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Climate change-induced snow thaw and subsequent accumulation of ice on the ground is 
a potential, major threat to snow-dominated ecosystems. While impacts of ground-ice on 
arctic wildlife are well explored, the impacts on tundra vegetation is far from understood. 
We therefore tested the vulnerability of two high-arctic plants, the prostrate shrub Salix 
polaris and the graminoid Luzula confusa, to ice encasement for 60 days under full envi-
ronmental control. Both species were tolerant, showing only minor negative responses to 
the treatment. Subsequent exposure to simulated late spring frost increased the amount 
of damaged tissue, particularly in S. polaris, compared to the pre-frost situation. Wilting 
shoot tips of S. polaris increased nearly tenfold, while the proportion of wilted leaves of 
L. confusa increased by 15%. During recovery, damaged plants of S. polaris responded 
by extensive compensatory growth of new leaves that were much smaller than leaves of 
non-damaged shoots. The results suggest that S. polaris and L. confusa are rather tolerant 
to arctic winter-spring climate change, and this may be part of the reason for their wide 
distribution range and abundance in the Arctic.

Introduction

The climate of high-arctic regions is changing 
rapidly, particularly in wintertime (van Pelt et al. 
2016, Vikhamar-Schuler et al. 2016, Overland et 

al. 2017). The high-arctic archipelago of Sval-
bard has recently had extremely warm midwin-
ters; for example, in January and February 2014 
temperature was 11.2 to 14.5 °C above normal 
(Kristiansen et al. 2014). Such extreme changes 
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in winter temperature modify the snow condi-
tions on the ground. Ice layers on the ground 
develop at Svalbard at increasing frequency, 
because winter climate is warming, resulting in 
more precipitation falling as rain, which freezes 
during subsequent cold periods (van Pelt et al. 
2016). Several recent major icing events have 
taken place both at Svalbard and in other arctic 
regions (e.g. Hansen et al. 2014, Forbes et al. 
2016, Bjerke et al. 2017a). Ground-ice is very 
detrimental to arctic animals, from small inverte-
brates (Coulson et al. 2000), via rodents (Calla-
ghan et al. 2013) to large ungulates (Forchham-
mer and Boertmann 1993, Hansen et al. 2014).

However, the impacts of ground-ice on arctic 
vegetation are far from completely understood. 
While ice encasement of plants may lead to det-
rimental hypoxic conditions (Andrews 1996), the 
associated reduction of the snow cover and the 
low insulating properties of ice expose the plants 
to near-ambient fluctuations in temperature, which 
may also be detrimental (Kullman 1989, Bjerke et 
al. 2015). It has been proposed that high-arctic 
species are the most tolerant plants to ice encase-
ment due to their lower rates of accumulation of 
anoxic metabolites (Crawford 1992, Crawford et 
al. 1994). However, evidence from experiments 
and natural events suggest that the arctic, alpine 
and boreal plants are sensitive to being encased 
in ice: the alpine snowbed forbs Omalotheca 
supina and Sibbaldia procumbens and the arctic 
chamaephyte Cassiope tetragona have low toler-
ance to ice encasement (Gudleifsson 2009, Milner 
et al. 2016), sub-arctic ecotypes of the chamae-
phytes Empetrum nigrum and Vaccinium vitis-
idaea show reduced reproduction and increased 
electrolyte leakage under certain icing conditions 
(Preece and Phoenix 2014); while a natural icing 
event in a common garden caused extensive die-
back of alpine plants from six continents (Bjerke 
et al. 2017b). Arctic-alpine lichens are intolerant 
of ice encapsulation at mild subfreezing tem-
perature (Bjerke 2011) but show no mortality after 
being encapsulated in ice at temperature below 
–10 °C (Bjerke 2009).

These few studies on the impacts of ground 
icing on arctic, alpine and northern boreal plants 
render important information, but more knowl-
edge on icing impacts is required to fully under-
stand the potential impacts of ongoing arctic 

winter climate change (Bokhorst et al. 2016). 
In addition to midwinter impacts, warmer cold 
seasons also affect the winter–spring transition, 
causing advanced snowmelt, which may lead to 
earlier onset of the growing season. Early initia-
tion of growing seasons is often associated with 
temperature backlashes and exposure to frost 
after deacclimation, and frost injuries to leaves 
and flowers have been recorded following early 
onset of growing seasons in alpine (e.g. Inouye 
2008, Wheeler et al. 2014, 2016) and forest eco-
systems (e.g. Jönsson and Bärring 2011, Hufkens 
et al. 2012).

Our experimental study seeks to determine 
the combined effects of ice encasement and 
frost exposure after onset of leafing on the per-
formance of two widespread arctic plants, one 
prostrate shrub and one graminoid. The objective 
of this study was to determine the tolerance of 
the two high-arctic plant species to long-term 
(60 d) ice encasement. During the course of the 
experiment, we decided also to include a second 
stress treatment, late spring frost, to a subsample 
of the replicates that had been encased in ice. 
Damage ratios and physiological performance of 
surviving plants were assessed after a period of 
recovery. Thus, this study represents a hitherto 
untested combination of two winter-spring stress 
factors that are expected to increase in frequency. 
Dynamic global process-based vegetation mod-
elling suggest that winter climate change will 
produce novel vegetation types at Svalbard and 
in other arctic regions (Reu et al. 2013). Thus, 
the results of this experiment will provide further 
insight to how arctic plants will cope with their 
rapid changes of their environment. Such infor-
mation is required to fully understand the future 
vegetation composition of the Arctic.

Material and methods

Plant material

Salix polaris (polar willow) is a prostrate decidu-
ous tundra shrub generally not taller than 3 cm. 
It forms a network of shoots on top of the soil, 
therefore often appearing as mat-forming. It is 
one of the most abundant vascular plant species 
at Svalbard (Rønning 1996) and has a near-



BOREAL ENV. RES.  Vol. 23  •  Tolerance of a high-arctic willow and graminoid to ice encasement	 331

circumpolar distribution range and scattered 
occurrences in alpine regions south of the Arctic 
(Hultén and Fries 1986). It has a wide ecological 
amplitude ranging from mesic moss tundra to 
dry, gravelly, wind-exposed ridges. Luzula con-
fusa (northern wood-rush) is a frequently occur-
ring, short-statured rush growing on relatively 
dry, wind-exposed tundra at Svalbard and else-
where in the Arctic (Rønning 1996, Elven 2016).

In August 2014, we collected seeds of these 
two species from dry, wind-exposed tundra at 
Svalbard, around seven monitoring sites between 
Bjørndalen and Bolterdalen in the vicinity of 
Longyearbyen (78.22°N, 15.71°E); cf. Bjerke 
et al. (2017a) for a map. The seeds were placed 
in paper bags, dried at 20 °C and transported to 
the climate laboratory Holt, Tromsø, in the sub-
Arctic region of Norway (69.65°N, 18.91°E), 
where they were stored in freezers for 8 months. 
Seeds were mixed and potted. The potting 
soil was a 1:1 mixture of quartz-rich moraine 
sand retrieved from a gravel pit in Tønsvika in 
Tromsø and dried Sphagnum peat (“Veksttorv”, 
Tjerbo Torvfabrikk AS, Rakkestad, Norway). 
The peat had a pH between 5.5 and 6.5 and a 
nitrogen content of 850 mg l–1, according to the 
manufacturer’s information. The nutrient content 
of the sand has not been analyzed in detail, but 
generally such leached quartz-rich glacial sand 
provides very little of any plant nutrient (Solo-
mon and McShane 2015). Overall, the composi-
tion of the potting soil was selected to reflect the 
nutrient level of the soil in the plants’ natural 
habitat. The seeds were grown at 9 °C and low 
light (PAR < 200 μmol m–2 s–1). Seedlings were 
grown in a greenhouse at 9 °C with natural light 
from 6 June to 15 September. At the end of this 
period, Luzula plants were ca. 10 cm tall with 
a single plant per pot, while Salix plants, with 
2–3 individuals per pot, had produced a network 
of shoots with 50 leaves or more per pot. It 
was no longer possible to distinguish individu-
als from each other. The pot was therefore the 
replicate unit for both species and is henceforth 
called “plant”. The germinability was lower 
than expected, resulting in fewer replicates than 
originally planned. Pots were moved outdoors 
for acclimation under natural autumn and early 
winter temperature and light conditions. Daily 
mean air temperature at Holt during this period 

varied from 12.2 to –9.9 °C. The first snow cov-
ered the plants in mid-November, and by mid-
December, the snow had accumulated to a depth 
of 38 cm, with a corresponding near-surface 
temperature (5 cm soil depth) at –0.1 °C. Snow 
cover was above 15 cm until early April, and 
temperature remained stable for the rest of the 
snow season, varying between 0.2 and –1.5 °C.

Simulation of ice encasement (IE)

In late January 2016, 29 pots of S. polaris and 
54 pots of L. confusa with a 20 cm thick layer of 
natural snow were transferred to a dark chamber 
at 1 °C. Pot soil temperature was naturally frozen 
from outdoor conditions, being –0.5 °C at the 
time of transferal. The lower number of S. polaris 
pots was due to fewer germinating seeds of this 
species. Pots were placed in containers slightly 
larger and taller than the pots. Cold tap water was 
cooled to 0.5 °C and poured into the containers 
until plant parts were covered in water. Pots were 
immediately transferred to temperature-regulated 
freezers. Freezer temperature was set to –20 °C to 
allow for rapid ice development. When the water 
was almost completely frozen, temperature was 
increased to –2.5 °C at a rate of 5 °C h–1. Plants 
were then kept at –2.5 °C for 60 d. When ice 
accumulates during arctic winters, it often lasts for 
60 d or more (Coulson et al. 2000, Hansen et al. 
2014). Therefore, this duration of ice encasement 
was considered as a realistic scenario. During this 
period, the plants were swapped between two 
freezers every 15 d to minimize freezer-specific 
effects on the treatment. During swapping, tem-
perature in the freezers increased to ca. 3 °C for 
a short while, but this did not reduce the ice layer 
around the pots. Ten pots per species of S. polaris 
and L. confusa were not transferred in late Janu-
ary, but were kept outdoors under snow, as this is 
considered the optimal overwintering conditions 
for northern snow-adapted plants (Bokhorst et al. 
2018), and these samples were therefore consid-
ered as controls.

The ice-encased pots were transferred to a 
dark chamber at 1 °C for thawing out. Control 
plants from under the snow were also moved to 
this temperature. After 3 d, the ice had melted 
from the ice-encased plants, while control plants 
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were free of snow. Plants were kept at 1 °C for 
another 3 d before the pots were transferred 
to a greenhouse with natural spring light and a 
temperature at 6–9 °C, varying with incoming 
solar radiation (maximum PAR around noon on 
clear days ca. 800 μmol m–2 s–1). Plants were 
grown under these conditions for 24 d. During 
this period, plant survival and leaf development 
were monitored.

Simulation of late spring frost (LSF)

Due to the low number of replicates, IE was the 
only planned treatment. However, observed high 
survival rate during the simulation of spring 
growth after IE, allowed us to add LSF to the 
experimental protocol by exposing 24 of the pots 
of L. confusa and 16 of the pots of S. polaris that 
had been encased in ice to this additional treat-
ment. In late April 2016, these pots were returned 
to the freezer for simulation of late spring frost. 
Freezer temperature was lowered from 6 °C to 
–2.5 °C at a rate of 2 °C h–1. Pots were kept at 
this temperature for 4 d before being returned to 
the greenhouse alongside the other pots. Since 
this was an unplanned treatment, it was not pos-
sible to include an LSF only treatment, i.e. LSF 
without a preceding IE treatment.

Measurements of plant vitality

All plants, including controls, were moved out-
doors to the sub-Arctic laboratory garden and 
were grown for another 60 d (recovery period). 
During this period, plants were protected from 
direct sun for most of the day, this to avoid 
unnaturally high temperature exposure. The 
shade effect contributes to produce temperature 
regimes close to their natural high-Arctic habitat 
where solar radiation easily leads to surface tem-
perature up to 10 °C above official weather sta-
tion temperature which is measured at 2 m above 
ground (authors’ own observations). Graae et al. 
(2012) show similar steep temperature gradients 
from alpine sites. Pots were watered regularly 
during the recovery period.

Plant performance was assessed after this 
recovery period. First, we assessed whether 

plants were alive. Plants without any green cover 
were considered dead. For S. polaris, we meas-
ured the number and length of wilted top shoots, 
i.e. leafless top shoots on plants with leaves at 
basal stems. We also counted the number of 
healthy shoots, i.e. shoots without any visible 
signs of wilting. Control plants of both species 
were also assessed for signs of damage. All con-
trol plants were healthy without any signs of leaf 
wilting, but unexpectedly, had started autumn 
senescence earlier than the treated plants. There-
fore, we did not measure leaf biomass of L. con-
fusa controls, because leaves of these plants had 
reduced weight following autumn senescence. 
Moreover, we did not measure total green bio-
mass, average leaf weight, chlorophyll concen-
tration and flavonoid content of control plants 
of S. polaris, because some leaves had already 
been dropped, while the remaining leaves were 
autumn-coloured. 

From the treatments IE and LSF, all leaf 
material of the two species was collected. For 
S. polaris, we counted the number of leaves per 
plant, and two randomly selected leaves per plant 
were analyzed immediately after collection using 
an optical plant performance instrument that 
measures the chlorophyll and flavonoid contents 
of the leaves (Dualex Scientific, Force A, Orsay, 
France). Instrument readings of chlorophyll were 
converted to concentration using the equation for 
dicots in Cerovic et al. (2012). Flavonoid con-
tent is presented in instrument units. Leaves of 
L. confusa were too narrow to be measured with 
this instrument. For L. confusa, we separated 
green leaf segments from wilted leaf segments. 
We placed the plant material of both species in 
paper bags and dried the material at 70 °C for 24 
h and weighed the green and wilted leaves to the 
nearest 0.0001 g. For S. polaris, an average leaf 
weight per plant was calculated by dividing the 
total leaf weight with the number of leaves.

Statistics

All tests were run with SPSS Statistics 22 (IBM 
Corporation, Armonk, NY, USA). Data sets, 
i.e. all response variables described above, had 
strongly non-normal distributions. Therefore, the 
non-parametric Kruskal-Wallis test was applied 
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to test whether all treatment groups were equal at 
the 95% significance level. This test was applied 
in cases where we had three treatment groups, 
i.e. C, IE and LSF, as it is suitable for comparing 
three or more nonnormally distributed independ-
ent groups. We decided not to use Dunn’s post-
hoc test with sequential Bonferroni correction for 
pairwise comparisons, because this correction is 
overly conservative, needlessly increasing Type II 
error rates (Cabin and Mitchell 2000). There are 
also numerous mathematical, logical and practi-
cal objections against this method (Moran 2003). 
Thus, for pairwise comparisons, i.e. C vs. IE, C. 
vs. LSF, and IE vs. LSF, we applied the Mann-
Whitney U-test, which is suitable for compar-
ing two independent, non-normally distributed 
samples. In the figures, significant differences 
between samples are highlighted using letters 
placed above bars. Treatments with different let-
ters differ significantly (p < 0.05) from each other 
as determined by the Mann-Whitney U pairwise 
comparisons. Following the advice by Moran 
(2003), exact p values are provided in the text, 
allowing for individual judgement of their bio-
logical significance. The standardized test statistic 
z is provided for all Mann-Whitney U-test results.
The number of replicates per species and treat-
ment were as follows: S. polaris: C: n = 10, IE: 

n = 13, LSF: n = 16; L. confusa: C: n = 10, IE: n = 
30, LSF: n = 24.

Results

Ice encasement

All plants of S. polaris or L. confusa were alive 
after IE. 77% of the S. polaris plants did not 
show any signs of shoot damage following IE, 
while all the control plants were completely 
healthy, i.e. without any shoot damage (Fig. 
1a). The ratio of healthy shoots and the length 
of wilted shoot parts in S. polaris following IE 
did not differ from control plants (Fig. 1b–c; 
Mann-Whitney U-test: healthy shoots: z = 1.59, 
p = 0.38; wilted shoot parts: z = 1.59, p = 0.38). 
The proportion of alive leaf biomass of L. con-
fusa was reduced by 17 percentage points in IE 
as compared to control plants (Fig. 2a; z = 4.58, 
p < 0.001).

Late spring frost

The second stress treatment, which was LSF 
after leaf-out, led to increasing damage rates in 
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Fig. 1. Performance of Salix polaris after treatments. (a) Proportion of undamaged plants, (b) proportion of shoots 
without wilted tips, and (c) length of wilted shoot parts in control (C), ice encasement (IE) and late spring frost (LSF) 
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both species. All plants of S. polaris survived 
LSF. However, the proportion of healthy plants 
was reduced by 58 percentage points from IE to 
LSF (Fig. 1a), while the proportion of healthy 
shoots decreased by 26 percentage points from 
IE to LSF (Fig. 1b; Mann-Whitney U-test: z = 
2.90, p = 0.005). The number of total shoots did 
not differ between IE and LSF (z = –0.79, p = 
0.449; data not shown). Total length of wilted 
shoot tips per plant was nearly tenfold higher 
after LSF than after IE (Fig. 1c; z = 3.40, p = 
0.001). Total leaf biomass was reduced by 49% 
(Fig. 3a; z = –2.24, p = 0.025). Number of leaves 
varied greatly between plants of S. polaris and 
was not significantly different between IE and 
LSF (z = –0.88, p = 0.398; data not shown). This 
was partly due to extensive compensatory pro-
duction of new leaves in damaged plants during 
the recovery phase. These new leaves were very 
small. Hence, mean leaf weight was reduced 
by 46% from IE to LSF (Fig. 3b; z = –3.31, 
p < 0.001). Chlorophyll content of S. polaris 
leaves did not differ between the two treatments 
(Fig. 3c; z = –0.42, p = 0.682), but flavonoid 

content was 29% lower in LSF than in IE (Fig. 
3d; z = –3.53, p < 0.001).

Eight percent of the L. confusa plants from 
the LSF treatment did not produce new leaves 
during the recovery phase and were defined as 
dead. After the recovery period, the proportion 
of alive leaf biomass was 12 percentage points 
lower in LSF than in IE, i.e. a 15% reduction 
(Fig. 2a; Mann-Whitney U-test: z = 2.39, p = 
0.017). The amount of green biomass varied 
considerably between plants but was on average 
31% lower after LSF than after IE (Fig. 2b; z = 
–2.49, p = 0.013).

Discussion

The rather high tolerance of the high-arctic plants 
Salix polaris and Luzula confusa to anoxic ice 
encasement stands in contrast to previous ice 
encasement studies of arctic-alpine plants (Gudle-
ifsson 2009, Milner et al. 2016). Our results are 
more in line with the results from summertime 
studies of high-arctic plants exposed to oxygen 
deprivation at 20 °C, which showed that leaves of 
Spitsbergen ecotypes of several species, including 
L. confusa, were highly anoxia-tolerant (Craw-
ford et al. 1994). In combination, the study by 
Crawford et al. (1994) and the one presented here 
clearly show that L. confusa is tolerant to anoxic 
conditions, irrespective of the cause of anoxia.

Crawford et al. (1994) also tested the anoxia 
tolerance of S. polaris, elucidating that leaves 
were not tolerant, but buds were, and new leaves 
grew from buds during the recovery period. 
Our study indeed shows similar results. New 
leaves were produced after ice encasement, and 
the few plants with wilted top shoots, produced 
new leaves from the part of the stems that were 
still alive. The similarity in results between the 
two studies suggests that the oxygen deprivation 
method applied by Crawford et al. (1994) may 
be well suited also for testing arctic plants’ toler-
ance to ice encasement.

The much lower survival rate reported for 
lichens encased in ice (Bjerke 2009, 2011) was 
assumed to be related to physiological activity; 
the lichens are physiologically active at mild 
subfreezing temperature, but this activity largely 
stops at temperature below –5 °C (Bjerke 2011). 
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The differences in damage to vascular plants 
encased in ice may also be temperature-related. 
For example, O. supina and S. procumbens were 
treated at –2 °C (Gudleifsson 2009), which is 
warm enough to induce physiological activity, 
while E. nigrum and V. vitis-idaea were treated 
in the field under naturally variable temperature, 
which mostly remained below –5 °C and not 
varying much from the subnivean temperature in 
control plots because experimentally produced 
ice became covered in snow following snowy 
weather (Preece and Phoenix 2014).

Temperature during the treatment of C. 
tetragona was not shown in Milner et al. (2016), 
only temperature during the establishment, 
which was between –7 and –15 °C. The iced 
plots were topped up with snow (Milner et al. 
2016), something which would have reduced 
the effects of fluctuations in ambient tempera-
ture, probably leaving the encased plants at a 
stable temperature well below freezing. How-
ever, anoxia may have occurred in reactivated C. 
tetragona plants during spring thaw and caused 
the reported damage. In our study, we applied a 
mild subfreezing temperature (–2.5 °C), because 
such temperature may impose more stress than 
colder temperature regimes, which result in full 
hibernation (Gudleifsson 2009, Bjerke 2011). 
Despite a very long period encased in ice fol-
lowed by a long period of potential anoxia 
during thaw at 1 °C, the two species were in 
good health following IE; the treatment did not 
cause mortality at replicate level, only leading to 
a low ratio of wilting shoot tips.

The projected increase in extreme climatic 
events (Hov et al. 2013, Benestad et al. 2016) 
will expose ecosystems to a higher frequency of 
potentially stressful events per year and season 
(Smith 2011, Bjerke et al. 2014, Phoenix and 
Bjerke 2016). Thus, exposure to two potentially 
stressful events, one following shortly after the 
other, is a realistic scenario for these high-
arctic plants, and this simulation shows that L. 
confusa and S. polaris were mildly to moder-
ately damaged, with low (L. confusa) or no (S. 
polaris) mortality on replicate level. Both spe-
cies responded by rapid compensatory growth. 
This suggests that a single winter-spring period 
with the combination of these two events will 
not affect much the abundance of these two 
species. However, compensatory growth under 
natural high-arctic conditions may be slower 
than that experienced in this experiment, despite 
our efforts to simulate natural conditions, both 
regarding soil nutrient levels and ground tem-
perature, during the recovery phase. Previous 
experiments suggest that associated functional 
groups, including competing lichens and dwarf 
shrubs, would suffer from higher dieback ratios 
(Gudleifsson 2009, Bjerke 2011, Milner et al. 
2016). Evidence from recent extreme winter 
perturbation events at Svalbard, which exposed 
plants to fluctuating ambient winter temperature 
and/or encased plants in ice, suggest that C. 
tetragona is one of the plants that is most sensi-
tive to a changing winter climate, while L. con-
fusa and S. polaris were not among the species 
displaying visible damage in the field (Bjerke et 
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al. 2017a). Hence, L. confusa and S. polaris may 
be able to increase their relative abundance at the 
expense of associated species with which they 
compete for space. However, even if damage is 
not easily visible to the naked eye, these species 
may respond non-visually, for example through 
reduced growth rates, as shown from tree ring 
measurements of S. polaris following a series 
of stressful winters with rain falling on snow 
(Opała-Owczarek et al. 2018).

The measurements of chlorophyll and epider-
mal flavonoid content of S. polaris show some 
interesting contrasts between IE and LSF. While 
flavonoid content differed between the two treat-
ments, chlorophyll content did not. The chloro-
phyll measurements show that leaves were poten-
tially equally productive after IE and LSF, despite 
the higher damage ratio at shoot level following 
LSF. Thus, LSF plants were able to transport 
water and nutrients to developing leaves, suggest-
ing that there was no physiological damage to the 
shoot parts that did not wilt. Epidermal flavonoids 
are synthesized as a response to increased light 
(Cerovic et al. 2012), in northern regions often 
in combination with cool temperatures (Ober-
bauer and Starr 2002). Flavonoid concentrations 
often decline in autumn (Bjerke et al. 2018). A 
reduced flavonoid content may therefore suggest 
that plants exposed to LSF initiated autumn senes-
cence earlier than the IE plants.

The high survival and rapid compensatory 
growth of L. confusa and S. polaris after IE may 
be keys to their wide distribution and domi-
nance. However, a series of cold seasons with 
such events recurring yearly may also affect 
growth (Opała-Owczarek et al. 2018) and the 
longer-term abundance of L. confusa and S. 
polaris. If such a dramatic situation will take 
place, it is currently unclear which functional 
types would be able to increase their abundance. 
To elucidate this, more species, including vari-
ous types of bryophytes and lichens, would be 
necessary to test experimentally.

It was unfortunate that there was not enough 
plant material to include a separate LSF treat-
ment to test the contrasts between IE + LSF and 
LSF only. We would assume that an LSF only 
treatment would have resulted in fewer negative 
effects than IE + LSF. It was also unfortunate 
that control plants were not studied in similar 

detail as treated plants. However, assessment of 
plant and shoot survival of control plants clearly 
suggest that that IE led to modest effects, while 
IE + LSF caused stronger effects.

Overall, our study shows that the two studied 
species are rather tolerant to stress during the 
cold season, but that they differ slightly in their 
tolerance to both ice encasement and the subse-
quent exposure to late spring frost. Salix polaris 
was more tolerant than L. confusa, showing no 
dieback at plant level, only at shoot level, while 
L. confusa had an 8% plant dieback after LSF. 
Comparison with other sources of information 
suggests that these two species are among the 
most tolerant species to winter climate change in 
the Arctic.
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