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Abstract: In the current alteration of temperature and snow cover regimes, the impacts of winter
climate have received considerably less attention than those of the vegetation period. In this study,
we present the results demonstrating the influence of the winter climate conditions on the Mountain
pine (Pinus mugo Turra) communities in High Tatra Mts (Western Carpathians). The changes in
greenness in 2000–2020 were represented by the inter-annual differences of satellite-derived Nor-
malized Difference Vegetation Index (NDVI). The winter climate conditions were characterized by
climate indices calculated from the temperature and snow cover data measured at Skalnaté Pleso
Observatory (1778 m a.s.l.) over the period between 1941–2020. Areas with P. mugo were classified
into two density classes and five altitudinal zones of occurrence. The partial correlation analyses,
which controlled the influence of summer climate, indicated that winter warm spells (WWS) caused a
significant decrease in the greenness of the P. mugo thickets growing in the dense class D2 (R = −0.47)
and in the altitudinal zones A2 (1600–1700 m a.s.l.) and A3 (1700–1800 m a.s.l.) with R = −0.54
for each zone. The changes in greenness were related to the average snow depth (ASD) as well,
particularly in the dense class D2 (R = 0.45) and in the altitudinal zone A2 (R = 0.50). Here, in the
summers following winters with the incidence of WWS or low ASD, we found decreased greenness
following the injury of P. mugo shrubs, but NDVI after winters with higher ASD indicated more
greenness. At lower altitudes, injuries may result in the loss of competition capacity of P. mugo near
the timberline, where taller mountain tree species can utilize the conditions of warmer climate for
expansion. We also found a significant positive effect of warmer winter seasons in the sparse P. mugo
thickets (D1) with R = 0.50 and at higher altitudes (R = 0.49 in A4—1800–1900 m a.s.l.; R = 0.53 in
A5—1900–2000 m a.s.l.). The increased temperatures in December correlated significantly with the
increase of the greenness in all P. mugo pixels (R = 0.47), with the most pronounced effect in the sparse
class D1 (R = 0.57) and in altitudinal zones A4 (R = 0.63) and A5 (R = 0.44), creating advantageous
conditions for the thermophilisation of the alpine zone by P. mugo.

Keywords: vegetation index; NDVI; climate indices; climate change; snow depth; temperature;
winter warm spells; mountain vegetation

1. Introduction

Mountain and alpine ecosystems cover more than 20% of the Earth’s land surface
spanning over areas from the equator to just near the poles [1,2]. P. mugo is native to
central and southeast Europe, ranging from the Swiss-Austrian border in the Alps to the
Ore Mountains (eastern Germany, Czech Republic), the Carpathian Mountains (Slovakia,
Poland, western Ukraine) and through Croatia and Romania to Bulgaria, with western
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outliers to the Vosges and French Alps and an isolated population in the central Italian
Apennines [3]. In most of these mountains, the P. mugo shrubs form a coherent, climatically
conditioned vegetation belt, mostly known as a subalpine belt near the timberline [4]. The
subalpine belt refers to an intermediate zone between the mountain and alpine vegetation
with an ecotone character [5]. P. mugo reaches higher altitudes than any other conifers
(up to 2400 m). In Holocene, in the Western Carpathians and Hercynian region, it was
pushed by spruce and beech to higher altitudes (above 1250–1500 m a.s.l.), and eventually
to peatlands and rocky mountains. The presence of symbiotic fungi on the pine roots
enables this scrub to procure the nitrogen component of nutrients and thereby enables
P. mugo to survive in places where other tree species reach their limits [6]. Towards the
upper limit, populations of P. mugo gradually become lower and more prostrate [7]. Its
spatial spread depends not only on seed dispersal and on germination, but the horizontal
spread is also supported by vegetative reproduction [8] by forming multi-stemmed clones
(polycormones) [9].

Current alteration of temperature, precipitation and snow cover regimes as a conse-
quence of climate change may lead to disturbing and weakening of the mountain ecosys-
tems that provide important ecosystem services. The amplified warming in high-elevation
areas [10–12] corresponds with the rising global temperature [13,14]. As a consequence of
the warming, evaporation and atmospheric humidity increase. In high mountains, this
may lead to more frequent and rich snowfalls but concurrently to the reduction of the snow
season duration and earlier melting [15,16]. Whether the amount of snow on the ground
will be reduced or increased depends on the balance between these competing factors [17].
In the northern hemisphere, snow cover is likely to migrate northward in the future with
higher loss rates in northern latitudes (45◦–49◦N) and at high elevation [18], particularly in
spring and summer seasons [19]. In spite of this global trend, the trends in snow conditions
are variable on regional scales [20], depending on the topographic features (elevation,
aspect and terrain shading), orography and the proportions of occurring synoptic situa-
tions. The potential for vegetation injury in winter is considerable, given by the loss of
snow cover, which exposes plants to sub-zero ambient temperatures and large temperature
fluctuations leading to damage by winter desiccation. Freeze–thaw cycles and abrasion of
needles and sprouts by windblown ice particles damage the vegetation before fresh snow
covers it repeatedly [21–23]. The occurrence of extreme winter warming events that can
cause major damage to subalpine plant communities at landscape scales [24] has become
more frequent over the last decades [25]. In the high mountain ecosystems, even small but
recurring disturbances caused by climate warming may lead to thermophilisation, when
the more cold-adapted species decline and the more warm-adapted species increase [26,27].

We processed the satellite data from the MODIS (Moderate Resolution Imaging Spec-
troradiometer) from 2000 to 2020 to derive the NDVI (normalized difference vegetation
index) for the P. mugo subalpine belt. The employment of satellite data provided the oppor-
tunity to shift from in situ observations to large-scale analysis. The NDVI provides the index
of vegetation greenness related to aboveground net primary productivity [28]. Previously,
it has been successfully used as input to develop measurements of the biophysical proper-
ties of ecosystems [24,29–33]. We described the inter-annual variation of the greenness of
P. mugo as indicated by the difference of NDVI between two consecutive summers.

With the increase of global mean temperature, any damage to vegetation may incur
consequences for the biodiversity of the subalpine and alpine ecosystems. Previous studies
proposed that the P. mugo is one of the mountain species able to thermophilise the biotopes
in alpine zones [8,9,34] but concurrently can be suppressed by the taller trees at the timber-
line [9,35–37]. The objective of this study was to examine the growth processes and climate
interaction in P. mugo thickets important for predicting the temporal dynamics and spatial
spread of this subalpine ecosystem. We investigated how the winter climate influenced
the condition of P. mugo communities at different altitudes and densities of shrubs since
these stand factors can affect the stand microclimate, the distribution of snow, snow depth,
speed of melting and exposition to winds. The winter climate indices (average snow depth,
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winter warm spells and average winter temperatures) employed in the analyses were
derived from historical and current meteorological measurement data from the Skalnaté
Pleso Observatory (1778 m a.s.l.).

2. Material and Methods
2.1. Studied Area

The studied area is located in a subalpine belt of Tatra National Park in High Tatra
Mts, Slovakia. The corresponding climatic data were obtained from the Skalnaté Pleso
Observatory (SPO: 49◦11′22′ ′N, 20◦14′04′ ′E, Figure 1). The topography has a high-relief
character with rock walls, towers, gables and tarns. Here, the orographic factor is applied,
especially for effects such as windward and leeward slopes, enhanced precipitation or rain
shadows, as well as peak inversion of precipitation totals. The area of the subalpine belt is
almost exclusively covered by P. mugo.
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For High Tatra Mts, a specific mountain climate with sudden to extreme weather
changes is typical. The mountain massif of the High Tatras forms a natural barrier to the
flow of air masses and affects the local circulation conditions and climate. Data from the
SPO indicate a cool climate with a yearly air temperature that shifted from 1.7 ◦C (normal in
1961–1990) to 2.8 ◦C (normal in 1991–2020) and with annual precipitation that also increased
from 1280 mm (normal in 1961–1990) to 1470 mm (normal in 1991–2020). The average
annual relative air humidity varies between 68% and 80%. This locality is characterized
by the frequent occurrence of mists from low clouds (mountain fog 184 days per year)
supporting horizontal rainfall, mainly visible during winter in the form of icing, grey frost
or increasing rainfall. The number of cloudy days with an average daily cloudiness ≥80%
is 135 days per year with a high frequency during the growing season. Snowfall represents
about 45% (subalpine zone) to 70% (alpine zone) of the total annual precipitation. Snow
generally occurs from mid-September to mid-June, depending on the exposure and the
shape of the relief. In the studied area, wind has an important role especially in storing
and transporting the snow. In addition, it acts as a biometeorological element of cooling,
since the heat transfer from the surface of organisms to the environment depends not only
on the air temperature but also on the wind speed. The prevailing winds blow from SW
(south-west). Mean wind speed varies between 2 to 8 m·s−1 depending on the direction.
Over the last three decades, the frequency of occurrence of weak winds (5–20 m·s−1) as
well as powerful gusty winds (50–60 m·s−1) has increased [38].

2.2. Meteorological Measurements and Calculations of Winter Climate Indices

The meteorological monitoring at the SPO concentrates on examining the high moun-
tain climate at subalpine conditions (1778 m a.s.l.). The meteorological measurements
commenced in October 1940. Meteorological data represent the climate of the south slopes
of this mountain region above the timberline. The observation program includes complex
measurement of meteorological variables (air temperature, air humidity, atmospheric air
pressure, precipitation and snow cover, wind speed and direction, components of solar
radiation—global, diffused and reflected radiation, duration of sunlight, soil temperature,
weather and soil conditions). These have been measured by qualified observers using the
standard manual methods and measurement equipment for more than 80 years. Manual
measurements are complemented by measurements using automatic weather stations. In
this work, we used data on air temperature and snow cover recorded three times a day:
at 7, 14 and 21 o’clock CET (Central European Time). The calibrating mercury-in-glass
thermometer and maximum thermometer were the standard gauges to measure the air
temperature in the standard wooden meteorological box at a height 2 m above the ground.
The standard method of snow depth (SD) measurement employs a snow stake when the
observers measure the SD with a precision of 1 cm. In addition, observers identify the
presence of continual (more than 1 cm) or fractional snow cover, or a thin layer of sparkling
snow. Measurements of SD at the current position using the snow stake started in 1978.

Winter climate indices:

• Average snow depth—ASD (cm/day) is an average of the cumulative snow depth
(SDPSC) when counting for the days (dPSC) during the period of permanent snow
cover (PSC).

ASD = ∑SDPSC/∑dPSC (1)

The lack of snow cover exposes the evergreen vegetation to winter desiccation and to
the abrasion of sprouts by wind-blown ice. The values of winter snow depth during
2000–2020 were compared to those of the previous period, 1979–1999, to analyse
changes in the snow cover.

• Winter warm spells—WWS were calculated as the incidence of five and more con-
secutive days when the maximum daily air temperature (TMAX) exceeded 5 ◦C as
an interruption of the freezing period of the winter season. During this event, the
increased temperature results in loss of snow cover and exposes the vegetation to
initially warm and then freezing temperatures. Since the WWS can occur several times
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during one winter, the discrete WWS were numbered (e.g., WWS1, WWS2, etc.). To
evaluate the evolution of winter warm spells, their incidence over 2000–2020 was
compared to the previous periods between 1940 and 1999.

• Winter-season air temperature—TW (◦C) is an average of the daily air temperatures
(Td) of the winter season (W) starting on the 1st of December and ending on the 31st
of March.

TW = 1/n ∑Td,i (2)

where n is the number of days in the analysed period. The air temperature of the ith
day is calculated from the term measurements at 7, 14 and 21 o’clock as defined in the
following equation:

Td,i = (T7 + T14+ 2*T21)/4 (3)

Monthly air temperatures—TXII, TI, TII and TIII (◦C) were calculated using the Equa-
tion (2) as averages of the daily air temperatures (Td) of December, January, February
and March, respectively.

To describe the temperature conditions over the studied period:

• We applied the linear trend (Pearson’s correlation) to the average monthly air temper-
atures and the winter-season air temperatures over the period 1941–2020,

• We compared the average monthly air temperatures and the winter-season air tem-
peratures to corresponding periods’ climatic normal, here known as the temperature
normal (TN), calculated from the daily temperatures of 1961–1990,

• Since we have two complete climatic normal periods for SPO, 1961–1990 and 1991–
2020, we analysed the differences in temperatures between the two normal periods,

• We correlated the temperatures with the average snow depth.

2.3. Vegetation Greenness from MODIS Remote Sensing Data

In this study, we employed MOD09 and MYD09 (Collection 5 and Collection 6) daily
surface reflectance data products from two satellites, Terra and Aqua, with the identical
spectroradiometer MODIS on-board. MOD09/MYD09 data products were radiometrically
calibrated and corrected for atmospheric conditions, such as gasses, aerosols and Rayleigh
scattering. The daily product was preferred to maximize the potential number of days used
in evaluating the greenness of P. mugo communities. The used image data represent Earth’s
spectral reflectance in a spatial resolution of 250 m (MOD09GQ and MYD09GQ product),
500 m and 1 km (MOD09GA, MYD09GA) with the level of processing 2GL. All images were
obtained from the USGS archive (United State Geological Survey, http://e4ftl01.cr.usgs.gov
accessed on 20 March 2021) from the period 2000–2020. The MOD09/MYD09 products
contain spectral channels for NDVI calculations at a 250 m resolution—the red band 1
(RED: 620–670 nm) and the infrared band 2 (IRED: 841–876 nm). These products provide
satellite data at sufficient spatial and temporal resolution for the high mountainous studied
region, where a high number of cloudy and fog days typically occurs. The choice of the
data products was supported by previous results, where an effect of surface anisotropy
in the red and infrared band of MODIS data barely influenced NDVI estimation when
obtaining Root Mean Square Error around 1% [39].

The MOD09 quality analysis approach was described in our previous studies [32,33].
In short, at the image level, we focused on the elimination of images affected by clouds
and cloud shadows as well as the impact of image distortions. From all MODIS images
covering the territory of Slovakia, only cloudless or partly cloudy imagery, visually as-
sessed at the NASA Earth Observing System Data and Information System (EOSDIS)
(https://worldview.earthdata.nasa.gov/ accessed on 17 February 2021) were included in
the analysis.

Another criterion for the selection of appropriate images was the satellite position in
relation to the studied region during data collection. Since the MODIS tracks are stable
with 16-day repetitions, we identified six images in-nadir position related to the region;
four images in close-to-nadir position and six images in off-nadir position. We included in

http://e4ftl01.cr.usgs.gov
https://worldview.earthdata.nasa.gov/
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the analyses the images captured at in-nadir and close-to-nadir position. In such cases, the
spatial resolution of ~250 m was achieved, and the effect of anisotropic reflectance was also
reduced. As the viewing angle increases, the actual size of the acquired pixel on the Earth
surface constantly changes its dimensions, extending vertically and longitudinally [40].
Therefore, off-nadir images were completely excluded from the analysed dataset.

In addition to the visual inspection of image quality, we analysed the quality of
recorded reflectance at the pixel level using 1 km Reflectance Data State QA layer present in
the MOD09GA/MYD09GA products. Each State QA pixel contains data such as whether
the pixel was flagged as land, water or as containing cloud, aerosol, snow or fire (Table 1).

Table 1. MOD09GA/MYD09GA—1 km Reflectance Data State Quality Assurance layer. Accepted combinations are
indicated by values and text in bold.

Bit No. Parameter Name Bit Combination—Parameter State

0–1 Cloud state 00—Clear; 01—Cloudy; 10—Mixed; 11—Not set, assumed clear

2 Cloud shadow 1—Yes; 0—No

3–5 Characteristics of land cover:
land/water

000—shallow ocean; 001—land; 010—ocean coast or lake shore;
011—Shallow inland water; 100—ephemeral water; 101—Deep
inland water; 110—continental/moderate ocean; 111—Deep Ocean

6–7 Aerosol quantity 00—Climatology; 01—Low; 10—Average; 11—High

8–9 Cirrus detection 00—None; 01—Small; 10—Average; 11—High

10 Internal cloud algorithm 1—Cloud; 0—No cloud

11 Internal fire algorithm 1—fire; 0—No fire

12 Snow/ice 1—Yes; 0—No

13 Pixel is adjacent to cloud 1—Yes; 0—No

14 BRDF Correction performed */Salt pan ** 1—Yes; 0—No

15 Internal snow mask 1—snow; 0—No snow

* MOD09/MYD09 collection 5: https://patarnott.com/satsens/pdf/MOD09_UserGuide_v1_2.pdf (accessed on 17 February 2021).
** MOD09/MYD09 collection 6: https://modis-land.gsfc.nasa.gov/pdf/MOD09_UserGuide_v1.4.pdf (accessed on 17 February 2021).

The quality of individual pixels is encoded as the values of individual bits in a 16-bit
integer (Table 2). We selected pixels with the following bit values: 8, 72, 76, 136, 140, 200
and 8200. Other pixel values were replaced with 0.

Table 2. Accepted combination of DN values of the Quality Assurance flags for the product MOD09/MYD09.

Bit No. 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Suitable state 0 0 0/1 0 0 0 0 0 0/1 0/1 0 0 1 0/1 0 0

DN value 32,768 16,384 8192 4096 2048 1024 512 256 128 64 32 16 8 4 2 1

After applying the criteria for image and pixel selection, NDVI values representing
the vegetation greenness were then calculated over the period between 2000–2020 using
the Formula (4).

NDVI = (IRED − RED)/(IRED + RED) (4)

Pixels, where the P. mugo is mixed with other tree species, were excluded from the
analyses. We worked with NDVI data of the summer season—from the beginning of
August to the mid of September, when the new sprouts already appear and the clear sky
condition prevails. Analysing NDVI data of this season eliminate the episodes of snowing
and snow cover incidence usually present in High Tatra Mts during late spring and early
autumn. The inter-annual changes of P. mugo greenness were calculated as the difference
between NDVI of two consecutive summers. NDVI defines values that are expressed

https://patarnott.com/satsens/pdf/MOD09_UserGuide_v1_2.pdf
https://modis-land.gsfc.nasa.gov/pdf/MOD09_UserGuide_v1.4.pdf
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in hundredths from −1.0 to 1.0. The differences of NDVI would be very small values,
therefore we transformed them into relative values—percentages.

2.4. Altitude and Density of Studied P. mugo Thickets

The studied area in the subalpine belt contains 153 MODIS pixels with different
coverage of P. mugo at altitudes from 1500 to 2000 m a.s.l. We assumed that P. mugo growing
at the same altitudes and in thickets with similar densities would respond similarly to the
climate conditions.

Altitudinal zones. Altitude is a factor considerably influencing the microclimate, par-
ticularly the temperature, precipitation and wind speed conditions, in high mountains.
Generally, with the increasing altitude the precipitation and wind speed increase and the
temperature decreases. The altitudinal range of P. mugo communities was divided into five
altitudinal zones with the step of 100 m. The lowest was altitudinal zone A1, between 1500
and 1600 m a.s.l. and the highest was altitudinal zone A5, between 1900 and 2000 m a.s.l.

Density classes. NDVI values in the studied subalpine region ranged from 0.31 to 0.88
indicating the amount of greenness in the areas with the lowest and the highest density of
P. mugo shrubs, respectively (Figure 2). Firstly, averaging the pixel NDVI over the period
2000–2020, we obtained the mean amount of greenness of P. mugo per MODIS pixel. Pixels
were sorted into six classes (C1–C6), each with an interval range of 0.1 (Table 3) according
to their average NDVI. Next, we calculated the class averages for each year. Using the
correlation matrix, we calculated Pearson´s correlation coefficients between the classes
C1–C6 to reveal if there were any significant correlations between them indicating similar
reactions of P. mugo to the climate conditions:

• The highly significant correlation (p < 0.01) was exhibited between classes C2 and C3
(R = 0.75); C4 and C5 (R = 0.72); C5 and C6 (R = 0.75).

• While C1 significantly correlated with C2 (R = 0.48) and C3 (R = 0.53), no correlation
was revealed between C1 and C5 (R = 0.04) and C6 (R = 0.06), and a weak correlation
was found between C1 and C4 (R = 0.30). The correlation coefficient between C3 and
C4 was lower than that between C4 and C5, and C4 and C6.

• Following the correlations, we created two density classes, where pixels with lower
amount of greenness indicated by NDVI between 0.31–0.60 (classes C1, C2, C3) were
classified as sparse thickets (density class D1) and pixels with higher amount of
greenness indicated by the NDVI between 0.61–0.90 (classes C4, C5, C6) were classified
as dense thickets (density class D2) (Table 3).

The determined density classes were validated by in situ inspections using the GPS
coordinates of MODIS pixels. Figure 2 illustrates the coverage of P. mugo shrubs in classes
C1–C6 (Table 3) near SPO.

Table 3. Classification of pixels with P. mugo into density classes based on their average NDVI values.

NDVI Class NDVI Range Coverage of Shrubs Density Class

C1 0.31–0.40 incidence of individual P. mugo shrubs or very small groups
Sparse—D1C2 0.41–0.50 individual groups of P. mugo

C3 0.51–0.60 half of the ground covered by P. mugo

C4 0.61–0.70 large fields of P. mugo
Dense—D2C5 0.71–0.80 the area of P. mugo thickets is interrupted by small rocky fields

C6 0.81–0.90 P. mugo covers the whole area of pixel

The changes in P. mugo greenness were evaluated separately for each altitudinal zone
and density class. We applied a partial correlation analysis to analyse the relationship
between winter climate indices—average snow depth (ASD), winter warm spells (WWS)
and average temperatures (T), and the inter-annual differences of NDVI, controlling the
effect of summer climate. In the sufficiently precipitated area, such as the subalpine belt in
High Tatra Mts, the air temperature during the relatively short growing season was consid-
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ered as the main climate factor able to influence the vegetation greenness. The summer
temperature was calculated using Equation (2) as an average temperature of the summer
months—June, July and August (TS). The partial correlation was considered significant
when the correlation coefficient r exceeded the critical value rα,f, at the significance level
α = 0.05.
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2020 (NDVIdif,5y): 
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Figure 2. The photography of the studied region near Skalnaté Pleso Observatory (SPO, 1778 m a.s.l.) illustrates the
densities in the P. mugo classes (C1–C6) described in Table 3. The white squares are for illustrative purposes only and do not
correspond with the MODIS pixels.

Using ANOVA (analysis of variance), we analysed the changes in vegetation greenness
between 2000 and 2020 (NDVIdif,y):

NDVIdif,y = NDVI2020 − NDVI2000 (5)

and between the average NDVI changes over five-year-long periods 2000–2004 and 2016–
2020 (NDVIdif,5y):

NDVIdif,5y = NDVI2016-2020 − NDVI2000-2004 (6)

to evaluate the significance level of changes of the greenness between density classes and
altitudinal zones. Following ANOVA, we compared the mean of one group with the mean
of another. We used Fisher’s Least Significant Difference (LSD) post hoc test to identify
groups that significantly differ from each other.

3. Results
3.1. Effect of Winter Climate Indices on P. mugo Greenness

Snow depth. Measurements of the snow depth from SPO show that the average snow
depth (ASD) during the snow cover period was highly variable ranging from 13.6 cm
measured in 2011 and 53.1 cm in 2007. The mean ASD for years 2000–2020 was 31.7 cm and
is set as zero in Figure 3 (left). The trend indicates that the ASD decreased over the analysed
period. However, as is shown in Figure 3 (right), the long-term data do not indicate a
significant decreasing trend of ASD. Furthermore, the mean ASD in 2000–2020 was higher
than in years 1979–1999 by 1.6 cm.
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Figure 3. The difference of average snow depth (ASD) from its average value of the period 2000–2020 (31.7 cm) indicates a
decreasing trend by −0.56 cm year−1 (left), which is, however, not seen in the long-term data (−0.084 cm year−1) between
1979–2020 (right).

The results of partial correlation analyses indicated the positive inter-annual differ-
ences of NDVI when the higher ASD occurred, and negative differences of NDVI caused by
the lower ASD. The negative effect of lower ASD on the P. mugo greenness was significant
at lower altitudes A2 (1600–1700 m a.s.l.) (Table 4) and close to significant in the dense class
D2. The P. mugo shrubs growing at higher altitudes with a height of about half a meter
are better protected by snow, although lower, compared to the shrubs at lower altitudes,
which grow up to 2 m. Similarly, the exposition of taller shrubs to strong winter winds
is greater. Therefore, especially in years when the snow cover is low, the thin layer of
snow falls through the branches of the taller shrubs to the ground. This leads to the loss of
the insulation function of the snow cover protecting the aboveground parts of vegetation
from the winter desiccation during freezing temperatures, photo-inhibition and from the
abrasion of shoots by wind-blown ice particles. As a result, the decreased vegetation
greenness after winters with the lack of snow relates with the exposure of P. mugo to the
extreme weather conditions due to insufficient protection of snow layer.

Table 4. Partial correlations between inter-annual differences of P. mugo NDVI and the winter climate indices, while
controlling for the effects of summer temperature TS. The significant correlation with p < 0.05 is in bold.

Climate
Index

All
Pixels

Density Class Altitudinal Zone (m a.s.l.)
D1

(Sparse) D2 (Dense) A1
(1500–1600)

A2
(1600–1700)

A3
(1700–1800)

A4
(1800–1900)

A5
(1900–2000)

WWS −0.32 0.04 −0.47 0.10 −0.54 −0.54 −0.06 0.31
ASD 0.34 0.03 0.45 0.16 0.50 0.22 0.31 0.06
TW 0.31 0.50 0.10 −0.23 −0.03 0.12 0.49 0.53
TXII 0.47 0.57 0.28 0.01 0.16 0.28 0.63 0.44
TI 0.12 0.11 0.09 0.13 0.00 0.06 0.12 0.26
TII 0.08 0.38 −0.13 −0.32 −0.22 −0.10 0.27 0.51
TIII −0.02 0.27 −0.20 −0.41 −0.25 −0.08 0.23 0.03

Winter warm spells. According to the measurements of maximum daily air tempera-
tures (TMAX), winter warm spells (WWS) occurred during eight winter seasons through
the studied period 2000–2020. During these WWS, the daily maximum temperatures rose
to above 5 ◦C for at least five consecutive days before returning to freezing temperatures
leading to the decrease of snow depth (Table 5). Comparing the incidence of WWS in the
period 2000–2020 to that recorded since the measurement started at SPO in October 1940,
the frequency of years with these events increased in the last two decades. While in the
period of twenty years 1941–1960 as well as 1961–1980, we recorded six years with WWS in
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each and during 1981–2000 only four WWS were recorded, in 2001–2020 we observed eight
years with WWS (Figure 4). These historical measurement data indicate that the winter
warm spells are commonly occurring winter extreme events in High Tatra Mts, however,
their occurrence over the studied period 2000–2020 became more frequent.

Table 5. The occurrence of discrete winter warm spells (WWS1, WWS2) in individual years observed during the studied
period 2000–2020.

Years with
Occurrence

of WWS
N 1

WWS1 WWS2

Duration
(days)

TMAX
(◦C)

Snow
Melt (%)

Remain
SD 2

(mm)

Duration
(Days)

TMAX
(◦C)

Snow
Melt (%)

Remain
SD (mm)

2002 2 7 (31.1–6.2) 12.5 47 8 5
(11–15.3) 8.6 38 21

2004 1 8 (14–21.3) 12.6 51 21 - - - -
2008 1 6 (22–27.2) 9.5 37 37 - - - -
2010 1 5 (23–27.3) 6.5 54 19 - - - -
2012 1 5 (21–25.3) 9.1 25 5 - - - -

2014 2 6 (5–10.1) 9.2 100 0 6
(10–15.3) 8.9 34 11

2019 1 5 (15–19.2) 11.2 7 26 - - - -
2020 1 5 (14–18.1) 10.6 29 10 - - - -

1 Total number of winter warm spells, 2 snow depth.
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Figure 4. Frequency (left vertical axis, diamonds) and duration (right vertical axis, bars) of winter warm spells recorded
throughout the 80-year period of meteorological measurements at the Skalnaté Pleso Observatory (1941–2020).

Similar to the effect of the deficit of snow cover, the occurrence of the WWS caused the
decrease of P. mugo greenness. The negative correlation between WWS and NDVI differ-
ences from the year preceding and following these events was indicated by the significant
correlation coefficients in dense thickets D2 in the altitudinal zones A2 (1600–1700 m a.s.l.)
and A3 (1700–1800 m a.s.l.) (Table 4). The injury of higher pine shrubs at these altitudes
relates to the abrupt decrease of snow depth during the episodes with temperatures highly
above freezing. Shoots protruding above the snow surface or completely exposed af-
ter snow melting suffer from the winter desiccation, photo-inhibition and abrasion by
wind-blown ice particles before the fresh snow covers them repeatedly.

Temperature. The analysis of the temperature data recorded in High Tatra Mts revealed
the gradual increase of all temperature indices. Over the last 80 years, the linear trends
(Figure 5) indicate the increase of monthly air temperatures by:

• 0.17 ◦C per decade in December (overall 1.4 ◦C),
• 0.35 ◦C per decade in January (overall 2.8 ◦C),
• 0.23 ◦C per decade in February (overall 1.8 ◦C),
• 0.11 ◦C per decade in March (overall 0.9 ◦C),
• 0.22 ◦C per decade in the winter season (overall 1.8 ◦C).
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Figure 5. Dashed lines show the average monthly air temperatures of December (T_XII), January (T_I), February (T_II) and
March (T_III) and the winter-season average (T_W) from 1941 to 2020. Solid black lines mark the clear increasing trends in
winter air temperatures at Skalnaté Pleso Observatory (1778 m a.s.l.). The solid red lines are corresponding temperatures of
the normal period 1961–1990, providing the reference level to the current temperature increase.

Similar to the temperature increase indicated by the trends, the difference between
the temperature normal (TN) of the period 1961–1990 and 1991–2020 exhibited a winter
temperature increase. The highest temperature increase was recorded in January (Figure 5).
January, with TN −4.5 ◦C in 1991–2020, became warmer than February with TN −5 ◦C,
although in 1961–1990 TN values for both months were equal to −5.8 ◦C. During the last
normal period 1991–2020, the March and December temperatures became equal with TN
−3.3 ◦C, while in 1961–1990 the TN of March (−3.9 ◦C) was lower than the TN of December
(−3.6 ◦C).

The growing season at high altitudes is generally short, but the warming in months
at the beginning and end of the dormant period leads to its prolongation. According to
the partial correlation analyses (Table 4), higher temperatures in Decembers (TXII) were
beneficial for the P. mugo thickets. When controlling the effect of the summer temperatures
(TS), the correlation coefficient R = 0.47 indicated significant positive effects of TXII on the
increase of greenness in all P. mugo pixels in the following summer. The most pronounced
effect occurred in density class D1 (R = 0.57) and in altitudinal zones A4 (R = 0.63) and A5
(R = 0.44). The warmer December indicates the later onset of winter freezing temperatures
and provides more time for lignification of current year fresh shoots, which are more
resistant to the extreme winter weather events. We also found a significant positive effect of
warmer winter seasons on NDVI increase in the sparse P. mugo thickets (D1) with R = 0.50
and at higher altitudes A4 (R = 0.49) and A5 (R = 0.53). The mild winters resulting in
the increase of P. mugo greenness at higher altitudes create advantageous conditions for
thermophilisation of the alpine zone by P. mugo.

The average monthly temperatures and temperatures of the winter season were
correlated to the average snow depth values, since it is reasonable to assume that the
temperature affects the characteristics of snow. The analyses revealed significant correlation
with the temperature of March with the R = −0.53 (Figure 6). As we previously showed
in Figure 5, compared to the other winter months, the temperatures in March increased
the least in 1941–2020. Comparing the TN of 1961–1990 to TN of 1991–2020, the TN in
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March increased by 0.6 ◦C. We assume that the ASD has remained balanced over the period
1980–2020 because of only the slight increase in March temperatures.
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Figure 6. Correlation between the temperatures of March and average snow depth measured at the
Skalnaté Pleso Observatory (1778 m a.s.l.) in the period 2000–2020. The correlation is significant with
R = −0.53 and shows a decreasing average snow depth with increasing temperature in March.

3.2. Greenness at the Beginning and End of the Studied Period 2000–2020

Analyses of inter-annual changes of vegetation greenness in density classes and
altitudinal zones of P. mugo revealed the alternation of years with considerable injuries and
years with expansive greening. Comparing the altitudinal zones, the overall greenness
increase in 2020 compared to 2000 (NDVIdif,y) was the greatest in A5, with a slight increase
in A3, close to zero in A4 and negative in A1 and A2 (Figure 7a). With respect to the
density of P. mugo thickets, the increase of NDVIdif,y was observed in D1 in contrast to the
decreased greenness in D2 (Figure 7b). These results are consistent with those presented
in the previous chapter, since in 2020 compared to 2000, the low average snow depth led
to the decrease of the NDVI in D2 and A1 and A2 while the higher temperatures affected
positively the increase of greenness in D1 and in A5. The one-way ANOVA indicated
significant NDVIdif,y between altitudinal zones´ means with p = 0.003 (Figure 7a) and
between density classes´ means p = 0.000 (Figure 7b).

The NDVIdif,y between 2020 and 2000 was highly climate-related and was not suitable
for the evaluation of the long-term changes in P. mugo communities. Therefore, we calcu-
lated the five-year NDVI averages, which are more representative than the annual NDVI
and reflect the climate of a longer period. The differences of the average NDVI (NDVIdif,5y)
from years at the beginning (2000–2004) and the end (2016–2020) of the studied period
(Figure 8) were smaller compared to the NDVIdif,y between 2000 and 2020 (Figure 7). Com-
paring the altitudinal zones, the increased greenness in 2016–2020 compared to 2000–2004
was observed in zones A3 and A5 with the increment of NDVI 1.5% and 1.1%, respectively
(Figure 8a). In the zones A2 and A4, the NDVIdif,5y was negative, but minor. In the zone
A1, the negative NDVIdif,5y by −2.7% was revealed (Figure 8a). In regards to the density of
P. mugo thickets, the increase of NDVI was small by 1.4% in the sparse density class (D1).
In the dense thickets (D2), the NDVIdif,5y was negative, but again close to zero (Figure 8b).
The one-way ANOVA indicated significant differences between altitudinal zones’ means
with p = 0.033 (Figure 8a) and between density classes´ means p = 0.045 (Figure 6b).
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Figure 8. Change of vegetation greenness of P. mugo between the end (2016–2020) and the beginning (2000–2004) of the
studied period (a) in each altitudinal zone and (b) in density classes. The blue circle marks the group average and the
vertical bars denote the 0.95 confidence intervals. The positive values indicate the increase of NDVI in 2016–2020 compared
to 2000–2004 and vice versa.

Following the inconsistent results between altitudinal zones revealed using one-way
ANOVA, since the NDVIdif,5y shown in Figure 8a is weighted by the number of pixels
(N) in altitudinal zones and density classes, we applied the multi-factorial ANOVA to the
NDVIdif,5y. The Fisher Post Hoc LSD test revealed the probability of differences between
NDVIdif,5y in the combinations of pair means of altitudinal zones (A) and density classes
(D). NDVIdif,5y represents the overall increase (decrease) of P. mugo greenness when the
increment is positive (negative) between the end (2016–2020) and the beginning (2000–2004)
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of the studied period 2000–2020 under climate change. With increasing altitude, going
from A1 to A5, the P. mugo thickets become less dense. This is illustrated by the number of
MODIS pixels N (Table 6), e.g., NA1D1 = 0 and NA1D2 = 5, meaning that there are no sparse
thickets at the lower altitude, in contrast with NA5D1 = 7 and NA5D2 = 2, which means
in the highest altitudinal zone A5 there are more sparse pixels than dense. This effect of
decreasing density with increasing altitude can also be seen on the slope of the mountain
in Figure 2.

Table 6. Multi-factorial ANOVA with Fisher’s Least Significant Difference (LSD) Post Hoc tests of probabilities of differences
of NDVI (NDVIdif,5y) between the end (2016–2020) and the beginning (2000–2004) of the studied period between groups of
altitudinal zones (A) and density classes (D). The significant differences between combinations of A and D with p < 0.05 are
in bold. The positive mean NDVIdif,5y values indicate the increase of NDVI in 2016–2020 compared to 2000–2004 and vice
versa.

D D1 D2 D1 D2 D1 D2 D1 D2 D1 D2 Mean
NDVIdif,5y

Conf.
interval

D A A1 A1 A2 A2 A3 A3 A4 A4 A5 A5 N St.dev −95% 95%

D1 A1 - - - - - - - - - - 0 - - - -
D2 A1 - 0.56 0.27 0.01 0.06 0.10 0.61 0.13 0.23 5 −2.7 1.9 −6.4 0.9
D1 A2 - 0.25 0.05 0.13 0.15 0.38 0.16 0.18 1 −5.4 4.2 −13.6 2.8
D2 A2 - 0.01 0.11 0.30 0.34 0.40 0.51 36 −0.5 0.7 −1.9 0.9
D1 A3 - 0.11 0.12 0.00 0.30 0.65 16 2.9 1.0 0.9 5.0
D2 A3 - 0.81 0.02 0.98 0.86 47 1.0 0.6 −0.2 2.2
D1 A4 - 0.08 0.90 0.80 20 0.7 0.9 −1.1 2.5
D2 A4 - 0.16 0.31 19 −1.6 1.0 −3.5 0.2
D1 A5 - 0.87 7 0.9 1.6 −2.2 4.0
D2 A5 - 2 1.5 2.9 −4.3 7.3

The significant differences between combinations of A and D with p < 0.05 mean
that these combinations in the groups react differently to climate change. One might
expect similar responses to climate change (insignificant differences) of P. mugo between
neighbouring altitudinal zones as well as opposite responses in density classes (significant
differences). The results of the Fisher Post Hoc LSD test (Table 6) are listed below:

• Similar reactions of P. mugo to climate change occurred in sparse classes along altitudes
(insignificant differences between combinations of D1A2, D1A3, D1A4 and D1A5).
The p = 0.05 (but insignificant) between neighbouring sparse classes D1A2 and D1A3
pointed at the considerable difference between them. This may indicate, that the
reaction to the climate change in sparse thickets was negative up to altitudinal zone
A2, above which it became positive. This confirmed negative mean NDVIdif,5y in D1A2
and positive mean NDVIdif,5y in D1A3, D1A4 and D1A5. However, it is important to
mention that only a single MODIS pixel, ND1A2 = 1, is probably not a representative
sample of this group.

• In the dense class D2, significant differences occurred only between D2A3 and D2A4,
while the other combinations of D2 and altitudinal zones differed insignificantly.

• Significant differences were found in combinations between different densities and
altitudinal zones occurring in D2A1, D2A2 and D2A4 and D1A3. For the first three
combinations the NDVIdif,5y decreased, which indicates that the changing climate
influenced these dense stands negatively.

• In D1A3, the highest increase of mean NDVIdif,5y of P. mugo stands out among the
other groups over the last two decades and was determined to be the most positive
response to climate change. The increase of mean NDVIdif,5y under climate change
was recorded also in combinations D2A3, D1A4, D1A5 and D2A5.

• Differences between D1 and D2 in individual altitudinal zones were insignificant.

Following these results, we summarized that at lower altitudes A1 and A2 with
both densities and in A4 with the dense thickets, climate change induced the decrease of
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NDVIdif,5y. On the contrary, at both densities in higher altitudinal zones A3, A4 and A5
(except for D2A4), climate change acted positively and the greenness increased. One pair
of combinations, D2A3 and D2A4, remains controversial because in these neighbouring
altitudinal zones the greenness of dense class decreased in A4 while it increased in A3
(Table 6).

4. Discussion

In High Tatra Mts, P. mugo fulfils important ecosystem functions. These consist
of a wide range of actions to protect soil from water and wind erosion, landslides and
devastating snow avalanches, water management including the regulation and accumu-
lation function, as well as influencing the water quality and hygiene and affecting the
microclimate. Similar to the other mountain plant communities, P. mugo faces extreme
environmental conditions and climate change. In this study, we present the results based
on satellite data from MODIS to examine the effect of winter climate on the inter-annual
variability of greenness in P. mugo thickets. Winter climate was represented by three climate
indices—winter warm spells, average snow depth and average temperatures in winter.

Plants in cold environments benefit from winter snow cover, which provides thermal
insulation, reduces exposure to low-temperature extremes, fluctuating temperatures [41],
winter desiccation and abrasion of needles and sprouts by wind-blown ice crystals [21–23]
and protects from photo-inhibition [42]. A significant factor influencing the snow depth
is forest density since, in sparse forests, the snow depth is considerably greater than in
dense healthy forests [43]. Our results show negative inter-annual changes in P. mugo
greenness occurring in the dense thickets D2 (R = 0.45), which were indicated in the
partial correlation analyses as close-to-significant. The decrease of greenness was most
pronounced at lower altitudes in A2 (R = 0.50). P. mugo at the lower altitudes grows up to 2
m in height, therefore, especially in years when the snow cover is low during the winter,
the thin layer of snow falls through the branches to the ground. This leads to the loss of
the insulation function of the snow cover protecting the aboveground parts of vegetation.
While the complete snow cover prevents the reduction in efficiency of photosystem II (PSII),
the incomplete snow cover may lead to higher water losses as well as lower dehydration
tolerance, because both osmotic adjustment and changes in turgor maintenance capacity
are reduced [42]. The photo-inhibition of PSII is often a photo-protective strategy rather
than a damaging process [44]. However, symptoms of low-temperature damage to the
photosynthetic apparatus (e.g., degradation of leaf pigments) are particularly evident when
substantial light intensity follows the exposure to low temperatures [45]. During low snow
depth conditions, the injury of needles and branches exposed to winter desiccation during
freezing temperatures together with the photo-inhibition and the abrasion of shoots by
wind-blown ice particles manifested as the decrease of NDVI in the following summer. For
NDVI, the damaged assimilatory organs are characterized by an increase of reflectance in
the red spectral band and a decrease of the signal in the near-infrared band. The increased
reflectance in the red band relates to the damage of chlorophyll in cellular structures when
the absorbance of the radiation in the red spectra is reduced.

Since climate change can cause snow amount and snowpack period reduction [16,46]
and continual shift from snow to rain in mountain regions [15,16], these trends in winter
climate and snow cover characteristics should be taken into account when predicting
climate change effects on mountain ecosystems [46]. A substantial decrease in snow depth
(SD) and earlier snowmelt may affect plant phenology, growth and reproduction in alpine
communities [46]. However, the snow cover trends in the mountain areas differ over the
world [26,47–49]. Our results from High Tatra Mts (Western Carpathians) show a decreasing
trend of average snow depth (ASD) over the studied period 2000–2020. However, the data
over a longer period 1980–2020 point to the alteration of years with lower and higher ASD.
Yet, compared to the previous period (1979–1999), the ASD of 2000–2020 was higher by
1.6 cm. Such a high decadal-scale variability but little evidence of long-term snow cover
trends linked to climate warming were identified also in the mountain regions of Bulgaria
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(southeast Europe) [50]. Although we recorded the overall warming in all the winter
months (TXII, TI, TII, TIII) and the whole winter season (TW) (Figure 5), the influence on the
average snow depth was demonstrated only in correlation with temperatures in March
(Figure 6). We assume that the long-term ASD values persist in a balanced manner since
the trend in March temperatures over 1941–2020 increased only slightly (Figure 5). These
results are consistent with previous findings [41–54], which show that the recent snowpack
losses are associated with late winter warming that decreases snow accumulation while
also advancing and increasing snowmelt.

In central Europe, recent air temperature increases during the winter seasons trans-
lated into an increased number of warm days. In Germany and Poland, on average of
3–5 warm spells per decade were recorded in 1966–2016, with the most numerous warm
spells occurring in the second half of this period [25]. Our results agree with the reported
increasing number of warm spells. Over the studied period 2000–2020, we recorded the
highest number of years with winter warm spells (WWS) in High Tatra Mts. The occurrence
of these events during winters caused negative deviations of the P. mugo greenness in the
following summers. The partial correlation analyses revealed that the occurrence of WWS
caused a significant decrease in the greenness of the dense thickets D2 (R = −0.47) in altitu-
dinal zones A2 (1600–1700 m a.s.l.) and A3 (1700–1800 m a.s.l.) with R = −0.54 for both
zones. The loss of snow cover occurring during the WWS exposes the assimilatory organs
to wind abrasion, winter desiccation and photo-inhibition before the fresh snow covers
them again. The needle desiccation and mortality are strongly affected by exposure to wind.
Windward needles have lower water contents, xylem pressure potentials and viability,
compared to leeward needles, while the dehydration and mortality of the needles below
the snow surface are minimal [55]. The negative effects of winter warm spells may lead to
damage in the landscape-scale-extent. Bokhorst [24] concluded that WWSs in the winter of
2007/08 caused the damage of extensive areas of dwarf shrub Empetrum hermaphroditum in
the sub-arctic region in Scandinavia resulting in 87% less summer growth compared to the
neighbouring undamaged areas [24]. In addition, during winters when frozen soil blocks
water uptake for several months, the low water potentials in combination with freeze–thaw
events such as WWS can lead to the formation of xylem embolism [56]. The altitude of the
timberline in High Tatra Mts ranges from 1500 to 1800 m a.s.l. depending on the stand and
climate conditions, therefore not only P. mugo stands in A1 but also those in A2 and A3
neighbour with the taller trees at the timberline. Recurring injury of dense P. mugo thickets
at lower altitudes (A2, A3) after the winters with the low average snow depth or winter
warm spells may disadvantage this species in the competition with other mountain species
utilizing the conditions of warmer climate at the timberline, such as Norway spruce (Picea
abies) [9,35–37]. However, the acting factors such as the soil-nutrition conditions [57] and
toxic pollutants [58–61] may limit the competitive pressure of these taller tree species.

As mentioned earlier, the short-term temperature increases occurring as the warm
spells during winter season caused injury to P. mugo in the dense thickets in the lower
altitudinal zones. However, warmer winter seasons and especially December led to a
significant increase of NDVI particularly in sparse P. mugo thickets at higher altitudes.
These results indicate that the winter temperatures are important driving factors leading
to the expansion of P. mugo greenness towards higher altitudes. Following the climate
warming, represented by the temperature increase by 1.4 ◦C in December, 2.8 ◦C in January,
1.8 ◦C in February, 0.9 ◦C in March and by 1.8 ◦C in winter seasons over the last 80 years
(Figure 5), the greenness expansion of P. mugo can further advance. At higher altitudes,
the mild winter seasons will decrease the injuries caused to this evergreen conifer species
by freezing temperatures in the seasons with insufficient snow depth. Depending on the
temperature, the growing season at high altitudes is generally short, but the warming in
months at the beginning and end of the growing season leads to its prolongation. Our
results revealed that temperature increase in the first winter month—December—led to the
significant increase of P. mugo greenness in the following summer (R = 0.47) in all pixels,
with the most pronounced effect in the sparse P. mugo thickets (R = 0.57) at higher altitudes
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A4 (0.63) and A5 (R = 0.44). The later onset of winter freezing temperatures provides more
time for the lignification of current year fresh shoots and thus enhances their resistance to
extreme winter weather events.

Across the studied subalpine area in High Tatra Mts, we found a considerable effect
of stand factors—altitude and density, on the NDVIdif,5y between the beginning (2000–
2004) and end (2016–2020) of the studied period. At lower altitudes—A1 and A2—with
both densities and in A4 with the dense thickets, climate change induced the decrease of
NDVIdif,5y. On the contrary, at both densities in higher altitudinal zones A3, A4 and A5
(except for D2A4), climate change acted positively and the greenness increased. It is impor-
tant to emphasize that the density in D2 at higher altitudes (A3–A5) does not exclusively
constitute totally closed canopies, but also includes the areas of P. mugo interrupted by
rocky fields (Table 3, Figure 2). Here, the increase of greenness via the growth expansion
under favourable climate conditions is still possible. Previous studies using ortophoto
maps documented rapid expansion of P. mugo into alpine meadows [7,34,62]. The fastest
expansion occurred within open stands [62] with short pine polycormon margins [9]. In
favourable conditions, P. mugo with its branching growth is able to cover the ground to a
degree that excludes most other vegetation (except shade tolerant mosses) within a span of
few decades [63]. Therefore, expanding P. mugo thickets can exert a strong negative influ-
ence on the biodiversity of alpine meadows by reducing the habitat of heliophytic alpine
plants and many insect species [64]. The favourable climate conditions relating to climate
warming support the thermophilisation of high mountain areas by vital P. mugo shrubs
suppressing the valuable alpine ecosystems and endemics. Recent research in mountain
summits in Europe indicated gradual decrease of cold-adapted alpine species [65,66] and
warming-related colonization of subalpine vascular species, particularly shrubs, into alpine
summits. On the south-facing slopes analysed in this study, the colonization is expected to
be more pronounced [67].

5. Conclusions

In the preservation of all ecosystems against the climate change, the monitoring of
climate impacts is a priority. With the continual increase of winter temperatures, any
damage to vegetation may incur major consequences for the biodiversity of the subalpine
and alpine ecosystems. In the presented study, we selected the main winter climate indices
using the temperature and snow cover data to analyse the impacts of climate change and
winter weather conditions on the P. mugo thickets in the subalpine area of High Tatra Mts
(Western Carpathians). We employed remote sensing NDVI data to quantify the inter-
annual changes of this evergreen conifer. The landscape observations of P. mugo provided
compelling evidence that winter climate indices can explain the inter-annual variations of
greenness.

Our main results are as follows:

1. Across the studied subalpine area in High Tatra Mts, we found a considerable effect
of stand factors—altitude and density, on the changes of P. mugo greenness induced
by the winter climate.

2. We observed a negative effect of winter warm spells in dense P. mugo thickets and at
lower altitudes, because the warmer weather melts the snow cover, which serves as
the protection to abrasion of needles and sprouts by windblown ice, winter desiccation
and photo-inhibition.

3. A positive correlation was found between greenness and average snow cover depth
in dense thickets, indicating that the P. mugo benefits from the protection of higher
snow cover. However, after winters with low snow cover, when the protection was
insufficient, P. mugo greenness decreased in the following summer.

4. We also found a positive effect of the rising winter temperatures on the greenness of
sparse thickets in the following summer, which we interpret as mild winters having a
less deteriorating effect on the greenness of P. mugo.
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5. Our results revealed that the temperature increase in the first winter month—December
—caused a significant increase in the greenness of P. mugo in the following summer,
particularly in sparse thickets and at higher altitudes. The later onset of winter freez-
ing temperatures provides more time for the lignification of current year fresh shoots
and thus enhances their resistance to extreme winter weather events.

6. In the studied period 2000–2020, we found an overall increase of greenness at the
end of the period compared to its beginning, meaning that climate warming created
suitable conditions for P. mugo and advanced its expansion into the alpine zone.

Expansion of species into new territories has the potential to cause adverse changes
to the ecosystems. At the higher altitudes (1800–2000 m a.s.l.), we expect that further
warming of winter seasons will decrease the overall injuries caused to P. mugo by freezing
temperatures in the seasons with a snow cover deficit. This may lead to the enhancement of
the thermophilisation of alpine areas by these vital shrubs, suppressing the other valuable
alpine ecosystems and endemics, especially cold-adopted species. On the other hand,
recurring injury of P. mugo thickets at the timberline after the winters with low snow
depth or winter warm spells may disadvantage this species in the competition with other
mountain species utilizing the conditions of a warmer climate. In future work, we will
carry out the analyses of the combined effects of the changing climate and the oxidative
stress on high mountain species near and above the timberline.
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