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ABSTRACT

European forests are severely threatened by rapid global climate change. Predicting the effects
of climate change on the future performance of tree species can be enhanced by using
geographical gradients as space-time proxies. This study focuses on analysing seasonal and
inter-annual phenological trends for eight sites of European beech (Fagus sylvatica L.) in the
Carpathians along such geographical gradient. Using time series of the Enhanced Vegetation
Index (EVI) from 2003 to 2022, derived from 16-day MODIS Terra and Aqua vegetation
products, combined with meteorological parameters (temperature and precipitation) interpo-
lated for a grid and Land Surface Temperature (LST) data from Landsat, we compared annual
forest development at the study sites and extracted key phenological metrics (start, length, and
end of the growing season) using the phenofit software package for R. Our results show varied
responses of the studied forest sites to climate change. The end of season extended signifi-
cantly at Soveja (slope =0.50, p = 0.023). Spring temperatures had negative correlations with
the start of season (r=-0.37) and autumn temperatures positive correlation with the end of
season (r=0.43). Understanding these patterns is crucial for developing adaptive forest man-
agement strategies in Carpathians.
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To observe and describe the phenological phase of
forests at the species individual tree scale, systematic
personal visual observations are required (Donnelly
et al., 2017; Templ et al., 2018). To analyse phenolo-
gical events at the local scale, a network of phenologi-
cal ground stations is usually used (Czernecki et al,,
2018; Seyednasrollah et al., 2019). Larger and diverse
forest ground observations along the Carpathian
Mountains, could be very difficult or at least time,
cost and labour-intensive and would rarely provide
long-term data (Misra et al.,, 2016; Reyes-Gonzalez
et al, 2021). Satellite remote sensing (RS) is
a valuable tool that enables the development of meth-
ods to characterise the long-term phenological
response of forests at local and regional scales (Gray
& Ewers, 2021). In the context of RS a Land Surface
Phenology (LSP) refers to the spatio-temporal devel-

Introduction

Phenological analysis, the study of periodic events in
biological life cycles and their relationship to climate is
becoming increasingly important in the context of
global environmental change (Berra & Gaulton,
2021; Piao et al., 2019). Forest phenological analysis
provides valuable insights into the temporal patterns
of tree events and their recent responses to environ-
mental conditions (Gray & Ewers, 2021). The
Carpathian forests form an extensive range stretching
from Central to South-Eastern Europe. They provide
essential ecological, economic, and social benefits,
including water regulation (Kholiavchuk et al., 2023),
soil fertility (Klimek et al., 2020), biodiversity conser-
vation (Mirek & Piekos-Mirkowa, 1992), carbon
sequestration (Kruhlov et al., 2018), and wood pro-
duction. The production is vital for sustaining eco-

nomic stability and social balance in rural areas along
the Carpathian arc, as well as serving as a crucial
renewable resource for forest-based sectors.
Understanding the phenological dynamics of
Carpathian forests is essential for the management
and prediction of the ecosystem services under chan-
ging environmental conditions.

opment of the vegetated land surface as revealed by
satellite sensors (De Beurs & Henebry, 2005; De Beurs
et al., 2009).

Recently, several phenological studies have been
published on the forests of the Carpathians. A satellite-
based approach to phenological events was presented
for Slovakian beech forests in the Western
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Carpathians, using MODIS satellite products (Bucha
& Koren, 2017; Bucha et al., 2022). The results showed
that leaf unfolding shifted to a later date by 0.8 days
per decade, and leaf fall by 1.9 days per decade. The
trends were not statistically significant (p > 0.34), but
the intra-annual variabilities of both phenophase dates
were statistically significant, associated with altitude
(p <0.01). Schieber et al. (2017) and Popescu and
Sofletea (2020) reported that the increase in mean air
temperature extended the growing season in beech
forest of the Western Carpathians in Slovakia and
Romania by up to two weeks between 1995 and
2015. Earlier bud burst was also observed in the
Western Carpathians and the Pannonian Basin,
based on NDVI derived from MODIS products
(Barka et al., 2019). Griffiths et al. (2014) analysed
changes in forest types, forest disturbance, and forest
recovery from Landsat satellite data (1985-2010) for
the Carpathian ecoregion. After 2000, extensive forest
disturbances occurred in the Polish, Slovakian, Czech
and Romanian Carpathians such as windthrows,
droughts and bark beetle outbreaks (Kholiavchuk
et al., 2023), which can have immediate and long-
term effects on forest phenology. Changes in soil
composition, nutrient cycling, and microclimate can
influence the timing of biological events (Low &
Koukal, 2020).

Both air and soil temperatures have the greatest
influence on the start and duration of the growing
season (Hatfield & Prueger, 2015; Qin et al., 2023).
For beech trees, leaf unfolding typically starts when
mean daily temperatures consistently remain above
10°C (Dantec et al., 2014; Skrk Dolar et al., 2020),
indicating that cambial activity has already com-
menced slightly before this point. Other factors influ-
encing beech leaf unfolding are the photoperiod and
the chilling period (Heide, 1993). Forest canopy tem-
perature is closely linked to air temperature and fol-
lows similar seasonal trends (Guo et al., 2023). Landsat
satellite thermal RS can therefore provide an addi-
tional tool to complement current forest phenological
analysis with observational data and provide reliable
information on land surface temperature trends in the
forest canopy (Smigaj et al., 2024).

All the above studies were based on relatively small
forest areas in the Carpathians and emphasised that
further phenological studies of larger areas are needed
to better explain the spatial variations of phenological
events, especially in the eastern, south-eastern
Romanian, Ukrainian, and Serbian Carpathians,
which have not been studied as intensively
(Kholiavchuk et al., 2023).

When predicting the impact of climate change on
the future performance of tree species in the
Carpathians, a geographical gradient may serve as
a useful space -time proxy (Cater & Levani¢, 2019).
The influence of climate on beech and fir along the

entire Carpathian arc was investigated by Adami¢
et al. (2023), who confirmed different radial growth
of beech and fir since the 1950s and their response to
climatic conditions along the Carpathians, while
Darenova et al. (2024) demonstrated spatial variability
of soil respiration in relation to soil water content, soil
carbon and nitrogen content without influence on
canopy gaps. The study by Cater et al. (2024) estab-
lished a relationship between assimilation efficiency
and light intensity in young beech and fir trees and
confirmed different responses between the Dinaric
and the Carpathian Mountains.

The present study follows the results of Adamic et al.
(2023); Cater et al. (2024) and Darenova et al. (2024) on
the phenological aspect along the Carpathian Mountains,
using a remote sensing approach with MODIS satellite
time-series. This study aimed to: 1) extract LSP metrics
(start, length and end of the growing season) for selected
forest sites dominated by European beech (Fagus sylva-
tica L.) in the period from 2003 to 2022; 2) analyse the
seasonal and inter-annual change trend along these sites;
and 3) investigate the relationship between LSP metrics,
precipitation, air temperature and Land Surface
Temperature (LST) of study sites. By addressing these
objectives, this study seeks to enhance our understanding
of the phenological responses of European beech forests
to climate change across a broader geographical scope
within the Carpathian region.

Materials and methods
Carpathian region and sites description

The Carpathians extend over a 1500 km long arc, the
width of which varies between 170 km in the eastern
and western parts and to less than 80 km in the south-
ern part. The western climate type with its anticyclonic
weather pattern dominates over most of the arc. The
eastern slopes of the Eastern Carpathians are charac-
terised by a continental climate. The average air tem-
perature in July is 19°C in the Western Carpathians
and 22°C in the Southern Carpathians. In the south-
western part, the air temperature drops by 0.8°C per
100 metres difference in altitude and by 0.5°C in the
south-eastern part of the Carpathians. Annual preci-
pitation ranges from around 500 mm in the southern
Carpathians to over 2000 mm on the peaks of the
Tatra Mountains in the north. Flysch predominates
in the eastern and outer Western Carpathians, crystal-
line and volcanic rocks in the inner band, and meta-
morphic rocks in the Southern Carpathians (Golonka
et al., 2018; Radulescu & Sandulescu, 1973).

Eight sites were selected in the Carpathian
Mountains, at elevations between approximately 800
and 1200 metres above sea level, each with mature fir
and beech forest stands (Figure 1 and Table 1). The sites
were strategically distributed along the Carpathian arc
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Figure 1. Map of Carpathian arc with selected study sites.
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Table 1. Elevation, slope orientation and meteorological characteristics of study sites.

Elevation Mean annual Mean temperature Apr- Mean precipitation Mean precipitation Apr-Sep Slope

Plot [m] temperature [°C] Sep [°C] [mm/month] [mm/month] orientation
Tismana 1018 5.57 11.71 91.04 116.70 NW
Arefu 1183 8.25 14.90 69.31 88.56 w
Zagon 1217 7.71 14.58 62.58 79.83 w
Soveja 844 9.22 16.56 50.00 66.05 NW
Tarcau 914 6.64 13.81 58.99 77.01 S
Frumosu 1011 7.69 14.79 57.15 77.40 w
Livovska Huta 876 8.00 14.62 64.88 84.07 NE
Salajka 779 7.94 14.30 83.57 99.32 w

to allow for meaningful space -time substitution. The
focus was on sites primarily characterised by the pre-
sence of natural beech and fir regeneration, as described
in Adamic¢ et al. (2023) and Cater et al. (2024). Finally,
the sites were deliberately selected based on their his-
torical stability, which indicates minimal human inter-
vention over extended periods of time.

The beech (Fagus sylvatica L.) is a dominant for-
est tree species in Europe (Ellenberg, 1988), with
a large distribution area between Scandinavia and
the Mediterranean region (Aunon et al., 2011).
Despite its functional adaptability and high ecologi-
cal plasticity, it is affected by drought, as confirmed
by studies on its response in southern Europe (Jump
et al., 2006). It thrives in pure and mixed stands with
conifers, especially firs (Abies spp.). In predicting the
consequences of climate change for tree species,
studying the response of species on a geographical
gradient can highlight the key parameters that are
important for tree growth on a larger scale and help
predict future responses. The Carpathian Mountains
exhibit sufficient latitudinal and longitudinal gradi-
ents, associated with significant temperature and
precipitation differences, as well as differences in
seasonal patterns (Micu et al., 2014).

Satellite data and products

MODIS vegetation indices

Data from the MODIS satellite-based sensor on
board the Terra and Aqua satellites was used for
remote sensing. Specifically, the Terra Vegetation
Indices (MOD13Q1) Version 6.1 (Didan, 2021b)
and Aqua Vegetation Indices (MYDI13Q1) version
6.1 (Didan, 2021a) products were used. The data was
accessed via the Google Earth Engine data catalogue
(Gorelick et al., 2017). Both products are created
every 16 days with a spatial resolution of 250 metres
and provide two primary vegetation layers. For this
study, we used the second layer - the Enhanced
Vegetation Index (EVI), which has a higher sensi-
tivity in regions with high biomass compared to the
Normalised Difference Vegetation Index (NDVI;
which is also part of this MODIS product) (Huete
et al,, 2002). The MOD/MYD13Q1 product maps
the best available pixel value from all images of the
16-day period. Low cloud cover, low viewing angle
and the highest EVI value are used as criteria. Pixel
reliability (also known as MODLAND QA bits) layer
was used in further processing to set the weights in
the phenofit package (more on that in the sec-
tion 2.4).
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Landsat land surface temperature

The land surface temperature (LST) values were
produced using the statistical mono-window algo-
rithm, which was originally developed for climate
data records from Meteosat satellites (Duguay-
Tetzlaff et al, 2015; Li et al., 2013; Sun et al,
2004). The approach was based on an empirical
relationship between the top-of-atmosphere
brightness temperatures in a single thermal infra-
red channel and LST and utilized simple linear
regression. The process was implemented in
Google Earth Engine online platform using
Landsat 5, 7, 8 and 9 satellite data, following the
code repository published in Ermida et al. (2020).
The LST values were derived in the range of
MODIS pixels (250 m x 250 m). The number of
available LST values for each forest site varied
between months and between years because of
different site locations, layout of acquired satellite
data and cloudiness. The code of Ermida et al.
(2020) was enhanced with the ee.Reducer.count
procedure (Pikl et al., 2024) to count the number
of valid pixels (i.e. without clouds and shadows)
for each site and date for the period 2003 - 2022.
The LST values were then sorted by site and date,
and only those with more than 75% valid pixels
were used. In total, we had 467 dates for Tismana,
516 for Arefu, 426 for Zagon, 472 for Soveja, 302
for Tarcau, 497 for Frumosu, 246 for Livovska
Huta, and 375 for Salajka (Figure 2). The forest
site with the highest number of missing LST dates
was Livovska Huta. It had the most missing LST
dates primarily in December, March, and October.
The most significant gaps in LST data across all
sites tended to occur in January, March, and
December. A trend was then created for each site
between 2003 and 2022. We analysed the land
surface temperature throughout the year, assum-
ing that winter months can help identify shifts in
temperature, which are critical for understanding
the long-term effects of climate change on forest
ecosystems.

Tismana Arefu

Zagon

Soveja
100 1

901
80 1

701

Percentage

60 1

501

Tarcau

Meteorological data

The climate data were obtained from the Climatic
Research Unit Timeseries version 4.01 (CRU TS 4.01;
Harris et al., 2020), accessed through the Royal
Netherlands Meteorological Institute’s Climate Explorer
platform (https://climexp.knmi.nl/). This dataset pro-
vides monthly mean near-surface temperature and
monthly total precipitation values on a 0.5°x 0.5° lati-
tude-longitude grid. The CRU TS product employs
angular distance weighting (ADW) spatial interpolation
to create these global grids, incorporating station data
from over 4000 meteorological stations worldwide. In
this dataset, monthly values are derived from station
observations collected and updated routinely through
international collaborations (e.g. via the World
Meteorological Organisation, National Climatic Data
Center, and the Met Office Hadley Centre) as written
in more detail in Harris et al. (2014).

Land surface phenology extraction

Korner et al. (2023) describe four distinct ways of
defining a growing season, primarily based on
ground-level observations of phenological events
(e.g. leaf flushing and autumnal leaf coloration). In
this study, we adapt their definition to the context of
LSP derived from RS data. Specifically, we define the
growing season as the period between the start and
end of detectable vegetation activity, as captured by
spectral indices such as EVI. The start of the growing
season corresponds to the onset of greenness increase
(e.g. spring green-up), while the end corresponds to
the decline in greenness (e.g. autumn senescence).
These LSP-based events serve as proxies for the
ground-level phenological events described by
Korner et al. (2023).

The LSP extraction from the satellite-based EVI
data was carried out in the following steps: Splitting
the time series into shorter sequences (each repre-
senting one growing season), curve fitting (also
known as VI time series reconstruction) and extrac-
tion of LSP metrics. For this processing chain, we

Frumosu Liv_Huta Salajka

Category

D Others
. Beech

Figure 2. Scatter plots for each forest site, showing the dates of LST Landsat acquisitions.
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Figure 3. Beech percentage occurrence of chosen pixels.

used the R library phenofit (Kong et al., 2022). In the
first step, observations were categorised into three
categories based on the MODLAND QA layer -
good, marginal and poor (Didan & Munoz, 2019)
and corresponding weights were assigned to those
observations. In our case, the value 1 was assigned
to good, 0.5 to marginal and 0 for poor, ensuring that
even the minor observations that were not cate-
gorised as “good” could provide valuable information
and contribute to the further steps. Poor (e.g. cloudy
and snowy) pixels were assigned a value of 0 and
excluded from further analysis. The weights were
selected after careful consideration and comparative
evaluation of the various weight configurations.
“Spikes” i.e. values that deviate significantly from
the moving average in their vicinity were removed
from these time series. A curve was fitted to the data
to capture the seasonal signals of the vegetation. In
the context of phenofit, this process is referred to as
“rough fitting” and was carried out iteratively, with
the weighting of the individual points being adjusted
after each run. For overestimated points that were
below the fitted curve and more likely to be contami-
nated, the weighting was decreased, and for under-
estimated points that were above the fitted curve and
more likely to be clear, the weighting was increased to
approximate the upper envelope of the EVI time
series. The performance metrics of the coarse fit
were extracted in the form of the coefficient of deter-
mination (R?) to observe performance at different
study sites. While the coarse fit was used for the
entire time series, a more robust fine fit was applied
for each individual growing season to capture the
rapid changes in EVI. Of the five methods of curve
fine fitting, Beck logistic (Beck et al., 2006) was used
after a thorough comparison of all methods. The final
and most crucial step is the extraction of the LSP
metrics themselves — start of season (SOS), end of
season (EOS) and length of season (LOS, calculated
as EOS - SOS). For this purpose, the phenofit pack-
age offers four different methods - threshold, deri-
vative, inflexion and Gu method. For the purposes of
this study, we used the widely employed first-order
derivative method (although the results were very
comparable to a threshold method with a threshold
of 0.5).

Date

LSP evaluation using dominant beech canopy
pixels

Since the pixels corresponding with the coordinates of
each study site contained different proportions of
beech, fir, and in some cases, also spruce trees, we
decided to find the pixels with the highest proportion
of beech in a 5 x 5 km area around the study sites. We
used 10m forest classification dataset (European
Environment Agency, 2020), which we aggregated to
the MODIS pixel for information about species per-
centages. For each site, we found four such pixels
(Figure 3) and used their average values for the LSP
evaluation.

To evaluate the significance and magnitude of
trends of LSP, we applied the Mann-Kendall trend
test and the Theil-Sen slope estimator. The Mann-
Kendall test is a non-parametric method used to assess
the presence of monotonic trends in time series data.
It tests the null hypothesis that there is no trend
against the alternative hypothesis that there is
a monotonic increasing or decreasing trend. The test
statistic (S) is calculated based on the ranks of the data,
and the significance of the trend is determined using
the p-value derived from the standardized test statistic
(Z). The Theil-Sen slope estimator was used to quan-
tify the magnitude of the trend. This method calculates
the median of all possible slopes between pairs of
points in the time series, making it robust against
outliers and non-normal data distributions. The
slope represents the rate of change in the variable
over time.

To assess the relationship between LSP indicators
and climatic variables (temperature and precipita-
tion), we used Spearman’s rank correlation coefficient.
This non-parametric method was chosen due to its
robustness to non-normal data distributions and its
ability to capture monotonic relationships. First, we
pooled data from all sites to evaluate overarching
trends and identify the months with the strongest
correlations. Based on these results, we then per-
formed site-specific correlation analyses only for the
months that showed the highest correlations in the
pooled analysis. This two-step approach allowed us
to first identify globally significant patterns across all
sites and then investigate localized relationships at
individual sites.
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The LSP extraction procedure described in the pre-
vious section (2.4.) was applied to the 5x 5km area
(20 x 20 MODIS pixels) around each site. For each
pixel with more than 50% beech canopy, a trend
between the years 2003 and 2022 was created and
visualised in the form of a map. This visualization
serves as an illustration of how our method looks
when mapped spatially, however all further results
are based on the information obtained from the four
pixels as written in the first paragraph.

Results
LSP trends in the last two decades

The spatio-temporal course of the LSP indicators showed
different patterns both between and within various study
sites (Figure 4, Supplementary Table S1). The earliest
mean start of season (SOS) was observed at the north-
western most site Salajka (DOY 105), followed by Soveja
(DOY 109) at the easternmost surveyed point of the
Carpathians, which also had the highest mean air tem-
perature (9.22°C). The two locations with the highest
mean SOS DOY values were Livovska Huta and
Zagon - both 119, with Zagon being the location with
highest elevation. Zagon had the largest range of values
(106-142) and Tismana the smallest (105-126).
However, none of the observed trends were statistically
significant (alpha level 0.05).

The time of the end of the season (EOS DOY)
varied between the analysed sites, similar to SOS,
with some different patterns. Salajka, with the earliest
SOS, showed a medium EOS among the sites analysed
(273), in contrast to Zagon, with one of the latest starts
and also one of the latest EOS (276), while Soveja
(270), notable for its high average temperature, closely
matched Tismana. The EOS trends mirror the SOS
trends, but with notable differences. Statistically sig-
nificant trend on Soveja with a positive slope of 0.50

Tismana Arefu Soveja

Zagon

1501
1304

Noooa
1101 Z
904

(p-value = 0.023), indicates that the end of the growing
season is extended by about half a day each year. The
range of EOS at the different sites emphasises the
diversity of phenological responses. Tismana and
Frumosu showed a wider range in EOS DOY (258-290
and 264-292, respectively).

The length of the season (LOS) was longest in
Salajka (168 days) with considerable annual fluctua-
tions and shortest in Livovska Huta (152 days) with
the smallest range of 26.8 days. Zagon (157 days) had
the largest range of all locations at 36.5 days. The
Mann-Kendall trend and Theil-Sen slope analysis con-
firmed different trends in LOS in the individual sites;
however, none of the trends were statistically signifi-
cant (alpha level of 0.05).

LSP trends (Figure 5) were mostly stable in Tismana,
Zagon and Livovska Huta and variable even within the
small area around the study site Tarcau; moreover, some
homogeneous spatial patterns were observed.
A heterogeneity of species around Frumosu and Salajka
was observed (see also Figure 2). Apart from Arefu and
the eastern part of Soveja, the LOS is increasing at most of
the surveyed sites.

SOS, LOS and EOS vs. Precipitation and
temperature

The interaction between LSP indicators, precipitation
and temperature is shown in Figure 6. All correlations
were evaluated at an alpha level of 0.05. April precipita-
tion correlated positively with SOS (r=0.37,
p<0.001) and negatively with LOS (r=-0.35,
P <0.001); more precipitation in April could be related
to a shorter growing season. September precipitation
correlated negatively with the EOS (r=-0.33,
p <0.001).

The effects of temperature were more pro-
nounced and consistent in April, May and
September. April temperatures correlated negatively

Tarcau Frumosu Liv_Huta Salajka

SOS

2004
180
1601
1o ¢

DOY

3004

2601 [SE R Vi

Figure 4. Day of year of start, length and end of season on eight research sites between the years 2003 and 2022 with Theil-Sen’s

slope (blue line).



EUROPEAN JOURNAL OF REMOTE SENSING 7

SOS_trend
 EEET

- | Soveja
Value

l 0.50
025

0%

Figure 5. Map of land surface phenology trends between 2003 and 2022 period in the vicinity of each study site (green for shift to
later DOY, red for shift towards earlier DOY). Pixels with less than 50% beech canopy cover are masked. Values show Theil-Sen’s
slope.

with SOS (r=-0.37, p<0.001) and positively with  a positive correlation in September (r=0.43, p<
LOS (r=0.41, p <0.001), indicating an earlier start  0.001).

and a longer growing season. May temperatures also Both precipitation and temperature showed no sig-
correlated negatively with SOS (r=-0.51, p<0.001).  nificant correlation with the months September -
The effects of temperature on EOS varied, with  December of the preceding year. Both precipitation
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Figure 6. Spearman correlation between each LSP indicator and precipitation/temperature (mean of all sites) with error bars

showing standard deviation.

and temperature play a significant role in timings of
the studied phenological parameters, but in different
ways depending on the season. The spring months,
especially April and May, are of vital importance, with
precipitation and temperature showing opposite
effects on the SOS. Similarly, the late summer and
early autumn months (September) show the effect of
temperature, which extends the growing season and
potentially offsets any precipitation-related advances
in EOS.

Site-specific relations between LSP and
Meteorological parameters in April, May and
September

Following the broader analysis of the relations
between LSP indicators and climatic variables across
months, an examination at the site level for April,
May, and September (months identified for their sig-
nificant correlations) revealed how precipitation and
temperature uniquely affect vegetation dynamics at
different locations (Figure 7). All correlations were
evaluated at an alpha level of 0.05.

The correlation of both April and May tempera-
ture with SOS show an earlier start to the season
with warmer conditions, which was most pro-
nounced at Tismana (ryay =—0.65, p=0.005; 1apr
-0.62,
p=0.02) and Arefu (ryay=-0.57, p=0.004;
Taprit = —0.51, p=0.02) and was also consistent at
other sites. The correlation with LOS was also
negative, with September temperature being the
decisive factor. September temperature in Zagon
showed the highest positive EOS correlation (r=
0.74, p<0.001) of all sites and months, and the
same pattern was confirmed in Tismana, Tarcau
and Soveja.

April precipitation in Arefu (r=0.62, p =0.006),
Tismana (r=0.55, p=0.01) and Livovska Huta
(r=0.54, p=0.03) showed a strong positive correla-
tion with the SOS. The influence of September pre-
cipitation, especially on EOS, was notable in Zagon
(r=-0.55, p=0.04) and Arefu (r=-0.45, p=0.04),
where increased precipitation correlated with an ear-
lier end of the growing season.

The sites were divided into three groups accord-
ing to the geomorphological division of the
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Figure 7. Spearman correlation between each LSP indicator and precipitation/temperature for individual sites for April, May and
September. Darker colour indicates significant correlation (p < 0.05).

Carpathians: south (Tismana, Arefu, Zagon), east
(Soveja, Tarcau, Frumosu) and north (Livovska
Huta, Salajka) (Supplementary Figure S1). The cor-
relation between spring temperature and both SOS
and LOS were strongest in the southern Carpathian
sites, with the eastern sites following. Likewise, the
correlation between September temperature and
EOS was also strongest in the southern
Carpathian sites, followed by the eastern sites.
A similar pattern was observed for precipitation:
the correlation between April precipitation and
LOS, as well as September precipitation and EOS,
was strongest in the southern Carpathian sites, with
the eastern sites again coming second. However,
the correlation between April precipitation and
SOS was an exception; it was stronger in the north-
ern sites than in the eastern sites (though it
remained strongest in the southern sites).

Analysis of LST over the last two decades

Mean annual LST from the Landsat time series (2003-
-2022) revealed the years with the maximum and
minimum land surface temperatures for each study
site (Table 2).

Analysis of the LST trend (Figure 8) revealed an
increasing trend for Zagon, and a decreasing trend
for Soveja; both values were statistically significant (p
<0.1). A non-significant increasing trend was found
for Arefu, while no trends could be confirmed for the
other sites. Over the last 20 years, the land surface
temperature has increased by 3°C in Zagon and
decreased by 2°C in Soveja. The warmest land surface
temperatures were recorded at Livovska Huta, Arefu,
and Zagon, with mean LSTs for the entire 20-year
period being 13.5°C, 11.3°C, and 11.2°C, respectively.
The coldest was at Frumosu, with a mean LST for the
same period of 7.6°C.
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Table 2. Mean annual LST for study sites. Bold values are maximum and minimum mean annual LST.

Year Tismana Arefu Zagon Soveja Tarcau Frumosu Livovska Huta Salajka
2003 4.1 7.2 34 75 8.9 3.6 4.8 11.9
2004 9.7 11.6 133 15.0 12.7 6.6 11.8 13.0
2005 4.2 6.2 1.4 8.9 11.3 58 123 3.2
2006 8.0 9.7 9.8 11.9 7.2 53 153 9.4
2007 11.4 15.0 11.5 11.7 9.5 12.5 15.7 10.9
2008 12.8 15.3 14.9 14.9 16.3 13.8 123 12.2
2009 11.0 13.4 121 13.3 10.2 9.1 16.0 11.9
2010 9.7 8.6 10.0 123 6.2 23 11.2 1.2
2011 6.1 129 11.5 79 74 9.1 14.9 12.0
2012 121 133 9.7 1.5 16.3 121 12.8 10.1
2013 9.5 15.7 13.5 4.1 9.4 9.2 1.3 13.4
2014 9.7 10.8 7.9 4.0 4.8 84 9.9 6.2
2015 9.8 11.8 16.1 13.5 16.5 8.1 16.1 10.3
2016 5.6 10.0 12.5 3.1 9.9 44 13.7 10.7
2017 7.8 12.6 16.0 74 13.2 6.8 79 9.9
2018 9.2 11.4 133 13.7 7.8 8.4 15.8 13.5
2019 8.1 11.5 12.8 15.1 8.9 83 11.8 121
2020 9.2 13.9 153 10.4 4.6 9.5 12.5 9.9
2021 8.6 13.0 12.2 4.7 6.8 6.5 11.6 3.7
2022 7.7 7.1 5.5 10.2 5.1 4.9 6.6 103
Tismana Arefu Zagon Soveja
15 4 . 1 :
10 4 .
| | | | ‘
AN
5) Tarcau Frumosu Liv_Huta Salajka
1 15 . . .
10 4 : E :
5 B - B B
o o o I - e
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Figure 8. Land surface temperature (LST) trends. Yearly LST means.

In the Carpathian Mountains, April and May typi-
cally mark the period of budburst, leaf-out, and early
leaf development. September often corresponds to the
onset of autumn senescence, where leaves start to
change colour and drop. It marks the end of the
growing season and is significant for understanding
the duration of the growing period and the timing of
senescence. Highlighting monthly means LST of these
months can provide insights into the timing and pro-
gression of phenological events across different years
(Figure 9).

The comparative analysis of eight sites reveals
a picture of LST trends in April, May, and September

during study period. While some sites show clear LST
patterns and peaks in specific years, others exhibit
high variability and data gaps. In April, most regions
exhibit significant LST fluctuations. Arefu, Frumosu,
and Salajka show pronounced peaks indicating possi-
ble regional climatic variations. Arefu, Salajka, and
Livovska Huta have peaks in 2003, Tarcau, Zagon
and Soveja - in 2004. Zagon and Tismana display
more consistent trends compared to other sites in
April. In May, LST showed a generally increasing
trend in many regions, such as Arefu and Soveja,
suggesting a potential rise in temperatures or related
metrics over time. Tismana in 2001 and Livovska Huta
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Figure 9. Land surface temperature (LST) trends. Monthly LST means in April, May, and September.

in multiple years have missing values in May, which
complicates the analysis. In September, LST showed
the highest variability across all sites, especially Arefu,
Frumosu, and Salajka have significant variations.
Positive trend has Soveja, Zagon, Frumosu, and
Tarcau, particularly towards the later years of LST
dataset. Generally, Zagon, Tismana, and Soveja
demonstrated the most stability across the analysed
LST. Their data shows minor fluctuations and consis-
tent trends, suggesting stable environmental condi-
tions compared to other sites.

Discussion
Understanding inconsistencies in LSP trends

The lack of statistical significance of the trends for SOS
at the observed sites indicates a high variability in the
ecological conditions affecting the studied sites and
highlights the complexity of predicting phenological
responses based on climatic variables alone, consider-
ing the complex interactions between climate, topo-
graphy, and local environmental conditions.

Zagon’s high elevation appears to influence both
the beginning and end of its growing season, possibly
due to its cooler climate and shorter growing season.
The distinct climatic conditions at high elevations
could be affecting phenological phases differently
compared to lower elevations, reflecting how micro-
climatic variations influence vegetation dynamics. The
greater variability in the timing of season’s end at
Tismana and Frumosu, as reflected in the range of
EOS DOY, could be attributed to environmental het-
erogeneity or variability in climatic conditions across
years. These sites might be experiencing different
microclimatic impacts or variations in other ecological
factors that affect the end of the growing season. The
extended LOS observed at Salajka could be beneficial
for certain plant species, allowing for longer growing

seasons and potentially higher biomass production
(Blundo et al., 2018). This trend might indicate
a positive ecological response to current climate con-
ditions at this site, offering a potential advantage in
terms of productivity and carbon sequestration.

The observation that shifts in LOS due to factors such
as climate change are either gradual or obscured by year-
to-year variability suggests a complex interaction
between climatic drivers and vegetation responses. This
complexity underlines the need for long-term studies to
discern clear trends and develop predictive models that
accurately reflect the ecological dynamics of forest eco-
systems under changing climatic conditions.

Opverall, the lack of statistical significance could be
due to several factors, including small sample sizes,
high variability in SOS from year to year, or the pos-
sibility that other variables not included in this analy-
sis might better explain changes in SOS. It is also
possible that beech trees do not significantly respond
to temperature changes regarding the onset of pheno-
logical events, as other studies have also shown no
statistically significant trends in SOS, LOS, and EOS
for beech stands (Bucha et al., 2023). Schieber et al.
(2017) also describe beech as a conservative tree in
terms of its phenological response. Future research
could explore longer time spans, include more sites,
or consider additional variables that might affect the
start of the growing season.

Temperature and precipitation influence on forest
LsP

In general, the results of our study are consistent with
recent findings that changes in forest phenology are
primarily related to temperature fluctuations, and only
secondarily to precipitation, especially in mid- and
high-elevation forest ecosystems (Caparros-Santiago
et al, 2021). This observation is despite the beech
being considered a conservative tree in terms of its
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phenological response (Schieber et al., 2017). The cor-
relation between April precipitation and SOS, where
increased spring precipitation could delay the onset of
vegetation growth, emphasises the sensitivity of vege-
tation phenophases to fluctuations in spring precipita-
tion (Arnic et al., 2021; Skvareninova et al., 2024). This
delay in the onset of vegetation growth could be due to
the cooling effects of increased cloud cover or the
direct effects of soil moisture on plant physiological
processes (Cui et al., 2022). The role of temperature,
especially in April and September, shows its decisive
influence on phenological events. Warmer tempera-
tures in April favour an earlier start to vegetation and
longer growing season, reflecting the need for warmth
for bud burst and leaf development. Conversely, war-
mer temperatures in late summer or early autumn
appear to delay senescence and thus extend the grow-
ing season. This extension of the active growing season
not only supports continued photosynthetic activity
but may also promote overall plant growth and bio-
mass accumulation (Piao et al., 2013), which are cri-
tical to the ecological capacity and carbon
sequestration of forests.

Adamic et al. (2023) confirmed that above-average
precipitation in July and precipitation in June have
a positive effect on the growth of beech trees at the
same study sites, while above-average precipitation in
September has a negative effect on the radial growth of
mature beech trees. Above-average temperatures in
June, July and August have a clearly negative effect
on the radial growth of beech. The predicted loss of
forest productivity is particularly pronounced at the
southern limit of the beach’s natural range, where the
intensity of the drought is likely to increase (Martinez
Del Castillo et al., 2022).

The physiological response of young beech trees to
different light intensities was similar in the Carpathian
and Dinaric Mountains; it increased with more pre-
cipitation and decreased with increasing temperatures,
indicating different patterns in phenological triggers
and assimilation performance (Cater et al., 2024). Fir,
as a more drought-sensitive species, responded simi-
larly to beech in Dinaric region and vice versa in the
Carpathians, where annual rainfall average is half of
that in the Dinarides.

The site-specific responses to warming in spring, as
observed in the temperature correlations with the SOS
in April and May, indicate a widespread response of
vegetation to rising temperatures. This warming
causes an earlier start to the growing season, particu-
larly noticeable in Tismana and Arefu, the two south-
ernmost study areas. In addition, the exceptionally
strong positive correlation of September temperatures
with the EOS in Zagon indicates that warmer early
autumn temperatures can significantly delay and pos-
sibly extend the growing season. At higher elevations
such as Zagon, temperature becomes an even more

influential parameter when all other site conditions
are in the optimal range. The correlation of April
precipitation with SOS at several sites emphasises the
role of moisture in controlling the phenological
phases. Increased precipitation in spring appears to
delay the onset of vegetation growth, probably by
influencing soil moisture and temperature regimes.
In contrast, the effects of the September precipitation
on the EOS, which were observed particularly at the
southernmost sites of Tismana, Arefu and Zagon,
indicate that the late summer precipitation could
accelerate the end of the growing season. Apart from
the direct cooling effect of precipitation, this earlier
end to the growing season could be due to
a combination of factors, including the weakening of
the temperature due to increasing cloud cover and the
change in light availability, which is crucial for pre-
paring trees for dormancy (Larcher, 2003).

Suitability of MODIS for LSP extraction

While the work of (Kong et al., 2022) points to the
possibility of using phenofit with the higher spatial
resolution images from the Landsat and Sentinel-2
missions, there are still problems with this approach.
The main problem is that the phenofit only uses
observations of the current season to estimate LSP
indicators, which means that the seasonal vegetation
curve cannot be correctly reconstructed in the case
of sparse coverage of the mentioned satellites. The
temporal resolution of MODIS is much higher, so
that the observations of the EVI product are much
better suited to reconstruct the seasonal vegetation
curve. When wusing 16-day MODIS product
(MOD13Q1 & MYDI13Ql), one must be aware of
the fact that those 16 days are represented only by
the “best” pixel which can influence the phenological
curve, especially near the SOS and EOS. This limita-
tion could certainly lead to a minor shift of those
indicators in certain cases, and the use of daily
MODIS product might prove to be more accurate.
In recent years, a new product combining Landsat
and Sentinel-2 into a harmonised product (HLS pro-
duct) has been developed (Claverie et al., 2018),
which could prove useful for studies where finer
spatial resolution is important. The spatial resolution
of MODIS of 250 m might be too coarse for very
heterogeneous sites as stated by study from Zhang
et al. (2017) in which they compared LSP extracted
from 500m vs 30m and found out that SOS can
vary as much as 40 days in highly heterogenous
pixels. In our case, when we tried to extract the
LSP parameters from mixed pixels (usually pixels
containing both broadleaf beech and coniferous
fir), the information was much more obscured by
the spectra of fir, where seasonality is much less
pronounced. Another consideration is the historical



aspect of a particular sensor — how long the time
series has been available. This factor is particularly
important to determine the long-term trends in the
data. The trends in the changing LSP indicators in
this study were not statistically significant in most
cases. This limitation could be attributed to the
unavailability of longer time series of observations,
although even that might not ensure less variability
as noted by the impact of the NAO on tree phenol-
ogy (Cook et al., 2005; Scheifinger et al., 2002).
Future research should focus on refining the integra-
tion techniques of different satellite data sources to
optimise phenological monitoring. Advances in
machine learning and data fusion could play
a crucial role in this process by enabling the effective
merging of datasets with different spatial and tem-
poral resolutions to create a seamless phenological
overview across different scales. As satellite technol-
ogies evolve, and new products become available,
continued validation and calibration of phenological
models against ground-based observations will con-
tinue to be essential. These efforts will ensure that
remote sensing tools remain accurate and relevant
for tracking the ecological impacts of climate change.

Forest LST trends

Analysing maximum and minimum mean LST for
each study site (Table 2) can provide the information
about potentially extreme years, such as 2003, 2008
and 2015. Tismana, Zagon and Livovska Huta had
a minimum mean LST in 2003. Tismana, Arefu and
Frumosu had a maximum mean LST in 2008. Zagon,
Tarcau and Livovska Huta had a maximum mean LST
in 2015. However, statistical analysis indicates that the
detected temperature trends are not significant at the
95% confidence level. These results therefore indicate
that interannual variability, rather than a sustained
directional trend, drives the observed changes.

The increase in land surface temperature to 3°C on
Zagon over a period of 20 years did not lead to an earlier
start of the growing season as might be expected but
may have contributed to the longer duration and late
end of the growing season on Zagon’s during the 20-
year period studied. Schieber et al. (2017) reported that
the growing season of European beech was extended by
more than two weeks over the 20-year period within the
increasing mean monthly air temperature.

Although the surface temperature of the forest in
Soveja decreased by 2°C over a period of 20 years, this
site had one of the highest surface temperatures, which
is consistent with the highest air temperature among
the study sites (Table 1). The decreasing trend in land
surface temperature in Soveja can be attributed to the
influence of colder winter months observed in the
period from 2010 to 2015 (Figure 8). The lower LST
in Soveja may also indicate cooling due to phenological
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shift. Park and Jeong (2023) demonstrated the sensitiv-
ity of LST to advanced SOS and delayed EOS over
northern deciduous forests and explained the cooling
effect of the phenological shift by the reduced aerody-
namic resistance of trees. As was revealed in our study,
Soveja had the second earliest mean start after Salajka,
and the extended end of the growing season.

The LST in forest can be influenced by the intensity
and duration of sunlight (Li et al., 2023), by affecting
the balance between absorbed and reflected solar radia-
tion as well as by affecting ecophysiological processes
such as evapotranspiration and shading. This aspect
was not considered in our study and is suggested as
an additional factor to be investigated in future
research on forest phenology in the Carpathians.

Conclusion

The analysis of LSP shifts and their relation to climate
variables in the Carpathian region during the last two
decades shows a complex interaction between envir-
onmental factors and vegetation dynamics. Site-
specific analyses showed that the influence of tempera-
ture and precipitation on the phenological phases var-
ies depending on the month and geographical
location.

Although the trends in LSP indicators were not
statistically significant during the study period, the
site-specific nuances of vegetation responses to chan-
ging climatic conditions were detected. Analysing the
temperature trends in the forest canopy provided
further insights into canopy dynamics, although an
additional factor such as intensity and duration of
solar radiation was suggested for further investigation.

The study emphasises the need for further long-
term research to better understand the complexity of
phenological responses to climate change and to
develop effective conservation and management stra-
tegies for forest ecosystems in the Carpathian region.
Future research should focus on the further develop-
ment of machine learning and data fusion methods to
optimise phenological monitoring and validate the
results with ground-based observations.
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