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The Ukrainian Carpathians are a region with unfavorable natural phenomena such as soil erosion,
landslides, mudslides and flooding in river valleys. Forests in this area are crucial for the stability of the
environment, as they play an important role in maintaining biodiversity and provide important
ecosystem services, including erosion control and water regulation. These ecological functions are
primarily supported by the most abundant tree species such as beech (Fagus sylvatica) and spruce (Picea
abies), whose distribution is influenced by the vertical and zonal climatic and edaphic conditions of the
region. Geographic Information Systems (GIS) offer considerable advantages for the study of soil
erosion in these mountainous regions. GIS can be integrated with soil erosion models to simulate
different scenarios under different forest management practices at spatial and temporal scales. This
integration facilitates the assessment of soil erosion outcomes in response to changing environmental
conditions, enables the identification of areas at risk of erosion and supports the development of targeted
forest management strategies to mitigate these risks.
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Introduction

In recent decades, environmental and landscape research in Ukraine has addressed several critical
issues, including soil erosion, the impact of water erosion on soil fertility and the equitable use of soil
resources, especially in the context of the country’s socio-economic conditions (Lyalko et al., 2017).
Current studies focus on identifying changes in land use systems, assessing landscape diversity and
determining degradation processes such as desertification, soil erosion, dehumidification and soil
fertility depletion. A number of research projects deal with different principles of soil monitoring,
theoretical and methodological aspects of soil erosion and the extensive use of satellite remote sensing
technologies. In addition, Geographic Information Systems (GIS) are employed to analyse erosion
processes, protect soil from water erosion, and facilitate soil remediation (Bourque et al., 2021;
Bashir, 2023).

To identify areas with potential soil erosion risk, various factors such as slope, elevation, average annual
rainfall and some others can be taken into account. The comprehensive approaches were used by
Panagos et al. (2015) and Tagung et al. (2022) to identify high-risk areas and develop targeted strategies
for soil protection and remediation. A widely used method for the spatial assessment of soil erosion is
the Universal Soil Loss Equation (USLE) and its revised version RUSLE (Brahim et al., 2020). These
models estimate annual soil losses based on factors such as precipitation patterns, soil type, topography
and land use. Combating soil degradation in Ukraine remains an urgent problem that requires a thorough
scientific investigation to identify the exact causes of degradation and assess the risk of ongoing erosion
processes. The aim of this study was to identify areas of potential risk for soil erosion processes in the
Ukrainian Carpathians. For this purpose, it was essential to determine the characteristics of the main
indicators using satellite imagery.

Method and Theory

The study was conducted in a part of the Bystrytsia Nadvirnianska river catchment with a total area of
588.8 hectares in the Gorgany mountain range in the Ukrainian Carpathians (Figure 1). The catchment
area is characterised by brown mountain forest soils, with over 90% of the area lying between 800 and
1200 metres above sea level. This region is predominantly forested with Norway spruce and European
beech, which cover more than 80% of the area. All forests in this region are managed by the Ukrainian
Research Institute of Mountain Forestry, named after P.S. Pasternak.

Figure 1 The part of the Bystrytsia Nadvirnianska catchment selected for analysis (area marked in
red). The area marked in yellow is the basin of the Khrypeliv River, one of the tributaries of the
Bystrytsia Nadvirnianska.

The study area was selected based on the methodology for the allocation of watersheds for forestry in
the Ukrainian Carpathians (Shparyk et al., 2014). To identify typical erosion-prone areas, this catchment
was divided into 2356 plots, each with an area of 0.25 hectares. The following seven factors (Figure 2)
that can influence susceptibility to soil erosion were analysed: elevation, slope gradient, average annual
rainfall, Normalised Difference Vegetation Index (NDVI; Spadoni et al., 2020) and the Topographic
Wetness Index (TWI; Kopecky et al., 2021), stream density and density of forest and logging roads.
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Figure 2 The parameters selected to determine the areas potentially at risk of soil erosion.

The slope and elevation data were obtained with the Quantum Geographic Information System (QGIS)
by processing a digital elevation model. The data on rivers, forests and logging roads were obtained by
vectorising forest management documents. NDVI and TWI were obtained from Landsat 8 OLI data.
Data on average annual precipitation were derived from the automatic hydrological station 'Bystrytsia-
Nadvirnyanska-Pasichna'.

To identify areas at risk of erosion, thematic maps were created for the catchment area, highlighting the
regions that meet the critical values for each specific factor: NDVI index < 0.3; TWI index > 8; density
of forest roads and logging tracks > 6 km/km?; watercourses > 4 km/km?; altitude > 1100 m a.s.l.; slope
> 25°; annual precipitation > 1200 mm. The areas at risk of erosion were determined by overlaying
the maps.

Results and Discussion

Flooding is frequent in the region under study, with the highlands being particularly prone to mudslides
and avalanches. These events contribute significantly to soil erosion: Floods erode topsoil, especially
in fast-flowing river valleys; landslides and debris flows triggered by intense rainfall or snowmelt
transport large amounts of soil and rock and alter the terrain; and avalanches obliterate vegetation and
make the soil more susceptible to subsequent erosion by water and wind (Hlasny et al., 2015). The
mechanisms of soil erosion, which include water, wind and anthropogenic factors, are complicated and
result from the interplay of natural forces and human activities (Sun et al., 2020). According to a study
by Sun et al. (2020), elevation and average annual precipitation are the most important factors
influencing soil erosion. The TWI provides a visual representation of flood-prone areas derived from
topographic data. It measures the ability of the landscape to retain water and highlights regions that are
more prone to wet or dry conditions due to their topographical location. Areas with high TWI values
are more likely to accumulate water, which increases the risk of erosion, especially on slopes and in
areas with sparse vegetation (Kopecky et al., 2021). The NDVI measures the photosynthetic activity of
vegetation and varies in a range from -1 to +1, increasing with the extent of vegetation cover (Spadoni
et al., 2020). The density of forest and logging roads was selected as a factor attributable to human
activity. Stream density was chosen as a factor because proximity to rivers increases the risk of erosion
due to frequent flooding and high soil moisture.

Analyzing the spatial correlations between different variables helps to better understand the
relationships between them and their impact on the environment. In our studies, the TWI shows a
moderate positive correlation with rivers (r = 0.46), as rivers are often located in areas with high soil
moisture, and a weak negative correlation with elevation (r = -0.22). Altitude shows a strong positive
correlation with precipitation (r = 0.99), indicating that higher altitude regions tend to receive more
precipitation. However, the other factors show only low correlations.

The results show that areas near roads (565 sites) and those with high TWI values (472 sites) were
predominant for selected factors (Figure 3). This is due to the large number of forest and logging roads,
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which are the result of forestry activities, as well as the topographical and geological characteristics in
this part of the Bystrytsia Nadvirnianska catchment. In addition, due to the dense hydrographic network
(2.2 km/km?), 274 sites were identified in the immediate vicinity of watercourses. In the catchment area,
230 sites were identified in high mountain locations and 80 sites on very steep slopes. The areas
potentially at risk of soil erosion were determined by overlaying the maps produced (Figure 3).

slope NDVI nvers roads wi elevation rainfall

Figure 3 Sites with a potential risk of soil erosion processes according to individual characteristics
(seven maps from the left) and the combined map of their overlap (map on the right).
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Figure 4 The two sites visited that were predicted to be areas of high soil erosion

Each individual soil erosion factor affects between 1.7 % and 23.8 % of the catchment area and is
therefore an important indicator. Five sites were identified where four soil erosion factors coincide,
identifying them as areas with the highest risk of erosion. In addition, three factors overlap at 109 sites,
indicating a high risk of soil erosion. These areas are highlighted on the map to indicate the sites most
at risk of soil erosion (Figure 4).

A total of 28.5 hectares are classified as potentially at risk of soil erosion. Field investigations (Figure
4) confirmed the presence of potential soil erosion hazards. These areas should be the focus of attention
and forest management should concentrate on measures to prevent further soil degradation.

Conclusions

The investigation of NDVI and TWI values as well as slope gradient, river and forest road density,
average annual precipitation and elevation made it possible to determine potential soil erosion hazards
in mountainous catchment areas. The assessment results showed that 0.2 % (1.25 ha) of the area is at
the highest risk of erosion, while 4.6 % (27.25 ha) is at high risk of soil erosion.
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