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Abstract:

Nitrogen (N) mineralization, nutrient availability, and plant growth in the Arctic are often restricted by low
temperatures. Predicted increases of cold-season temperatures may be important for plant nutrient availability and
growth, given that N mineralization is also taking place during the cold season. Changing nutrient availability
may be reflected in plant N and chlorophyll content and lead to increased photosynthetic capacity, plant growth,
and ultimately carbon (C) assimilation by plants. In this study, we increased snow depth and thereby cold-season
soil temperatures in high Arctic Svalbard in two vegetation types spanning 3 moisture regimes. We measured
growing-season availability of ammonium (NH."), nitrate (NOs"), total dissolved organic carbon (DOC) and
nitrogen (TON) in soil; C, N, 8'°N and chlorophyll content in Salix polaris leaves; and leaf sizes of Salix, Bistorta
vivipara, and Luzula arcuata at peak season. Nutrient availability was significantly higher with increased snow
depth in the two mesic meadow vegetation types, but not in the drier heath vegetation. Nitrogen concentrations
and 3N values of Salix leaves were significantly higher in all vegetation types, but the leaf sizes were
unchanged. Leaves of Bistorta and Luzula were significantly larger but only significantly so in one moist
vegetation type. Increased N and chlorophyll concentrations in leaves indicate a potential for increased growth (C
uptake), supported by large leaf sizes for some species. Responses to cold-season soil warming are vegetation
type- and species-specific, with potentially stronger responses in moister vegetation types. This study therefore
highlights the contrasting effect of snow in a tundra landscape and has important implications for projections of

whole tundra responses to climate change.

Keywords: winter processes; mineralization; Arctic; Svalbard; plant growth

Introduction
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Cold temperatures and long cold-seasons in the Arctic keep nutrient availabilities and thereby primary production
low (Shaver & Chapin 111, 1980; Nadelhoffer et al., 1992). Accelerated mineralization of the large stocks of soil
organic matter (SOM) stored in the active layer under a warming climate could increase nutrient availability in
Arctic soils (Nadelhoffer et al., 1992; Weintraub & Schimel, 2003; Schimel et al., 2004), causing plants to grow
faster and increase assimilation of CO, from the atmosphere (Shaver & Chapin 111, 1980; Wookey et al., 1994,
1995; Sturm et al., 2005), and increasing N content of plant tissues (Welker et al., 2005). Indeed, previous
decades’ warming in the Arctic may already be increasing its carbon (C) sink capacity through increased plant

growth (Epstein et al., 2013).

Arctic ecosystem future C budgets, however, are unknown due to a poor understanding of complex interactions of
ecosystem processes and climate variables. For instance, warming of soils during the cold season has been shown
to increase decomposition and whole year C effluxes in the Arctic (Morgner et al., 2010; Bjérkman et al., 2010).
Together with growth induced increases of litter availability, this could (a) match C uptake by plant growth and
keep the net C exchange unchanged, (b) may be insufficient to match C uptake (Sistla et al., 2013), or (c) exceed
plant C uptake and storage and lead to ecosystems serving as net C sources (Mack et al., 2004; Cornelissen et al.,
2007). The relative strength of each flux, i.e. from atmosphere to ecosystem through plant assimilation and the

reverse through ecosystem respiration, will determine the net C budget change of active layer soils in the Arctic.

Besides litter quantity and temperature constraints, litter quality might be equally important for mineralization
rates, hence adding to the complexity of C budget models. Berg (2000) showed that high concentrations of small
molecular nitrogen (N) compounds increase mineralization rates during early stages of decomposition. In later
stages, however, N seems to chemically react with lignin to form humic acids and other recalcitrant compounds
which are relatively stable. Thus, litter with initially high N content (low C:N ratio) could decrease C
mineralization rates during later stages of decomposition when litter turns into SOM and chemically stabilize soil
C. From that perspective, raised nutrient concentrations in soil leading to increased litter N content could initially
increase net ecosystem respiration (Reco). However, in the long run this could decrease Reco and retain C in the

ecosystem (Weintraub & Schimel 2003).



66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82
83
84
85
86

87
88
89
90

Net nitrogen mineralization in Arctic soils might be mainly a cold-season process (Hobbie & Chapin 111, 1996;
Schimel et al., 2004), driven by restricted access to soil C for microbes in frozen soils, while N limitation during
thawed periods caused by simultaneous microbial and plant uptake leading to competition (Schimel & Bennett,
2004) promotes microbial immobilization of mineral N (Schimel et al., 2004). Most Arctic ecosystems are N
limited and nutrient addition leads to increased plant growth (Shaver & Chapin 111, 1986; Parsons et al., 1994;
Wookey et al., 1994, 1995). Mineralization rates for both C and N are temperature-dependent (Weintraub &
Schimel, 2003; Schimel et al., 2004; Grogan & Jonasson, 2006). Thus, given the long duration of the cold-season
in Arctic ecosystems, SOM accumulates in the organic soil horizon (Post et al., 1982; Gorham, 1991). The
dependency of microbial activity on temperature in frozen soils is larger than that of thawed soils (Morgner et al.,
2010). Therefore, even a small increase of cold-season soil temperatures could stimulate mineralization of Arctic
tundra soils, leading to increased CO; emissions during the cold-season (Nobrega & Grogan, 2007; Morgner et
al., 2010; Bjorkman et al., 2010), release of N bound in SOM (Jonasson et al., 1999; Schimel et al., 2004) and
increased N availability during the growing-season, with all the above mentioned implications on plant growth
and decomposition (Schimel et al., 2004; Sturm et al., 2005; Welker et al., 2005). Indeed, cold-season
temperatures are already rising, and a further increase is suggested by general circulation models (ACIA, 2005;

Solomon et al., 2007; Farland et al., 2011).

Despite the importance of nitrogen to Arctic carbon budgets, and the role of winter conditions in controlling N
availability, only few studies have investigated how winter temperatures affect winter N dynamics and how that
may influence the following growing season N-plant growth dynamics. However, a series of studies from Toolik
Lake, Alaska have shown that higher winter temperatures can increase plant available N in the soil (Schimel et

al., 2004) and that litter N may increase accordingly (Welker et al., 2005).

In this study we test the hypothesis that plant growth and leaf N content responds positively to warmer cold-
season soil conditions caused by deepened snow. Therefore, we measured the availability of ammonium (NH."),
nitrate (NO3’), and total dissolved organic nitrogen (TON) in active layer soil and the corresponding plant

performance measured as C, N, and chlorophyll contents of plant leaves.
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Materials and methods

Study site

The study site in Adventdalen is about 12 km East of Longyearbyen, Western Spitsbergen (78°17°N, 16°07’E).
Situated on the SW Advent river bank, an area of approximately 2 km? is dominated by the two evergreen dwarf
shrubs Dryas octopetala and Cassiope tetragona, and the deciduous dwarf shrub Salix polaris. See Morgner et al.
(2010) and Cooper et al. (2011) for details. Soil development at the site is poor and based on a parent material
dominated by aeolian and fluvial deposits (Tolgensbakk et al., 2000) and continuous permafrost at 80-100 cm
depth. A typical soil profile (Strebel et al., 2010) consists of an upper O-horizon ranging from 0.2 to 6 cm with
slightly decomposed organic matter and many plant roots. Below that, a dark brown A-horizon of 1to 5 cm
overlay a B/C-horizon consisting of grey silt. Living plant roots are found to a depth of about 45 cm. The soil
texture varies from the soil fraction finer than 63 pum representing 20-40% by mass. The mean grain size is about
200 um. Soil in situ pH values range from 5.0 to 6.5 down the profiles and assigned to moderately acidic soils.
The content of SOC and total N are highest in the top-soil and decreased with depths. At the mesic site, SOC is
27% in the O-horizon, 15-25% in the A-horizon, 3-8% in the top of B/C and below 3% in the deeper B/C-
horizons. At the wetter sites, SOC is 28% in the H-horizon, 6% in the A-horizon, 3.5-5.5% in the top B/C-horizon
and 2.5-3.0% in the deeper B/C-horizons. The C/N ratio generally decreases with depth and is about 15-25 in the

upper 25 cm of the soil profile.

Mean July temperatures (1975-2012) of 6.4°C were recorded at the closest meteorological station at Svalbard
Airport, Longyearbyen (WMO station 99849), located approximately 15 km from the research site. The coldest
month is March with an average temperature of -13.7°C. Annual precipitation sums are low (c. 190 mm), most of
which falls as snow during the November-May period (c. 120 mm). The background snow conditions at the study

site were similar to those observed at the airport (Morgner et al., 2010).
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Experimental setup and design

The influence of snow depth on soil and leaf nutrition status and plant growth was tested within an experimental
setup of snow fences (6m long and 1.5m high) which were erected before first snowfall in 2006 perpendicular to
the prevailing winter wind direction along the valley from south-east. The fences reduce wind speed and deposit
wind transported snow on their lee side, thereby creating a snow patch of approximately 1.5m depth at the deepest
point approximately 3 to 12m distance from the fences. This kind of snow addition has several environmental
implications including warmer ground temperatures during winter, delayed snow melt and therefore start of the
growing season as well as colder and wetter soils in early growing season. The experimental setup is described in
more detail elsewhere (Morgner et al., 2010). Data used for this study was collected during the snow-free season

2012.

Two snow depth regimes were investigated, Normal (natural unmanipulated snow cover 10-35 cm deep,
representative of most of the study area) and Deep (experimentally increased snow cover approx. 150 cm deep, 3-
12m behind fences), in eight replicates. The fences each had a buffer zone of approximately 50x50m and were

arranged in 3 blocks (with 2 and 3 plots each) to compare the snow regimes in the three different vegetation types.

One of the three blocks was in Cassiope heath, dominated by Cassiope tetragona and Dryas octopetala,
interspersed with a few graminoids. The soil here was shallow, rocky and dry with a soil solution pH of around
6.1. The other two blocks were in mesic Meadow, dominated by graminoids such as Alopecurus magellanicus and
Luzula arcuata ssp. confusa, with Dryas and Cassiope present but the graminoid dominance was stronger than the
evergreen dwarf shrub component. Both Meadow blocks had a soil solution pH of around 5.7. The generalist

deciduous dwarf shrub Salix polaris was equally present across the whole study area.

Sampling procedures, equipment and protocols
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Sampling of soil and leaves started 20 July 2012, approximately 45 and 31 days after snow melt in Normal and
Deep, respectively (Semenchuk et al., 2013), and well into the growing season, i.e. approx. 22 and 1 day after the
majority of Salix leaves emerged in Normal and Deep (Cooper et al. 2011; own observations). Sampling was
conducted weekly until 20 September, i.e. approximately 3-4 weeks after the majority of Salix leaves were
senesced and the leaves of all other observed species had partly or fully senesced (Cooper et al. 2011; own

observations).

Soil from the top 5 cm was collected approximately weekly from 20 July to 20 September 2012 (see Fig. 1).
Within each plot and snow regime, one sub-plot (0.5x0.5m) was designated for soil collection, and one 5cm deep
soil core was collected at each sampling date with a 5cm wide steel cylinder. Each core was cleaned of above
ground plant material (alive and litter) and divided into 0-2cm and 2-5cm depth sections. Within 24h after
collection, three grams of each sample were suspended in 30ml distilled water and the extraction water filtered
through a 0.45um syringe filter. Values of pH of the extraction water were measured directly after filtering with a
WTW Multiparameter (WTW, Weilheim, Germany). The filtered extraction water were then frozen at -18 °C
until analyzed for NOs™ (water) and NH4* (water) with a flow injection analyzer (5000 FIASTAR, Hbganés,
Sweden), for total dissolved organic N (TON) with a 0.5M K,SO, extraction of the same soil samples in the same
flow injection analyser, and for total dissolved organic C (TOC) in the water extraction using the non-purgeable

organic carbon (NPOC) method with a Shimadzu TOC-5000A.

Each time a soil core was collected, water content of the surrounding soil was measured three times with a Theta
Probe ML2x (Delta-T Devices, Cambridge, UK), which measured volumetric soil water content integrated over
the 6¢cm surface layer. The probe was inserted into soil without vegetation cover to ensure full contact of the
electrodes. These water content measurements were used to transpose the other soil variables into units per g dry
soil. Leaves of Salix polaris were collected approximately weekly from 20 July to 14 September 2012 (see Fig.
3). At each sampling date, 10 leaves were randomly chosen within each plot and snow regime based on specific
distances to the snow fences and that leaves representing all parts of individual plants. Before collection, the

combined chlorophyll a+b content of each leaf was measured five times with a non-destructive method using a
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hand-held Dualex Scientific instrument (optical transmittance of two near-infrared wavelengths; Force-A, Orsay
Cedex, France). Leaves of other species were not used as they were too small to fill the instrument chamber. The
Salix leaves were then collected, oven-dried at 55 °C for 36h, all ten leaves per sampling date and snow regime
pooled, and pulverized in a ball mill. Finally, 3-4mg of the homogenized leaf samples were then put in tin
capsules and analyzed in a Eurovector EA coupled to an Isoprime isotope ratio mass spectrometer for N and C

concentrations and 5°N.

Peak growing season sizes of Salix polaris and Luzula arcuata ssp. confusa individuals were measured as the
summed lengths of all green leaves per individual (excluding petiole or ligule). For the peak sizes of Bistorta
vivipara (syn. Polygonum viviparum) individuals, leaf lengths and widths were measured and leaf areas were
calculated as ellipses. Four individuals in six permanently installed sub-plots per plot and snow regime were
measured with calipers once during the growing season. Measuring date, i.e. the time at which peak size was
assumed, was obtained from weekly growth measurements in the same experiment during the preceding year
(Rumpf et al., 2014) and determined by assessing the number of snow free days needed to reach peak size per
sub-plot and species. The humber of days needed post- snow melt to reach peak size in Normal and Deep were 56

and 69 respectively for Bistorta, 44 and 55 for Luzula, and 53 and 54 days for Salix..

Statistical analyses

All data were analyzed with linear mixed effects models (LMEs) or generalized LMEs of the Ime4 package in R
v. 2.15.2 (R Development Core Team, 2012; Bates et al., 2013) to examine the effect of snow regime and
vegetation type (i.e. block) and their interaction on each parameter. Due to the nature of the data (pooled or
individual measurements, time series or single measurement), different mixed effects and covariates including
interactions were used for different response variables. Prior to analysis, the distributions of all response variables
were examined visually and data transformations or generalized LMEs applied accordingly. We present back-
transformed estimates of all data which required transformation. Although we base our conclusions mainly on full

model estimates, model simplification with AIC was performed for each model and is referred to when trends
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from the full models were on the border of being significant. We chose this approach to be able to show and
interpret the full range of variables in the model including the non-significant ones, since model selection would

remove the non-significant terms.

Soil chemistry data (i.e. NOs, NHs*, TON and TOC) were collected weekly and measured in two depths (0-2cm
and 2-5cm), and sampling date and depth and their interaction with snow regime were included as covariates,
respectively. Only one sample was taken per plot, so the random effects were plot within block. All data is
Gamma distributed, however, NOs” and NH4* data include zeroes which represent values below the detection limit
of the instrument and could therefore not be discarded. For that reason, log-transformation over the whole dataset
was not possible (log of zero is not defined). Instead, we divided the analysis in two parts. (1) Occurrences below
the detection limit (i.e. zero) were modeled as presence-absence data with a generalized LME on a binomial
distribution. (2) Values above the detection limit were modeled independently excluding zeroes. In that case, log-

transformation was used to normalize the Gamma distributed data. Nitrate and NH4* data required only step 2.

Leaf chemistry data (i.e. N concentration, C concentration, C:N ratio, 5!°N, and chlorophyll) were collected
weekly and sampling date and its interaction with snow regime were included as covariate. Due to the pooling of
leaf material, random effects in the leaf chemistry models were defined as plot within block, whereas availability
of chlorophyll data of each individual leaf and replicate measurement required the random effects of replicate
within leaf within plot within block. C:N ratio was Gamma distributed, and we log-transformed the data to

normalize it. The other variables were Gaussian distributed and did not require transformation.

Plant size measurements were collected only once, i.e. at growing season peak, so the sampling date was not
included as a covariate. Since leaf size data was collected sub-plot wise, the random effect structure was sub-plot

within plot within block. Leaf size was Gamma distributed, and we log-transformed the data to normalize it.

Results
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Soil temperature and moisture, and melt out

Soil temperatures during the cold-season 2011-12 were more stable and 0 -12 °C warmer in Deep than in Normal,
due to the insulation effect of the deepened snow pack; this was typical for all cold-seasons since the fences were
erected in 2006 (Morgner et al 2010, Semenchuk et al. 2013). Post snow-melt soil temperatures did not differ
significantly between snow regimes, but were ca. 1 degC warmer in Deep than in Normal when averaged over the
whole growing season (see Semenchuk et al. (2013) for details). In 2011 the increased snowpack delayed
snowmelt by up to 16 days (average snowmelt at day of year 166 and 155 in Deep and Normal, respectively,
linear mixed model estimates) and Salix leaf emergence was delayed by 2 days (day of year 184 in Normal and
186in Deep, linear mixed model estimates, data not shown), while Salix leaf senescence occurred 12 days later in

Deep (day of year 231 in Normal and 243in Deep, linear mixed models estimates, data not shown).

Volumetric soil moisture fluctuated during the sampling period due to rainy and dry periods, but was significantly
higher in Deep than in Normal during the first weeks, i.e. mid-growing season, but was not significantly different
during the end of the season (Fig. 1). However, increased soil moisture reported in Deep was due to the strong
effect in the Heath site, but not in the other sites. Under Normal conditions, the Heath site was drier than the
Meadow sites, but was elevated to Meadow moisture levels in Deep. Meadow 2 was the moistest site under Deep

conditions, but it was not significantly moister than Meadow 1 under Normal conditions.

Soil solution

Soil solution pH was not altered by snow regime and did not vary with soil depth. However, the soil solution from

the Heath site was significantly less acidic than soil from Meadow sites (Fig. 1).

Nitrate (NOs’) concentrations in the soil solution were around 0.06 g g* dry soil in Deep and below the detection

limit in Normal (median) throughout the entire sampling period. The higher concentrations in Deep were only
significant in the 2-5cm soil horizon (Fig. 2e) and the Meadow 2 site, not in Heath (Fig. 2i). No significant

temporal trends can be seen during the sampling period, i.e. summer and autumn (Fig. 2a). The probability of

10
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measuring values above the detection limit was around 0.83 for Normal and 0.99 for Deep throughout the entire

sampling period (data not shown).

Ammonium (NH4*) concentrations in the soil solution were around 0.28 and 0.1 g g dry soil in Deep and
Normal, respectively (median), throughout the entire measurement period. This increase was significant in both
soil horizons, but much stronger in 2-5cm depth (Fig. 2f). The interactions between snow regime and vegetation
types as well as the additive effect of vegetation type were removed during model selection with AIC, so there
were no significant differences between vegetation types (Fig. 1j). A temporal trend was only seen during the first
two sampling dates in Deep (i.e. after green up and before senescence), after which the NH4* concentrations
decreased to a constant level for the rest of the sampling period (Fig. 2b). The probability of measuring values

above the detection limit was close to 1 in both snow regimes (data not shown).

Soil solution TON and TOC concentrations were not different between snow regimes or vegetation types (Fig. 2K,

I). Some fluctuations could be seen throughout the sampling period, with no clear trends (Fig. 2c, d).

Salix polaris leaf chemistry

The N concentrations in Salix leaves decreased in the course of the sampling period from ca. 4 and 3% during
mid-growing season to around 1.5 and 1% at the end of senescence in Deep and Normal, respectively (Fig. 3a).
This trend was most pronounced from onset of senescence to leaf shedding. There was a trend of higher N
concentrations in leaves in the two Meadow sites than in Heath but this was not significant (Fig. 3f). Salix leaf C
concentrations were not different between snow depth regimes, but decreased slightly from around 44 to 42% in
the course of the sampling period (Fig. 3b). This trend remained also after model simplification with AIC.
Interestingly, the C concentrations in leaves were similar in Heath and Meadow 2, but significantly lower in

Meadow 1 (Fig. 3g).

The C:N ratio of Salix leaves was always significantly higher in Normal than in Deep and that difference

increased toward the end of the measurement period (Fig. 3c). In both regimes, C:N increased towards the end of

11
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the measurement period. No difference was found between vegetation types, and this was supported by model

simplification (Fig. 3h).

Except for the first two sampling dates, the chlorophyll a+b contents of Salix leaves were significantly higher in
Deep than in Normal. In both regimes, chlorophyll content was constant (Normal) or increased slightly (Deep) in
late July/ early August, but decreased in parallel towards the end of the growing season (Fig. 3d) as senescence
progressed in both snow regimes. Chlorophyll content was higher at deeper snow depth from Heath < Meadow 2

< Meadow 1, and that effect was strongest in Deep (Fig. 3i).

The 3N content of Salix polaris leaves were significantly higher in Deep than in Normal, both across the
growing season (Fig. 3e) and across vegetation types (Fig. 3j). The 5'°N followed the trend in N concentration and
showed an effect of vegetation type, with slightly elevated values in Deep, with no interaction between vegetation

type and treatment.

Plant sizes

Bistorta vivipara plants in Normal were largest in heath and smallest in Meadow 1, while in Deep no vegetation
type difference was observed. Treatment effects were therefore only significant (according to model

simplification) in Meadow 1 where deeper snow gave rise to plants with a larger leaf area (Fig. 4a).

Luzula arcuata plants in Normal had longer leaves in Meadow 2 than in Heath or Meadow 1 (Fig. 4b). In Deep,
Luzula leaves were longer in Meadow 1 than in the other two vegetation types. Treatment effects were thus seen
for both Meadow 1 and 2 so that plants in Deep were larger than in Normal in Meadow 1, but smaller than in

Normal in Meadow 2. This trend retained in the model after model simplification and was significant.

Salix polaris in Normal had approximately the same leaf length across all vegetation types and both snow regimes
(Fig. 4¢). In Meadow 2, Salix leaf lengths in Deep were shorter than in Normal; this was not significant following

model simplification.

12
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Discussion

Soil nutrient concentrations (especially NH4"), measured 6 years after continuous snow depth enhancement with
resulting soil temperature increase, were elevated during the growing-season, especially in the meadow sites. An
increase of soil NH4*and NOs™ concentrations as a result of thicker snow cover and therefore warmed cold-
seasons has also been reported at Toolik Lake, Alaska (Schimel et al., 2004). These soils were isolated from plant
roots, while in our study plant roots were intact and successfully competed with microbial immobilization and
assimilated some of the extra N available prior to the first sampling date, i.e., during 30 to 45 days after snow
melt. This corresponds to recent findings of high plant N uptake during the cold season or early spring (Larsen et
al., 2012), potentially soon after soil thaw. The concentrations of NOs™ and NH4* may have been higher at the end
of the cold-season and prior to microbial and vegetative competition of nutrients, i.e., before we started sampling.
The decreasing values of NH4" in Deep after the first two sampling dates, i.e., 4 and 5 weeks after snow melt,
could thus be interpreted as the remaining peak of N after snow melt. These observations, however, have to be
interpreted with caution, since they might be confounded by the combination of simultaneous microbial
mineralization and immobilization by both microbes and plants (Hobbie & Gough, 2002). In the Alaskan study by
Schimel et al. (2004), the effects were more pronounced in moist tussock tundra than in dry heath tundra.
Similarly, in our study we find smaller or no effects in the drier, coarse grained Heath soil, while effects were
consistent across both Meadow sites. Welker et al. (2005) found similar differences in foliar N content between
vegetation types in the same study site in Alaska following winter warming. This suggests a generally greater
stability of drier as opposed to moister vegetation types, which may be attributable to the dominating species or

functional groups in the respective vegetation types.

Salix polaris leaves from deepened snow plots had higher N content, which corresponds to the findings of Welker
et al. (2005) from the aforementioned Toolik lake study. In addition, we show that Salix chlorophyll content and

815N were also increased. All these three plant-related variables are signs of enhanced growing-season soil N

13
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availability and demonstrate successful competition for N by plants in their interaction with microorganisms. It
has previously been shown that high plant 3*°N may reflect high N availability, both on a regional scale in the
Arctic (Michelsen et al., 1998) and at the global scale (Craine et al., 2009) This is firstly because when N
availability is high, N lost from the ecosystem is more likely to be depleted in °N, which increases the 5*°N of
leaves. Gaseous N loss during nitrification and the leaching of *®N-depleted nitrate can cause the remaining N
pool (and subsequently plants) to be enriched in **N. Secondly, plants experiencing high N availability are less
dependent on mycorrhizal fungi for N acquisition than at low N availability, and less exposed to °N depletion
during transfer of N from mycorrhizal fungi to host plants (Craine et al., 2009). Furthermore ammonium-N has a
higher 8°N than organic N, of which a high content in the latter characterizes many nutrient poor arctic soils
(Yano et al., 2009), and slow decomposition of plant materials that are often depleted in *°N (i.e., ericoid and
ectomycorrhizal plants) is the likely reason for the large pool size and **N depletion of the organic N pool (Yano
et al., 2009). Altogether, this suggests that the inorganic N supply was ample in Deep but more limited in Normal

snow depth in all vegetation types.

Salix leaves from deepened snow, however, were neither longer nor more numerous than leaves in unmanipulated
plots. In fact, in Meadow 2, the Salix leaves were shorter in Deep than Normal. No difference or a slight
reduction in growth of Salix in the deep snow regime in the same experiment the previous year was also reported
by Rumpf et al. (2014). For this species the increase in N may not offset the shorter growing season following
delayed snowmelt, or K and P availability may limit the plants’ growth response to increased N. Increased soil
nutrient availability was reflected in larger leaf sizes of Bistorta vivipara and Luzula arcuata ssp. confusa in one
of the two meadow sites. Both meadow sites had increased soil N in the deeper snow regime, but the soil K
concentration and pH of Meadow 2 were lower than the other sites, which may have been limiting factors in the
utilization of increased N for plant growth. However, as we could not destructively sample a large area because
the plots needed to be protected for longer term sampling, we cannot exclude that C is also allocated to other

organs than leaves, for instance woody stems, below ground runners, overwintering corms, roots, or reproductive
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structures (Parsons et al., 1994; Wookey et al., 1994; Sullivan & Welker, 2005), which calls for cautious

interpretation of the data presented here and in Rumpf et al. (2014).

Increased leaf N levels could have several possible effects on decomposition processes in this system, with
implications on long-term carbon balance and feedbacks on plant growth. Assuming that the litter of the most
productive deciduous species reacted similarly and had higher N concentrations in winter warmed plots to those
shown in Welker et al. (2005), soil C could be stabilized through humification processes by chemical reaction of
lignin degradation products with NOz” and NH,4* after an initial increase of mineralization rates during early
phases of decomposition of undecomposed litter (Berg, 2000; Weintraub & Schimel, 2003). Increased leaf litter N
could lead to a possible feedback mechanism between N and C mineralization, with two hypothetical pathways
influencing the C balance during the Arctic growing season: (1) increased N could stabilize soil C through
formation of humic acids during later stages of composition of heavily decomposed material, which deprives
microbes of easily accessible C during the growing-season and thereby reduces respiration, as found by our group
in the same study site (Semenchuk et al., in prep). A reported loss of C after 20 years of nutrient addition reported
by Mack et al. (2004) supports this hypothesis by attributing fertilization mediated C losses to stimulation of
decomposition of organic material in decomposed stages prior to stabilization processes (Weintraub & Schimel,
2003). It is possible that initial losses of labile C were large compared to C inputs and might have ceased at any
point during the 20 years of fertilizer addition, which is impossible to track by single pool size measurements as
done there (Mack et al., 2004). (2) The excess mineral N increases plant growth and C uptake from the
atmosphere and thereby adds more C to the ecosystem’s stocks without adding C available for mineralization and
recycling to the atmosphere. However, no clear conclusion on the fate of this C can be deducted from the
literature yet, and more experiments have to be done to quantify relative C flux changes and to verify or falsify

these two hypothetical pathways or to identify new potential mechanisms which link N and C cycles.

Litter quality of a given habitat, and thereby SOM quality and mineralization rates, is largely plant species-
specific and therefore a product of the habitat’s species composition. Different species inherently produce litter

with varying C:N ratios, lignin and secondary compound contents (Hobbie, 1996; Cornelissen et al., 2007; Aerts
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et al., 2012) that influence decomposition and mineralization processes. However, the conditions under which
plants grow also provoke changes of litter quality (Shaver & Chapin 111, 1980; Korner, 1989; Kudo et al., 1999;
Aerts et al., 2012) and thereby influence litter and SOM qualities. As a result, effects of environmental
perturbations such as soil temperature increase on N and C dynamics can vary across vegetation types (Weintraub
& Schimel, 2003; Schimel et al., 2004; Welker et al., 2005) and can additionally be expected upon vegetation
composition changes (Sturm et al., 2005). This study does not have the capacity to show species specific changes
in leaf chemistry after cold-season warming — the aperture of the Chlorophyll instrument was too small for other
species, and only Salix leaves were analyzed. This does therefore not allow conclusions on overall litter quality of
the whole system. However, we did show that Salix reacted consistently across vegetation types with increased N
content after warmed cold-seasons. Since this species is present in both vegetation types in similar frequencies
(own observations), and is a major contributor to the annual litter pool, we can conclude that the total annual

litter-N pool is increased across the whole study area, independently of vegetation type.

Finally, we want to emphasize that this studyfocuses on the upper layers of the active layer, and not on underlying
permafrost layers. Permafrost is known to contain large quantities of C which is thermally stabilized, i.e.,
decomposition is slowed down by low temperatures and restricted access to unfrozen water. Increased soil
temperatures willthaw the upper layers of permafrost soil and likely release a lot of the here stored labile C (e.g.
Zimov et al., 2006; Schuur et al., 2008) in a pulse which in magnitude could potentially offset all other processes
treated in this article. However, we do believe that some of the hypothesized mechanisms described here could
also apply for long term thawing of permafrost, e.g., chemical stabilization of heavily decomposed material by

release of N compounds.

This study shows how multi-year increased snow depth has changed soil and plant N concentrations through
temperature-induced increases of cold-season mineralization which carried over to growing-season N availability
and plant N uptake. This has been shown in previous studies from Toolik lake (Schimel et al., 2004; Welker et al.,
2005), strengthening the findings of these studies. By comparing with respiration data from the same study site

(Semenchuk et al., in prep), we also hypothesize that perturbations of the N cycle could be tightly linked and
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377  directly connected to the C cycle by changing both C assimilation patterns through the plant growth pathway and
378  C mineralization patterns through chemical stabilization of soil C. Future studies are needed to test that hypothesis

379  and to produce reliable sink and source strengths to be able to forecast future trends of the recent Arctic C cycle.
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Figure Legends

Fig. 1 Observed volumetric water content (a, d, g), pH (b, e, h), and K* (c, f, i) in water extracted from 5 cm
deep soil cores. Results are shown for two experimental snow depth regimes as seasonal changes during the 2012
growing season (a-c); for two depth intervals (d-f) and for the three vegetation types (g-i). The 95% confidence
intervals are shown as error bars. Normal: unmanipulated snow depth as found representative for most of the

study area; Deep: manipulated snow depth with snow fences.

Fig. 2 Observed concentrations of NOs™ (a,e.i), NH4* (b,f,j), TON (c,g,k), and TOC (d,h,l) extracted from 0-5
cm soil cores. Results are shown for two experimental snow depth regimes as seasonal changes during the 2012
growing season (a-d); for two depth intervals (e-h) and for the three vegetation types (i-1).. The 95% confidence
intervals are shown as error bars. Normal: unmanipulated snow depth as found representative for most of the

study area; Deep: manipulated snow depth with snow fences.

Fig.3 Observed concentrations of %N (a, f), %C (b, g), C:N ratio (c, h), chlorophyll a+b (d, i) and 5°N (%o) (e,
j) of Salix polaris leaves sampled in two different experimental snow depth regimes during the 2012 growing
season. Results are shown as seasonal changes during the 2012 growing season (a-€) and for the three vegetation
types (f-j). The 95% confidence intervals are shown as error bars. Normal: unmanipulated snow depth as found

representative for most of the study area; Deep: manipulated snow depth with snow fences.

Fig. 4 Observed peak sizes of Bistorta vivipara (a), Luzula arcuata ssp. confusa (b) and Salix polaris (c)
individuals sampled in two experimental snow depth regimes at peak plant size during the 2012 growing season.
The 95% confidence intervals are shown as error bars. Normal: unmanipulated snow depth as found

representative for most of the study area; Deep: manipulated snow depth with snow fences.
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