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a b s t r a c t

Snow cover protects alpine plants from winter frost damage, keeping them under warmer and more
stable temperatures than if there were no snow. Future climate scenarios predict less snow cover and
earlier snow melt due to warming, causing paradoxically colder winters in a warmer climate. We com-
pared intraspecific variation in cold tolerance between early snow melt (ESM) and late snow melt (LSM)
populations of Aciphylla glacialis. Seedlings grown under common conditions were found to differ in cold
tolerance consistent with their habitat of origin. ESM seedlings were more frost resistant and had a greater
capacity to increase frost resistance in response to low temperatures than LSM seedlings. These results
emphasise the relevance of microclimatic heterogeneity in driving physiological differences that might

buffer some effects of climate change. Loss of snow cover could increase vulnerability of A. glacialis to
lethal freezing in LSM sites whereas plants with greater frost tolerance in adjacent colder habitats (ESM
sites) would be protected. Thus, intraspecific differentiation in tolerance of climatic stresses in combina-
tion with microclimatic refuges provided by topographic variation could enhance survival of some alpine
species as climate warming progresses.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

Climate change is affecting ecosystems worldwide, and alpine
nvironments are categorised as highly vulnerable ecosystems
nder climate change projections (Byars et al., 2007; Theurillat
nd Guisan, 2001). Indeed, the most vulnerable species to climate
hange are likely to occur in the cool to cold climates, at high lati-
udes and high elevations, where seasonal temperatures and the
ength of the frost-free period are important determinants of the
rowing season (Chen et al., 1995). In situ warming experiments
how that warming advanced bud burst and flowering phenology,
ncreased vegetative growth in early years of warming, especially

n herbaceous plants, and later increased reproductive effort (Arft
t al., 1999). However, an increase of growing season temperature
s not the only factor to consider under future climate scenarios.
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One of the most important climate changes factors for alpine
areas that arises as a result of warming is the decrease in the pro-
portion of precipitation falling as snow (IPCC, 2007) leading to a
thinner and less insulating snow cover, which will develop later
and melt earlier (Wipf et al., 2009). The low thermal conductiv-
ity of snow can keep plants and soil temperatures close to 0 ◦C
even when air temperatures are well below 0 ◦C (Körner, 2003;
Mondoni et al., 2012; Neuner et al., 1999). Hence, alpine evergreen
species rely on snow cover to survive the alpine winter. Reduction
of both snow depth and duration will expose plants to extreme low
temperatures that they may not be able to tolerate. Warmer con-
ditions in the mountains have already caused early loss of snow
cover and cold de-acclimation (loss of tolerance to cold conditions
due to exposure to warmer temperatures) causing a reduction in
shoot and canopy growth, death of stems, and reductions in flower-
ing and fruit production (Bokhorst et al., 2009; Inouye, 2008). Lack
of adequate snow cover can also make highly freeze tolerant trees
more vulnerable to low winter temperatures (Schaberg et al., 2008).

In situ warming experiments using open top chambers (OTCs) that
increased temperature by 2–3 K have also shown that warming
decreased the ability of plants to tolerate frost (Sierra-Almeida and
Cavieres, 2012). Furthermore, elevated CO2 concentrations amplify
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ulnerability to freezing injury by increasing the temperature at
hich ice forms (Barker et al., 2005; Lutze et al., 1998) while
elaying acclimation to freezing temperatures in autumn (Barker
t al., 2005; Loveys et al., 2006) and accelerating de-acclimation in
pring (Woldendorp et al., 2008). Therefore paradoxically, frost is
merging as a major driver of change in cold climate vegetation in
esponse to warming (Ball et al., 2011; Cannell and Smith, 1986).

Ice formation can occur extra or intracellularly; the latter is
lways lethal but plants can tolerate extracellular ice formation
nd the resulting dehydration (Larcher, 2003; Sakai and Larcher,
987). Plants can avoid or resist intracellular ice formation in dif-
erent ways. For instance, plants avoid freezing when they are
ully hydrated by increasing solute concentrations which causes a
ecrease in ice nucleation temperatures (supercooling or freezing
oint depression). Supercooling has been described as a mecha-
ism that allows plants to stay ice-free and is common in species

nhabiting areas where the intensity of freezing events is moderate
r of short duration (Larcher, 2003; Sakai and Larcher, 1987). On the
ther hand, plants can avoid/resist freezing by dehydration, stor-
ng water in places where is safe to have ice or losing water to the
nvironment, such as in mosses (Lenne et al., 2010). The extent of
upercooling is usually quantified by measuring changes in nuclea-
ion temperatures using thermocouples (Burke et al., 1976) or by
isualising ice formation using infrared thermography (Hacker and
euner, 2008; Wisniewski and Fuller, 1999). On the other hand,
xtracellular freezing tolerance can be quantified by measuring the
unctioning of the photosynthetic apparatus after the induction of
xternal ice formation, commonly measured as percentage of pho-
oinactivation (%PhI) or low temperature damage, LT50 (Bannister
t al., 2005; Larcher, 2000; Sierra-Almeida and Cavieres, 2012).
uantification of visual tissue damage as well as electrolyte leakage

s also a way to measure the effect of extracellular ice formation.
old acclimation, a period of exposure to low but non-freezing tem-
eratures, usually enhances cold tolerance as shown by decrease in
T50 and NT (Bravo et al., 2001).

Freezing tolerance is closely related to the temperatures to
hich plants are exposed and varies with seasonal changes in

emperature. Air temperature generally decreases with increasing
levation in alpine areas; hence plants from higher elevations tend
o be more cold tolerant than plants from lower elevation (Sierra-
lmeida et al., 2010; Squeo et al., 1996; Taschler and Neuner, 2004),
ut see (Sierra-Almeida et al., 2009).

The presence of snow, however, affects local thermal conditions.
ack of snow cover caused by early snow melt in low elevation
ites exposes plants to more frequent and more severe frost events
han plants growing in high elevation sites where snow persists
or longer periods. For example, species inhabiting snowbanks are
ess frost tolerant than those in snow free areas (Bannister et al.,
005). This invites the question: does cold tolerance differ between
opulations of a single species co-occurring in early and late snow
elt sites, and if so does acclimation state affect those differences?

hough not widely researched, few studies have found differences
n cold tolerance between populations of the same species living
long elevation gradients (Loik and Redar, 2003; Melcher et al.,
000) or between ecotypes inhabiting contrasting habitats (Gianoli
t al., 2004).

Here, we explored patterns of small scale variation in cold
olerance of a species of alpine herb, Aciphylla glacialis, which
s distributed across alpine areas of early (ESM) and late snow

elt (LSM) in Kosciuszko National Park (KNP), Australia. The
nowpack duration has been shortened by 8.5 days in this area
ince 1954 (Sánchez-Bayo and Green, 2013). We grew seedlings

nder common conditions to determine whether seedlings from
SM habitats would be more freezing tolerant and have greater
apacity to increase freezing tolerance in response to low tem-
eratures than LSM progeny. By determining how snow duration
imental Botany 106 (2014) 174–181 175

generates intraspecific differences in cold tolerance, we can assess
whether losses of upslope snow cover with a warming climate may
adversely affect winter survival of species that rely on snow pro-
tection during winter.

2. Materials and methods

2.1. Species and study site

A. glacialis (Apiaceae) is a perennial dioecious herb with tough
foliage 30–70 cm high and a tuberous root. Leaves are dark green,
pinnately spreading and sharply pointed and crowded at the base
of the plant. Inflorescences emerge from the base of the plant on
stiff peduncles, and are comprised of a terminal compound white
umbel bearing many lateral compound umbels. Leaf-like bracts are
borne on the inflorescence (Costin et al., 2000). Individual plants are
rarely seen in the field; instead large clumps of plants are common.
Some of the leaves die while the plants are covered in snow in win-
ter but a large proportion of the foliage remains intact while under
snow. New leaves emerge when the snow melts in late spring, fol-
lowed by flowers in early summer. Fruit maturation is rapid and
seeds disperse by late summer. Seeds germinate under the snow
after warm and cold stratification (Hoyle et al.unpublished data).
In our study site at KNP, NSW, Australia, A. glacialis is distributed
between an elevation of 1800–2228 m a.s.l, including the summit
of Mt. Kosciuszko, the highest peak in Australia (2228 m a.s.l).

2.2. Environmental data

Air temperature data collected by the Bureau of Meteorology
at Charlotte Pass (Kosciuszko Chalet; 36.43◦ S, 148.33◦ E, 1755 m
a.s.l) and Thredbo (Thredbo AWS 36.49◦ S, 148.29◦ E, 1959 m a.s.l)
(Bureau of Meteorology 2012, http://www.bom.gov.au) were used
to describe patterns in air temperature at sites close to those of seed
collection.

In order to describe the environments to which plants are
exposed in ESM and LSM sites, leaf temperature was measured
on four plants nearby ESM (36.27◦ S, 148.17◦ E, 1880 m a.s.l) and
on four plants nearby LSM sites (36.45◦ S, 148.26◦ E 2228 m a.s.l)
using Ibutton dataloggers (EDS, USA). Ibuttons were launched at
the same date and time in both sites and attached to the plants
under the leaf with surgical tape to avoid overheating by direct
sunlight. Measurements were taken every 3 h for a period of one
year (December 2011 till December 2012). Only the data for the
coldest months were considered for this study (Mid-May–October
2012).

2.3. Seed collection, germination, and seedling growth and
acclimation treatment

A. glacialis seeds were collected in the field at the point of nat-
ural dispersal from three plants at low elevation locations where
early snow melt was observed (hereafter ESM sites, 1800, 1906 and
1913 m a.s.l) and from three plants at higher elevation locations
where late snow melt was observed (hereafter late snow melt sites,
2192, 2202 and 2210 m a.s.l) in late summer 2010. Approximately
100 seeds were collected from each mother plant. In the labora-
tory seeds were sown on Petri dishes containing 1% water agar
before being exposed to a cold stratification treatment (4 ◦C in the
dark for 8 weeks) to alleviate physiological dormancy. Seeds were
then exposed to 25/15 ◦C with a photoperiod of 12/12 h light/dark.
After germination they were transferred to 68 mm square tubes

with Native Planting Mix (Martins Fertilizer, Australia) and Yates
Nutricote Grey pellets (16N 4.4P 8.3K) fertilizer. Seedlings were
grown in glasshouse conditions (25 ◦C daily average temperature)
for one year in order to accumulate enough biomass to perform the

http://www.bom.gov.au/
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xperiment (on average six small leaves). After that period, twenty-
our seedlings (12 from ESM, 12 from LSM sites, 4 from each of
he 6 plants) were acclimated to each of two temperature condi-
ions (warm, 20 ◦C day and 15 ◦C night and cold, 6 ◦C day and 4 ◦C
ight) in a growth chamber. Plants were arranged randomly in the
wo chambers. Light and photoperiod was kept the same for both
hambers, 300 �mol of photons and 8 h photoperiod which corre-
ponds to a late summer photoperiod in KNP. Plants were watered
o saturation every day and maintained in these treatments for 60
ays.

.4. Sample collection

All measurements were conducted on mature, fully expanded
eedling leaves. A leaflet of the pinnate leaf was cut and placed
n wet floral foam in a cooler and transported to the laboratory.
he leaf sample size was standardised (∼3 mm × 10 mm) to avoid
ifferences in nucleation temperatures due to sample area. In the

aboratory, samples were placed in Petri dishes on wet filter paper
o avoid desiccation. Samples were then transferred to a refriger-
tor (4 ◦C) where they were dark adapted for 30 min, after which
ime Fv/Fm (ratio of variable to maximum fluorescence, quantum
fficiency of PSII) was measured to assess the effect of the temper-
ture acclimation on the photosynthetic efficiency before exposure
o low temperatures. Fluorescent measurements were done using
n IMAGING PAM (Walz, Germany). Samples were transferred to
mL (10 mm internal diameter) Pyrex (Corning – Life Sciences, New
ork, NY, USA) test tubes and placed in a water bath to assess frost
esistance.

.5. Freezing treatments

We measured tolerance of extracellular ice formation (pro-
oted by adding small pieces of ice in contact with the leaves)

nd resistance of intracellular ice formation (promoted by a fast
ooling rate). Tolerance of extracellular ice nucleation was assessed
y measuring the percentage of photoinactivation of photosystem

I (%PhI), which is calculated using Fv/Fm before and after expo-
ure to freezing temperatures at 15 and 60 days of acclimation. The
emperature at which intracellular ice formed was measured using
ce nucleation temperatures (NT) at 15 days of cold acclimation.
ucleation temperatures were used as a measured of resistance of

ntracellular ice formation.

.5.1. Extracellular freezing test
Five samples per plant (total of 24 plants: 12 plants acclimated

o cold and 12 plants acclimated to warm conditions, where 6
rom ESM and 6 of them were from LSM sites) were suspended
n the coolant bath (Julabo FP45 temperature-controlled water
ath, Julabo Labortechnik, Seelbach, Germany) at 4 ◦C and temper-
ture was reduced to −18 ◦C at 2 K h−1, with plants held at −2 ◦C
or 1.5 h after which ice was applied to each sample to simulate
rost, promote extracellular ice nucleation and prevent supercool-
ng (Webb and Steponkus, 1993). Cooling then resumed, and 24
eaf samples (6 samples per treatment) were removed at every
arget temperature (−2, −6, −10, −14, and −18 ◦C). After removal
rom the bath, samples were transferred to Petri dishes, exposed to
00 �mol PAR m−2 s−1 for 2 h at 4 ◦C to simulate thawing in light,
s might occur on an alpine morning in the absence of snow. These
onditions were deemed likely to demonstrate the damage of the
hotosynthetic apparatus. Leaf samples were subsequently dark

dapted at 4 ◦C for 24 h at which time Fv/Fm after freezing was
easured using an IMAGING-PAM (Walz, Germany). The same pro-

edure was done after 60 days of acclimation to cold and warm
onditions using the other 24 plants.
rimental Botany 106 (2014) 174–181

Photoinactivation of PSII at every target temperature (−2, −6,
−10, −14, and −18 ◦C), was measured as the effect of external ice
formation. This parameter was calculated as the percentage of pho-
toinactivation (100*PhI), where PhI = (1 − FT/Fmax), FT is the Fv/Fm

of the sample exposed to a freezing temperature T and Fmax is the
maximum value of Fv/Fm for all samples, measured before freezing
(Larcher, 2000).

2.5.2. Intracellular freezing test
The temperature at which intracellular ice is formed was

recorded after 15 days of acclimation on 8 plants per treatment
from each of LSM and ESM habitats of origin (n = 32 leaf samples).
Preliminary analysis of the %PhI data indicated no difference in
acclimation state between the 15 and 60 day acclimation treat-
ments, so intracellular freezing was only measured at 15 days.
Samples were enclosed in an insulated box connected to a water
bath (Julabo Labortechnik, Seelbach, Germany), temperature was
decreased from 20 ◦C till −18 ◦C at a fast rate of 6 ◦C h−1, which
ensures intracellular ice formation. Copper-constant thermocou-
ples were attached to every leaf sample and the leaf temperature
was recorded every second using a Datataker DT500 [Biolab (Aust)
Pty Ltd. trading as a Datataker, Scoresby, Australia]. The rise in leaf
temperature (exotherm) produced by the heat released during the
intracellular freezing process was used to determine the NT which
corresponds to the lowest temperature before the exotherm and
indicates the onset of ice crystal formation (Larcher, 2003). Sam-
ples were removed at the end of the cooling profile, and Fv/Fm was
measured.

2.6. Statistical analysis

Differences in daily minimum air temperatures between the two
nearby weather stations (see above) were assessed by comparing
the mean ± stdev of the two sites; no formal statistical test was
done because there were only two weather stations. Differences
in mean minimum leaf temperature between ESM and LSM plants
were analysed using REML analysis with an auto-regressive struc-
ture to account for repeated measurements. The model included
site as a fixed term and incorporated random terms for plant
and day. Mean frequency of subzero leaf temperatures from mid-
May–October 2012 between plants from ESM and LSM habitats of
origin was analysed using a generalised linear model with a Pois-
son distribution and Chi square statistic as appropriate for count
data. %PhI was analysed using REML analysis with consideration
of effects at different strata and incorporating the nested structure
of the design. Fixed terms were treatments (cold and warm), site
(ESM, LSM), days of acclimation (15, 60), and target temperature
(−2, −6, −10, −14, and −18 ◦C); the random model incorporated
terms for mother plant nested in site, and replicate seedling nested
within mother and site. Nucleation temperatures were also ana-
lysed using a REML analysis with site and treatment as fixed effects
and mother nested in site as the random model. All statistical anal-
yses were done in GenStat (version 14.1.0.593, VSN International
Ltd. London).

3. Results

3.1. Environmental differences between early and late snow melt
habitats of origin

Although minimum air temperature (mid May–October)
between the weather station close to the LSM (Thredbo) and near

the ESM habitats of origin (Charlotte Pass) was similar (−3.6 ◦C ± 0.2
and −2.9 ◦C ± 0.2 respectively) daily minimum leaf temperature of
plants from the ESM was significantly lower than for LSM plants
(−1.6 ◦C ± 0.1 and 0.8 ◦C ± 0.06 respectively, P = 0.031, Fig. 1a and
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Fig. 1. Daily minimum leaf temperatures (solid lines) for plants living in (a) early
snow melt (ESM) and (b) late snow melt habitats (LSM) near our seed collecting
sites for the coldest months (mid-May–October) in Kosciuszko National Park (NSW,
Australia) and daily minimum air temperature (dotted lines) of weather stations
nearby ESM and LSM sites for the same period of time, (c) number of temperature
events below −5.5 ◦C but higher than −10 ◦C (grey) and number of subzero events
under −10 ◦C (white) measured on leaves of plants from ESM and LSM habitats, near
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showed, as expected, that snow decoupled leaf temperature from
eed collecting sites.

). Furthermore, the lowest daily minimum leaf temperature reg-
stered on ESM plants was −15 ◦C, while it was only −8 ◦C in LSM
lants. Differences in snow cover duration between these sites

aused much greater frequency of subzero temperatures for ESM
han LSM plants. ESM and LSM plants were exposed to 51 and 19
reezing events of <−5.5 < −10 ◦C magnitude respectively (Chi pr.
imental Botany 106 (2014) 174–181 177

<0.001). In addition, ESM plants were exposed to 13 subzero events
under −10 ◦C while such low temperatures were never registered
on LSM plants (Chi pr. <0.001, Fig. 1c).

3.2. Differences between seedlings from early and late snow melt
sites

As expected, acclimation to cold temperatures significantly
decreased photochemical efficiency. Mean value of Fv/Fm was
0.82 ± 0.008 and 0.75 ± 0.031 for warm and cold acclimated plants
respectively (P < 0.001).

The effect of extracellular ice formation on the photosynthetic
apparatus of ESM and LSM progeny was evaluated by assessing
extent of photoinactivation (%Phi) caused by frost after 15 and
60 days of acclimation to warm or cold conditions. As tempera-
ture decreased, %PhI significantly increased as expected (P < 0.001,
Fig. 2a). The effect of freezing on the photosynthetic apparatus
did not differ depending on acclimation temperature (cold/warm),
habitat of origin (ESM/LSM), or days of acclimation (Table 1).
Seedlings exposed to −6 ◦C or higher showed minimal levels of
photoinactivation, while seedlings exposed to −18 ◦C showed the
highest mean photoinactivation but even at −18 ◦C (lower than the
minimum temperature detected in the field), there was only 37.21%
photoinactivation. In addition, samples taken out of freezing toler-
ance treatment were green with no evident tissue damage even at
−18 ◦C. Fv/Fm values were also still high (0.8) and reduction of Fv/Fm

was observed only after samples were exposed to light. The tem-
perature at which 50% of potential damage caused by frost occurs
(LT50) was not possible to calculate because of the low levels of pho-
toinactivation shown in this species. Perhaps testing temperatures
lower than −18 ◦C, leaves would show damage, although tempera-
tures below −18 ◦C do not occur in our study site, therefore we did
not consider a further decreased on temperature in our freezing
treatment.

The temperature at which intracellular ice nucleates in the
leaf (NT) was measured in ESM and LSM progeny after 15 days
of acclimation to cold and warm treatments. Nucleation tem-
perature differed as a function of both origin (ESM/LSM) and
acclimation treatment (cold/warm, Table 1). ESM progeny were
able to supercool (decrease NT) and thus prevented intracellular
ice formation to a greater extent than those from LSM origin. In
addition, ESM progeny showed significant decreases in nuclea-
tion temperatures following cold acclimation (Fig. 2b), whereas
LSM progeny showed no change in nucleation temperature with
cold acclimation. Notably, intracellular ice nucleation occurred
at much warmer temperatures than the temperature at which
significant decrease of %PhI was observed: ∼−4 ◦C for seedlings
from LSM provenances and ∼−6 ◦C or ∼−8 ◦C for warm and cold
acclimated seedlings from ESM origin respectively. Furthermore,
after measurements of nucleation temperatures (at the end of the
cooling profile, −18 ◦C) samples showed marked evidence of tis-
sue damaged (dark and mushy) and Fv/Fm values were very low
(about 0.2), which indicates damage caused by intracellular ice
formation.

4. Discussion

Our results demonstrate that small scale environmental varia-
tion, such as differences in duration of snow cover, can underlie
fundamental physiological differentiation within a species over
fine spatial scales. Our measurements of leaf temperature in situ
air temperature, causing contrasting thermal environments of
plants in ESM and LSM sites. Furthermore, our results showed that
A. glaciallis seedlings have a high level of tolerance to dehydration
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Fig. 2. (a) Percentage of photoinactivation (%PhI) for ESM (white bars) and LSM (grey bars) progeny calculated for each freezing temperature. (b) Nucleation temperatures
for ESM and LSM progeny acclimated to warm and cold conditions. Different letters indicate significant differences between treatments.

Table 1
REML analysis for percentage of photoinactivation (%PhI) and nucleation temperature (NT). Analysis of %PhI included treatment (warm, cold), site (ESM, LSM), days of
acclimation (15, 60) and target temperature (−2, −6, −10, −14, and −18 ◦C) as fixed terms. Mother plant (seed source) nested in site and replicate seedling nesting within
mother and site were considered as random factor. Analysis of NT considered site and treatment as fixed effect and mother nested in site as random factor. Differences on
%PhI were only significant between target temperatures. NT was significantly different between sites and treatments.

Fixed term Wald statistic n.d.f. F statistic d.d.f. F pr

%PhI
Treatment 0.02 1 0.02 8.1 0.900
Site 1.92 1 1.92 8.0 0.203
Days 2.16 1 2.16 32.4 0.152
Temperature 414.76 4 103.69 152.3 <0.001
Treatment site 0.54 1 0.54 8.1 0.483
Treatment days 0.05 1 0.05 32.6 0.820
Site days 0.42 1 0.42 32.5 0.521
Treatment temperature 6.34 4 1.59 152.8 0.181
Site temperature 9.54 4 2.38 152.5 0.054
Days temperature 7.43 4 1.86 152.8 0.121
Treatment site days 0.32 1 0.32 32.7 0.577
Treatment site temperature 1.76 4 0.44 153.1 0.780
Treatment days temperature 1.69 4 0.42 153.3 0.792
Site days temperature 7.66 4 1.92 152.9 0.111

NT
Site 10.53 1 10.53 3.8 0.033
Treatment 17.07 1 17.07 23.9 <0.001
Site treatment 8.66 1 8.66 23.9 0.007
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aused by extracellular ice formation (showed by low photoinac-
ivation even at −18 ◦C). ESM and LSM progeny differed in frost
esistance (avoidance of intracellular ice formation) and in their
bility to acclimate to cold, when grown under common condi-
ions. Strikingly, cold acclimation decreased NT in ESM but not LSM
rogeny. ESM sites are generally those at lower elevations, where
aximum air temperature is warmer than at high elevations and

hus lower frost resistance at lower elevation is often assumed.
n contrast, we found that ESM progeny have a greater capacity
o survive frost than LSM progeny, consistent with greater expo-
ure of the ESM plants to lower temperatures. Here we describe
he contrasting ESM and LSM environments, the functional differ-

nces between ESM and LSM progeny, the possible sources of these
ifferences, and discuss implications of these results in the context
f climate change.
4.1. Contrasting environmental conditions between ESM and LSM
sites

As shown here, snow can create contrasting environmental
conditions over small differences in elevation (∼400 m). Although
minimum air temperatures between ESM and LSM are not
significantly different, plants living in LSM site were protected by
snow for longer, and hence leaf temperatures remained higher
than those of ESM plants (Fig. 1). Plants in ESM habitats deal with
more intense and frequent freezing events than LSM plants. ESM
plants were exposed to 13 temperature events below −10 ◦C, while
such low temperatures were not recorded for LSM plants. These

results are consistent with previous studies showing that sufficient
snow cover thermally insulates plants from low air temperature
extremes and reduces both the daily leaf temperature amplitude
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nd the number of freeze–thaw cycles (Neuner et al., 1999). It fol-
ows that such contrasting environmental conditions could drive
undamental and lasting differences in the progeny of ESM and LSM
lants.

.2. Differences between ESM and LSM progeny

When cellular dehydration by extracellular ice formation was
nduced by placing small ice crystals in contact with the leaves,
he resulting response (%PhI) did not differ between ESM and
SM progeny; indeed the change in %PhI was very low for both
Fig. 2a). Interestingly, damage could not be observed either visu-
lly or through decreased Fv/Fm immediately after treatments, but
eveloped over time. After 24 h at 4 ◦C in the dark followed by
0 min at 4 ◦C under a PAR of 300 �mol m−2 s−1, the maximum %PhI
as still only about ∼40% and samples remained green with little

isible damage. LT50 in seedlings of Andean species ranged from
7.3 ± 0.8 ◦C to −12.8 ± 0.5 ◦C (Sierra-Almeida and Cavieres, 2012),
hereas A. glaciallis seedlings did not reach 50% photoinactivation

f PSII even at −18 ◦C. Thus, freeze-induced dehydration is not a
ajor risk for A. glaciallis seedlings, especially if freezing temper-

tures are followed by snow that might protect them from high
rradiance.

In contrast, when intracellular ice nucleation was induced by
apid decrease in leaf temperature (6 ◦C h−1), the damage was evi-
ent immediately and Fv/Fm decreased drastically (∼75% decreased

n Fv/Fm) after the freezing treatment. Furthermore, differences
etween ESM and LSM progeny were substantial. Intracellular ice
ormation, which is lethal for plants, occurred at ∼−4 ◦C in LSM
rogeny and at ∼−6 ◦C in ESM progeny acclimated to warm condi-
ions. Hence, ESM progeny withstand lower temperatures without
ntracellular freezing than LSM seedlings, even in the absence of
old acclimation. This difference would be of biological significance
n early autumn hen extreme frosts are common. In summer, freez-
ng events of less than −4 ◦C are unlikely to occur at our study sites;
hus both ESM and LSM progeny could be expected to resist summer
reezing events.

When seedlings were acclimated to cold, as they would be in
utumn and winter, ESM progeny had an even lower nucleation
emperature than were warm-acclimated (∼−8 ◦C). LSM progeny in
ontrast showed no change in ice nucleation temperature follow-
ng cold acclimation. NT in seedlings of Andean species also ranged
rom −4.9 ± 0.5 to −8.4 ± 0.7 ◦C (Sierra-Almeida and Cavieres,
012) although, within species differences in NT and supercool-

ng in relation to habitats have not been reported previously. The
apacity to increase supercooling by decreasing nucleation tem-
erature in response to cold acclimation would allow ESM progeny
o survive at lower temperatures than LSM progeny. We note that
emperatures below −8 ◦C occurred often before snow fall and after
now melt at ESM sites (Fig. 1), suggesting that even the acclimated
ucleation temperature in the ESM progeny would not be sufficient
o prevent intracellular ice in ESM seedlings. It is possible that a
onger and colder period of acclimation in the field leads to even
ower nucleation temperatures than measured in the present study.
n addition it is likely that temperatures below −8 ◦C would gen-
rally be associated with the formation of frost on the leaf surface,
hereby facilitating dehydration and prevention of intracellular ice
ormation. In contrast, plants inhabiting LSM sites remain insu-
ated by snow for longer periods and such a mechanism may not be
eeded. The duration of snow cover is influenced by slope, aspect
nd elevation and therefore can vary at small topographic scales

long a narrow elevation range, but the pattern of snow duration
s generally consistent between years. We suggest that this con-
istency in snow duration is sufficient to drive differentiation of A.
laciallis populations to local melting patterns and hence lasting
imental Botany 106 (2014) 174–181 179

differences can be found in the progeny of ESM and LSM A. glaciallis
plants.

4.3. The sources of these differences

Interestingly, the fundamental differences described above
occurred in seedlings germinated in the laboratory and grown
under common garden conditions. Hence these seedlings never
experienced the alpine environment and were not acclimated to
these contrasting field environments. There are several potential
sources for the observed differences between seedlings ESM and
LSM habitats of origin. Local adaptation or genetic differentiation
driven by the existence of microhabitat could be one explanation,
as also demonstrated for Poa hiemata (Poaceae) populations on
a narrow elevation gradient in the Australian Alps (Byars et al.,
2007) and in Festuca eskia (Poacea) in the Pyrenees in spite of
high gene flow between populations (Gonzalo-Turpin and Hazard,
2009). We think that ecotype or genetic differentiation in A. glacial-
lis might be reinforced by phenological differences between plants
from in ESM and LSM sites. Plants in ESM sites flower earlier (mid-
December) than LSM plants (mid-January, V.B.R. pers obs), this
asynchrony in flowering time might restrict gene flow between
these populations, hence generating ecotype/genotype differenti-
ation even over short spatial scale. It is also possible that seeds
developed from different environments in the field could have
been epigenetically imprinted in response to different environ-
mental cues at the time of seed development, or that seeds have
been provisioned by the mother plant in ways that had lasting
effects on their early growth and physiology. For instance, female
flowering environment (especially temperature and day length)
influence progeny frost hardiness and other adaptive traits in
Picea abies (Johnsen et al., 1996, 2005a,b). In addition, maternal
environments influence seed nitrogen and starch concentrations
(Charest and Potvin, 1993), which has been associated with higher
seedling cold tolerance later on (Biodner et al., 2007). Disentan-
gling the various factors that underlie differences between LSM
and ESM project would require genetic as well as freezing resis-
tance tests on the progeny of several maternal lines from ESM and
LSM sites.

4.4. Implications for small scale differences under rapidly
changing climate

If plants from LSM sites are unable to adapt rapidly, loss of
snow cover predicted by climate change could increase the frost
vulnerability of plants that rely on the snow cover for longer
periods. However, the existence of plants with a higher level
of frost tolerance in adjacent habitats with less persistent snow
cover would protect against freeze-induced local extinction as cli-
mate warming progresses. Previous studies have mentioned the
relevance of microclimate refugia in the persistence of species
under climate warming (Moritz and Agudo, 2013; Scherrer and
Körner, 2010, 2011). Here we emphasise the potential impor-
tance of environmental heterogeneity in creating a population
of A. glacialis with the physiological resources to persist in their
current range. Thus, we conclude that habitat-dependent vari-
ation in frost tolerance, whether due to genetic, epigenetic or
maternal effects, results in A. glacialis having a greater environ-
mental response envelope than might be expected from a species
occurring over such a narrow elevation range. Paradoxically, the

breadth in capacity to cope with low temperature extremes
may contribute to survival in a warming climate as reduction in
snow cover exposes plants to more frequent and more severe
frost.
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. Conclusion

The alpine environment can be viewed as a mosaic of habitats
ather than a simple or linear thermal gradient from low to high
levation. This diversity of habitats may result in a diversity of eco-
ypes/genotypes that are often ignored in comparisons between
pecies, but are relevant to maintaining species diversity under
uture climates. Projections of the responses of alpine plant species
o future warming should consider this diversity of habitats in order
o have a more realistic scenario for species persistence.
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ianoli, E., Inostroza, P., Zúñiga-Feest, A., Reyes-Díaz, M., Cavieres, L.A.,
Bravo, L.A., Corcuera, L.J., 2004. Ecotypic differentiation in morphology
and cold resistance in populations of Colobanthus quitensis (Caryophyl-
laceae) from the Andes of central Chile and the Maritime Antarctic.
rimental Botany 106 (2014) 174–181

Arctic, Antarctic, and Alpine Research 36, 484–489, http://dx.doi.org/10.1657/
1523-0430(2004)036[0484:edimac2.0.co;2].

Gonzalo-Turpin, H., Hazard, L., 2009. Local adaptation occurs along altitudi-
nal gradient despite the existence of gene flow in the alpine plant species
Festuca eskia. Journal of Ecology 97, 742–751, http://dx.doi.org/10.1111/
j.1365-2745.2009.01509.x.

Hacker, J., Neuner, G., 2008. Ice propagation in dehardened Alpine plant
species studied by infrared differential thermal analysis (IDTA). Arc-
tic, Antarctic, and Alpine Research 40, 660–670, http://dx.doi.org/10.1657/
1523-0430(07-077)[hacker2.0.co;2].

Inouye, D.W., 2008. Effects of climte change on phenology, frost damage and floral
abundance of montane wildflowers. Ecology 82, 353–362.

IPCC, 2007. Climate Change 2007: Synthesis Report, Summary for Policymakers. IPCC
Plenary XXVII, Valencia, Spain.

Johnsen, Ø., Dæhlen, O.G., Østreng, G., Skrøppa, T., 2005a. Daylength and tempera-
ture during seed production interactively affect adaptive performance of Picea
abies progenies. New Phytologist 168, 589–596, http://dx.doi.org/10.1111/j.
1469-8137.2005.01538.x.

Johnsen, Ø., Fossdal, C.G., Nagy, N., MØLmann, J., DæHlen, O.G., SkrØPpa, T., 2005b.
Climatic adaptation in Picea abies progenies is affected by the temperature dur-
ing zygotic embryogenesis and seed maturation. Plant, Cell & Environment 28,
1090–1102, http://dx.doi.org/10.1111/j.1365-3040.2005.01356.x.

Johnsen, Ø., Skrøppa, T., Junttila, O., Dæhlen, O.G., 1996. Influence of the female flow-
ering environment on autumn frost-hardiness of Picea abies progenies. Theoret-
ical and Applied Genetics 92, 797–802, http://dx.doi.org/10.1007/bf00221890.

Körner, C., 2003. Alpine Plant Life, second ed. Springer, Berlin.
Larcher, W., 2000. Temperature stress and survival ability of Mediterranean sclero-

phyllous plants. Plant Biosystems 134, 275–279.
Larcher, W., 2003. Physiological Plant Ecology: Ecophysiology and Stress Physiology

of Functional Group. Springer-Verlag, Berlin, Germany.
Lenne, T., Bryant, G., Hocart, C.H., Huang, C.X., Ball, M.C., 2010. Freeze avoidance:

a dehydrating moss gathers no ice. Plant, Cell & Environment 33, 1731–1741,
http://dx.doi.org/10.1111/j.1365-3040.2010.02178.x.

Loik, M.E., Redar, S.P., 2003. Microclimate, freezing tolerance, and cold accli-
mation along an elevation gradient for seedlings of the Great Basin
Desert shrub, Artemisia tridentata. Journal of Arid Environments 54,
769–782.

Loveys, B.R., Egerton, J.J.G., Ball, M.C., 2006. Higher daytime leaf temperatures con-
tribute to lower freeze tolerance under elevated CO2. Plant, Cell & Environment
29, 1077–1086, http://dx.doi.org/10.1111/j.1365-3040.2005.01482.x.

Lutze, J.L., Roden, J.S., Holly, C.J., Wolfe, J., Egerton, J.J.G., Ball, M.C., 1998.
Elevated atmospheric [CO2] promotes frost damage in evergreen tree
seedlings. Plant, Cell & Environment 21, 631–635, http://dx.doi.org/10.
1046/j.1365-3040.1998.00296.x.

Melcher, P.J., Cordell, S., Jones, T.J., Scowcroft, P.G., Niemczura, W., Giambelluca, T.W.,
Goldstein, G., 2000. Supercooling capacity increases from sea level to tree line
in the Hawaiian tree species Metrosideros polymorpha. International Journal of
Plant Sciences 161, 369–379, http://dx.doi.org/10.1086/314271.

Mondoni, A., Rossi, G., Orsenigo, S., Probert, R.J., 2012. Climate warming could
shift the timing of seed germination in alpine plants. Annals of Botany,
http://dx.doi.org/10.1093/aob/mcs097.

Moritz, C., Agudo, R., 2013. The future of species under climate change: resilience or
decline? Science 341, 504–508, http://dx.doi.org/10.1126/science.1237190.

Neuner, G., Ambach, D., Aichner, K., 1999. Impact of snow cover on pho-
toinhibition and winter desiccation in evergreen Rhododendron ferrug-
ineum leaves during subalpine winter. Tree Physiology 19, 725–732,
http://dx.doi.org/10.1093/treephys/19.11.725.

Sakai, A., Larcher, W., 1987. Frost Surival of Plants: Responses and Adaptation to
Freezing Stress. Springer-Verlag, Berlin.

Sánchez-Bayo, F., Green, K., 2013. Australian snowpack disappearing under the influ-
ence of global warming and solar activity. Arctic, Antarctic, and Alpine Research
45, 107–118, http://dx.doi.org/10.1657/1938-4246-45.1.107.

Schaberg, P.G., Hennon, P.E., D’Amore, D.V., Hawley, G.J., 2008. Influence of sim-
ulated snow cover on the cold tolerance and freezing injury of yellow-cedar
seedlings. Global Change Biology 14, 1282–1293, http://dx.doi.org/10.1111/j.
1365-2486.2008.01577.x.

Scherrer, D., Körner, C., 2010. Infra-red thermometry of alpine landscapes chal-
lenges climatic warming projections. Global Change Biology 16, 2602–2613,
http://dx.doi.org/10.1111/j.1365-2486.2009.02122.x.

Scherrer, D., Körner, C., 2011. Topographically controlled thermal-habitat differen-
tiation buffers alpine plant diversity against climate warming. Journal of Bio-
geography 38, 406–416, http://dx.doi.org/10.1111/j.1365-2699.2010.02407.x.

Sierra-Almeida, A., Cavieres, L.A., 2012. Summer freezing resistance of high-
elevation plant species changes with ontogeny. Environmental and Experimen-
tal Botany 80, 10–15, http://dx.doi.org/10.1016/j.envexpbot.2012.01.009.

Sierra-Almeida, A., Cavieres, L.A., Bravo, L.A., 2009. Freezing resistance varies
within the growing season and with elevation in high-Andean species
of central Chile. New Phytologist 182, 461–469, http://dx.doi.org/10.
1111/j.1469-8137.2008.02756.x.

Sierra-Almeida, A., Cavieres, L.A., Bravo, L.A., 2010. Freezing resistance of high-
elevation plant species is not related to their height or growth-form in

the Central Chilean Andes. Environmental and Experimental Botany 69,
273–278.

Squeo, F., Rada, F., García, C., Ponce, M., Rojas, A., Azócar, A., 1996. Cold resis-
tance mechanisms in high desert Andean plants. Oecologia 105, 552–555,
http://dx.doi.org/10.1007/bf00330019.

dx.doi.org/10.1098/rstb.2012.0481
dx.doi.org/10.1007/s00442-005-0087-3
dx.doi.org/10.1111/j.1365-3040.2005.01387.x
dx.doi.org/10.1111/j.1365-3040.2006.01615.x
dx.doi.org/10.1111/j.1365-2745.2009.01554.x
dx.doi.org/10.1034/j.1399-3054.2001.1110108.x
dx.doi.org/10.1146/annurev.pp.27.060176.002451
dx.doi.org/10.1111/j.1558-5646.2007.00248.x
dx.doi.org/10.2307/2403090
dx.doi.org/10.1007/bf00317882
dx.doi.org/10.1657/1523-0430(2004)036[0484:edimac]2.0.co;2
dx.doi.org/10.1657/1523-0430(2004)036[0484:edimac]2.0.co;2
dx.doi.org/10.1111/j.1365-2745.2009.01509.x
dx.doi.org/10.1111/j.1365-2745.2009.01509.x
dx.doi.org/10.1657/1523-0430(07-077)[hacker]2.0.co;2
dx.doi.org/10.1657/1523-0430(07-077)[hacker]2.0.co;2
dx.doi.org/10.1111/j.1469-8137.2005.01538.x
dx.doi.org/10.1111/j.1469-8137.2005.01538.x
dx.doi.org/10.1111/j.1365-3040.2005.01356.x
dx.doi.org/10.1007/bf00221890
dx.doi.org/10.1111/j.1365-3040.2010.02178.x
dx.doi.org/10.1111/j.1365-3040.2005.01482.x
dx.doi.org/10.1046/j.1365-3040.1998.00296.x
dx.doi.org/10.1046/j.1365-3040.1998.00296.x
dx.doi.org/10.1086/314271
dx.doi.org/10.1093/aob/mcs097
dx.doi.org/10.1126/science.1237190
dx.doi.org/10.1093/treephys/19.11.725
dx.doi.org/10.1657/1938-4246-45.1.107
dx.doi.org/10.1111/j.1365-2486.2008.01577.x
dx.doi.org/10.1111/j.1365-2486.2008.01577.x
dx.doi.org/10.1111/j.1365-2486.2009.02122.x
dx.doi.org/10.1111/j.1365-2699.2010.02407.x
dx.doi.org/10.1016/j.envexpbot.2012.01.009
dx.doi.org/10.1111/j.1469-8137.2008.02756.x
dx.doi.org/10.1111/j.1469-8137.2008.02756.x
dx.doi.org/10.1007/bf00330019


Exper

T

T

W

V.F. Briceño et al. / Environmental and

aschler, D., Neuner, G., 2004. Summer frost resistance and freezing pat-
terns measured in situ in leaves of major alpine plant growth forms
in relation to their upper distribution boundary. Plant, Cell & Envi-
ronment 27, 737–746, http://dx.doi.org/10.1111/j.1365-3040.2004.
01176.x.

heurillat, J.-P., Guisan, A., 2001. Potential impact of climate change on veg-

etation in the European Alps: a review. Climatic Change 50, 77–109,
http://dx.doi.org/10.1023/a:1010632015572.

ebb, M.S., Steponkus, P.L., 1993. Freeze-induced membrane ultrastruc-
tural alterations in rye (Secale cereale) leaves. Plant physiology 101,
955–963.
imental Botany 106 (2014) 174–181 181

Wipf, S., Stoeckli, V., Bebi, P., 2009. Winter climate change in alpine tundra: plant
responses to changes in snow depth and snowmelt timing. Climatic Change 94,
105–121, http://dx.doi.org/10.1007/s10584-009-9546-x.

Wisniewski, M., Fuller, M., 1999. Ice nucleation and deep supercooling in plants:
new insights using infrared thermography. In: Margesin, R., Schinner, F. (Eds.),
Cold-Adapted Organisms. Springer, Berlin/Heidelberg, pp. 105–118.
Woldendorp, G., Hill, M.J., Doran, R., Ball, M.C., 2008. Frost in a future cli-
mate: modelling interactive effects of warmer temperatures and rising
atmospheric [CO2] on the incidence and severity of frost damage in a tem-
perate evergreen (Eucalyptus pauciflora). Global Change Biology 14, 294–308,
http://dx.doi.org/10.1111/j.1365-2486.2007.01499.x.

dx.doi.org/10.1111/j.1365-3040.2004.01176.x
dx.doi.org/10.1111/j.1365-3040.2004.01176.x
dx.doi.org/10.1023/a:1010632015572
dx.doi.org/10.1007/s10584-009-9546-x
dx.doi.org/10.1111/j.1365-2486.2007.01499.x

	Variation in snow cover drives differences in frost resistance in seedlings of the alpine herb Aciphylla glacialis
	1 Introduction
	2 Materials and methods
	2.1 Species and study site
	2.2 Environmental data
	2.3 Seed collection, germination, and seedling growth and acclimation treatment
	2.4 Sample collection
	2.5 Freezing treatments
	2.5.1 Extracellular freezing test
	2.5.2 Intracellular freezing test

	2.6 Statistical analysis

	3 Results
	3.1 Environmental differences between early and late snow melt habitats of origin
	3.2 Differences between seedlings from early and late snow melt sites

	4 Discussion
	4.1 Contrasting environmental conditions between ESM and LSM sites
	4.2 Differences between ESM and LSM progeny
	4.3 The sources of these differences
	4.4 Implications for small scale differences under rapidly changing climate

	5 Conclusion
	Acknowledgments
	References


