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Abstract Varazdin County is underlain by Neogene and Quiaey clays and marls that are prone to landslideggered by
intense rainfall. In this study, a landslide risksessment was carried out for nine municipalitiesrd) 2023—-2025 using
open-source QGIS software and Sentinel-2 imagédrg. ahalysis integrated static factors (slope, aspead use) with the
dynamic factor NDVI (Normalized Difference Vegeatatindex) through Multi-Criteria Decision AnalysiMCDA) and a
weighted linear combination. Slope was assignechifbest weight (40%), while NDVI contributed 20Bhe results reveal
clear spatial contrasts: mountainous municipaliti@onja Vaa, Klenovnik, Bednja, Lepoglava, Ivanec) show hakery
high landslide risk, whereas lowland municipalit&eng the Drava River (Cestica, Petrijanec, Mange) remain largely
stable. Temporal differences are small, with 20B8veéng the highest landslide risk and 2024 the kw&IDVI-driven
fluctuations reflect vegetation dynamics but asslenfluential than topography. Overall, the fingéndemonstrate the value
of open data and free GIS tools for regional hazaapping. The produced maps provide useful guidéorcgpatial planning
and disaster risk management, while also pointinthé potential of integrating additional dataset$uture studies to further
improve the robustness of the approach.
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1. INTRODUCTION

Landslides are one of the most common natural dazarCroatia, especially in the northwestern regisuch
as Mealimurska, Krapinsko-zagorska, Varazdinska and Zaagkeb county. These areas are characterised by
Neogene and Quaternary clays and marls, which igtdyhsusceptible to slope movements when exposed t
intense or long-lasting rainfall. The consequerafdandslides include damage to infrastructuredesgial areas,
and agricultural land, which poses a serious secmomic problem for local communiti@gihali¢ Arbanas et
al. 2019).

Landslides are generally defined as the downslopeement of rock, debris, or soil under the influeroé
gravity, typically triggered by external factorschuas rainfall, earthquakes, or human actifitgrnes 1978)In
line with this general definitionCruden & Varnes (1996Jescribed landslides as “the movement of a mass of
rock, earth, or debris down a slope” and proposeddaly adopted classification system based ontype of
material and the nature of movement. This schemg subsequently refined bByungr et al. (2014)who
emphasized the importance of geological and hydicéd conditions in controlling landslide behavior.

At the national level, the first comprehensive asseent of landslide susceptibility in Croatia wasspnted
in the Study:Procjena podloznosti na klizanje Republike Hrvatéiéhali¢c Arbanas et al. 2019)The study
confirmed that northwestern Croatia is among thetrfandslide-prone regions of the country, withusends of
mapped slope failures and extensive areas predidposinstability. Catastrophic events triggeredelsyreme
rainfall, such as those during Cyclone Tamara itd2€@urther highlighted the vulnerability of thian of Croatia
(Mihali¢ Arbanas et al. 2015).

In northwestern Croatia, a series of scientifial&s have applied advanced methods of landslidgpmgp
monitoring, and modeling. For exampMijhali¢ Arbanas et al. (2015)rovided a comprehensive overview of
historical and recent large landslides across thmarigles and the Pannonian Basin, including norgtera
Croatia. More recentlySinci¢ et al. (2022)demonstrated the usefulness of high-resolutiontadiglevation
models, land use data, and vegetation indices asdiDVI (for assessing susceptibility in Hrvatskag@rje).
Their analysis showed that slope angle, lithol@mg land cover are the dominant controlling fagtatsle NDVI
proved to be an effective proxy for vegetation caed its protective role against shallow landgidehe study
successfully integrated remote sensing data wittk&sed statistical modeling, resulting in susbdjtti maps
that highlighted areas of high hazard potentiaitipalarly on steep slopes with reduced vegetatiover. The
authors concluded that such an approach providelsable basis for regional-scale susceptibilityesssment and
practical support for local hazard management.
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A similar GIS and remote sensing-based methodolegy recently applied in Kravarsko, Croatia, where
LiDAR-based high-resolution DEMs and land-coveradatere combined to develop terrain stability mags f
landslide management, without explicit inclusionlitiiological parametergPodolszki & Karlove 2023) This
example demonstrates the growing applicability pérosource and data-driven approaches for landskéte
assessment.

Internationally, comparable approaches have beetessfully appliedAyalew and Yamagishi (200%)sed
GIS-based statistical models for landslide susb#ipyi mapping in Japan, showing slope angle ambgraphy
as key controlling factorsMersha & Meten (2020jmplemented a GIS-based model in northern Ethjopia
combining topographic and environmental predictwoith strong predictive performancélotti et al. (2023)
applied a semi-automatic method in northwesternly,ltacombining Sentinel-2 NDVI changes with
geomorphological filtering through Google Earth Ergto efficiently detect shallow landslides trigge by
extreme rainfall. Monopoli et al. (2024)also employed Sentinel-2 change-detection teclesidor landslide
mapping in Italy, further underlining the utility oulti-temporal NDVI in identifying slope instafy.

Varazdin County is located in the northwestern pai€roatia, bordering M#murje, Krapina-Zagorje, and
Koprivnica-Krizevci counties, as well as Sloveniathe north. With an area of about 1,262 km?2 andentioan
160,000 inhabitants, it is one of the most denpelyulated regions in the country. The study arelides nine
municipalities of Varazdin County which are cons@tethe most susceptible to landslides: Cestictijjdec,
Vinica, MaruSevec, Donja \ta, Klenovnik, Bednja, Lepoglava, and Ivan&ég(re 1). The total area of the
studied municipalities is 495.18 Rm

In this county, landslides represent not only arsfic but also a financial and social challenQeer the past
three years, 55 landslides have been remediatecbonty roads through projects worth around €7 onilli
financed mainly from EU and national sources, wattsmaller share from county funds. Extreme weather
conditions in the winter and spring of 2013 furtli@rstrated the region’s vulnerability, when mdiean 900
shallow landslides were (re)activated across natitern CroatidVarazdinska zZupanija 2023)eavy rainfall in
May 2023 triggered numerous additional slope fadudeading to the declaration of two natural desgsand
causing total damage estimated at €40.95 millibwhich about €24.04 million was directly relatedandsliding
and associated ground deformations, affecting eesial buildings, farmland, and road infrastruct(ieg et al.
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Figure 5. Location of the studied municipalities

The aim of this study is to evaluate landslide risknine municipalities of Varazdin County, whichea
particularly affected by slope instability, by igtating static terrain factors with the NormalizBdference
Vegetation Index (NDVI) derived from Sentinel-2edlite imagery in QGIS. By analysing three conseeuyears
(2023-2025), the study examines the influence ofVNBhanges on slope stability and shows the value o
combining remote sensing with open-source GIS tfmylsegional-scale risk mapping.
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2. MATERIALS AND METHODS

2.1. Used data, their sources and characteristics

In the landslide analysis, the following data wesed:
« Digital elevation model (DEM)
e Land use data
e Satellite imagery
e Administrative areas

A digital elevation model (DEM) is a computer-basedresentation of the Earth’s three-dimensiongbse,
constructed using a raster grid of elevation valltesdten refers to both the digital terrain mo@@mTM), showing
the bare-earth surface (without vegetation or Istrilictures), and the digital surface model (DSMyich includes
vegetation and buildings. In this study, a DTM waed. DEMs are generated using methods such asRInNSA
stereo photogrammetry, LIDAR, and field surveyseyftare commonly applied in terrain analysis, hyalygl
landslide modeling, GIS, and spatial plannirig et al. 2025)

This study used the Copernicus Digital Elevationdglo- GLO-30 (COP-DEM GLO-30), developed under
the Copernicus programme and managed by ESA.altgmbal elevation model with a spatial resolutar80
metres, based on data from the TanDEM-X missiore flodel represents the “bare-earth” surface. Thet mo
recent available and used version of the COP-DEND@D is Release 2023_1, published in December 2023.
data were downloaded in GeoTIFF format and comgth imternational spatial data standards, includimeg
INSPIRE Directive. The DEM is orthorectified andriexted for distortions caused by terrain slopes sansor
noise, ensuring high accuracy and reliability iatigd analyse$ESA 2020).

DEM is used to derive two key topographic factardandslide analysis: slope and aspect. Theserfacto
significantly influence terrain stability and arensmonly used in spatial landslide hazard modeling.

Land use data were obtained from the CLCplus Baw&t2023 dataset provided by the Copernicus Land
Monitoring Service. This product offers atresolution raster depicting dominant land covefland use classes
across Europe. Using Sentinel-2 time-series imagexy decision-tree algorithms, a total of eleveenthtic
categories Kigure 2) are classified annually. The dataset is widelgdus1 environmental monitoring, spatial
planning, landslide analysis, and climate policpliementation, with a reported thematic accuracgeding 90%
(Need 2021; Copernicus Land Monitoring service 2023

Land use data were provided as a preprocessed iastdich the original eleven categories weresagjuently
reclassified into five landslide stability categesi

Slope and exposure, calculated from the digitalalen model (DEM), together with land use datpresent
static factors in the landslide analysis, as tlegyain constant for all three observed years (20@24, and 2025),
given that the latest available data is from 2023.

Remote sensing satellite imagery refers to the iaitipun of Earth surface data by capturing reflecte
electromagnetic radiation using satellite sensers. (Sentinel-2, Landsat, PlanetScope). The irguthage is a
structured raster in which each pixel represergsatimount of reflected radiation from the land stefarhese
images consist of multi-band raster data, with epelttral band capturing reflectance within a djpagiavelength
range. Sentinel-2 imagery, for example, comprikgteen spectral bands designed for detailed mongmf land
and vegetation. Satellite imagery is widely usednfi@pping land use and land cover changes, asgessirand
vegetation characteristics, modeling natural desagsks (such as landslides), and monitoring emvirental
processes through geospatial analgisisaoui et al. 2024; European Space Agency 2025).

For the calculation of the NDVI (Normalized Differee Vegetation Index), Sentinel-2 satellite imagéh a
spatial resolution of 16 were used, sourced from the Copernicus Data Speagystem (Copernicus Data Space
Ecosystem). Satellite imagery from June 19, 20@8¢ 1.8, 2024; and June 10, 2025 was selecteddoesipective
analysis years.

NDVI, derived from satellite imagery, representtyaamic factor, as its values vary depending oryédae of
observation. The final outcome of the analysis vl solely on changes in NDVI across the obsemests.

The data used to calculate landslide conditionaogdrs, derived from the digital elevation modeE{@) and
land use information, were obtained as raster filesiff format and subsequently processed. Vigadilon of all
rasters after classification was performed by applgiscrete values for interpolation and selectiffgrent color
displays that best represent individual values ategories. All analyses were conducted using thieialf
coordinate reference system of the Republic of ttieaEPSG:3765 (HTRS / Croatia TKDapaine 2024)

Since all the downloaded data used for the langlglithlysis cover a broader area than the actud} stgion,
administrative boundaries of the Republic of Crdtiector data) were obtained from the DIVA-GIStfaan
(Diva-GIS). The HRV_adm?2 layer, provided in .shpnfiat and containing divisions by municipalities avities,
was used to extract only the areas of the munitiggincluded in the study using the attributdeab
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Legend A
I 1 - Sealed (built-up and impermeable surfaces)

Il 2 - Woody needle-leaved trees (e.g., conifers)
I 3 - Woody broad-leaved deciduous tress
[77] 4 - Woody broad-leaved evergreen trees
|| 5 - Low-growing woody plants (shrubs and small scrub)
] 6 - Permanent herbaceous vegetation
"1 7 - Periodically herbaceous vegetation
[771 8 - Lichens and mosses
| 9 - Non-vegetated or sparsely vegetated land
B 10 - Water bodies
77 11 - Snow and ice

Figure 6.Land use data for studied municipalities classifiet 11 categorie¢lssaoui et al. 2024)

2.2. Slope

The slope function in QGIS calculates terrain stesg based on a digital elevation model (DEM). Lslape
is estimated for each pixel using elevation differes within a 3x3 pixel window. Partial derivativeghe x and
y directions are computed from the elevation déferes between neighboring cells, and slope is deeived
using the Pythagorean theoreBg(ation 1) (Esri 2024)

tana = (62)2 + (2)2 1)

E ay

Whereg—i ands—; are the elevation changes in the x- and y-direst{e@ast—west and north—south), anid the

slope angle calculated as the arctangent of thétaes gradient of these valuéssri 2024).

The result is a raster layer with values expredsedegrees or percent, where lower values indiflateer
terrain and higher values steeper slopes. Thad@mcessed through the Processing Toolbox (Rast&nalysis
— Slope), where the DEM is selected and the outpumdt is defined. In this study, slope was usedeigrees
(ranging from 0° to 90°)Esri 2024; Xiong et al. 2022).

Although there is no universal division and staddand it often depends on the terrain conditiamnd the
author's judgment, slope angle classifications-&°05-15°, 15-25°, 25-35° and >35° or very simikdues are
widely used in landslide analysiglime$ and Rios Escobar 2010; Tzampoglou et a252@®Rana et al. 2025).
Gazibara et al. (2023) their analysis of the Zagreb landslide menstope as a determining factor in modeling
landslide occurrence, but they do not use an ekjirval division. Therefore, this paper usesirailar slope
classification supported by recent landslide rede@zampoglou et al. 2025; Rana et al. 203%)e classification
of the slide test slope and the description otdinein are based on expert interpretation, ugiadtiresholds from
Klimes et al. (2010)and adapted for the needs of local geomorphaibgicalysis Table 1). The classification
of landslide stability and division into categorisdased on the author's observation and profesisexperience.

Although slope categories >35° are often associatéda high risk of landslide occurrence, it shtbbé noted
that in geological contexts dominated by hard, dntaocks, such slopes can remain stable in theodsath
experience. Groundwater can also affect stabbity,is not considered in this paper.

For easier later addition of the raster and catmnaof the comprehensive risk of landslides, thep8 risk
factor (and other factors - aspect, land use an@liN&re classified into five categories using theskr calculator
function as shown iffable 1
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Table 5. Slope category, terrain description and correspanidndslide stability categories

Slope of the sliding surface

(Klimes et al. 2010) Terrain description Risk category Category
0-5° Flat terrain Very low landslide risk 1
5-15° Gently undulating terrain Low landside risk 2

15-25° Undulating to moderately Moderate landslide risk 3

steep terrai

25-35° Steep terrain High landslide risk 4

>35° Very steep terrain Very high landslide risk 5

Figure 3 shows the slope risk factor map classified inte tategories based on landslide risk for the studi
municipalities.

Legend

7] Very low landslide risk
B Low landslide risk
"1 Moderate landslide risk
[ High landslide risk
B Very high landslide risk

Figure 7. Slope risk factor map

2.3. Aspect

The aspect function indicates the orientation slape (expressed in degrees 0-360°), in other waonds
cardinal direction toward which the slope faces thstseply downhill. Flat areas (without slope) assigned a
value of 0 and have no defined aspect. Slope atientinfluences insolation, moisture, and vegetgtivhich are
of particular importance for slope stability. Siatito the slope function, the aspect function eased through
the Processing Toolbox (Raster Analysis— Aspect).

Horn (1981)defines aspect as the direction of maximum slepeaf individual DEM cell, calculated on the
basis of partial derivatives of elevation in thand y directions, derived from a 3x3 neighborhobrhster cells,
according to the following equatighiorn 1981)

0z 0z
a = arctan 2 (a,@) (2)

whereq is the slope orientation (in this study expresiseﬂagrees)% is the partial derivative in the x-direction

(the change in elevation in the east—west dire):ﬂmlg—; is the partial derivative in the y-direction (thHeaoige in
elevation in the north—south direction).
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The result of the aspect function is a raster igreles from 0 to 360, which indicates the cardimaations.
The classification of directions according to degrés defined by specific interval§gble 2), which are often
applied in landslide research in QGISw@in et al. 2024; Liu et al. 2024)he description of insolation and
moisture conditions associated with slope aspegté@mperate climate (e.g., north-facing slopesdeooler and
moister, south-facing slopes warmer and driergisebl on general geomorphological interpretatiopsued by
recent studie§Wang et al. 2025; Zhu et al. 202%) this study, the insolation and moisture cdodi of the
intermediate directions were also taken into act@asithey are considered transitional.

Figure 4 andTable 2 shows the risk factor map of aspect, classifi¢d five categories with corresponding
descriptions using the Raster calculator functmntiie studied municipalities.

Legend

71 Very low landslide risk

B Low landslide risk

1 Moderate landslide risk
Bl High landslide risk

Il Very high landslide risk

Figure 8. Aspect risk factor map

Table 6.Description of the aspect raster with classificaiitto five categories

Degrees (°) Cardinal
(Swain et al. direction (Swain et Insolation and moisture Categor Risk categor
2024; Liu et al. al. 2024; Liu et al. gory gory
2024) 2024)
337.5-360 Most humid, least . . .
North . 5 Very high landslide risk
and 0 —22.5 insolated
225-675 Northeast Humid, partially insolated 4 High landslide risk
Moderately humid, . .
67.5-1125 East y humi 3 Moderate landslide risk
balance of sun and shade
112.5-202.5 Southeast — South Dry slopes 1 \emidndslide risk
Dry slopes (possible
202.5-247.5 Southwest y slopes (possible 2 Low landslide risk
temporary water retention)
Moderately humid, . .
247.5-292.5 West yhum 3 Moderate landslide risk
balance of sun and shade
292.5-337.5 Northwest Humid, partially insolated 4 High landslide risk
2.4. Land use

Land use raster refers to human activities, managepractices, and socioeconomic purposes assigned
land. It reflects how people interact with, managed modify the land surface for purposes suchgéasuture,
urban development, forestry, or recreation. Larelisshaped not only by visible cover, but alsansgitutional,
policy, and functional consideratiofSopernicus Land Monitoring Service 2025)
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As mentioned earlier, the land use raster is gppepared raster divided into eleven classes (rouleded
based on DEM such as slope and aspect). The ridiciassn of land use classes into five categonéandslide
risk was carried out according to the guidelinesegEnt and slightly older researdrable 3) (Swain et al. 2024;
Corominas et al. 2014; Reichenbach et al. 201&aRettal. 2025)Forest areas are classified in the very low
category, shrubs and permanent vegetation in theddegory, occasional vegetation and lichensemtioderate
category, sparse vegetation in the high categonyievartificial surfaces (built-up areas) are ie trery high risk
category. Water and ice surfaces are excluded fhenanalysis or assigned to the very low categasyin this
paper. Reclassification was carried out using geraslculatorFigure 5shows a land use risk raster reclassified
into five categories according to landslide risktfte studied municipalitig€orominas et al. 2014; Reichenbach
et al. 2018; Putra et al. 2025).

Table 7.Description of the land use raster with reclasatfan into 5 categorigSwain et al. 2024; Corominas et
al. 2014; Reichenbach et al. 2018; Putra et al5p02

Original class New Risk category Description of landslide risk
category
c or%i’f:r' ots_ ZZL?SLSOUS 1 Very Iow_ Forests stabilize soll, roo‘ts bind the
’ ' landslide risk substrate, surface runoff is reduced.
evergreer
10 — Water bodies 1 or no data Very low Landslides do not develop within water/ice, only|at
11 - Snow and ice landslide risk edges — usually classified as very low or excluded.
5, 6 — Shrubs, permanent 2 Low landslide Vegetation stabilizes, but less effectively than
vegetation risk forests; risk is slightly higher.
vlbit;t?;imﬁglzzrnys 3 Mod_erat(_e Temporary cover means weaker_ soil retention gnd
’ ’ landslide risk variable moisture conditions.
mosse
9 — Sparse or bare 4 High landslide Lack of cover increases erosion and surface runoff
vegetatiol risk - high instability
1 — Artificial surfaces Very high Human activities (construction, slope
(settlements, roads, 5 landslide risk cutting, soil removal) significantly
concrete increase risl

Legend

Very low landslide risk
B Low landslide risk
_ Moderate landslide risk
I High landslide risk
I Very high landslide risk

Figure 9. Land use risk factor map

2.5. NDVI index

The Normalized Difference Vegetation Index (ND\W)a key remote sensing tool that enables scieatigts
experts to monitor vegetation dynamics (density grmvth), classify land use, predict crop yieldspnitor
vegetation responses to climate change, and biopradsiction using satellite images. It is calcuatising the
Raster calculator function based on the followiggaion(O’'Donohue 2023)
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NDVI = NIR — RED
" NIR + RED 3)

where NIR (Band 8 in Sentinel-2 satellite imagegresents near-infrared light that is stronglyeetd by
vegetation, and RED (Band 4 in Sentinel-2 satellitages) represents visible red light that is absdrby
vegetation. The resulting value can range frono 4, with higher values indicating healthier andsir vegetation
(O’'Donohue 2023; Zhao et al. 2024)

The NDVI index was calculated based on satellitages taken on the following dates: June 19, 202% J
18, 2025, and June 10, 2025. After calculatingNB®/| index, the rasters were classified into fivaegories of
landslide risk according to the NDVI value rangesl aegetation descriptio éble 4). The NDVI ranges and
vegetation descriptions were taken from relevatitlas with minor addition§Wen and Teo 2022; Plank et al.
2016) while the stability categories were determinecbading to the author's experience and their intetation
of the relationship between vegetation and tersasteptibility to landslides.

Figure 6 shows the NDVI index classified into five categ@sraccording to the risk of landslide occurrence fo
2023, 2024, and 2025.

Table 8.Description of the properties of the NDVI rastergded into five categories

NDVI Range (Wen
and Teo 2022;
Plank et al. 2016

Vegetation Description(Wen and Teo 2022;

Cat Risk Cat
Plank et al. 2016) ategory isk Category

Very dense vegetation —

> 0.60 . 1 Very low landslide risk
dense forest, stable soil

(0.40 - 0.60] Dense vegetation — semi-forest, fazdge 2 Low landslide risk

(0.25-10.40] Moderate vegetation — shrubs, bush 3| Moderate landslide risk

Very sparse vegetation —
(0.10 — 0.25] ysp get 4 High landslide risk
degraded vegetation, dry

No vegetation — bare soil, rocks,

<=0.10 . 5 Very high landslide risk
water, built-up area

2.6. Component formula for calculating landslide risk

For the overall assessment of landslide risk, tiétiNCriteria Decision Analysis (MCDA) method wagied
using the Weighted Linear Combination (WLC) appfo@dalczewski 1999)Four risk factors were included in
the analysis: slope, aspect, NDVI, and land us&wdre most frequently highlighted in various $¢gds relevant
to slope stabilitfPodolszki 2023; Guzzetti et al 1999; Pourghasdral 2012)

Weights were assigned according to the relativeoitapce of each factor in the landslide formatioocpss.
Slope was assigned the highest weight (0.40), iasoite of the key factors in landslide occurrerfcgpect was
assigned a medium weight (0.25) due to the infleesfcinsolation and moisture. NDVI was given a vinigf
0.20, since vegetation cover reduces erosion astdhitity, while land use had the lowest weighi ).

It is important to emphasize that the specific weigalues were determined through a combinatioexpkert
judgment, methodological decisions, and guidelifresn the literature(Podolszki 2023; Malczewski 1999;
Guzzetti et al 1999; Pourghasemi et al 20483 were not taken from a single specific studye Tomposite
equation using the crude risk index for regionatish analysis for all three observed years iodews:

Total risk = (Slope - 0.40) + (Aspect - 0.25) + (NDVI - 0.2) + (Land use -0.15) 4)

The result of this equation is a composite riskerawith values ranging from 1 to 4.35. In ordewotgain a
raster with five risk categories, the obtained ealwere divided into categori€Bable 5). In recent studies on
landslide risk and susceptibility, a classificatioto five categories with irregular intervals ilem used. This
division method distinguishes areas of differegk thetter than equal intervals, and is flexibleigtoto adapt to
the distribution of data and specific terrain cleteastics. This division — from very low to verjgh risk — has
been shown to facilitate the interpretation of hessand their practical application in spatial plarg (He et al.
2025; Zhang et al. 2025; Fuad et al. 2024)
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Legend

[ Very low landslide risk
B Low landslide risk
| Moderate landslide risk
= High landslide risk
I Very high landslide risk

Legend

[ Very low landslide risk
I Low landslide risk

1 Moderate landslide risk
I High landslide risk

I Very high landslide risk

(a) (b)

Legend

Very low landslide risk
I Low landslide risk
Moderate landslide risk
I High landslide risk
I Very high landslide risk

(c)

Figure 10.NDVI risk factor map: (a) June 19, 2023; (b) Jur& 2024; (c) June 10, 2025

Table 9.Division of the composite landslide risk raster@ding to the interval value into five categor{éte et
al. 2025; Zhang et al. 2025; Fuad et al. 2024)

Interval Category Risk category
(1-1.5] 1 Very low landslide risk
1.5-2.2] 2 Low landslide risk
(2.2-2.9] 3 Moderate landslide risk
(2.9-3.6] 4 High landslide risk
(3.6 —4.35] 5 Very high landslide risk

3. RESULTS
3.1. Landslide risk maps

After the analyses were conducted, landslide rislpsrwere obtained for the studied municipalitiesictv
include all four risk factors (slope, aspect, NCAfid land use)igure 7 shows the landslide risk map for 2023,
Figure 8for 2024, andrigure 9 shows the landslide risk map for 2025. Five categamf landslide risk are shown
in different colours. The lowest category (1) isrkeal in green and represents a very low risk ofistide. The
highest category (5) is marked in red and reprasantery high risk of landslide. Transitional categs are
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defined between categories 1 and 5. Differencésdmisk of landslide occurrence by year are mimerause all
changes result from the difference in the NDVI ixdehich is assigned a weight of 0.20 (20% contitbuin the

map display). Other factors (slope, aspect and lese) are the same for all analyzed years bechastata is not
updated annually, and the latest available ddi@iis 2023.

Legend

[ Very low landslide risk
M Low landslide risk

[~ Moderate landslide risk
= High landslide risk

B Very high landslide risk

Legend
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Figure 12.Landslide risk map for 2024

As can be seen from the attached maps, the higiststof landslides (very high and high) is in the
municipalities bordering Slovenia (Donja &1 Klenovnik, Bednja and Lepoglava) and the muiidyp of
Ivanec, especially in the area of mountain I¥&#& The lowest risk of landslides is in the aratthe foot of
mountain lvan&ca (lvanec municipality) and the municipalities@éstica, Petrijanec and MaruSevec, where the
influence of the Drava river is possible, so lovdareas predominate.
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Figure 13.Landslide risk map for 2025

Table 6 shows the areas and shares of areas for all &itegories according to the analyzed years. The year
2024 has the highest area in category 1 (verydmaslide risk) with 39.90 kfr(8.06%). This is followed by 2025
with 32.67 kni (6.60%), and 2023 has the lowest area in catehatyaround 31.12 kh{6.28%).

The second category (low risk of landslides) hasléingest area in 2025 (193.77 %krine. 39.13%), and the
smallest in 2024 with 191.21 Rni38.61%). The areas of the second category akesiarilar; the difference is
only about 0.5%.

The largest area with moderate landslide risk (pate3) belongs to 2023 with 197.25 k(89.83%), and the
smallest is in 2024 with an area of about 193.52 (38.08%).

Category 4 (high risk of landslides) occupies th@ést area in 2023 (69.59 km 4.05%), and the smallest
area in 2024 with 65.97 Knf13.32%).

The highest risk of landslides (Category 5) is®22 (4.66 krf, 0.94%). 2025 has the smallest area (4.55 km
0.92%) in the category of very high risk of landsk.

Based on the analysis and comparison of aream ibe determined that the highest risk of a laddsiccurring
is in 2023, and the lowest risk of a landslide odog is in 2024.

Table 10.Area and percentage by soil stability categorie2@23, 2024 and 2025

Risk Category 2023 [km?2] | 2023 [%]| 2024[km?| 202#4] | 2025 [km?] | 2025 [%]
1-Very low landside risk 31.12 6.28 39.90 8.06 32.6 6.60
2-Low landside risk 192.56 38.89 191.21 38.61 193.77 39.13

3-Moderate landside risk 197.25 39.83 193.52 39.08 196.23 39.63
4-High landside risk 69.59 14.05 65.97 13.32 67.96 13.72
5-Very high landside risk 4.66 0.94 4.58 0.93 4.55 0.92

3.2. Landslide risk maps

Landslide risk change maps were produced by subtgathe landslide risk map of the reference yeamf
the map of the analyzed year. In this way, valuethé range from -1 to 1 were obtained. The value® then
classified into three categories: decrease in risikghange, and increase in risk. Only these tbeegories were
defined because there were no data in the ranges-0.6 to —0.2 and from 0.2 to 0.Baple 7).

Since the difference was calculated as (analyzad-yeeference year), positive values indicatenareiase in
landslide risk in the analyzed year compared torélfierence year, while negative values indicate@ehse in
risk.
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Table 11.Landslide risk categories based on risk differeralaes

Category Value range Risk category
1 -1.00 to -0.20 Decrease in risk
2 -0.20t0 0.20 No change
3 0.20 to 1.00 Increase in risk

Figure 10indicates the landslide risk map in 2024 (the yred year) compared to 2023 (the reference year).
From theFigures 10, 11and12 andTable 8it is clear that the highest area of the studied & without change
(risk) of more than 90 % (as in the other analydskl maps). The year 2024 shows a greater deciedle risk
of landslide occurrence (about 28.75, 5.81%) compared to 2023. An area of 8.7% kin76%) is prone to an
increase in the risk of landslide occurrence. Thstpronounced decrease in the risk of landsliglés the area
of the municipalities of Cestica and Petrijanecd am the peripheral parts of these municipalitieihvihe
municipalities of Vinica and Marusevec.
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Figure 14.Landslide risk map in 2024 compared to 2023

A comparison of the risk of landslides in 2025 camgal to 2024Kigure 11) shows that in 2025, the risk of
landslides increased in more areas than it dealgageapproximately 25.01 Knor 5.05% Table 8). The risk
reduction covers an area of 11.202k(2.26%). The largest increase in risk in 2025 wesorded in the
municipalities of Cestica, Petrijanec and MaruSevec

The last risk map, comparing the risk of landslide2025 compared to 2028igure 12), indicates that a
larger part of the studied landslide area has eedse in the risk of landslides in 2025 (17.44 kire. 3.52%). An
increase in risk was recorded on 11.25 kPn27%) of the area.

The attached landslide risk maps confirm that tighdst risk and risk of landslides is in 2023 beegu
compared to 2024 and 2025, the largest part ddrse corresponds to category 3 (increased riskp, Ahe results
of the risk maps confirm that the lowest risk afdalides (the smallest area in the increased dak)yis in 2024,
as determined by the landslide risk maps.

The analyzed risk maps indicate that 2025 represeritansitional state, positioned between 2023¢twh
shows the highest increase in landslide risk, &##t2which reflects the lowest increase, i.e. tlstsignificant
reduction in risk.
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Figure 16.Landslide risk map in 2025 compared to 2023
4. DISCUSSION

The landslide risk analysis for nine municipalitied/araZzdin County shows results that are in ageyg with
the relief and known conditions of the area. Mypadities in the hilly part (Donja @, Klenovnik, Bednja,
Lepoglava, Ivanec) have the largest share of highwery high-risk category, while flat areas aldhg Drava
River (Cestica, Petrijanec, MaruSevec) are mostlthe low or very low categories. For example, @22 the
high-risk (category 4) covered 14.05% or 69.59 kmfifije the very high (category 5) was only 0.94%4 @6 km?.
In contrast, the share of very low risk (categorynlthe lowland municipalities reached more théf i& 2024
(39.90 km?), highlighting the clear difference beem mountainous and flat terrain. This is in linghvearlier
national studies, which also pointed out northwes@roatia as one of the most unstable regibtisali¢ Arbanas
et al. 2019)
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Table 12.Changes in area and percentage by landslide risigaides

ok Catoaory | 2024 Vs 2023] 2024 vs 2023|2025 vs 2024] 2025 vs 2024] 2025 vs 2023 2025 vs 2023
POV g [9%] [km?] [9%] [km?] %]
1 — Decrease in
o 28.75 5.81 11.20 2.26 17.44 3.52
2 - No change 457.64 92.42 458.97 92.69 466.49 9421
3- '”r‘i:sriase n 8.79 1.76 25.01 5.05 11.25 227

4.1. Temporal differences 2023-2025

Between the three years only small differences/aible. Very high risk covered 0.94% (4.66 km2)2iD23,
0.93% (4.58 km2) in 2024 and 0.92% (4.55 km2) i@2M igh risk decreased from 14.05% (69.59 km2023
to 13.32% (65.97 km?2) in 2024, and then slightlgréased again to 13.72% (67.96 km?) in 2025. Atstrme
time, very low risk increased from 6.28% (31.12 km22023 to 8.06% (39.90 km?) in 2024, before #&snagain
lower in 2025 with 6.60% (32.67 km?). This showstth024 was the most stable year, 2023 the lestdestwhile
2025 was in between.

The risk change maps confirm these numbers. Bet®@28 and 2024, 28.75 km? (5.81%) of the area moved
to lower risk and 8.79 km2 (1.76%) to higher. Betwe2024 and 2025, the situation was opposite: 2knGeL
(5.05%) moved to higher categories and 11.20 kn26() to lower. If we compare 2025 with 2023, agaiore
decrease is visible (17.44 km?, 3.52%) than iner¢a$.25 km2, 2.27%).

When viewed across the entire study area, thegegelaare minimal. In all comparisons, less thano6%e
territory shifted from one risk category to anothguach limited changes point to minor local adjlestis rather
than to any broader alteration in the regionalguatof landslide risk.

4.2. Explanation of results

The limited temporal variability mainly comes frahe structure of the model. NDVI was the only dyi@am
factor with weight 20%, while slope (40%), aspe&xi%) and land use (15%) are static and have stromgect
on the results. Because of this, the risk mapsragtly stable, since topography does not changéant time.
The 10 m resolution of Sentinel-2 images also malegetation more uniform, so NDVI changes are oby f
visible.

Still, some differences can be noticed. The higitere of very low risk in 2024 is connected withhar
NDVI values in that year, which means denser aralthier vegetation. Stronger vegetation cover $itgs
surface soil, reduces runoff and helps to proteges. In 2025 the NDVI values were lower, so teeyvow
category was reduced again, showing that less aggetmakes slopes a little more unstable. Thesdteeagree
with earlier studies where vegetation was seemasiitant protective factor for shallow landslides.

However, the influence of NDVI is small comparedtope and aspect. Changes like the decreaseyofover
risk from 39.90 km2 in 2024 to 32.67 kmz2 in 2028 aminor compared to the stable effect of reliefisT8hows
that NDVI can explain small year-to-year variatiobat the main pattern of risk is controlled bydgpmaphy. For
regional scale maps, vegetation dynamics can aelidilisformation, but they cannot change the domirale
of geomorphology.

4.3. Limitations

The main limitation of this study is that lithologyas not included. Previous research showed thag®lee
and Quaternary clays and marls are the key reasondny landslides in northwestern Croatia. Withgrdlogical
data, some areas that appear stable on the mapsmeslity be prone to slope movements, while sameas
classified as unstable may not have real haza@tdition, precipitation, soil moisture and grourader were also
not considered, although they are important trigder landslides.

Because of these missing factors, the produced stapgd be understood as first approximation oiored
level. They can show general spatial patterns afgl in awareness and planning, but they cannot gieeise
prediction of where landslides will occur.
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5. CONCLUSIONS

Within this study, a landslide risk map was credtrdnine municipalities of Varazdin County usingem-
access datasets and QGIS software. The analysialegla pronounced contrast between the hilly nipadites,
which show higher risk, and the lowland municipatitalong the Drava River, where risk is genefally. These
results demonstrate that even with a relativelyp#napproach, open data and free GIS tools cangeareliable
basis for regional-scale risk assessment and sugpatial planning and hazard management.

Differences between years are very small, whichwshdhat results are stable and mainly follow
geomorphological conditions. Maps can thereforaibed as first orientation for awareness of landstidzard
and for needs of spatial planning. Use of open dathfree software proved to be practical and iefii; so this
type of approach can be applied also in other gdr@roatia and in similar regions.

The study also shows that a relatively simple mehmgy can still give meaningful results if it iarefully
applied to local conditions. Even though some irtgradrfactors were not included, the produced mayps g
useful overview which can help in decision makingl & prioritising areas for detailed field invegttions.

For future research it is recommended to integgeelogical and hydrological data, to test alterrsati
weighting schemes, and to validate results withitkt landslide inventories. This would improve th8ability
of the model and provide stronger support for laathorities. In the long term, such studies cantrdaute to
reducing remediation costs and increasing theysafdbcal communities.
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