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Abstract: Wind erosion is one of the most significant forms of land degradation which occurs in arid
and semi-arid regions. Agricultural land is significantly affected by wind erosion, which leads to
soil quality reduction, and consequently to economic losses. This research was conducted in the
autonomous province (AP) of Vojvodina (a region dominated by agriculture), which represents one
of the most important economic regions in the Republic of Serbia. The aim of this research was to
identify areas sensitive to wind erosion (in the month of March) in the AP Vojvodina by using fuzzy
logic, remote sensing data, and geographical information systems (GIS). The data of prior research on
erosion sediment were used for results validation. The results show that the hazardous sensitivity
category covers approximately 60.41% of the research area, while the medium sensitive category
accounts for 36% of the area. These findings are primarily a result of the lack of vegetation in almost
the entire area, particularly in wind-exposed agricultural areas with no vegetation, which are being
prepared for sowing. Another factor putting such a large area at risk is the unfavorable climate
(especially in southeastern parts of the area), and slightly less favorable soil properties in the north.
The results of this research could be used in decision-making at the regional level, along with the
development and implementation of programs aimed at mitigating the effects of wind erosion.
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1. Introduction

Wind erosion is one of the most significant forms of land degradation [1] in arid and semi-arid
areas. Agricultural land is particularly affected by the loss of fine soil particles and organic matter [2],
resulting in economic losses [3] and reduced soil quality [4]. It is estimated that 28% of the world’s
soils, including 1.3 mil km? of European agricultural soils, are affected by wind erosion processes [5].

In the Republic of Serbia, soils of the autonomous province (AP) Vojvodina are the most susceptible
to wind erosion, due to the physical and geographical characteristics of the area (flat relief, lack of
forest vegetation, intensive agriculture, and wind regime) (Figure 1). The research area was located in
the Panonian Plain, where soils are characterized as very good for agriculture [6]. The AP Vojvodina is
one of the most important economic regions in the Republic of Serbia, with a 61.5% to 88.3% share
of production of the main agricultural crops (maize, sugar beet, soybeans, and sunflowers) [7]. An
increase in the forest cover from 6.37% to the optimum of 14.32%, in line with the European standards, is
one of the goals of the document Optimum Afforestation in Vojvodina, drafted by the public enterprise
for forest management “Vojvodina Forests” [8]. In terms of agribusiness, the region AP Vojvodina
has all the prerequisites (fertile soil, optimal climate conditions, organic production potentials) to
successfully supply the fast-growing global markets with premium food products [9].
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Figure 1. Wind erosion in the autonomous province (AP) Vojvodina (photo by Leti¢, 2009).

In the last century, important investigations relating to wind erosion were performed at certain
locations in the AP Vojvodina [10,11]. Almost 20 years later, Savi¢ [12] investigated the vulnerability of
the AP Vojvodina to wind erosion. In a recent study, Veloi¢ [13] quantified the eolian process in the
Deliblato sands. The abovementioned researchers mainly conducted their investigations at a small
scale (Horgo$ and Deliblato sands). In the case of the researcher Savi¢ [10], the whole area of the
AP Vojvodina was included. However, that research focused only on the climate factor as one of the
indicators of wind erosion vulnerability.

Numerous models have been developed for the assessment of wind erosion sensitivity. In the
late 1950s, the empirical physical model Wind Erosion Equation (WEQ) was developed [14], followed
by an improved version, Revised Wind Erosion Equatio(RWEQ) [15]. Many other models have also
been developed. By developing new methods of spatial data analysis and by collecting data using
remote sensing, the abovementioned models are integrated and implemented in the geographical
information system (GIS) surroundings [16,17]. More recently, models which use input data based
on both empirical and theoretical knowledge have been widely applied to identify wind erosion
vulnerability zones [18,19].

So far, a large-scale assessment of wind erosion in the Republic of Serbia has not been carried
out. The aim of this research is to identify areas sensitive to wind erosion in the AP Vojvodina by
using fuzzy logic, remote sensing data, and geographical information systems (GIS). The data of prior
research on the erosion sediment [13,20] were used for results validation. This research used a model
based on fuzzy logic, which is increasingly used in environmental studies. The results of this research
should highlight the hotspots which are most at risk. This risk is a result of both natural characteristics
and the type of land use in the area (agricultural use). Furthermore, those results can be used for
decision-making and the development/implementation of programs aimed at mitigating the effects of
wind erosion at the regional level in the AP Vojvodina.
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2. Materials and Methods

2.1. Research Area

The AP Vojvodina represents one of the most important socio-economic regions in the Republic of
Serbia. The AP Vojvodina is positioned in the northern part of the Republic of Serbia on an area of
21,506 km? (Figure 2). The entire area of AP Vojvodina is located in the Pannonian Plain (with the
exception of the North Macva region) and the relief is flat (with the exception of Srem and south-eastern
Backa). The area of AP Vojvodina is characterized by a moderate continental climate [21]. During
the 1997-2017 period the mean annual temperature was 12.1 °C, while the mean annual precipitation
amounted to 649.35 mm. According to Wind Atlas Balkan (WAB) [22], during the 1979-2010 period,
the mean annual wind velocity in the windiest southeastern area of the AP Vojvodina was 7 m s71.
In the western part of the AP Vojvodina, the mean annual wind velocity was below 5 m s~!. Mean wind
velocity varies month after month, and the highest wind velocities and numbers of days with a wind
speed of above 12.6 m s~! were recorded in March and April (RHMOS 1997-2017) [23]. Due to natural
conditions (climate, wind speed, flat area, and intensive agriculture on wide fields with insufficient
woody vegetation), the risk of wind erosion processes is quite high. The occurrence of strong and dry
winds coincides with an insufficient vegetation cover and excessive pruning of the surface soil layer
(on agricultural land), especially in March and April.
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Figure 2. A map of the research area in the AP Vojvodina (showing soil samples, meteorological stations
and sample plots).

2.2. Data

The main factors used for modeling the vulnerability to wind erosion processes were climate
characteristics (wind speed, temperature, and precipitation), the presence of vegetation, and soil
properties. The following datasets were used in this research:

e  Soil: soil texture (sand, silt, and clay content), the organic matter content and the CaCOj3 content.
The soil data were obtained from a soil study of the AP Vojvodina soils [24];

e Climate: wind velocity, air temperature, and precipitation. The climate data (average monthly
temperature, average monthly precipitation, and average monthly number of days with a wind
velocity of above 12.4 m s~1') were obtained from the annuals (1997-2007) for the month of March
from the Republic Hydrometeorological Service of Serbia (RHMOS) [23];
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e Vegetation: vegetation cover. The data concerning the vegetation cover were obtained from
the Copernicus Global Land Service (CGLS) [25], a ready-made product of 10-daily difference
vegetation index (NDVI) index images (resolution 300 X 300 m) for the area of the AP Vojvodina,
for March 2016-2019. The data are available at https://land.copernicus.eu/global/products/ndvi
and they were accessed on 11 April 2019;

e Land use data: the data on land use were used without the areas which were not considered in
this research as irrelevant for wind erosion processes, such as urban areas, water bodies, and
mining areas. In order to exclude the abovementioned areas, CORINE Land Cover 2018 was
used [26]. The data are available at https://land.copernicus.eu/pan-european/corine-land-cover/
clc2018?tab=download and they were accessed on 10 May 2019.

2.2.1. Erodibility Fraction Analysis

In prior research, a combination of soil sieving and wind tunnel experiments provided evidence for
the relationship between soil erosion by wind and soil surface properties [27]. According to Chepil [27],
aggregates larger than 0.84 mm in diameter were less erodible. The erodibility fraction of European
soils was calculated in the research Borrelli et al. [28]. In another study [29,30] they combined the
erodibility fraction with other factors (climate, vegetation cover) in order to obtain the sensitivity of
European agricultural soils to wind erosion. In order to calculate the erodibility fraction, this research
used a multiple regression equation based on soil texture [31]:

~29.09 +0.315a + 0.175i + 0.335c + 2.590M - 0.95CaCO3

EF 100

where S, is sand content, S; is silt content, S is the ratio of sand and clay, OM is organic matter content,
and CaCOj; is calcium carbonate content.

2.2.2. Climate Factor Analysis

Sensitivity to wind erosion is affected by climatic conditions. Mean wind velocity reached a
maximum in March and April. There were 11 days with a wind speed of over 12 ms~! in March and
10 such days in April. Therefore, March and April can be considered the most important months in
predicting wind erosion sensitivity. In prior research, wind velocity was considered the main trigger
of wind erosion processes [18,19]. Saadoud et al. [32] and Mezési et al. [33] further investigated air
temperature and precipitation. In a particular area of AP Vojvodina (Deliblato sands), Kadovi¢ et al. [34]
pointed to the drought factor in relation to the soil degradation caused by desertification processes.
In a study carried out in AP Vojvodina, Savi¢ et al. [35] investigated the climate factor using the de
Martonne aridity index [36], along with wind velocity data. The climate factor applied in this research

was calculated as:
v2:+N

Is
where v is the mean monthly wind velocity (m/s), N is the number of days per month with wind

CF =

velocity above 12.4 m s71 and Is is the de Martonne aridity index.

2.2.3. Vegetation Cover Analysis

The presence of vegetation has an important role in reducing wind erosion [37]. The vegetation
cover for the month with the most severe wind erosion (March) was calculated based on remote sensing
data. The data for the vegetation cover were obtained using the normalized difference vegetation
index (NDVI), calculated as:

where R is the red spectral reflectance and NIR is the near infrared spectral reflectance.
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2.3. Methodology

The sensitive-indicator approach was used in this research [19] (sensitivity for wind erosion is
correlated with the content of erodible fraction, vegetation cover, and climate factor). First, maps of
the abovementioned factor were obtained (using interpolation methods, such as kriging, and Inverse
Distance Weighting (IDW). Furthermore, the sensitivity to wind erosion for each factor (soil erodibility,
climate factor, and vegetation cover) was first calculated separately using fuzzy logic [18,19,29], which
was developed by Zadeh [38]. The relationship between the two variables (the first variable was
one of the above mentioned factors and the second one was sensitivity to wind erosion) could be
described by fuzzy membership functions (Figure 3), where each unit is assigned values between
0 and 1. No possibility of wind erosion was assigned 0, while 1 indicates maximum sensitivity.
The relationship between the erodibility fraction and the rate of wind erosion was represented by a
linear fuzzy membership function (Figure 3c) [29]. The same function was applied to the relationship
between the climate factor and the rate of wind erosion (Figure 3b) [33]. The relationship between the
vegetation cover and the rate of wind erosion was represented by a J-shaped monotonically decreased
fuzzy membership function (Figure 3a) [19].
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Figure 3. Applied fuzzy membership functions for each affecting factor (a) vegetation cover; (b) climate
factor; (c) soil erodibility fraction.

By using the above-described relationship (between the rate of wind erosion and the contributing
factors), sensitivity maps were produced for each factor, which showed the spatial distribution of
sensitivity for each factor in wind erosion. The individual factor maps were overlapped and an
integrated map with zones vulnerable to wind erosion was obtained. In addition, the sensitivity map
excluded urban areas, objects such as mine areas, airports, and water bodies. The fuzzy analysis and
spatial analysis were carried out by IDRISI Taiga software (Clark Labs, Worcester, MA) and ArcMap
10.3 (ESRI, Redlands, CA). A full overview of the methodological framework is given in the scheme
below (Figure 4).
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Figure 4. An overview of the applied methodological framework.

3. Results and Discussion

Sensitivity maps for each factor were produced by using the above-described relationship between
the rate of wind erosion and the contributing factors (Figures 5-7). These maps showed the spatial
distribution of sensitivity of the individual factors contributing to wind erosion. After that, a synthesis
map of the vulnerability of the entire research area to wind erosion was obtained (Figure 8).
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Figure 5. Sensitivity of the climate factor.
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Figure 7. Sensitivity of the vegetation cover.

The map of soil sensitivity (Figure 6) to wind erosion clearly shows a generally low erodibility for
the whole research area. Low soil vulnerability (high resistance) to wind erosion processes depends on
the soil structure (fine silty loam and sandy loam) being mainly composed of chernozems [39]. This soil
was characterized by a high content of organic matter and a favorable structure [40]. Slightly higher
erodibility occurs in the far north, as a result of anthropogenic impact on soils with a lower content of
organic matter [41]. The vegetation cover is a key factor for protecting the soil from wind erosion [42].
The vegetation cover sensitivity map of AP Vojvodina indicates the highest sensitivity in wind-exposed
areas without any vegetation (Figure 7). Throughout March, in a large number of agricultural areas,
the soil is unprotected, with a complete lack of vegetation (preparation of soil for sowing). Generally,
higher wind velocity results in an increased sensitivity to wind erosion. The map of the climate factor
sensitivity to wind erosion shows high sensitivity in the south-eastern and north-eastern parts of AP
Vojvodina, as expected, due to the higher wind velocity in that part of the research area (Figure 5).

The results of wind erosion vulnerability for the whole research area were divided into categories,
including high, medium, and low vulnerability (Table 1) [19]. The results for the area are presented in
Figure 7.
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Table 1. Spatial distribution of sensitivity to wind erosion in AP Vojvodina.

Fuzzy Value Interval Sensitivity Area (%)
0.0-0.19 Low 3.63
0.2-0.39 Medium 35.92
0.4-0.9 High 60.41

After overlapping the individual maps of each contributing factor, based on CORINE Land Cover,
an 8.5% share of the total research area was excluded as surfaces irrelevant for wind erosion. Areas with
a sensitivity value higher than 0.4 are considered hazardous, and this sensitivity category occupied
approximately 60.41% of the research area, while the medium sensitivity category accounted for around
36% of the research area. Similar results were reported by Leti¢ et al. [43], who also showed that over
85% of the area in the AP Vojvodina was either disturbed or very disturbed (fragile) soils. In AP
Vojvodina, more than 75% of the area is used for agriculture [44]. Furthermore, there is insufficient
forest vegetation cover in the form of protective forests and protective forest belts (in AP Vojvodina the
forest cover amounts to approximately 6%). Particularly in March, agricultural areas are prepared for
sowing and left without any vegetation. Given that vegetation plays an important role in the protection
of soils, a large part of the agricultural area becomes very vulnerable. Similar results on the wind
erosion of agricultural areas without vegetation in spring months were reported by Mezosi et al. [19].
When unfavorable climate (wind velocity) was combined with soil characteristics of the northern and
southeastern parts, these two regions of the research area emerged as the most vulnerable to wind
erosion (Figure 8). In the south-eastern area of AP Vojvodina, we found the most extensive climate
conditions, with the highest mean wind velocity and number of days with stormy winds (with speeds
of above 18.9 m s™!). The potential vulnerability to wind erosion in the northern area is due to slightly
worse physical and chemical characteristics of the soil. In prior research on the vulnerability of the
entire area of the AP Vojvodina, similar results were found by Velasevi¢ [45] and Savi¢ [12], and the
most severely affected areas were northern and southeastern parts of AP Vojvodina.

sensitivity
e

-
50 Kilometers

Figure 8. Wind erosion sensitivity at the regional level with sample plots.

The most vulnerable parts of the research area (northern and southeastern parts) contain two
sandy areas—the Deliblato and Horgos sands [46]. Although they are not agricultural areas, a high
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probability of sand detachment in these places has negative impacts on agriculture [47]. In the past,
ameliorative works (reforestation) were carried out in these very areas in order to protect the soil
from wind erosion [48]. Studies on the intensity of wind erosion in the Republic of Serbia and AP
Vojvodina were carried out (in sandy areas) in four sample plots and at two locations which were
used for validation in this research. The first location was positioned in a highly vulnerable area
in the north of the research area—the Deliblato sands, where Veloi¢ [13] conducted research at two
locations, Cviji¢ev vis and Dragi¢ev hat. Veloi¢’s [13] research involved quantification of the erosion
process using mechanical sediment catchers. The amount of eolian sediment showed that the highest
vulnerability occurs in February and March. The results also showed that in the Cvijicev vis site, the
intensity of eolian erosion is four times higher than the intensity of eolian erosion in the Dragicev
hat site. These results are in accordance with the obtained results presented on the sensitivity map
(Figure 7). The higher soil loss at Cvijicev Vis has a direct correlation with the vegetation cover of
the soil. This site, compared to the other one, is located in an area where the vegetation cover is
significant. The second sample plot was located in the southeastern part of the research area—the
Horgos sands, where Velasevi¢ and Leti¢ [20] measured the amount of eolian sediments in two sites (P
and S). While site S had good vegetation cover, site P was located on barren land. Based on the results
of this research, the highest losses in both sites were recorded in late winter and early spring (February
and March). Greater losses were found in site P compared to site S, which had adequate protective
vegetation (Figure 8). These results are also in line with the newly created sensitivity map for that area.
The soil losses in both these sample plots confirm that several times more loss occurs in areas without
protective vegetation.

4. Conclusions

This research investigated the relevant factors (soil, vegetation cover, and climate) with an
impact on large scale wind erosion. The highest wind erosion risk was identified in the northern and
southeastern parts of the research area, due to the presence of agricultural areas with no protective
vegetation, which also experience frequent and strong winds. The results of this research show an
extreme risk of wind erosion. Even though the southeastern and northern parts of the research area
were found to be most seriously at risk, it must be noted that the entire research area is threatened by
wind erosion. This model allows us to identify the zones that are the most vulnerable to wind erosion.
However, its drawback is the lack of option to quantify erosion processes and determine the wind
erosion rate of certain areas (in measurable units).

These findings are disturbing and should serve as the basis for planning agricultural policy.
The focus should be on the implementation of suitable measures aimed at increasing the forest
vegetation cover. This type of vegetation, in the form of protective forest belts, provides the most
effective protection from wind erosion.

In order to obtain a more comprehensive understanding of areas sensitive to wind erosion, the aims
of further research should include a forecast of climate that could affect such areas. In addition to
that, the attention of researchers should be focused on other factors which can only be observed at the
small-scale level, such as the impact of windbreaks and wind path length on the sensitivity of areas to
eolian erosion.
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