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ABSTRACT

The consequences of warming-induced ‘shrubifi-
cation” on Arctic soil carbon storage are receiving
increased attention, as the majority of ecosystem
carbon in these systems is stored in soils. Soil car-
bon cycles in these ecosystems are usually tightly
coupled with nitrogen availability. Soil microbial
responses to ‘shrubification” may depend on the
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traits of the shrub species that increase in response
to warming. Increase in deciduous shrubs such as
Betula nana likely promotes a loss of soil carbon,
whereas the opposite may be true if evergreen
shrubs such as Empetrum hermaphroditum increase.
We analyzed soil organic matter stocks and '*C
NMR fractions, microbial CO, respiration, biomass,
extracellular enzyme activities (EEAs), and their
association with shrub density in northern Sweden
after 20 years of experimental warming using open
top chambers (OTCs). Our study sites were located
in a tundra heath that stores high soil carbon
quantities and where the OTCs had increased
deciduous shrubs, and in a mountain birch forest
that stores lower soil carbon quantities and where
the OTCs had increased evergreen shrubs. We
predicted that organic matter stocks should be
lower and respiration and EEAs higher inside the
OTCs than untreated plots in the tundra, whereas
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no effect should be detected in the forest. Soil or-
ganic matter stocks and '’C NMR fractions re-
mained unaffected at both sites. When expressed as
per gram microbial biomass, respiration and EEAs
for carbohydrate and chitin degradation were
higher inside the OTCs, and contrasting our pre-
diction, this effect was stronger in the forest.
Unexpectedly, the OTCs also led to a substantially
lower microbial biomass carbon and nitrogen irre-
spective of habitat. The decline in the microbial
biomass counteracted increased activities resulting
in no effect of the OTCs on respiration and a lower
phenol oxidase activity per gram soil. Microbial
biomass nitrogen correlated negatively with ever-
green shrub density at both sites, indicating that
‘shrubification” may have intensified nutrient
competition between plants and soil microorgan-
isms. Nutrient limitation could also underlie in-
creased respiration per gram microbial biomass
through limiting C assimilation into biomass. We
hypothesize that increasing nutrient immobiliza-
tion into long-lived evergreen shrubs could over
time induce microbial nutrient limitation that
contributes to a stability of accumulated soil or-
ganic matter stocks under climate warming.

Key words: mountain birch forest; tundra heath;
Empetrum hermaphroditum; climate warming; soil
organic matter; extracellular enzymes; CO, release.

HIGHLIGHTS

e Soil organic matter stocks and carbon quality
were unchanged after 20 years of experimental
warming with open-top chambers (OTCs) in a
subarctic forest—tundra ecotone when shrubs had
substantially increased

e The OTCs increased respiration and EEAs per
gram microbial biomass but simultaneously in-
duced a decline in soil microbial biomass carbon
and nitrogen

e Soil microbial nitrogen correlated negatively
with evergreen shrub density, indicating that
‘shrubification’” may have intensified nutrient
competition between plants and soil microor-
ganisms

INTRODUCTION

Because litter and soil organic matter decomposi-
tion in Arctic ecosystems has been slower than
plant production for millennia, these ecosystems
store substantial quantities of accumulated soil
carbon (Jonasson and others 2001; Tarnocai and
others 2009). If climate warming accelerates soil
carbon decomposition faster than plant production,
this could lead to a net release of CO, into the
atmosphere and induce a positive feedback to cli-
mate warming (Davidson and Janssens 2006;
Hartley and others 2012; Bradford and others
2016). Experimental evidence from field studies
offers support for a hypothesis that warming en-
hances microbial respiration and extracellular en-
zyme activities (EEAs) catalyzing organic matter
depolymerization (Shaver and others 2006; Pendall
and others 2008; Rinnan and others 2009; Henry
2012; Sistla and others 2013; Phillips and others
2018) leading to decreased soil organic layer carbon
storage (Sistla and others 2013; Phillips and others
2018; Yldnne and others 2020). It is therefore ur-
gent to better understand how contrasting Arctic
vegetation communities sequester soil carbon and
which mechanisms might trigger the destabiliza-
tion of accumulated soil carbon (Parker and others
2021).

Although warmer temperatures affect soil pro-
cesses directly both during (Wallenstein and Hall
2012) and outside (Schimel and others 2004;
Buckeridge and Grogan 2008) the growing seasons,
over the long term, warming-induced vegetation
change starts to indirectly influence the soil envi-
ronment (Weintraub and Schimel 2005a; Wookey
and others 2009). Large parts of the circumpolar
region are experiencing an increased distribution
and biomass of dwarf and tall shrubs (Myers-Smith
and others 2011; Kaarlejarvi and others 2012;
Vowles and Bjork 2018), which is commonly re-
ferred to as Arctic ‘greening’ or ‘shrubification’
(Sturm and others 2005; Myers-Smith and others
2011; Elmendorf and others 2012; Myers-Smith
and others 2020). A taller and denser vegetation
cover buffers the soil against warmer summer
temperatures through increased shading, which
cools the soil and reduces the direct temperature
effect (Sturm and others 2005; Weintraub and
Schimel 2005a). Moreover, ‘shrubification’ en-
hances soil microbial activities through increasing
labile carbon flow via plant root exudation and
fresh litter input, which fuels increasing degrada-
tion of the accumulated soil carbon (Weintraub
and Schimel 2005a; Buckeridge and others 2010;
Kardol and others 2010; Deslippe and others 2012;
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Sistla and Schimel 2013; Street and others 2020;
Hicks and others 2021). This process where
increasing labile carbon stimulates microbial
degradation of accumulated carbon is termed as a
‘priming’ effect (Fontaine and others 2004), which
is associated with increased ‘N mining’ to meet
increased nitrogen requirements (Moorhead and
Sinsabaugh 2006; Craine and others 2007). These
phenomena may have a particularly important role
in the Arctic (Hicks and others 2020; Street and
others 2020; Parker and others 2021), and both
correlative (Parker and others 2021; Clemmensen
and others 2021; Kemppinen and others 2021;
Parker and others 2021) and experimental
(Nowinski and others 2008; Street and others
2020) evidence suggests that increased shrub
abundance is associated with lower soil carbon
stocks. Ultimately, warming in the Fennoscandian
Arctic may advance the treeline, leading the tree-
less tundra to transform into forest cover that is
dominated by mountain birch (Betula pubescens ssp.
czerepanovii) with an ericaceous shrub understory.
Although the consequences of this regime shift
vary across regions (Devos and others 2022),
mountain birch forest soils in the study area store
substantially less soil carbon compared with tundra
soils, and the advance of treeline would thus re-
lease vast quantities of carbon to the atmosphere
(Sjogersten and others 2003; Hartley and others
2012; Clemmensen and others 2021).

However, soil microbial responses to ‘shrubifi-
cation’” are not entirely straightforward due to the
highly varying traits of the plant species that in-
crease in response to climate warming. Increasing
deciduous shrub abundance, such as that of Betula
nana L. may lead to a lower soil carbon storage,
because it enhances labile carbon flow to below-
ground (Street and others 2020) and its ectomyc-
orrhizal symbionts exhibit a strong capacity for ‘N
mining’ (Parker and others 2015; Parker and others
2021) that increase in activity in response to
warming (Dunleavy and Mack 2021). Increasing
evergreen shrubs, such as the ericoid mycorrhizal
mountain crowberry (Empetrum  nigrum  ssp.
hermaphroditum Hagerup), may not induce a similar
effect, because they produce slowly decomposable
litter with high concentrations of allelopathic
compounds that generally decelerate soil nutrient
and carbon cycles (van Wijk and others 2003;
Wallstedt and others 2005; Brathen and others
2010; Vowles and Bjork 2018). Although ericoid
mycorrhizae are highly efficient at acquiring
nitrogen from recalcitrant soil organic matter
(SOM) and producing oxidative enzymes that cat-
alyze SOM degradation, the presence of highly

melanized necromass inputs may also lead to more
recalcitrant SOM (Read and Perez-Moreno 2003;
Clemmensen and others 2015). The significant and
ongoing increase in E. hermaphroditum detected
across northern Fennoscandia and the high Arctic
(Buizer and others 2012; Kaarlejarvi and others
2012; Vuorinen and others 2017) could drive tun-
dra communities toward slower rather than faster
process rates (Brathen and others 2017; Vowles and
Bjork 2018). A climate-induced increase in ever-
green shrubs has yet another consequence, as it
increases the proportion of the total ecosystem C
and N stock immobilized above- rather than
belowground (Yldanne and others 2015), but the
potential role of this phenomenon for soil processes
has not been considered.

Here, we analyzed soil microbial activities, litter
and soil organic matter stocks, and carbon quality
after 20 years of simulated climate warming using
open top chambers (OTCs) at a tundra site and a
mountain birch forest site located in the forest-tun-
dra ecotone in northernmost Sweden. The two sites
were compared due to their varying susceptibilities to
soil carbon loss under climate warming. The tundra
site stores substantial amounts of soil carbon with a
high proportion of chemically labile carbohydrates,
which may easily be released into the atmosphere
(Sjogersten and others 2003; Hartley and others
2012; Clemmensen and others 2021). In addition, at
the tundra site, warming has increased the deciduous
shrub B. nana (Kaarlejarvi and others 2012), thatis, a
species considered to promote increased decomposi-
tion of accumulated soil organic matter. By contrast,
the mountain birch forest site stores both a lower
amount and chemically more recalcitrant soil carbon
(Sjogersten and others 2003). Here, the OTCs have
mainly increased the evergreen dwarf shrub E.
hermaphroditum (Kaarlejarvi and others 2012), whose
impact on soil microbial activities should be divergent
from that of B. nana (Brathen and others 2017;
Vowles and Bjork 2018). We predicted that (1) the
soil organic matter stock should be lower after
20 years of ‘shrubification’ in the tundra, but not in
the forest, and (2) rates of microbial CO, respiration
and EEAs should be higher under ‘shrubification” in
the tundra, whereas no difference, or even lower
rates, should be detected in the forest.

MATERIALS AND METHODS

Study Area, Experimental Design,
and Sampling

The study was conducted in the forest-tundra
ecotone in the oroarctic region (Virtanen and oth-
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ers 2016), a few kilometers south of the Abisko
Scientific Research Station in northernmost Swe-
den. The study sites are located across an altitudinal
gradient of between 520 and 600 m. The mean
annual temperature is — 0.79°C, and the mean
annual precipitation is 338 mm. Mountain birch
(Betula pubescens Ehrh. subsp. tortuosa (Ledeb.) Ny-
man) forms the treeline and dominates the forests.
The forest—tundra ecotone is a 3—4-km wide mosaic
of mountain birch forest patches extending to
tundra. In mountain birch forests, the understory is
dominated by E. hermaphroditum, Vaccinium myr-
tillus, V. uliginosum and Deschampsia flexuosa, and the
mosses Hylocomium splendens, Pleurozium schreberi,
and Dicranum spp. and a few lichens (for example,
Cladonia spp.; Kaarlejarvi and others 2012), and the
soil is a micro-podzol (spodosol) with a shallow
organic layer, underlain by a blue-gray (Munsell
chart: 10YR 5/1) eluvial (albic) horizon and a light-
orange-colored (Munsell chart: 10YR 4/3) illuvial
(spodic) horizon above a coarse glacial till (Hartley
and others 2012). The tundra area is dominated by
E. hermaphroditum, V. vitis-idaea, and B. nana, V.
uliginosum, Arctostaphylos uva-ursi and Festuca ovina,
with Cladonia mitis, Cetraria cucullata, Nephroma
arctica and Ptilidium ciliare at the bottom layer, and
the soil is coarse glacial till with large clasts and
only occasional pockets of fine-grained material
(Hartley and others 2012).

The mountain birch forest and tundra sites used
in this study (see photographs in Supplementary
Figure 1) belong to a network of experiments
established in mountain birch forests and tundra
heath patches in 1998 (Sjogersten and others 2003;
Kaarlejarvi and others 2012). We used seven con-
trol plots of 1 m? and seven experimental warming
plots randomly set out at the forest site, and eight
control plots and warmed plots at the tundra site.
The warming treatment was conducted using
International Tundra Experiment (ITEX) hexago-
nal Open Top Chambers (hereafter OTCs) with a
maximum basal diameter of 146 cm. On average,
the OTCs increase air temperatures by 1.5-1.9°C
and soil temperatures by 0.6-1.1°C, corresponding
to predicted climate conditions in 2050 (Elmendorf
and others 2012), while also decreasing wind speed
and increasing air humidity (Bokhorst and others
2013). At the early phases of the experiment, OTCs
surface air temperatures in July increased by 0.8
and 2.5°C in the forest and the tundra sites,
respectively (Sjogersten and others 2003). We do
not have air or soil surface temperature data from
the time of the present investigation, but have no
reason to believe that the OTCs would not warm
the air temperatures also presently. The average

soil temperature (measured every 2h at 3 cm
depth, 8th June-20th August 2018; EasyLog EL-
USB-1, Lascar Electronics, Whiteparish) was
9.1 &+ 0.4 and 9.4 £ 0.2 in control and OTC plots in
the forest site, and 8.7 & 0.3 and 8.1 £ 0.5 in
control and OTC plots in the tundra site, respec-
tively. Increased plant abundances insulated the
ground to an extent that the OTCs experienced
similar soil temperatures as the control plots in the
forest, and even lower daily temperature maxi-
mums in the tundra site (Supplementary Figure 2),
which aligns with earlier concepts that ‘shrubifi-
cation’ exerts an important indirect impact on the
soil microclimate (Weintraub and Schimel 2005a;
Wookey and others 2009).

We took multiple soil samples (4-7 soil cores,
diameter 2.5 cm) within each plot, which were
then pooled to form one composite sample per plot
during the early growing season (June 6), mid-
growing season (July 11), and late growing season
(August 17) in 2018. We separated out each core to
the following layers: (1) litter layer (plant leaves
and biomass fragments on the ground), (2) organic
soil layer, and (3) mineral soil layer. We sampled
the mineral soil layer until the corer hit a stone.
The thicknesses of organic and mineral layers were
recorded during sampling. At the tundra site with a
thicker organic layer, the top 5 cm of each core
(consequently referred to as ““surface organic soil”’)
was further separated from the lower layer of the
organic layer (consequently referred to as ‘“bottom
organic soil”’). This separation was done to ensure
that the detectable effect of warming would not be
overshadowed by the more inert layer below most
of the plant roots. Samples were homogenized
(mesh size, 2 mm) during the day of sampling and
stored at + 4°C before analyses that were finished
within 3-4 days of sampling.

Soil Moisture, Organic Matter Content
and Stock, pH, and C Quality

All samples were analyzed for soil moisture (12 h,
105°C; calculated as a percentage of soil fresh
weight) and soil organic matter content (OMC%,
loss on ignition, 475°C, 4 h; calculated as a per-
centage of soil dry weight). The sampling area and
the total sample weight were used to calculate soil
organic matter stocks individually for litter, or-
ganic, and mineral layer (g SOM m™?) and bulk
density of the surface organic soil layer (g dry soil
dm™). Soil pH in the surface organic soil layer was
measured in 3:5 v/v soil:water suspensions using
distilled water, shaking and leaving samples stand
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overnight before measuring soil pH (Denver
Instrument Model 220).

We determined the chemical structures of or-
ganic carbon in the July soil samples by cross-po-
larized magic angle spinning (CPMAS) NMR. The
samples were first demineralized (see Supplemen-
tary Methods) to increase signal-to-noise ratio
(Gélinas and others 2001). However, this had no
influence on the spectra; therefore, we did not do
this treatment subsequently but analyzed the
samples directly. '’C CPMAS NMR spectra were
measured with a Bruker Avance III 300 spectrom-
eter, showing a 75.5 MHz resonance frequency for
13C. The magic angle spinning rate was 5 kHz. For
all the spectra, 10,000 scans were accumulated
using an acquisition time of 20 ms, a spectral width
of 662 ppm, a ramped contact pulse of 1 ms, a
relaxation delay of 2's, and a Spinal64 proton
decoupling during the signal acquisition. This
meant an experiment duration of 5 h 38 min for
each sample. Line broadening of 40 Hz was used to
process the spectra. The spectra were referenced
with respect to the glycine signal at 176 ppm. The
resulting spectra were segmented into the follow-
ing seven regions, with their integrals being pro-
portional to the amount of corresponding
functional classes of C (Vdisdanen and others 2015):
aliphatic not-O-substituted: 0-50 ppm; methoxyls:
50-60 ppm; carbohydrates: 60-90 ppm; carbohy-
drates and aliphatic lignin: 90-110 ppm, aromatic
lignin: 110-160 ppm; carboxyl/carbonyl: 160-
210 ppm. The integrals of the regions are expressed
as a percentage of the total integral, and therefore,
they represent approximately the percentage of the
functional class of the total C. The CPMAS integrals
are not quantitative as, with the polarization
transfer, we get relatively more intensity for the
carbons that have more nearby protons. However,
they reflect accurately the differences between the
samples.

Soil and Microbial C and N
Concentrations

A sub-sample of ~ 3 g fresh soil was extracted for
2 h with 50 mL of 0.5 M K,SO,. Dissolved organic
carbon (DOC) concentrations in these extracts
were analyzed with TOC-VCPH/N Total Organic
Carbon Analyzer (Shimadzu Corporation, Kyoto,
Japan). NH4-N and NO;3-N concentrations were
analyzed via flow injection analysis (Quickchem
8000 FIA Analyzer, A83200, Zellweger Analytics,
USA). NO5-N concentrations were below detection
limit and are therefore not presented in the results.
Extractable organic N was calculated by subtracting

inorganic N concentrations from the total. Micro-
bial C and N were extracted from the samples using
0.5 M K,S0, after chloroform fumigation for 18 h
(Brookes and others 1985) and then analyzed as
total extractable N and DOC. Microbial C and N
were calculated from the difference between
unfumigated and fumigated extracts. Chloroform
fumigations, K,SO4-extractions and flow injection
analyses for extractable organic N and DOC, were
later repeated from stored frozen soil samples to
check for potential problems in the first analyses.
The re-analyses showed the same results for N but
indicated that there had been a systematic error in
the latter part of the original run for DOC resulting
in overly high values. DOC values from the re-
analyses were used in the final results. Because the
error in the first run was systematic, we could
calculate a correction coefficient derived from the
average difference in values between the first and
the second run for those samples that had run out
of material (ca 40%). As the original error was
systematic, the re-analyses did not change the de-
tected difference between habitats and treatments.

Microbial Respiration and Extracellular
Enzyme Activities

We analyzed microbial respiration as a proxy for
organic matter decomposition, which includes
various sources such as respiration for growth,
maintenance, overflow respiration, and synthesiz-
ing enzymes (Schimel and Weintraub 2003). Soil
samples (3 g fresh weight) were pre-incubated for
2 days in the laboratory in 120-mL glass vials and
incubated for 14 days at a range of incubation
temperatures (4°C, 9°C, 14°C) in field moisture.
Gas samples (250 puL) were taken from the head-
space every 48 h of incubation. The CO, concen-
tration of the gas sample was analyzed with an
Agilent 6890N GC equipped with a ShinCarbon ST
100/120 mesh 2 m x 1 mm ID micropacked col-
umn (Restek) and thermal conductivity detector.
Respiration rates at different temperatures were
used to calculate the Q;¢ value (Wallenstein and
others 2009).

As the soil microbial potential for organic com-
pound depolymerization, a major driver of soil
carbon decomposition (Schimel and Weintraub
2003; Allison 2006; Schmidt and others 2011), we
analyzed potential EEAs on fresh soils in optimal
substrate conditions to provide a metric for
detecting differences in enzyme pool size between
treatments and time points (Wallenstein and
Weintraub 2008). Enzyme activities depict the
capacity of soil microorganisms to depolymerize
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organic substrates, an important determinant for
soil carbon decomposition (Schimel and Weintraub
2003). As climate warming may also impact the
temperature adaptation of the soil microbial com-
munity (Wallenstein and others 2011), we used
three different temperatures (4°C, 9°C, 14°C) to
calculate Qo values (Wallenstein and others 2009).
We used a microplate method with the following
chromogenic substrates: f-glucosidase (BG, paran-
itrophenyl(pNP)-f-glucopyranoside, 5 mM), cel-
lobiase hydrolase (CBH; 2 mM pNP-cellobioside),
p-N-acetylglucosaminidase (NAG, pNP-f-N-acetyl-
glucosaminide, 2 mM), leucine aminopeptidase
(LAP, leucine p-nitroanilide, 5 mM), acid-phos-
phatase (AP, pNP-phosphate, 5 mM), and phenol
oxidase (PO, pyrogallol, 50 mM) (Martz and others
2016). BG, CBH, NAG, LAP, and AP catalyze
reactions that hydrolyze the terminal linkages of
oligomers released from polymers. BG and CBH
release glucose and cellobiose from cellulose, NAG
hydrolyzes N-acetyl glucosamide residues from
chitin-derived oligomers, LAP catalyzes the hy-
drolytic release of leucine and other amino acids
from peptides, AP catalyzes the release of phos-
phate by hydrolyzing the phosphoric ester bonds of
phosphate groups in organic molecules, and PO
catalyzes oxidative reactions in the decomposition
of phenols (Sinsabaugh and others 2008).

The stoichiometric requirement of carbon and
nutrients for soil microorganisms is generally an
important determinant for the effects of global
changes (Sistla and others 2014). EEAs were cate-
gorized based on whether they catalyze the
degradation of organic compounds that contain
only carbon (for example, BG, CBH) or compounds
that contain both carbon and nitrogen (for exam-
ple, NAG, LAP), after which the enzymatic C:N
stoichiometric ratio was calculated (Sinsabaugh
and others 2008). This deviation is not absolute,
because enzymes degrading chitin and proteins
may be synthesized either for microbial N- or C-
acquisition (Henry 2012; Koyama and others 2013)
and, along with their resource requirement, are
promoted by the availability of chitin and proteins
in the soil (Hernandez and Hobbie 2010; Kielak and
others 2013; Zeglin and others 2013). We also
calculated BG:PO ratio, used as an index for
microbial potential to degrade carbohydrates versus
phenols (Sinsabaugh and Follstad Shah 2011). PO
may be associated with ‘N mining” (Sinsabaugh
2010; Chen and others 2017), but also catalyzes
decomposition of easily decomposable phenolics
(Fierer and others 2001; Sinsabaugh 2010).

A soil homogenate (2 g fresh soil, 30 mL of
MilliQ-water) was prepared, and 100-uL aliquots

were used for assay samples and homogenate
controls. For substrate controls, 100-uL aliquots of
a sodium acetate buffer (50 mM, pH 5.0) were
added. For assay samples and substrate controls,
200 pL of each substrate (BG, CBH, NAG, AP, LAP,
PO) was added, and 200 pL of buffer was added for
homogenate controls. The samples were incubated
and centrifuged, and the supernatants analyzed as
the oxidation of chromogenic substrates (405 nm,
Multiscan FC microplate reader, Thermo Scien-
tific). Five microliters of 1.0 M NaOH was added to
samples with paranitrophenyl-based substrates
(AP, BG and NAG) prior to measurement to halt
the reaction and cause color development. The
absorbances of homogenate and substrate controls
were subtracted from the assay absorbance.
Extinction coefficients for calculating final EEAs
were obtained based on standard curves for
paranitrophenol (BG, NAG, AP), paranitroaniline
(LAP), and the oxidation of pyrogallol by mush-
room tyrosinase (PO).

Vegetation Analyses

The point intercept method was used with a total of
87 vertical pins systematically distributed along the
three diagonals of OTC and control plots (29 per
diagonal) (Kaarlejarvi and others 2012). The total
number of the hits per species per pin was recorded
individually for each of the pins. Here, we present
the total plant density, that is the sum of all hits, E.
hermaphroditum and B. nana, to analyze the rela-
tionships among vegetation, soil microbial activi-
ties, and organic matter stocks. The results were
normalized as touches per 100 pins.

Statistical Analyses

The effects of the OTCs, habitat, month, and their
interactions on soil N and C concentrations,
microbial respiration, and EEAs were tested using
the linear mixed model with treatment, habitat,
and month as fixed factors and plot as a random
factor. A month was assigned as a repeated factor
with the plot as the subject. For repeated factors,
we used either a diagonal covariance structure or
first-order autoregressive structure (AR1) with
homogenous variances depending on which model
gave the best fit based on Akaike’s criterion. The
effects of the OTCs and habitat, and their interac-
tions, on SOM stocks and '>C-NMR fractions were
tested using the linear mixed model with treatment
and habitat as fixed factors. Logarithmic transfor-
mations were used as necessary to meet the
assumptions of ANOVA or the linear mixed model.
To test for associations between plant densities and
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microbial biomass and respiration, we used linear
mixed effect models using forward selection (that
is, explanatory variables added one at a time until
the best model, based on AIC, was found) sepa-
rately for habitat. Pearson’s correlation was used to
check possible autocorrelation among explanatory
variables. Statistical analyses were conducted using
SPSS 26 Statistical Software.

RESULTS

Litter and Soil Organic Matter Stocks
and Soil Carbon Fractions

The total organic matter stock was over two times
larger in the tundra site than in the forest site
(Table 1, Figure 1). Of different layers, the litter
organic matter stock was two times higher and the
organic layer stock was 3.4 times higher in the
tundra site when compared to the forest site (Ta-
ble 1, Figure 1). The OTCs saw an increase in or-
ganic matter stock in the litter layer by 57% at the

tundra site while there was no perceived effect in
the forest site (OTC x Habitat interaction; Table 1,
Figure 1). There was no effect of the OTCs on the
soil organic and mineral layer organic matter
stocks, or the total stock (Table 1, Figure 1). '*C
NMR analyses showed that the proportion of car-
bohydrate-C in the surface organic layer was 14%
higher in the tundra than in the forest, whereas the
opposite was true for aliphatic-C (Table 1, Fig-
ure 1). Yet, OTCs had no effect on the organic
fractions (Table 1, Figure 1).

Soil organic layer thickness and OMC% in the
surface organic layer showed a similar pattern as
the organic matter stock (Tables 1, 2). There were
no effects of habitat or the OTCs on the bulk den-
sity, and the soil pH was higher in the tundra site
than in the forest site (Tables 1, 2). Soil moisture
was at its lowest during the early growing season
and at its highest during late growing season (main
effect of Month; Tables 2, 3). On average, soils were
about 20% drier in the forest site than in the tun-
dra site and 7% drier inside the OTCs than in the

Table 1. Effect of Habitat (Forest or Tundra), Open Top Chambers (OTCs), and Their Interactions on Organic
Matter Stocks in the Litter Layer, the Organic Soil Layer, and the Mineral Soil Layer, the Relative Proportion
of 13C-NMR Fractions in Surface Organic Soil Layer (Top 5 cm), Organic Layer Thickness, Organic Matter
Content (OMC%), Bulk Density, Soil pH, Soil Moisture, and the Total, Deciduous Shrub, Evergreen Shrub,

and Bryophyte Densities

Habitat OTC Habitat x OTC
F P F P F I4

Organic matter stocks

Litter layer 46.5 < 0.001 9.7 0.004 6.3 0.019

Organic soil layer 82.7 < 0.001 0.0 0.981 0.0 0.938

Mineral soil layer 1.4 0.244 0.6 0.437 0.2 0.706

The total 63.9 < 0.001 0.5 0.475 0.3 0.577
BC-NMR fractions in surface organic soil

Carboxyl/carbonyl 0.5 0.478 0.6 0.463 1.3 0.263

Aromatic lignin 0.0 0.883 0.0 1.000 1.7 0.203

Carbohydrate and aliphatic lignin 22.8 < 0.001 1.7 0.207 0.8 0.392

Carbohydrate 15.0 0.001 0.2 0.642 0.1 0.733

Methoxyl 1.5 0.226 1.7 0.205 0.5 0.477

Aliphatic not O-substituted 25.7 < 0.001 0.2 0.703 0.6 0.463

Alkyl ratio 23.0 < 0.001 0.1 0.729 0.1 0.778
Soil properties

Organic layer thickness 138.2 < 0.001 1.0 0.331 2.9 0.100

OMC% 22.6 < 0.001 0.0 0.898 0.9 0.347

Bulk density 1.0 0.329 0.3 0.586 2.5 0.125

pH 16.8 < 0.001 3.0 0.095 2.7 0.110
Plant densities

The total vascular plants 18.7 < 0.001 20.4 < 0.001 1.6 0.224

Deciduous shrubs* 5.9 0.023 2.2 0.154 4.4 0.046

Evergreen shrubs 9.9 0.004 15.1 < 0.001 0.1 0.767

Significance levels P < 0.05 are indicated by bold.

F- and P-values are obtained by Two-way ANOVA. Logarithmic transformations were used to meet the assumptions of ANOVA (indicated with *).
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Figure 1. Organic matter stocks in the litter layer, the organic soil layer and the mineral soil layer, and carbon fractions in
the surface organic soil layer (top 5 cm) in untreated plots (control) and after 20 years of experimental warming (OTC) in
a mountain birch forest and a tundra heath in Abisko, northern Sweden. Values are mean, N = 7 in the forest site, N = 8 in

the tundra site.

control plots (main effects of Habitat and OTC;
Tables 2, 3).

Soil and Microbial C and N
Concentrations

Microbial biomass C concentration, analyzed in
surface organic soil layer, was lower inside the
OTCs, and in the tundra site this difference was
particularly strong during the mid-growing season
(main effect of OTC, OTC x Month and Habi-
tat x Month interactions; Table 3, Figure 2). The
concentration of DOC was 70% higher in the forest
site than in the tundra site, and it was not affected

by the OTCs (Tables 2, 3). Soil extractable organic N
and microbial N concentrations followed same
seasonal patterns as DOC and microbial C concen-
trations and were 61% and 54% larger in the forest
site than in the tundra site, respectively (main ef-
fect of Habitat; Table 2, Figure 2), and—except for
NH,4-N concentration—varied seasonally (main ef-
fect of Month; Table 2). The OTCs decreased
microbial biomass N irrespective of habitat (main
effects of OTC, no OTC x Habitat interaction), but
this pattern was especially strong during the early
growing season in the forest site, whereas it was
stronger during the mid- and late growing season
in the tundra site (OTC x Habitat x Month inter-
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Table 2. Organic Layer Thickness, Organic Matter Content (OMC%), Bulk Density, Soil pH, Soil Moisture,
and the Concentrations of Organic N, Dissolved Organic Carbon (DOC), and Microbial C/N Ratio in Control
Plots and Inside Open Top Chambers (OTCs) in a Mountain Birch Forest and a Tundra Heath in Abisko,
Northern Sweden on 6 June, 11 July, and 17 August 2018

Forest Tundra
Control OTC Control OTC

Organic layer thickness (cm) 2.9 (0.2) 2.7 (0.3) 6.3 (0.4) 7.2 (0.4)
OMC (%) 64.4 (2.8) 60.0 (6.5) 80.1 (4.3) 83.5 (1.7)
Bulk density (g dry soil dm™?) 121.7 (5.7) 150.5 (23.0) 129.7 (13.5) 115.8 (5.3)
Soil pH 4.22 (0.03) 4.21 (0.07) 5.01 (0.20) 4.55 (0.15)
Soil moisture (% of fresh weight)

June 54.5 (1.3) 463 (3.9) 63.2 (3.7) 61.3 (1.7)

July 57.6 (1.8) 50.0 (3.3) 67.9 (1.6) 63.4 (1.5)

August 62.2 (1.7) 59.2 (3.3) 68.2 (1.5) 66.7 (1.3)
Organic N (mg kg™ OM)

June 183.2 (12.7) 185.1 (12.1) 103.8 (5.3) 92.4 (6.2)

July 147.4 (6.1) 147.4 (23.7) 73.1 (4.0) 83.9 (9.3)

August 145.8 (1.0) 190.0 (33.9) 93.0 (5.0) 83.1 (4.4)
DOC (mg g~ OM)

June 2.42 (0.10) 2.96 (0.25) 1.82 (0.09 1.76 (0.14)

July 1.69 (0.09) 2.36 (0.54) 1.00 (0.04) 1.16 (0.06)

August 1.83 (0.12) 2.99 (0.89) 1.40 (0.06) 1.24 (0.05)
Microbial C/N ratio

June 11.6 (1.0) 11.1 (0.9) 13.1 (1.0) 13.4 (0.7)

July 11.5 (0.7) 11.0 (1.0) 11.1 (0.7) 12.6 (1.5)

August 10.3 (1.1) 9.4 (1.1) 8.7 (0.5) 11.7 (0.6)

Organic layer thickness (cm), organic matter content (OMC%), bulk density and soil pH represent means of all sampling months. Standard errors are in parentheses, N = 7 for

forest, N = 8 for tundra.

action; Table 2, Fig, 2). The OTCs also increased the
microbial C:N ratio in the tundra site (Habi-
tat x OTC interaction; Tables 2, 3). The effect of
treatment on NH4-N concentrations varied,
depending on the month and the habitat
(OTC x Habitat- and OTC x Habitat x Month
interactions; Table 2). During the late growing
season, NH4-N concentrations were higher inside
the OTCs in the forest site, but lower inside the
OTCs in the tundra site (Figure 2). The same pat-
tern was seen in extractable organic N, but only in
the forest site (OTC x Habitat x Month interac-
tion; Tables 2, 3).

Microbial Respiration and EEAs

Microbial respiration and EEAs per gram soil or-
ganic matter were generally higher in the forest site
than in the tundra site (main effect of Habitat;
Table 4, Figure 3A-F, Supplementary Table 1).
Many activities varied among the three sampling
months depending on the habitat (main effect of
Month, Month x Habitat interactions; Table 4). As
seasonal variation per se is not the primary focus of
our study, we present microbial activities pooled for

the whole growing season. Overall, activities were
particularly high during the early growing season
in the forest site with weaker seasonal variations
detected in the tundra site (Supplementary Ta-
ble 1).

When expressed as per gram microbial biomass,
the OTCs increased microbial respiration (main
effect of OTC; Table 4; Figure 3A, left). The OTCs
enhanced BG, CBH, and NAG activities to a greater
extent in the forest than in the tundra site (main
effect of OTC, OTC x Habitat interaction; Table 4;
Figure 3B, C, E, left), while there was no effect on
PO activity (Figure 3D). The OTCs decreased LAP
activity to a stronger extent in the tundra than in
the forest site (main effect of OTC, OTC x Habitat
interaction; Table 4; Figure 3F). The OTCs in-
creased AP activity in the forest site but decreased it
in the tundra site (OTC x Habitat interaction; Ta-
ble 4; Figure 3G, left).

The overall treatment effect was highly different
when activities were expressed as per gram of soil
organic matter. There were no effects of the OTCs
on microbial respiration, BG, CBH and NAG activ-
ities, and both PO and LAP activities were lower
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inside the OTCs irrespective of habitat (Table 4,
Figure 3A-E, right). AP activity was lower inside
S the OTCs in the tundra site during the mid-growing
8835 season (Table 4; Supplementary Table 1; Figure 2F,
sses right). There were no effects of habitat or treatment
on enzymatic C:N stoichiometry (Table 4, Supple-
mentary Table 2). The BG:PO ratio was 67 % higher
in the tundra site than in the forest site and in-
mms creased in response to treatment by 40% (Table 4,
Supplementary Table 2). The Q;( of microbial res-
o — piration was at its highest during the early growing
FIRD season, whereas the Q;( of enzyme activities were
SESHERS at their highest during mid- and late growing sea-
son. The OTCs lowered the Q,, of microbial respi-
o AN ration by 9%, but did not influence the Qo of
© enzyme activities (Table 4; Supplementary Ta-
ble 2).
N N — o0
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scoc Shrub Densities and Their Relationships
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The total vascular plant and evergreen shrub den-
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Figure 2. Soil microbial biomass C and N and NH,—N concentrations in the surface organic soil layer (top 5 ¢cm) in
untreated plots (control) and after 20 years of experimental warming (OTC) in a mountain birch forest and a tundra heath
in June (early growing season), July (mid-growing season) and August (late growing season) in Abisko, northern Sweden.
Values are mean + S.E., N = 7 in the forest site, N = 8 in the tundra site.

DiscussioN

Because increasing deciduous shrub abundance has
been found to be associated with lower soil carbon
stocks (Parker and others 2015, 2021; Kemppinen
and others 2021), we predicted that organic matter
stocks would be lower after 20 years of ‘shrubifi-
cation’ in the tundra site, where previous studies
had demonstrated an increasing deciduous shrub
abundance (Kaarlejarvi and others 2012). We did
not predict a similar effect for the forest site, where
only evergreen shrubs had increased (Kaarlejarvi
and others 2012). However, soil organic matter
stocks and quality remained unaffected in both the
tundra and forest sites. As increasing deciduous
shrub abundances are known to be associated with
enhanced microbial activities (Deslippe and others
2012; Sistla and Schimel 2013; Street and others
2020; Hicks and others 2021), we also predicted
that microbial respiration rate and EEAs should be
higher inside the OTCs in the tundra site, whereas
no such effect should be detected in the forest site.
When expressed as per gram microbial biomass, the
respiration rates and EEAs for carbohydrate and
chitin degradation were higher inside the OTCs;
however, this effect was much more pronounced in
the forest site. Additionally, the OTCs induced a
substantial decline in the microbial biomass in both

habitats leading to no change in microbial respira-
tion rate and EEAs per gram soil, an outcome that
was not considered in our hypotheses.

‘Shrubification’ Induced a Shift

in Carbohydrate Versus Phenol
Degradation and Increased Respiration
per Gram Microbial Biomass

In contrast with predictions, the only treatment
effect on organic matter stocks was a higher litter
stock inside the OTCs in the tundra site, which
likely results from the combination of increased
litterfall and the fact that the chambers prevent
fallen leaves from being blown away by the wind.
13C NMR analyses showed that the proportion of
carbohydrate-C was significantly lower in the forest
site than the tundra site, whereas the opposite was
true for aliphatic-C, which aligns with earlier re-
sults from the same sites (Sjogersten and others
2003) and elsewhere (Dai and others 2002; Viisa-
nen and others 2015) that tundra soil organic
matter contains a high proportion of labile carbon
compounds.

Owing to the combined effects of the shrub
growth form (that is, evergreen or deciduous
shrub) and the initial soil carbon quality (that is,
the proportion of labile and ‘recalcitrant’ carbon
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Figure 3. Soil microbial respiration (A) and extracellular enzyme activities (B-G) in the surface organic soil layer (top
5 ¢cm) in untreated plots (control) and after 20 years of experimental warming (OTC) in a mountain birch forest and a
tundra heath in Abisko, northern Sweden. Values are mean + S.E. pooled from three sampling months (June, July and

August), N = 7 in the forest site, N = 8 in the tundra site.

compounds), we predicted that the OTCs would
experience increased microbial respiration and
EEAs in the tundra site, but not in the forest site.
The differences between habitats were in fact the
opposite of our predictions, as the responses of BG,
CBH, and NAG activities were stronger in the forest
site. Soil and microbial C and N concentrations and
respiration were also greater overall in the forest
site, which confirms previous studies in the same
study area (Hartley and others 2012; Clemmensen
and others 2021). We suggest that the stronger
effect of the OTCs on microbial activities in the
forest sites reflects this higher overall microbial
activity. The higher activities in the forest coincide
with a shift in the microbial community composi-
tion into taxa with a stronger capacity for ‘N min-
ing” through organic matter degradation
(Clemmensen and others 2021).

Besides the difference in magnitude, the re-
sponses of EEAs were relatively uniform between

the habitats. NAG activity, which has a major role
in tundra C and N cycles (Schimel and Mikan 2005;
Koyama and others 2013) and an assumed link
with increasing ‘N mining’ (Deslippe and others
2012; Yldanne and others 2020) was higher under
‘shrubification” at both habitats. Yet, the OTCs
simultaneously decreased LAP, which is also syn-
thesized for N acquisition (Sinsabaugh and others
2008), which together with the higher BG activity
led to no change in enzymatic C:N stoichiometry,
thus differing from some other experiments (Sistla
and others 2014). However, the BG:PO ratio was
higher under ‘shrubification,” indicating that soil
microorganisms were increasingly synthesizing
extracellular enzymes for carbohydrate rather than
phenol degradation (Sinsabaugh and Follstad Shah
2011) thereby differing from many other studies
witnessing increases in PO activity in response to
warming in tundra (Sistla and Schimel 2013; Seo
and others 2015) and globally (Chen and others
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Figure 4. A Densities of deciduous shrubs, evergreen shrubs, and other vascular plants analyzed with point frequency and
expressed as hits/100 pins in untreated plots (control) and after 20 years of experimental warming (OTC) in a mountain
birch forest and a tundra heath in Abisko, northern Sweden. B Correlation between evergreen shrubs density (hits/100
pins) and the concentration of microbial N (mg kg~' SOM) in a mountain birch forest and a tundra heath in Abisko,
northern Sweden. C Correlation between microbial C and microbial N (mg kg~! SOM) in the same mountain birch forest

and tundra heath.

2017). The OTCs increased AP activity in the forest
site but not in the tundra site, indicating that forest
soil microorganisms maintained the same N:P sto-
ichiometry under ‘shrubification. By contrast, in
the tundra site, phosphorus acquisition in relation
to nitrogen acquisition was downregulated; a phe-
nomenon found also previously in tundra (Phillips
and others 2018; Stark and others 2018; Ylanne
and others 2020) and elsewhere (Sardans and
others 2021) and suggested to reflect increasing
nitrogen in relation to phosphorus limitation for
soil microorganisms (Stark and others 2018; Sar-
dans and others 2021).

A Decline in Microbial Biomass Carbon
and Nitrogen in a Strong Inverse
Relationship Between Evergreen Shrub
Density

We found a decline in microbial biomass C and N
concentrations inside the OTCs, which was not
predicted in our hypotheses. The lower amount of
microbial biomass diminished the effect of
increasing activities, and per gram soil, there were
no effects on microbial respiration and BG and
NAG activities, and a decrease in PO activity. These
findings align with the generalization that the
amount of microbial biomass is a strong determi-
nant of the potential for soil carbon decomposition
(Schmidt and others 2011). Interestingly, we found
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a tight inverse correlation between microbial N and
evergreen shrub density in both sites. This could be
interpreted as that ‘shrubification’—when contin-
ued for two decades—intensified nutrient compe-
tition between plants and soil microorganisms to
such an extent that it may have limited the amount
of microbial biomass. This hypothesis is not con-
tradictory with the observation of higher microbial
respiration per gram microbial biomass, as this
could also result from a nutrient-limitation of
microorganisms. According to a general frame-
work, microbial CO, respiration may increase ei-
ther in response to enhanced labile C availability,
or the nutrient limitation of soil microbial growth;
in the latter case, enhanced respiration depicts an
overflow metabolism resulting from a nutrient
limitation of C assimilation into the microbial bio-
mass (Schimel and Weintraub 2003). ‘Shrubifica-
tion” could therefore enhance microbial respiration
per biomass through an overflow metabolism via
nutrient limitation of microbial growth, and not
only via enhanced labile C availability.

It has previously been hypothesized that as
tundra soils are generally nitrogen-poor (Jonasson
and others 2001; Schimel and Bennett 2004), and
nitrogen constitutes an important component of
both microbial biomass and extracellular enzymes,
the N-limitation of soil microorganisms for growth
and synthesizing extracellular enzymes is a major
determinant for overall soil carbon decomposition
rate (Schimel and Weintraub 2003; Schimel and
Bennett 2004; Wallenstein and others 2009; Wee-
don and others 2011; Koyama and others 2013;
Sistla and Schimel 2013; Sistla and others 2014;
Stark and others 2014). More recently, it has also
been suggested that phosphorus may under some
conditions limit soil microbial growth and promote
organic matter accumulation in the Arctic (Pold
and others 2022). Studies conducted near our study
site in Abisko indicated that nutrients did limit the
depolymerization of soil organic compounds (Hicks
and others 2020) and that soil microbial growth
was limited by soil nutrients (Jonasson and others
2006; Demoling and others 2007; Rinnan and
others 2007). When considering whether N limi-
tation induces increasing ‘N mining,” it is worth
noting that nutrient limitation may induce opposite
outcomes for microbial processes depending on the
severity of this limitation, and shifting between
conditions under which resource deficiency in-
duces a higher microbial activity and where re-
source availability limits the microbial activity
(Weedon and others 2011). Tundra soil microor-
ganisms may become increasingly N-limited during
the mid-growing season, which increases their

enzyme production (Weintraub and Schimel
2005b, c¢; Buckeridge and Grogan 2008), but N
limitation during peak growing season may be so
severe that it actually limits extracellular enzyme
synthesis (Wallenstein and others 2009; Sistla and
others 2012). Similarly, ‘shrubification” in nutri-
ent-limited Arctic ecosystems could over time reach
a threshold where it turns a demand-driven ‘N
mining’ into a supply-driven limitation of microbial
biomass to the extent that declining microbial
biomass counteracts the impact of its increasing
activity. This mechanism could constitute one of
the main reasons why increased shrub abundance
has not translated into changes in soil organic
matter stocks in our study system. Tundra plants
may outcompete soil microorganisms for soil
nutrients, particularly because they store nutrients
in their biomass for an extended time period
(Jonasson and others 1999; Hodge and others 2000;
Stark and Kytoviita 2005). Importantly, other
warming experiments have found no effect on
microbial biomass (Sistla and others 2013; Phillips
and others 2018; Stark and others 2018), or a de-
cline in it (Rinnan and others 2009), which shows
that increased carbon flow to belowground
through plant litter and root exudates does not
enable soil microbial biomass to increase.

We predicted that the OTCs increasing deciduous
or evergreen shrubs would have a decisive role for
the consequences on the SOM stocks and microbial
activities, but—in terms of the lack of effect on the
SOM stock—the outcome was the same in both
habitats. Interestingly, the responses of soil micro-
bial C and N to ‘shrubification” were also inde-
pendent of the habitat. We suggest that the
potential for intensified microbial nutrient limita-
tion under ‘shrubification” may still be dependent
on the traits of the plant species’ that become
dominant. E. hermaphroditum constituted a com-
mon species at both sites, although B. nana was also
abundant at the tundra site. We did not take plant
biomass samples to avoid damaging our long-term
experiment, but other warming experiments have
demonstrated increased ecosystem C and N stocks
in the plant biomass in response to long-term
warming, especially when E. hermaphroditum in-
creased (Yldnne and others 2015). E. hermaphrodi-
tum may enhance its own performance through
producing acidic, low-quality organic matter that
decreases soil pH (Cornelissen and others 2006)
and decelerates soil nutrient cycling (Brathen and
others 2017), as this species also possesses several
traits favoring adaptation to nutrient-poor condi-
tions (Eskelinen and others 2009). The potential of
E. hermaphroditum to bind significant proportions of
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the ecosystem nutrient pool into a long-living
biomass could constitute a major component in its
ecological ‘miche construction’ into conditions of
lower soil nutrient availability and ever more
increasing abundance (sensu Brathen and others
2017). The slope of the correlation between ever-
green shrubs and microbial N was particularly steep
in the forest with a largely evergreen-dominated
ground vegetation. In the tundra, B. nana may
exert more ambiguous impact on soil process rates
through producing leaf litter that may accelerate
soil nutrient cycling (for example, Buckgeridge and
others 2010) and while simultaneously also bind-
ing carbon and nutrients for a long time in woody
stems that form slow decomposing litter (Hobbie
1996; Weintraub and Schimel 2005a; Wookey and
others 2009). Soil microorganisms are also able to
modify their internal N concentrations depending
on the nutrient availability, manifested as changes
in the microbial C:N ratio (Jonasson and others
1999). Microbial C:N ratio increased inside the
OTCs in the tundra but not in the forest, indicating
that this flexibility may be higher in the tundra.
Our experiment represents a case where warm-
ing increases the abundance of shrubs, which may
differ from situations where shrubs are expanding
in distribution. However, studies from tundra sites
that have compared graminoid and Betula nana-
dominated vegetation found a higher carbon-use
efficiency under shrubs, indicating that shrub
expansion could promote stabilization of organic
matter into the soil (Rousk and others 2016; Lynch
and others 2018). Indeed, the ability to adjust
carbon use efficiency is a strong determinant of the
balance between microbial C assimilation and res-
piration under warming (Billings and Ballantyne
2013; Wieder and others 2013; Allison 2014). In
our experiment, the OTCs no longer increased soil
temperatures due to the buffering effect of a thicker
vegetation cover. On the one hand, increased
shrubs cool the soils due to an increased canopy
shading which binds nutrients into recalcitrant
woody biomass, but on the other, they also pro-
mote winter snow accumulation, which leads into
higher microbial activities and a positive feedback
on soil nutrient availability during the summer
(Sturm and others 2005; Wookey and others 2009;
Buckeridge and others 2010). This ‘dual” effect of
shrubs means that it is the balance between posi-
tive and negative factors that eventually decide the
effects on carbon cycling and nutrient mineraliza-
tion. Indeed, responses in N mineralization are
mixed, showing increased (DeMarco and others
2011), decreased (Sturm and others 2005), no ef-
fects (Jonasson and others 1999; DeMarco and

others 2014), or a variance depending on the time
scale so that N mineralization may be enhanced in
the short term but not in the long term (Hartley
and others 1999).

CoNCLUSIONS AND IMPLICATIONS

Based on our findings, we hypothesize that in
nutrient-limited subarctic habitats where warming
increases long-lived evergreen shrubs, ‘shrubifica-
tion” may intensify nutrient competition between
plants and soil microorganisms and even induce a
decline in the amount of microbial biomass. This
hypothesis ties together the concepts that nutrients
limit soil microbial biomass and function in the
tundra (Fierer and Schimel 2003; Weintraub and
Schimel 2003; Sistla and others 2012, 2014; Hicks
and others 2020) and that evergreen shrub
expansion leads to divergent effects on soil carbon
sequestration when compared to deciduous shrub
expansion (Vowles and Bjork 2018; Kemppinen
and others 2021). Yet, it highlights the important
role of nutrient binding into long-lived above-
ground plant biomass as the main plant trait
mediating these impacts. Consequently, a warmer
climate may not induce an accelerated release of
CO, to the atmosphere, but induce a neutral or
even slightly positive effect on ecosystem C storage
as a result of increasing plants. Substantial losses
from the soil to the atmosphere in this area could
likely only take place once the forest tree line ad-
vances, inducing a regime shift from tundra to
forest (Hartley and others 2012; Clemmensen and
others 2021).

Our findings add to previous studies showing
limited or mixed impacts of warming on soil
nutrient dynamics, microbial stoichiometry, and
soil C and N stocks in the tundra (Rousk and others
2016; Lynch and others 2018; Salazar and others
2020; McLaren and Buckeridge 2021; Pold and
others 2021). A recent meta-analysis demonstrated
that Arctic ecosystems respond to warming in a
habitat-specific manner, with plant community
shifts and microbial responses ultimately altering
nutrient competition between plants and microor-
ganisms variably across tundra habitats (Pold and
others 2021). The outcome of warming and asso-
ciated vegetation change may depend on an intri-
cate balance between demand-driven ‘N mining’
into a supply-driven limitation of microbial bio-
mass (sensu Weedon and others 2011) together
with species interactions (Urcelay and others
2003). Similarly, some Arctic sites show a strong
nutrient-limitation of microbial function (Sistla and
others 2012), while other sites demonstrate an
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indifferent relationship with soil nutrient avail-
ability (Stark and Vdisdnen 2014; Melle and others
2015). Our results suggest a potential key role of
nutrient competition in determining soil C and N
dynamics under ‘shrubification,” a fuller under-
standing of which should be recognized as a critical
research target.
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