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Abstract
Cryogenic land surface processes (CLSPs), such as cryoturbation, are currently active in landscapes
covering 25% of our planet where they dictate key functions, such as carbon (C) cycling, and
maintain patterned landscape features. While CLSPs are expected to diminish in the near future
due to milder winters especially in the southern parts of the Arctic, the shifts in C cycling in these
landscapes may be more complex, since climate change can affect C cycling directly but also
indirectly via CLSPs. Here, we study the effects of changing winter and spring climate on CLSPs
and C cycling in non-sorted circles consisting of barren frost boils and their vegetated rims. We do
this by measuring cryoturbation and ecosystem CO2 fluxes repeatedly in alpine subarctic tundra
where temperatures during naturally snow covered period have been experimentally increased with
snow-trapping fences and temperatures during winter and spring period after snowmelt have been
increased with insulating fleeces. Opposite to our hypothesis, warming treatments did not decrease
cryoturbation. However, winter warming via deeper snow increased ecosystem C sink during
summer by decreasing ecosystem CO2 release in the frost boils and by counterbalancing the
negative effects of cryoturbation on plant CO2 uptake in the vegetated rims. Our results suggest
that short-term changes in winter and spring climate may not alter cryoturbation and jeopardize
the tundra C sink.

1. Introduction

Up to 25% of polar and alpine tundra are affected by cryogenic land surface processes (CLSPs), such as
cryoturbation, that control energy, water, and carbon (C) cycles as well as soil motions—i.e. frost-induced
vertical and lateral soil movement—that maintain patterned landscape features (Walker et al 2004, French
2007, Koven et al 2009, Aalto et al 2017). In these patterned landscapes, the distribution and activity of
cryoturbation may differ within short distances due to fine scale variation in topography, soil characteristics,
vegetation, and microclimate (Hjort and Luoto 2009, Klaus et al 2013). Climate change is particularly
pronounced during winter and spring (Thompson and Wallace 2001, Schwartz et al 2006, IPCC 2019) and is
expected to affect cryoturbation. Whereas in the High Arctic, warming and the associated vegetation
expansion could intensify cryoturbation, in the southern parts of the Arctic, warming is expected to dampen
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cryoturbation (Walker et al 2008, Hjort and Luoto 2009). Recent modeling proposes that tundra areas
influenced by cryoturbation may decrease as much as 84% by 2040–2069 due to winter warming (Aalto et al
2017). Accordingly, ceased cryoturbation due to winter warming is prone to affect tundra C cycling over
varying time scales. Over centennial timescales, changes in C cycling may occur, since cryoturbation buries
and transfers accumulated organic deposits (Walker et al 2004, Kaiser et al 2007, Becher et al 2013). On the
other hand, more contemporary changes in C cycling are also likely, since cryoturbation damages plants
limiting root CO2 release and photosynthetic CO2 uptake but may simultaneously intensify microbial C
mineralization via mixing mineral soil with organic matter (Klaminder et al 2013, Becher et al 2015). Thus,
even on short term, decreasing cryoturbation could induce varying responses in CO2 uptake and release with
currently unpredictable consequences for net ecosystem CO2 balance.

In addition to affecting cryoturbation, the timing and nature of climate changes may also directly affect
plant and microbially driven processes in tundra ecosystems (Wipf et al 2009, Kreyling 2010, Puissant et al
2015). Higher soil temperatures under deeper snow cover may directly increase microbial CO2 release and
nutrient mineralization in winter but, on the other hand, may decrease microbial CO2 release during
summer, if labile soil C pools are exhausted (Schimel et al 2004, Semenchuk et al 2015, 2016). Winter
warming also improves conditions for plant overwintering and, consequently, for the growing season by
protecting plants from winter frost damage (Saarinen and Lundell 2010, Neuner 2014, Palacio et al 2015,
Krab et al 2018) and by increasing nitrogen availability (Blankinship and Hart 2012) that could increase plant
CO2 uptake. However, the extent to which photosynthesis can benefit from these conditions may largely
depend on the climate in spring since changes in snowmelt timing and increases in spring temperatures may
delay or advance the onset of the growing season (Badeck et al 2004, Inouye 2008, Saarinen and Lundell
2010, Wipf and Rixen 2010) and alter the susceptibility of plants to freezing damage during spring frost
events (Inouye 2008, Wheeler et al 2014, Krab et al 2018). In ecosystems with naturally shallow snow cover,
even small increases in snow cover may have large impacts on mid-winter soil temperatures but increases in
spring temperatures may largely control the onset of plant growth and photosynthesis.

Due to these joint effects of decreased cryoturbation-induced disturbances and improved conditions
during winter and spring, the responses of C cycling to winter and spring warming in cryogenically active
landscapes could differ from the responses of non-cryogenically active tundra (Morgner et al 2010, Rogers
et al 2018). Currently, there is no field experimentation quantifying how increasing winter and spring
temperatures (Cronin and Tziperman 2015, Bogerd et al 2020) will affect cryoturbation and CO2 fluxes. This
lack of experimental work linking climate variables with CLSPs and their intertwined biogeochemical cycles
has been identified as a key uncertainty hampering our ability to predict future functioning of tundra
landscapes (Aalto et al 2017).

We examined the effects of winter warming and combined winter and spring warming on cryoturbation
and CO2 exchange in a subarctic alpine tundra in Sweden (68◦18.030´N, 19◦7.262´E, 860 m a.s.l.) with
patterned features, non-sorted circles (NSCs), consisting of barren frost boil centers and their vegetated rims
that vary in their abiotic and biotic properties and, thus, with the magnitude and drivers of C cycling (Becher
et al 2015, Väisänen et al 2017). These NSC’s share similarities to patterned features in the circumpolar
region in Scandinavia (Becher et al 2013, Aalto et al 2017), Siberia, Alaska, and northern Canada (Zoltai and
Tarnocai 1981, Walker et al 2004, Frost et al 2014) in terms of soil properties and vegetation composition. We
addressed three research questions. First, how does winter warming and combined winter and spring
warming affect cryoturbation (differential heave (DH), cm)? Second, how does winter and combined winter
and spring warming affect tundra C balance (g CO2–C m−2) during different seasons and annually?
Third, how does winter and combined winter and spring warming affect growing seasonal CO2 fluxes
(g CO2–C m−2 h−1)—net ecosystem exchange and gross ecosystem production (NEE600 and GEP600,
respectively, normalized at a common irradiance, PAR= 600 µmol photons m−2 s−1) and ecosystem
respiration (Re, measured in full darkness)—in the frost boils and the rims and does cryoturbation
contribute to these C cycles? To answer these questions we used snow fences and insulating fleeces that
covered NSCs in autumn, winter and spring (both treatments executed years 2012–2016) that simulated two
winter climate change scenarios: snow fences increased soil temperatures during the natural snow-covered
period (mid-October to mid-May 2012–2014, c. 1 ◦C), without changing average spring soil temperatures
(i.e. winter warming), whereas fleeces increased soil temperatures from October until early June (2012–2014,
c. 1 ◦C), thus additionally warming in the spring period after snowmelt (i.e. combined winter and spring
warming) (Krab et al 2018). During years 2015–2016, we measured DH and CO2 fluxes. We hypothesized
that: (1) both warming treatments will decrease cryoturbation and (2) both warming treatments will
increase tundra C sink function (i.e. NEE more negative) but the effect will be stronger with combined
winter and spring warming, and (3) both warming treatments will affect all growing seasonal CO2 fluxes but
the effects will be stronger with combined winter and spring warming and, further, the effects will be
different in the frost boils and in the rims.
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2. Materials andmethods

2.1. Study site and experimental design
The site was a dry-mesic subarctic alpine tundra heath on Mount Suorooaivi (68◦18.030´N, 19◦7.262´E) in
northern Sweden. The site locates above treeline (860 m a.s.l.) and is densely covered by patterned ground
features, viz. (NSCs, figure S1) with frost boil centers dominated by barren mineral ground and biological
crusts whereas their surrounding tundra is dominated by dwarf shrubs (e.g. Salix glauca L. Empetrum nigrum
L., Vaccinium vitis-idaea L., Betula nana L., and Vaccinium uliginosum L.) above a dense carpet of mosses
(e.g. Polytrichastrum alpinum) (Makoto and Klaminder 2012, Krab et al 2018). The soils are freely draining
Turbic Cryosols, and the mineral soil is dominated by sand and silt (63% and 36%, respectively) (Klaminder
et al 2013). Permafrost is not present in the upper 1 m of the soil as shown by excavation at the site, but the
developed cryosolic soils are typically indicating permafrost within the 2 m. A survey on a nearby slope
indicates extensive areas of permafrost above 900 m a.s.l and sporadic permafrost down to 400 m a.s.l
(Dobiński 2010). The soil depth above the bedrock is typically>1 m but is highly variable and can only be a
few decimeters near outcrops. In the vegetated tundra (rims), the humus layer varies from 1 to 8 cm, and the
soil bulk density, organic matter and water contents in the top 10 cm soil horizon are 0.15–0.41 g cm−3,
14.4–55.9 SOM% and 0.12–0.25 cm3 cm−3 of soil, respectively, whereas in the frost boils, the humus layer is
absent, and bulk density, organic matter and water contents are 0.93–1.37 gcm−3, 0.91–1.83 SOM% and
0.13–0.17 cm3 cm−3 soil, respectively (measured in August 2015). In the region, the long-term (1991–2015)
mean annual precipitation is 342 mm y−1, mean annual air temperatures is 0.3 ◦C while air temperatures in
January and July are−7.1 ◦C and 12.0 ◦C, respectively (measured at 321 m a.s.l. at the Abisko Scientific
Research Station: www.polar.se/abisko).

The experiment was established in autumn 2012 and the design consisted of 15 NSCs deployed over an
area of 100× 150 m, spatially arranged into six blocks. The NSCs included two habitats: the frost boils,
which diameter ranged from 79 to 351 cm (measured in 2015) and their adjacent vegetated rims
encompassing a c. 40 cm wide zone around the frost boil resulting in a total number of 30 replicates. These
NSCs were addressed to control treatment (n= 6) and to two winter climate treatments that were applied in
the winter seasons from September through May/early June (2012–2016). The treatments were: (1) winter
warming with snow trapping fences (n= 3, replication limited due to logistics) that increased soil
temperatures during the naturally snow covered-period, approx. 6 months, from late autumn to late winter,
and (2) combined winter and spring warming with insulating gardening fleeces (n= 6, four thin layers of
rectangular, white, water-and light-penetrable polypropylene fleece blankets Nelson Garden, Sweden;
17 g m−2) that warmed soils for a longer period of time, approx. 8 months ranging from early autumn until
late spring (Krab et al 2019). In the snow trapping fences, the accumulated extra snow was not removed
during snowmelt. During this study, the fleeces warmed soils from 23 September 2014 until 18 May 2015 and
from 23 September 2015 until 26 May 2016 and during both springs, the fleeces were removed about 2 weeks
after the natural snowmelt.

2.2. Differential frost heave
As an index of cryoturbation we used differential (frost) heave (Klaus et al 2013). We measured DH four
times (17 September 2014, 18 March and 9 September 2015, 1 April 2016) with a theodolite (Wild NAK-0,
Preisler Instrument, Preisler Instrument AB Klostergatan 10 222 22 Lund Sweden) that was located at a
central area of the study site. At each frost boil, the heights were recorded (cm) from the frost boil center (two
measurements) and the southern (S), northern (N), western (W) and eastern (E) corners of the rim and used
to calculate mean values for the center and the rim per each frost boil. DH for the two winter periods (17
September 2014–18 March 2015; 9 September 2015–1 April 2016) were calculated as (Becher et al 2015):

DH = (hw,f b − hs,f b)− (hw,r − hs,r)

where h indicates the height of frost boil (f b) and rim (r) during late winter (w) and late summer (s). DH is
generally positive since the freezing-induced expansion of ice lens underneath frost boil centers induces
upward movement (heaving) during winter that exceeds the movements in their adjacent vegetated rims.
During summer, the thawing-induced collapse of the ice lens induces downward movement and, thus, the
frost boil centers subsidize (collapse) more relative to their rims resulting in a generally negative ‘DH’. To
describe this soil subsidence and the associated physical disturbances that could influence biota and CO2–C
fluxes during growing season, we calculated DH over summer 2015 (18 March–9 September 2015) as:

DHsummer = (hs,f b − hw,fb)− (hs, r − hw,r) .

3
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In this paper, we consider that frost-induced soil movements over winter or summer are more intense
when |DH| increases and, thus, over summer, more negative DH indicates intensified soil movement and less
negative DH dampened soil movement.

2.3. Soil and surface air temperature and freezing degree days (FDDs)
Soil temperature was recorded at 1 cm depth at each experimental replicate (n= 30, 23 September 2014–31
May 2016, Tiny Tag Talk 2, Intab Interface-Teknik AB, Sweden) and used to calculate monthly mean soil
temperatures (figure S3). We also calculated cumulative FDDs, i.e. the sum of mean daily soil temperatures
<0 ◦C (23 September 2014–31 May 2015; 24 September 2015–31 May 2016). Surface air temperatures at
10 cm height were recorded at central locations of the site (n= 3, 18 June–23 September 2015, Tiny Tag Talk
2, Intab Interface-Teknik AB, Sweden, insulated with radiation shields), and the average air temperatures over
18–30 June, in July, August and over 1–23 September were 8.1 ◦C, 9.6 ◦C, 11.1 ◦C, and 6.2 ◦C, respectively.

2.4. CO2 fluxes, vegetation greenness andmodeling CO2 exchange
Ecosystem CO2 fluxes were measured over one year with portable infrared gas analyzer (EGM-4, PP Systems,
USA) using a closed system chamber (diam. 14.6 cm, height 14.5 cm, with attached PAR and air temperature
sensors, CPY-4, PP Systems, USA) on permanently marked spots representative of the frost boil and the rim
habitats of each NSC. During the snow-free period in 2015, CO2 fluxes were measured 12 times (table S2(a))
usually under sunny conditions between 9:00–16:00 h. Each time, we conducted one measurement with the
transparent chamber (NEE), followed by a measurement in complete darkness (opaque chamber placed to
cover CPY-4; Re). In addition, the light responsiveness of photosynthesizing organisms was determined by
three gradual shading measurements (1-layer, 2-layered, and 4-layered mosquito mesh) in between full light
and darkness (21 June–11 September 2015). Measurements (30 s, values recorded at 5 s intervals) were
conducted by placing the chamber on the marked spot and sealed to the ground with bubble plastic. Final
flux rates were calculated using quadratic fitting and GEP (flux rates reported as negative values) was
calculated by subtracting Re (flux rates reported as positive values) from NEE (under full light). Here,
positive NEE indicates net C source whereas negative NEE indicates net C sink.

During winter 2015–2016, we measured Re eight times (table S2(b)) from the same spots as in summer
by placing the covered chamber on top of an undisturbed snow cover. This floating chamber technique is
considered reliable for detecting winter CO2 release with shallow snow cover (Björkman et al 2010), such as
our study site. In March 2016, snow depths (average based on 3–5 measurements) at close proximity to the
CO2 spots were as follows: (i) in the frost boils, 0.6± 0.2 cm, 0.5± 0 cm and 8.7± 5.8 cm in the control,
fleece and snow fence, respectively (mean± S.E.) and (ii) in the rims, 4.9± 2.9 cm, 2.5± 0.4 cm and
17.5± 2.7 cm in the control, fleece and snow fence, respectively. To confirm CO2 diffusion through the
fleeces, we measured Re in the fleece treated NSCs twice, first with the gardening fleeces on and then,
immediately after removing the fleece, during the last measurement campaign (table S2(b)). CO2

concentrations were measured for 3–5 min at 5 s intervals and flux rate was calculated using quadratic
fitting.

During the snow-free season 2015, the seasonal development of vegetation greenness at permanently
marked spots (i.e. the CO2 spots in the rims) was measured by repeated digital photography (Canon EOS
350D Digital, Japan, 8.20 megapixels, 35 mm focal length) 11 times (18 May–11 September 2015) and from
June 18 onwards in synchrony with CO2 fluxes following prescribed protocol (Sonnentag et al 2012,
Blume-Werry et al 2016). From each picture, green, red, and blue channels were extracted (software ImageJ
2006.02.01) and used to calculate green chromatic coordinate (gcc). The measured ecosystem CO2 fluxes
were used for normalizing growing seasonal CO2 fluxes at a common irradiance and for modeling seasonal
and annual CO2–C sums (information S1).

2.5. Statistics
The responses of cryoturbation (DH, DH over summer), soil temperature and FDD, seasonal and annual
CO2–C sums, growing seasonal CO2 flux rates (NEE600, GEP600 and Re) and vegetation community
greenness (gcc) to the warming treatments (control, snow-trapping fences, insulating fleeces) were tested
with linear mixed regressions with the lme function (nlme-package, Pinheiro et al 2021) using restricted
maximum likelihood and additional fixed terms that varied by parameter. To evaluate significant main and
interaction effects of the warming treatments, we used a Tukey’s post hoc test (emmeans-package, Lenth
2021). For cryoturbation, the model included warming treatment as a fixed term and spatial block as a
random term—all other statistical models included NSC plot identity as the random term. For soil
temperature, the model included the fixed main and interaction effects of warming, habitat (frost boil vs.
rim) and month while for FDD, ‘winter’ was used instead of month. We analyzed the fixed effects of warming
treatments, habitat, and season (summer vs. winter) on seasonal C sums, whereas annual C sum was
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Table 1. Differential heaving (DH) over winters 2014–2015 and 2015–2016 and over summer 2015 at the NSCs. DH was measured in
control treatment (n= 6, n= 5 for winter 2014/2015 and summer 2015), combined winter and spring warming and winter warming
treatments that were carried out with insulating fleeces (n= 6) and snow-trapping snow fences (n= 3), respectively. Values present
mean (cm) with standard error within the parenthesis. The effect of warming treatments on DH over the different periods was analyzed
using linear mixed effects regressions (block identity as a random factor) followed by ANOVA, which output including F-values, degrees
of freedom and P-values are reported.

Warming
treatment

DH
2014–2015

DHsummer

2015
DH
2015–2016

Control 2.1 (1.0) −2.5 (1.1) 0.6 (1.7)
Fleece 1.4 (0.8) −4.8 (3.1) 5.0 (2.9)
Snow fence 3.3 (0.5) −7.2 (4.7) 6.7 (4.7)

ANOVA F2,6 = 0.9988 F2,6 = 0.7926 F2,7 = 1.1827
P = 0.4222 P = 0.4949 P = 0.3610

analyzed using warming and habitat as fixed terms. For growing seasonal radiation normalized CO2 fluxes,
the model included the fixed effects of warming, habitat, and DH over summer (did not respond to warming
treatments, table 1) and, as an additional random term, day of the year (DOY). Since these tests showed
significant habitat-dependent interactions with warming treatments and DH over summer (table S6), we
split the data and tested the effects of warming and DH over summer separately for the frost boils and the
rims (table S7). Vegetation greenness (measured only at the rims) was analyzed using warming and DH over
summer as the fixed terms and DOY as an additional random term. All data were inspected for normality
using qq-plots and residual plots and Ln-transformed data was used for annual and seasonal C sums to
ensure model fit. For visualizing data, we used ggplot2-package (Wickham 2016) andHmisc-package (Harrell
et al 2021) and for PAR-normalized CO2 fluxes and gcc we used loess smoothed (0.70) data. All statistical
analyses were run using the statistical software R.

3. Results

Both warming treatments increased soil temperatures from November until February during winters
2014–2015 and 2015–2016: fleeces increased soil temperature on average by 0.9 ◦C and snow-trapping fences
by 1.7 ◦C in comparison to control, although during winter 2015–2016, fleeces had a stronger warming effect
in the frost boils (table S1, figure S2). In the frost boils, FDDs turned less negative in the fleece (−1048± 53;
mean± S.E.) and in the snow fence (−970± 72) treatments in comparison to the control (−1253± 51)
while in the rims, FDDs turned less negative only with the snow fences (table S4, figure S3). Warming
treatments did not affect soil temperatures during summer (table S1, figure S2).

Neither the snow fence treatment, nor the fleece treatment affected DH during winters 2014/2015 and
2015/2016 or over summer 2015 (table 1).

Only the snow fence treatment affected tundra C balance during summer; the ecosystem C sink was
stronger (i.e. less positive) in the NSCs with the snow fences in comparison to control and the fleece
treatment, and these effects were the same in the frost boils and in the rims (figure 1, table S5). The winter
and annual tundra C balance did not differ significantly between the treatments (table S5).

In the frost boils, growing seasonal NEE600 tended to decrease (i.e. more negative, stronger C sink) with
the snow fences in comparison to the fleece and control, and NEE600 also decreased significantly as DH over
summer intensified (i.e. turned more negative; figure 2(a), table S7). Growing seasonal GEP600 increased
(i.e. turned less negative) in the snow fence treatment in comparison to the control (figure 2(b)) whereas Re

was smaller in the snow fence treatment in comparison to both fleece and control that did not differ from
each other, and Re also decreased as DH over summer intensified (figure 2(c), table S7).

In the rims, growing seasonal NEE600 did not respond to any of the warming treatments or to DH over
summer (figure 3(a), table S7). On the other hand, the relationship between DH over summer and GEP600
differed depending on the warming treatment (table S7). In the control, GEP600 increased (i.e. approached
zero) as DH over summer intensified whereas in both warming treatments, GEP600 remained stable as DH
over summer intensified (figure 3(b)). The fleeces increased Re in comparison to control and, in addition, the
relationship between DH over summer and Re differed depending on the warming treatment (table S7). In
the control, Re decreased whereas in both of the warming treatments, Re remained stable as DH over summer
intensified (figure 3(c)). The snow fence and fleece treatments did not have any main effect on vegetation
greenness, gcc (effect of warming; F2,143 = 2.23, P = 0.1108), which declined as DH over summer intensified
(effect of DH over summer; F1,143 = 6.24, P = 0.0136). This decline further varied depending on the
warming treatment (warming× DH over summer; F2,143 = 6.49, P = 0.0020) and was steeper in the control
in comparison to both warming treatments (figure 4).
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Figure 1.Modeled ecosystem CO2–C sums during summer 2015 (Summer), winter 2015–2016 (Winter) and annually (Annual)
in the barren frost boil and vegetated rim habitats of the NSCs under different warming treatments—the non-manipulated
control (Ctl), combined winter and spring warming with insulating fleeces (Fl) and winter warming with snow-trapping snow
fences (Snw). The filled boxes represent the 2nd and 3rd quartile with median lines while whiskers represent 1st and 4th quartile,
and circles indicate outliers. Note different scales for the frost boil and the rim habitats.

Figure 2. CO2 flux rates in the barren frost boil habitats (a) NEE600 stands for net ecosystem exchange at a common radiation
level of PAR 600 with negative values indicating C sink and positive values C source, (b) GEP600 stands for gross ecosystem
production at a common radiation level of PAR 600, and (c) Re stands for ecosystem respiration measured in complete darkness in
different warming treatments—the non-manipulated control (Ctl, n= 6), combined winter and spring warming with insulating
fleeces (Fl, n= 6) and winter warming with snow-trapping snow fences (Snw, n= 3). The left-hand panels show CO2 flux rates as
a function of day of the year (DOYs 172–254 i.e. 21 June–11 September 2015) with each measurement as an individual point with
loess smoothed (0.70) lines. The right-hand panels show the CO2 flux rates as a function of differential heave (DH) over summer
and show each measurement as an individual point with a fitted linear regression line and 95% CI indicated with grey.
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Figure 3. CO2 flux rates in the vegetated rim habitats (a) NEE600 stands for net ecosystem exchange at a common radiation level
of PAR 600 with negative values indicating C sink and positive values C source, (b) GEP600 stands for gross ecosystem production
at a common radiation level of PAR 600, and (c) Re stands for ecosystem respiration measured in complete darkness in different
warming treatments—the non-manipulated control (Ctl, n= 6), combined winter and spring warming with insulating fleeces
(Fl, n= 6) and winter warming with snow-trapping snow fences (Snw, n= 3). The left-hand panels show CO2 flux rates as a
function of day of the year (DOYs 172–254 i.e. 21 June–11 September 2015) with each measurement as an individual point with
loess smoothed (0.70) lines. The right-hand panels show the CO2 flux rates as a function of differential heave (DH) over summer
and show each measurement as an individual point with a fitted linear regression line and 95% CI indicated with grey.

4. Discussion

We hypothesized that warming during winter and during winter and spring would decrease cryoturbation
but neither of the warming treatments decreased cryoturbation (here, the intensity of DH) over two winters
(2014/2015, 2015/2016) or over summer 2015. Cryoturbation may show threshold dynamics with increasing
winter temperatures (i.e. less negative FDDs) and, instead of a gradual dampening, it may rapidly cease after
the threshold FDD has been surpassed (Aalto et al 2017). Also, in the frost boils and in the rims, FDDs
turned less negative in the warming treatments in comparison to the control but, plausibly, these changes in
FDDs did not yet surpass a potential threshold to affect DH. Although overall our warming treatments did
not affect DH, we observed two outstanding values for DH over summer from NSCs with a snow-fence or
with a fleece both located within the same spatial block. Indeed, the occurrence of cryoturbation has been
predicted to increase due to increased snowfall (Aalto et al 2017) and, in general, may also respond to
changes in precipitation and soil moisture (Hjort and Luoto 2009, Klaus et al 2013). However, we did not
observe extreme soil moisture conditions or snow depth in this spatial block to explain these outstanding DH
values. We propose that cryoturbation may withstand moderate short-term winter and spring warming and
increased snowfall in subarctic tundra.

We also hypothesized that both warming treatments will increase tundra C sink function (i.e. NEE more
negative) but that combined winter and spring warming with insulating fleeces would increase C sink more.
Partially supporting our second hypothesis, winter warming via snow-trapping fences (winter warming effect
c. 1.7 ◦C) turned summer NEE less positive and, thus, increased ecosystem C sink function up to 50%–70%
in comparison to control and these effects were consistent in frost boils and rims. On the other hand,
warming with fleeces (winter warming effect c. 0.9 ◦C) did not increase the C sink indicating that the harsh
mid-winter conditions control the subsequent summer CO2 fluxes more than the (late) spring conditions.
These observations may have been stochastic as modeling of the summer C budgets did not succeed for all
experimental replicates (tables S3(a) and (b)). In contrast to the effects observed in summer, winter warming
with snow fences did not change the winter or annual C sink function significantly. Work from other tundra
systems has shown that snowier and warmer winters increase winter C mineralization (Jefferies et al 2010,
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Figure 4. The vegetation greenness (green chromatic coordinate, gcc) at the vegetated rims (a) as a function of day of the year
(DOY) and (b) as a function of differential heave (DH) over summer 2015 in different warming treatments—the
non-manipulated control (Ctl, n= 6), combined winter and spring warming with insulating fleeces (Fl, n= 6) and winter
warming with snow-trapping snow fences (Snw, n= 3). The left-hand panel shows gcc as a function of day of the year (DOYs
172–254 i.e. 21 June–11 September 2015) with each measurement as an individual point with loess smoothed (0.70) lines. The
right-hand panel shows the gcc as a function of DH over summer and shows each measurement as an individual point with a
fitted linear regression line and 95% CI indicated with grey.

Semenchuk et al 2016) but, indeed, only when exposed to deep (>1 m) snowpack and near or above zero soil
temperatures. Our study area has shallow snowpack and subzero winter soil temperatures across all
treatments and, therefore, at windswept cryogenic tundra habitats, moderate increases in winter
temperatures and/or snowfall may not influence winter C release. Below, we expand on how the increasing
summer C sink function is driven by GEP600 and Re which responses to warming treatments and
cryoturbation, in line with our third hypothesis, differ between the frost boil and the rim habitats.

In the barren frost boils, NEE600 was more negative in the snow fence treatment in comparison to the
control and this pattern was paralleled by the dampening of GEP600 and, especially, Re. The snow fences
decreased production in comparison to ambient conditions (GEP600 c. 0.0082 g CO2–C m−2 h−1 less
negative) suggesting that photosynthesizing biological crusts covering the frost boils may suffer from reduced
photoactive period due to longer laying snow (Hui et al 2018). Snow fences also decreased Re (c. 0.0119 g
CO2–C m−2 h−1 less positive) in comparison to ambient conditions. Previous studies with perpetually
deeper snow have found decreased growing seasonal CO2 release (Re and microbial respiration), which has
been attributed to soil warming-induced increase in winter C mineralization and, consequently, depletion of
labile soil C pools (Semenchuk et al 2016, 2019, Monteux et al 2018). Since our snow fences did not
significantly increase winter CO2 release, growing seasonal Re may have decreased due to greater volumes of
melting waters rapidly flushing soil CO2 (Lupascu et al 2014). The warming treatments did not affect the
seasonal relationship between DH and CO2 fluxes and, as DH over summer became more intense, NEE600
turned consistently more negative due to decreasing Re, which may be caused by decreased root respiration
(Becher et al 2015). Our findings suggest, firstly, that in frost boils the increasing C sink in response to
snowier and warmer winters may be driven by the pronounced dampening of Re. Secondly, our findings
highlight that cryoturbation and winter warming may, independent of each other, contribute to CO2 fluxes
in frost boils.

In the vegetated rims, NEE600 did not respond significantly to the warming treatments and DH over
summer (figure 3(a)). This stability in NEE600 was, however, driven by pronounced shifts in GEP600 and Re.
Firstly, the warming treatments changed the seasonal relationship between DH and CO2 fluxes, and as DH
over summer intensified, GEP600 turned steeply less negative under ambient conditions whereas remained
stable with the fleeces or even turned more negative with the snow fences. Ecosystem productivity depends
on the overall leaf area and vegetation greenness (Shaver et al 2013), and at our site, greenness (gcc) varied,
similar to GEP, depending on the warming treatment and the intensity of DH over summer. Deeper snow
often increases plant productivity through heightened plant nitrogen (sensu greenness) (Semenchuk et al
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2015, Rogers et al 2018) but at our study site, both warming treatments (fleeces and snow fences) may have
also increased productivity through decreasing the frost damages of the dominating dwarf shrubs (Krab et al
2018). Like GEP600, also Re decreased under ambient conditions as DH over summer intensified but stayed
stable in the warming treatments. In addition, warming with the fleeces increased Re, which opposes findings
from High Arctic tundra (no cryoturbation) where short-term increases in winter soil temperature have not
affected growing seasonal Re (Semenchuk et al 2016, Rogers et al 2018). It is possible that spring warming
with fleeces decreased the frost damages of plants roots and, thus, induced greater root respiration. Our
findings are the first to suggest that the negative effects of cryoturbation on plant production (Becher et al
2015) may be buffered by warmer and snowier winters. Changes in winter conditions under a future climate
may thus be an important factor affecting plant encroachment success into barren frost boils.

5. Conclusions

Our study provides the first evidence that cryoturbation, an example of CLSPs feared to decline due to
climate warming especially in the Low Arctic (Walker et al 2008, Hjort and Luoto 2009, Aalto et al 2017) does
not dampen in response to short-term experimentally increased winter and combined winter and spring
temperatures. However, we found that in these cryogenic landscapes, snowier and warmer winters may
enhance growing seasonal net ecosystem C uptake but via different mechanisms depending on the habitat:
Winter warming enhances C sink in the barren frost boils by decreasing ecosystem C release while in the
vegetated rims, winter warming supports C sink by buffering plant production against seasonal
cryoturbation-induced disturbances. We conclude that the future of CLSPs in the climate change-sensitive
subarctic tundra may not be as sinister as recently suggested (Aalto et al 2017), but that interplay between
CLSPs and climate are decisive for C sink function in patterned landscapes across the circumpolar tundra
region.
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