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Under conditions of changing climate, unsustainable use of agricultural land and increasing anthropogenic 

pressure on the environment, the natural bioproductivity of the soil is being lost. The integration of geographic 

information systems (GIS) and remote sensing has been shown to promote precision farming technology and 

sustainable land use practices. In this study, based on the Revised Universal Soil Loss Equation (RUSLE) 

method, a digital elevation model of an experimental site in eastern Kazakhstan was developed. It was found 

that one of the main causes of erosion is critically low content of humus in the soil in the range of 0.82-1.66 %, 

so the use of spatial modelling methods can help determine the best management practices to reduce and 

prevent soil erosion and improve its quality by increasing the content of humus in the soil. Calculations of actual 

soil losses after gully formation, which amount to about 185 ha of land, have been made; a predictive model of 

the relief of the study area and increase of humus content to 3.5-5% with the proposed fertility restoration 

measures has been developed to prevent further soil erosion, preserve and restore fertility. 

1. Introduction

The problem of soil degradation as a result of agricultural production intensification has taken on a global scale. 

It is known that more than a third (about 2×106 ha) of the world's agricultural soils are degraded, having lost 

their former fertility and eroded (Pimentel et al., 2013). Since the end of the last century, a new term has 

emerged: conservation agriculture, regenerative farming, a system sharpened to preserve soil fertility in a 

sustainable manner. Under conditions of changing climate, irrational use and increased anthropogenic load on 

arid lands active degradation processes take place. Irreversible changes of ecosystems, loss of natural 

bioproductivity of soil, loss of species diversity of vegetation are observed. Regular monitoring by experts helps 

to timely identify problematic desertification hotspots, and then to develop and implement measures for 

preservation and restoration of arid zones. The development of GIS has made it possible to combine spatial 

positioning with different information, visualising it with maps and 3D scenes. Maps are used as geographical 

containers to incorporate data layers and analytics. GIS reveals a deeper understanding of data, patterns, 

relationships and provides a more intuitive representation of data (Lytos et al., 2020). 

Climate change affects several aspects of agricultural production systems, such as changes in flowering 

phenology, water availability, soil fertility and erosion, increased pathogen distribution and host susceptibility 

(Rosenzweig et al., 1995). The use of a GIS system constitutes a special category of software that organises, 

analyses, processes and visualises field data in the form of digital maps. Radoglou et al. (2020) developed a 

unique modelling approach for rapid assessment of large-scale water erosion on a regional scale, using the 

example of the Loess Plateau in China. They created a mathematical model linking sediment output and 

selected variables based on remotely sensed (RS) data through an overlay in a GIS. In the final step, they 

trained the mathematical model by calculating predictor relationships using multiple regression analysis (MRA). 

Michalopoulou et al. (2022) analysed and studied the relationships between the Digital Elevation Model (DEM) 

and the topographic coefficient (LS), which is one of the most important parameters of the RUSLE model, to 

estimate the annual soil erosion rates. It is shown that the construction of a digital elevation model (DEM) is 
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necessary to assess soil susceptibility to erosion. It has been established by the above authors that the 

evaluation of primary topographic data and different approaches to the calculation of LS coefficient are of 

particular importance, especially in areas with a diverse landscape.  

This paper presents the results of a study to calculate soil loss of an experimental polygon, develop measures 

to restore soil fertility and prevent future erosion based on a combination of Earth remote sensing (ERS) 

technology and mathematical modelling techniques.  

2. Object and methodology of research 

The experimental site is located in eastern Kazakhstan at 50°20'06.3 "N and 81°37'48.7 "E and covers an area 

of 240 km2. The study area is characterised by steep topography due to the proximity of the Irtysh River and the 

presence of the Shulba reservoir. Approximately 300 mm of precipitation falls each year in the area. The wettest 

months are from May to September. Due to high precipitation and steep slopes, large amounts of soil are subject 

to erosion and transported to low-lying valleys and various water bodies. The study area is shown in Figure 1.  

 

Figure 1: Experimental Range (image taken by Sentinel-2 L2A: 18.08.2022) 

The SAGA GIS software was used to process the space images of the experimental polygon acquired from the 

spaceborne radiometer (ASTER) V3 (Conrad et al., 2015). The calculation of the S-factor in this study is based 

on the RUSLE model, RUSLE is an empirically based modelling approach that predicts the long-term average 

annual rate of soil erosion on slopes using five factors. It estimates soil loss under similar topography and 

meteorological conditions as described by Thapa (2020) presented in Eq (1): 

{
 𝑆 = 10.8 ∗ 𝑠𝑖𝑛θ + 0.03, s𝑡𝑒𝑒𝑝𝑛𝑒𝑠𝑠 < 9%
𝑆 = 16.8 ∗ 𝑠𝑖𝑛θ − 0.50, s𝑡𝑒𝑒𝑝𝑛𝑒𝑠𝑠 ≥ 9%

 (1) 

where θ is the slope angle, expressed in radians. 

The approach of Desmet and Govers (1996) presented in Eq (2-6) was used to calculate the LS coefficient: 

𝐿𝑖,𝑗 =
(𝐴𝑖,𝑗−𝑖𝑛 + 𝐷2)𝑚+1 + 𝐴𝑖,𝑗−𝑖𝑛

𝑚+1

𝐷𝑚+2 ∗ 𝑥𝑖,𝑗
𝑚 ∗ (22.13)𝑚  (2) 

𝑥𝑖,𝑗 = 𝑠𝑖𝑛𝛼𝑖,𝑗 + 𝑐𝑜𝑠𝛼𝑖,𝑗 (3) 
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𝑚 =
𝛽

𝛽 + 1
 (4) 

𝛽 =
(

𝑠𝑖𝑛θ
0.0896

)

[0.56 + 3 ∗ 𝑠𝑖𝑛θ0.8]
 (5) 

 

where Ai,j-in - input area to grid cell with coordinates (i, j) (m2); D - grid cell size (m); αi,j - aspect direction for 

grid cell with coordinates (i, j). 

to calculate the maximum absolute error, the mean value of products that can be approximated by the product 

of the means presented in Eq (6) is used (based on Li et al. (2016)): 

∑ 𝑅𝑚𝑖𝐾𝑚𝑖𝐿𝑆𝑖𝐶𝑖𝑃𝑖
𝑛
𝑖=1

𝑛
≈
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𝑛
𝑖=1

𝑛

∑ 𝐾𝑚𝑖
𝑛
𝑖=1

𝑛

∑ 𝐿𝑆𝑖
𝑛
𝑖=1

𝑛

∑ 𝐶𝑖
𝑛
𝑖=1

𝑛

∑ 𝑃𝑖
𝑛
𝑖=1

𝑛
 (6) 

3. Results and discussion 

Predicting soil erosion is an important step in erosion prevention because it makes it possible to identify areas 

at high erosion risk and to implement appropriate management strategies. By predicting soil erosion, it is 

possible to take proactive measures to prevent erosion rather than waiting until damage has already occurred. 

In order to prevent soil erosion, it was decided to develop a predictive elevation model based on DEM and 

remote sensing data. In the first phase of the study, DEM, namely the digital elevation map of the Advanced 

Spaceborne Thermal Emission and Reflection Radiometer (ASTER) V3, released in 2019, with a horizontal 

resolution of 30 m, was used to calculate LS coefficients for the rugged terrain of the pilot area (Chen and 

Nguyen, 2022). The NASA Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) 

Version 3 global digital elevation model is available for download from The Land Processes Distributed Active 

Archive Center (LP DAAC) and includes land surfaces between 83° north latitude and 83° south latitude. Figure 

2 shows a digital elevation map of the study area. 

 

Figure 2: Digital elevation model of the study area: ASTER V3 (30 m) 

In hilly terrain, the slope angle has a major effect on the rate of soil erosion. Shear stresses on soil particles 

increase as the overland flow velocity increases as the slope steepens. As the slope lengthens, overland flow 

and velocity increase, causing the erosive forces acting on the soil surface to increase. As topography 

determines the rate of surface runoff, it has a significant effect on soil erosion. Moving from slope to catchment, 

the LS coefficient is no longer based on a single slope profile with a uniform gradient and must be modified. In 

(Hrabalíková and Janeček, 2017) a hill was divided into several segments, which were assumed to be 

homogeneous in terms of slope gradient and soil properties. Panagos et al. (2021) proposed an LS equation for 

modelling complex topography. An improved algorithm based on the work of Kabzhanova et al. (2022) was 
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developed to calculate the LS coefficient, taking into account the FCOVER layer properties of Sentinel-2 L2A 

satellite images based on the Desmet and Govers equation and LS coefficient field modules presented in SAGA 

(System for Automated Geoscientific Analyses) GIS, which integrates a multiple flow algorithm. Data from 

Sentinel-2 L2A and other satellites with description of their characteristics are promptly received and processed 

2-3 times a day at the East Kazakhstan Technical University (EKTU) named after D. Serikbayev, located in Ust-

Kamenogorsk (Beisekenov et al., 2021). The result of the LS coefficient calculation is presented in Figure 3a. 

Also a depression (valley) depth map has been plotted in Figure 3b. 

 

Figure 3: Maps based on the developed algorithm and DEM derived from ASTER V3 (30 m): a) LS factor; b) 

Valley Depth; 

Based on Map 3a, a histogram of the LS factor of the study polygon was plotted in Figure 4a. It is shown that 

the DEM ASTER histogram has a fairly high peak between 0 and 1. The presence of red-burgundy colour in the 

histograms indicates the susceptibility of the soil to erosion. 

 

Figure 4: LS factor distributions: a) histogram; b) cumulative curve 
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Looking at the distribution of the cumulative density of the LS factor (Figure 4b), it can be seen that the curve at 

LS has one peak, with a smooth concentration of points, with a calculated value of potential soil erosion up to 

10 t ha-1, and actual soil loss subsequently due to gully formation, which is about 185 ha of land, suggesting 

average risk of soil exposure to future erosion. The LS factor quantifies the effect of topography on soil erosion 

and also has the greatest impact on the loss of fertile soil.  

This study has generated the following recommendations: 

- Using RUSLE models, researchers can compare soil erosion analyses over different historical periods; 

- to determine the average rate of soil erosion in certain polygons, it is recommended to use the average of the 

products of five erosion factors (precipitation erosion factor Rm, soil erodibility factor Km, topographic factor LS, 

cover management factor C and support practice factor P); 

- to calculate the maximum absolute error (10.6% to 28.4%, depending on DEM and catchment), it is 

recommended to use the mean value of the products, which can be approximated by the product of the means 

given in Eq (6). 

- as an approximation, it is possible to analyse specific erosion factors separately and compare them across 

areas and countries to determine their proportional impact on overall soil loss in different parts of the world.  

In order to develop measures to restore soil fertility and prevent future erosion, a model has been developed 

based on the overlay of ERS material on the DEM, which provides additional options for interpreting the DEM 

and predicting soil erosion over the next decades (Figure 5). 

 

Figure 5: 3D model of predicted elevation map (DEM) of the study area with Sentinel-2 L2A image overlay 

(18.08.2022) 

This 3D model shows the formed gullies. It is shown that these gullies correlate well with the linear elements of 

the Valley Depth option maps presented in Figure 3b above.  

It is known that one of the most important components of healthy soil is humus. According to the agrochemical 

analysis for 2022, the humus content in the experimental plot varies between 0.82-1.66%, which is a critically 

high deviation from the norm. Following the example of the authors (Schoonover et al., 2015), measures are 

proposed to control gully erosion by increasing the organic matter content of the soil. The required predicted 

increase of organic matter is 3.5-5% for chestnut type soils. The recommended method of covering the soil with 

a layer of organic material is mulching. Given the topography of the study area, terraced sideratum sowing 
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should be applied to prevent erosion on steep slopes. Another recommended technique is contour farming, 

which involves planting crops or vegetation along the contours of the slope rather than up and down the slope. 

This helps to slow the flow of water, reducing its erosive force and preventing further expansion and growth of 

gullies. 

4. Conclusion 

Based on the analysis of relationships between DEM and topographic coefficient LS of the RUSLE model, the 

current state of soil erosion of the experimental polygon was assessed in this paper. It was found that one of 

the main causes of erosion is critically low content of humus in the soil in the range of 0.82-1.66%, also 

calculations of actual soil losses after gully formation, which is about 185 ha of land were performed. In order to 

prevent further soil erosion, conservation and restoration of fertility a predictive model of the study site relief and 

increase of humus content up to 3.5-5% has been developed. Soil erosion prediction is shown to be an important 

step in soil erosion prevention by identifying areas at high erosion risk and implementing appropriate 

management strategies. Thus, by combining GIS, remote sensing technology and mathematical modelling, a 

new approach to obtain valuable information for monitoring and analysing soil erosion in agricultural landscapes 

has been developed. The results of this study demonstrate the effectiveness of spatial modelling techniques in 

identifying soil erosion and adopting necessary measures to improve soil quality and fertility. Further research 

is needed to explore the potential of these techniques to improve soil health and productivity in agricultural 

landscapes. 
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