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SUMMARY

The Carpathian region of Ukraine is notably prone to landslides because of its complex geology,
rugged terrain, and relatively high rainfall. This investigation presents the first implementation of
a machine learning (ML) method—specifically, the eXtreme Gradient Boosting (XGBoost)
algorithm—for landslide susceptibility mapping in the Transcarpathian region of Ukraine.
Utilizing a landslide inventory comprising 697 recorded landslides, the model integrated ten
predisposing factors selected through Variance Inflation Factor (VIF) analysis to mitigate
multicollinearity. The model's efficacy was measured using the Receiver Operating Characteristic
(ROC) curve, which yielded an Area Under the Curve (AUC) score of 0.71. Although the model
did not demonstrate high predictive performance, this first-of-its-kind ML application marks a
critical step towards improved geohazard management in Ukraine.
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Introduction

The Carpathian region of Ukraine is notably prone to landslides due to its complicated geology, steep
gradients, abundant rainfall, and anthropogenic factors, which have led to substantial loss of residential
areas, infrastructure, and ecological systems (Shtohryn & Kasiynchuk, 2024). Susceptibility mapping is
vital for the evaluation of potential hazards and for guiding decisions related to land use. While various
studies have created susceptibility maps for this region employing traditional heuristic and statistical
techniques (Ivanik et al., 2022; Hadiatska et al., 2023), machine learning (ML) approaches—despite their
rising global usage and impressive predictive performance (Liu et al., 2021; Ajin et al., 2024)—have yet to
be utilized in this region. This research presents an ML-oriented approach to produce a data-driven
susceptibility map of the Transcarpathian region, utilizing historical landslide records together with relevant
geological and environmental parameters, with the intention of facilitating improved geohazard
management.

Study area

Positioned on the southwestern slopes of the Carpathian Mountains (Fig. 1a), the Transcarpathian region
(Fig. 1b) is mainly drained by the Tisza River along with its tributaries (Shtohryn et al., 2020). Geologically,
it is characterized by two significant tectonic units: the Carpathian fold system and the Transcarpathian
inner depression (Shtohryn et al., 2020; Kasiyanchuk & Shtohryn, 2021). The stratification of these units,
along with associated erosion processes, influences landslide activity (Ivanik et al., 2019). This region
exhibits significant humidity, with yearly precipitation varying from 600 to 1100 mm, and is notably
vulnerable to landslides, largely due to the elevated groundwater levels and the frequent occurrence of
intense, erratic rainfall (Shtohryn et al., 2020).
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Figure 1 (a) Location of the Carpathian Mountains in Ukraine, (b) Transcarpathian region, and (c)
Landslide inventory with training and testing points.
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Method

The inventory comprises 697 landslides, which were randomly split into 488 (70%) training points and 209
(30%) validation points (Fig. 1¢). To ensure balance in the dataset for modeling, an equal number of non-
landslide points was utilized. Ten predisposing factors were selected (Fig. 2). The variance inflation factor
(VIF) values of these factors were computed to exclude multicollinearity. The eXtreme Gradient Boosting
(XGBoost) algorithm was employed for modeling, implemented on the Kaggle platform
(https://www.kaggle.com/). XGBoost is an ML algorithm that integrates decision trees based on a technique
known as gradient boosting. It offers multiple advantages over other algorithms, such as the capacity to
handle missing data, effective parallel processing, and its effectiveness with large and complex datasets
(Tarwidi et al., 2023). The model's performance was evaluated through the Receiver Operating
Characteristic (ROC) curve.
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Figure 2 Flowchart illustrating the susceptibility modeling process.
Results

The analysis of multicollinearity affirmed that all 10 factors are suitable for modeling. Figure 3 displays
the resulting susceptibility map. The regions identified as having a very high susceptibility are mainly
situated in the Flysch Carpathians areas, which illustrate the rugged landscape and geological conditions
that are likely to induce landslides. On the other hand, the lowland regions near the Tisza River
predominantly belong to the low to very low susceptibility, which corresponds to their gentle topography
and more stable geomorphological characteristics. The model's performance, as evaluated by the ROC
curve, achieved a fair Area Under the Curve (AUC) score of 0.71 (White et al., 2023), as illustrated in
Figure 4.

Discussion and conclusions

This study marks the first application of an ML algorithm—specifically, XGBoost—for landslide
susceptibility modeling in Ukraine. The model achieved an AUC of 0.71, which is relatively modest
compared to similar studies conducted globally (Can et al., 2021; Khan et al., 2025). One possible
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explanation is the limitation in the quality of the input data; to address this, further research is underway to
ameliorate susceptibility assessments through the integration of upgraded environmental datasets and more
homogeneous, updated landslide inventories. Despite these challenges, the study represents a relevant step
towards landslide risk management in the Carpathians.
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Figure 3 Landslide susceptibility map of the Transcarpathian region, Ukraine.
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Figure 4 ROC curve with corresponding Area Under the Curve (AUC) score.
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