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This study investigates the relationship between landslide development and forest cover distribution
using spatial analysis methods within a Geographic Information System (GIS). To assess the impact
of forest cover on landslide development, digital cartographic layers containing necessary attribute
information were used. The spatial analysis involved examining the relationships between different
cartographic layers, performing cartometric operations, and calculating statistical indicators that
reflect the relationship between parameters. This methodology enables effective modeling of
processes at various levels. The study covered the Carpathian region, specifically the eastern part of
the Zakarpattia region and the southwestern part of the Ivano-Frankivsk region. Using data from
topographic maps and global geospatial portals dedicated to forest cover dynamics, digital
cartographic layers were created, and spatial analysis was performed regarding the presence and
characteristics of forest in landslide occurrence areas. It was found that the development of landslide
processes is significantly related to the boundaries of forested areas. This is explained by the influence
of forests on water flow formation on slopes. Additionally, the forest cover density in the studied area
and its significance at landslide occurrence points were investigated. The results highlight the
importance of considering forest cover characteristics when creating predictive models for landslide
activation at the regional level.
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Introduction

More than 20,000 landslide areas have been recorded in Ukraine. This issue is particularly relevant for the
Carpathian region, where natural conditions and anthropogenic pressures contribute to the development of
these processes. For instance, in February 2024, in the Zakarpattia region, specifically in the Khust,
Rakhiv, and Tyachiv districts, natural processes led to the destruction of infrastructure. As a result of the
natural disaster, dams, retaining walls were destroyed, numerous landslides and mudflows occurred, and
gas pipelines and roads were damaged. The local road network suffered significant damage, with
destruction recorded in 12 sections across various districts of the region. This damage included the
destruction of embankments, retaining walls, asphalt concrete pavements, and other infrastructure.

The main directions of current research are focused on identifying the causes and factors contributing to
the activation of landslides, assessing potential risks to the population and infrastructure, and developing
preventive measures and risk management strategies. Recent studies have improved methods for
forecasting and monitoring landslides using modern technologies, including satellite imagery, geodetic
surveys, and modeling (Haideichuk et al., 2023; Trevoho et al., 2020; Trevoho et al., 2021). Particularly
relevant are studies aimed at the spatio-temporal forecasting of landslide development based on the
cumulative impact of landslide-initiating factors. Such studies have been conducted for landslide-prone
and mudflow-prone areas of the Carpathians (Kuzmenko et al., 2012; Chepurna et al., 2022). Geographic
information systems have been used as the environment for implementing the forecasting system and as a
modeling tool. Factors considered for the development of landslide processes included geological,
geomorphological, geophysical, landscape, meteorological, and seismic factors. Similar approaches to
landslide process forecasting have been discussed in the works of (Niraj et al., 2023; Chen et al., 2019;
Schmaltz et al., 2017; Begueria, 2006; Sharma & Ram, 2014; Mufioz-Torrero Manchado et al., 2022).

Previous research has identified one of the key factors of landslide formation—the presence or
absence of forest cover, and some aspects of such research are highlighted in these theses.

Method and Theory

Research methods for assessing the impact of forest cover on the distribution of landslide processes
should involve presenting input data as digital cartographic layers with the necessary attribute
information, spatially analyzing the relationships between these cartographic layers, performing required
cartometric operations, and calculating statistical indicators that characterize the relationships between
parameters. These tasks are effectively carried out using Geographic Information Systems (GIS).

For obtaining objective data and analyzing the impact of deforestation on landslide processes, Earth
remote sensing data are also used. Geospatial portals dedicated to assessing forest cover dynamics are
available publicly, such as the resource https://forobs.jrc.ec.europa.eu, which provides datasets on
forest cover distribution, including the global forest cover map for 2020 used in this study. Another
resource is the Global Forest Change 2000-2023, created by the Global Land Analysis and Discovery
(GLAD) laboratory at the University of Maryland, which provides annually updated data on global
forest loss obtained from Landsat time-series imagery.

Regarding actual landslide data, this study utilized landslide cadastral data from the State Enterprise
"Geolnform of Ukraine." The landslide cadastre data include landslide numbers and their geomorphological
parameters but do not specify the activation date. Consequently, the obtained characteristics will be of a
qualitative evaluative nature and will characterize the general trend of the relationship.

Results

To assess the relationship between forest cover distribution and landslide development, an area of 75
by 75 km located in the Carpathians was selected. Administratively, this area occupies the eastern part
of the Zakarpattia region and the southwestern part of the lvano-Frankivsk region. The location of the
area is shown in Figure 1
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Figure 1 Location of the research area

Within this area, 1,509 landslide sites have been observed. Data on forest cover were obtained from
various sources, including a topographic map and the portal of the European Commission's Joint
Research Centre (EC JRC), which provides a global forest cover map for 2020 based on remote
sensing data. Figure 2 shows a cartogram with landslide points and overlaid vector polygonal spatial
objects of forest cover based on the topographic map and the global forest cover map. Remote sensing
of the Earth (RS) plays a crucial role in studying and assessing the dynamics of forest cover and its
impact on the development of landslide processes (Niraj et al., 2023; Sharma & Ram, 2014; Muifioz-
Torrero Manchado et al., 2022).
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Figure 2. Cartogram of overlapping layers of forest cover according to the topographic map and the
global forest cover map for 2020

Figure 3 shows a combined histogram of the distribution of the parameter "distance to forest edge,"
obtained from cartometric operations in a GIS environment using forest cover data from the topographic
map and the global forest cover map for 2020. The obtained distributions approximate a normal
distribution. The negative values of the histogram interval, which characterize the "distance to forest
edge" parameter, indicate that the landslides are located within the forest area, while positive values
indicate locations outside the forest. According to the data from the global forest cover map for 2020,
landslide processes are more displaced toward moving away from the forest edge into the forest area,
with 73 percent of the sample values falling within the interval from 0 to -500 m. This may be due to
changes in the boundaries of forest cover, meaning that the landslide points were observed earlier than
the 2020 forest cover map, indicating reforestation of landslide areas that occurred previously.
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The manifestation of landslide processes at the forest edge can be explained by physical reasons.
Firstly, there is an increased amount of moisture, which contributes to soil saturation. Secondly, the
presence of vegetation in the forest facilitates the conversion of surface runoff to groundwater flow.
The third factor is the internal water flow along the slope.

Another forest cover parameter that can be assessed using remote sensing data is the tree cover density
coefficient, obtained from the Global Land Analysis and Discovery (GLAD) laboratory at the University
of Maryland (https://glad.earthengine.app/view/global-forest-change). We conducted a spatial analysis
and obtained the forest cover density coefficient at landslide occurrence points for 2000 and 2023.
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Figure 3. Histogram of landslide distribution by the parameter "distance to forest edge"

The analysis results showed that most landslides are observed in areas with a forest cover density of more
than 80%, and a significant number of landslides are observed in areas with a density of 0. Changes in the
distribution of forest cover density coefficients between 2000 and 2023 can be explained by the actual
timing of landslide process activation. For old landslides that were activated before 2000, forest cover
density may have increased by 2023. For landslides that formed within the forest between 2000 and 2023,
the forest cover density may have decreased. These judgments are approximate. To accurately interpret the
results obtained, data on the year of activation of a specific landslide are required.

Conclusions

Landslide processes are widespread in the Carpathian region, and their activation often leads to catastrophic
consequences. The factor of forest cover on slopes influences the activation of landslide processes, which has
been substantiated in a number of scientific publications and studies on landslide forecasting.

Geographic Information Systems (GIS) are essential tools for modeling landslide processes, allowing the
integration of data from various sources, including cartographic materials, satellite data, and databases.
Spatial GIS analysis of forest cover parameters at landslide points has indicated certain patterns. The
obtained data distributions of the distance from the landslide point to the forest edge approximate a normal
distribution and suggest that landslide processes tend to develop near the forest edge.

The analysis of forest cover density showed that for most landslide areas, the forest cover density is
greater than 80%, and a significant number of landslides are also observed in areas with a density of
0. However, to increase the reliability of conclusions about the quantitative consideration of the forest
cover factor in modeling, data on the year of activation of a specific landslide are needed. The results
obtained indicate the importance of considering the nature of forest cover when creating predictive
models for the activation of landslide processes at the regional level.
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