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Abstract: The reconstruction of historical air temperatures over the past 250 years
(1775-2024) in the alpine treeline ecotone (ATE) of the High Tatra Mts, Slovakia, pro-
vides insights into long-term climate variability. As a high-elevation region sensitive to
climatic fluctuations, the alpine treeline is a key indicator of environmental change. A
model-based approach allows estimation of air temperature where direct measurements
are lacking, offering a tool for assessing long-term climate impacts in high mountains.
This study models the July monthly average air temperature (JL-Tavg) and the 10°C
July isotherm, a climatic threshold for vegetation growth. The regression model is based
on the environmental temperature lapse rate (ETL), assuming a systematic decrease in
temperature with altitude (~ 0.65°C per 100 m). Using air temperature data from Eu-
ropean stations spanning 191-3109 m a.s.l., the model estimated ETL, which was then
applied to reconstruct JL-Tavg and track the 10°C isotherm across the Skalnatd dolina
ATE profile. The regression model showed a good fit between observed and predicted val-
ues, with root mean square error lower than the standard deviation of average JL-Tavg.
Reconstructed data indicate that the 10°C July isotherm fluctuated markedly between
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1775 and 2024. The alpine treeline, defined as the elevation with zero probability of tree
growth, varied from ~ 2000 m a.s.l. during the cooler phase (1875-1974) to ~ 2300 m
a.s.l. in the warmer phase (1775-1874). Since 1975, accelerated warming has shifted this
thermal boundary upward to &~ 2400 m a.s.l., now representing the upper cold limit for
alpine tree growth in the southern High Tatra Mts. Future work should integrate field
monitoring, such as mapping dwarf pine above 2000 m a.s.l., to evaluate current distri-
butional limits under ongoing warming.

Key words: cold limit, alpine treeline, average monthly air temperature, July isotherm,
ETL model

1. Introduction

Mountain regions are highly sensitive to warming, and long-term reconstruc-
tion of air temperature is essential for evaluating its ecological impacts. The
alpine treeline ecotone (ATE) represents a critical transitional zone where
the thermal limits of tree growth are reached. This boundary defines the
uppermost elevation at which trees can persist, primarily constrained by
low temperatures and short growing seasons (Korner, 2003).

The cold climate of alpine zones limits tree growth by suppressing pho-
tosynthetic CO9 assimilation and constraining the formation of new cells
(Lehner and Liitz, 2003; Feng et al., 2022). It is now well-established that
plant tissue formation ceases near 0°C, and growth in both cambial and
apical meristems, above and below ground, is minimal up to temperatures
around +5°C. These thermal thresholds align with long-standing physio-
logical limits observed in winter crops and forest trees (Kdrner, 2012). At
high elevations or latitudes, trees encounter their lower thermal range limits,
which is generally defined by the mean July temperature (or warmest-month
isotherm) of 10°C, although this value does not universally apply to all re-
gions (Kdrner and Paulsen, 2004). This climatically driven limit is referred
to as the alpine treeline and represents the bioclimatic boundary beyond
which the tree life-form cannot be sustained due to thermal constraints
(Korner, 2021).

In the Tatra Mts, the treeline defined as the highest occurrence of tree
groups, was observed at elevations ranging from 1777 m a.s.l. in the Low
Tatras to 1806 m a.s.l. in the Western Tatras at the end of the 20" century
(Kaspar and Treml, 2016). In the High Tatras, research on ATE confirmed
an upward shift of the treeline in the early 215% century in locations such
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as the Mengusovska Valley (Slovakia) and Rybi Potok Valley (Poland), pri-

marily attributed to reduced human land use, regional climate warming,

and inactive avalanche paths (Kaczka et al., 2015). An expansion of dwarf
pine (Pinus mugo Turra) area has been observed due to longer growing sea-
sons, milder winters, and reduced snow cover (Svajda et al., 2011; Soldr and

Janiga, 2013; Lukasovd et al., 2021; Lukasovd et al., 2022). Dwarf pine is

considered a sensitive bioindicator of ATE changes, responding to air tem-

perature, snow cover, precipitation patterns, and other climatic factors. It
is a widespread component of mountain tree vegetation globally.

Although increase temperatures linked to climate change remain a pri-
mary driver of alpine treeline advance, treeline dynamics are shaped by a
complex interplay of factors, including land use, natural disturbances, cli-
mate stressors, tree population dynamics, and biotic interactions (Kulakows-
ki et al., 2016). To understand these complex dynamics, it is essential to
integrate diverse scientific disciplines such as plant ecology, dendroecology,
ecophysiology, and remote sensing (Bader et al., 2021). Reliable assessments
require comprehensive, complex long-term studies such as the Stillberg eco-
logical treeline research site in the Swiss Alps (Lechler et al., 2024). However,
long-term trends in growth and year-to-year responses of many mountain
tree and shrub species to climate change remain poorly documented.

The lack of historical instrumental data from high-elevation sites com-
plicates efforts to reconstruct past air temperature in mountain environ-
ments. Consequently, researchers rely on a combination of natural proxy
data (Biintgen et al., 2015; Esper et al., 2018; Zatkovd et al., 2023) and sta-
tistical models (Dobrovolny et al., 2010; Jones, 2016; Neukom et al., 2019).
Global reanalysis products, such as the 20th Century Reanalysis (Compo et
al., 2011), provide physically consistent climate fields, although their spatial
resolution and accuracy in mountainous regions remain limited.

This study aims to reconstruct the July average air temperature (JL-
Tavg) for the ATE zone of the High Tatra Mts using historical climate
datasets (1775-2024) from observatories across Europe.

The specific objectives are:

1. To develop a regression model based on the environmental temperature
lapse rate (ETL), using lowland and sparse high-elevation observations
to estimate ATE air temperatures during periods without direct mea-
surements.
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2. To analyse the probability of occurrence of the cold limit for mountain
tree growth in the High Tatra Mts related to the altitude of the 10°C
July isotherm across the ATE zone (1500-2600 m a.s.l.) in the Skalnatd
dolina study area.

2. Materials and methods
2.1. Data sources

Long-term series of JL-Tavg data were collected from 12 European meteo-
rological observatories (Fig. 1 left) situated in an elevation profile from 191
to 3109 m (Table 1). The reconstruction of historical JL-Tavg data (1775
2024) for ATE in the High Tatra Mts (Fig. 1 right) was primarily based on
records from the Klementinum observatory in Prague (CZ-KLE), the old-
est continuously operating climate observatory in Central Europe. Despite
certain limitations, such as its location in the city centre and the place-
ment of instruments within a building complex, this site provides a unique
and highly valuable source of historical weather and climate data (CHMI,
2025). To complement this lowland dataset, temperature records were ob-
tained from several mountain observatories, including the world’s oldest
mountain meteorological station at Hohenpeissenberg (DE-HOP) (Winkler,
2006), as well as summit stations at Zugspitze (DE-ZUG) and Sonnblick
(AT-SON) in the Alpine region. Monthly homogenized temperature records
for these Alpine sites are available through the HISTALP database, which
provides historical instrumental climatological surface time series for the
Greater Alpine Region (HISTALP, 2025). Additional data were sourced
from the European Climate Assessment & Dataset (ECA&D) (Klein Tank
et al., 2002), which includes records from two high-elevation Romanian
Carpathian stations: Ceauhlau Toaca (RO-CEA) and Varful Omu (RO-
VAR). Within the Western Carpathians, the ECA&D database also includes
Kasprowy Wierch (PL-KAW), a station situated on the border between
Poland and Slovakia.

Temperature records from other Slovak climate stations were obtained
from the database of the Slovak Hydrometeorological Institute (SHMI). Se-
lected stations form an elevation transect from the foothill site at Tatranska
Lomnica (SK-TAL), through the forest belt at Strbské Pleso (SK-STP), to
the ATE zone at Skalnaté Pleso (SK-SKP), and up to the summit station at
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Lomnicky stit (SK-LOS). The SK-SKP observatory, which began operation
in 1943, provides the longest continuous series of high-quality temperature
observations within the ATE zone. At this site, air temperature has been
recorded by qualified observers using a calibrated mercury-in-glass ther-
mometer placed in a standard wooden meteorological shelter, located 2 m
above the ground. Observations are conducted at standard times (7:00 AM,
2:00 PM, and 9:00 PM). Monthly average temperatures were calculated by
averaging daily mean values. A similar methodology was used at the other
observatories included in this study.

Fig. 1. Left: Locations of climate observation sites across Europe. Right: ATE study
area in the High Tatra Mountains, Slovakia, located within the Skalnatéd dolina National
Nature Reserve (site abbreviations provided in Table 1).

2.2. ATE study area in the High Tatra Mts

The study area encompasses the ATE of Skalnata dolina within Tatra Na-
tional Park, located in the Slovak Tatra Mountains, part of the Western
Carpathians (Fig. 1). Skalnatd dolina, or “Rocky Valley”, is a national
nature reserve designated under IUCN Category Ia, indicating strict pro-
tection. The valley was shaped by Pleistocene glaciation, with preserved lat-
eral moraines, a glacial lake, and Quaternary slope deposits. The bedrock is
dominated by grey two-mica granodiorite, with pink-red K-feldspar granites
near Svistovka and fault-mylonite zones exposed in adjacent peaks (Bezdk
and Magjein, 2013). Near a glacial lake beneath the southern cliffs of Lom-
nicky §tit (2635 m a.s.l.), the Skalnaté Pleso Observatory lies at an altitude
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Table 1. European meteorological observatories with long-term air temperature records,
listed in ascending order of altitude.

Abbr. Latitude Alt.H Observ.

Observatory Location Longitude m a.s.l. period
. 50°05'11"N
1 Klementinum Praque CZ-KLE 14°24'59"F) 191 17752024
Tatranska . 49°09'52"N
2 Lommnica High Tatra Mts  SK-TAL 20° 17 17"E, 839 18972024
. Mount 47°48'05"N
3 Hohenpeiflienberg HohenpeiBenberg DE-HOP 11°00'35"E 986  1781-2024
& . . 49°07"10"N
4 Strbské Pleso High Tatra Mts  SK-STP 920°0348"E 1323 19312024
, . ‘ 49°11'29"N
5 Skalnaté Pleso High Tatra Mts  SK-SKP 920°12'54"F, 1778 1941-2024
o / 1"
6 Ceahlau Toaca Ceahlau Massif ~ RO-CEA 46055/47,,N 1897  1964-2024
25°55'11"E
o / 1"
7 Kasprowy wierch High Tatra Mts PL-KAW 49013/57,,N 1988  1951-2024
19°58'55"E
. 48°56'38" N
8 Chopok Low Tatra Mts  SK-CHO 19°35/32"E 2005  1955-2024
. . 45°26'59"N
9 Varfu Omul Bucegi Mts RO-VAR 9529700 E 2504 19612024
v s . 49°11'43"N
10 Lomnicky stit High Tatra Mts  SK-LOS 920°12'54"F 2635  1951-2024
. . 47°25'20"N
11 Zugspitze Wetterstein Mts DE-ZUG 10°59'12"F 2964  1901-2024
o ’ "
12 Sonmblick Hohe Tauern  AT-SON 270315 N 3109 1887 9024

12°57'27"E

of 1778 m a.s.l. Meteorological data from this observatory provide charac-
terization of climatic conditions approximately at the 1800 m contour line.
At this elevation, permanent snow cover typically persists for 35 to 200 days
between October and May (Ustrnul et al., 2015), while the growing season
generally spans from May to September, when average monthly air tem-
peratures exceed 5°C (Zmudzka et al., 2015). Recent climate trends in the
ATE are reflected in a rise in mean annual temperature from 1.7°C to 2.8°C
and an increase in annual precipitation from 1282 mm to 1477 mm between
the periods 1961-1990 and 1991-2020 (Lukasovd et al., 2023). The lower
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part of the ATE, between 1500 and 1800 m a.s.l., is almost entirely covered
by dwarf pine, with a continuous distribution reaching up to approximately
1800-1900 m a.s.l. (Krippel, 1986). The absence of conifer biomarkers from
the late pleistocene (16,247 BP) to the holocene (4420 BP) suggests that
this upper limit has never exceeded 1880 m a.s.l. in the past (Zatkovd et
al., 2023). At higher elevations, harsh climatic conditions, strong winds,
and nutrient-poor soils restrict dwarf pine to scattered patches. The up-
permost part of the ATE, the alpine zone, is characterized by sparse alpine
meadows and rocky terrain. Vegetation in these areas is dominated by grass
communities such as the Juncus trifidus community.

2.3. Modelling of JL-Tavg and changes of alpine treeline altitude
for ATE of the High Tatra Mts over the historical period
(1775—2024)

Modelling of JL-Tavg in the ATE zone of the High Tatra Mts was primarily
based on historical data from CZ-KLE, supplemented by observations from
multiple European sites spanning a broad elevation range (191-3109 m).
The regression model estimates the ETL, assuming a systematic and ap-
proximately linear decrease in air temperature with increasing elevation.
While the commonly cited average environmental lapse rate (ELR) in the
troposphere is around 6.5 °C per kilometre (or 0.65°C per 100 metres), this
value can vary depending on local climatic and geographic conditions (Barry,
2008; Barry and Chorley, 2009). Calibration of ETL regression coefficients
to reconstruct JL-Tavg over the historical period (1775-2024) in the MAT-
LAB programming environment was conducted, following six main steps:

1. ETL regression analysis of gap-free data (1964-2024) performed sepa-
rately for each year to examine the relationship between altitude and
the observed JL-Tavg values across all 12 sites (Table 1).

2. Evaluation of the relationship between the regression coefficients from the
ETL analysis (Step 1) and the observed JL-Tavg data from the CZ-KLE
site, in order to extend the ETL regression model from the 1964-2024
period to the full 1775-2024 period.

3. Model validation through differences between modelled and observed JL-
Tavg values, with the root mean square error (RMSE) calculated for all
12 sites (Table 1).
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4. Generate JL-Tavg values for the period 1775-2024 across elevation pro-
file from 1500 to 2600 m, at 100-meter intervals, corresponding to the
elevation profile in the ATE of Skalnata dolina study area.

5. Model simulation of alpine treeline altitude changes related to the ther-
mal criteria of the July isotherm using Regression Learner, an interactive
app of Matlab for training, comparing, and optimizing regression mod-
els with support for multiple algorithms, including Linear Regression,
Support Vector Machines (SVM), Gaussian Process Regression (GPR),
Decision Trees, and Ensemble methods.

6. To assess the probability of meeting the 10°C July isotherm thermal
criterion along the ATE elevation profile of Skalnatd dolina study area
over the last five half-century periods.

3. Results

3.1. Modelling JL-Tavg and tree growth cold limit in the ATE
zone of the High Tatra Mts

The results of the model processing, following the six-step methodology
(steps 1-6), are presented in Figs. 2-7 and Tables 24.

Processing the complete JL-Tavg data series from all 12 stations (Ta-
ble 1) over a period exceeding six decades (1964-2024) yielded the ETL
linear regression coefficients (al, bl), shown in Fig. 2 (step 1). Recalcu-
lated slope (a2) and intercept (b2) values for the extended historical period
(1775-2024), based on the relationship between regression coefficients (al,
bl) and JL-Tavg from the longest dataset at CZ-KLE (Fig. 3), are presented
in Fig. 4 (step 2). In the first case (Fig. 2), the most frequent al values
ranged from —0.0065 to —0.0061; in the second case (Fig. 4), a2 values were
between —0.0063 and —0.0062. Both are close to the expected environmen-
tal lapse rate of 6.5°C/km (0.65°C/100 m).

Model accuracy (step 3) is supported by statistical error metrics (Ta-
ble 2) indicates a good fit of the ETL model across all 12 sites, with RMSE
being lower than the STD of the average values. The highest RMSE values
(>1.00) showed sites RO-VAR and RO-CEA in the Romanian Carpathi-
ans. The weaker correlation with the meteorological stations in Romania
(Table 2) may arise from a stronger continental influence, different air circu-
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lation, and distinct topography in comparison to the High Tatras. The Alps
and the Tatras have a similar orographic orientation (mostly west—east),
which makes the capture and distribution of air masses more comparable.
The Romanian Carpathians, on the other hand, have a more complex and
arcuate structure, which leads to different regional patterns of precipita-
tion, cloudiness, and consequently temperature (Popa and Bouriaud, 2014).
A comparison of observed and modelled JL-Tavg at the SK-TAL, SK-SKP,
and SK-LOS sites along the elevation profile of the Skalnata dolina study
area (Fig. 5) reveals a similar temporal course, with acceptable RMSE val-
ues ranging from 0.74 to 0.82 limits.

Frequency

|
(-0.0065, -0.0061]
[-0.0069, -0.0065] (-0.0061, -0.0058]

al

Fig. 2. Annual linear regression coefficients (al: slope, bl: intercept) describing the re-
lationship between JL-Tavg and altitude across the 12 study sites listed in Table 1 (left),
along with the frequency distribution of al values (right), based on data from the period
1964-2024.

Figure 6 (step 4) visualizes year-to-year changes in JL-Tavg over the
historical period (1775-2024) along the elevation profile of the Skalnatd
dolina study area (15002600 m), with colour shading applied using locally
weighted linear smoothing. The figure confirms the expected decrease in
JL-Tavg with altitude, accelerated warming over the past five decades, and
shift of 10°C isotherm to altitudes above 2000 m a.s.l. This modelled JL-
Tavg time series served as the basis for reconstructing the altitude of the
10°C isotherm using multiple regression models (Fig. 7, step 5). Despite
variations in model outputs, all simulations indicate an upward shift in the
cold limit for tree growth with RMSE of approximately 200 m (Table 3).
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Fig. 3. Response plots for the prediction of ETL linear regression coefficients: slope (left)
and intercept (right).

Finally, Table 4 (step 6) presents the results of a probability-based anal-
ysis tracking the altitude of the cold limit for tree growth, defined as the
elevation at which the probability of the 10°C July isotherm occurrence is
zero. This thermal boundary varied from approximately 2000 m a.s.l. dur-
ing the relatively cooler period (1875-1974) to about 2300 m a.s.l. in the
warmer phase (1775-1874). From 1975, the cold limit driven by accelerated
warming has shifted upward to altitude of 2400 m a.s.l.

Step 1: ETL regression using complete JL-Tavg dataset (1964-2024, 12
sites) (Fig. 2).

Step 2: The relationship between ETL regression coefficients (al and bl,
step 1) and JL-Tavg at the CZ-KLE site, used to extend the model from
the observed period (1964-2024) to the reconstruction period (1775-2024)
(Figs. 3-4).

Step 3: Model validation (Fig. 5, Table 2).

Step 4: JL-Tavg reconstruction (1775-2024) across the 1500-2600 m a.s.l.
elevation profile (Fig. 6, Table 3).

Step 5: Simulation of alpine treeline altitude changes (Fig. 7).

Step 6: Probability of meeting the 10 °C thermal criterion according to JL-
Tavg values (Table 4).
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Frequency

0

[-0.0065, -0.0063]

(-0.0063, -0.0062]

(-0.0062, -0.0080]

Fig. 4. Annual linear regression coefficients (a2: slope, b2: intercept) describing the rela-
tionship between JL-Tavg and altitude across the 12 sites listed in Table 1 (left), along
with the frequency distribution of a2 values (right), based on data JL-Tavg from the

CZ-KLE for the period 1775-2024.

Table 2. Comparison of average July air temperature (AVG) and standard deviation
(STD) based on observed (o) and modelled (m) data for both the observed (Table 1)
and the modelled (1775-2024) periods, along with goodness-of-fit metrics for ETL model:
SSE — Sum of Squares due to Error, R? — Coefficient of Determination, DFE — Degrees
of Freedom for Error, Adj R? — Adjusted R-square, RMSE — Root Mean Square Error.

Location AVG-o STD-o AVGg-m STD-m SSE R? DFE AdR? RMSE
1 CZ-KLE 199 1.6 19.5 14 0.2 1.00 248 1.00 0.03
2 SK-TAL 154 1.3 15.4 1.3 775 0.64 115 0.64 0.82
3 DE-HOP 15.0 1.8 14.5 1.3 1117 0.74 242 0.74 0.68
4 SK-STP 129 1.5 12.4 1.3 522 0.67 92 0.67 0.75
5 SK-SKP 10.3 1.6 9.6 1.3 322 078 81 0.78 0.63
6 RO-CEA 10.1 1.7 8.9 1.2 76.3 033 59 0.32 1.14
7 PL-KAW 7.8 1.7 8.4 1.2 314 07 72 0.77 0.66
8 SK-CHO 7.8 1.7 8.2 1.2 249 080 68 0.80 0.60
9 RO-VAR 6.1 1.5 5.1 1.2 84.0 0.27 62 0.26 1.16
10 SK-LOS 4.5 1.7 4.3 1.2 394 068 72 0.68 0.74
11 DE-ZUG 2.5 1.6 2.3 1.2 26.2 0.85 120 0.85 0.47
12 AT-SON 1.9 1.7 1.4 1.1 35,5 081 136 0.81 0.51
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Fig. 5. Comparison of modelled (m) and observed (o) JL-Tavg values for stations located
along the Skalnatéd dolina elevation profile over the period 1775-2024.

4. Discussion

Reconstructing past air temperatures is a critical tool in climate science
and meteorology for analysing long-term climate trends, particularly in
the context of projections indicating a global temperature rise of 1.4 to
4.4°C by 2100 (IPCC, 2023). Continued warming has significant impacts
on vulnerable mountain regions, which face transboundary, multi-hazard
risks (Pittore et al., 2023). The occurrence of extreme events is closely asso-
ciated with permafrost degradation (Krautblatter et al., 2018), slope desta-

352



Contributions to Geophysics and Geodesy Vol. 55/3, 2025 (341-362)

14
13
12

{11

10 - PR T S T i %% 110

2000 2500 Llsoo 1850 1900 1950 2000
H(mas.l) Year

Fig. 6. Model visualization of reconstructed JL-Tavg across ATE-zone elevations in the
Skalnaté dolina study area.

Table 3. Goodness-of-fit metrics for ETL model.

N. Model Type RMSE MSE RSquared MAE
1 Linear Regression 199 39621 0.03 159
2 Cubic SVM 182 33161 0.19 145
3 Exponential GPR 183 33343 0.19 144
4 Least Squares Regression Kernel = 182 32948 0.20 143
5 Medium Neural Network 184 33839 0.17 145
6 Medium Tree 187 34864 0.15 149

bilization and rockfalls (Jacobs et al., 2020) intensified erosion from mud
and debris flows (Stammberger et al., 2025), landslides (Kincey et al., 2024),
and negative glacier mass balances leading to increased runoff (Hofmeister,
2025). Changes in the cryosphere further affect landscapes, hydrological
regimes, water resources, and infrastructure (Beniston et al., 2018). Effec-
tively addressing these challenges requires an integrated understanding of
historical and ongoing climate trends, their links to natural hazards, the
underlying physical processes, and their likely future developments (Crespi,
2025).
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Table 4. Probability (%) of cold-limit tree growth across ATE elevations (H m a.s.l.) in
the High Tatra Mts over the last five half-centuries (1775-2024).

H (m a.s.l.)

N. Period
1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600
1 1775-1824 90% 76% 56% 38% 18% 6% 2% 0% 0% 0% 0% 0%
2 1825-1874 7% 62% 42% 27% 13% 7% 2% 2% 0% 0% 0% 0%
3 1875-1924 %  50% 35% 10% 5% 0% 0% 0% 0% 0% 0% 0%
4 1925-1974 92% 80% 54% 32% 6% 0% 0% 0% 0% 0% 0% 0%
5 1975-2024 92% 86% T6% 62% 48% 24% 16% 4% 2% 0% 0% 0%

In addition to natural hazard risk, climate-driven ecological changes
can profoundly impact biodiverse montane ecosystems, with effects vary-
ing by elevation due to species traits that shift along mountain gradients
(Mamantov et al., 2021). This shift is particularly evident in treelines, while
the influence of climate change on treeline dynamics is regarded as a key
indicator of global change affecting terrestrial ecosystems (Wang and Liang,
2019). The alpine treeline is typically defined by a mean July temperature
of around 10°C, though this threshold is not universal (Kérner and Paulsen,
2004). Globally, the alpine treeline occurs where the seasonal mean temper-
ature is around 6 °C, with a growing season of at least three months (Kédrner,
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2020; 2021). The elevational range of naturally occurring mountain tree
vegetation varies markedly among regions: 1134-1806 m in the Central Eu-
ropean mountain ranges (Kaspar and Treml, 2016), 1400-2010 m in the
Ukrainian Eastern Carpathians (Tsaryk et al., 2006), 1221-2640 m in the
Central Apennines (Dai et al., 2017), 1282-373 m across the western United
States (Weiss et al., 2015), up to approximately 4000 m in the Hengduan
Mountains, China (Tian et al., 2022), and reaching nearly 4900 m in the
Himalayas, the highest known upper treelines in the Northern Hemisphere
(Singh et al., 2019).

The reconstruction of alpine treeline altitude in the High Tatra Mts in-
dicates an upward shift of the cold limit for tree growth to approximately
2400 m a.s.l. over the past half-century (1975-2024). This altitude corre-
sponds to a zero probability of meeting the thermal criterion of a 10 °C mean
July temperature (Table 4). Above 2000 m a.s.l., the probability remains
low but increases steadily with decreasing altitude, reaching nearly 100%
close to 1500 m a.s.]. The mentioned cold limit estimate is considerably
higher than those reported elsewhere, Kaspar and Treml (2016). However,
their definition of the treeline corresponds to the uppermost boundary of
dwarf pine group occurrence, whereas smaller individuals and isolated clus-
ters may occur at higher elevations. Small individuals of dwarf pine intrude
into fragmented grass-herb stands on scree cones, which is related to edaphic
conditions — accumulated organic matter, humus and other small-debris-like
weathering materials with an elevated availability of nutrients. Further,
they spread along the paths (grooves) of former but also current debris
flows, avalanche paths and other disturbed surfaces of the soil-wind mantle,
or on the backs and mounds of moraines, but also stone glaciers and forms
of the so-called snowbanks (Boltiziar, 2007; Hresko et al., 2012). Conse-
quently, future research should prioritize monitoring dwarf pine individuals
in areas with a low probability of occurrence, particularly at altitudes above
2000 m a.s.l.

An afforestation experiment in the Alpine Treeline Ecotone (ATE) at the
Stillberg treeline research site demonstrated that dwarf pine can survive at
and above the current 2100 m treeline in the transitional region between
the relatively humid Northern Alps and the more continental Central Alps.
However, a marked increase in mortality at higher elevations was linked to
snow fungal pathogens, driven by microclimatic factors such as snow cover
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duration, solar radiation, and wind exposure (Lechler et al., 2024). In this
region, the treeline has advanced by an average of 40 m over the past 40
years, with pine trees favouring ridges and north-facing slopes (Frei et al.,
2023). A comparable upward shift of the treeline has been documented
in the Central Apeninines (Dai et al., 2017), the Carpathian Mountains
(Weisberg et al., 2013), and in the Central and the Hengduan Mountains
in China, where it is primarily determined by growing season temperature
and precipitation (Tian et al., 2022). In the Polish Carpathians, vertical
climate zones shifted upward approximately by 350 metres over 1851-2010
(Wypych et al., 2018). The effect of increasing air temperatures during the
growing season and earlier snow melt-out dates is considered to be the rea-
son for enhanced growth of alpine shrubs in French Pyrenees over at least
the last century (Francon et al., 2023). A slight upward shift in the bound-
aries of coniferous forests, shrublands, and alpine meadows was observed in
the High Tatra Mts over more than 50 years (1956-2010), (Soldr and Soldr,
2020). The most pronounced shift was documented for dwarf pine, which
expanded to higher altitudes, primarily on sunny and gently sloping sites
(Piscovd et al., 2023).

These observed changes are consistent with the modelled trend in histor-
ical treeline altitude (Fig. 7), based on reconstructed JL-Tavg (Figs. 5-6),
which indicates an upward shift over the past five decades (1975-2024). This
trend is further supported by data from the Skalnaté Pleso Observatory,
where mean annual temperature increased by 1.1°C and JL-Tavg by 1.7°C
between the periods 1961-1990 and 1991-2020 (Lukasovd et al., 2023). The
applied ETL model showed satisfactory performance, with RMSE values
lower than the standard deviation of observed means, suggesting that model
predictions fall within the natural variability of the data (Table 2).

Given its performance, the ETL model offers potential for reconstructing
the historical position of the alpine treeline based on the global thermal cri-
terion of a mean seasonal air temperature ~ 6 °C sustained over a minimum
three-month growing season (Korner, 2020). For the High Tatra Mts, mean
air temperatures from the warmest months (June-August) should be used.
To complement the modelling, field-based monitoring should be conducted,
including systematic mapping of dwarf pine at elevations above 2000 me-
ters, in order to assess its current distribution limits in relation to thermal
constraints.
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5. Conclusion

This study provides a 250-year reconstruction (1775-2024) of July aver-
age air temperatures (JL-Tavg) in the Alpine Treeline Ecotone (ATE) of
the High Tatra Mts, using a regression model based on the environmen-
tal temperature lapse rate (ETL) derived from 12 European meteorological
observatories across a wide elevation range (191-3109 m). The model accu-
rately estimated JL-Tavg and enabled the delineation of the 10 °C isotherm,
critical for alpine vegetation growth, along the ATE profile in the Skalnata
dolina study area.

Findings indicate that the modelled alpine treeline, defined as the alti-
tude with zero probability of tree growth, varied across different time inter-
vals of the historical period. During the relatively warm phase of 1775-1874,
it reached elevations of approximately 2200-2300 m, while in the cooler pe-
riod of 1875-1974, it declined to level around 2000 m. Over the past 50
years, the alpine treeline has shifted upward to about 2400 m, representing
the current upper cold limit for alpine tree growth in the southern part of
the High Tatra Mountains.

These results emphasize the sensitivity of high-mountain ecosystems to
ongoing climate warming and underscore the importance of targeted field
monitoring. Future research should focus on field monitoring of dwarf pine
and alpine vegetation dynamics within the ATE zone between 2000 and
2400 m, where climate-induced shifts in the bioclimatic boundary for vege-
tation growth are anticipated. Research on these topics is essential for devel-
oping adaptive management strategies, informing conservation efforts, and
predicting future ecological shifts in the biodiversity-sensitive ATE zones of
high-mountain regions in Central and Eastern Europe.
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