslope) and incubation temperature (8
and 16 °C), as well as all possible interactions among factors. Significant dif-
ference at P < 0.05 are shown in bold. N = 3.

Factors Cumulative Priming
DF F P
Substrate 1,16 38.46 <0.001
Soil 1,16 0.03 0.725
Temperature 1,16 0.40 0.196
Substrate x Soil type 1,16 0.00 0.938
Substrate x Temperature 1,16 0.16 0.416
Soil type x Temperature 1,16 1.18 0.035
Substrate x Soil type x Temperature 1,16 0.39 0.203

the prokaryotic community that assimilated glycine only comprised a
small number of abundant taxa. The ratio of prokaryotic OTUs respon-
sive to cellulose or glycine did not vary between soil types, tempera-
tures, or incubation times. Prokaryotic richness, Shannon diversity and
evenness indices of the total and responsive communities were lower in
the glycine-amended soils than in the cellulose ones (Supp. Fig. S1,
Supp. Table S2).

The percentage of fungal OTUs responding to the substrates,
although small, was higher in glycine-amended (average 20.3 + 4.1%)
than in cellulose-amended soils (average 10.4 + 4.2%; Fig. 3, Supp.
Table S1). Moreover, the ratio of the abundance of reads of responsive to
total fungal OTUs was very low for both cellulose (average 9.2 + 7.4%)
and glycine (average 10.7 + 5.2%) substrates. In contrast, the Shannon
diversity of the total fungal community was lower in glycine-amended
soils than in cellulose-amended ones (Supp. Fig. S1). This difference
was smaller than for the fungal responsive community and was not
significant (Supp. Table S3). In general, alpha-diversity did not differ
between soil types, incubation temperatures and incubation times for
the prokaryotic or fungal community.

3.3. Prokaryotic and fungal beta-diversity

The structure of the responsive prokaryotic community differed
significantly from that of the total prokaryotic community (Fq143 =
26.3, P < 0.001; Fig. 4). However, the structure of both responsive and
total prokaryotic communities shifted in response to substrate, soil type,
incubation temperature and incubation time (Table 4). In the total
prokaryotic community, glycine-amended samples differed more from
the control than the cellulose-amended samples. Similar to prokaryotes,
the structure of the responsive fungal community was significantly
different from that of the total fungal community (F;,143 = 10.4, P <
0.001). The structure of both responsive and total fungal communities
varied with substrate, soil type and time but not with temperature
(Fig. 4, Supp. Figs. S2-S5, Table 4). In the total fungal community, the
structure of the glycine-amended samples differed significantly from the
control, whereas the cellulose-amended samples exhibited a community
structure similar to the control samples.

3.4. Prokaryotic and fungal responsive taxa

The majority of responsive prokaryotic taxa utilized cellulose as a
carbon source, whereas only a minority used glycine or both substrates
(Fig. 5, Supp. Table S4). Prokaryotic taxa that assimilated cellulose
predominantly belonged to the classes Planctomycetaia (10.0% for up-
slope soils and 10.7% for downslope soils; phylum Planctomycetes),
Thermoleophilia (6.4% for upslope and 5.0% for downslope; Actino-
bacteria), Alphaproteobacteria (6.0% for upslope and 6.5% for down-
slope), candidate class C6-1 (4.8% for upslope and 4.3% for downslope;
Acidobacteria), Betaproteobacteria (4.5% for upslope and 4.6% for
downslope) and Deltaproteobacteria (4.2% for upslope and 4.6% for
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Fig. 3. Number of total and responsive prokaryotic and fungal OTUs (A and B) and read abundances (C and D) for the two substrates (glycine and cellulose), two soil

types (upslope and downslope) and two incubation temperature (8 and 16 °C).

downslope). Prokaryotic taxa incorporating °C-glycine were almost
exclusively OTUs from the Actinobacteria class (Actinobacteria), and
accounted for 19.6% and 18.1% of the responsive prokaryotic reads in
the upslope and downslope, respectively. Most of the prokaryotic
responsive taxa were able to use both or one of the substrates at 8 °C,
whereas a lower percentage of taxa assimilated the substrates at 16 °C
(Table S4).

The most abundant responsive prokaryotic taxa were Pseudomonas
migulae (Proteobacteria), using both substrates, and Pseudarthrobacter
sp. (Actinobacteria), utilizing glycine (Fig. 5, Supp. Table S5). Other
abundant responsive taxa included Cellvibrio gandavensis (Proteobac-
teria), Pelomonas sp. (Proteobacteria), Luteobacter sp. (Verrucomicrobia)
and Gemmatimonadaceae (Gemmatimonadetes), all utilizing cellulose.

The responsive fungal taxa mainly used only glycine or only cellulose
(Fig. 5, Supp. Table S4). A minority of taxa were able to utilize both
substrates. Fungal taxa assimilating glycine belonged to the classes
Eurotiomycetes (13.5% and 21.2% of fungal responsive taxa for upslope
and downslope soils, respectively; Ascomycota) and Leotiomycetes
(16.2% and 24.2%; Ascomycota).

The most abundant responsive fungal taxon, Pseudogymnoascus sp.
(Leotiomycetes, Ascomycota) used cellulose as a C source (Fig. 5, Supp.
Table S6). Within the Leotiomycetes order, Tetracladium sp. was able to
assimilate glycine, whereas Cistella albidolutea responded to cellulose.

Moreover, two abundant OTUs, both identified as Trichocladium opacum
(Sordariales, Ascomycetes) assimilated cellulose. Similar to prokaryotes,
most of the fungal responsive taxa were able to use the substrates at 8 °C
and to a lesser extent at 16 °C (Table S4).

4. Discussion

The considerably higher respiration and greater positive priming in
soils amended with glycine compared with those amended with cellu-
lose (Figs. 1 and 2) suggests a rapid metabolization of readily available C
and N, potentially enhancing microbial metabolism (Blagodatskaya and
Kuzyakov, 2008), which confirms our first hypothesis. Although com-
parisons among studies are difficult due to differing experimental con-
ditions, the positive priming effects observed in our study are in line
with reports of priming effects from various soil types across five con-
tinents (Perveen et al., 2019). Despite being an order of magnitude
smaller than in soils amended with glycine, positive priming in our
high-Arctic tundra soils amended with cellulose was higher than that
measured in grassland, cropland, forest and Savannah soils (Hopkins
et al., 2014; Perveen et al., 2019). Moreover, cumulative CO5 emissions
from glycine-amended soils were about ten-fold higher than from soils
amended with cellulose, which were in the range of respirations rates
reported for Siberian Arctic soils amended with cellulose (Wild et al.,
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2016).

The glycine content in proteins can be up to 60% (Andreesen, 1994),
and microorganisms as well as plants have been observed to take up
glycine directly (Andresen et al, 2009, 2014; Sorensen et al., 2008).
Moreover, glycine dehydrogenase genes have been found frequently in
metagenomes and metatranscriptomes of microbial communities from
soils close to our Knudsenheia sampling site (Tveit et al., 2015).
Furthermore, the availability of glycine as an N source might be of
special importance in these high-Arctic soils in which N has been
observed to be a limiting factor (Kern et al., 2019) and long-term
warming has had no detectable effect on the soil N pool despite an in-
crease in plant biomass (Sistla et al., 2013). As shown in several studies
on priming effects, the amount of primed C often depends on N avail-
ability (Blagodatskaya and Kuzyakov, 2008). Specifically, the addition
of N is known to stimulate the activity of cellulases (Carreiro et al.,
2000). Our findings indicate a fast microbial assimilation of a readily

available substrate as an N and C source, resulting in a positive priming
of the SOM by boosting the synthesis of extracellular enzymes.

The relatively low CO5 emission from soils amended with cellulose
(Fig. 1) can be explained by the specific enzymes being required to ac-
quire C molecules from the cellulose biopolymer. Nonetheless, the ma-
jority of responsive prokaryotic OTUs incorporated *3C from cellulose
into their DNA, suggesting that cellulose amendment resulted in more
microbial growth and production than with the glycine as substrate. It
follows that the type of substrate might affect the stabilization of C in
soil, the readily available C and N source (glycine) contributing mainly
to instantaneous microbial metabolism (and ultimately release of CO,
into the atmosphere) and the long biopolymer C source (cellulose)
serving essentially for microbial growth. Furthermore, the type of sub-
strate can control the balance between positive priming and an
entombing effect (negative priming), via the build-up of microbial
biomass and necromass, further regulating C stabilization in the soil.
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Table 4

Effects of substrate (cellulose, glycine and control), soil type (upslope and
downslope), incubation temperature (8 and 16 °C) and incubation time (7 and
21 days) on the beta-diversity of the responsive (i.e. taxa enriched in'3C from
amended labelled substrate) and the total bacterial and fungal communities, as
assessed by PERMANOVA.

Responsive Total
Factors DF F P F P
Pairwise
comparisons
Prokaryotes Substrate 2,32/ 36.6 <0.001 14.6 <0.001
48"
Cellulose vs. NA 0.003
control
Glycine vs. NA 0.003
control
Cellulose vs. <0.001 0.003
glycine
Soil type 1,32/ 9.4 <0.001 11.0  <0.001
48"
Temperature 1,32/ 3.7 0.007 2.6 0.007
48"
Time 1, 32/ 2.9 0.020 2.4 0.011
48°
Fungi Substrate 2,32/ 13.5 <0.001 4.0 <0.001
48°
Cellulose vs. NA 1.000
control
Glycine vs. NA 0.003
control
Cellulose vs. <0.001 0.003
glycine
Soil type 1,32/ 7.7 <0.001 6.6 <0.001
48"
Temperature 1,32/ 1.4 0.1452 1.4 0.60
48"
Time 1,32/ 2.5 0.010 2.2 0.001
48"

Bold: significant difference at P < 0.05, NA: not available.
2 denominator for Responsive/Total communities.

The accumulated biomass and necromass can act as a potential C sink or
source of plant-derived C, according to the microbial C pump concept
(Liang et al., 2017). The microbial C pump, first developed in marine
systems, focuses on the role of long-term microbial assimilation and
stabilization of organic compounds in the soil via SOM decomposition
and formation. Hence, microbial necromass could contributes directly to
soil C storage via the stabilization of microbial C molecules, which
would further incorporated into organo-mineral complexes of soil.
Although we can only hypothetically suggest these mechanisms from the
output of our study, it would be important to further assess them,
considering the increased amount of C available to soil microorganisms
with the acceleration of permafrost thaw (Schuur et al., 2015) and the
densification of vegetation cover (Pearson et al., 2013) in the Arctic.
In accordance with our second hypothesis (stating that readily
available substrate would impact the microbial community structure
and promote fast growing taxa), the elective effect of substrate amend-
ment was especially strong for glycine, where both prokaryotic and
fungal richness and the Shannon index decreased drastically (Sup.
Fig. S1, Sup. Table 3). Moreover, and in particular for the prokaryotic
community, only a minority of highly abundant taxa responded to
glycine (Fig. 5, Sup. Table S4), reducing the community evenness index.
Our results support the common understanding of microbial community
dynamics associated with positive priming (Fontaine et al., 2003), in
which microbial r-strategists (Blagodatskaya and Kuzyakov, 2008; De
Graaff et al., 2010) or fast-growing copiotrophic taxa (Koch, 2001;
Perez-Mon et al., 2020) are postulated to exhibit rapid growth and
assimilation of available labile C substrates, leading to changes in the
microbial community structure (Mau et al., 2015). Hence, glycine
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significantly modified the microbial community structures, as illustrated
by the considerable shift in the prokaryotic community in
glycine-amended soils relative to the control and cellulose-amended
soils. Nonetheless, we cannot rule out that cross-feeding (i.e. the
incorporation of 13C into DNA of secondary consumers or microbial
commensals) occurred in our experiment, making it impossible to
distinguish between populations involved in primary and secondary C
utilization (Bell et al., 2011).

Prokaryotic taxa using glycine or cellulose were predominantly
members of phyla that have been suggested to harbour a putative
copiotrophic lifestyle (Koch, 2001; Ho et al., 2017), such as Proteo-
bacteria, Actinobacteria and Planctomycetes (Fig. 5, Sup. Table S5).
Pseudomonas migulaea (Proteobacteria), containing by far the most
abundant OTUs responding to both glycine and cellulose amendment, is
a known cold-adapted and a potential plant-growth-promoting bacteria
(Suyal et al., 2014). Furthermore, the abundant Pseudoarthrobacter sp.
taxa (Actinobacteria), which responded to glycine amendment, are
psychrotrophic bacteria which have previously been observed in a rock
habitat of Svalbard (Choe et al., 2018). Although Pseudoarthrobacter sp.
taxa were formerly grouped with the genus Arthrobacter, which has been
reported to have a copiotrophic lifestyle, several members of this group
sustain an oligotrophic lifestyle strategy (Choe et al., 2018), suggesting
that this taxonomical group encompasses taxa with different growth
strategies. Moreover, the relative abundance of Actinobacteria were
found to be increased in sub-Arctic tundra soils amended with N
(Mannisto et al., 2016).

Only a few responsive fungal taxa were identified in comparison with
the many prokaryotic ones, particularly when comparing the number of
reads of responsive OTUs (Fig. 5). This is not surprising, however,
considering the relatively short duration of the incubation; the initial
phase of priming experiments is usually dominated by the response of
bacteria (Blagodatskaya and Kuzyakov, 2008), while the fungal to
bacterial biomass ratio is expected to gradually increase following suc-
cessional changes in the microbial community structure (Lundquist
etal., 1999). Nonetheless, the few responsive fungal taxa were almost all
from the soil amended with glycine collected after 7 days, indicating
that they are r-strategists.

The majority of the fungal taxa that responded to the added sub-
strates belonged to the order Helotiales (Sup. Table S6), which is in line
with the relatively high diversity and dominance of this fungal order in
tundra soils in the Ny Alesund region (Zhang et al., 2016b). Members of
Helotiales can have mycorrhizal, parasitic, saprobic or root symbiotic
lifestyles (Vralstad et al., 2002), and they have been observed to be the
principal ectomycorrhizal fungi associated with Ericaceae in the Arctic
tundra (Walker et al., 2011). Moreover, Tetracladium sp., an abundant
taxon within the Helotiales that utilized glycine in our study, was the
dominant fungal genus in a study assessing the fungal diversity in the
Ny-Alesund region (Zhang et al., 2016a). Interestingly, the relative
abundance of Helotiales was observed to increase following a long-term
N and P fertilization in Arctic tundra soil, suggesting their dominance
when conditions become less oligotrophic (Koyama et al., 2014).

Pseudogymnoascus roseus, another fungal taxon from the Leotiomy-
cete class and the most abundant fungal taxon utilizing cellulose in both
upslope and downslope soils, is frequently observed in polar regions,
including Svalbard (Santiago et al., 2015; Yogabaanu et al., 2017; Zhang
et al.,, 2016b). Members of the genus Pseudogymnoascus are broadly
distributed and thrive in various environments (Yogabaanu et al., 2017).
Moreover, their ability to produce a wide range of extracellular enzymes
including cellulase (Krishnan et al., 2016), as well as their capacity to
exhibit antimicrobial activity, give them a clear competitive advantage.
Therefore, our findings suggest that the addition of fresh C (and N in the
case of glycine) mostly promoted fungal taxa that were already abun-
dant in the indigenous soil microbial community and able to readily
utilize the substrate, without profoundly changing the composition of
the entire microbial community.

The increase in microbial C-metabolism in response to elevated
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Fig. 5. Taxonomic network of the 10% most
abundant prokaryotic (A) and fungal (B) OTUs for
both upslope and downslope soils. Each node is a
single OTU and its size is in proportion to its relative
abundance (based on the number of reads). OTUs
responsive to glycine are depicted as pink triangles,
to cellulose as green squares and to both substrates
as blue diamonds. Highly abundant OTUs are
highlighted with roman numbers: I = Pseudomonas
migulae, 11 = Pseudarthorbacter sp., IIl = Cellvibrio
gandavensis, IV = Pelomonas sp., V = Luteobacter sp.,
VI = Gemmatimonadaceae, VII = Pseudogymnoascus
roseus, VIII = Cistella albidolutea, IX = Tetracladium
sp. and X = Trichocladium opacum. Verruco. = Ver-
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temperature is confirmed by the rapid increase in CO3 emission from
soils amended with glycine and incubated at 16 °C (Fig. 1), endorsing
our third hypothesis (stating that environmental factors would influence
the microbial community structure and its response to C substrate uti-
lization). This pronounced peak in respiration was brief and observed
only during the first 7 days of incubation, however decreased over time,
due to the depletion of the energy-rich glycine source (Rime et al.,
2016). Rapidly increasing respiration rates after the amendment of
glycine have been similarly observed in sub-Arctic soils (Sorensen et al.,
2008), in nutrient-poor soils of an alpine glacier forefield (Zumsteg
etal., 2013a), as well as in temperate soils (Andresen et al., 2014). Thus,
our results are in line with the well-known increase in soil microbial
activity in response to elevated temperatures observed repeatedly in
Arctic soils (e.g. Dorrepaal et al., 2009; Schadel et al., 2016).

The soil type, i.e. upslope or downslope tundra soils, did not affect
the microbial functional response (i.e. heterotrophic respiration) to
substrate amendment, in contrast to our expectation. This outcome is
however to take with caution due to the limited number of sites included
in our study. This is however somewhat surprising considering that the

structure of both prokaryotic and fungal communities was different
between upslope and downslope tundra soils (Table 4), and that — along
with temperature — soil moisture is a major factor driving microbial
activity in soils (Christiansen et al., 2017; Schadel et al., 2016). There-
fore, prokaryotic and fungal taxa in these communities must include a
high level of functional redundancy.

5. Conclusions

By testing the microbial utilization of glycine, a readily available
substrate, and cellulose, a polymeric C substrate, this experiment dem-
onstrates that the input of organic material with distinct chemical
structures into high-Arctic soils has important implications for microbial
community diversity and its functional feedback on soil C turnover and
stability. Further, elevated temperature promoted CO5 release from the
soils amended with both substrates, but a greater positive priming of
SOM in warmer soils was observed subsequent to the addition of glycine.
Soil moisture did not affect the fluxes of CO,, although distinct microbial
communities characterized the upslope and the downslope tundra soils.



A. Frossard et al.

Only few prokaryotic taxa responded to glycine amendment, whereas a
high proportion of responsive taxa utilized only cellulose. Prokaryotic
and fungal taxa responding to the substrates were mainly abundant taxa
known to be fast growers, r-strategists or taxonomically acknowledged
to have a putative copiotrophic lifestyle. The output of this experiment
helps tackle the knowledge gap concerning the identification of micro-
bial taxa actively participating in C cycling in high-Arctic tundra soils, a
topic of high importance considering the increasing amount of C made
available through the thawing of permafrost and increases in vegetation
biomass.

Author contributions

AF, BF and MS designed the experiment, AF, BF and LDM performed
the experiment, AF analysed the data, and AF and BF wrote the manu-
script, which was revised by all authors.

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 grateful to the staff of the AWIPEV station in Ny-
Alesund for technical and logistic support. The authors also thank Beat
Stierli and Heiko Amlang, as well as Alessandro Schlumpf and Ursula
Graf, from the WSL central laboratory for the GC-IRMS analyses. This
study was funded through the 2015-2016 BiodivERSA COFUND, with
the Swiss National Science Foundation31BD30_172464), the Belgian
Federal Science Policy Office (BELSPO BR/175/A1/CLIMARCTIC-BE)
and the Research council of Norway (270252/E50). This work was also
supported by the Swiss Polar Institute (SPI) and Dr. Frederik Paulsen.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.s0ilbio.2021.108419.

References

Abarenkov, K., Henrik Nilsson, R., Larsson, K.-H., Alexander, 1.J., Eberhardt, U.,
Erland, S., Hpiland, K., Kjoller, R., Larsson, E., Pennanen, T., 2010. The UNITE
database for molecular identification of fungi-recent updates and future
perspectives. New Phytologist 186, 281-285.

Adamczyk, M., Perez-Mon, C., Gunz, S., Frey, B., 2020. Strong shifts in microbial
community structure are associated with increased litter input rather than
temperature in High Arctic soils. Soil Biology and Biochemistry 151, 108054.
https://doi.org/10.1016/j.s0ilbio.2020.108054.

Adamczyk, M., Riithi, J., Frey, B., 2021. Root exudates increase soil respiration and alter
microbial community structure in alpine permafrost and active layer soils.
Environmental Microbiology. https://doi.org/10.1111/1462-2920.15383 (in press).

Andreesen, J.R., 1994. Glycine metabolism in anaerobes. Antonie van Leeuwenhoek 66,
223-237.

Andresen, L.C., Dungait, J.A., Bol, R., Selsted, M.B., Ambus, P., Michelsen, A., 2014.
Bacteria and fungi respond differently to multifactorial climate change in a
temperate heathland, traced with 13C-glycine and FACE CO2. PloS One 9.

Andresen, L.C., Michelsen, A., Jonasson, S., Beier, C., Ambus, P., 2009. Glycine uptake in
heath plants and soil microbes responds to elevated temperature, CO2 and drought.
Acta Oecologica 35, 786-796. https://doi.org/10.1016/j.acta0.2009.08.010.

Bell, T.H., Yergeau, E., Martineau, C., Juck, D., Whyte, L.G., Greer, CW., 2011.
Identification of nitrogen-incorporating bacteria in petroleum-contaminated arctic
soils by using [15N] DNA-based stable isotope probing and pyrosequencing. Applied
and Environmental Microbiology 77, 4163-4171.

Bintanja, R., Andry, O., 2017. Towards a rain-dominated Arctic. Nature Climate Change
7, 263-267.

Blagodatskaya, E., Kuzyakov, Y., 2008. Mechanisms of real and apparent priming effects
and their dependence on soil microbial biomass and community structure: critical
review. Biology and Fertility of Soils 45, 115-131.

Blok, D., Faucherre, S., Banyasz, 1., Rinnan, R., Michelsen, A., Elberling, B., 2018.
Contrasting above-and belowground organic matter decomposition and carbon and

10

Soil Biology and Biochemistry 162 (2021) 108419

nitrogen dynamics in response to warming in High Arctic tundra. Global Change
Biology 24, 2660-2672.

Carreiro, M., Sinsabaugh, R., Repert, D., Parkhurst, D., 2000. Microbial enzyme shifts
explain litter decay responses to simulated nitrogen deposition. Ecology 81,
2359-2365.

Chapin III, F.S., Shaver, G.R., Giblin, A.E., Nadelhoffer, K.J., Laundre, J.A., 1995.
Responses of arctic tundra to experimental and observed changes in climate. Ecology
76, 694-711.

Choe, Y.-H., Kim, M., Woo, J., Lee, M.J., Lee, J.I, Lee, E.J., Lee, Y.K., 2018. Comparing
rock-inhabiting microbial communities in different rock types from a high arctic
polar desert. FEMS Microbiology Ecology 94. https://doi.org/10.1093/femsec/
fiy070.

Christiansen, C.T., Haugwitz, M.S., Priemé, A., Nielsen, C.S., Elberling, B., Michelsen, A.,
Grogan, P., Blok, D., 2017. Enhanced summer warming reduces fungal decomposer
diversity and litter mass loss more strongly in dry than in wet tundra. Global Change
Biology 23, 406-420.

De Graaff, M., Classen, A.T., Castro, H.F., Schadt, C.W., 2010. Labile soil carbon inputs
mediate the soil microbial community composition and plant residue decomposition
rates. New Phytologist 188, 1055-1064.

Donhauser, J., Niklaus, P.A., Rousk, J., Larose, C., Frey, B., 2020. Temperatures beyond
the community optimum promote the dominance of heat-adapted, fast growing and
stress resistant bacteria in alpine soils. Soil Biology and Biochemistry 107873.
https://doi.org/10.1016/j.s0ilbio.2020.107873.

Dorrepaal, E., Toet, S., van Logtestijn, R.S., Swart, E., van de Weg, M.J., Callaghan, T.V.,
Aerts, R., 2009. Carbon respiration from subsurface peat accelerated by climate
warming in the subarctic. Nature 460, 616-619.

Edgar, R.C., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon
reads. Nature Methods 10, 996-998. https://doi.org/10.1038/nmeth.2604.

Edgar, R.C., Flyvbjerg, H., 2015. Error filtering, pair assembly and error correction for
next-generation sequencing reads. Bioinformatics 31, 3476-3482. https://doi.org/
10.1093/bioinformatics/btv401.

Edgar, R.C., Haas, B.J., Clemente, J.C., Quince, C., Knight, R., 2011. UCHIME improves
sensitivity and speed of chimera detection. Bioinformatics 27, 2194-2200. https://
doi.org/10.1093/bioinformatics/btr381.

Elmendorf, S.C., Henry, G.H., Hollister, R.D., Bjork, R.G., Bjorkman, A.D., Callaghan, T.
V., Collier, L.S., Cooper, E.J., Cornelissen, J.H., Day, T.A., 2012. Global assessment of
experimental climate warming on tundra vegetation: heterogeneity over space and
time. Ecology Letters 15, 164-175.

Fontaine, S., Barot, S., Barré, P., Bdioui, N., Mary, B., Rumpel, C., 2007. Stability of
organic carbon in deep soil layers controlled by fresh carbon supply. Nature 450,
277-280.

Fontaine, S., Mariotti, A., Abbadie, L., 2003. The priming effect of organic matter: a
question of microbial competition? Soil Biology and Biochemistry 35, 837-843.
Foster, A., Jones, D., Cooper, E.J., Roberts, P., 2016. Freeze-thaw cycles have minimal
effect on the mineralisation of low molecular weight, dissolved organic carbon in

Arctic soils. Polar Biology 39, 2387-2401.

Frey, B., Rime, T., Phillips, M., Stierli, B., Hajdas, I., Widmer, F., Hartmann, M., 2016 Mar
1. Microbial diversity in European alpine permafrost and active layers. FEMS
Microbiology Ecology 92 (3), fiw018.

Frossard, A., Donhauser, J., Mestrot, A., Gygax, S., Baath, E., Frey, B., 2018. Long-and
short-term effects of mercury pollution on the soil microbiome. Soil Biology and
Biochemistry 120, 191-199.

Hartley, I.P., Garnett, M.H., Sommerkorn, M., Hopkins, D.W., Fletcher, B.J., Sloan, V.L.,
Phoenix, G.K., Wookey, P.A., 2012. A potential loss of carbon associated with greater
plant growth in the European Arctic. Nature Climate Change 2, 875-879.

Ho, A., Di Lonardo, D.P., Bodelier, P.L.E., 2017. Revisiting life strategy concepts in
environmental microbial ecology. FEMS Microbiology Ecology 93. https://doi.org/
10.1093/femsec/fix006.

Hopkins, F.M., Filley, T.R., Gleixner, G., Lange, M., Top, S.M., Trumbore, S.E., 2014.
Increased belowground carbon inputs and warming promote loss of soil organic
carbon through complementary microbial responses. Soil Biology and Biochemistry
76, 57-69.

Ivanova, A.A., Wegner, C., Kim, Y., Liesack, W., Dedysh, S.N., 2016. Identification of
microbial populations driving biopolymer degradation in acidic peatlands by
metatranscriptomic analysis. Molecular Ecology 25, 4818-4835.

Jorgenson, M.T., Harden, J., Kanevskiy, M., O’Donnell, J., Wickland, K., Ewing, S.,
Manies, K., Zhuang, Q., Shur, Y., Striegl, R., 2013. Reorganization of vegetation,
hydrology and soil carbon after permafrost degradation across heterogeneous boreal
landscapes. Environmental Research Letters 8, 035017.

Kern, R., Hotter, V., Frossard, A., Albrecht, M., Baum, C., Tytgat, B., De Maeyer, L.,
Velazquez, D., Seppey, C., Frey, B., 2019. Comparative vegetation survey with focus
on cryptogamic covers in the high Arctic along two differing catenas. Polar Biology
42, 2131-2145.

Koch, A.L., 2001. Oligotrophs versus copiotrophs. BioEssays 23, 657-661.

Koyama, A., Wallenstein, M.D., Simpson, R.T., Moore, J.C., 2014. Soil bacterial
community composition altered by increased nutrient availability in Arctic tundra
soils. Frontiers in Microbiology 5, 516. https://doi.org/10.3389/fmicb.2014.00516.

Krishnan, A., Convey, P., Gonzalez-Rocha, G., Alias, S.A., 2016. Production of
extracellular hydrolase enzymes by fungi from King George Island. Polar Biology 39,
65-76.

Kuzyakov, Y., Friedel, J.K., Stahr, K., 2000. Review of mechanisms and quantification of
priming effects. Soil Biology and Biochemistry 32, 1485-1498. https://doi.org/
10.1016/s0038-0717(00)00084-5.

Liang, C., Schimel, J.P., Jastrow, J.D., 2017. The importance of anabolism in microbial
control over soil carbon storage. Nature Microbiology 2, 17105.


https://doi.org/10.1016/j.soilbio.2021.108419
https://doi.org/10.1016/j.soilbio.2021.108419
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref1
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref1
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref1
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref1
https://doi.org/10.1016/j.soilbio.2020.108054
https://doi.org/10.1111/1462-2920.15383
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref4
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref4
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref5
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref5
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref5
https://doi.org/10.1016/j.actao.2009.08.010
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref7
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref7
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref7
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref7
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref8
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref8
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref9
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref9
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref9
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref10
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref10
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref10
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref10
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref11
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref11
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref11
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref12
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref12
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref12
https://doi.org/10.1093/femsec/fiy070
https://doi.org/10.1093/femsec/fiy070
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref14
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref14
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref14
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref14
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref15
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref15
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref15
https://doi.org/10.1016/j.soilbio.2020.107873
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref17
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref17
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref17
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.1093/bioinformatics/btv401
https://doi.org/10.1093/bioinformatics/btr381
https://doi.org/10.1093/bioinformatics/btr381
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref21
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref21
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref21
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref21
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref22
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref22
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref22
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref23
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref23
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref24
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref24
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref24
http://refhub.elsevier.com/S0038-0717(21)00293-5/opt8gKVRaKvNY
http://refhub.elsevier.com/S0038-0717(21)00293-5/opt8gKVRaKvNY
http://refhub.elsevier.com/S0038-0717(21)00293-5/opt8gKVRaKvNY
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref25
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref25
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref25
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref26
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref26
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref26
https://doi.org/10.1093/femsec/fix006
https://doi.org/10.1093/femsec/fix006
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref28
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref28
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref28
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref28
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref29
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref29
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref29
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref30
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref30
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref30
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref30
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref31
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref31
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref31
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref31
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref32
https://doi.org/10.3389/fmicb.2014.00516
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref34
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref34
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref34
https://doi.org/10.1016/s0038-0717(00)00084-5
https://doi.org/10.1016/s0038-0717(00)00084-5
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref36
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref36

A. Frossard et al.

Lulakova, P., Perez Mon, C., Santrickova, H., Riithi, J., Frey, B.W., 2019. High-alpine
permafrost and active-layer soil Microbiomes differ in their response to elevated
temperatures. Frontiers in Microbiology 10, 668.

Lundquist, E.J., Scow, K.M., Jackson, L.E., Uesugi, S.L., Johnson, C.R., 1999. Rapid
response of soil microbial communities from conventional, low input, and organic
farming systems to a wet/dry cycle. Soil Biology and Biochemistry 31, 1661-1675.
https://doi.org/10.1016/s0038-0717(99)00080-2.

Lynch, L.M., Machmuller, M.B., Cotrufo, M.F., Paul, E.A., Wallenstein, M.D., 2018.
Tracking the fate of fresh carbon in the Arctic tundra: will shrub expansion alter
responses of soil organic matter to warming? Soil Biology and Biochemistry 120,
134-144.

Mannisto, M., Ganzert, L., Tiirola, M., Haggblom, M.M., Stark, S., 2016. Do shifts in life
strategies explain microbial community responses to increasing nitrogen in tundra
so0il? Soil Biology and Biochemistry 96, 216-228. https://doi.org/10.1016/j.
s0ilbi0.2016.02.012.

Mau, R.L., Liu, C.M., Aziz, M., Schwartz, E., Dijkstra, P., Marks, J.C., Price, L.B., Keim, P.,
Hungate, B.A., 2015. Linking soil bacterial biodiversity and soil carbon stability. The
ISME Journal 9, 1477-1480. https://doi.org/10.1038/ismej.2014.205.

Neufeld, J.D., Vohra, J., Dumont, M.G., Lueders, T., Manefield, M., Friedrich, M.W.,
Murrell, J.C., 2007. DNA stable-isotope probing. Nature Protocols 2, 860.

Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., O’Hara, R.B., Simpson, G.L.,
Solymos, P., Stevens, M.H.H., Wagner, H., 2011. Community Ecology Package
vegan.

Pearson, R.G., Phillips, S.J., Loranty, M.M., Beck, P.S.A., Damoulas, T., Knight, S.J.,
Goetz, S.J., 2013. Shifts in Arctic vegetation and associated feedbacks under climate
change. Nature Climate Change 3, 673-677. https://doi.org/10.1038/nclimate1858.

Perez-Mon, C., Frey, B., Frossard, A., 2020. Functional and structural responses of arctic
and alpine soil prokaryotic and fungal communities under freeze-thaw cycles of
different frequencies. Frontiers in Microbiology 11. https://doi.org/10.3389/
fmicb.2020.00982.

Perveen, N., Barot, S., Maire, V., Cotrufo, M.F., Shahzad, T., Blagodatskaya, E.,
Stewart, C.E., Ding, W., Siddiq, M.R., Dimassi, B., 2019. Universality of priming
effect: an analysis using thirty five soils with contrasted properties sampled from five
continents. Soil Biology and Biochemistry 134, 162-171.

Pushkareva, E., Eckhardt, K.-U., Hotter, V., Frossard, A., Leinweber, P., Frey, B.,
Karsten, U., 2020. Chemical composition of soil organic matter and potential enzyme
activity in the topsoil along a moisture gradient in the High Arctic (Svalbard).
Geoderma 368, 114304.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J.,
Glockner, F.O., 2013. The SILVA ribosomal RNA gene database project: improved
data processing and web-based tools. Nucleic Acids Research 41, D590-D596.
https://doi.org/10.1093/nar/gks1219.

R Development Core Team, 2020. R: a language and environment for statistical
computing. Vienna, Austria. http://Www-R-Project.Org.

Ravn, N.M.R,, Elberling, B., Michelsen, A., 2017. The fate of 13 C 15 N labelled glycine in
permafrost and surface soil at simulated thaw in mesocosms from high arctic and
subarctic ecosystems. Plant and Soil 419, 201-218.

Rime, T., Hartmann, M., Stierli, B., Anesio, A.M., Frey, B., 2016. Assimilation of
microbial and plant carbon by active prokaryotic and fungal populations in glacial
forefields. Soil Biology and Biochemistry 98, 30-41.

Santiago, L.F., Soares, M.A., Rosa, C.A., Rosa, L.H., 2015. Lichensphere: a protected
natural microhabitat of the non-lichenised fungal communities living in extreme
environments of Antarctica. Extremophiles 19, 1087-1097. https://doi.org/
10.1007/500792-015-0781-y.

Schidel, C., Bader, M.K.-F., Schuur, E.A., Biasi, C., Bracho, R., Capek, P., De Baets, S.,
Didkova, K., Ernakovich, J., Estop-Aragones, C., 2016. Potential carbon emissions
dominated by carbon dioxide from thawed permafrost soils. Nature Climate Change
6, 950-953.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B.,
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B.,
Thallinger, G.G., Horn, D.J.V., Weber, C.F., 2009. Introducing mothur: open-source,
platform-independent, community-supported software for describing and comparing
microbial communities. Applied and Environmental Microbiology 75, 7537-7541.
https://doi.org/10.1128/AEM.01541-09.

Schuur, E.A., McGuire, A.D., Schadel, C., Grosse, G., Harden, J., Hayes, D.J.,

Hugelius, G., Koven, C.D., Kuhry, P., Lawrence, D.M., 2015. Climate change and the
permafrost carbon feedback. Nature 520, 171-179.

Segura, J.H., Nilsson, M.B., Haei, M., Sparrman, T., Mikkola, J.-P., Grasvik, J.,
Schleucher, J., Oquist, M.G., 2017. Microbial mineralization of cellulose in frozen
soils. Nature Communications 8, 1-8.

11

Soil Biology and Biochemistry 162 (2021) 108419

Sinsabaugh, R.L., Belnap, J., Findlay, S.G., Shah, J.J.F., Hill, B.H., Kuehn, K.A., Kuske, C.
R., Litvak, M.E., Martinez, N.G., Moorhead, D.L., 2014. Extracellular enzyme kinetics
scale with resource availability. Biogeochemistry 121, 287-304.

Sistla, S.A., Moore, J.C., Simpson, R.T., Gough, L., Shaver, G.R., Schimel, J.P., 2013.
Long-term warming restructures Arctic tundra without changing net soil carbon
storage. Nature 497, 615-618.

Sorensen, P.L., Michelsen, A., Jonasson, S., 2008. Ecosystem partitioning of 15N-glycine
after long-term climate and nutrient manipulations, plant clipping and addition of
labile carbon in a subarctic heath tundra. Soil Biology and Biochemistry 40,
2344-2350.

Street, L.E., Garnett, M.H., Subke, J., Baxter, R., Dean, J.F., Wookey, P.A., 2020. Plant
carbon allocation drives turnover of old soil organic matter in permafrost tundra
soils. Global Change Biology 26, 4559-4571.

Suyal, D.C., Shukla, A., Goel, R., 2014. Growth promotory potential of the cold adapted
diazotroph Pseudomonas migulae S10724 against native green gram (Vigna radiata
(L.) Wilczek). 3 Biotech 4, 665-668. https://doi.org/10.1007/513205-014-0259-0.

Tao, X., Feng, J., Yang, Y., Wang, G., Tian, R., Fan, F., Ning, D., Bates, C.T., Hale, L.,
Yuan, M.M., 2020. Winter warming in Alaska accelerates lignin decomposition
contributed by Proteobacteria. Microbiome 8, 1-12.

Tedersoo, L., Bahram, M., Polme, S., et al., 2014. Global diversity and geography of soil
fungi. Science 346, 1256688.

Tveit, A., Schwacke, R., Svenning, M.M., Urich, T., 2013. Organic carbon transformations
in high-Arctic peat soils: key functions and microorganisms. The ISME Journal 7,
299-311.

Tveit, A.T., Urich, T., Frenzel, P., Svenning, M.M., 2015. Metabolic and trophic
interactions modulate methane production by Arctic peat microbiota in response to
warming. Proceedings of the National Academy of Sciences 112, E2507-E2516.

Vrélstad, T., Myhre, E., Schumacher, T., 2002. Molecular diversity and phylogenetic
affinities of symbiotic root-associated ascomycetes of the Helotiales in burnt and
metal polluted habitats. New Phytologist 155, 131-148. https://doi.org/10.1046/
j.1469-8137.2002.00444.x.

Walker, J.F., Aldrich-Wolfe, L., Riffel, A., Barbare, H., Simpson, N.B., Trowbridge, J.,
Jumpponen, A., 2011. Diverse Helotiales associated with the roots of three species of
Arctic Ericaceae provide no evidence for host specificity. New Phytologist 191,
515-527.

Walthert, L., Graf, U., Kammer, A., Luster, J., Pezzotta, D., Zimmermann, S.,
Hagedorn, F., 2010. Determination of organic and inorganic carbon, 513C, and
nitrogen in soils containing carbonates after acid fumigation with HCIL. Journal of
Plant Nutrition and Soil Science 173, 207-216.

Wang, Q., Garrity, G.M., Tiedje, J.M., Cole, J.R., 2007. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Applied and
Environmental Microbiology 73, 5261-5267. https://doi.org/10.1128/AEM.00062-
07.

Weintraub, M.N., Schimel, J.P., 2005. The seasonal dynamics of amino acids and other
nutrients in Alaskan Arctic tundra soils. Biogeochemistry 73, 359-380.

Wild, B., Gentsch, N., Capek, P., Didkova, K., Alves, R.J.E., Bérta, J., Gittel, A.,
Hugelius, G., Knoltsch, A., Kuhry, P., 2016. Plant-derived compounds stimulate the
decomposition of organic matter in arctic permafrost soils. Scientific Reports 6,
1-11.

Yogabaanu, U., Weber, J.-F.F., Convey, P., Rizman-Idid, M., Alias, S.A., 2017.
Antimicrobial properties and the influence of temperature on secondary metabolite
production in cold environment soil fungi. Polar Science 14, 60-67. https://doi.org/
10.1016/j.polar.2017.09.005.

Zhang, T., Wang, N.-F., Liu, H.-Y., Zhang, Y.-Q., Yu, L.-Y., 2016a. Soil pH is a key
determinant of soil fungal community composition in the ny-alesund region,
svalbard (high arctic). Frontiers in Microbiology 7. https://doi.org/10.3389/
fmicb.2016.00227.

Zhang, T., Wei, X.-L., Wei, Y.-Z., Liu, H.-Y., Yu, L.-Y., 2016b. Diversity and distribution of
cultured endolichenic fungi in the ny-alesund region, svalbard (high arctic).
Extremophiles 20, 461-470. https://doi.org/10.1007/500792-016-0836-8.

Zumsteg, A., Bath, E., Stierli, B., Zeyer, J., Frey, B., 2013a. Bacterial and fungal
community responses to reciprocal soil transfer along a temperature and soil
moisture gradient in a glacier forefield. Soil Biology and Biochemistry 61, 121-132.
https://doi.org/10.1016/j.s0ilbio.2013.02.017.

Zumsteg, A., Schmutz, S., Frey, B., 2013b. Identification of biomass utilizing bacteria in a
carbon-depleted glacier forefield soil by the use of 13 C DNA stable isotope probing.
Environmental Microbiology Reports 5, 424-437.


http://refhub.elsevier.com/S0038-0717(21)00293-5/sref37
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref37
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref37
https://doi.org/10.1016/s0038-0717(99)00080-2
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref39
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref39
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref39
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref39
https://doi.org/10.1016/j.soilbio.2016.02.012
https://doi.org/10.1016/j.soilbio.2016.02.012
https://doi.org/10.1038/ismej.2014.205
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref42
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref42
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref43
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref43
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref43
https://doi.org/10.1038/nclimate1858
https://doi.org/10.3389/fmicb.2020.00982
https://doi.org/10.3389/fmicb.2020.00982
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref46
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref46
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref46
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref46
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref47
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref47
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref47
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref47
https://doi.org/10.1093/nar/gks1219
http://Www-R-Project.Org
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref50
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref50
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref50
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref51
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref51
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref51
https://doi.org/10.1007/s00792-015-0781-y
https://doi.org/10.1007/s00792-015-0781-y
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref53
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref53
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref53
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref53
https://doi.org/10.1128/AEM.01541-09
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref55
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref55
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref55
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref56
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref56
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref56
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref57
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref57
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref57
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref58
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref58
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref58
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref59
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref59
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref59
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref59
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref60
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref60
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref60
https://doi.org/10.1007/s13205-014-0259-0
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref62
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref62
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref62
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref63
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref63
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref64
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref64
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref64
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref65
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref65
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref65
https://doi.org/10.1046/j.1469-8137.2002.00444.x
https://doi.org/10.1046/j.1469-8137.2002.00444.x
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref67
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref67
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref67
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref67
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref68
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref68
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref68
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref68
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref70
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref70
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref71
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref71
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref71
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref71
https://doi.org/10.1016/j.polar.2017.09.005
https://doi.org/10.1016/j.polar.2017.09.005
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.3389/fmicb.2016.00227
https://doi.org/10.1007/s00792-016-0836-8
https://doi.org/10.1016/j.soilbio.2013.02.017
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref76
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref76
http://refhub.elsevier.com/S0038-0717(21)00293-5/sref76

	Microbial carbon use and associated changes in microbial community structure in high-Arctic tundra soils under elevated tem ...
	1 Introduction
	2 Materials and methods
	2.1 Site description and soil collection
	2.2 Experiment set-up
	2.3 CO2 and δ13CO2 fluxes
	2.4 DNA extraction, DNA fractionation and amplicon sequencing
	2.5 Data analyses

	3 Results
	3.1 CO2 and δ13CO2 fluxes
	3.2 Prokaryotic and fungal alpha-diversity
	3.3 Prokaryotic and fungal beta-diversity
	3.4 Prokaryotic and fungal responsive taxa

	4 Discussion
	5 Conclusions
	Author contributions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


