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Long-term geothermal warming reduced stocks of carbon but
not nitrogen in a subarctic forest soil
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and depth were observed for a 1-year period using buried teabags and temperature

to warming. A negative relationship was found between soil temperature and whole-
profile SOC stocks, with a total loss of 27% between the warmest and reference plots,
and a relative loss of 3%°C™%. SOC losses were restricted to the particulate organic
matter (POM) and dissolved organic carbon (DOC) fractions with net whole-profile
depletions. Losses in POM-C accounted for the largest share of the total SOC losses.
In contrast to SOC, N was not lost from the soil as a result of warming, but was redis-
tributed with a relatively large accumulation in the silt and clay fraction (+40%). This
suggests an immobilization of N by microbes building up in mineral-associated organic
matter. These results confirm that soil warming accelerates SOC turnover throughout
the profile and C is lost in both the topsoil and subsoil. Since N stocks remained con-
stant with warming, SOM stoichiometry changed considerably and this in turn could

affect C cycling through changes in microbial metabolism.
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1 | INTRODUCTION and thus decomposition of soil organic matter (SOM), is stimu-

lated by warming and is likely to turn soils into a net source of car-
Climate change and the associated rise in temperatures leads to bon dioxide (CO,), inducing a climate-carbon cycle feedback loop
warming of soils (Heimann & Reichstein, 2008). Microbial activity, (Heimann & Reichstein, 2008). The largest temperature increases
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are expected in high latitudes (IPCC, 2013, 2019), where soils store
the most (FAO and ITPS, 2017) and oldest SOM (Shi et al., 2020).
Therefore, boreal biomes are considered to be of major importance
for the global C cycle and play an import role in climate change feed-
backs (Carey et al., 2016). The effect of rising air temperatures and
other global change drivers on ecosystems has been extensively
studied in the last four decades (Song et al., 2019). However, pre-
dictions about the responses of SOM to warming are difficult and
uncertain, due to a lack of long-term field warming experiments,
investigating whole-soil profile interactions between soil warming
and the C and nitrogen (N) cycles. Most in situ warming studies
have a time span of less than a decade, and usually of just 1-3 years
(Eliasson et al., 2005; Hicks Pries et al., 2017; Ineson et al., 1998; Li
et al., 2018; Luo et al., 2001; Nottingham et al., 2020). Furthermore,
also laboratory incubation experiments have short time spans of ob-
servations (Aaltonen et al., 2019; Conen et al., 2006; Dutta et al.,
2006; Karhu et al., 2010), while climate change is a slow, gradual
process with many interactions between ecosystem components
that require longer observations. Depending on warming intensity
and the soil parameters being investigated, abrupt soil warming can
lead to overshoot reactions or relatively fast equilibration (Walker
et al., 2020). Melillo et al. (2017) reported strong temporal trends
in SOC losses over 26 years of soil warming with different stages
of SOC loss and build-up, resulting in a non-linear relationship be-
tween warming duration and SOC loss. Short-term experiments
might thus risk overestimating warming effects when linearly ex-
trapolated to longer timescales (Crowther et al., 2016); they cer-
tainly fail to predict how strongly, depending on warming intensity,
ecosystem processes will change before a new steady state might
be reached (Walker et al., 2020). However, understanding the new
baseline of specific parameters after long-term warming is crucial
for an overall quantitative understanding of warming effects on
ecosystem processes.

Even though subsoil (usually defined as the soil below the A-
horizon or the soil below the main rooting zone) stores around 50%
of total SOC stocks (Hicks Pries et al., 2017; Koarashi et al., 2012;
Rumpel & Kégel-Knabner, 2011; Wordell-Dietrich et al., 2017), most
warming experiments have focused on the topsoil. Few studies
have evaluated whole-profile warming (e.g. Nottingham et al., 2020:
120 cm and Hicks Pries et al., 2017: 100 cm). In subsoils, the abiotic
conditions, the availability of fresh substrates, SOM composition and
the size and structure of the microbial community are very different
from those in topsoils (Fierer et al., 2003; Rumpel & Kégel-Knabner,
2011). It is therefore reasonable to expect that the response of sub-
soils to warming would be different from that of topsoils.

The fate of N under long-term warming has not been thoroughly
characterized in studies evaluating the response of SOM to warm-
ing. When SOM is decomposed and C is largely respired back to the
atmosphere as CO,, the mineralized N becomes available for mi-
crobes and plants and this, in turn, could enhance ecosystem pro-
ductivity (Melillo et al., 2002; Rustad et al., 2001). However, N could
also be lost via leaching or directly immobilized by microbes. Not

much is currently known about the net effect of soil warming on
total N stocks in the soil. This deserves further study so that po-
tential interactions between C and N cycles can be identified and
a more comprehensive understanding about whole-ecosystem re-
sponses to warming can be developed.

Geothermal areas can help to fill these knowledge gaps because
inthese areas the whole soil profile has been warmed for long periods
of time. When soils are unaffected chemically by geothermal waters,
the resultant soil warming may be considered a cost-effective long-
term manipulation (O’Gorman et al., 2014). O'Gorman et al. (2014)
highlighted the importance of temperature gradients for an in-depth
understanding of warming responses including identification of po-
tential tipping points. Another opportunity of geothermal warming
is that temperature gradients across the landscape can be identified
with different degrees or intensities of warming developed as part of
an experimental set-up. In this study, it was possible to take advan-
tage of geothermal soil warming at the Takhini hot springs, located in
a subarctic deciduous forest near Whitehorse, Yukon in Canada. It is
not known how long the soils have been warmed by the spring, but
the spring has been commercially used as a recreational area since
around 1907 and we can therefore assume that at least 100 years of
warming has occurred. One of the few examples of a comparable site
is the ForHot experimental site in Hveragerdir, Iceland (Sigurdsson
et al., 2016), where soil has been warmed since an earthquake in
2008 in one valley and for more than 50 years in a neighbouring
valley (Walker et al., 2020).

SOM is highly complex and this complexity should be accounted
for when trying to predict its dynamics (Lavallee et al., 2019). This
is often done by separating multiple components of contrasting be-
haviour by various fractionation approaches (Liitzow et al., 2007). In
recent years, physical fractionation methods, and in particular, the
separation of size and/or density fractions, have been widely used
(Lavallee et al., 2019; Poeplau et al., 2018). This is in line with the
current understanding of the major pathways of SOM stabilization
(Dynarski et al., 2020), with reduced accessibility of SOM by mineral
association as a key mechanism (Dungait et al., 2012; Kégel-Knabner
et al., 2008). However, few warming studies have evaluated the re-
sponse of different SOM fractions to in situ warming (Lavallee et al.,
2019). This hampers the in-depth understanding needed for accurate
prediction of SOM cycling and transformation in response to global
changes that are occurring (Conant et al., 2011). The temperature sen-
sitivity of different SOM fractions has long been a matter of debate,
owing to a wide range of different experimental approaches and defi-
nitions of temperature sensitivity (Conant et al., 2011; Conen et al.,
2006; Karhu et al., 2010; Knorr et al., 2005). Apart from evaluating
changes in SOM quality, fractionation can also be used to indicate
soil structural changes or reveal prevailing destabilization mecha-
nisms. For example, in the Icelandic geothermal warming experiment
mentioned earlier, Poeplau et al. (2016, 2020) detected the depletion
of stable aggregates associated with the loss of SOM and concluded
that either loss of SOM decreased aggregate stability or weakening

of aggregate binding mechanisms led to the destabilization of SOM.
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Our aim in this study was to use a natural thermosequence in
a subarctic deciduous forest to quantify the effect of long-term
whole-profile soil warming on SOC and total soil N stocks and frac-
tions, as well as potential litter decomposition. The latter was used
as a proxy to test the hypothesis that SOM losses in the topsoil and
subsoil are driven mainly by the warming-induced acceleration of

microbial activity.

2 | MATERIALS AND METHODS

2.1 | Studysite

The Takhini hot springs (60°52'43.9"”N, 135°21'30.7"W, http://takhi
nihotpools.com/) are located near the Takhini river in south-western
Yukon Territory, west of Whitehorse in the discontinuous perma-
frost region (Smith et al., 2004). The study area is located on the
margins of the Whitehorse Trough, a Mesozoic marine basin with
sediments and volcanic rocks of Jurassic to Triassic age, locally over-
lain by glacial and periglacial deposits. At the Takhini hot springs,
water is heated by natural decay of plutonic rocks (Langevin et al.,
2019) at a depth of several hundred metres and reaches the surface
through geological faults (Fraser et al., 2018). This water is captured
in a commercial pool with a temperature of 42°C, heating the sur-
rounding soil at a depth of 50 cm from annual temperatures of -4.8°C
in winter and 3.7°C in summer (Smith et al., 1998) up to temperatures
consistently above freezing. Before the spring's commercial exploi-
tation as a recreational area around 100 years ago, the area was used
by the Ta'an Kwach’an First Nation. There is no scientific work about
the exact age of the spring or about the duration of soil warming.
We know from old documents such as early photographs and news-
papers that the spring was already in use by 1907 and must have
delivered hot water to the surface beforehand (http://www.explo
renorth.com/library/history/takhini_hotsprings.html).  Therefore,
we assume that soil warming has occurred for more than hundred
years. There is no evidence to suggest that any geothermal water af-
fected the area where the plots were located. At the four plots, the
soils had similar soil properties (see Table S1). The geothermal water
is rich in calcium and iron, leading to visible precipitates whenever
the water comes to the surface. To avoid a chemical influence of the
geothermal water on the soils, the plots were established at the back
of the spring, where no water directly reaches the surface. The soil
pH was similar at all of the plots, which indicated that the soils were
not chemically affected by the geothermal water and warming.

The research area is located in the Aspen forest (Populus tremuloi-
des, MICHX) on Orthic Eutric Brunisols (Canadian Soil Classification;
Mougeot, 1997) that developed from glaciolacustrine deposits and till
(Bond et al., 2005), originating from the late Pleistocene Cordilleran
Ice Sheet (Duk-Rodkin, 1999). The soil at the experimental site has a
loamy to silty-loamy texture (average of 20% sand, 63% silt and 17%
clay) and a neutral to alkaline pH,,,, of between 6.7 and 8.8 (Table S1).
Carbonates are present below a depth of approximately 50 cm.
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The research site has an annual precipitation of 267 mm and an
annual mean temperature of -1.6°C according to Canadian Climate
Normals (Environment Climate Change Canada, 2020) using data
from 1981 to 2010.

2.2 | Plotselection and soil temperature
measurement

Sampling plots were selected by measuring the current soil tem-
perature, which decreased with a distance from the hot spring. The
four sampling plots (W1, W2, W3 and W4, with W1 closest and W4
furthest away from the spring), each represented a specific warm-
ing intensity, were selected on the basis of relatively undisturbed
forest patches on flat terrain. To ensure this, sampling plots had
to be small (3 x 3 m? due to the infrastructure around the spring.
Overall, the resulting thermosequence was of small spatial dimen-
sion with very close coordinates: W4 = 60.879159°N/-135.361128°E,
W3=60.879011°N/-135.360853°E,W2=60.879118°N/-135.359916°E
and W1 = 60.878867°N/-135.360272°E. The plots were located within
60 m of the spring. At each plot, temperature loggers (Tinytag Plus 2 TGP
4017, Gemini Data Loggers Ltd) were buried at 10 and 50 cm soil depths
to log the temperature with a resolution of 2 h for 1 year (July 2019-
July 2020). After 1 year of logging, the temperature loggers provided
a detailed picture of the soil temperature pattern throughout the year.
Figure 1 shows that the plot closest to the hot spring (W1) was continu-
ously warmer than the reference plot (W4), with a maximum temperature
difference of 8.6°C at 50 cm depth. As temperature data were obtained for
two depths, reference is made to the mean of both depths and the warm-
ing intensity compared with the reference plot (W4), which is 7.7°C (W1),
1.8°C (W2) and 0.5°C (W3). At the warmest plot (W1), the temperature
dropped below 0°C only in exceptional cases (6 days in January), while all
other plots remained frozen for at least part of the winter (Figure 1). While
plots W2, W3 and W4 had similar, often overlapping temperature curves
at 10 cm depth, the temperature at 50 cm was clearly different among the
plots, indicating a greater influence of the geothermal heat source deeper
in the soil.

2.3 | Sampling and field measurements

A transect of the four established plots was sampled in July 2019.
The litter layer was sampled using a metal cylinder of 12.5 cm
diameter (8 cm height) prior to soil coring. The thickness of the
litter layer did not exceed 4 cm. A slide hammer-driven soil corer
with an auger of 7 cm diameter and 20 cm length was used for
soil sampling at four random locations in each plot. The soil cores
were divided into five depth increments (0-10, 10-20, 20-40,
40-60 and 60-80 cm). The separate sampling of all depth incre-
ments with the 20-cm auger precluded the deformation of soil
cores (compaction/stretching) and thus ensured correct volume-

based sampling. In two replicates of one plot (W4), the 60-80 cm
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FIGURE 1 Soil temperature over

a 1-year period at depths of (a) 10 cm

and (b) 50 cm for all four plots (W1-

W4), with the dashed line indicating

the freezing point and the dotted line
indicating air temperature recorded at the
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depth increment could not be sampled due to the high gravel
content.

To determine the potential litter decomposition rate, teabags
with green tea (‘Bio Griiner Tee’, Paulsen Tee, Fockbeck, Germany,
Charge No. 187896FC) were used (Keuskamp et al., 2013, modified).
The teabags were buried at depths of 10 and 50 cm in the centre of
each plot (three bags per depth and plot, resulting in 24 teabags) to
study warming effects on potential litter decomposition as a proxy
for microbial activity. The teabags were tagged and weighed before
burying. After 1 year, the teabags were recovered, cleaned, dried at
60°C and weighed again to determine tea mass loss. Six of the 24

teabags could not be recovered.

2.4 | Sample preparation and analyses
The freshly sampled soil was air-dried, weighed, sieved through a 2-mm
sieve and weighed again to calculate the fine soil mass and stone con-

tent (Equation 1). An aliquot sample of the sieved soil was then shipped

to Germany, where all further parameters were measured. The water
content of each air-dried sample was determined to correct the fine
soil mass estimate by subjecting an aliquot to 105°C oven-drying and
calculating the weight difference between air- and oven-dried samples.

For the measurement of pH and texture, the four field replicates
of each plot and depth were pooled into one sample per depth in-
crement, resulting in five samples per plot. The pH of each pooled
sample was measured in water with a soil:water ratio of 1:5 (10 g
soil and 50 g water) after 1-h shaking (ISO 10390, 2005; Table S1).
Soil texture was determined for the samples from the second depth
increment (10-20 cm) according to DIN 1SO, 11277:2002-08, which
is based on sieving and sedimentation of suspended fine particles
(K6hn, 1929).

Milled aliquots of each sample were used for analysis of SOC,
total inorganic carbon and total N analysis by dry combustion with
an elemental analyser (LECO TruMac). Samples with a pH,,,o > 6.2
were combusted in a muffle furnace prior to dry combustion to de-
termine total inorganic carbon. Milled aliquots of the litter samples
were analysed for SOC and N.
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2.5 | Fractionation

SOM fractions were isolated in all 78 samples according to the
method of Zimmermann et al. (2007) which had been slightly modi-
fied by Poeplau et al. (2018). Briefly, 30 g of the bulk soil were
dispersed with an ultrasonic probe at 22 J and then wet-sieved
with 2.2 L deionized water through a 63-um sieve (the threshold
between silt and sand in the German Soil Classification; Ad-hoc-
Arbeitsgruppe Boden, 2005). The fine fraction was then centrifuged
and the supernatant fluid was filtered (0.45 um) and analysed for
water-extractable carbon (here referred to as DOC). DOC was meas-
ured with a Dimatoc 2000 (Dimatec GmbH, Essen). The remaining
silt and clay fraction (S+C) was dried until the weight was constant
at 50°C, weighed and analysed for C content. From the S+C fraction,
1 g was used to determine the resistant soil organic carbon (rSOC)
and resistant soil nitrogen (rSN) using oxidation with 6% sodiumhy-
pochlorite (NaOCI). In this step, the 1 g sample was stored in a 50-
ml centrifuge tube and filled to 45 ml with NaOCI. After shaking,
the tubes were left open for 16 h to ensure maximum oxidation and
prevent the tubes from bursting due to gas produced by the ongo-
ing oxidation process. Afterwards, the tubes were centrifuged, de-
canted, washed twice with deionized water and refilled with NaOCI.
After three repetitions, the washed sample was dried at 50°C and
the remaining material was analysed for C and N content.

The coarse fraction from the wet sieving was dried at 50°C and then
weighed. Afterwards, this fraction was mixed with a sodium polytung-
state solution adjusted to a density of 1.8 g/cm® After mixing and cen-
trifuging, the particulate organic matter (POM) floating on the heavy
solution was decanted, washed with deionized water, dried again at
50°C, weighed, milled and analysed for C and N contents. The same
procedure was applied for the heavy sand and aggregate fraction (S+A).

This fractionation method leads to a small loss of both sample mass
and carbon, and the recovery (sum of all isolated fractions) was mea-
sured to be 97% for the initial bulk soil mass and 90% for the initial bulk
soil carbon. Due to high carbonate content between 40 and 80 cm, the
rSOC fraction could not be accurately evaluated and was not consid-
ered at these depths. As the rSOC fraction consisted of less than 1 g, it
was not possible to distinguish inorganic C and SOC. The fractionation
method developed by Zimmermann et al. (2007) has been applied in
other comparable geothermal warming studies (Poeplau et al., 2016,
2020). Furthermore, in a large-scale method comparison with 20 dif-
ferent fractionation methods, this method was found to be among the
most successful in isolating pools of distinct turnover rates (Poeplau
et al., 2018). The method not only allows for the isolation of POM and
mineral-associated OM, which are used in other fractionation methods,
but also provides information about soil structure from the S+A fraction,
and about desorption and leaching processes by the DOC fraction.

2.6 | SOC stock calculation and mass correction

Considerable variability in the rock fragment fraction was observed
across the plots (Table S1). To avoid a bias in SOC stock estimates
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caused by the high proportion of rock fragments in the soil samples
and assuming that this variation was not temperature driven, SOC
stocks were calculated as SOCstock; using the following equations
(M2 in Poeplau et al., 2017):

mass, — mass

BD _ sample rock fragments
fine soil — MAasS,oc fragments (1)
volumesamme - Prock fragments
SOCstock; = SOCCONg e soif * BDfine soil * depth; (2)

where massg, e is the total mass of the sample, mass, o fragments IS the
total mass of the rock fragments (>2 mm), volumeg, i is the volume of
the sample,p,ock fragments is the density of the rock fragments (assumed
to be 2.6 g cm®), SOCcong,e oo is the SOC content of the fine soil and
depth; is the sampling depth of the corresponding increment.

As a change in treatments is often accompanied by changes in
horizon thickness and bulk density, a mass correction of the mea-
sured SOC concentration is needed (Ellert und Bettany, 1995). The
correction of SOC stocks for bulk density was performed according
to Poeplau et al. (2011), where the soil mass of the lightest core (0-
80 cm) is used as the reference soil mass, and soil and C masses in the
other cores are adjusted relative to it. In this case, the mean of the
four cores from the reference plot (W4) was used. Mass corrections
along the whole profile affect each depth increment and lead to a
change in the depth of these increments. This makes it difficult to
compare SOC stocks of specific depth increments. To avoid overcor-
rection, we calculated the mass correction in a first step only for the
two uppermost depth increments (0-10 and 10-20 cm), which are
herein referred to as topsoil, and in a second step for all five depth in-
crements, which are referred to as subsoil. To obtain mass-corrected
subsoil SOC stocks, we subtracted the corrected topsoil SOC stocks
from the corrected whole-profile SOC stocks. Therefore, our use of
terms ‘topsoil’ and ‘subsoil’ does not refer to pedogenic or diagnostic
horizons, and topsoil is representative of the SOM-rich rooting zone
of the investigated soil.

2.7 | Statistical analysis
All statistical analyses were conducted using R version 3.6.1 (R
Core Team, 2019) with the packages readxl (Wickham & Bryan,
2019), openxlisx (Schauberger & Walker, 2020), ggplot2 (Wickham,
2016), ggpubr (Kassambra, 2020), dplyr (Wickham et al., 2020), plyr
(Wickham, 2011), reshape2 (Wickham, 2007), gridExtra (Auguie,
2017) and vegan (Oksanen et al., 2019). In order to test the sensitiv-
ity of SOC and N stocks, contents and SOC fractions to soil warm-
ing, linear and logarithmic regression models were applied for each
depth and variable, from which the best fit (best R?) was chosen
(Tables S3-S6). Furthermore, Spearman's correlation coefficient was
calculated to test for rank correlation between soil temperature and
average stocks of C and N.

To test for differences in SOC and N fraction composition be-
tween the plots, an analysis of similarity (ANOSIM) was performed
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with the vegan-package (Oksanen et al., 2019). The calculated R
values give the measure of dissimilarity between all four groups,
with corresponding p-values to account for statistical significance
(p < 0.05). This means that ANOSIM could be used to analyse a
change in the distribution of fractions between plots.

Furthermore, the ratio of the SOC and N contents between the
warmed plots and the reference plot was calculated as the response
ratio (RR) to quantify the accumulation or depletion in response to
warming:

X

'warm

RR =
Xref

@)

where RR is the response ratio, X, is the content of SOC or N in the

reference plot and X

\warm IS the content of SOC or N in the warmed plot.

The decomposition of the green tea as a function of soil tem-

perature was best described by the following model:

Y =n+log(x) *x m (4)

where Y is the decomposition within 1 year; x is the mean annual soil

temperature; and n and m are the fitted parameters of the model
function.

The temperature data were processed with a Hampel filter using

a moving window of eight measurements and the twofold median

absolute deviation (Pearson et al., 2016). The Hampel filter corrects
for outliers in the data, such as temperature changes in several de-
grees between 2 h, while keeping the natural intraday variations in
the data. For comparisons with air temperature, the data of daily
mean air temperatures from Whitehorse were used (Computer
Research Institute of Montréal, 2020).

3 | RESULTS

3.1 | BulksoilCandN

In all plots, SOC and N contents were highly variable (Figure 2a,b).
As expected, SOC contents were highest in the reference plot and
lowest in the warmest plot (Figure 2a). In all plots, SOC decreased
exponentially with depth. Consistent with SOC contents, the
whole-profile SOC stocks were also highest in the reference plot
(Figure 3a). The warmest plot, W1 (+7.7°C), contained on average
14.32 Mg ha™t (27%) less SOC in the whole profile (0-80 cm) than
the reference plot. Assuming a linear loss of SOC over the tempera-
ture range between the warmest plot and the reference plot, this is
equivalent to a loss in SOC of 1.86 Mg ha™* or 3% per °C warming.
In the 0-20 cm topsoil layer, the difference in SOC stock between
the warmest plot and the reference was 4.79 Mg ha™* (which rep-
resents a loss of 16%), while the subsoil lost 9.53 Mg ha? (34%; see
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FIGURE 2 Depth profiles with mean (points) and standard error (horizontal bars) of (a) soil organic carbon (SOC) content, (b) nitrogen (N)

and (c) C:N ratio
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Table S2 and Figure 3a). The C:N ratio (Figure 2c) was strongly re-
lated to temperature and decreased with increasing temperature;
this effect was strongest in the subsoil. N stocks (Figure 3b) re-
mained constant with warming, indicating that no N was lost from
the soil due to warming. Litter C and N stocks remained unaffected
by warming (Table S2; Figure 3a,b). Moreover, no statistically sig-
nificant effects of warming were detected on bulk soil C and N
contents and stocks, due to high within-plot variability. However,
significant (p < 0.05) correlations, using the Spearman's rank test,
were found between temperature and average subsoil SOC stocks
(Rho =-0.62,p =0.01) and whole-profile SOC stocks (Rho = -0.52,
p = 0.04), where no significant correlation was observed for the
topsoil SOC (Rho = -0.23, p = 0.39). Soil N was not significantly
correlated with temperature.

A response ratio (RR) < 1 indicates a loss in SOC or N con-
tent in the warmed plot relative to the reference plot, whereas a
RR > 1 indicates that SOC or N had accumulated in the warmed
plot. Since RR is based on contents (g kg'l), it is independent from
any correction of soil mass. Across plots, the RR (Table 1) values
decreased with warming but did not change with depth indicating
that changes in SOC contents were related to warming but not to
depth in the soil profile. In contrast to the SOC, the RRs of soil N
contents did not decrease with warming, but it appears that there
was a slight relocation of N to deeper soil layers because the RR
values indicated a loss in the uppermost layer with a concomitant

gain in deeper layers.

3.2 | SOM fractions
The sum of Cin all fractions tended to decrease with increasing soil
temperature in three out of four depth increments (Figure 4a), but

regression analysis indicated that no significant trends were found.
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A significant effect of warming was found for the stocks of POM at
20-40 and 40-60 cm layers (negative) and for rSOC at 40-60 cm,
as well as for the C concentrations at 20-40 cm (POM and rSOC)
and 40-60 cm (POM, S+C, DOC). A detailed description of these
results is provided in Tables S3 and S4. Carbon stored in POM de-
creased with warming across all depths, except for 10-20 cm, where
it remained constant (Figure 4a). The other fractions showed minor
responses, except for the S+C fraction. Carbon stored in the S+C
fraction showed an inconsistent response to warming, with an in-
crease at 60-80 cm, a decrease at 40-60 cm but was unchanged
at other depths. The relative contribution of C in the different frac-
tions (Figure 4b) revealed a more consistent pattern. With warm-
ing, POM showed again the strongest response of all fractions. In
contrast, the proportion of the S+C fraction tended to increase with
warming in all plots. No clear difference between the response of
the oxidation-resistant rSOC fraction and the oxidizable S+C frac-
tion was observed.

Across all fractions and depth increments, the response to
warming was greatest in the POM fraction. Over the entire 80 cm
soil profile, POM-C accounted for about half of the bulk SOC stock
in the reference plot, and its share became significantly smaller with
every warming step (Figure 3c). In contrast, the stocks of the other
fractions remained almost constant throughout all warming steps.
As depicted in Figure 3c, the loss of POM was driving total SOC loss.
Over the whole soil profile, POM was depleted by 13.94 Mg ha™,
while the other fractions contributed much less, with less than
1 Mg ha™! for each fraction. After POM, the DOC fraction had the
greatest proportional loss with 0.24 Mg ha™%, which equals 15% of
the DOC in the reference plot.

Nitrogen stocks were not reduced by warming, as shown in
Figure 3b and the constant RR values across plots (Table 1). The re-
sults of the ANOSIM (Table 2) and the distribution of N between
the fractions (Figure 5) show a significant shift of 0.55 Mg ha™* N
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from POM to the S+C fraction and an overall accumulation of N
in the S+C fraction of 0.64 Mg ha™l,
in N in the S+C fraction (Figure 3d). As a result of changes in SOC

representing a 40% increase

TABLE 1 Response ratio (RR) of C and N contents between the
reference and the three warmed plots for each depth increment

C N

+0.5°C  +1.8°C +7.7°C +0.5°C +1.8°C +7.7°C
0-10cm 0.52 0.63 0.55 0.65 0.77 0.64
10-20 cm 0.74 1.22 0.95 0.85 1.16 1.08
20-40cm 094 0.91 0.81 1.06 1.09 1.20
40-60cm  0.87 0.73 0.57 1.02 0.99 1.08

60-80cm  0.98 0.78 0.73 1.15 0.97 1.07

(a) (b)

and no concomitant changes in N, the C:N ratio became narrower
with warming (Figure 2c); this change was consistent across depth
increments but was most pronounced in the subsoil. Finally, for N
stocks (Figures 3b and 5a), a slight distribution shift from topsoil
to subsoil with warming was observed. In the reference plot, 45%
of soil N (1.46 + 0.17 Mg ha™!) was stored in the topsoil and 55%
(1.77 £ 0.16 Mg ha™1) in the subsoil. Whereas in the warmest plot,
41% of N (1.34 + 0.23 Mg ha™*) was stored in the topsoil and 59%
(1.91 £ 0.08 Mg ha™Y) in the subsoil.

The ANOSIM (Table 2) revealed that there was a significant
change in the distribution of SOC and total N among the five frac-
tions, suggesting there were distinct responses to warming. At least
for N, which did not change in absolute amounts, this indicates that

it was transferred between fractions.
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TABLE 2 Results of the ANOSIM for the relative composition of
the soil organic matter (SOM) fractions in C and N for each depth
increment

Relative distribution Relative

of C distribution of N
Depth R p R p
0-10 cm 0.75' 0.035 0.75 0.03
10-20 cm -0.052 0.643 0.083 0.291
20-40 cm 0.635' 0.023 1 0.001
40-60 cm 0.594 0.05 0.542" 0.037
60-80 cm 1 0.033 1 0.027

*Significant differences between the warming plots with p < 0.05.

(a)
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3.3 | Litter decomposition

The teabag experiment indicated that temperature had a significant
effect on litter decomposition rates (Figure 6). Overall, the tea litter
at 50 cm depth was less decomposed and observations were more
variable than at 10 cm. The intercept of the regression equation
shows that decomposition is generally lower at 50 cm than at 10 cm
(54.5 at 50 cm and 38.1 at 10 cm), whereas the slope coefficients in-
dicate a similar response to warming at both depths (12.65 at 50 cm
and 12.38 at 10 cm). The difference in R* between 50 and 10 cm
indicates that observations at 50 cm depth had a higher uncertainty
than observations at 10 cm depth. The p-values of the regressions
were 0.002 at 50 cm and <0.001 at 10 cm.

(b)
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FIGURE 6 Decomposition of litter

(green tea) at 10 and 50 cm depths after
being buried for 1 year

a new equilibrium is rapidly reached after several years of warm-

ing. But direct evidence for such response to warming is still limited.
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4 | DISCUSSION
4.1 | Response of bulk SOM

Bulk SOC stocks showed a long-term loss of approximately
1.86 Mg ha™ °C™, or 27%, with a maximum warming intensity of
7.7°C. This total loss was considerably lower than the predictions
of Crowther et al. (2016), who reported losses of up to 30 Mg ha™
under conservative climate change scenarios by 2050. These losses
were the result of linear extrapolation of data from mostly short-
term warming experiments. But this approach may overestimate
what actually occurs over the long term (van Gestel et al., 2018;
Walker et al., 2020). Studies with a relatively long time span of ob-
servation (e.g. Poeplau et al., 2020, Melillo et al., 2002, 2017) re-
ported results that are consistent with our findings. Melillo et al.
(2017) observed a long-term pattern of rapid SOC loss at the start
of soil warming but reaching a new equilibrium between SOC min-
eralization and build-up later in the experiment. They reported that
the largest loss of bulk SOC occurred within the first 10 years after
the onset of heating. It has been suggested that continued heating
might lead to a decrease in microbial biomass and changes in micro-
bial growth and turnover without losing more SOC (Walker et al.,
2018). Thus, the assumption that short-term warming responses can
be extrapolated to longer time periods (Crowther et al., 2016) might
not be valid (Walker et al., 2020). Our results are consistent with the
observations of Melillo et al. (2017), because even after more than
100 years of warming, the SOC losses we observed were not greater
than those observed in other studies. Furthermore, Poeplau et al.
(2020) observed SOC losses between 3.6% and 4.5%°C™* in topsoil
and subsoil after 10 years of warming, which is slightly higher than
our observed whole-profile loss of 3%°C™! after at least 100 years of
warming. If these two subarctic forest ecosystems are comparable,
then the results from the two studies would provide evidence that

Knowledge of the temporal dynamics of SOC immediately after the
onset of warming is necessary to correctly interpret the findings of in
situ warming experiments.

The results of our study suggest that SOC throughout the soil
profile was reduced by warming. Even if the loss in the subsoil was
overestimated by calculations to correct for comparable soil masses,
the results of this study indicate that subsoil SOC was strongly re-
duced by warming. This is because firstly, the C fractions showed
a strong change in their relative shares in the deepest soil horizon,
which cannot be explained by correction for soil mass. Secondly,
the RR values of SOC contents, which are independent of soil mass
correction, indicate there was a warming-induced response in both
topsoil and subsoil C. The SOC losses we observed in the subsoil
highlight why whole-profile studies are important for determining
the overall climate C cycle feedback (Crowther et al., 2016; Hicks
Pries et al., 2017; Liebmann et al., 2020).

The narrowing C:N ratio revealed that a change in chemical com-
position of SOM occurred with warming. This can be interpreted
as a shift from more fresh plant-derived OM with a wide C:N ratio
(Ferlian et al., 2017), to a stronger microbial influence on OM, which
usually results in a narrower C:N ratio (Hassink, 1994). Such a shift
in SOM quality towards more microbial-derived compounds after
whole-profile soil warming was recently also observed by Ofiti et al.
(2021), who used molecular biomarkers to characterize the changes
in SOM quality after warming. This interpretation is supported
by the relative gains of the mineral fractions, since much of the C
stabilized in those fractions probably consist of microbial residues
(Hassink, 1994; Ludwig et al., 2015). The increasing differences of
the C:N ratio with depth and warming across plots could indicate
that less fresh plant-derived organic matter reaches the subsoil in
the warmer plots, which would also be in line with the findings of
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Ofiti et al. (2021). This may be due to: (i) greater evaporation at the
surface of warmer soils and thus less leaching of fresh DOC from the
topsoil; (ii) lower root growth into deeper soil layers, due to greater
availability of N in the topsoil in warmer plots; or (iii) changes in turn-
over of fresh OM. To understand these processes in detail, a closer
look at soil water content, root abundance and net primary produc-
tion would be necessary. It is noteworthy that the soil N stock was
not affected by warming; this indicates that increased decomposi-
tion of organic matter did not lead to N loss from the soil. This in turn
suggests more efficient cycling of N in warmer soils. Our hypothesis
regarding SOM losses in both topsoil and subsoil due to warming-
induced acceleration of decomposition was confirmed, but only for
C, because bulk N stocks were unaltered with warming.

The lack of any loss in N stocks as result of soil warming in this study
contradict the findings of Li et al. (2018), who observed considerable
losses of N after soil warming by 5°C. But their study was conducted in
a subtropical ecosystem with a monsoon climate, so the question arises
as to whether more N leaching would occur in warmer and wetter con-
ditions than in the continental subarctic ecosystem studied here. Our
findings are consistent with those of Melillo et al. (2002), who observed
increased N mineralization after warming by 5°C for 10 years, but with
no leaching or gaseous loss of N. Less leaching of N and more N in the
soil profile could have fostered greater net primary productivity, which
might have compensated for C losses, for example, by increased root-
derived C input. Indeed, in the warmest plot (W1), more herbaceous
ground vegetation was observed than in the reference plot, which is
indicative of a change in ecosystem productivity. This would however
stand in contrast to the observation of increased silt and clay-associated
N and reduced POM-N, which makes it more likely that microbes were
more competitive for the increased available N than plants.

4.2 | Response of different soil organic
matter fractions

We found a response to long-term warming by the differ-
ent SOM fractions to be in the following order: POM > bulk
soil > DOC > S+A > SC-rSOC > rSOC. We ascribe the differences
among the fractions to differences in accessibility (location in the
soil matrix) and chemical composition of the various SOM fractions.
This is in agreement with previous studies in a naturally warmed sub-
arctic spruce forest (Poeplau et al., 2020) and matches the observed
responses to land use change (Poeplau & Don, 2013). The fact that
detected SOC losses can be almost entirely assigned to losses in the
POM fraction confirms that this unprotected pool of SOM is highly
vulnerable to environmental change (Del Galdo et al., 2003; Lajtha
et al., 2014). The amount of mineral-associated SOC (i.e. that in the
S+A, S+C and rSOC fractions) was the same in all soils along the
warming gradient. This is in contrast to the findings reported in a
similar geothermal warming experiment in Iceland, where SOC in the
S+A fraction, as well as aggregates, declined strongly with warming;
in this study, the silt and clay-associated SOC was lost at a similar
rate as bulk SOC (Poeplau et al., 2016, 2020). However, this does

S i ey

not imply that those fractions were not affected by warming in the
present study. It is noteworthy that we observed a strong accumula-
tion of N in the S+C fraction because while POM lost 0.55 Mg N ha™t
(-52%) and S+A lost 0.07 Mg N ha™* (-12.5%), S+C was enriched by
0.8 Mgha™ (+60%) in soils along the warming gradient. The microbial
turnover pathway is suggested to be a main pathway of SOC stabili-
zation and formation of mineral-associated organic matter (Cotrufo
et al., 2019; Sokol et al., 2019). It is also likely that, in addition to
increased turnover of POM and N availability, microbial growth and
turnover were enhanced (Walker et al., 2018). This may have finally
led to an increased flux of microbial-derived organic matter to the
S+C fraction, potentially compensating for losses or reduced in-
puts of plant-derived organic matter. In a recent review, Angst et al.
(2021) found a positive correlation between the amino sugar content
in mineral-associated organic matter and mean annual temperature,
which might support this accumulation. An alternative mechanism
for the accumulation of N in S+C could be the adsorption of ammo-
nium, particularly to clay minerals following increased N mineraliza-
tion (Nieder et al., 2011). Few studies have focussed on the impact
of warming on N processes in soil. Ineson et al. (1998) found no sig-
nificant effect of heating on N leaching in a mountainous ecosystem
under a tundra climate. They concluded that any warming-induced
increase in decomposition is compensated by an increased plant up-
take of N. Rustad et al. (2001) summarized the results of studies on
N mineralization after soil warming and found that warmer tempera-
tures increased N mineralization, with subsequent microbial uptake
and immobilization of the mineralized N. They concluded that these
processes would eventually increase plant productivity and cause
a shift of N between different pools, which is consistent with our
results.

4.3 | Potential litter decomposition
The teabag experiment allowed us to directly quantify temperature
effects on potential litter decomposition and thus microbial activity.
Mass loss of the teabags was accurately described by a logarithmic
model. The temperature-dependent pattern of litter decomposition
was very similar at 10 and 50 cm depths, as shown by the regres-
sion model, while the teabags at 50 cm showed lower mass losses
than teabags at 10 cm. Other whole-profile studies (Hicks Pries et al.,
2017; Nottingham et al., 2020) also observed that subsoils have a
similar temperature sensitivity than topsoils, supporting our findings.
The lower mass loss at 50 cm depth indicates that microbial com-
munities in the subsoil responded similar to warming as those in the
topsoil, but were less abundant and/or less active, possibly because
of lower substrate availability. The results of this short-term (1 year)
incubation experiment with green tea as a relatively labile substrate
revealed a similar response to that of the total, whole-profile SOC
stock after centuries of warming. The mass loss of green tea in the
warmest plot was 15% higher than that in the reference plot, and
total SOC was reduced by approximately 25% in the most extreme
warming intensity as compared with the reference. The similarity of
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these values indicates that long-term SOC losses were most likely
driven by increased microbial activity and that potential shifts in
organic matter inputs did not compensate much of these respira-
tory losses. However, this might also be related to the experimen-
tal limitation of this study, namely that only the soil, not the whole
ecosystem, was warmed, which could have additional effects on the
aboveground part of the ecosystem. We conclude that the tempera-
ture effect on mass loss of tea adds support to our hypothesis that
SOM losses are driven by warming-induced acceleration of microbial

activity.

4.4 | Implications for SOC dynamics under climate
change and further research

With regard to understanding climate change effects on ecosystem
C fluxes, an experimental shortcoming of this and similar studies is
that only the soil, and not the aboveground part of the ecosystem,
was warmed. The response of net primary productivity to warming
and CO, fertilization, especially in combination with potentially in-
creased N availability, might compensate for the C losses from the
soil (Song et al., 2019) to some extent. This was not the case in our
study, since relative SOC losses appear to be consistent with poten-
tial litter decomposition rates as shown by mass losses in tea litter.
Furthermore, this study also highlights the experimental difficulties
in detecting warming effects. While the warming effects on SOM
stocks and fractions were consistent across the warming gradient,
hardly any statistically significant differences were detected, even
at a warming intensity of 7.7°C, due to high intra-plot variability.
This implies that large sample sizes and strong warming treatments
are necessary in order to detect significant changes (Poeplau et al.,
2016; Schoning et al., 2006). Nevertheless, the use of natural soil
warming gradients presents a unique opportunity to study pro-
cesses in an undisturbed natural setting. The Pacific Climate Impacts
Consortium (PCIC) projects a rise in annual mean temperature of
between 1.8 and 2.1°C (depending on the emission scenario) for the
period 2021-2050 and of 2.9-4.2°C for the period 2051-2080, with
the strongest warming during winter, resulting in a shorter frost pe-
riod and less snow cover. Precipitation is expected to rise by 8%-9%
between 2021 and 2050, and by 18%-20% between 2051 and 2080
(PCIC, 2014). Using the observed C loss of 1.86 Mg ha™* °C™%, the
projected rise in mean annual temperature in the study area could
lead to a SOC loss of 3.3-3.9 Mg ha™® or 5.4-7.8 Mg ha™?, respec-
tively, depending on the emission scenario. The loss of SOC in the
form of CO, contributes not only to climate change, but also de-
creases overall soil quality and productivity (Larsbo et al., 2016).
A possible structural change of the soil such as a greater decay of
stable aggregates (Poeplau et al., 2020) might affect soil water flow
and solute transport, which play an important role in soil respiration
and plant growth, especially in semi-arid areas such as the Yukon
Territory. The questions of structural changes in the soil should be
studied in more detail in undisturbed soil columns. The recycling of
N may change the SOM chemical composition, which in turn could

affect microbial community composition and metabolism (Manzoni,
2017; Takriti et al., 2018). Recently, Ofiti et al. (2021) also found that
SOM in warmed soil was altered in its chemical composition and
comprised more microbial-derived compounds. They related this to
reduced plant-derived inputs and increased microbial decomposi-
tion of organic matter. We assume that this is similar at our study
site. However, insights on warming-induced changes in plant inputs
and organic matter quality will be necessary to fully understand the
opposing trends in C and N stocks we observed. Nevertheless, the
use of natural soil warming gradients presents a unique opportu-
nity to study processes in an undisturbed natural setting and are
therefore valuable for improving our understanding of ecosystem

responses to warming.
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