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Increased spring freezing vulnerability for alpine shrubs

under early snowmelt

J. A. Wheeler * G. Hoch - A. J. Cortés - J. Sedlacek -
S. Wipf - C. Rixen

Abstract Alpine dwarf shrub communities are phenolog-
ically linked with snowmelt timing, so early spring expo-
sure may increase risk of freezing damage during early
development, and consequently reduce seasonal growth.
We examined whether environmental factors (duration of
snow cover, elevation) influenced size and the vulnerabil-
ity of shrubs to spring freezing along elevational gradients
and snow microhabitats by modelling the past frequency of
spring freezing events. We sampled biomass and measured
the size of Salix herbacea, Vaccinium myrtillus, Vaccinium
uliginosum and Loiseleuria procumbens in late spring.
Leaves were exposed to freezing temperatures to determine
the temperature at which 50 % of specimens are killed for
each species and sampling site. By linking site snowmelt
and temperatures to long-term climate measurements, we
extrapolated the frequency of spring freezing events at each
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elevation, snow microhabitat and per species over 37 years.
Snowmelt timing was significantly driven by microhabitat
effects, but was independent of elevation. Shrub growth
was neither enhanced nor reduced by earlier snowmelt, but
decreased with elevation. Freezing resistance was strongly
species dependent, and did not differ along the elevation or
snowmelt gradient. Microclimate extrapolation suggested
that potentially lethal freezing events (in May and June)
occurred for three of the four species examined. Freezing
events never occurred on late snow beds, and increased
in frequency with earlier snowmelt and higher elevation.
Extrapolated freezing events showed a slight, non-signifi-
cant increase over the 37-year record. We suggest that ear-
lier snowmelt does not enhance growth in four dominant
alpine shrubs, but increases the risk of lethal spring freez-
ing exposure for less freezing-resistant species.

Keywords Climate change - Advanced snowmelt -
Growth - Spring freezing resistance - Alpine dwarf shrubs

Introduction

Warming air temperatures due to climate change trig-
gering reduced snowfall and earlier snowmelt have been
documented in many alpine systems (IPCC 2007; Rixen
et al. 2012). Early snowmelt potentially represents a radi-
cal environmental change for many alpine plant commu-
nities, the phenology of which may be strongly linked
with snowmelt timing in the spring (Keller and Korner
2003; Wipf and Rixen 2010). Dwarf shrubs represent
a dominant vegetation type in the alpine zone above
the tree line, but despite increasing evidence for earlier
snowmelt in alpine systems, the response of these com-
munities to climate-induced changes in snowmelt timing
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has rarely been studied (Wipf and Rixen 2010; but see
Wipf et al. 2009).

In alpine environments, a longer, warmer growing sea-
son might be associated with enhanced plant growth. This
has been observed in Arctic shrub species, which have
shown vegetative size and productivity increases with
warming (e.g. Hudson et al. 2011; Elmendorf et al. 2012),
indicating that vegetative size is a practical field measure
for plant response to environmental change. However,
accelerated alpine spring snowmelt is a critical ecosystem
change: it can increase the length of the photosynthetic
period, increase drought exposure, alter timing of early
season phenology and, perhaps most importantly, increase
exposure to spring freezing events (Inouye 2008). The
few studies available examining alpine shrub response
to accelerated snowmelt suggest growth is typically not
enhanced under early snowmelt in temperate alpine habi-
tats (Wipf et al. 2009; Rixen et al. 2010; Gerdol et al.
2013). Increased exposure to freezing events, as driven by
earlier snowmelt timing, has also been shown to increase
bud damage in alpine wildflowers (Inouye 2008), damage
leaves and apical buds of alpine shrubs Vaccinium spp. and
Empetrum hermaphroditum (Rixen et al. 2012), and reduce
leaf expansion, flowering and fruiting in Vaccinium myrtil-
lus (Bokhorst et al. 2008; Gerdol et al. 2013).

Naturally occurring spring and summer freezing events
are episodic in alpine zones, and can reduce growth
through the decrease of available metabolic energy, the
reduction of water/nutrient uptake, and the damage/die-
off of leaf tissue (Larcher et al. 2003; Rixen et al. 2012).
Spring freezing rarely kills alpine plants, but these cold
events have been shown to significantly reduce both
above-ground biomass and reproductive output, and can
potentially reduce the abundance and competitive ability
of the species at the population level (Molau 1997; Bok-
horst et al. 2008). Some alpine plants may delay spring
phenology until the risk of freezing damage to sensitive
new tissue has passed (Korner 2003), but since this strat-
egy is most likely controlled by photoperiodism, it prob-
ably does not occur in alpine sites, as day length at time
of snowmelt is already near its annual maximum [a 15-h
day-length threshold has been suggested for the onset of
alpine plant growth (Heide 2001)]. Freezing resistance dif-
fers strongly between species and functional groups, and
has been extensively studied previously, with many studies
also including alpine shrubs (e.g. Sakai and Larcher 1987,
Taschler and Neuner 2004; Martin et al. 2010). However,
while studies have examined freezing resistance along
elevational gradients (Taschler and Neuner 2004; Sierra-
Almeida et al. 2009), soil warming gradients (Martin et al.
2010), and between snow microhabitats (Bannister et al.
2005), to our knowledge no one has examined the same
species along elevation and snowmelt gradients within a

single study. Wipf et al. (2009) examined the impacts of
accelerated snowmelt on growth and phenology in alpine
shrubs and speculated about the role of spring frosts in
alpine shrub failure to respond positively to longer sea-
sons, but did not quantify shrub freezing resistance, or
examine the long-term frequency of spring freezing events
or community response along the elevational gradient.
In complex alpine ecosystems, it is critical to understand
the interplay between ongoing changes in elevational
temperature gradients, snowmelt effects as controlled by
microtopography, and species-specific freezing resistance
responses in order to predict the effects of earlier spring
snowmelt on alpine shrubs.

In this study, we investigated the impact of growing sea-
son length (triggered by natural snowmelt timing) and ele-
vation on shrub growth and risk of exposure to potentially
lethal spring and early summer freezing events in four
alpine dwarf shrubs. We hypothesized that earlier snowmelt
does not enhance shrub performance because it increases
the risk of exposure to damaging spring freezing events,
thus it fails to enhance or even reduces seasonal growth.
We sampled shrub biomass with mature leaf tissue along an
elevational and snowmelt gradient and exposed it to simu-
lated freezing conditions in order to:

1. Assess environmental factors (duration of snow cover,
elevation) influencing functional growth traits (leaf
area, annual shoot increment, stem length).

2. Compare interspecific and intraspecific freezing resist-
ance [measured as the temperature at which 50 % of
specimens are killed (LT-50)] along the elevational and
snowmelt gradients.

3. Determine the potential vulnerability of mature leaf
tissue in shrubs to post-snowmelt freezing along the
elevational and snowmelt gradients through the fre-
quency of species-specific spring lethal freezing events
by using long-term meteorological data.

The results of this experiment will add to our under-
standing of alpine shrub responses to accelerated snow-
melt, and aid in predicting potential changes in the shrub
community driven by climate warming.

Materials and methods
Study site and sampling design

Our study transect is located on the northeast-exposed face
of the Jakobshorn peak (2,590 m a.s.l.), above the Stillberg
Long-Term Afforestation Research Area (9°52'E, 46°46'N)
in the central Alps, Switzerland. The transect covers an ele-
vational gradient of 2,100-2,500 m a.s.l., from just above



the natural climatic tree line to the peak. The climate record
at 2,100 m a.s.l. (1975 to present) shows annual mean pre-
cipitation at 1,150 mm, with 48 % falling between June
and September. Snowfall can occur in all months, with
continuous snow cover occurring usually from mid-Octo-
ber to late May (Wipf et al. 2009). Mean spring air tem-
peratures (May = 4.5 °C, June = 7.2 °C) gradually warm
to summer mean temperature peaks (July = 10.0 °C,
August = 9.8 °C), with only episodic freezing events
between May and September. The 37-year climatic record
at this site indicates that mean June—July—August air tem-
peratures have warmed significantly, and that snow is melt-
ing significantly earlier in the spring, at a rate of 3.5 days
per decade (Rixen et al. 2012).

Sites were established at four elevations along the 400-m
gradient, at an early exposure ridge and a late snow bed
microhabitat, for a total of eight sites (Table 1). Relatively
early melting snow bed sites were paired with very early
exposure ridges in order to ensure that sampled shrubs
would have developed to similar leaf phenophases. In situ
soil temperature loggers (iButton; Maxim Integrated, San
Jose) recorded 2012 soil temperatures (2-h intervals) at
each site at 5-cm soil depth and were used in conjunction
with field observation to determine day of snowmelt (date
in spring when soil temperature rose abruptly from the near
0 °C characteristic of snow cover). Growing degree days
(GDD; sum of daily mean temperatures above 5 °C) were
calculated from snowmelt to the end of August for each
site. Total season length for each site was calculated from
snowmelt day to first day in autumn when mean air tem-
peratures fell below 0 °C.

Four common and dominant alpine dwarf shrub spe-
cies (two to three specimens per site) were sampled at
each site for this study: evergreen Loiseleuria procum-
bens (L.) Desv., family Ericaceae, and deciduous shrubs
Vaccinium myrtillus L., family Ericaceae, Vaccinium
uliginosum L. ssp. gaultherioides, family Ericaceae and

Table 1 Elevation and snowmelt day of paired ridge (R; n = 4) and
snow bed (S; n = 4) sampling sites and average daily minimum, max-
imum, and mean air temperatures (temp.; °C at 2 m) during the 7-day
period prior to biomass sampling (16-23 June 2012)

Low Low- High- High
intermediate intermediate

Elevation (m) 2,109 2,260 2,372 2,510

Snowmelt R=148 R=132 R=158 R =130
(day of year) S=162 S=145 S=170 S=159

Minimum 8.71 7.74 7.04 6.14
temp. (°C)

Maximum 18.23 17.26 16.56 15.66
temp. (°C)

Mean temp. (°C) 13.10 12.13 11.43 10.53
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Salix herbacea L., family Salicaceae. Shrub stem and
leaf biomass were sampled during a 1-day period on
23 June 2012 at similar phenological stages (mature,
newly opened leaves) to minimize potential intraspecies
differences in LT-50. The 1-day sampling can only be
considered a snapshot of LT-50 because cold hardiness
continuously changes through plant life stages (Sakai
and Larcher 1987). However, our sampling period was
ideal for our purposes because leaves were already fully
developed but without signs of damage like herbivory or
senescence yet; such conditions were necessary to cover
our research design including the gradients in eleva-
tion and snowmelt. Furthermore, air temperatures in
the 7 days prior to sampling (Table 1) were never below
0 °C, making it unlikely that the sampled shrubs were
unusually cold-hardened. Functional growth traits (mean
leaf area calculated from leaf length x leaf width, mean
stem length) were measured and used as the primary
growth variables.

Freezing resistance (LT-50) determination

Live shrub biomass (stems and leaves) was immediately
placed in cooling boxes after sampling and transported to
the freezing lab facility at the University of Basel (Basel,
Switzerland) within a day. Specimen biomass samples
(from six to eight branches with intact, healthy leaves) were
separated into nine subsamples, then wrapped in paper and
aluminium foil to buffer temperature fluctuations [effective
to 0.1 K (Larcher et al. 2010)] and to prevent water loss
and mechanical damage. Each subsample was exposed to
minimum temperature treatments (4 °C, —2 °C, —4 °C,
=7 °C, —11 °C, —14 °C, —16 °C, —19 °C, —20 °C) in a
computer-controlled freezing system, where temperature
was started at 4 °C, decreased to the minimum temperature
at 3 K h™', maintained for 4 h, and then returned to 4 °C at
3 K h™!. Damage to leaf tissue was visually quantified on a
10 % scale (0-100 % damage) to determine the lethal kill
temperature for mature leaf tissue in each specimen, with
damage to >70 % of the leaves classified as a ‘kill’. Visual
quantification of damage (surface darkening and limpness
from loss of turgor pressure) for these species is strongly
correlated with leaf tissue electrolyte leakage associated
with freezing damage (Martin et al. 2010). LT-50 for each
specimen was determined by fitting a sigmoid curve to
the eight points on the temperature-percent damage plot
and calculating the inflection point (Martin et al. 2010).
If the sigmoid curve lacked a defined inflection point, the
LT-50 for that specimen was not included in the analysis;
however, this was relatively infrequent (<10 % of the data
points). Data were pooled by species for each site, and LT-
50 was then calculated for each species at each sampling
site.
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Lethal spring cold events

Lethal spring freezing events were defined as spring (May
and June) daily air temperature minima either at or below
the mean LT-50 for a shrub species occurring a minimum
of 5 days after projected site snowmelt at 40 microsites (20
ridges, 20 snow beds) along the elevational gradient (sites
separated by a mean elevational distance of approximately
50 m). The minimum 5-day threshold after projected
snowmelt date was implemented in order to maximize the
probability of shrubs having undergone bud break prior to
a freezing event occurring. The in situ climate station at
2,100 m a.s.l. recorded hourly air temperature (2 m) and
annual date of snowmelt from 1975 to 2012. Snowmelt
dates measured at each of the 20 sites in 2012 were used
to relate snowmelt date at a given site to the date recorded
at the climate station. Snowmelt dates in 2012 were repre-
sentative of the long-term mean in the region (1 day later
than the 37-year mean). Nearby snow depth accumulations
have been shown to be similar from year to year (Schirmer
et al. 2011), and the order of site emergence from snow
has been relatively consistent over 2 years of monitoring
(2011-2012; J. A. Wheeler, unpublished data). This relative
snowmelt date for each site was then used to estimate date
of snowmelt for all transect sites between 1975 and 2012.
Site air temperatures after predicted snowmelt were extrap-
olated for each site using a lapse rate of 0.52 K 100 m™~!
[averaged from long-term May—-June data at n = 15 cli-
mate stations in Swiss Alps (Kollas 2013)]. This lapse rate
value is generally similar to those calculated for long-term
daily temperature minima under a range of alpine atmos-
pheric conditions in spring months (Kirchner et al. 2013).
Frequency and yearly recurrence of lethal spring freezing
events were then calculated for each species at each site
for the past 37 years in order to extrapolate relative spring
freezing event frequency along the elevational and snow-
melt gradients, and over multiple decades. Since snowmelt
day for each site over the long-term record is extrapolated
from the 2012 record and not determined from site obser-
vation, this is meant as an indicator of relative changes of
freezing frequency along the gradients, and not a direct pre-
diction of the actual (absolute) freezing frequency.

Statistical analyses

To quantify environmental differences along the eleva-
tional gradient and between snow microhabitats, we used
general linear models to analyse both snowmelt timing and
soil temperatures (response variables) along the elevational
gradient and between microhabitat types (explanatory vari-
ables). Growing season soil temperature was significantly
negatively correlated with elevation and with earlier snow-
melt day, and demonstrated similar trends as the results for

elevation in the individual linear regressions; as elevational
trends were slightly stronger, elevation was chosen as the
explanatory variable and soil temperature was dropped
from the analysis. We used general linear models (type 3
error) to analyse growth traits (mean leaf area, mean stem
length) for each species individually, with elevation and
snowmelt day as explanatory variables. We analysed freez-
ing resistance (LT-50) also with general linear models but
with species, elevation and snowmelt day as explanatory
variables. Because species was highly significant, we also
analysed freezing resistance on a species basis similar to
the growth traits. Mean leaf area and mean stem length
were log-transformed to ensure normality. Assumptions
of linearity and homoscedasticity were confirmed using
standard diagnostic plots. We used generalized linear mod-
els (quasi-Poisson distribution) to analyse the frequency
of spring freezing events for each species over the 37-year
record, with centred elevation and centred snowmelt day as
explanatory variables. However, results are only shown for
V. myrtillus, since it was the only species exposed to rela-
tively frequent spring freezing events all along the eleva-
tional gradient. All analyses were carried out in R version
2.15.1.

Results
Snowmelt and elevation

Snowmelt timing (Table 1) was typical for the long-term
average in 2012, occurring 1 day later than the long-term
mean (data not shown). Snowmelt occurred significantly
earlier on ridges (n = 4) relative to snow bed microhabitats
[n = 4; mean ridge snowmelt day of year (DOY) = 142,
mean snow bed snowmelt DOY = 159, F = 20.1,
p < 0.0001]; however, elevation had no significant effect on
snowmelt timing (F = 0.24, p = 0.62); this indicates that
local microhabitat effects are the primary driver of snow-
melt timing. These strong local effects may be characteris-
tic at the landscape scale, as two similar transects on other
mountains nearby also failed to demonstrate consistent
elevational-snowmelt effects over multiple years (data not
shown). We assumed that growing season ended on 14 Sep-
tember for all sites, when daily mean air temperature fell to
—1.36 °C at 2,090 m a.s.l. Hence, the mean ridge growing
season length was 116 days, while mean snow bed growing
season length was 99 days. The 17-day difference between
ridge and snow bed meltout timing represents about 17 %
of the mean growing season length at snow bed sites.
Ridge and snow bed microhabitats significantly differed
in soil temperature after snowmelt in June, but these differ-
ences disappeared over the course of the growing season;
June GDD significantly increased with earlier snowmelt



day (mean ridge June GDD = 278, mean snow bed June
GDD = 214; F = 17.8, p = 0.0002), but this difference
between microhabitat types was not present over the course
of the entire summer, as growing season GDD (snow-
melt to the end of August) was not significantly different
(mean ridge GDD = 1,202, mean snow bed GDD = 1,077,
F =12, p = 0.26). Mean June temperatures were not
significantly different (mean ridge June = 10.0 °C, mean
snow bed June = 9.85 °C; F = 1.7, p = 0.20), while
mean soil temperatures over the entire growing season
were significantly higher at later snowmelt sites (mean
ridge = 10.0 °C, mean snow bed = 104 °C; F = 13.2,
p =0.001).

June GDD and growing season GDD decreased
with marginal significance along the elevational gra-
dient (t = —1.96, r = —0.34, p = 0.059 for June GDD;
t = —1.84, r = 032, p = 0.075 for season GDD)
while mean June and mean growing season temperature
both decreased significantly elevationally (+ = —5.17,
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t = =249, r =
temperature).

—0.41, p = 0.018 for mean season

Growth performance along environmental gradients

The prostrate shrubs S. herbacea and L. procumbens
showed no elevational growth response (Figs. 1, 2). How-
ever, the higher statured V. myrtillus and V. uliginosum both
demonstrated a significant negative growth response to ele-
vation, with a significant decrease in mature leaf area with
increasing elevation (Fig. 1;df =1, F = 22.42, p = 0.0032;
df = 1, F = 1274, p = .012). V. uliginosum, the tall-
est shrub in this study, further demonstrated a significant
decrease in mean stem length with elevation (Fig. 2; df = 1,
F = 14.82, p = 0.0085). No shrub species demonstrated
a significant growth response to snowmelt timing. This
suggests that differences in snowmelt and growing season
length in the observed range have a much weaker effect on
shrub growth performance than other environmental drivers

r = —0.69, p < 0.0001 for mean June temperature; (e.g. elevation).
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microhabitats. F- and p-values refer to the linear regressions for
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Vulnerability to spring freezing damage

Pooled spring freezing resistance (LT-50) of leaves was
significantly different between species (df = 3, F' = 22.34,
p < 0.0001), with low-stature evergreen L. procumbens hav-
ing the highest freezing resistance (n = 8, —11.0 °C), fol-
lowed by V. wuliginosum (n = 8, —9.0 °C), S. herbacea
(n =38, =7.0 °C) and V. myrtillus (n = 8, —5.1 °C). Spring
freezing resistance was not found to be significantly different
along the elevational and snowmelt gradients in any shrub
species (Fig. 3; elevation gradient L. procumbens df = 1,
F=1.11,p = 0.33; S. herbacea df =1, F = 0.92, p = 0.38;
V. uliginosum df =1, F = 0.17, p = 0.70; V. myrtillus df = 1,
F = 1.62, p = 0.25; snowmelt gradient L. procumbens
df =1, F =0.060, p = 0.81; S. herbacea df = 1, F = 1.31,
p = 0.30; V. uliginosum df = 1, F = 0.0024, p = 0.96; V.
myrtillus df = 1, F = 1.21, p = 0.32). This may indicate spe-
cies-specific (i.e. genotypic) freezing resistance, as opposed
to an environmentally driven effect (i.e. phenotypic), specifi-
cally in mature leaf tissue.

Based on our extrapolations, no lethal cold events
occurred in July between 1975 and 2012 for any spe-
cies, indicating leaf-damaging cold events are primarily
a spring (May—June) phenomenon. Supplemental Figure
1 demonstrates spring (May—June) temperature minima
over 37 years, which we used to extrapolate the frequency
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of lethal spring cold events after snowmelt occurring at or
below species LT-50 thresholds. Lethal spring events did not
occur on snow beds and thus lethal-event frequency analy-
ses were restricted to ridge microhabitats. No lethal spring
cold events were documented on the exposed ridges for L.
procumbens in the 37-year temperature record. Spring lethal
cold events for V. uliginosum were extremely rare and were
only detected in 2012 (the last year on record). Lethal cold
events for S. herbacea occurred at a significantly lower
frequency than for V. myrtillus on the 20 exposed ridges
over the 37-year temperature record (V. myrtillus total n
events = 375, S. herbacea total n events = 75, df = 1,
F = 40.08, p < 0.0001). S. herbacea lethal freezing events
were also generally restricted to the highest elevational
sites, while V. myrtillus experienced lethal freezing at all
elevations. Because damaging spring freezing events were
relatively abundant for V. myrtillus only, we restricted the
statistical analyses of temporal and spatial occurrences of
freezing events to this species.

Lethal spring cold events in V. myrtillus on the spatial
and temporal scale

The frequency of lethal spring cold events on exposed
ridges was stable over the 37-year record, and even dem-
onstrated a slight increase, although the increase was not
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significant (Fig. 4a; t = —0.60, p = 0.55). Thus, consid-
ering the significant increase in local air temperature over
the same period of time [0.58 °C summer warming per
decade since 1975 (Rixen et al. 2012)], our study counter-
intuitively suggests that warming spring air temperatures
are not reducing the number of damaging spring freezing
events. When lethal spring cold events are pooled across
all years, V. myrtillus is at significantly increased risk of
exposure with both increasing elevation (Fig. 4b; t = 6.89,
p < 0.0001) and earlier snowmelt (Fig. 4c; t = —7.16,
p < 0.0001), coupled with significant interactive effects
(t = 3.58, p = 0.00038), with high-elevation early exposed
ridge habitats being the most vulnerable to freezing
exposure.

Supplemental Table 1 lists all model variables, F-, - and
p-values (Online Resource 1).

Discussion

In our alpine system, localized microhabitat effects were
the primary drivers of snowmelt. Alpine dwarf shrub
growth was not enhanced by natural early snowmelt, and
different species at leaf maturity demonstrated significant
differences in vulnerability to spring freezing exposure
along the snowmelt and elevational gradient. Because
freezing resistance at leaf maturity within a species did not
change with elevation or microhabitat, both higher eleva-
tion and earlier snowmelt microhabitats had a significantly
higher risk of spring freezing exposure. Spring freezing
events increased slightly, although not significantly, over
37 years despite local warming spring air temperatures.

Growth performance along environmental gradients

Non-prostrate shrubs (V. myrtillus and V. uliginosum) dem-
onstrated a significant elevational growth response in this
study. This represents either a true growth response or
different resource allocation patterns along the environ-
mental gradient (Sakai et al. 2003). True growth including
below-ground biomass production can often not be accu-
rately determined in clonal alpine shrubs (Korner 2003).
However, numerous studies have shown that vegetative
above-ground structure size, such as shrub height, leaf size
or stem length, is a practical variable for plant and com-
munity level responses (Hudson et al. 2011; Elmendorf
et al. 2012). In our set of species, it is likely that shrub
stature plays a major role in this observed growth response
to elevation. Taller shrubs, like V. myrtillus and V. uligi-
nosum, are more closely coupled to elevationally lapsed
atmospheric temperatures (similar to arborescent species),
whereas prostrate shrubs may be largely decoupled from
free atmospheric conditions, and are likely more strongly
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exposed to and controlled by microclimatic conditions
(Korner 2012). Consequently, fluctuations in air tempera-
ture are also more pronounced for taller shrubs, as prostrate
species likely profit from delayed night heat loss due to the
heat retention capacity of the soil and litter layers (Sakai
and Larcher 1987; Korner 2003).

We found no evidence of enhanced shrub growth as a
response to earlier snowmelt timing and thus a longer grow-
ing season, and there is increasing evidence in the literature
that suggests a longer growing season does not necessarily
benefit alpine plant growth. Although Mallik et al. (2011)
demonstrated reduced growth in the Arctic shrub Cassi-
ope tetragona under delayed snowmelt conditions, and S.
herbacea has demonstrated natural increased growth under
longer growing seasons (Wijk 1986), a review by Wipf
and Rixen (2010) examining growth responses in snow
manipulation experiments indicated no clear plant growth
response pattern to delayed snowmelt. They suggested
instead that responses depended on functional group, stud-
ied microhabitat type, and the magnitude of snowmelt tim-
ing change. The same review concluded that alpine plant
growth responses to earlier snowmelt have been under-
studied (Wipf and Rixen 2010). Conifer tree species at and
above tree line do not demonstrate strong growth responses
to snowmelt timing (Barbeito et al. 2012), and in the few
experimentally accelerated snowmelt studies, very few spe-
cies demonstrated enhanced growth, with only Empetrum
nigrum and L. procumbens, two species characteristic to
snow-poor microsites, showing increased stem elongation
in response to earlier snowmelt (Wipf et al. 2009; Wipf
2010). Gerdol et al. (2013) even demonstrated reduced
growth in V. myrtillus under advanced snowmelt conditions.
This prevailing lack of enhanced shrub growth, in both this
and other studies, may be explained by the nature of tem-
perature accumulation on ridge and snow bed microhabitat
sites. Ridge sites emerge from snow earlier, and thus begin
accumulating temperature earlier, but have lower season-
long temperature means than late snowmelt microsites. As
such, shrub communities growing on early snow-free sites
have longer growing seasons with greater early season tem-
perature sums, but colder mean temperatures and greater
likelihood of exposure to spring cold events (Inouye 2008;
Wipf et al. 2009; Gerdol et al. 2013). These spring cold
events, occurring during active growth phases (i.e. devel-
opment and maturation of leaf tissue) have the potential to
severely damage plant biomass and can potentially limit
new growth (Wipf et al. 2009; Sierra-Almeida and Cavieres
2012).

Spring freezing resistance

Freezing resistance was found to be species-specific and
consistent with the existing literature for the shrub species



226

examined (Taschler and Neuner 2004; Martin et al. 2010),
although LT-50 dependence on the phenophase makes com-
parisons across studies difficult (Sakai and Larcher 1987,
Lenz et al. 2013). Measured freezing resistance also corre-
sponded roughly to ecological niche for each species, with
prostrate, ridge-specialist evergreen L. procumbens having
a higher freezing resistance than prostrate deciduous snow
bed specialist S. herbacea or taller-growing, ubiquitous V.
myrtillus. This corresponds with Bannister et al. (2005),
who linked freezing resistance to microhabitat type, with
snow bed and sheltered species having poorer frost resist-
ance than early exposed ridge species. V. uliginosum fell
outside this trend, but its higher freezing resistance com-
pared to V. myrtillus was consistent with the literature
(Taschler and Neuner 2004; Martin et al. 2010). Prostrate
shrubs did not necessarily have greater freezing resistance
than taller species in our study, corresponding to previous
findings that found no correlation between species height
and freezing resistance in temperate alpine and Ecuadorian
paramo species (Taschler and Neuner 2004; Sklenar et al.
2010).

At time of sampling, freezing resistance was likely at a
low point for each species in the spring period, as mature
xylem and adult leaves have a lower freezing resistance than
post-winter buds (Sakai and Larcher 1987). In the current
study, we only sampled newly mature leaves along the entire
gradient in order to minimize bias on LT-50 by different leaf
developmental stages between sites. Thus, we are draw-
ing conclusions about the freezing vulnerability of mature
leaves. Freezing resistance likely changed strongly earlier in
the growing season, but after leaf maturity, freezing resist-
ance will change to a much lesser extent, unless in response
to an unusual freezing event; Venn et al. (2013) and Ladinig
et al. (2013) demonstrated that foliar tissue and vegeta-
tive shoots generally maintain a relatively consistent frost
resistance through the growing season. We did not find any
significant differences in LT-50 of mature leaves between
snow microhabitats or along the elevational gradient. Simi-
larly, Bannister et al. (2005) also found no consistent differ-
ence in freezing resistance in alpine species exposed early
in spring compared to the same species growing in later
snow beds. While Taschler and Neuner (2004) found that,
in species with similar growth forms, the ones with higher
distribution limits had higher freezing resistance, others
reported no strong or consistent evidence for elevational
decrease in LT-50 in mature leaves of Swiss broadleaf trees,
grasses, or other alpine species (Marquez et al. 2007; Sierra-
Almeida et al. 2009; Lenz unpublished data). This suggests
that shrub freezing resistance at leaf maturity is not closely
tied to environmental conditions. In temperate broadleaf
trees, it has been suggested that some species delay flushing
and development until late enough that freezing events are
highly unlikely (Lenz et al. 2013). This is less likely to be

the case in alpine shrubs, however, since bud-beak in these
species is closely linked to snowmelt timing and not con-
trolled by photoperiod or air temperatures before flushing
(Sakai and Larcher 1987; Rixen et al. 2012).

Cold hardening may act as a mechanism for increas-
ing plant resistance to freezing. Extreme cold hardening
has been shown to occur in grass species primed at sub-
zero temperatures for 4 or more days (Bykova and Sage
2012). This hardening, however, occurred under winter
conditions, which may not accurately reflect the episodic
nature of spring freezing events, which are unlikely to be
preceded by a long period of sub-zero temperatures (Rixen
et al. 2012). In spring, when alpine shrub Rhododendron
ferrugineum was exposed to in situ freezing under field
conditions at the tree line, some cold hardening occurred
after 3 days. However, hardening in this shrub was dem-
onstrated to be slowed by a combination of warm daytime
temperatures (419 °C) followed by night freezing (Neuner
et al. 1999). This multi-day lag period prior to cold harden-
ing, exacerbated by strong diurnal temperature differences
and coupled with the episodic nature of spring freezing,
suggests that shrubs in this study were not cold-hardened at
the time of sampling. It also suggests that in the absence of
prolonged cold spring temperatures, spring cold-hardening
is unlikely to function as a mechanism of mature leaf tis-
sue freezing resistance in alpine shrubs. Indeed, Venn et al.
(2013) found no consistent evidence for cold hardening in
leaf tissue of alpine plants during the growing season. In
the current study, we did not find differences in freezing
resistance along the elevational gradient or among micro-
habitats within a species, suggesting only a limited poten-
tial to change LT50 in mature leaves in late spring, in the
absence of a prolonged freezing event.

The similarity in mature leaf freezing resistance for each
species along the snowmelt and elevational gradient greatly
simplifies assumptions about the shrub community’s vulner-
ability to spring freezing events. Since mature leaf tissue LT-
50 was linked to species, and not microsite conditions, it can
be assumed that, after emergence from snow cover, mature
leaves of a given species are more or less equally vulnerable
to spring freezing across the local species distribution range.
Our results suggest that the upper distribution limits for these
alpine shrub species may be at least partially determined by
spring cold temperature tolerances. Low-statured tree seed-
lings are known to establish above their elevational limit in
microhabitats that may regulate favourable growing tempera-
tures (Sundgqvist et al. 2008, Wheeler et al. 2011), and lower
elevation shrubs have been shown to track summer and win-
ter warming into higher elevation snow bed sites in Sweden
(Kullman 2002), suggesting colder temperatures limit upper
distributions. Since episodic cold events are common after
snowmelt (Korner 2003) and tend to strike shrubs during
vulnerable active growth stages (Sierra-Almeida et al. 2009),



these are possibly one of the limiting factors that reduce
shrub performance (Wipf et al. 2009) and could thus control
higher shrub distribution.

Risk of spring freezing events

Vaccinum myrtillus faces a far greater risk of spring freez-
ing than the rest of the dominant shrub community. This is
determined by both its poor freezing resistance and ubiqui-
tous presence in early exposure microsites. Since resistance
to freezing after dehardening is considered a strong filter
for alpine plant distribution (Korner 2003), this suggests
that V. myrtillus opportunistically responds to the episodic
nature of spring freezing in both its microhabitat selection
and its ability to thrive in non-optimal microsites where
freezing risk is high. This shrub has been observed ger-
minating successfully at high-elevation sites and in other
microhabitats where adults do not thrive (Auffret et al.
2010). As an argument towards its opportunism, V. myrtil-
lus is known to be relatively responsive to environmental
change: germination occurs significantly earlier with sum-
mer warming, bud break is significantly earlier and growth
ring width increases with warming, particularly in hot sum-
mers (Milbau et al. 2009; Prieto et al. 2009; Rixen et al.
2010). As a result, however, it is also known to be nega-
tively impacted by certain site selection: leaf expansion
and flowering are reduced by freezing events, and freezing
resistance is decreased under soil warming (Martin et al.
2010; Gerdol et al. 2013). Its plasticity and successful
establishment on early exposure microsites, despite its poor
resistance and thus high likelihood of exposure to leaf-
lethal spring freezing, suggest V. myrtillus establishment
and growth represent an opportunistic response to periodic
favourable conditions. Spring freezing causes aboveground
damage, especially to leaf tissue, but is generally thought
not to kill the species or control its survival at the popula-
tion level (Korner and Larcher 1988; Taschler and Neuner
2004); V. myrtillus has been shown to regenerate leaf tissue
lost to spring freezing damage (Wipf et al. 2009). However,
repeated freezing events, especially after leaf maturity,
when shrubs have already invested significant resources in
leaf development, could potentially irreparably damage the
leaf crop. Repeated seasons of freezing could then fatally
deplete stored resources (Molau 1997).

Spring freezing damage has been shown to occur in
wood and leaf tissue of V. myrtillus and V. uliginosum at
tree line below our elevation gradient (Anadon-Rosell,
unpublished data; Rixen et al. 2012). It is thus very likely
a factor at higher elevations, especially since microhabi-
tat-driven snowmelt patterns expose many high-elevation
ridges to snow at similar times or earlier than lower eleva-
tion sites. The temporal and spatial restriction of episodic
cold events (which only occur in May and June on ridge
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microhabitats) is relevant, as it indicates that only cer-
tain shrub communities risk damage. This trend has been
observed in alpine wild flowers and dwarf shrubs growing
in early snowmelt sites: earlier snowmelt leads to greater
frequency of spring freezing events and significant dam-
age to buds and leaf tissues, damage that is not sustained by
plants growing in later snowmelt microsites (Inouye 2008;
Wipf et al. 2009). This is a critical point, as snowmelt tim-
ing is significantly advancing in this and many other alpine
communities (e.g. Inouye 2000, 2008; Rixen et al. 2012),
and despite local warming air temperatures over the multi-
decadal record (Rixen et al. 2012), there is no evidence that
lethal freezing events are in decline. Indeed, our extrapola-
tion of spring cold-event frequency may even be conserva-
tive, since it is determined from ambient air temperature,
when radiative cooling is known to lower leaf surface tem-
peratures by as much as 5 K on clear nights (Jordan and
Smith 1995). Ultimately, however, this extrapolation illus-
trates the increasing risk of leaf damage with elevation,
with earlier snowmelt, and to a lesser extent, through time.
Wipf et al. (2009) referred to the paradox of a cold spring
in a warmer world, which our results support: spring freez-
ing events are not becoming rarer, and they may have a
strong influence on individual shrub performance and thus
community structure at high-elevation and early exposure
sites. We can also speculate that ridge communities may
continue to remain more vulnerable than snow bed commu-
nities, as there is evidence that climate warming accelerates
snowmelt on ridge microsites, while late snow beds may
remain relatively static (Kudo and Hirao 2006).

Conclusion

Earlier snowmelt is predicted in many alpine ecosystems,
and this abiotic change has critical implications for shrub
community performance. In this and other studies cited, a
longer growing season, driven by accelerated snowmelt, both
fails to enhance growth and increases the risk of exposure to
damaging spring freezing events at leaf maturity. This sug-
gests that the detrimental effects associated with an extended
growing season may outweigh the benefits for some alpine
shrub species. As snowmelt timing accelerates, spring freez-
ing events, which are not in decline despite warming in this
system, are likely to become more common, especially in
high-elevation and early snowmelt communities.
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