
Long-term evaluation of surface
topographic and topsoil grain
composition changes in an
agricultural landscape

Klaudia Halászová1, Lenka Lackóová1* and
Thomas Panagopoulos2

1Institute of Landscape Engineering, Faculty of Horticulture and Landscape Engineering, Slovak
University of Agriculture, Nitra, Slovakia, 2Faculty of Science and Technology, University of Algarve,
Campus de Gambelas, Faro, Portugal

Understanding long-term changes in topography and topsoil grain composition
is crucial for themanagement of agricultural landscapes, especially in areas prone
to wind erosion. This study investigates long-term changes in topography and
topsoil grain composition within an agricultural landscape in south-western
Slovakia. To analyse topographic changes over time, we used high-precision
positioning measurements and airborne laser scanning to create digital terrain
models (DTM) for the years 2011, 2017 and 2020. To assess changes in soil grain
composition, we performed grain size analyses on soil samples collected during
three different periods: M1 (1961–1970), M2 (2009–2015) and M3 (2015–2016).
Changes in soil texture were evaluated to understand the impact of wind erosion
on soil composition. The influence of windbreaks was also analysed by
comparing the accumulation and deflation processes. The results showed
significant changes in both topography and soil texture over the study period.
The DTMs showed marked differences in the accumulation and deflation
processes, highlighting areas affected by wind erosion. Comparisons of soil
samples showed a shift in dominant soil types from loam and clay loam to
silty loam, highlighting the effects of wind erosion. Analysis revealed a decrease in
clay and silt content and an increase in sand content, indicatingwind-induced soil
degradation. The presence of windbreaks played a crucial role in reducing soil
erosion by reducing wind speed, promoting soil accumulation and stabilising the
landscape up to 80 m windward and 20 m leeward. The study highlights the
complex interplay of climate and wind factors in shaping topography and soil
properties and emphasises the protective role of windbreaks in agricultural
landscapes over time. Our results show that wind erosion significantly alters
soil texture, which can affect agricultural productivity. However, windbreaks have
proven to be an effective measure in reducing soil erosion and maintaining soil
quality.
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1 Introduction

Wind erosion is a key geomorphic process that shapes our
agricultural landscapes, influences soil quality and affects ecosystem
health. Aeolian processes include the effects of wind on a
sedimentary surface, including erosion, sand transport and
deposition (Durán et al., 2011). Changes in topsoil grain
composition are critical (Li et al., 2009) for understanding soil
health and erosion dynamics in agricultural landscapes. These
changes can significantly affect soil fertility, structure and water-
holding capacity, thereby affecting crop productivity. Wind erosion
tends to remove finer particles such as silt and clay from the topsoil,
leaving behind coarser sand particles, thereby altering soil texture
(Lyles and Tatarko, 1986). The redistribution of soil particles by
wind can also create heterogeneous soil patterns across a landscape,
with some areas accumulating finer sediments, increasing their
fertility, while others are depleted (Liu et al., 2020). These
changes in grain composition can affect soil physical properties
such as porosity, permeability and bulk density (Du et al., 2018). As a
result, areas experiencing significant topsoil loss may suffer from
increased compaction and reduced root penetration, which can
adversely affect plant growth (Duniway et al., 2019). Despite
extensive research, knowledge gaps remain regarding the long-
term effects and mitigation strategies of wind erosion,
particularly in agricultural settings. In the context of an
increasingly variable climate with longer dry spells, temperate
zones in Europe are now facing increasing concerns about wind
erosion (Böhner et al., 2004; Mezősi et al., 2016; Négyesi et al., 2019;
Laino and Iglesias, 2024). For example, Slovakia shows a range of
susceptibility percentages, suggesting a complex interplay between
climate and erosion potential (Borrelli et al., 2016a). Numerous
studies (Li et al., 2022; Dahanayake et al., 2024; He and Shao, 2024)
have shown that vegetation is the most effective roughness agent in
mitigating aeolian erosion by shielding the surface, reducing wind
speeds and trapping soil particles (Hong et al., 2020). Windbreaks,
shelterbelts, hedgerows, timber strips, tree belts and linear woody
features serve as primary components to shape rural landscapes and
influence their functionality in variety of ways. For centuries, these
structural elements, such as windbreaks and shelterbelts, have been
used worldwide to mitigate the effects of wind erosion by
significantly reducing wind speed and preventing erosion (Vacek
et al., 2018). Land use has a critical influence on wind erosion (Zhou
et al., 2020) by affecting vegetation cover and soil roughness, which
in turn affect wind flow (Hesp et al., 2019). Topography is also an
important factor influencing wind erosion (Zhou et al., 2020), and
the long-term wind erosion process can affect the topography of the
area. However, few studies have measured and modelled
topographic changes in agricultural fields due to wind erosion.
Quantifying the transport of soil particles by wind is challenging
due to significant temporal and spatial variability in mass fluxes.
Typically, erosion and deposition are measured using a mass balance
approach, where sediment input and output are calculated at the
boundaries of the study area. If input exceeds output, accumulation
occurs; if output exceeds input, deflation occurs. A zero balance
indicates no net change, meaning only transport with no gain or loss
of soil particles (Smyth et al., 2019). The precise measurement and
correlation of the two basic processes of soil accumulation and
deflation and the resulting topographic change are not yet fully

understood (Visser et al., 2004). Incorporating measures of
topographic change, such as total volume change and changes in
topographic roughness, provides more robust evidence of sediment
movement, independent of overall sediment gains or losses within
the area of interest (Caster et al., 2024). The influence of wind
erosion and topographic context significantly exacerbates the
variation in soil properties (Tuo et al., 2023). The use of UAV-
based LiDAR and photogrammetry can be used to produce high
resolution topographic models in combination with high resolution
satellite imagery to quantify sand source areas (Solazzo et al., 2018).
Once DEM data are acquired, volumes of small or large dune
complexes can be easily calculated using standard GIS software.
By performing spatial analysis on DEMs from different dates,
morphometric changes over time can be quantified. This
approach allows for the reconstruction of volumetric changes in
land surfaces caused by different geomorphic processes (Schmid
et al., 2022). According to the study (Smyth et al., 2019), wind speed
showed a strong correlation with overall topographic change, while
vertical wind speed, both up and down, was significantly associated
with negative topographic change (erosion). These results emphasise
the crucial role of wind dynamics in shaping agricultural landscapes
over time. Despite these advances, there are still significant
knowledge gaps that need to be addressed, particularly in the
long-term monitoring and analysis of changes in topography and
topsoil grain composition. Few studies have focused on these
aspects, highlighting the need for further research to fully
understand the dynamics of wind erosion in agricultural
landscapes. This paper aims to address these knowledge gaps by
providing a long-term evaluation of topographic, topsoil grain
composition changes and the protective effect of single row
windbreak in an agricultural landscape using advanced remote
sensing techniques and spatial analysis.

2 Material and methods

The study area is located in the south-western part of Slovakia
(Figure 1) and is characterised by a continental climate with
significant temperature fluctuations throughout the year, with an
average of 50 summer days per year. The average annual
temperature is 9.8°C. The average annual precipitation is about
600–700 mm. Rainfall is irregular, with higher levels in summer
compared to spring and autumn. The average humidity is 80% and
there are about 90 days of frost per year. The area also experiences
strong winds with high rates of aeolian sediment transport. The
average annual wind speed is 3.1 m/s and the maximum wind speed
is 17.9 m/s. The total area of the study area is 4637.37 ha and the
study area is 22.61 ha.

2.1 Wind rose diagram and analysis of
regional wind regime

The wind regime is a critical factor influencing soil erosion and
sediment transport in agricultural landscapes. To better understand
the dynamics of wind erosion in Močenok, Šaľa district, Slovakia, we
analysed the regional wind regime, including wind speed, direction
and seasonal variations. The wind rose diagram (Figure 2) illustrates
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the frequency and intensity of winds from different directions, based
on meteorological data collected over the last 60 years. The wind
rose diagram shows that the prevailing winds in Močenok come
mainly from the northwest (NW) and north-northwest (NNW)
directions. Secondary winds are observed from the east-northeast
(ENE) direction. This pattern suggests that the region experiences
significant wind activity from the northwest, which affects soil
erosion and sediment transport.

The trend of mean maximum (Umaxmean) and mean (Umean)
wind speeds in Močenok from 1961 to 2021 is shown in Figure 3.
The Umaxmean shows a significant decrease from the early 1960s
until about 1980, after which it stabilizes with some fluctuations. The
Umean remains relatively constant throughout the period,
indicating that while extreme wind events have decreased over
time, the average wind conditions have not changed significantly.

According to research of [25], wind erosion events occur in
Slovakia when the wind speed exceeds 5 m/s. Figure 4 shows that the
frequency of erosive winds (winds exceeding 5 m/s) in Močenok
from 1961 to 2021 is relatively low from January to March. From
April to June, the frequency gradually increases, peaking in July This
high frequency persists through August and September before
declining from October onwards, reaching the lowest levels
in December.

2.1.1 Windbreak parameters
The windbreak, which also plays an important role in altering

the topography of the study area, is located in the centre of the study
area with a length of 140 m, a width of 12–24 m and a height of

7.9–12.6 m. It is a single-row windbreak with 3 zones (herbaceous,
shrubby and tree). The main tree and shrub species used in the
windbreak are Gleditsia triacanthos, Robinia pseudoacacia, Cormus
domestica, Fraxinus excelsior, Prunus avium, Crataegus laevigata,
Euonymus verrucosus and Rosa canina. We took detailed
photographs of the windbreaks in the autumn of 2011/2012/
2017 and 2022. Using these field photographs, we assessed the

FIGURE 1
Study area and the study field in district Šaľa, cadastral area Močenok, Slovakia.

FIGURE 2
Wind rose diagram - Močenok (1961–2021).
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optical transmittance of linear strips of vegetation using a Python
script. This process involved counting black and white pixels in the
photographs (Figure 5) and converting these counts into
percentages. Based on these percentages, the data were classified
into one of three categories (permeable, semi-permeable and non-
permeable), all of which were classified as semi-permeable, ranging
from 36%–48%.

2.1.2 Soil grain composition
Soil grain composition was analysed throughout the whole

study area. The area is typical of predominantly clay, clay loam

and clay loam soils (based on USDA soil classification system).
The clay content ranges from 7.5% to 24.9%. The dust
fraction >30% is also significantly represented. Grain size
analyses were performed by comparing 3 temporal patterns of
a) M1: 1961–1970 (Balkovič et al., 2010) (M1), b) M2: 2009–2015
(Ballabio et al., 2016) and c) M3: 2015–2016 to evaluate changes
in grain size characteristics due to long-term wind erosion in the
landscape using GIS analysis. Data generated from the profile of
sand and clay content in the A horizon of a selection of probes
from the Comprehensive Survey of Agricultural Soils (Balkovič
et al., 2010) (a total of 16,264 georeferenced probes) were used to

FIGURE 4
The frequency of monthly erodibility winds occurrence (1961–2021).

FIGURE 3
The trends of Umean and Umaxmean frequency in the study area.
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analyse the “historical” grain size composition of soils in the
areas of interest. Regression kriging was used for
interpolation (Figure 6).

The spatial model from (Ballabio et al., 2016) - European Soil
Database mapping is available and can be freely downloaded from
the JRC, ESDAC website http://esdac.jrc.ec.europa.eu/content/
european-soil-database-derived-data. Sample probes were selected
in the study area where we compared changes in sand (2–0.05 mm),
silt (0.05–0.002 mm) and clay (<0.002 mm) fractions over the given
time periods. Based on these data, sand, silt and clay fraction values
were determined for each selected probe using zonal statistics
(ArcToolbox - Spatial Analyst Tools - Zonal - Zonal Statistics as

Table) in ArcMap 10.2.2. A model of sand and clay distribution was
calculated for a grid with a cell size of 20 m.

2.2 Topographic data collection and analysis

In order to determine the height of the study area from the
individual measured points (in 2011 and 2020), the Real-Time
Kinematic (RTK) Global Navigation Satellite Systems (GNSS)
method with connection to the state network SK POS (Slovakia
Positioning Service), device FOIF GNSS A30 (high-performance
GNSS receiver used for geospatial data collection, which supports

FIGURE 5
Black and white picture of windbreak.

FIGURE 6
Digital models of sand, silt and clay fractions within study area.

TABLE 1 Detailed characteristics of the data collection.

Year Data collection technique Data collection
period

Number of
points

Accuracy

2011 FOIF GNSS A30 20.4.2011 324 mp = 0.06 m
mH = 0.10 m

2017 Source products: Aerial laser scanning, Geodetic and Cartographic Institute
Bratislava, Slovakia

14.11.2017–27.11.2017 33/m2 mp = 0.07 m
mH = 0.03 m

2020 FOIF GNSS A30 5.9.2020, 15.9.2020 360 mp = 0.06 m
mH = 0.10 m
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multiple satellite constellations) was used. The accuracy
characteristics of the determination of the position and height of
the detailed points are characterised by the maximum values mp =
0.06 m, mH = 0.10 m. The spatial resolution cell size of the final
DTM raster was 1 m. The TIN interpolation method was used. In

ArcMap 10 the commands “3D Analyst - TIN management - TIN
creation” were used. The TIN model consists of irregular triangular
elements centred on points. The data from 2017 were obtained from
airborne laser scanning by the Geodetic and Cartographic Institute,
Bratislava (Table 1).

To create the regular and comparable grid system we used the
geoprocessing tool - Create Fishnet (ArcGIS Pro 3.0.2), which
creates a feature class containing a network of rectangular cells.
Creating a fishnet requires three basic pieces of information: the
spatial extent of the fishnet, the cell size and the rotation angle. We
set the cell size to 20 m and the angle to be parallel to the windbreak.
In total, the grid system created consisted of 1273 individual cells. A
total of 251 points were measured in the field (leeward and upwind
of the windbreak) and 71 in the windbreak area (Figure 7).

Three-year periods (a) 2011, b) 2017, c) 2020) were used to
obtain datasets for the creation of a Digital Model of Terrain (DTM)
in the study area (Figure 8).

3 Results

3.1 Spatial analysis of the study area for grain
size variation

Spatial grain analysis showed a change in soil type between
periods M1 - M2 towards clay loam and silty loam soil types and M2
- M3 towards silty loam soil type (Table 2). Initially, in period M1,
the predominant soil type at most sites is loam, with one case of
sandy loam. As we progress to period M2, there is a marked
introduction of silty clay loam and an increased presence of silty
clay loam. The appearance of silty clay loam, which has a higher silt
and clay content, is indicative of initial wind erosion processes that
loosen finer soil particles. These soils, although cohesive when wet,
can become compacted and prone to crusting, increasing their
susceptibility to erosion when dry. The emergence of Clay Loam

FIGURE 7
Fishnet with measured points within the study field.

FIGURE 8
DTM of the study field in study period (A) 2011, (B) 2017 and (C) 2020.
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also suggests soil compaction, but with larger clods that can resist
erosion better than finer particles. By period M3 the soil type shifts
to predominantly silt loam on almost all sites. This shift from more
cohesive soils to finer, more erodible soils highlight the progressive
impact of wind erosion. Silt loams, with their high silt content and
smooth texture, are particularly susceptible to wind erosion when
dry and poorly aggregated. The continuous detachment, transport
and deposition of soil particles by the wind is likely to have resulted
in this significant textural change. These observations are consistent
with the nature of wind erosion processes. Initially, the wind
detaches soil particles from the surface, with loam showing
relative resistance compared to silty loam or sandy loam. Wind
transport of these detached particles is more efficient for finer
particles such as silt, leading to their accumulation in
depositional areas. The increased presence of silt loam by period
M3 indicates that continuous wind erosion has progressively
broken-down soil aggregates, leaving finer, more resistant particles.

Using the nine (variations of 3 time periods and 3 soil fractions)
spatial models of sand, silt, and clay fractions over M1, M2, and
M3 periods in study area it was obtained the percentual change

representation of each soil fraction between M1-M2, M2-M3, and
M1-M3 periods (Figure 9).

3.1.1 Clay content changes
The percentage change in clay content (Figure 10) between

periods M1 and M2 shows significant variability.
Approximately 19.01% of the study area experienced a
decrease in clay particles of up to 40%. This decrease
indicates that these areas were subject to wind erosion which
removed clay particles from the soil. Around 80% of the study
area experienced an accumulation of clay particles, with
increases of up to 60%. This significant increase in clay
content suggests that finer particles have been deposited in
these areas, probably by wind action. Wind tends to remove
lighter, coarser particles, leaving behind or depositing heavier
clay particles. The changes in clay content from M2 to M3 also
show considerable variation. About 65% of the study area
showed a decrease in clay particles of up to 80%. This
indicates a significant loss of clay, probably due to continued
or increased wind erosion processes. Only 21% of the study area
showed an increase in clay content of up to 40%. This reduced
rate of accumulation compared to the M1-M2 period suggests a
shift in the dynamics of erosion and deposition during this
period. The cumulative change in clay content from M1 to
M3 shows significant changes. The largest decrease in clay
particles, up to 80%, was observed over 65% of the study
area. This long-term reduction highlights persistent wind
erosion resulting in significant clay loss. Only about 4% of
the study area experienced deposition, with increases of up
to 20%. This indicates a limited area of clay particle
accumulation throughout the period, reinforcing the trend of
ongoing erosion.

3.1.2 Sand content changes
The percentage change in sand content (Figure 11) between

periods M1 and M2 shows clear patterns. Approximately 54% of
the study area experienced a significant decrease in sand fraction,
mostly up to 40%. The significant increases in sand fraction include
the 0%–20% and 20%–40% ranges, representing approximately 33%
of the study area. These increases indicate areas where sand or fine
particles (clay and silt fractions are displaced to these locations) have

TABLE 2 The results of soil grain analysis on the M1 (1961–1970), M2
(2009–2015) and M3 (2015–2016) periods.

ID probes M1 M2 M3

Soil type Soil type Soil type Soil type

4 Loam Silty–clay - loam Silt - loam

5 Loam Loam Silt - loam

6 Loam Silt - loam Silt - loam

10 Loam Loam Silt - loam

11 Loam Silt - loam Silt - loam

12 Loam Loam Silt - loam

13 Loam Clay - loam Silt - loam

14 Loam Loam Silt - loam

17 Sandy loam Loam Silt

Comparison of changes in sand, silt, and clay fractions over the M1, M2, M3 periods.

FIGURE 9
Change of the sand, silt and clay fraction in the study area between M3 (2015–2016) and M1 (1961–1970) periods.
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been deposited by wind action. There was significant sand deposition
during this period, indicating active wind erosion processes. The
cumulative changes from M1 to M3 show significant decreases in the
sand fraction, with 32% of the area showing up to 40% deflation and
33% of the area showing more than 120% deflation. This suggests a
continuing trend of sand particle deflation or more likely erosion and
redistribution of finer particles in these areas.

3.1.3 Silt content changes
Significant changes in silt content (Figure 12) are observed

in 51.68% of the study area with up to 80% deflation. This
indicates significant removal of silt particles. Only 16% of the
study area shows accumulation of silt particles up to 20%. The
percentage change from M2 to M3 varies from a decrease of up
to 40% in 27% of the study area to an increase of up to 40% in
59% of the study area. These changes indicate continuous
deposition and intensive erosion of silt particles. The
cumulative changes show both a decrease (up to 80%) in silt

content in about 55% of the study area and an increase (up to
40%) in about 43% of the study area. These trends are indicative
of long-term processes favouring the depletion of silt particles
in these regions.

The observed changes in soil composition reflect dynamic
processes influenced by wind erosion. Areas with increased clay
content may experience deposition of finer particles or reduced
erosion due to the protective effect of vegetation or land
management practices. Conversely, areas of increased sand content
may be experiencing erosion of finer particles, leaving behind coarser
particles. The significant changes in silt content indicate areas where
wind erosion favours the removal of these finer particles. The data
demonstrate the complex interplay of wind erosion and deposition
processes affecting soil composition over time.

3.1.4 Topographic changes
The information obtained from DTM can be interpreted in

two ways: visual analysis of the graphical representation or
quantitative analysis. Interpretation procedures, together with
the visualisation of functions, represent an important goal of
terrain modelling in the context of GIS. For each 1 × 1 m2, the
value of DTM 2020 and DTM 2017 was subtracted from DTM
2011. This step was carried out using the “3D Analyst tools -
Terrain and TIN surface - Surface difference.” This tool calculates
the volume difference between two irregular network (TIN)
triangles or terrain datasets. The output models of
topographic changes are shown in Figure 13. Negative values
represent the accumulation process (AP) and positive values the
deflation process (DP). Part a) represents the changes within the
8 years (2011–2017). The ratio between AP and DP pixels is
37.36%: 62.63%, which represents an area of 8.44 ha and 14.08 ha
respectively; part b) represents the changes over the 4 years
(2017–2020). The ratio between AP and DP pixels is 80.84%:
19.16%, representing an area of 18.27 ha and 4.33 ha respectively.

Figure 14 shows the topographic changes as a combination of
the periods 2011–2017 and 2017–2020. The calculation of pixels
with values 1 (DP) and 2 (AP) has been multiplied. Results 1 means
DP for both periods, 2 as a combination of AP and DP in one of the
periods and 4 as AP for both periods. Zones with predominant DP

FIGURE 10
The % change in clay content between M1 (1961–1970), M2
(2009–2015) and M3 (2015–2016) periods (> (−120%) = 0,
(120%) – (−80%) = 1, (−80%) – (−40%) = 2, (−40%) – 0% = 3, 0
%– 20% = 4, 20 %– 40% = 5).

FIGURE 11
The % change in sand content between M1 (1961–1970), M2
(2009–2015) and M3 (2015–2016) periods (> (−120%) = 0,
(120%)– (−80%) = 1, (−80%)– (−40%) = 2, (−40%– 0%= 3, 0%– 20% =
4, 20% – 40% = 5, 40% – 60% = 6, 60% – 80% = 7, 80% – 100%=
8, 100% – 120% = 9, >120% = 10).

FIGURE 12
Change in silt content between M1 (1961–1970), M2
(2009–2015) and M3 (2015–2016) periods (> (−120%) = 0,
(120%) – (−80%) = 1, (−80%) – (−40%) = 2, (−40%) – 0% = 3,
0% – 20% = 4, 20% – 40% = 5, 40% – 60% = 6).
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cover 12.64 ha within the whole study period, zones as a
combination of accumulation and deflation zones cover 6.62 ha
and zone with AP zones cover 3.34 ha.

3.1.5 The impact of the windbreak
The presence of a windbreak significantly influences the spatial

distribution of eroded soil particles over time within a study plot
(Figure 15). The windbreak plays an important role in reducing soil
erosion and promoting AP in its vicinity. The protective effect of the
windbreak is clear at about 80 m windward and 20 m leeward. This
suggests that the windbreak creates a zone of reduced wind speed,
allowing the deposition/accumulation of soil particles. The
variability in soil erosion and AP/DP patterns highlights the
dynamic nature of wind erosion processes in areas not protected
by the windbreak.

4 Discussion

Understanding the dynamics of wind erosion and its long-term
effects on soil composition and topography is crucial for the
sustainable management of agricultural landscapes. This paper
considers various aspects of soil particle redistribution,
topographic change and the protective capacity of windbreaks.
Numerous studies have highlighted the dynamic nature of soil
particle redistribution by wind erosion (Dufková, 2007). For
example, Li et al. (2007) observed significant changes in soil
texture over time, with an increase in the proportion of
250–500 μm particles and a decrease in finer particles (<50 μm
and 50–125 μm). Similarly, Lyles and Tatarko (Mielke and Schepers,
1986) documented a significant increase in the proportion of sand
particles over a 36-year period due to wind erosion, particularly on
medium sandy and sandy soils. Wind erosion causes changes in soil

texture that affect how soil particles group together. This is
particularly true on loamy soils where cultivation reduces clay
into larger aggregates, increasing the risk of particle loss by wind
(Colazo and Buschiazzo, 2014). Grain analyses of eroded soil during

FIGURE 13
Topographic changes (m) within the study field between (A) 2017–2011 and (B) 2020–2017 (C) 2020–2011.

FIGURE 14
AP a DP zones within the study period.
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vertical transport (Li et al., 2007) show that 71.0% of soil particles
move in the first 5 cm above the soil surface, and at a height of
0–15 cm this movement increases to 97.01% of total transport. The
boundary between particles moving in the form of saltation and
particles suspended in the air is approximately 25 cm above the soil
surface. Liebig et al. (2024) emphasise the dynamic nature of soil
texture across sites, suggesting that soil properties should not be
assumed to be static, but rather subject to ongoing change influenced
by erosive processes. Research using soil archives, as demonstrated
by (Bergh et al., 2022), provides valuable insights into the long-term
dynamics of soil change, contributing to our understanding of soil
evolution and management practices. The findings of (Leys and
McTainsh, 1994; Okin et al., 2001) highlight the detrimental effects
of wind erosion on soil fertility, with significant losses of silt, clay and
fine sand particles over relatively short periods of time. This ongoing
erosion depletes the topsoil, which is rich in nutrients and organic
matter, thereby reducing soil fertility and potentially leading to
desertification (Tóth et al., 2013). observed changes in the soil
surface with field measurements, noting total height changes of
3–4 cm and accumulations of 0.5–2 cm. The average change in soil
surface height ranged from −0.7 to −0.97 cm. Using the volumetric
method (Urban et al., 2013; Varga et al., 2013) it was found that
approximately 14,922 m³ of soil material (5.5 cm in height) was
transported during an erosion event, mainly from the edges of the
field. Accurate determination of the structural parameters of
windbreaks and accurate modelling are essential to evaluate their
effectiveness (An et al., 2022). Low porosity fences increase the
protection distance, while appropriate planting distances and
integration with artificial fences increase the protection efficiency
and reduce erosion (He and Shao, 2024). The relationship between
optical porosity and structural indices also correlates with
windbreak effectiveness (Středová et al., 2012). The effect of
windbreaks on wind speed reduction varies considerably,
typically ranging from 20 to 35 times the height of the
windbreak on the leeward side (Brandle et al., 2004; Janeček
et al., 2012). Urban et al. (2013) showed that the content of non-
erodible particles was higher on the windward side of the windbreak.
A series of studies have highlighted the significant impact of human
activities on wind erosion. Zhang et al. (Zhang et al., 2018;
Bartkowski et al., 2022) they both found that climate change and
human activities are key drivers of wind erosion, with the latter
study emphasizing the need to consider the effects of climate change

on vegetation. Zhou et al. (2023) further demonstrated the role of
residences and roads in intensifying wind erosion, particularly in
temperate grassland ecosystems. Webb et al. (2022) provided a
comprehensive review of the sensitivity of aeolian processes to
anthropogenic land use and management, emphasizing the need
for future research to connect wind erosion mitigation to broader
land management and air quality objectives. These studies
collectively underscore the importance of addressing human
activities in efforts to control wind erosion. By integrating
advanced remote sensing techniques with spatial analysis, we can
improve our understanding of the dynamics of wind erosion and its
long-term effects on soil composition and topography. This
understanding underlines the critical need for effective wind
erosion control measures. Practices such as maintaining
vegetation cover, implementing windbreaks and adopting soil
management strategies that improve soil structure and stability
are essential to mitigate the detrimental effects of wind erosion.
Future studies should prioritise the combination of field
measurements with remote sensing data to improve our ability to
accurately monitor and model soil erosion processes. Research into
innovative soil conservation practices and landscape management
strategies tailored to specific agro-ecological contexts is essential to
mitigate the adverse effects of wind erosion and ensure sustainable
agricultural productivity.

5 Conclusion

This study provides key insights into the long-term effects of
wind erosion on surface topography, topsoil grain composition, and
the protective role of windbreaks in an agricultural landscape. Our
spatial analysis revealed significant changes in soil texture and
topography over time, emphasizing the ongoing impact of wind
erosion. The shift towards finer, more erodible soil particles,
particularly the increase in silt loam, indicates continuous soil
degradation. Windbreaks were found to be effective in reducing
wind speed and promoting soil deposition, highlighting their
importance in soil conservation. Overall, our findings underscore
the need for sustainable landmanagement practices to mitigate wind
erosion and ensure agricultural productivity. Future research
integrating field observations with remote sensing will be crucial
for advancing our understanding and management of wind erosion.

FIGURE 15
Protection effect of the windbreak during wind erosion event (48.201473, 17.885967).
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