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Abstract
This study compares climate change impacts on two contrasting European river basins: the Parma River (Italy) and the 
Kamianka River (Ukraine) representing different ecoregions and climatic zones. The research used QGIS tools and satel-
lite data from Landsat Collection 2 Level 2 from 1990, 2000, 2010, 2020 and 2023 years to analyze temporal vegetation 
and water index changes. The methodology incorporated normalized difference vegetation index (NDVI) and normalized 
difference water index (NDWI) calculations, along with an analysis of temperature trends and standardized precipitation 
index (SPI-6) data. Results revealed distinct patterns of climate change impacts: the Parma River basin experienced a 
temperature increase of 1.03°C during 1990–2020 with dominant NDVI class intervals in the 0.3 to 0.6 range in 2010–
2020, while dominant NDWI class intervals remained negative (-0.3 to -0.2) with the driest conditions around 2000. The 
Kamianka River basin showed a more pronounced temperature rise of 1.4°C with dominant NDVI class intervals increas-
ing after 2000 up to range 0.4 to 0.6 and dominant NDWI class intervals shifting toward more negative values (-0.3 to 
-0.2), suggesting increased water stress. Both basins exhibited different vulnerability patterns: the Parma River system 
faces increased flood risks and potential agricultural productivity gains. In contrast, the Kamianka River system shows 
heightened drought susceptibility and potential agrarian productivity losses. These findings suggest the need for tailored 
adaptation strategies for river basin management under different climatic conditions.
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Remote sensing
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The impact of climate change on the river basins of Parma (Italy) and 
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Introduction

Climate change poses a growing global threat to ecologi-
cal systems, with river basins particularly vulnerable due 
to their sensitivity to both climatic and anthropogenic pres-
sures (Arnell and Gosling 2016; Wang et al. 2024). These 
impacts span ecological, hydrological, and socio-economic 
dimensions, necessitating sustainable management strate-
gies adapted to local contexts.

Understanding these complex interactions requires sys-
tematic research across different geographical and climatic 
contexts. Over the past decade, scientists have employed 
various methodologies and tools to analyze how river 
systems respond to climate change, leading to significant 
advances in our knowledge of these dynamics. These stud-
ies have not only improved our understanding of river sys-
tem vulnerabilities but have also highlighted the importance 
of regional specificity in climate change impacts.
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Recent research demonstrates the complex nature of 
climate change impacts on river systems across different 
ecoregions and climatic zones. Studies emphasize regional 
variability in climate impacts. Parajka et al. (2013) found 
that hydrological models perform better in humid areas, 
while Ranjbar et al. (2018) noted greater heterogeneity in 
dry basins.

The advancement of Geographic Information Systems 
(GIS) and satellite technology has revolutionized river 
monitoring capabilities. Nones (2021) and Langat et al. 
(2019) demonstrated the effectiveness of these technologies 
in evaluating river channel evolution through morphologi-
cal monitoring, particularly in studies of the Vistula River 
in Poland and the Tana River in Kenya. The development of 
specialized tools like River Metrics has enhanced our ability 
to analyze river changes through indices such as sinuosity 
and braiding (De Rosa et al. 2024).

Comparative research by Wang et al. (2017) and Hat-
termann et al. (2017) showed that regional models better 
capture local responses to climate stress, reinforcing the 
importance of ecoregion-specific analysis. The application 
of the NDVI, which reflects the density and condition of 
the vegetation cover, and of the NDWI, which indicates the 
presence of moisture or water in vegetation and on the land 
surface, has become crucial in monitoring river ecosystem 
changes. Gogoi and Rawat (2024) used these indices in 
the Gai River basin (India) to track changes in vegetation 
and water resources over time. Similarly, Lu et al. (2021) 
employed NDVI to analyze the relationship between vege-
tation changes and climate factors in the Yellow River Basin 
(China), revealing positive correlations over 30 years.

Satellite altimetry has emerged as a valuable tool for 
monitoring water levels, particularly in remote areas. Jari-
hani et al. (2013) and Sulistioadi et al. (2015) demonstrated 
their effectiveness in monitoring hydrodynamic behavior 
and simulating flood events, though challenges remain in 
accurately measuring smaller water bodies due to resolution 
limitations. The integration of citizen science through plat-
forms like Google Earth Engine (Abdelkader et al. 2024) 
has helped enhance data accuracy and fill observational 
gaps.

Climate change impacts are particularly pronounced 
in certain regions. Pechlivanidis et al. (2017) found that 
impacts are more severe in dry regions, especially toward 
the end of the century. This finding aligns with Chen et al. 
(2019) global analysis of river topography, which showed 
that aridity significantly influences river profiles, with 
increased straightness in more arid conditions.

Despite these advances, there remains a clear gap in 
comparative studies across European ecoregions especially 
between Mediterranean and Eastern European River basins, 
where contrasting climate regimes and environmental 

stressors may lead to distinct ecosystem responses. How-
ever, as Heidari et al. (2020) emphasize, even basins with 
similar landforms may respond differently due to climatic 
variability, underlining the importance of geographically 
specific research. Additionally, while GIS and satellite data 
analysis have proven effective in river monitoring, their 
application in cross-regional comparative studies has been 
limited.

This comparative study aims to highlight how differ-
ent climatic conditions affect river ecosystems over time. 
By focusing on two representative basins from contrasting 
European ecoregions – the Italian-Corsican and the East-
ern European Plains – this research addresses the need for 
region-specific insights into climate change impacts.

Although remote sensing provides an effective tool for 
long-term environmental monitoring, interpretation of 
vegetation and moisture indices should consider possible 
influences of land-use changes, vegetation dynamics, and 
methodological uncertainties. Therefore, the present study 
focuses on identifying climatic relationships while acknowl-
edging this potential limitation.

Methods

A comprehensive methodological framework was devel-
oped for the comparative analysis using QGIS tools and 
satellite data from several sources (Fig. 1). The study was 
based on satellite imagery data from the USGS Landsat Col-
lection 2 Level 2 (USGS, 2024) for five time periods: 1990, 
2000, 2010, 2020 and 2023. For each of the selected years, 
three cloud-free images were selected, one for each season: 
spring, summer, autumn. The seasons were defined as spring 
(March–May), summer (June–August), and autumn (Sep-
tember–November). This resulted in a total of 30 images, 15 
for the Parma and 15 for the Kamianka River basins.

The satellite images were obtained from various 
Landsat missions: Landsat 4–5 TM for 1990 and 2010, 
Landsat 7 ETM+for 2000, and Landsat 8–9 OLI/TIRS 
for 2020 and 2023. The analysis used the main spectral 
channels: green (0.52–0.60 μm), red (0.63–0.69 μm) and 
near-infrared (NIR, 0.76–0.90 μm) with a spatial resolu-
tion of 30 m. NDVI was calculated based on the red and 
NIR channels (Bands 4 and 5 for Landsat 8–9; Bands 3 
and 4 for previous missions). NDWI was calculated using 
the green and NIR channels (Bands 3 and 5 for Landsat 
8–9; Bands 2 and 4 for previous missions). These spectral 
ranges were chosen because of their high sensitivity for 
detecting vegetation cover and water bodies.

The key stages of the study are band selection, raster 
calculation (NDVI/NDWI), vector layer creation, clip-
ping and styling of raster layers, DEM visualization, and 
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layout generation. Data processing was performed in 
QGIS (version 3.34). For each year, NDVI and NDWI 
indices were calculated separately for each seasonal 
image using the Raster Calculator. The NDVI is calcu-
lated using formula 1 (EOS 2024):

NDVI = (NIR-RED)
(NIR + RED) � (1)

where: NIR – reflectance in the near-infrared range, RED 
– reflectance in the red range.

The NDVI values range from −1 to +1, with higher 
values indicating denser and healthier vegetation. Simi-
larly, the NDWI is calculated as formula 2 (EOS 2024):

NDWI = (Green-NIR)
(Green+NIR) � (2)

where: Green – reflectance in the green range, NIR – 
reflectance in the near-infrared range.

The NDWI values also range from −1 to +1, with 
higher values indicating greater water presence. The 
annual seasonal-mean index value was calculated using 
the formula 3:

Iyear =
(Ispring+Isummer+Iautumn)

3
� (3)

where: Iyear – annual seasonal-mean index value for 
the corresponding year, Ispring – index value (NDVI or 
NDWI) for the spring image, Isummer – index value for 
the summer image, Iautumn – index value for the autumn 
image.

Annual seasonal-mean NDVI and NDWI rasters were 
produced for each year as the mean of the three seasonal 
index maps (spring, summer and autumn). For basin-level 
reporting, raster histograms were generated in QGIS, and 
the dominant class interval was identified as the interval 
corresponding to the highest-frequency peak of the pixel-
value distribution within each basin.

The dominant class interval was chosen as a descrip-
tive indicator because it reflects the range of pixel val-
ues that occurs most frequently within each river basin 
and is less sensitive to local outliers than minimum or 
maximum values. This approach allows for a consistent 
comparison of prevailing vegetation and moisture condi-
tions across different years, while avoiding overinterpre-
tation of isolated extreme values. Hydrological data for 
basins and river contours, as well as their shapefiles, were 
obtained from BasinATLAS and RiverATLAS datasets 
provided by HydroSHEDS (HydroSHEDS 2024). The 
resulting raster images were clipped to the boundaries of 
the respective river basins in QGIS using the “Clip Raster 
by Mask Layer” tool with vector polygons of the basin 
contours. At the final stage, each index layer was visual-
ized using the Singleband pseudocolor symbology. Fixed 
classification intervals and a unified color scale were 

Fig. 1  Methodological framework for processing satellite data and 
spatial analysis. The diagram outlines the workflow used for analyz-
ing NDVI and NDWI based on Landsat Collection 2 Level 2 satel-
lite imagery. A total of 30 cloud-free images were pre-selected from 

Landsat sensors. Additional input data included SRTM digital eleva-
tion models (DEM), administrative boundaries for Italy and Ukraine, 
and hydrological vector data
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applied to ensure the comparability of results in space 
and time. This approach enabled clear identification of 
spatial changes in vegetation cover and water balance 
within the selected basins. Additionally, we used SRTM 
DEM data from NASA 2024 for terrain visualization, 
geodata of administrative regions for Italy and Ukraine 
(FAO 2024; Geoportal 2024).

Methodological limitations

The study includes several methodological limitations. 
First, the temporal comparison was based on five rep-
resentative years of observations rather than continuous 
annual monitoring, which limits the statistical reliability 
of the analysis of long-term trends. Second, the NDVI 
and NDWI indices are indirect indicators of vegetation 
cover and surface moisture and may also be influenced 
by changes in land use, agricultural practices, vegeta-
tion structure, and seasonal variability. Third, the ERA5 
reanalysis data provide spatially interpolated climate 
estimates and may differ from local ground-based obser-
vations. Finally, the correlation analysis is exploratory 
in nature due to the limited number of observations and 
should therefore be interpreted with appropriate caution.

Results

Geospatial characteristics and Digital Elevation 
Models (DEM)

For comparative analysis, two river basins from different 
ecoregions were selected. Both river basins have unique 
relief characteristics and elevation distribution, as shown in 
their DEMs. The first study area is the Parma River basin, 
located in the Emilia-Romagna region, Italy (Fig. 2).

In additional to the Parma River basin, the second study 
area is the Kamianka River basin, located in the Zhytomyr 
region, Ukraine (Fig. 3).

The Parma River basin (Fig. 2) is characterized by sig-
nificant elevation changes ranging from 0 to 1,755 m above 
sea level, which is typical for the Apennine foothills. In con-
trast, the Kamianka River basin (Fig. 3) is located within the 
East European Plain with less pronounced relief and eleva-
tions ranging from 179 to 256 m above sea level. The DEM 
demonstrates how these contrasting topographical settings 
influence their hydrological responses to climate change, 
with the steeper gradients of the Parma River basin suggest-
ing different runoff patterns and erosion processes compared 
to the more gradual slopes of the Kamianka River basin.

Fig. 2  Geographic location and digital elevation model (DEM) of 
the Parma River basin: the left panel shows the location of the basin 
within Italy and the Emilia-Romagna region, highlighting administra-

tive boundaries; the right panel presents the DEM of the basin, with 
elevation ranging from 0 to 1755 m, derived from (NASA 2024)
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A detailed comparison of these rivers reveals both simi-
larities and distinct characteristics that make them par-
ticularly suitable for comparative climate change impact 
analysis (Table 1).

While the Parma River is significantly longer, with a 
length of 92 km, compared to the Kamianka River, which 

stretches 32 km, both basins fall within the medium size 
category between 100 and 1000 km², in accordance with 
the Water Framework Directive (WFD) classification, with 
areas of 796 km² and 602 km² respectively.

The rivers belong to different ecoregions – Italian-Corsi-
can for Parma River and Eastern Plains for Kamianka River 

Table 1  Comparative analysis of parameters and characteristics of the Parma and Kamianka rivers
Parameter/Characteristic Parma river (Italy) Kamianka river (Ukraine)
Length 92 km 32 km
Basin area 796 km² 602 km²
Ecoregion (according to WFD) Italian-Corsican (9) Eastern Plains (16)
Water body type River River
Altitude typology Mid-altitude (200–800 m) Lowland (<200 m)
Basin size (according to WFD) Medium (>100–1000 km²) Medium (>100–1000 km²)
Feeding regime Mixed Mixed
Use for drinking water supply No No
Anthropogenic load Moderate Moderate
WFD stands for Water Framework Directive (WFD 2024)

Fig. 3  Geographic location and digital elevation model (DEM) of the 
Kamianka River basin (Zhytomyr region, Ukraine). The upper right 
corner shows the location of the basin within Ukraine and the Zhyto-
myr administrative region. The main panel presents the DEM of the 

basin, with elevation ranging from 179 to 256 m derived from (NASA 
2024). The map shows the river network and tributaries of the Kami-
anka River, as well as the boundaries of the basin.
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– and altitude typologies, with Parma River characterized 
as mid-altitude and Kamianka River as lowland. Despite 
these geographical differences, both rivers share similar 
characteristics in terms of their feeding regime, and anthro-
pogenic load, and neither is used for drinking water sup-
ply. This combination of shared characteristics and distinct 
geographical features makes these river basins valuable for 
studying how similar anthropogenic pressures and climate 
change impacts manifest differently across varied European 
ecoregions.

Comparative analysis of NDVI and NDWI seasonal 
dynamics

The NDVI values range from −1 to +1, with higher values 
indicating a greater presence of vegetation. For the classi-
fication of the study area, NDVI values were divided into 
six classes: values≤0 indicate water bodies, snow, ice, or 
clouds; 0 to 0.1 correspond to bare rocks, sand, or urban 
areas; 0.1 to 0.2 reflect sparse vegetation or agricultural 
land with low vegetation; 0.2 to 0.3 represent shrubs and 
grasslands; 0.3 to 0.6 indicate dense herbaceous vegetation 
or forests; and values>0.6 denote dense, healthy vegetation 
such as crops at their peak growth.

The NDWI values were similarly categorized: values ≤ 
−0.5 represent non-aqueous surfaces under drought con-
ditions; −0.5 to −0.3 correspond to drought-affected non-
aqueous areas; −0.3 to 0 indicate moderate drought; 0 to 0.2 
reflect built-up features, flooding, or humidity; 0.2 to 0.5 
represent typical water surfaces; and values>0.5 are associ-
ated with open water bodies.

Based on these defined thresholds, the analysis of sea-
sonal dynamics during the 2023 growing season revealed 
distinct patterns in vegetation coverage and water content 
for both river basins. Figure 4 presents the comparative 
analysis of seasonal dynamics during the growing season in 
2023, which revealed distinct patterns in vegetation cover-
age and water content for both river basins. In the Parma 
River basin (Fig. 4, a), NDVI values demonstrated consis-
tent moderate to high vegetation density, with values rang-
ing from 0.2 to 0.5 and peak frequencies around 0.4. This 
distribution suggests healthy vegetation conditions through-
out the growing season. The NDWI analysis revealed dry 
conditions, with values primarily falling between −0.4 and 
−0.2, indicating limited surface water presence outside the 
main river channel.

The Kamianka River basin (Fig. 4, b) exhibited similar 
vegetation patterns but with slightly distinct characteristics. 
The NDVI values peaked at around 0.3, with most read-
ings falling between 0.2 and 0.4, indicating good vegetation 
conditions and moderate photosynthetic activity across all 
seasons. The NDWI values for the Kamianka River basin 

showed comparable dry conditions to the Parma River 
basin, with predominant values ranging from −0.4 to −0.2, 
suggesting low water content in vegetation and soil despite 
different geographical and climatic contexts.

These seasonal dynamics, visualized through both dis-
tribution maps and corresponding histograms, demonstrate 
that despite their different ecoregional settings, both river 
basins maintained stable vegetation conditions throughout 
the 2023 growing season while experiencing similarly dry 
conditions in terms of water content.

To capture longer-term changes, we compared basin con-
ditions across five representative time points (1990, 2000, 
2010, 2020 and 2023). The year 1990 was used as the base-
line for assessing decadal-scale changes in vegetation and 
surface water conditions.

As shown in Fig. 5, a long-term analysis of the Parma 
River basin, based on annual seasonal-mean NDVI and 
NDWI rasters derived from three cloud-free Landsat images 
for each year (spring, summer, autumn; see Methods), 
reveals marked variability across the selected observation 
years (1990, 2000, 2010 and 2020), reflecting decadal-scale 
changes in vegetation cover and surface water conditions. 
Variations in NDVI values show notable fluctuations, with 
the most robust vegetation conditions observed in 1990 
(predominantly values between 0.3 and 0.6, indicating 
dense vegetation and healthy forests). A noticeable decrease 
in vegetation density was recorded in 2000, as evidenced 
by lighter green tones in the NDVI map and a shift in his-
togram peaks toward lower values. The basin showed signs 
of recovery in 2010 and 2020, though not reaching the 1990 
levels of vegetation density.

The NDWI patterns for the Parma River basin demon-
strate a consistent trend toward drier conditions. The 1990 
data show more varied water content distribution, with 
some areas displaying values between −0.3 and 0, indicat-
ing moderate moisture levels. However, subsequent decades 
show a progressive shift toward drier conditions, particu-
larly evident in the 2020 data where larger areas exhibit 
NDWI values below −0.3, suggesting increased water stress 
in the basin.

The analysis of the Kamianka River basin (Fig. 6) show 
different patterns of change across the selected observa-
tions, years. The NDVI analysis reveals more stable veg-
etation conditions with values consistently ranging between 
0.2 and 0.4, indicating moderate vegetation health. The his-
tograms show a consistent pattern across all four time peri-
ods, though with subtle shifts in peak values. Data for 2010 
and 2020 suggest a slight decline in vegetation density com-
pared to 1990 levels, but the changes are less pronounced 
than those observed in the Parma River basin.

The NDWI dynamics in the Kamianka River basin show 
a gradual trend toward drier conditions, particularly evident 
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Fig. 4  Comparative analysis of NDVI and NDWI seasonal dynamics 
in the Parma and Kamianka River basins for the year 2023: a – shows 
the spatial distribution of the NDVI for the Parma (top) and Kamianka 
(bottom) River basins, highlighting vegetation density and heterogene-

ity; b – presents the corresponding distribution of the NDWI, reflecting 
surface water content. Raster histograms illustrate the frequency distri-
bution of pixel values across each basin
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in the 2000 and 2020 data where larger areas display values 
between −0.5 and −0.3, indicating increased drought condi-
tions. The spatial distribution of NDWI values has become 
more heterogeneous over time, suggesting uneven changes 
in water availability across the basin. The histograms dem-
onstrate a progressive shift toward more negative values, 
indicating a general trend of decreasing water content in the 
basin’s ecosystem.

Long-term trends in NDVI and NDWI in both river 
basins suggesting increased water stress over the past three 
decades, manifested differently in each geographical con-
text. To better understand these dynamics and their poten-
tial drivers, we analyzed key climate indicators that directly 
affect vegetation condition and water availability in river 
ecosystems.

Statistical assessment of climate impact on 
vegetation dynamics

Two fundamental climate parameters were selected for 
analysis: (i) the Standardized Precipitation Index (SPI-6), 
which is a monthly index that compares accumulated pre-
cipitation for 6 months with the long-term precipitation 
distribution for the same location, and (ii) accumulation 
period, as the number of standard deviations from the mean 
and mean temperature, which is the mean of daily near-
surface (2-meter) air temperature (Copernicus 2024). These 
indicators were chosen because they represent the primary 
climatic factors affecting both NDVI and NDWI values – 
SPI-6 directly influences water availability for vegetation 
and surface water bodies, while temperature affects evapo-
transpiration rates and overall water stress in ecosystems.

Fig. 5  Temporal changes in NDVI and NDWI of the Parma River 
basin. The figure illustrates spatial dynamics of NDVI (top panels) 
and NDWI (bottom panels) for the years 1990, 2000, 2010, and 2020. 
NDVI maps highlight changes in vegetation density and health, while 

NDWI maps represent variations in surface water presence. Raster his-
tograms adjacent to each map show the pixel frequency distribution of 
index values
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The SPI-6 and mean temperature

The climate analysis for both regions reveals distinct trends, 
as illustrated in Figs. 7 and 8. For Italy’s Parma River 
basin, the mean temperature shows a clear upward trend 
from 12.66°C in 1990 to 13.69°C in 2020, with an R² = 
0.5759 indicating a strong warming trend. The SPI-6 values 
demonstrate significant variability, ranging from −0.92368 
to 0.12779, with a positive trend y=0.0204x−40.872, R² = 
0.1695, suggesting an increase in precipitation with high 
interannual variability (Fig. 7).

For Ukraine’s Kamianka River basin, the mean tempera-
ture increase is pronounced, rising from 9.35°C to 10.75°C 
(y=0.0616x−114.42; R² = 0.5249), indicating a stronger 
warming trend compared to the Parma River basin. The 
SPI-6 exhibits a negative trend (y=−0.0188x+37.5, R² = 
0.1487) ranging from −0.07259 to −0.96789, indicating a 
decreased precipitation over the study period (Fig. 8).

These graphs demonstrate that both regions are experi-
encing warming, but with different intensities and precipita-
tion patterns: Italy shows trends toward increases in both 
temperature and SPI-6, while Ukraine exhibits more pro-
nounced warming coupled with a decrease in SPI-6.

Correlation analysis between climate parameters and 
vegetation indices

To understand how these climate trends affect vegetation 
and water availability in both river basins, we conducted a 
correlation analysis between climate parameters and veg-
etation indices for the selected observation years within the 
1990–2020 comparison period (Table 2).

Since only four representative years of observations were 
available for the correlation analysis, these relationships 
should be interpreted as indicative rather than statistically 
significant.

Fig. 6  Temporal changes in NDVI and NDWI of the Kamianka River 
basin. The figure illustrates the spatial distribution and pixel-based fre-
quency histograms of the NDVI in the top panels and the NDWI in the 
bottom panels for four selected years: 1990, 2000, 2010, and 2020. 

NDVI maps highlight changes in vegetation density and health, while 
NDWI maps represent variations in surface water presence. Raster his-
tograms adjacent to each map show the pixel frequency distribution of 
index values
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The analysis employed the Pearson correlation coeffi-
cient (r), calculated as formula 4:

r =
∑

((xi − x) (yi − y))√∑
(xi − x)2 (

∑
(yi − y))2 � (4)

where: r – pearson correlation coefficient, xi – values of 
variable x, x̄ – mean value of variable x, yi – values of vari-
able y,  ȳ – mean value of variable y, Σ – sum across all 
observations.

Since the correlation analysis was based on data from four 
representative years of observation (1990, 2000, 2010, and 
2020), the calculated Pearson correlation coefficients should 
be considered preliminary rather than confirmatory. Due to 
the limited sample size, no formal hypothesis testing was 
conducted, and confidence intervals were not calculated; 
therefore, the results are intended to describe general pat-
terns rather than establish statistically significant relation-
ships.The correlation analysis shows differences between 
basins. In the Kamianka River basin, temperature is more 
strongly and negatively correlated with NDVI and NDWI 
than in the Parma River basin, indicating higher sensitivity 

Table 2  Pearson correlation coefficients between climatic variables (temperature, SPI-6) and vegetation indices (NDVI, NDWI) for the Parma and 
Kamianka river basins for selected years of observation (1990, 2000, 2010, 2020)
Parameters Parma River basin Kamianka River basin
Temperature vs. NDVI −0.71 −0.82
Temperature vs. NDWI −0.78 −0.85
SPI-6 vs. NDVI 0.65 0.61
SPI-6 vs. NDWI 0.73 0.69
Correlations are based on four years of observations (1990, 2000, 2010, 2020) and are reported as exploratory

Fig. 8  Retrospective climate data for Ukraine from 1990 to present: a 
– shows interannual variation in the SPI-6, with a negative trend, indi-
cating decreased precipitation. b – shows the trend in annual mean air 
temperature, which increased over the study period. The correspond-

ing regression indicates a strong warming trend in the basin. Both 
datasets are based on ERA5 reanalysis and reflect long-term climatic 
dynamics relevant to vegetation and water availability in the region

 

Fig. 7  Retrospective climate data for Italy from 1990 to present: a – 
shows interannual variation in the SPI-6, with a positive trend, indicat-
ing increasing precipitation and high interannual variability; b – shows 
the trend in annual mean air temperature, which increased over the 

study period. The corresponding regression indicates a strong warm-
ing trend in the basin. Both datasets are based on ERA5 reanalysis and 
reflect long-term climatic dynamics relevant to vegetation and water 
availability in the region
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to temperature variability. In both basins, SPI-6 is positively 
impact on NDVI and NDWI, with stronger SPI-6 relation-
ships in the Parma River basin (Table 2).

These patterns align with the observed climate trends: 
the Kamianka River basin’s stronger negative temperature 
correlations correspond to its more pronounced warming 
trend, while the Parma River basin’s higher SPI-6 correla-
tions reflect its greater sensitivity to precipitation variability. 
Overall, both basins exhibit different climatic and ecosystem 
responses that correspond to their contrasting geographical 
and ecological conditions.

The quantitative assessment of climate change impacts 
on both river basins reveals distinct ecosystem responses 
across the selected years. Based on the representative data 
summarized in Table 3, the Parma River basin experienced 
a moderate increase in mean annual temperature by 1.03°C 
(from 12.66°C in 1990 to 13.69°C in 2020), consistent with 
the trend shown in Fig. 7. The SPI-6 index showed sig-
nificant variability over the selected years, with the lowest 
value recorded in 2020.The vegetation response (NDVI), 
summarized as the dominant class interval of the annual 
seasonal mean range, showed improvement, maintaining 
values between 0.3 and 0.6 in recent decades, although a 
notable decrease was observed in 2000 from 0.1 to 0.2. 
NDWI values indicated a decrease in water content, fluc-
tuating between −0.3 and −0.1 throughout the study period.

The Kamianka River basin (Table 4) exhibited more 
pronounced changes in climate parameters. The tempera-
ture increase was more substantial, rising by 1.4°C from 
9.35°C to 10.75°C over the study period. The precipitation 
trend, represented by SPI-6, showed a significant decline 
from 0.07 in 1990 to −0.97 in 2020, indicating increas-
ingly dry conditions. Interestingly, despite these climatic 
pressures, the dominant NDVI class interval demonstrated 

significant improvement, increasing from 0.3 to 0.4 in 1990 
to consistently higher values 0.4–0.6 in subsequent decades. 
However, the dominant NDWI class intervals showed a 
noticeable decrease, particularly evident in the fluctuations 
between −0.2 to −0.1 and −0.3 to −0.2, suggesting increased 
water stress in the ecosystem.

Statistical analysis suggests that climate-vegetation rela-
tionships are stronger in the Kamianka River basin than in 
the Parma River basin (Table 2), indicating higher sensitiv-
ity to climatic variability in the Eastern European ecosys-
tem. Despite stronger climatic stress, the Kamianka River 
basin shows more pronounced improvements in vegetation 
conditions compared with the more moderate improvement 
in the Parma River basin (Tables 3 and 4), which suggests 
different adaptation mechanisms across ecoregions.

Discussion

These findings support the exploratory correlation analysis 
and demonstrate how climate change affect river ecosys-
tems differently across climatic regions. Contrasting NDVI 
and NDWI responses to climatic variability highlight the 
complexity of ecosystem behavior and the need for basin-
specific management.

It should also be noted that vegetation dynamics can be 
influenced not only by climatic factors, but also by changes 
in land use, agricultural practices, ecological succession, 
and local management measures. Therefore, the observed 
relationships should not be interpreted as being driven 
exclusively by climatic factors.

Our results align with previous research showing that 
river systems respond variably based on climate and ecore-
gion. For example, Parajka et al. (2013) found higher 

Table 3  Climate indicators and dominant NDVI and NDWI class intervals (annual seasonal mean) for the Parma River basin across selected years
Year Average Temperature (°C) SPI-6 Dominant NDVI class intervals Dominant NDWI class intervals
1990 12.66 0.92 0.3 to 0.4 −0.2 to −0.1
2000 13.32 0.34 0.1 to 0.2 −0.3 to −0.2
2010 12.55 0.97 0.3 to 0.6 −0.2 to −0.1
2020 13.69 0.13 0.3 to 0.6 −0.3 to −0.2
Key findings - temperature: +1.03°C (12.66°C→13.69°C); precipitation (SPI-6): increasing trend; NDVI moderate improvement, NDWI moder-
ate decrease

Table 4  Climate indicators and dominant NDVI and NDWI class intervals (annual seasonal mean) for the Kamianka River basin across selected 
years
Year Average Temperature (°C) SPI-6 Dominant NDVI class intervals Dominant NDWI class intervals
1990 9.35 0.07 0.3 to 0.4 −0.2 to −0.1
2000 9.39 0.26 0.4 to 0.5 −0.3 to −0.2
2010 9.64 0.19 0.5 to 0.6 −0.2 to −0.1
2020 10.75 −0.97 0.4 to 0.5 −0.3 to −0.2
Key findings - temperature: +1.4 °C (9.35 °C→10.75 °C); precipitation (SPI-6): decreasing trend; NDVI significant improvement, NDWI notice-
able decrease
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predictability in humid basins, these findings are consistent 
with the stable patterns observed in the Parma basin. Con-
versely, the Kamianka basin’s higher sensitivity supports 
Ranjbar et al. (2018) findings on arid basin vulnerability.

The NDVI increase, particularly in the stressed Kami-
anka basin, echoes Lu et al. (2021) and Gogoi and Rawat 
(2024), who showed that vegetation may adapt positively 
under certain conditions. However, lower NDWI condi-
tions in the later observation years in both basins supports 
Pechlivanidis et al. (2017), who forecast growing water 
stress in transitional climates.

The observed increase in the NDVI index in the Kamy-
anka River basin, despite intensifying climate stress, may 
indicate the combined effect of vegetation adaptation and 
other ecological factors that were not clearly quantified in 
this study.

The use of GIS and satellite indices such as NDVI and 
NDWI has proven to be very effective in capturing temporal 
and spatial environmental changes, as confirmed by Nones 
(2021) and Langat et al. (2019). Our methodological frame-
work further supports the usefulness of such technologies 
for comparative analysis, building on approaches tested in 
studies of the Vistula and Tana rivers.

Furthermore, the differences observed between the two 
basins reflect previous comparative studies, such as those 
by Wang et al. (2017) and Hattermann et al. (2017), which 
emphasized the value of regional models over global ones 
for identifying impacts at the basin level. This supports 
our conclusion that basin-specific adaptation strategies are 
needed, especially in contrasting ecozones such as the Med-
iterranean and Eastern European plains.

The Parma River basin, characterized by warming and 
variable precipitation, requires improvements in flood man-
agement, vegetation corridor resilience and adaptive water 
strategies, especially in years when the dominant NDVI 
class interval falls within 0.1 and 0.2, indicating vegeta-
tion stress. The Kamianka River basin, which is under more 
severe climate pressure, requires measures to mitigate the 
effects of drought, improve water retention infrastructure, 
and targeted analysis of how vegetation continues to adapt 
despite stress – an issue that warrants further research.

Future research should prioritize vegetation resilience 
mechanisms, basin-specific climate modeling, land-use 
impacts, cross-regional comparisons, monitoring of ecosys-
tem services, remote sensing integration, and identification 
of potential ecological tipping points. When interpret-
ing indicators derived from satellite data, one should also 
consider the uncertainties associated with remote sensing 
products and climate reanalysis datasets. However, the con-
sistent patterns observed in both study basins suggest that 
the identified trends are ecologically significant, despite 
these methodological limitations. These research priorities 

would significantly enhance our understanding of river 
basin responses to climate change while supporting the 
development of more effective and scientifically grounded 
management strategies.

The results obtained may also contribute to the devel-
opment of region-specific adaptation strategies within the 
framework of river basin management. The observed differ-
ences between the Parma and Kamianka river basins indi-
cate that adaptation measures should take local climatic and 
environmental conditions into account, rather than relying 
on a universal upproach management approach. Thus, sat-
ellite monitoring can serve as a useful tool for identifying 
vulnerable areas and supporting long-term environmental 
planning.

Conclusions

This study suggests that climate change affects river 
basins differently depending on regional climatic and eco-
logical conditions. Across the selected observation years 
(1990–2020), the Parma River basin experienced variable 
precipitation and moderate vegetation stability, while the 
Kamianka River basin experienced drying trends and signs 
of vegetation stress resistance.

Differences in NDVI and NDWI dynamics highlight the 
need for region-specific monitoring and adaptive strategies. 
The results confirm the effectiveness of satellite methods 
for assessing long-term ecosystem changes and provide a 
solid basis for future comparative analysis and improved, 
context-sensitive river basin management.

Since the analysis was based on representative years of 
observations, future studies should use longer, continuous 
satellite time series and additional environmental variables 
to further improve the reliability of comparative climate 
assessments. Future studies should cover longer observa-
tion periods, additional river basins, and field ecological 
measurements in order to further verify the identified rela-
tionships and enhance the reliability and applicability of the 
proposed methodological framework.
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