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Abstract

The Arctic is warming rapidly, with winters warming up to seven times as fast as summers in
some regions. Warm spells in winter lead to more frequent extreme rain-on-snow events that
alter snowpack conditions and can encapsulate tundra vegetation in ‘basal ice’ (‘icing’) for
several months. However, tundra climate change studies have mainly focused on summer
warming. Here, we investigate icing effects on vascular plant phenology, productivity, and
reproduction in a pioneer field experiment in high Arctic Svalbard, simulating rain-on-snow
and resultant icing in five consecutive winters, assessing vascular plant responses throughout
each subsequent growing season. We also tested whether icing responses were modified by
experimentally increased summer temperatures. Icing alone delayed early phenology of the
dominant shrub, Salix polaris, but with evidence for a ‘catch-up’ (through shortened
developmental phases and increased community-level primary production) later in the
growing season. This compensatory response occurred at the expense of delayed seed
maturation and reduced community-level inflorescence production. Both the phenological
delay and allocation trade-offs were associated with icing-induced lags in spring thawing and

warming of the soil, crucial to regulating plant nutrient availability and acquisition.
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Experimental summer warming modified icing effects by advancing and accelerating plant
phenology (leaf and seed development), thus increasing primary productivity already early in
the growing season, and partially offsetting negative icing effects on reproduction. Thus,
winter and summer warming must be considered simultaneously to predict tundra plant
climate change responses. Our findings demonstrate that winter warm spells can shape high
Arctic plant communities to a similar level as summer warming. However, the absence of
accumulated effects over the years reveals an overall resistant community which contrasts
with earlier studies documenting major die-off. As rain-on-snow events will be rule rather
than exception in most Arctic regions, we call for similar experiments in coordinated

circumpolar monitoring programmes across tundra plant communities.

Keywords: basal ice, compensatory growth, extreme events, open top chamber, Svalbard,

Salix polaris, seasonality, rain-on-snow, trade-offs.
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1. Introduction

Global warming comes with stronger and more frequent extreme climate events, prompting
research activity aimed at determining their ecological and evolutionary consequences for
terrestrial biota (Grant et al., 2017; Harris et al., 2018; IPCC, 2021; Robinson 2022; Trisos et
al., 2020). In the Arctic, temperatures are rising three times as fast as the global average and
the particularly pronounced warming trends during winter have resulted in increasingly
frequent and widespread winter warm spells (AMAP, 2021; Bintanja & Andry, 2017; Graham
etal., 2017; Vikhamar-Schuler et al., 2016; You et al., 2021). Despite evidence for possible
severe consequences of these warm spells on vegetation and carbon balance (Bjerke et al.,
2017; Bokhorst et al. 2008, 2009, 2011, 2012, 2022; Phoenix & Bjerke, 2016; Treharne et al.,
2019), studies have almost exclusively focused on the effects of rising summer temperatures
and changes in snow depth (Bjorkman et al., 2020; Collins et al., 2021; Elmendorf et al.,
2012; Prevey et al., 2019; Rixen et al., 2022; Wipf and Rixen, 2010). Recently, studies
comparing winter to summer warming effects on plant traits stress the neglected importance
of winter temperatures for fine-scale regional patterns and traits sensitive to cold involved in
resource acquisition and conservation (Bjorkman et al., 2018; Niittynen et al., 2020). Given
the key role that tundra ecosystems play for global carbon cycling and climate feedbacks
(Chapin et al., 2005; Zhang et al., 2020), it is now urgent to better understand how the
addition of extreme warm spells outside the growing season shape Arctic plant communities.
Warm spells in winter often come with “rain-on-snow” events, i.e., when precipitation
falls as rain instead of snow, often transforming the entire snowpack (AMAP, 2021; Bokhorst
et al., 2016; Pan et al., 2018; Rasmus et al., 2018). Under such mild conditions, the snowpack
can melt completely, exposing plants to thaw-freeze cycles that may directly cause vegetation
damage (Bokhorst et al., 2009, 2011). Alternatively, and especially common in the high

Aurctic, rain and resulting meltwater can collect and freeze on the ground, releasing latent
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heath transferred to the soil and forms a layer of basal ice (hereafter referred to as ‘icing’) up
to several decimetres thick (Peeters et al., 2019; Putkonen & Roe, 2003). Low-growing Arctic
vegetation can remain entirely encapsulated in this ice layer for several months, until the onset
of spring. Icing has the potential for ecosystem-wide consequences by directly or indirectly
affecting several trophic levels, e.g. by reducing soil arthropod abundances (Coulson et al.,
2000), disrupting snow conditions for small mammals’ survival and reproduction (Kausrud et
al., 2008), and causing starvation-induced die-offs in large herbivores, which in turn can
influence predators and scavengers (Hansen et al., 2013; Sokolov et al., 2016). However, the
immediate and lasting effects of icing on high Arctic plants’ productivity, reproduction, and
phenology — fuelling the tundra food web — remain largely unknown.

The increased occurrence of regional Arctic vegetation ‘browning’ (i.e., decrease in
expected ‘greening’ under warmer climate) has been associated to several factors, including
winter warm spells associated to thaw-freeze cycles (Bokhorst et al., 2008, 2009; Phoenix &
Bjerke, 2016), but also to icing (Bjerke et al., 2017, Milner et al., 2016, Vickers et al., 2016).
This contrasts with the large-scale ‘Arctic greening’ pattern associated to shrub expansion and
improved plant growing conditions (Epstein et al., 2012; Frost et al., 2019; Myers-Smith et
al., 2011; Walker et al., 2006). However, changes in winter conditions can also exacerbate the
effect of summer warming alone (Frei and Henry, 2021), thus adding complexity and spatial
variability for vegetation productivity trends (Berner et al., 2020; Frost et al., 2019; Kelsey et
al., 2021; Myers-Smith et al., 2020), pressing needs for teasing appart effects of icing.

Physiologically, icing can lead to plant cell death, either through frost damage or
stress-induced anoxia metabolite accumulation from anaerobic respiration (Bokhorst et al.,
2010; Crawford et al., 1994; Preece & Phoenix, 2014). Studies investigating the effects of
icing described that evergreen shrubs and lichens were negatively affected, either through

altered leaf physiology and/or shoot and individual mortality (Bjerke, 2011, 2017, 2018a,
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94  2018b; Milner et al., 2016; Preece et al., 2012). In comparison, deciduous shrubs and

95  graminoids showed higher tolerance, yet, there was still evidence of damage and biomass

96 reduction (Bjerke et al., 2018b; Preece & Phoenix, 2014). In addition, icing can indirectly

97 affect the vegetation by altering soil thermal properties (Putkonen & Roe, 2003), delaying

98  plant phenology as seen under late snow-melt (Assmann et al., 2019; Frei and Henry, 2021;

99  Semenchuk et al., 2016), or alternatively, icing may protect plants against winter herbivory.
100 Plants facing sub-optimal conditions may channel more energy into either growth or
101 reproduction, modifying existing energy allocation trade-offs (Bazzaz et al., 1987; Jonsdottir,
102 2011). Induced stress can enhance vegetative growth, thereby constraining or delaying other
103 reproductive responses, i.e., flower phenology and/or number (Chapin, 1991; Orcutt & Nilsen,
104  2000). Such responses are found in Arctic plants coping with shortened growing seasons (e.g.
105 late snowmelt, Cooper et al., 2011; Wipf & Rixen, 2010), damages from herbivory
106  (Jonsdottir, 1991; Skarpe & Van der Wal, 2002), thaw-freeze events (Bokhorst et al., 2011),
107  as well as icing (Milner et al., 2016; Preece et al., 2012). In these latter studies simulating
108 icing, Milner et al. (2016) showed high mortality of apical meristems and entire shoots in the
109  evergreen shrub Cassiope tetragona in the high Arctic, but increased growth of surviving
110  shoots, at the cost of reduced flower production (Milner et al., 2016). Along these lines,
111 Preece et al. (2012) expected delayed leaf phenology following icing in the low Arctic, but
112  instead found accelerated leaf emergence in spring in Vaccinium myrtillus and V. vitis-idaea,
113 suggesting a reallocation of resources to the remaining living shoots, yet, the cost of flowering
114  was unclear. Species like Empetrum nigrum were resistante to icing (Preece et al., 2012).
115 Warmer summers may counteract expected negative effects of icing through greater
116  activation of growth hormones fluxes and enhanced nutrient cycling and availability (Chapin,
117 1991; Frei and Henry, 2021; Gornall et al., 2011; Sundberg et al., 2000). Again, responses

118  may vary across species and tissue types, i.e., if the tissues are directly or indirectly exposed
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119  toicing in addition to summer warming. For instance, high Arctic perennial species

120  commonly produce flower buds the previous summer (Arft et al., 1999, Barrett and Hollister
121 2016), thus directly experiencing icing conditions, while vegetative tissues grow generally in
122 direct response to June-July temperatures (Van der Wal & Stien, 2014). Possible delay in

123 phenology under icing could be altered by summer warming, advancing more reproductive
124  than vegetative, as well as early than late phenophases (Collins et al., 2021), with greater

125  effects on early than late flowering species (Prevéy et al. 2019). However, regardless of

126 summer warming, the duration of phenophases tend to be fix (Barrett and Hollister 2016;

127  Collins et al., 2021; Semenchuk et al., 2016).

128 Plot-level field experiments are powerful tools to investigate fine-scale plant response to
129  simulated climate change scenarios (Bjorkman et al., 2020; Bjorkman et al., 2018; EImendorf
130 etal., 2015). Here, we assessed how experimental winter rain-on-snow events and subsequent
131  icing affect productivity, reproduction, and phenology of a high Arctic plant community. To
132 achieve this, we simulated plot-level rain-on-snow and ice formation in winter over five

133 consecutive years. Using a full factorial design, we also increased summer temperatures via
134  open top chambers, following the protocol of the Arctic and Alpine International Tundra

135  Experiment (ITEX, Henry & Molau, 1997). During each subsequent growing season, we

136  determined plant species and community responses to treatments. We expected icing to cause
137  overall negative effects, i.e., to 1) delay the plants’ phenology due to a delaying effect of icing
138  on thawing processes; 2) reduce the overall plant productivity (‘browning”); and 3) reduce the
139  flower production due to re-allocation of resources to growth. We anticipated the addition of
140  summer warming to overall reduce negative effects of icing, while the net effects are difficult
141  to predict a priori, given the scarcity of research in this field, the many mechanisms involved,

142  and the likely variation across species and tissue types.
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143 2. Methods

144  Study site

145  The high Arctic Svalbard (78°17°N, 16°02°E) is a region warming twice faster than the Arctic
146  average and five-seven times faster than the global average (Isaksen et al. 2022b). The

147  experiment was located in the valley of Adventdalen and lasted for five consecutive years

148  (January 2016—August 2020). Near the study site, the annual mean air temperature recorded at
149  Svalbard Airport (15 km away) was -5.9 °C for the reference period 1971-2000 (Hanssen-
150  Bauer et al., 2019), and -2.2 °C for the study period. Local winter (December—February)

151  temperature rise five to seven times faster than in summer (June—August; Isaksen et al., 2022),
152  thus at a greater rate than at the circumarctic scale. The interior fjord and valley areas around
153  Adventdalen are some of the driest in Svalbard, with an average annual precipitation of 196
154  mm for the reference period (Hanssen-Bauer et al., 2019) and 223 mm for the study period. In
155  comparison to the reference period, median RCP8.5 projections for Svalbard anticipate an
156 increase in annual temperature and precipitation of about 7-9 °C and 20-40%, respectively,
157  towards 2100 (Hanssen-Bauer et al., 2019). The frequency of rain-on-snow events has

158  increased dramatically since a regime shift around the year 2000 (Hansen et al 2014, Peters et
159  al. 2019), and Svalbard currently experience conditions soon expected across large parts of
160  the Arctic (AMAP, 2021; Bintanja & Andry, 2017).

161 Soil thermal conditions on Svalbard are linked to the underlying permafrost which

162  warms at a rate of 1.4 °C per decade at the permafrost table (2 m depth), observed 6 km away
163 from our study site between 2002-2018 (Etzelmdller et al., 2020). At the study site, the sub-
164  surface (5 cm depth) soil temperature was on average 4.7 °C in June and 7.5 °C in July (see
165 methodology below, Table S1a), the two most important months for plant growth (Van der
166  Wal & Stien, 2014). The volumetric water content (i.e., soil moisture) is relatively low for

167  mesic communities, drying throughout the summer season from about 45% in early June to
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168  25% mid-August at 10 cm depth (Table S1a). Soil moisture and sub-surface temperature are
169  strongly negatively related (Table S1b).

170 The tundra plant growing season starts immediately after the soil-thaw onset (Descals
171 etal., 2020). Adventdalen, which is in the bioclimatic subzone C ‘middle Arctic tundra’

172 (CAVM Team, 2003), has a growing season of approximately three months, starting in mid-
173 late May (Table 1). The plant community studied here was a mesic grass and moss-rich dwarf
174  shrub heath, dominated by the prostrate deciduous dwarf shrub Salix polaris and the grass
175  Alopecurus borealis. Other abundant vascular plants were the horsetail Equisetum arvense,
176  the rush Luzula confusa, the forb Bistorta vivipara and the grass Poa arctica (Fig. S1). The
177  most abundant bryophytes were Sanionia uncinata, Tomentypnum nitens and Polytrichastrum
178  spp. Nomenclature follows http://panarcticflora.org/ for vascular plants and Frisvoll and

179  Elvebakk (1996) for bryophytes.

180  Experimental design

181 The study design followed a full-factorial randomized block design with four

182  treatment combinations (2 levels of icing x 2 levels of warming), replicated three times within
183  each of the three blocks (Fig. 1). In summer 2015, the three blocks (150-780m apart) were
184  selected in homogenous mesic tundra. Within each block, we chose 12 plots of 60 x 60 cm
185  with similar communities (n = 36 plots, Fig. 1). The four treatments, icing (1), summer

186  warming (W), a combined winter icing and summer warming treatment (IW), and control (C),
187  were randomly assigned to plots. Plots received the same treatment each year, starting in

188  winter 2015-2016 (Table S2). This allowed us to investigate both short-term (one year) as
189  well as longer-term (up to five years) plant responses. However, not all traits and parameters
190  were measured in all years, hence some results are presented based only on a subset of years.
191 Winter icing: The experimentally formed ice was applied to I and IW plots within a

192  period of 2-3 days in January—February (Fig. 1a). Snow was carefully removed from all plots
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193  to apply the same level of disturbance, and any occurrence of natural ice was recorded.

194  Natural ice was particularly common in 2017, with partial ice coverage occurring in all plots
195 (3 cm average thickness). Snow was immediately placed back on non-icing (C and W) plots,
196  while for I and IW, a 13 cm high wooden frame (60 x 60 cm) was placed around the plot and
197  gradually filled up with cold water (for 1-3 days) until it was full of solid ice (Fig. 1a),

198  following Milner et al. (2016). Frames had no influence on the snow accumulation pattern
199 later in winter and they were removed at the beginning of snowmelt. Snow- and ice-melt
200  occurred almost simultaneously during spring meltwater floods.

201 Summer warming: Right after snowmelt (Table S2), hexagonal open top chambers

202 (1.4 x 1.4 m basal diagonal) were deployed over the W and IW plots following the

203  specifications given by the ITEX protocol (Henry & Molau, 1997). To avoid confounding
204  factors, all plots were excluded from grazing herbivores during the snow-free season using
205  metal net cages (I and C plots) or nets on top of the open top chambers (W and IW plots;

206  mesh-size 1.9 cm x 1.9 cm, Fig. 1b). Open top chambers and nets were all deployed and

207  removed on the same day in the start and end of the growing season.

208  Field measurements

209  Soil temperatures were recorded with iButton loggers (type DS1921G-F5, + 1.0 °C accuracy,
210 0.5 °C resolution) every 120 minutes in summer and 240 minutes in winter. Loggers were
211 placed in all plots at depths of both 2 cm and 5 cm. In 2018, we also recorded temperatures at
212 10 cm and 20 cm depth (not in IW). We estimated the onset of soil-thaw in spring for each
213 plot based on logger data at 5 cm depth; if soil sub-surface temperatures were > 0 °C for a
214 minimum of 10 consecutive days, the first day of this period defined the soil-thaw onset. We
215  also monitored surface air temperature (5 cm high) with HOBO loggers (type U23-003/UA-
216 001; + 0.2°C accuracy) in a limited number of plots in C and W from 15" of June to 1% of

217  September 2016-2018, every 30 min (Table S1a).
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218 To assess treatment effects on plant production, we monitored the vegetation weekly
219  during the growing season by measuring Normalized Difference Vegetation Index (NDVI, a
220  proxy for plant productivity with a value from -1 to 1; Pettorelli et al., 2005). This was done at
221  the central part of each plot (30 cm diameter) with a Skye SpectroSense2+ handheld device.
222 NDVI typically increases in the first part of the growing season until reaching a maximum, to
223 then drop progressively in the second part of the growing season. We considered the peak

224  growing season to be the average day C plots reached the maximum NDVI (Table 1). As an
225 additional measure of plant productivity, we measured community-level vascular plant

226  species abundance (hereafter referred to as ‘relative abundance’) in the period after the peak
227  growing season (end of July, Table 1), in 2016-2019 (Table S2). To estimate relative

228  abundance, we used the point intercept methodology (Brathen & Hagberg, 2004), with a 50 x
229 50 cm frame elevated above the canopy (~20 cm high) and with 25 evenly distributed points.
230  The points were marked by crossings of double strings with the frame to give a 90° projection.
231 Ateach point, a wooden pin of 3 mm diameter was lowered down onto the moss layer and all
232 ‘hits’ of vascular plants were recorded.

233 To further study vegetative responses of the dominant vascular species, we collected S.
234  polaris leaves (before leaf senescence, Table S2) to measure leaf area, leaf dry weight and

235  specific leaf area (SLA, the ratio of leaf area to dry mass). The protocol and sample size of
236 leaf collection varied between years (Table S2), preventing direct comparison of leaf-size

237  traits between years, but still enabling within year comparisons of I, IW and W effect sizes
238  relative to C. Leaves were kept moist after collection until scanned. Leaf area was measured
239  inimageJ 1.48 (Schindelin et al., 2015). Subsequently, leaves were oven-dried at 60 °C for
240  four days and weighed on an XS204 METTLER TOLEDO scale to the nearest 0.01 mg.

241 To assess treatment effects on flowering frequency, the total number of inflorescences

242 were counted for the species S. polaris (males and females [catkins]), B. vivipara, A. borealis,

10
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243 L. confusa and P. arctica in mid-July each year (Table S2). We counted inforescences in a 50
244 x50 cm frame (Fig. 1c), subdivided into 16 sub-squares.

245 To assess treatment effects on the phenology of the dominant vascular plant, we

246  measured the most advanced vegetative and reproductive phenological stages (‘phenophases’)
247  of S. polaris in each of 16 sub-squares per plot of the 50 x 50 cm frame. We used the

248  following vegetative phenophases: 1) leaves starting to unfurl, 2) leaves fully expanded, 3)
249  start of senescence, and 4) leaves fully senesced. The reproductive phenophases were 1)

250 distinct inflorescence buds visible, 2) buds recognisable as female or male, 3) receptive

251  stigmas (female) and open anther releasing pollen (male), 4) stigma and anthers withered, and
252  5) seed dispersal. The highest number of phenological monitoring rounds took place in 2018,
253  whereas no phenological monitoring was done in 2020 (Table S2).

254  Statistical analysis

255 We derived different metrics from the NDVI data by fitting a generalized additive

256  model (GAM) to each plot for each year, using the repeated measurements over a growing
257  season. We employed the function ‘gam’ from the mgvc package (Wood et al., 2015) in

258  software R-3.6.3 (R Core team, 2020), fitted with restricted maximum likelihood. Model fit
259  was good (visual interpretation and k-indices > 1), except for summer 2017 when

260  measurements stopped before the peak growing season, i.e., they were still in the increasing
261  phase (Table S2). Thus, we removed 2017 from all NDV1 analyses. For all other years, we
262  predicted daily NDVI values for each plot and derived 1) the maximum NDVI value, and 2)
263  the day-of-year when the maximum NDVI was reached. We also computed 3) the cumulative
264  NDVI in the first part of the growing season (hereafter ‘cumulative start’) by summing daily
265  values from the first day of measurements to the day when C plot, on average, reached the
266  maximum NDVI, 4) the cumulative NDVI in the second part of the growing season (hereafter

267  ‘cumulative end’) by summing daily values from the day when C plot, on average, reached

11
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268  the maximum NDVI to the last measurement day of the season, and 5) the cumulative NDVI
269  across the growing season (hereafter ‘cumulative total’) by summing daily values from the
270  first to the last day of measurements. These cumulative NDVI metrics were then standardized
271 by the number of days over which the integral was computed. This was necessary because the
272 field season length differed between years, but not between treatments within year.

273 We used (generalized) linear mixed-effect models as the main tool to analyse our data
274 and account for the hierarchical spatial and temporal structures of our study design, using the
275  functions ‘Imer’ and ‘glmer’ from the Ime4 R package (Bates et al., 2015). We built a separate
276  model for each response variable, i.e., soil temperature, onset of soil-thaw, NDVI (different
277  metrics), plant relative abundance, leaf size traits, inflorescence number, and phenophases.
278  We conducted four different models for each response variable. 1) We computed the

279  treatment effect sizes or predicted mean over years (treatment [category] was set as fixed

280 effect) and the temporal replication was accounted for by including year as a random

281 intercept, or day-of-year nested within year when measurements were also replicated within a
282  given year (e.g., NDVI). 2) We calculated the annual effect sizes or predicted means

283  (‘treatment [category] x year [factor]’ interaction as fixed effects). 3) We tested for an overall
284 icing-warming interaction effect over years, (icing [0,1] x warming [0,1] interaction as fixed
285  effects) with ‘year’ or ‘day-of-year’ nested within ‘year’ as random intercepts. 4) We tested
286  for an annual icing-warming interaction effect, (icing [0,1] x warming [0,1] x ‘year [factor]
287 interaction as fixed effects. For all models, the random intercept structure (i.e., variation in
288  means between replicated units) always included the nested plot (n = 36) structure within

289  blocks (n = 3). It also included sub-squares nested within plots (16 sub-squares per plot, n =
290  576) for measurements of leaf traits (in 2019 and 2020, Table S2), inflorescence count, and

291  phenology. In 2018, leaf traits included information on leaves nested within shoots (Table
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292  S2). Statistical significance can be interpreted as when the 95% confidence interval (CI) of
293  estimates did not overlap the predicted mean of C.

294 Data from air and soil temperature and NDVI metrics were best summarized by a

295 normal distribution and count data from plant relative abundance and inflorescence counts by
296 a Poisson distribution. Leaf size traits were log-transformed to follow a normal distribution.
297  Each phenophase was converted to a binary data format to fit a logistic regression from a

298  binomial distribution. Percentage change reported were calculated for back-transformed

299  predicted means, in comparison to controls.
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300 3. Results

301  Soil temperature and soil-thaw onset

302  The liquid water added during the simulated rain-on-snow on both icing (I) and icing x

303  warming (IW) plots released latent heat, increasing sub-surface soil temperatures for three
304  days, by on average 2.9 °C [2.3;3.5] (results are reported as mean effect sizes [95% ClI] in
305  comparison to controls [C] over 2016-2020, unless specified differently) (Fig. S2).

306 During spring snowmelt, sub-surface soil-thaw onset was delayed by 6.0 [2.2;9.9]

307 daysinland 4.4 [0.4;8.5] days in IW, while it remained unaffected in warming (W) (-0.9 [-
308 5.0;3.1] days, Fig. 2a). However, the sub-surface soil-thaw onset, and the period over which it
309  occurred, varied considerably between years (Table 1). For instance, the thawing onset of C
310  occurred on average on 30" of April in 2019, ranging over a period of 32 days, while it

311 occurred on the 21% of Mai over a period of 6 days in 2020 (Table 1). At 20 cm depth (data
312 only from 2018), soil-thaw onset was delayed by 9.0 [1.3;16.7] days in I, after staying at a
313  constant temperature of -0.5 °C for about two weeks (i.e., ‘the zero curtain period’, Outcalt et
314  al., 1990; Fig. 2b), resulting in lagged soil temperature increases in 1 (i.e., significantly lower
315  during entire June, Fig. 2b).

316 The presence of open top chambers increased soil sub-surface temperatures by 0.9
317 [0.7;1.2] °Cin W and 0.8 [0.6;1.1] in IW (at 2 cm depth in June-August, over 2016, 2018 and
318  2019) and surface air temperature (5 cm high, 2016-2018) by 0.8 [0.7;0.9] °C in W (Table
319  Sla). The soil volumetric water content did not vary between treatments but varied between
320  years (Table S1a). The first and last year of the experiment were the warmest summers (2016
321  and 2020), while 2017 was the coldest (Table 1). Soil was the wettest in 2020 and the driest in

322 2019 (Table S1).
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323 Vegetative responses: NDVI metrics, relative abundance, leaf size traits and phenology

324 Right after soil-thaw onset, the NDVI curves increased rapidly until reaching a

325  maximum in mid-July in C (15" of July on average, Table 1 and Fig. 3a) and decreased

326  slowly thereafter (Fig. S3). The maximum NDVI timing was delayed by on average 4 [2;7]
327 daysin I, and consistently so across years (Fig. 3i). This delay was reduced in IW in most
328  years (2 [-1;4]) while it was -3 [-5;0] days earlier in W (Fig. 3i and Table S4). Maximum

329  NDVI values themselves were higher in | and IW in the first year of treatment (2016), while
330 this effect vanish in later years (Fig. 3j and Table S4). The last year of treatment (2020) had a
331 high maximum NDVI compared to previous years (Fig. 3b and Table 1), where even C

332 reached values similar to those in | and IW in other years (Fig. S3, Table S4). Maximum

333  NDVI values were unaffected by W (Fig. 3j and Table S4).

334 The shape of the NDVI curves varied among treatments, particularly after the

335  maximum NDVI. This effect was captured by the NDVI cumulative metrics. For the first part
336  of the growing season, only IW increased the NDVI ‘cumulative start’, and remained high for
337 the second part of the growing season (NDVI ‘cumulative end”), resulting in an overall

338 increased NDVI (‘cumulative total’) across the growing season (Fig. 3k-m, Table S4). In the
339  second part of the growing season, | caught-up with IW, and thus also exceeded the NDVI
340  ‘cumulative end’. NDVI cumulative metrics of W did not differ (Fig. 3b). The treatment effect
341  sizes of NDVI metrics decreased over the years (except for the timing of the maximum

342  NDVI, Table S4), but still were of comparable magnitude as annual variation in C (Fig. 3).
343 Vascular plants’ relative abundance was unchanged under | (3% [-11;19] change, Fig.
344  3nand Table S5), with a slight tendency for higher abundance of S. polaris (21% [-17;75]).
345  However, under IW, the relative abundance was on average 26% [9;46] higher, with large
346  effects on the first treatment year (2016, 69% [43;99] change, Fig. 3n and Table S5). These

347  patterns were largely consistent with the NDVI metric for the entire growing season
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348  (‘cumulative total’) and driven by the two most abundant vascular plants, the shrub S. polaris
349  and the graminoid A. borealis (Fig. S4), which relative abundance had a large influence on the
350 NDVI patterns (based on among-plot correlations, Table S3). A. borealis was even three times
351  more abundant in IW on the first treatment year (Fig. S4 and Table S5). Under W, the relative
352 abundance tended to increase by 13% [-2;31], a change not related to S. polaris which

353  decreased by -32% [-54;-1] (Figs. S3 and Table S5). The vascular plant’ species community
354  composition remained overall unchanged across the study period (Fig. S5).

355 The SLA of S. polaris was higher in I, and this difference significantly increased over
356 the years (Fig. 30 and Table S8), being particularly pronounced from 2018 onwards. In those
357  years (2018-2020) dry weight decreased more than the area, with a respective change of -19%
358  [-28;-1] and -14% [-28;4] (Table S6). Although the leaf area and dry weight tended to be

359  lower in all treatments and all years, their ratio (i.e., SLA) was not different in IW and W, with
360 large inter-annual variation (Figs. 30, S6 and Table S6).

361 No significant interaction effect was found between | and W in vegetative traits, except
362  for SLA in 2020 and early leaf phenology (see below), i.e., there were no strong indications of
363 an overall modifying effect of summer warming on the response to icing (Tables S4-S6).

364  Reproductive response: inflorescence production

365  The total number of vascular plant inflorescences in this mesic community was significantly
366  reduced across all treatments, and this particularly strongly over the years with all types of
367  measurements (2016, 2018 and 2019), showing a reduction by one third (Fig. 3p and Table
368  S7). Yet, | had no effect in the first and last treatment year (i.e. 2016 and 2020, Fig. 3p, Table
369  S7). Although S. polaris produced the highest number of inflorescences (catkins and male

370  flowers), and drove this overall pattern of annual variation, inflorescences of the forb B.

371  vivipara and graminoids were severely impacted by | (and IW) in all years (respectively by -

372 52% [-72;-27] and -67% [-95;-11] reduction, Fig. S7 and Table S7). Under W, S. polaris
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373  inflorescences were also strongly reduced (-70% [-81;-56]), while graminoid inflorescences
374  were enhanced (146% [46;225]). Note that in 2020, there was a record number of

375 inflorescences in the community, with more than twice the amount compared to any other
376  study year (Fig. 3h, S7 and Table 1). For instance, even if the greatest reduction of

377  inflorescences under W, occurred in 2020 (Fig. 3p), after a progressive decrease over time
378  (Table S8), it was still the year with the greatest inflorescence production under this treatment
379  (Fig. S7 and Table S7).

380 The interaction effect of |1 and W was positive, in other words, there were more

381 inflorescences under IW than expected if the effects of | and W were additive (Table S7).

382  Phenological responses

383 Early phenophases of S. polaris leaves developed later in I, while they developed

384 earlier in IWand W (i.e., when 50% of the C reached the phenophase of unfurled leaf, 10% in
385 land 90% in IW and W did so, Fig. 5a). Hence, the unfurled stage was reached 4 [1;8] days
386 laterin | and -4 [-8;-1] days earlier in IW and W (Fig. S8). Despite this delay in I, the duration
387  tounfold leaves (from unfurled to fully expanded) was shortened by one third compared to C
388  and the other treatments (-3 [-4;-1] days shorter, Fig. 5a-b and Table S10). This resulted in
389 leaves being fully expanded with no apparent delay under I (2 [-2;5] days), but -5 [-8;-2] days
390 earlierin IWand W (i.e., when less than 10% of the C and | reached the fully expanded stage,
391 all plots had already reached it IW and W, Figs. 5b, S8, S9, Table S9 and S10). However, the
392  onset of leaf senescence happened almost simultaneously across treatments, and this pattern
393  occurred consistently across years (Figs. 5¢c-d, S8 and S9). Yet, this timing of leave

394  senescence varied among years with more than 10 days in C (Fig. S8a). The duration of

395  senesced was unchanged in I, while in IW and W it was 30% faster (-2 [-3;-1] days shorter).
396  Note that in contrast, IW and W leaves stayed 20% longer time fully expanded (6 [2;8] days;

397 Table S10).
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398 Several S. polaris reproductive phenophases were reached later in I but earlier in IW and
399 W compared to C and these differences persisted throughout years, being particularly

400  pronounced in 2017 (Figs. 5 and S8b-c). The difference in timing was largest during seed
401  dispersal. In 2018, it occurred slightly later in I (5 [-2;12] days), but -11 [-17;-6] and -5 [-
402  12;2] days earlier in IW and W respectively (i.e., when 50% on the C reach seed dispersal,
403  19%in 1, 96% in IW and 86% in W had reached it; Figs. 5 and S9). The ealrier seed dispersal
404 in IW coincided with a 30% shorter duration for seeds to mature (-8 [-14;-1] days shorter),
405  while the stage of stigma being receptive to pollen was extended by 50% compared to C (2
406  [0;5] days longer; Table S10).

407 Male flower anthers were visible and tended to released pollen later in | (although non-
408  significantly in 2018, 2 [-3;7] days, but see Fig. S8c for other years), earlier in IW (-5 [-10;-
409  0.4] days) and tended to be earlier in W (-4 [-10;2] days) (i.e., when 50% of C reached the
410 pollen released stage, 27% in I, 94% in IW and 67% in W had reached it; Figs. 5j-k, S8c and
411  Table S4), However, anther senescence was rather synchronous across treatments in 2018
412 (Fig. 51). This suggested a double longer duration of pollen release in IW (5 [1;10] days

413  longer), but a 40% shorter duration in I (-2 [-3;0] days shorter; Table S10).

414 There was evidence of a positive interaction effect between | and W for the phenophases
415  of early leaf development, seed dispersal and anther development. The addition of warming

416  reversed the effect of I, advancing phenophases even more than under W alone (Table S9).
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417 4. Discussion:

418  This high Arctic tundra experiment has demonstrated how icing can initially delay, but

419  eventually enhance plant growth of a mesic community later in the growing season (Fig. 3i),
420  while affecting reproduction (i.e., inflorescence production, Fig. 3p). This was confirmed at
421  the species level, where the vegetative phenology of the dominant vascular plant, the dwarf
422  shrub S. polaris, was delayed in early summer (Fig. 4a-b), but this seemed compensated for
423  through an accelerated leaf development, increased SLA (Fig. 30) and, to some extent, higher
424  relative abundance. Seed maturation was however delayed (Fig. 4i). These observed species-
425  and community-level delays in phenology and productivity due to icing appeared to result
426  from later spring thawing processes, with a month-long lag in soil warming in the upper

427  active layer (Fig. 2). The addition of summer warming partly counteracted icing effects (i.e.,
428  additive effects), but could also reverse the delayed phenology of icing by advancing it even
429  more than under warming alone (i.e., interaction effects). This resulted in a greater increase of
430  primary production, while also markedly advancing e.qg., seed dispersal. This first multiyear
431  tundra icing experiment also indicates a rather resistant vegetation community to a warming
432  climate, with the absence of dramatic responses or amplified treatment effects across years.
433  Delayed but increased primary production: evidence of compensatory growth?

434  The enhanced above-ground community-level productivity and apparent absence of major
435  die-off due to icing contrasts with the documented ‘Arctic browning’ following extreme

436  winter warm spells, a phenomenon related to damage and mortality in evergreen shrubs, and
437  associated reductions in measured primary production (Bjerke et al., 2017; Frost et al., 2019;
438  Phoenix & Bjerke, 2016). These differences may be explained by contrasting overwintering
439  strategies of the dominant growth forms in the different studies. For instance, evergreen

440  shrubs, virtually lacking in our study plots, maintain long-lived leaves and dormant buds well

441  above-ground, making them more dependent on insulating snow cover and more exposed to
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442  direct damage from icing than deciduous shrubs (Givnish, 2002). Dead shoots of evergreen
443  shrubs will remain for several years, and even if growth may be enhanced in remaining shoots
444  (Milner et al. 2016), the net result is likely a decrease in NDVI (Bjerke et al., 2017; Treharne
445  etal., 2020). In contrast, in our experiment dominated by the deciduous shrub S. polaris, there
446  was no evident sign of dead shoots, likely allowing compensatory growth to enhance NDVI
447 later in the growing season. Hence, despite the severity of the consecutive treatments

448  experienced, the vegetation community studied here seemed rather resistant to the increasing
449  frequency of icing, possibly even enhancing ‘Arctic greening’.

450 In the ‘race’ for high primary production within the reduced time window available in
451  icing plots (i.e., due to delayed soil processes), S. polaris appears to compensate for delayed
452  leaves phenology by accelerating the rate of leaves development while reducing leaf dry

453  weight and area. Because the dry weight decreased more than the area, leaf SLA (i.e., the

454  inversed ratio) was increased over time. Leaf SLA is one of the leaf resource capture and

455  retention traits sensitive to winter temperatures (Bjorkman et al., 2017), also used as indicator
456  of leaf growth-rate (Pérez-Harguindeguy et al., 2013). Our findings may reveal increased

457  growth rate from direct icing stress on the overwintering buds or due to the compressed

458  growing season. These results agree with a laboratory icing experiment on S. polaris that also
459  found reduced leaf sizes, as well as increased leaf numbers (not measured here), while

460  photosynthetic capacity remained unchanged (Bjerke et al., 2018b). The possible increased
461  number of leaves supports that this shrub has a remarkable ability to activate dormant buds to
462  compensate for damages, as also shown in response to herbivory (Skarpe & Van der Wal,

463  2002). Furthermore, Salix polaris has most of its structure and reserves below-ground,

464  accumulated in late summer as secondary growth (i.e. ring growth). Rain-on-snow events

465  were found to reduce ring growth in coastal areas of Svalbard frequently exposed to icing (Le

466  Moullec et al., 2020). Therefore, greater primary growth may come at the cost of reduced
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467  secondary growth, which could alter the otherwise strong correlation between primary and
468  secondary growth in this species (Le Moullec et al., 2019).

469 The observed phenological delay under icing was likely caused by the extensive icing-
470  induced lag in the warming of the upper soil layers, despite an almost simultaneous melting of
471  ice and snow across treatments. This can be explained by infiltration and refreezing of

472 meltwater in the underlying soil, resulting in higher ice content in near-surface soils. The

473  thermal soil properties are strongly dependent on ice and water content. Ice-rich/wet soils

474  require more accumulated energy to warm up than quickly thawed/dry soils, especially with
475  presence of underlying permafrost (Isaksen et al., 2022a). Thereafter, the addition of summer
476  warming shortened the lag in soil temperature increased found under icing.

477 As we expected, additive effects of summer warming (partly) counteracted negative
478  effects of icing alone, but also with evidence of positive interaction effects. For instance, leaf
479  phenology of S. polaris was instead advanced, tending to increase primary production already
480 early in the growing season. Results from the low Arctic, where summer temperatures are

481  much higher, match those found for our combined icing-warming treatment, i.e., simulated
482  icing also advanced shrubs’ early leaf emergence, explained by compensatory mechanisms
483  from frost damaged ramets (Preece et al., 2012; Preece et al., 2014). Later in the growing

484  season, the primary production in this treatment remained high. This is likely occurring

485  because leaves from S. polaris stayed fully expanded 20% longer time, and the relative

486  abundance of the dominant graminoid A. borealis increased, compared to controls. In another
487  high Arctic experiment, grasses were the growth form most rapidly responding to

488  experimentally increased soil temperature, increasing their total live plant biomass (Brooker
489 & van der Wal, 2003). Although there was no change in primary production under icing-

490  warming in 2020, this can be caused by NDVI reaching saturation across treatments and

491  controls, as expected with values approaching 0.8 (Myers-Smith et al., 2020).
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492 The greater primary production in the second part of the growing season under icing
493  and icing-warming combined occurred despite of a synchronous leaf senescence across

494  treatments. This synchronicity may in part be driven by cues fixed in time, e.g., photoperiod.
495  However, the annual variation in senescence time suggests the presence of interactions

496  between fix cues and other variables shared across treatments, e.g., snow/ice-melt timing
497  (Arftetal., 1999; Bjorkman et al., 2015; Cooper et al., 2011; Kelsey et al., 2021; Wipf &
498  Rixen, 2010). A slight delay in leaf senescence under simulated warming alone was also

499  detected in other Arctic sites, yet the main circumpolar pattern was the absence of change
500 (Bjorkman et al., 2020; Collins et al., 2021).

501  Negative effects on reproduction: a result of trade-offs?

502 Compensatory vegetative growth may come at the cost of reproduction, which has been

503  observed after thaw-freeze cycles (Bokhorst et al., 2011), snow manipulation (Cooper et al.,
504  2011), nutrient addition (Petraglia et al., 2013), and icing of evergreen shrubs (Milner et al
505  2016). The reduced inflorescence numbers due to icing (halved in some years) could result
506 from prioritized allocation to vegetative growth, if not from direct winter damages. In the first
507  experimental year, no inflorescence reduction occurred for S. polaris, suggesting that

508 inflorescence buds formed the previous summer survived a winter of icing. Other species,
509 e.g., B. vivipara and A. boralis, exhibited a strong reduction in inflorescence numbers without
510 alag. In an experiment conducted in the same valley, a record low number of inflorescences
511  was associated with extreme natural rain-on-snow events in winter 2012 (Semenchuk et al.,
512  2013). Furthermore, shorter time between green-up and flowering (i.e., green-up being more
513  delayed than flowering) can lead to lower investment into flowering (Gougherty and

514  Gougherty, 2018; Collins et al., 2021). Hence, similarly to other Svalbard studies, this

515  resulted in delayed flower phenology and seed dispersal, as well as reduced flowering

516  (Cooper et al., 2011; Karlsen et al., 2014; Semenchuk et al., 2013; Semenchuk et al., 2016).
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517 The addition of summer warming to icing reduced the negative effects of icing on

518  reproductive traits to a similar level or even beyond the rates obtained from warming alone.
519  Advancing flowering and fruiting due to warming are consistent with results of simulated
520  summer warming at a circumpolar scale (Bjorkman et al., 2020; Collins et al., 2021; Prevéy et
521 al., 2019). Thus, like Collins et al. (2021), we found a larger shift in reproductive than

522  vegetative phenophases, resulting in a shorter period between leaf emergence and seed

523  dispersal. However, contrary to their overall result and to a neighbour snow manipulation

524  experiment (Semenchuk et al., 2016), the duration of phenophases were not fixed. The

525  duration of inflorescence and seed development were both shortened under summer warming
526  (regardless of icing). Yet, the duration of the critical phases for reproduction, i.e., pollen

527  release and stigmas receptive to pollen, were doubled, and this, only under combined icing-
528  warming. Phenology studies rarely separate this short, but critical stage from the flowering
529 time, while our results suggested important implications for pollination success (Song and
530 Saavedra, 2018). Combining icing-warming thus indicates a high energy investment to

531  reproduction, despite the also high investment to vegetative growth. Exploring warming

532  effects through annual variation supported this, i.e., during the warm summer of 2020, we
533  observed simultaneously a record high number of inflorescences and NDVI maximum.

534  Evolutionary implications

535 Evolutionary consequences can sometimes be expected from changing trade-offs

536 influencing sexual reproductive structure. However, the plant species composing Arctic mesic
537 communities are generally perennial, allowing them to wait for favourable conditions to

538  reproduce sexually (Bazzaz et al., 1987). In unfavourable years, loss of those cohorts can be
539  buffered by seed banks, although for instance seeds from S. polaris are short-lived (Cooper et
540 al., 2004) and often need to germinate within the same year they are produced. Nevertheless,

541  S. polaris, as most Arctic species, also reproduces asexually by vegetative clonal growth
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542  (Jonsdottir, 2011), and if clone size would increase, the subsequent self-pollination increase
543  could limit evolutionary consequences of decreased seed production from environmental

544  changes (Barrett, 2015). Furthermore, the lack of accentuated effects after five consecutive
545  years of extreme winter conditions indicates that species in such communities have evolved
546  strategies to cope with these conditions. Local adaptation should not be underestimated, as
547  shown by a high Arctic transplant experiment where endogenous population were better

548 adapted to local conditions than foreign populations, regardless of the drastic ~ 3°C increase
549  of the summer warming treatment (Bjorkman et al., 2017).

550 This overall resistant and resilient mesic community studied may already have adapted
551 toicing. In the oceanic climate of Svalbard, winter rain-on-snow events have indeed been

552 occurring at least for decades (Vikhamar-Schuler et al., 2016). However, their frequency and
553  extent have increased dramatically in recent years (Hansen et al., 2014; Peeters et al., 2019),
554  and the selection acting upon life-history traits might change when acute stress episodes from
555  occasional icy winters become ‘chronic’, as expected in the near future (Bintanja & Andry,
556  2017). Regions that have not yet encountered rain-on-snow events but are predicted to in the
557  near future (e.g., Canadian high Arctic), may experience more drastic effects, especially since
558 there would be no possible introgression of adapted genes from nearby habitat (Bjorkman et
559 al., 2017). Comparative ‘space-for-time’ studies including Arctic regions where rain-on-snow
560  events are still rare could shed light on plants’ adaptive capacities to icing.

561  Ecological implications

562  The effect sizes of winter icing versus summer warming were of similar magnitude across
563  most traits and within the range of natural inter-annual variation, which is typically large in
564  the high Arctic. Although the use of open top chambers only increased summer surface air
565  and sub-surface soil temperatures by 0.8 and 0.9 °C, respectively, this increase was similar to

566 the decadal trend found in this region (Etzelmdiller et al., 2020, Isaksen et al., 2022). It was
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567 also comparable to other ITEX sites in the high Arctic, where irradiance is low, restricting the
568  warming effect (Bokhorst et al., 2013). There was no evidence of exacerbated treatments

569  effects over the years, as decadal simulated summer warming also indicated (Barrett and

570  Hollister, 2016). The observed primary production increase under warming was therefore

571 limited. Other tundra studies/experiments that have investigated effects of altered winter

572  conditions, notably snow accumulation, also found similar or larger effect sizes of the winter
573  than the summer season (Cooper et al., 2011; Niittynen et al., 2020; Wahren et al., 2005). Our
574  study thus supports the overall insight that conditions during the ‘dormant season’ can have a
575  substantial effect on the growth of tundra vegetation.

576 In contrast to evergreen shrubs communities, the community studied here represent
577  important resources for Arctic herbivores (Chapin Il et al., 1996). Thus, the affected

578  phenology and unexpected positive effect of icing on primary production may have potential
579 implications for the whole ecosystem, such as through plant-herbivore interactions (e.g.

580 phenological mismatches, Gauthier et al., 2013; Post & Forchhammer, 2008; Post et al.,

581  2009), carbon fluxes (Schuur et al., 2015) and vegetation-climate feedbacks (Zhang et al.,

582  2020). Tundra icing may thus have counteracting effects on herbivores, directly by limiting
583  food accessibility during winter (Forbes et al., 2016; Hansen et al., 2013), but also indirectly
584 by affecting — and possibly increasing — the food quantity during summer.

585  Conclusion and outlooks.

586  High Arctic environments are naturally variable, and plants have developed elaborate

587  strategies to persist under these extreme conditions. Nevertheless, this study has shown that
588  winter rain-on-snow, and associated tundra icing, can have similarly large impacts as summer
589  warming. On the occasion of the 30-year anniversary of ITEX experiments conducted across
590 the poles, providing critical knowledge regarding tundra responses to summer warming

591  (Bjorkman et al., 2018; Collins et al., 2021; Prevéy et al., 2019), we call for the
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592  implementation of similar large-scale experiments investigating effects of winter warming,
593  and rain-on-snow events in particular. Further exploration can be numerous: across

594  communities, plant functional types, and species, as well as modulating the timing, severity,
595 and duration of these events (Bokhorst et al., 2011; Preece & Phoenix, 2014), in interaction
596  with different levels of summer warming, snow/ice-melt timing (Kelsey et al., 2021) and

597  herbivory (Gornall et al., 2009). Such a coordinated effort on long-term effects is required to
598  gain a holistic understanding of future changes in the tundra biome and its possible resistance
599 and resilience to both winter and summer warming (Bjorkman et al., 2020). This is especially
600 urgent given that winter warming is by far outpacing summer warming (Isaksen et al., 2022b),
601  with potentially ecosystem-wide consequences such as alteration of below-ground vegetation
602  productivity, microorganism activity, and carbon flux exchange, and cascading effects across
603 the food web. This pioneer long-term icing experiment sets the stage for forthcoming studies

604  to fill this fundamental knowledge gap.

26


https://doi.org/10.1101/2021.06.10.447955
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.10.447955; this version posted October 31, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

605 Acknowledgements

606  This project was funded by the Research Council Norway (FRIPRO 276080 and SFF-II1

607  223257) and Svalbard Environmental Protection Fund (project 16/113). We thank UNIS

608 logistics for logistical support and Longyearbyen Lokalstyre for permission to perform the
609  experiment (RiS ID: 10484). We are also deeply grateful for all the help in the field from

610  Solvei B. Hovdal, Martha Grotheim, Hanne K. Haraldsen, Julia Greulich, Karrin Bjérnsdottir,
611  Kristine Valgen, Robin Zweigel, Adne Nafstad, Marit Arneberg, Kristiane Midhaug, Marte
612  Sgreng, Marianne Angard, Hamish Burnett, Lia Lechler, Charlotte Karlsen, Kjerstin

613  Hilmarsen, Lukas Tietgen, and Svea Zimmermann.

614

615

27


https://doi.org/10.1101/2021.06.10.447955
http://creativecommons.org/licenses/by-nc-nd/4.0/

616

617

618

619

620

621

Table 1. Overview of annual mean biotic and abiotic measurements. The daily average air temperatures were recorded at the Svalbard Airport

(available on https://seklima.met.no/), while the soil-thaw onset day, maximum Normalized Difference Vegetation Index (max. NDVI) metrics,

and the community inflorescence counts (Flower count) were recorded in control plots. Predicted means are presented with their 95% confidence

intervals (CI), or range of values. The ‘time of max. NDV/I’ is interpreted as the peak growing season. DOY = Day-of-year (i.e. Julian day, where

1 =1 January).

2016 2017

2018

2019

2020

Soil-thaw onset day
(range)

Air T°C June (range)
July (range)

Time of max. NDVI,
DOY [CI]

Max. NDVI [CI]

Flower count m2[Cl]

13" May (8"-22¢ 21" May (3¢

May) May—1%June)
5.0 (3.6-6.7) 4.6 (3.2-6.5)
9.0 (7.4-11.1) 6.9 (5.4-8.9)
16" July NA

197 [189;205]
0.74[0.72;0.77] NA

263 [181;345] 229 [151;288]

10" May (67147

May)

4.0 (2.3-6)

7.2 (5.6-9.5)
191 July

199 [191;207]
0.76 [0.73;0.78]

314 [218;409]

28

30" Apr (18"
Apr-20" May)
4.8 (3.3-6.8)
8.4 (6.5-10.6)
12" July

192 [184;200]
0.76 [0.73:0.78]

295 [204;386]

18" May
(1622 May)
4.5 (2.8-6.8)
9.8 (7.7-12.2)
15" July

196 [188:204]
0.79 [0.76:0.81]

491 [341;642]
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623  Fig. 1. The experimental set up in the Adventdalen valley, Svalbard. Overview of the field
624  site (a) in the polar night, when applying the icing treatment by filling a wooden frame with
625  water, and (b) in summer with the open top chambers (plexiglass hexagons) simulating

626  warming and net cages to protect against herbivory. (c) Experimental full-factorial

627  randomized block design with the vegetation frame fitting the plot size. C = control, | = icing,

628 IW =icing x warming, W = warming. Picture credits: @. Varpe and M. Le Moullec.
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Fig. 2. Daily estimates of soil temperatures during the soil-thawing period from mid-May to
end of June 2018, at (a) 5 cm depth (i.e., sub-surface), and (b) 20 cm depth. Shaded areas
represent 95% Cls and the orange vertical dashed lines shows the day the warming treatments

started.
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638  Fig. 3. Effects of experimental treatments on several Normalized Difference Vegetation Index
639  (NDVI) metrics, relative abundance (abundance) of vascular plants, specific leaf area (SLA)
640  of Salix polaris and the community inflorescence count (flower count). (a-h) Model

641  predictions (black dots) and their 95% confidence intervals (Cls) for unmanipulated control
642  plots, separately for each year. The horizontal full and dashed lines represent the among-year
643  model predictions and their 95% Cls, which are only displayed for variables comparable

644  between years (i.e., with comparable sampling periods and/or design). Dots in the background
645  show the raw data at the plot (n = 9) or sample replication within plot (n range [109-214])

646  level, which were jittered for display purposes. Model predictions and their Cls were back-
647  transformed on the response scale prior presentation. (i-p) Effect sizes and their 95% Cls for
648  the effect of treatments, displayed separately for each year (left panel - year is used as a fixed-
649  effect in interaction with treatment in the model) and across all years (right panel - year is

650 used as a random-effect in the model). In the left panel, the reference level at O effect size

651  represents within-year unmanipulated controls (corresponding to the model predictions in a-h)
652  and effect sizes refer to within-year treatment effects. In the right panel, the reference level at
653 0 effect size represents across-year unmanipulated controls (corresponding to the horizontal
654  lines in a-h) and effect sizes refer to across-year treatment effects. Abbreviations as

655  follows: NDVI Time max. = Time of maximum NDVI as day-of-year; NDVI max. =

656  Maximum NDVI values from -1 to 1; NDVI cum. start = NDVI cumulative start. NDVI cum.
657 end = NDVI cumulative end. NDVI cum. total = NDVI cumulative total (see Material and

658  Methods for details).

659
660
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661
662  Fig. 4. Probability curves of Salix polaris phenophases (i.e. the estimated probability of

663  reaching a specific phase) for vegetative phases (a-d) and reproductive phases (e-i: female
664  flowers; j-1: male flowers). Phenophases correspond to (a) leaves unfurled, (b) leaves fully
665  expanded, (c) leaves started senescing, (d) leaves fully senesced, (e) flower visible (female or
666  male), (f) stigma visible, (g) stigma receptive, (h) stigma senesced, (i) seed dispersed, (j)

667  anther visible, (k) pollen released, and () anther senesced. Estimates are shown for 2018, i.e.
668 the year when all phases could be estimated after the most intensive monitoring effort (for
669  other years see Fig. S8). The predicted estimates were computed with generalized linear

670  mixed-effect models, accounting for the replicated structure of the study design (i.e., random
671  effects), and the shaded areas represent the associated 95% Cls to the fixed-effects. Red tick
672  marks on the x-axis represent sampling days. See Fig. S9 and Table S9 for estimates of the

673  day at which each phenophases was reached (i.e., proportion of 1).
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