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Abstract: Soil erosion has been identified as a major threat to existing soil deposits, which negatively affects ecosystem sustainability, agricultural production and clean water
supply. This study covered the eastern part of Kastela Bay with the aim of developing a model of susceptibility to soil erosion by applying the GIS-based multicriteria analysis,
based on nine determinant criteria categorized by the Jenks method in five classes. The largest representation of soil erosion susceptibility was detected on the slopes of the
Kozjak and Mosor massifs. According to the calculated weighting coefficients using the analytic hierarchy process (AHP), the slope was the most impactful criterion with 29.9 %
importance. It was followed by hydrological criteria of topographic wetness index, standardized precipitation index and LS-factor, with 13.1 % importance each. After the
development of the model, zones of very high and high susceptibility to soil erosion were delineated, with a combined coverage of 33.34 % of the study area. These areas were
identified as a potential threat from the future occurrence of negative effects of soil erosion, which should be addressed in the future by land policy managers and government

managers.
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1 INTRODUCTION

Soil erosion is a process of gradual degradation and
denudation of surface soil layers, which globally causes long-
term reductions in agricultural productivity and significant
financial losses [1]. It has been identified as a major threat to
existing soil deposits, which negatively affects ecosystem
sustainability, agricultural production and clean water supply
[2]. Although soil erosion is a natural process, rapid climate
change (desertification, extreme rainfall, heat waves) and
various anthropogenic pressures (deforestation, overgrazing,
inappropriate agricultural practices and tillage) recently
intensified and expanded the spatial scope of this process [1].
Historical sources from different parts of the world noted that
soil erosion was present throughout almost the entire
Holocene, and that climate change and anthropogenic effects
gradually became the main propagators of this process. Land
use has a significant impact on the geomorphological
stability of the slope and the emergence of various slope
processes. Improper land use, such as excessive deforestation
or livestock valorization of a particular area, can significantly
accelerate the natural process of soil erosion [3]. Resistance
to wear processes is related to vegetation cover and the
approach a particular location is utilized. Vegetation cover
has a diminishing effect on the susceptibility of a particular
terrain to soil erosion, as it reduces the erosive ability of
surface runoff [4].

According to the average rate of soil loss, Croatia is
among the most endangered countries of the European Union
[2]. However, some parts of Croatia are significantly more
vulnerable and endangered than the soil erosion process due
to different micro-location characteristics, with very high
values of the average loss rate. Particularly high values of the
average rate of soil loss are present in the coastal area. The
development of a model of susceptibility to soil erosion is the
basis for planning measures to limit and adapt to further
negative consequences of the soil erosion process. With the
application of GIS-based multicriteria decision analysis

(GIS-MCDA), it is possible to develop a model of soil
susceptibility to soil erosion according to appropriate
predisposing criteria, such as slope, aspect, planar and profile
curvature. Due to the pronounced influence of slope on the
evolution of relief, it has a decisive role in the development
of a model of susceptibility to soil erosion [4]. The terrain
aspect can indirectly affect the intensity of soil erosion,
determining the effects of climatic factors, such as sunshine
duration, precipitation intensity, humidity, wind exposure
and conditions the development of vegetation cover [4].
Terrain curvature affects the soil-water interaction during
surface runoff, but also the rate of water runoff down the
slope [5].

The aim of the research is to develop a model of
susceptibility to soil erosion of the wider eastern part of
Kastela Bay through the application of GIS-MCDA and to
identify areas of a potential threat from the future occurrence
of negative effects of soil erosion.

2 MATERIALS AND METHODS

The study area covers a wider eastern part of the Kastela
Bay, which is historically among the most susceptible areas
to soil erosion in Croatia (Fig. 1). The development of a
model of susceptibility to soil erosion was carried out
through the application of GIS-MCDA. Its application in soil
erosion modeling consisted of six steps, three of which are
automated using the GIS automated multicriteria analysis
(GAMA) method [6]. GIS-MCDA analysis was performed
based on nine determinant criteria and zones with different
susceptibility to soil erosion were selected. The resulting
zones were categorized by the Jenks natural breaks
classification method in five classes, minimizing deviation of
values within the class according to class mean (very low,
low, medium, high and very high susceptibility).

Criteria extracted from the digital elevation model
(DEM) were divided into primary and secondary
morphometric parameters. As the input in GIS-MCDA, the
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following primary morphometric parameters were singled
out: slope, aspect, planar and profile curvature. The three
secondary parameters representing hydrological effects were
topographic wetness index, standardized precipitation index,
specific watersheds, and one morphometric secondary
parameter (LS-factor). Figs. 2 and 3 display selected primary
and secondary criteria for GIS-MCDA susceptibility to soil
erosion.
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Figure 1 Study area with average annual soil loss rate in Croatia, based on data
from Panagos et al. (2015) and ESDAC (2020)
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The digital surface model (DSM) is created from the
provided WV-3 stereo images in the OrthoEngine 2018
extension of the Geomatica 2018 software. DSM was created
in the OrthoEngine extension is divided into selecting a
mathematical model, adding orientation and control points
needed for the orientation of stereo images, automatically
adding of tie points, adjusting the model (bundle adjustment),
making an epipolar image, automatically creating a DSM,
and manual error filtering. Optical Satellite modeling based
on assigned rational polynomial coefficients (RPC) and zero-
order polynomial adjustment was selected as the most
commonly used mathematical models for DSM creation from
WYV stereo images [7].
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Figure 3 Selected secondary criteria for GIS- MCDA susceptibility to soil erosion

Field orientation points with precise coordinates for
DSM georeferencing were collected on May 12, 2020 with
Stonex S10 real-time-kinematic (RTK) global navigation
satellite system (GNSS) receiver, at 13 different locations
distributed throughout the research area. The method of
semi-global matching of DSM was used. Automatic DSM
correction to digital terrain model (DTM) was performed by
Geomatica 2018 software using the DSM2DTM algorithm,
which allowed automatic DSM filtering according to defined
user-defined parameters. After automatic conversion by
manual filtering, all remaining errors which arose from the
automatic filtration process were removed.

By standardizing the selected GIS-MCDA criteria, all
input values are transformed to an equal numerical scale
through a process of criteria standardization [8]. The used
nine criteria were standardized on a numerical scale of 1-5
using the GAMA method, so that value of 1 was assigned to
the least suitable class, while the value of 5 was assigned to
the most suitable class per criterion. The Boolean criteria
were assigned with binary values of 0 or 1. The analytic
hierarchy process (AHP) was used for weight determination
of input criteria, which allowed the subjectivity and
consistency of weight coefficients to be verified through a
consistency ratio (CR) [9]. The aggregation of standardized
criteria values and their respective weighting coefficients
was performed using the weighted linear combination.

3 RESULTS AND DISCUSSION

The susceptibility model to soil erosion was performed
in six steps through the application of GIS-MCDA in ArcGIS
software. Susceptibility to soil erosion according to the
representation of individual classes is shown in Tab. 1.
According to the results of the representation of individual
classes of susceptibility to soil erosion in Tab. 1, it was
observed that the Boolean criterion occupies the largest area.
The Boolean criterion includes all permanent water surfaces
as well as all urban and industrially built areas, in which due
to anthropogenic modifications of the terrain, soil erosion
cannot occur. These areas are excluded from the GIS-MCDA
of soil erosion susceptibility as areas with no probability of
soil erosion, with a weighting factor of zero. An overview of
the AHP pairwise comparison matrix is shown in Tab. 2, and
the calculated weighting coefficients are shown in Tab. 3.
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Table 1 Representation of individual classes of susceptibility to soil erosion

Susceptibility class Area (km?) Share (%)
Boolean 20.12 27.58
Very low 6.98 9.56
Low 9.94 13.62
Medium 11.61 1591
High 14.98 20.52
Very high 9.35 12.81
Table 2 Pairwise comparison matrix of criteria within the AHP
o o = — = e < 5 Z E
Criterion | = E & 2] 2 2 % ;j §
SLO 1 3 3 3 4 6 6 9
TWI 1 1 1 2 2 3 3 6
SPI 1 1 2 2 3 3 6
LSF 1 2 2 3 3 6
ASP 1 3 5 5 6
LULC 1 3 3 6
PROF 1 1 3
PLAN 1 1
WAT 1

SLO: slope, ASP: aspect, PLAN: planar curvature, PROF: profile curvature,
TWI: topographic wetness index, SPI: standardized precipitation index,
WAT: specific watersheds, LSF: LS-factor

Table 3 Weighting coefficients representing the impact of individual criteria on soil
erosion susceptibility calculated within the AHP

high zones of susceptibility prevail, covering 33.34 % of the
total study area. Their dominant concentration was detected
on the slopes of the Kozjak and Mosor massifs. On these
slopes, water runoff occurs from a larger area, where in some
locations there may be a gradual formation of more
pronounced surface runoff and soil erosion. This is in line
with the observations of Valentin et al. [3], where the velocity
and erosive force of runoff increased according to the
increase in slope. This area is also affected by the recent
intensive urbanization, but also by agricultural valorization
and exploitation of mineral raw materials for cement
production, such as exploitation field "St. Juraj - St. Kajo"
[12]. These anthropogenic factors affect the acceleration of
the natural intensity of soil erosion, contributing to an
increase in susceptibility to the emergence of new erosion
zones [13]. Low and very low susceptibility to soil erosion
are also present on bare slopes in the peak zone of Kozjak
and Mosor, where the configuration of the relief prevents the
formation of more prominent surface runoff. Zones of very
low susceptibility cover a total of 6.98 km? (9.56% of the
total area), while zones of low susceptibility cover 9.94 km?,
or 13.62% of the total areca of the study area. The coastal arca
is generally a flat and densely populated area, where
susceptibility to soil erosion is very low. A large part of this
area is covered by anthropogenic substrates like concrete or
asphalt, which prevent soil erosion. The zone of medium
susceptibility to soil erosion covers 15.91% of the total area
of the research area, which mainly refers to the transition area
between the flat coastal area and the steeper slopes of Kozjak
and Mosor.

Criterion Weighting coefficient Share (%)
SLO 0.299 29.9
TWI 0.131 13.1
SPI 0.131 13.1
LSF 0.131 13.1
ASP 0.125 12.5

LULC 0.082 8.2
PROF 0.041 4.1
PLAN 0.041 4.1
WAT 0.019 1.9

SLO: slope, ASP: aspect, PLAN: planar curvature, PROF: profile curvature,
TWI: topographic wetness index, SPI: standardized precipitation index,
WAT: specific watersheds, LSF: LS-factor

According to the results in Tab. 3, the largest percentage
is occupied by terrain slope, which according to Wilson and
Gallant [10] directly affects the intensity of wvarious
denudation processes. Due to the pronounced influence of
slope on the evolution of relief, the slope criterion has a
decisive role in the development of a susceptibility model to
soil erosion [4]. The second factor that had the greatest
impact on soil erosion susceptibility was the aspect, as it
indirectly affects soil erosion intensity and determines the
susceptibility to climatic factors [11]. Among the lower
impacts, the profile and planar curvature of the slope were
observed, since on convex slopes the surface runoff slows
down and the transport capacity weakens. Specific
watersheds had the least impact on soil erosion. The
consistency of pairwise comparison matrix in AHP was
checked through a CR of 0.046. Based on the developed
model of susceptibility to soil erosion of the wider eastern
part of the Kastela Bay (Fig. 4), zones of a potential threat
from the future occurrence of negative effects of soil erosion
have been identified.

As displayed in the developed susceptibility model
within the wider eastern part of Kastela Bay, very high and
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Figure 4 Susceptibility model to soil erosion of the wider eastern part of the Kastela
Bay
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Figure 5 Three-dimensional representation of the soil erosion susceptibility model
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Based on the 3D representation of the developed
susceptibility model to soil erosion (Fig. 5), it can be further
confirmed that most of the zones of greatest susceptibility to
soil erosion are located on the slopes of Kozjak and Mosor.
In addition, it is evident that the zones of least susceptibility
to soil erosion are located mainly in the area of flat coastal
areas. This points out to the possibility of improper land use,
caused by anthropogenic activities of deforestation or
livestock valorization, which can significantly accelerate the
natural process of soil erosion. Conversely, the importance of
digital soil mapping for other biochemical and physical
properties [14] and infiltration modelling [15] arouse, aiding
land policy managers in more sustainable management.

4 CONCLUSIONS

Based on the developed susceptibility model to soil
erosion using GIS-MCDA of the wider eastern part of
Kastela Bay, potential zones of threat from the future
occurrence of negative effects of soil erosion have been
successfully identified. The slope had the largest impact on
soil erosion and occupied the largest area of the study area,
while the specific watersheds had the smallest impact. The
developed model of susceptibility within the investigated
area is primarily affected by zones of very high and high
susceptibility to soil erosion, which together covers 33.34 %.
By making a 3D representation of the susceptibility to soil
erosion, it was determined that most of the zones with the
greatest susceptibility to soil erosion are located on the slopes
of Kozjak and Mosor. Zones of the least susceptibility to soil
erosion were observed mainly in the area of flat coastal areas,
which should be addressed in the future by land policy
managers and government managers. These findings not only
contribute to a comprehensive understanding of soil erosion
dynamics in the region but also provide valuable information
for effective land management and conservation strategies to
mitigate the impending environmental challenges associated
with soil erosion.
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