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Abstract

This study examines the impact of extreme weather events driven by global warming on the growth and distribution limits
of high-elevation vegetation by analysing the effects of frost following an exceptionally early onset of spring phenological
phases. Climate data from the Skalnaté Pleso Observatory in the High Tatras indicate that the winter of 2023/24 was unu-
sually warm, with January—April temperatures exceeding the 1961-1990 climate normal by 3.8 K for average temperature
and 4.4 K for maximum. Despite increased winter precipitation, snowmelt in 2024 occurred significantly earlier and more
rapidly than in previous years. Consequently, bud development in Pinus cembra and Vaccinium myrtillus, as well as leafing
in Calluna vulgaris, began unusually early. This early onset of phenophases was interrupted by an 11-day cold spell, with
minimum temperatures reaching as low as —8.3 °C and an average daily air temperature of —2.0 °C. This episode led to the
frost damage of buds during the sensitive development stages, indicating a so-called false spring. V. myrtillus buds were
visibly damaged immediately. In P. cembra, needle yellowing and defoliation appeared in the next weeks, while reproduc-
tive organs damage became evident later during flowering when male flowers were undeveloped and did not pollinate. Frost
damage to high-elevation vegetation can disrupt plant growth, competition, and food chains, especially when phenological
advances outpace the retreat of late spring frosts.
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Introduction

Ongoing climate change has increased the frequency, inten-
sity, and duration of extreme events (IPCC 2023) linked to
negative vegetation anomalies, including reduced growth,
shifts in species abundance, increased turnover rates, local-
ised extinctions, and ecosystem disruptions (Gibson-Reine-
mer et al. 2015; Skvareninov et al. 2022; Leake 2023). High
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mountain environments are particularly sensitive to climate
change. Many species inhabiting these regions are ecologi-
cally narrowly specialised (Stewart 2009; Hlasny et al. 2015;
Werners et al. 2016) and thus prone to gradual retreat (Erna-
kovich et al. 2014); Verrall and Pickering 2020).
Ecosystem responses to climate change are often pre-
ceded by shifts in species phenology. In the temperate and
boreal zones, the onset of spring phenological phases is
closely linked to weather conditions, particularly tempera-
ture and photoperiod (Keller and Koérner 2003; Basler and
Korner 2012; Zohner and Renner 2015). The effect of tem-
perature is dual, since buds go through a state of endodor-
mancy and ecodormancy from mid-autumn to mid-spring.
During this period, bud cell growth is inhibited by low tem-
peratures or a too short photoperiod, which also promotes
cell frost hardening. On the other hand, higher temperatures
are necessary to promote bud growth after dormancy is bro-
ken (Chuine et al. 2016). The thermal growing season is
typically defined by the period when average daily tempera-
tures exceed 5 °C (Carter 1998; Fu et al. 2023; KoZminski
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et al. 2023). However, for rather cool-adapted species, it
starts when the weekly mean air temperature reaches 0 °C,
including numerous warm hours that suffice to induce cam-
bial activity (Korner and Paulsen 2004; Paulsen and Korner
2014; Korner et al. 2023). Fu et al. (2023) found that the
phenological growing season, also known as the green sea-
son, lags behind the thermal season. Regardless of earlier
increases in air temperature or photoperiod, snow cover
dampens their signals while keeping the soil temperature and
freezing depth stable. Therefore, vegetation under the snow
cover remains inactive until the snow recedes (Korner 2003,
Wipf and Rixen 2010; Vitasse et al. 2017). Earlier snowmelt
dates, decreased snow depths, and an increasing proportion
of winter precipitation falling as rain instead of snow have
been recorded in mountain areas in Europe (Marty 2008;
Gobiet et al. 2014) as climate change accelerates. Initiating
the phenological phases earlier due to rising temperatures
and advanced snowmelt may have significant implications
for plant species growing at high elevations (Inouye 2008;
Inouye and Wielgolaski 2024).

The time of bud burst is a particularly critical period, as
it affects vegetation development and reproductive success
(Zohner et al. 2018). In the alpine treeline ecotone (ATE), a
species’ ability to grow and reproduce under harsh climatic
conditions provides a competitive advantage and poten-
tial for expansion. However, advancing spring phenology
increases the risk of late frost damage (Skvareninovi et al.
2022; Zahradnicek et al. 2024). A hard freeze occurring
after the growing season has begun in late winter or early
spring is referred to as a ‘false spring’ (Martinuzzi et al.
2019). Although definitions vary, it generally describes a
mild and prolonged period in late winter or early spring that
prematurely brings vegetation out of dormancy, leaving it
vulnerable to late frost and drought (Ault et al. 2013). Many
temperate plant species have evolved chilling requirements
to avoid leafing out during warm snaps in the middle of the
winter. However, with climate change, chilling requirements
may not be met, increasing the risk of adverse effects from
late spring frosts (Chamberlain and Wolkovich 2021).

In temperate regions, trees have evolved to withstand
extreme winter freezes, often reaching —10 to —40 °C,
through dormancy and frost-avoidance mechanisms such
as supercooling, extracellular ice tolerance, cold hardening,
cryoprotectants, and structural adaptations like compact
growth or underground organs (Sakai and Larcher 1987,
Quamme 1995; Larcher 2005; Korner 2016). However, frost
events during the growing season pose a greater risk, as ice
crystals can damage sensitive tissues (Pardee et al. 2017;
Skvareninovi et al. 2021, 2022). Plant susceptibility to frost
damage depends on the phenological stage (Murray 2020).
To protect developing tissues from late spring frost, tem-
perate trees synchronise their spring phenology with rising
temperatures and photoperiods (Vitasse et al. 2014; Lenz
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et al. 2016); however, delaying phenology at high elevations
reduces time for tissue maturation (Korner et al. 2016). Buds
are initially protected by floral structures enabling them to
tolerate sub-zero temperatures (Szalay et al. 2019), but dur-
ing bud burst and flowering, flowers are directly exposed to
frost and other weather conditions, which can cause their
temperature to be even lower than the actual air temperature
(Litschmann and Stfeda 2019). Freezing resistance declines
as spring advances, reaching its minimum during leafing and
flowering (Snyder and Melo-Abreu 2005; CaraDonna and
Bain 2016; Vitra et al. 2017). Consequently, the timing of
phenology, rather than winter freezing resistance, may play a
crucial role in determining the cold range limits of temperate
trees (Lenz et al. 2013; Vitasse et al. 2014).

This study aimed to analyse the impact of extreme frost
events on the life cycles of naturally distributed shrub and
tree species in the alpine treeline ecotone (ATE) in the High
Tatra Mountains (Slovakia): Pinus cembra L., Pinus mugo
Turra L., Vaccinium myrtillus, and Calluna vulgaris Hull.
We analysed climate and snow conditions during the winters
of 2021/22, 2022/23, and 2023/24 to identify the causes and
consequences of the extraordinarily early onset of phenolog-
ical phases in 2024. We expected that a late frost occurring
after the initiation of spring phenological phases could dam-
age plant organs; however, which organs, to what extent, and
in which species remained open questions. Plant responses
to environmental risks such as late frosts play a crucial role
in determining which species gain a competitive advantage
in forming the ATE in the High Tatra Mts in a changing
climate. This study explores which of the studied species are
most endangered if phenology shifts faster than the timing
of late frost, also considering the effect of snowmelt date on
low-growing species.

Material and methods
Study area and sites

The study area is located in the ATE on the southeast
slope of the High Tatra Mountains, near the Skalnaté Pleso
Observatory (SPO: 49.18928°N; 20.23410°E, Fig. 1) in
the National Nature Preserve Skalnata dolina valley (Tatra
National Park). SPO is the only meteorological observatory
in the High Tatra Mountains conducting long-term observa-
tions at the ATE. Measurements at the observatory, situated
at 1778 m a.s.l., began in 1943 and cover two complete cli-
mate normal periods: 1961-1990 and 1991-2020 (Lukasova
et al. 2023). The only exception is the snow depth measure-
ment, which underwent a positional change within the obser-
vatory area in 1979. For this study, we utilised long-term
data on air temperature, precipitation, and snow depth from
a database of manual measurements at SPO, supplemented
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Fig.1 Locations of in situ observational sites (left), indicating
the occurrence of studied species and their spatial relationship to
Skalnaté Pleso Observatory (lower right). The study area is situated

by time-lapse photography of the ATE and data from in situ
assessments at observational sites.

In situ observational sites were established following
area inspections in 2021. The sites are located on south-
east-facing slopes of the High Tatra Mountains near SPO,
at elevations ranging from 1600 to 1700 m a.s.1., and within
a horizontal distance of 2 km. We established three obser-
vational sites (Fig. 1), where Pinus cembra L. (at all three
sites), Pinus mugo Turra L. (at two sites), and Vaccinium
myrtillus L. and Calluna vulgaris Hull. (at one site) natu-
rally occur. P. mugo is the dominant woody plant species
in the study area, whereas the other species are present in
clusters or small groups. To ensure microtopographic homo-
geneity and minimise orographic effects (Lenoir et al. 2013;
Laigle et al. 2022), we avoided terrain depressions where
snow could accumulate, as well as gullies and side valleys.
This approach was taken to ensure the representativeness of
meteorological data measured at SPO. Microclimatic varia-
tions in the study area are primarily due to differences in site
elevation relative to SPO. The soil type is relatively uniform

1 49°12'N

[49°11'N

on the southeast slope of the High Tatras and is highlighted in red on
the map of Europe (upper right)

and dominated by Lithic and other (non-rendzic) Leptosols,
often associated with Cambic Podzols. These soils are shal-
low, highly skeletal (containing more than 50% coarse frag-
ments), and very acidic (pH/KCIl < 4.5) (Hrasko et al. n.d.).

Measurements of air temperatures

Air temperatures analysed in this study were measured
at SPO by a calibrated mercury-in-glass thermometer, a
maximum mercury-in-glass thermometer, and a minimum
spirit thermometer, for average (Tavg), maximum (Tmax),
and minimum (Tmin) temperatures, respectively. The ther-
mometers are housed in a wooden meteorological shelter
positioned 2 m above ground level (a.g.l.). Temperature
data, including daily and monthly averages and maxima,
were compared to the climate normals 1961-1990 and
1991-2020. The 1961-1990 is considered a period when cli-
mate conditions, particularly temperatures, were more stable
compared to the more recent warming period 1991-2020.
The minimum temperatures were used to identify the
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occurrence of the last hard frosts (LHF), defined as days
with minimum temperatures below —2.2 °C (Marino et al.
2011).

Precipitation measurements

The amount and form of precipitation was considered an
important factor influencing snowmelt dynamics. Rain-on-
snow events cause rapid melting of the snowpack due to
high liquid water content (Kraj¢i et al. 2016; Yang et al.
2023). The precipitation data analysed in this study were
measured at SPO using a manual rain gauge. Continuous
weather monitoring at SPO includes observations of the
precipitation forms. In this study, daily precipitation totals
were classified into three basic categories: snow, rain, and
mixed precipitation.

Measurements of snow depth, occurrence,
and coverage

At SPO, snow depth is traditionally measured using a snow
stake with a precision of 1 cm. In addition to the depth of
continuous snow cover (more than 1 cm), the fractional snow
cover or a thin layer of sparkling snow is observed. From the
snow cover measurements, three key characteristics were
derived for each year from 1979 to 2024:

— Average snow depth (ASD; cm)—the average cumulative
snow depth recorded during PSC days.

— Number of days with PSC (days)—the duration of con-
tinuous sSNOw cover.

— Snowmelt date (SMD)—the day when snow completely
melted.

A one-sample #-test was used to compare ASD and PSC
measured in 2021/22, 2022/23, and 2023/24 with the long-
term averages from 1979 to 2020, using a significance
threshold of p <0.05. The SMD was correlated with climatic
characteristics: the means of Tavg and Tmax calculated for
individual months (J—January, F—February, M—March,
A—April) and periods JEMA, JFM, FMA, FM, MA), as
well as ASD, to identify significant effects on snowmelt at
SPO.

Snow depth measured at SPO represents a point-specific
value; however, in the natural environments, it can vary
significantly over short distances due to wind, topography,
or shading. Inspired by research where digital photography
has been effectively applied to study environmental changes
(Kucera et al. 2024; Okamoto et al. 2024), particularly snow
cover dynamics (Parajka et al. 2012; Bongio et al. 2021),
we complemented the snow cover data with analyses of
time-lapse photography. The southeast slope of the ATE
was monitored using a Tetrao Spromise S328 digital trail
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camera. The camera is permanently mounted on the roof of
SPO and monitors the environment between approximately
1600 and 2000 m a.s.l. It captures two time-lapse images at
08:00 and two at 13:00 CET daily, with a 10-min interval
between successive images. This setup has been operational
since October 2021. For this study, we focused on the snow-
melt period, analysing the percentage of snow cover using
a procedure according to Salvatori et al. 2011 as applied by
Portenier et al. (2020), in images from the expected onset of
permanent snow cover on January 1 to its disappearance by
May 31 in 2022, 2023, and 2024.

At the study sites, the snow was assessed as part of the
in situ observational program; however, only the occurrence
of snow, not its depth, was recorded. Site inspections began
each year once snowmelt had started.

Phenological observations

Phenological monitoring included two species from the
Pinaceae family: stone pine (Pinus cembra L.) and dwarf
mountain pine (Pinus mugo Turra L.), and two species from
the Ericaceae family: European blueberry (Vaccinium myr-
tillus L..) and common heather (Calluna vulgaris Hull). Dur-
ing the study years 2022-2024, phenological observations
began with the onset of snowmelt and continued until the
final phenological stage (BBCH 95) was recorded.

Visual assessments were conducted twice weekly during
the onset of spring phenological phases and once weekly
during the summer and autumn phases on the same day at
each site. The exact timing of phenophase onset was inter-
polated based on the developmental stage observed on a
monitoring day. For P. cembra, phenological phases were
assessed using binoculars on ten mature individuals, and
values were averaged for the site. Phenological phases of
shrubby species were assessed on a continuous area of
the species. Shrubby species were monitored over defined
surface areas: V. myrtillus and C. vulgaris, were observed
within 5 m? plots, and P. mugo, due to its polycormonal
growth habit, was assessed as a shrubby species within a
100 m? area.

Phenological phases were assigned to the BBCH
scale (Biologische Bundesanstalt, Bundessortenamt und
Chemische Industrie, Meier 2001), which describes prin-
cipal (macrostadia) and secondary growth stages using a
two-digit decimal code system. The core principle of this
scale is that similar developmental stages across different
plant species are assigned the same BBCH code. Monitor-
ing included seven phenological phases for each of two
Pinus spp. and six phases for C. vulgaris. For V. myrtillus,
a modified BBCH scale for Vaccinium spp. as defined by
Wichura et al. (2024) was used to assess nine phenological
phases (Table 1).
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Table 1 Phenological phases observed in the studied species (Pinus cembra and Pinus mugo as Pinus spp., Vaccinium myrtillus, Calluna vul-

garis) described according to the BBCH scale

Phenological phases Species

BBCH Description C. vulgaris V. myrtillus Pinus spp.
01 Beginning of vegetative bud swelling X

07 Beginning of vegetative bud break: first green leaf tips visible X

10 Leaf tips are about 10 mm above bud scales X
11 First leaves are unfolded X

19 First leaves are fully expanded X X X
31 Beginning of shoot growth X
51 Inflorescence or flower buds visible X X
61 Beginning of flowering X X X
67 Flowering finishing: majority of petals fallen or dry X X
69 End of flowering, green fruits become visible X

71 Green fruits begin to increase in size

89 First fruits are fully ripe, successive fruit ripening

95 50% of leaves discoloured or fallen

Growing degree days

To compare the temperature requirements for the initia-
tion of phenological phases among the studied species, we
calculated growing degree days (GDD). Given the eleva-
tion difference between SPO (1778 m a.s.l.) and the aver-
age elevation of phenological observation sites (1650 m
a.s.l.), which is 128 m, we estimated the temperatures at
the lower elevation using a standard lapse rate of 0.6 °C
per 100 m. Accordingly, 0.8 °C was added to the daily
temperatures measured at SPO to approximate conditions
at 1650 m a.s.1. GDD for each species was then calculated
using these adjusted values (Eq. 1):

Toax + T
GDD = Z w = Tae (D
where T,,, and T, are the daily maximum and minimum

temperatures, respectively, and T, is the base tempera-
ture. Two base thresholds were applied: 0 °C (GDDg) and
5 °C (GDDs). If the daily mean temperature was below the
base threshold, GDD was set to O for that day. We also cal-
culated active growing days (AGD), defined as days with
positive GDD contribution: AGD, and AGD; for GDD,> 0
and GDD; > 0. To exclude contributions from winter warm
spells or anomalous weather, GDD accumulation began
on the first day of the last month with a negative average
monthly air temperature.

The day of year (DOY) on which the average GDDj
for a given species was reached was used to estimate the
potential timing of phenological phase initiation. For spe-
cies that showed frost damage, trends and shifts in GDDj
calculated for the first vegetative phenological phase were

analysed using the Mann-Kendall non-parametric test
and Theil-Sen’s slope estimator. These trends were then
compared with the last hard frost (LHF) trend and, for
low-stature shrubs such as V. myrtillus and C. vulgaris,
also with the snowmelt date (SMD). Because the snow
depth measurement site at SPO was relocated in 1979, the
analysis of GDDs, LHF, and SMD trends was restricted
to the period 1979-2024.

Results

Climatic conditions preceding the false spring
of 2024

Exceptionally high air temperatures

The snowmelt period in 2024 was associated with abnor-
mally high temperatures recorded during winter. Between
January 1 and April 30 JFMA), the daily mean air tem-
peratures (Tavg) exceeded the 1961-1990 climate normal
on 93 days (Fig. 2a), with an average difference of +3.8 K.
Compared to the 1991-2020 climate normal (Fig. 2c), Tavg
exceeded the normal on 87 days, with an average devia-
tion of +2.8 K. Until late March, Tavg fluctuated near 0 °C
before rising sharply above freezing. The most pronounced
anomalies were observed in the daily maximum tempera-
tures (Tmax). Compared to the 1961-2020 climate normal
(Fig. 2b), Tmax of JFMA was on average 4.4 K higher, with
99 abnormally warm days. Against the 1991-2020 climate
normal (Fig. 2d), the average anomaly in Tmax was +3.3 K,
with 94 days above normal. Tmax remained above 0 °C for
almost the entire JEFMA period, indicating an exceptionally
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Fig. 2 Daily courses of average (a, ¢) and maximum (b, d) air temperatures from January to April 2024 compared to climatic normals for 1961—
1990 (a, b) and 1991-2020 (c, d), indicating an exceptionally warm winter

warm winter. In comparison to the preceding years 2022
and 2023, JFMA temperatures in 2024 were more than 2 K
higher. By late March and early April 2024, daily Tmax
peaked between 15 and 17 °C, with Tavg reaching 10-12 °C
on multiple days. Such high temperatures are rarely observed
at this altitude during this period.

Snow cover

Long-term snow depth measurements at SPO from 1979 to
2024 indicate that the ASD is 31 cm (standard deviation,
Sd=13 cm), and the average duration of PSC is 164 days
(Sd=18 days). A comparison with the winters of 2021/22,
2022/23, and 2023/24 shows that the PSC duration was
near the long-term average, lasting 164, 159, and 154 days,
respectively. The primary interannual difference was a tem-
poral shift in the PSC season in 2023/24, which began on
November 6, 2023—earlier than in 2021/22 (November 27)
and 2022/23 (November 18). The ASD in 2023/24 reached
45 cm, which was significantly higher (p < 0.05) than the
long-term average and also exceeded values observed in the
two previous winters. The total precipitation from all forms
between November and March amounted to 526.4 mm in
the 2021/22 season, 477.6 mm in 2022/23, and 679.3 mm in
2023/24. Despite the highest snowfall total being recorded
in 2023/24 (498.0 mm), snow cover persisted longer in the
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preceding seasons, with 371.9 mm of snowfall in 2021/22
and 378.8 mm in 2022/23, lasting into May (Fig. 3).

Time-lapse imagery revealed a notably early and rapid
snowmelt in 2024 across the ATE. On DOY 105 (April
14), only scattered patches of snow remained, whereas in
2022 and 2023, continuous snow cover was still present.
Image analysis indicated that just 10% of the monitored area
remained snow-covered on DOY 105 in 2024, and the snow-
melt period lasted only 17 days. Comparatively, a similar
extent of snow cover was not reached until DOY 140 in 2022
and DOY 143 in 2023 (Fig. 3).

The Mann-Kendall trend test and Theil-Sen’s slope analy-
sis revealed a statistically significant trend toward earlier
snowmelt dates over the period 1979-2024, with a shift
of —3.6 days per decade (p =0.03). Correlation analyses
between snowmelt date (SMD), temperature, and average
snow depth (ASD) for the same period showed a signifi-
cant relationship (p <0.01) between SMD and both average
(Tavg) and maximum (Tmax) air temperatures during March
and April. The coefficients of determination were R*=0.29
for Tavg and R>=0.30 for Tmax. According to the regression
models, a 1 °C increase in temperature during this period
corresponded to a snowmelt date shift of 5.0 days earlier for
Tmax and 5.4 days earlier for Tavg. Weaker but still signifi-
cant correlations (p <0.05; R?<0.15) were also found for
March and April temperatures considered individually, and
for the February—April period. Correlations between SMD
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Fig.3 Snowmelt progression based on time-lapse photography from
2022, 2023, and 2024, highlighting the state of snow cover on day of
year (DOY) 105 for each year. The distribution of precipitation from

and temperatures of other individual months or alternative
multi-month periods were not statistically significant. Addi-
tionally, no significant relationship was found between SMD
and ASD.

In addition to air temperature, the role of snow precipi-
tation distribution throughout winter and the occurrence
of rain-on-snow events in determining the snowmelt date
(SMD) was also analysed. The highest snow totals in the
2023/24 season were recorded in January, when monthly

November to March, categorised into snow, mixed precipitation, and
rain, is shown below

maximum and average temperatures reached 1.4 °C
and —2.0 °C, respectively. In contrast, February, the month
with the highest snowfall in 2022 and 2023, was marked
by minimal snow precipitation in 2024. February is his-
torically the coldest month at SPO, with Tmax averages
of —2.0 °C and —1.1 °C and Tavg of —5.8 °C and —5.0 °C for
the 1961-1990 and 1991-2020 climate normals, respectively
(Lukasova et al. 2023). Despite a Tavg of —2.1 °C in Febru-
ary 2024, the monthly Tmax reached 3.9 °C, contributing to
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an increased occurrence of mixed precipitation and a snow
cover loss of 23 cm. By March 2024, a substantial portion of
precipitation fell as rain or mixed precipitation, in contrast
to predominantly snow precipitation in the same month in
2022 and 2023 (Fig. 3). From late March to early April 2024,
the snow cover at SPO melted entirely, with a recorded snow
depth loss of 52 cm over 2 weeks. In summary, reduced
snowfall and the occurrence of rain-on-snow events, together
with elevated temperatures in February but mainly in March
and April, contributed to accelerated snowmelt, a key limit-
ing factor for the phenological development of low-growing
alpine species.

False spring in 2024

Between March 29 and April 1, 2024, the first sustained
period of four consecutive days with daily Tavg exceeding
5 °C was recorded. Subsequently, from April 6 to April 15,
daily Tavg surpassed 5 °C (mean=9.2 °C), while Tmax
remained consistently above 10 °C (mean = 14.2 °C) for ten
consecutive days. This period qualified as an intense heat-
wave, with all 10 days surpassing the 90th percentile of both
the 1961-1990 and 1991-2020 climate normals. During this
warm spell, the first visible signs of phenological activity
were observed. On DOY 97 (April 7), the onset of vegeta-
tive bud swelling (BBCHO1) in V. myrtillus (Fig. 4a) and
the first leaf unfolding (BBCH11) in C. vulgaris (Fig. 4b)
were recorded at site 1 (1650 m a.s.l.). On the same day,
the beginning of vegetative bud break (BBCHO7) in Pinus
cembra was observed at site 2 (1600 m a.s.1.). Subsequently,
BBCHO7 in Pinus cembra was recorded on DOY 100 at
site 1 and on DOY 104 at site 3 (1700 m a.s.1.). On DOY
104, BBCHO7 was also observed in V. myrtillus at site 1
(Fig. 4a). At this site, the snow cover melted between site
inspections on DOY 90 and 95, enabling the onset of pheno-
logical phases in low-growing species. During this period,
approximately 50% of the studied ATE area remained snow-
covered in 2024 (Fig. 3). In contrast, a comparable snow
coverage (50%) was reached on DOY 127 in both 2022 and
2023, with complete snowmelt at site 1 occurring between
DOY 120-125 in 2022 and DOY 122-126 in 2023. In those
years, the first phenophases were recorded after DOY 130,
during the second half of May (Fig. 4), indicating a delay of
more than one month compared to 2024.

The early phenological development was abruptly inter-
rupted by a significant synoptic shift starting on April 16,
2024 (https://www.wetterzentrale.de/reanalysis.php?map=
l&model=era&var=2&jaar=2024& maand=4&dag=
16&h=0&nmaps=24#google_vignette), when an Arctic
air mass penetrated deep into Central Europe, triggering an
exceptionally severe cold spell lasting 11 days. During this
cold spell,
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— the mean daily Tmax dropped to approximately 1.3 °C,
with three ice days (Tmax <0 °C)

— the mean daily Tavg was —2.0 °C, with a minimum daily
Tavg of —5.3 °C.

— the lowest Tmin reached —8.3 °C (Fig. 5).

The most pronounced impacts of the hard frost were
observed on V. myrtillus and P. cembra (Fig. 5). In contrast
to 2024, the LHF in 2022 and 2023 occurred prior to the
onset of the first phenological phases, allowing vegetation to
avoid exposure to frost damage. In both years, phenological
development proceeded under typical conditions, with no
visible damage to vegetative or reproductive organs during
the spring phenophases (Fig. S1).

Vaccinium myrtillus

In V. myrtillus, green vegetative buds in the bursting phase
(Fig. 4a) were damaged by frost, turning black, desiccated,
and necrotic (Fig. 5). Later, during generative phenological
phases, we observed the development of degenerated flow-
ers and fruits. Only a small proportion of the fruit matured
in good condition. Among the studied species, V. myrtil-
lus exhibited the lowest thermal requirements for initiating
the first phenological phase. It required a mean GDD,, of
100.7 °C accumulated over 28 AGD,, and a GDDj; of only
13 °C accumulated over 7 AGDjs (Table 2).

Pinus cembra

P. cembra required a mean GDD,, of 130.1 °C and GDDj
of 29.0 °C, with an AGD of 31 days and AGDs of 9 days
to initiate BBCHO7. After the false spring ended, the phe-
nological development of P. cembra continued with some
delay, although it still proceeded slightly earlier than in pre-
vious years (Fig. 4c). During May, the needle condition dete-
riorated, with approximately one-third turning yellow and
subsequently falling off. However, no visible frost injury was
detected on the buds at that time. Damage caused by frost
during the bud bursting phase became apparent later, during
flowering. Frost-affected tissues led to the development of
malformed male flowers, which remained enclosed within
the bud scales and failed to release pollen (Fig. 5). Instead of
normal pollination, the degenerated male flowers dried out
and were shed from the bud scales, which remained tempo-
rarily attached to the tree. In unaffected development, male
flowers mature inside the bud scales, which then fell off,
allowing the flowers to release pollen (Fig. S1, above).

In contrast, the new shoots developed normally, without
visible needle or growth abnormalities, and female flow-
ers were formed at their tips. Several cones from 2024
were observed on one of the ten monitored trees. How-
ever, whether pollination occurred via distant P. cembra


https://www.wetterzentrale.de/reanalysis.php?map=1&model=era&var=2&jaar=2024&maand=4&dag=16&h=0&nmaps=24#google_vignette
https://www.wetterzentrale.de/reanalysis.php?map=1&model=era&var=2&jaar=2024&maand=4&dag=16&h=0&nmaps=24#google_vignette
https://www.wetterzentrale.de/reanalysis.php?map=1&model=era&var=2&jaar=2024&maand=4&dag=16&h=0&nmaps=24#google_vignette

Regional Environmental Change (2025) 25:142

Page9of16 142

(a) Vaccinium myrtillus
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Fig.4 Onset dates (day of year, DOY) of phenological phases for
vegetative and generative organs of the studied species in 2022, 2023,
and 2024, based on the BBCH scale (Table 1). Vertical lines indicate

individuals remains uncertain, since malformed male flowers
were also observed at a foothill phenological site at 800 m
a.s.l., where P. cembra was at the BBCH31 stage during the
frost event (unpublished data).

(b) Calluna vulgaris
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(d) Pinus mugo
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the timing of the last hard frost events in the alpine treeline ecotone
of the High Tatras. Error bars in panels (¢) and (d) represent the
standard deviation of average onset dates across observational sites

Calluna vulgaris

Similar to V. myrtillus, C. vulgaris initiates the BBCH11
phase immediately after snowmelt, requiring a mean GDD,
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| ®

Fig.5 Phenological site 1 with P. cembra and V. myrtillus on April right panel illustrates damage attributed to the false spring, with vis-
21, 2024 (DOY 112), during the cold spell. The accompanying graph ible injury symptoms on P. cembra (upper image) and V. myrtillus
shows daily minimum air temperatures (Tmin, °C) in April 2024. The (lower image)
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Table 2 Growing degree days (GDD) in °C and the number of active
growing days (AGD, in brackets) associated with the first observed
vegetative and generative phenological phases of the analysed spe-

cies, calculated for temperature bases of 0 °C (GDD,, AGD,) and
5 °C (GDDs, AGDs)

Sp Year BBCH GDD, (AGD,) GDDjs (AGD;) BBCH GDD, (AGD,) GDDjs (AGD;)
C. vulgaris 2022 11 167.4 (31) 45.5 (15) 51 964.0 (99) 504.0 (82)
2023 92.8 (29) 5.1(6) 672.9 (93) 277.0 (62)
2024 89.7 (27) 16.7 (4) 784.2 (98) 367.4 (70)
Mean 116.6 (29) 22.4 (8) 807.0 (97) 382.8 (71)
Sd 359 (2) 17.0 (5) 119.9 (3) 93.3 (8)
V. myrtillus 2022 01 114.1 (26) 17.2 (10) 51 243.7 (40) 76.8 (24)
2023 98.5 (31) 5.1(6) 250.4 (48) 72.6 (22)
2024 89.7 (27) 16.7 (4) 284.0 (48) 117.2 (22)
Mean 100.7 (28) 13.0(7) 259.3 (45) 88.9 (23)
Sd 10.1 (2) 5.6(2) 17.6 (4) 20.1 (1)
P.mugo 2022 07 183.9 (33) 52.0 (17) 51 436.9 (59) 176.9 (42)
2023 163.7 (40) 31.0 (14) 458.0 (73) 162.1 (42)
2024 239.4 (44) 92.6 (18) 582.3 (81) 250.5 (54)
Mean 195.7 (39) 58.5 (16) 492.4 (71) 196.5 (46)
Sd 32.0(5) 25.6 (2) 64.1 (9) 38.7 (6)
P.cembra 2022 07 158.0 (30) 41.1 (14) 51 - -
2023 104.5 (32) 6.1 (7) 458.0 (73) 162.1 (42)
2024 127.9 (30) 39.9(7) 463.7 (70) 186.9 (42)
Mean 130.1 (31) 29.0 (9) 460.8 (72) 174.4 (42)
Sd 21.9 (1) 16.2 (3) 2.8(2) 12.4 (0)

of 116.6 °C and GDDjs of 22.4 °C, as well as 29 AGD,, and
8 AGDs. Compared to other species, C. vulgaris, which was
in the leaf development phase when the hard frost occurred
(Fig. 4b), showed no visible signs of damage. The newly
developed leaves tolerated the frost, likely because the snow-
fall during the cold spell created a fresh snow cover that
protected this low-growing shrub (less than 20 cm in height
at the observation site). During the site inspection on April
21 (DOY 112), the species was found completely covered
by snow. Snow depth measurements from SPO indicated
a maximum of 22 cm during this episode, and snow cover
persisted for 13 days. Based on our observations, C. vulgaris
has the highest temperature requirements to initiate the gen-
erative phenophase BBCHS51 (Table 2). Flowering usually
occurs between late June and late July (Fig. 4b); therefore,
the risk of frost damage to its flowers is very low.

Pinus mugo Turra

Both vegetative and generative organs of P. mugo remained
undamaged after the cold snap, as its phenological growing
season began only after the late frosts had ended (Fig. 4d).
The delayed phenology of P. mugo compared to P. cembra
and the other studied species is related to its higher tempera-
ture requirements and/or the need for more active growing
days to initiate its vegetative and generative phenological
phases (Table 2). Compared to P. cembra, the temperature

requirements of P. mugo were 1.5 to 2 times higher. Follow-
ing the false spring of 2024, P. mugo required only a few
warm days to initiate bud break (BBCHO07); however, GDD
were considerably higher compared to previous years. Simi-
larly, the onset of the flower buds (BBCHS51) was delayed
by 12 AGDj in this species in 2024, while in other species,
the timing of BBCHS51 relative to GDD and AGD showed
no substantial differences (Table 2).

Shifts in growing degree days, snowmelt date,
and last hard frost

The average GDDjs values from Table 2 were used to calcu-
late trends in potential onset days of BBCHO7 for P. cembra
and BBCHO1 for V. myrtillus over the period 1979-2024. The
average potential onset day was DOY 130 (Sd=13.2 days)
for P. cembra and DOY 121 (Sd=13.8 days) for V. myrtillus.
During the 46-year-long period, the Mann-Kendall test indi-
cated a significant trend toward earlier potential onset dates
for both BBCHO7 (p=0.003) by —4.7 days per decade in P.
cembra and BBCHO1 (p =0.002) by —4.8 days per decade
in V. myrtillus.

The key factor in the occurrence of false spring is the
timing of the LHF, which poses a risk of damage when
the phenological phases begin before the LHF. The trend
in LHF was not statistically significant (p =0.09), with the
shift of —3.7 days per decade. This indicates a faster advance
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in GDD5 accumulation for both species than in LHF. Unlike
P. cembra, the phenology of V. myrtillus is also influenced
by the snow cover; thus, even when GDDs for BBCHOL is
reached, the phenological development is delayed until the
snow melts.

The significant trend in SMD, advancing by —3.6 days per
decade, is slower than the trend in GDDs for V. myrtillus,
but similar to that of the LHF. These results suggest that
snowmelt may continue to play a critical role in protecting
V. myrtillus from frost damage in the future. In contrast, P.
cembra, whose phenology is not constrained by snow cover,
may increasingly face damage as GDD advances more rap-
idly than the occurrence of the LHF.

Discussion

The studied species are well adapted to harsh climate condi-
tions of the alpine treeline ecotone. However, in 2024, severe
frost during sensitive developmental phases disrupted the
vegetation cycles of some species. Our results indicated that
the most pronounced damage occurred in P. cembra and V.
myrtillus. In both species, only vegetative buds were visibly
initiated development at the time of the frost event; how-
ever, the freezing temperatures disrupted not only vegeta-
tive growth but also the development of generative organs.
In contrast, P. mugo and C. vulgaris showed no signs of
injury or disruption in phenological development follow-
ing the 2024 false spring in the ATE of the High Tatras. In
the case of C. vulgaris, frost resistance was likely enhanced
by the presence of temporary snow cover, which can buffer
extreme temperature minima and reduce the rate of tempera-
ture change experienced by plants (Neuner 2014). However,
such thermal insulation was only effective for this low-grow-
ing shrub. A snow depth of up to 22 cm was insufficient to
protect V. myrtillus, which reaches approximately 0.4 m in
height, or the taller P. cembra trees. During the hard frost
period, buds of P. mugo remained closed. When this species
later initiated shoot and needle development and reached the
flowering stage, no visible frost damage signs were visible
at our study sites. Nevertheless, frost rings, caused by the
collapse of xylem vessels during freezing events, may still
form within the annual growth rings, as has been observed
in Pinus mugo subsp. uncinata (Rixen et al. 2012).

Late spring frost damage typically results from a com-
plex interaction between biological factors, frost events,
and other abiotic influences (Koérner 2021; Lamichhane
2021); therefore, frost risk is highly variable and difficult
to predict. Spring development in plants is commonly con-
trolled by three factors, interacting in a non-linear fashion:
(1) the fulfilment of chill demand to ensure winter has
passed, (2) a photoperiod signal ‘opening’ the window
for final release from dormancy, and (3) actual weather
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conditions, particularly temperature (Kérner 2006). In
the studied ATE, the winters remain sufficiently cold
(Lukasové et al. 2023) to fulfil chill requirements, and
the increasing length of photoperiod permits the shift in
phenological phases to earlier dates. Our findings indicate
that Tavg fluctuating around 0 °C during winter 2024 was
adequate to meet chilling requirements, while the photo-
period signalled a ‘save’ date in early April. A significant
increase in temperature then rapidly advanced phenology
in the observed species. However, these evolutionary adap-
tations, chill control, and photoperiodism (Kérner 2012)
proved insufficient to prevent early development during the
false spring, allowing for reduced dormancy depth and an
earlier increase in bud vitality (Baumgarten et al. 2021).
In conifers such as P. cembra, the buds overwinter through
extracellular ice tolerance. P. cembra belongs to a spe-
cies with high winter frost resistance of leaves and buds;
however, warm spells in late winter led to premature frost
de-hardening, leading to significantly earlier bud swelling
and burst (Buchner and Neuner 2011). Similarly, in Vac-
cinium myrtillus, Taulavuori et al. (1996) demonstrated
that even a moderate temperature increase of 2-3 K during
the overwintering period can significantly accelerate de-
hardening and advance bud burst.

Dwarf shrubs are the species group with the greatest
phenological sensitivity to changes in snowmelt (Wipf
and Rixen 2010). Snow cover data, obtained through a
combination of manual point measurements with a snow
stake at SPO, time-lapse photography using a trail cam-
era, and in situ observations, enabled a more comprehen-
sive analysis of snow cover dynamics in the ATE. The
measurements indicated that snow depth was significantly
higher compared to the 2021/22 and 2022/23 seasons,
and also higher than the long-term average. However, the
distribution and form of prevailing precipitation, particu-
larly rain-on-snow events, in combination with higher
temperatures, accelerate snowmelt (Dong and Menzel
2019; Hotovy et al. 2023). In February 2024, only mini-
mal snowfall was recorded, while the proportion of mixed
precipitation increased and by March, a large share of
precipitation fell as rain or mixed forms, accelerating the
reduction of snow which enabled the onset of phenologi-
cal phases in V. myrtillus and C. vulgaris. Our analyses
revealed that, in the absence of snow cover, V. myrtillus
followed by C. vulgaris required the lowest GDD to initi-
ate bud swelling and leafing, respectively. In contrast, P.
mugo showed the highest thermal requirements, needing
1.5 to 2 times higher GDD than P. cembra to initiate bud
bursting.

The consequences of a false spring may disrupt food
chains, as the flowers and fruits of V. myrtillus and the
seeds of P. cembra are essential food sources for primary
consumers, ranging from insects to large mammals and
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birds inhabiting the ATE of the High Tatras. In V. myrtil-
lus, the impact of damage was already evident in 2024
through a poor fruit harvest. The effect on seed production
in P. cembra will become apparent in subsequent seasons.
If the unpollinated female flowers do not abscise in the
first growing season, malformed shapes, stunted growth,
and cone loss are typical symptoms of low or unsuccess-
ful pollination, generally visible after the cones complete
their development at the end of the second growing season
(Oppitz 1971). Due to the rocky terrain and dense under-
story thickets, primarily formed by P. mugo, early cone
drop following potential imperfect fertilisation was diffi-
cult to observe. The quality and presence of cones will
be monitored at the end of the 2025 growing season, and
subsequently in 2026, when the cones are expected to com-
plete their life cycle.

The risk of frost damage is not necessarily diminished
in a warmer climate, as earlier spring phenology may off-
set the benefits of fewer late frost events by increasing
plant exposure during vulnerable developmental stages
(Chamberlain and Wolkovich 2021). Trends analyses of
GDD; for the first observed phenophases in two frost-
damaged species (P. cembra and V. myrtillus) showed that
GDDjs is shifting to earlier dates more rapidly than the
last hard frost (LHF). This suggests a rising risk of frost
damage in the future, especially for P. cembra, which,
unlike V. myrtillus, is not affected by snowmelt date.
With shifting growing seasons leading to phenological
mismatches and increased environmental risk, species-
specific responses to climate change will be crucial in
determining which species gain a competitive advantage
in future climate conditions (Cleland et al. 2012; Jaro-
szynska et al. 2023; Dawson-Glass et al. 2025) since the
reproductive success and competitive ability of subalpine
and alpine plants may be weakened under such conditions
(Rixen et al. 2012). While the trend in SMD is advanc-
ing, it lags behind that of GDDs, implying that the earlier
onset of BBCHO1 in V. myrtillus may still be delayed
by persistent snow. However, it remains uncertain how
long dwarf shrub species will continue to benefit from
snow cover as a regulator of life cycle timing. Projec-
tions suggest that snowpacks in mountain regions will
become increasingly shallow, short-persistent, and sub-
ject to earlier melt if greenhouse gas emissions continue
along current trajectories (Siirila-Woodburn et al. 2021);
Notarnicola 2022).

Conclusions

Our study demonstrates the increasing vulnerability of
alpine and subalpine species in the High Tatra Mountains
to false spring events under ongoing climate change. In

2024, a mid-April cold spell following an exceptionally
warm winter and spring caused severe frost damage to
Pinus cembra and Vaccinium myrtillus during sensitive
phenological stages, affecting both vegetative and repro-
ductive organs. In contrast, Pinus mugo exhibited delayed
phenology, and Calluna vulgaris was protected by snow
cover, avoiding frost injury. We found that the advance-
ment of growing degree days accumulation is outpacing
the retreat of the last hard frost, particularly in those early-
developing species. Although snow cover still offers pro-
tection to low-stature shrubs, its diminishing duration may
increasingly limit this protective effect in the future. The
increasing decoupling between climatic cues and frost risk
heightens the likelihood of phenological mismatches, with
potential consequences for reproductive success, competi-
tive relationships, and food web interactions. While our
phenological dataset is currently too short for robust cli-
mate-phenology correlations, continued observations will
enable stronger inference on species responses under accel-
erating climate change.
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