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Abstract. Introduction. In urban and industrial landscapes, soil degradation directly affects the
quality of agricultural land, ecosystem sustainability, and infrastructure. Therefore, mapping soil erosion and
quantitatively assessing its intensity are important components of land resource management. Soil erosion is one
of the major environmental processes leading to land degradation in urbanized and industrial areas. This paper
examines the spatial distribution and intensity of soil erosion within the territory of Ust-Kamenogorsk, East
Kazakhstan. Objective. To assess the spatial patterns and intensity levels of soil erosion in Ust-Kamenogorsk
using the RUSLE (Revised Universal Soil Loss Equation) model. Materials and Methods. 1) calculation of R,
K, LS, C, and P factors based on remote sensing and open spatial data; 2) modeling of average annual soil loss
for 2014 and 2024; 3) analysis of the spatial distribution of soil erosion categories (075, 75-150, 150-225,
225-300, and >300 t/ha/year); 4) assessment of temporal changes in erosion processes and identification of
erosion-prone areas. Results and Discussion. The modeling results showed the predominance of low soil
erosion rates: the proportion of areas belonging to the 0—75 t/ha/year category was 68 % in 2014 and 64 % in
2024. Significant changes were observed in the medium and high erosion categories: the share of the 75—150 t/
ha/year category slightly decreased (from 19 % to 18 %), whereas the 150-225 t/ha/year and 225-300 t/ha/year
categories increased from 6 % to 7 % and from 3 % to 4 %, respectively. The most significant changes were
observed in high-risk erosion zones: the proportion of areas with soil losses >150 t/ha/year increased from 13
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% 1n 2014 to 18 % in 2024, while the highest category (>300 t/ha/year) increased from 3 % to 7 %. Conclusion.
The obtained results indicate that low erosion classes still dominate within the territory of Ust-Kamenogorsk;
however, there is a trend toward the expansion of areas with high soil losses. This highlights the need to
strengthen soil conservation measures in erosion-prone sloping areas. The study confirms the effectiveness
of the RUSLE model for assessing spatial changes in soil erosion and demonstrates its applicability for land
resource management and the planning of erosion control measures.
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AnHoTtanusi. Kipicne. YpOaHabIK KoHE OHEPKOCINTIK JIaHAmMAadTTapaa TOMBIPAKTHIH JeTPaIalfsChl
aybUl MIApyallbUIBIFBI J)KEPIIEPIHIH camachlHa, SKOXKYHeNIepIiH TYPaKThUIbIFbIHA KOHE MH(PPAKYPBIIbIMFA Ti-
Keneit acep ereni. OceiFaH OalIaHBICTBI TOMBIPAK APO3UACHIH KapTara TYCIPYy KOHE OHBIH KaPKbIHIBLIBIFBIH
caH/bIK Oaranay »ep pecypcTapblH OacKapyablH MaHbI3AbI Oeniri Oonbin TaObuiagbl. TombIpak 3pO3USCHI
ypOaHaanFaH ®oHe OHEPKACINTIK ayMaKTapAa *ep pecypcTapblHbIH JerpagalusicbiHa OKEJNETiH HEeri3ri KO-
JIOTHSIIBIK TIporiecTepiH Oipi Oonbin Tadbuianel. by makanana [ereic Kazakcranmarbl OCKeMEH Kanachl-
HBIH ayMaFrbIH/1a TOIBIPAK APO3UACHIHBIH KEHICTIKTIK Tapadybl MEH KapKbIHIBUIBIFbI KapacThIPbUIAbL. Makca-
mol. Ockemen Kanacel aymarbiHna RUSLE (Revised Universal Soil Loss Equation) mMomenin konmany
apKbUIbl TONBIPAK APO3UACHIHBIH  KEHICTIKTIK  YATUIEpiH JKOHE KApKbIH JIeHreinepiH  Oaranay.
Mamepuanoap men a0icmep. 1) R, K, LS, C xone P QaxTopnapblH KalIBIKTBIKTAaH 30HATAY KOHE AalllbIK
KEHICTIKTIK JepekTep HeriziHnme ecentey; 2) 2014 »xxone 2024 >xpuimap YIIIH OpTaiia XbUABIK TOMBIPAK
JKOFATYBIH MOJIEJIb/CY; 3) TOMBIPaK 3po3usichl caHaTTapbiHbiH (075, 75—150, 150-225, 225-300 »xone >300
T/Ta/5KbUT) KEHICTIKTIK TapalyblH Tanaay; 4) 3pO3UsUIBIK MPOLECTEP/IIH YaKbIT OOMBIHIIA ©3TepiciH
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Oarajay JKOHE OpO3HdgFra O€HIM auMaKTapabl aUuKbIHIAY. Homuodicenep MmeH majKkbiia). MOIEnbaey
HOTHIKEJIEPl TOTBIPAK APO3USACHIHBIH TOMEH KapKbIHIAPhl OachiM eKeHiH KoepceTTi: 0—75 T/ra/*bll caHaThIHA
KaTaTbiH ayMakTapabiH yieci 2014 sxbuibl 68 %, an 2024 xbuisl 64 % 60ab1. OpTalia xkoHe KOFapbl PO3Us
KapKBIHJIAPBIHBIH YJICCIHAC alTaplibIKTail e3repicrep Oaiikamawl: 75—150 T/ra/>kpla caHATBIHBIH YJIECi COl
temenaece (19 %-man 18 %-ra nebiin), 150-225 t1/ra/xbunr xoHe 225-300 T/ra/’bul caHaTTapbIHIA
corikecinmie 6 %-man 7 %-ra xoHe 3 %-man 4%-ra Aeiin ecim Tipkeai. EH MaHBI3IBI ©3repicTep KOFaphl
SPO3UANBIK KayilTi aiiMakTapia Oabikanmael: >150 T/ra/Kpul AeHreiliHAeri Tombipak >koranTy yieci 2014
KbUTFBI 13 %-nman 2024 xbutbl 18 %-ra aeiin apTThl, al eH xorapbl caHat (>300 1/ra/xbun) 3 %-man 7 %-ra
NeiiH ynrainel. Kopuimsinovl. ANbBIHFAaH HOTIXKe-ep OCKEeMeH Kalachl ayMarblHIa JKalMbl TOMEH
APO3USIIBIK CHIHBINTAPABIH 0aChIMBIFBI CaKTAIFAaHBIMEH, JKOFAphl TOMBIPAK >KOFANTY CaHATTAPBIHBIH KEHEIO
YpIici Kypin *KaTKaHBIH KepceTTi. by apo3usira OeifiM eHicTi aiiMakTap/ia TONBIPaKThl KOpFay HIapajapbiH
KYHIEUTy KaKeTTiriH aikbiHaaiael. 3eprrey RUSLE Mo-meniHiH TOMBIpAK 3pPO3USACHIHBIH KEHICTIKTIK
e3repicTepiH Oaranayfga THIMAI Kypall eKeHIH jKOHE OHBI )Kep pecypcTapblH Oackapy MEH 3pO3UsiFa Kapchl
apanap/sl xKocnapiayiaa KojJaaHnyra 00JaThIHBIH TOeNAeHII.
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AHHoTanus. Beedenue. B yp6baHU3MPOBAaHHBIX U MPOMBIIUIEHHBIX JIaHIa(Tax aerpaganus no4s
OKa3bIBaE€T HEMOCPECTBEHHOE BIMSHUE Ha KAYECTBO CEIbCKOXO03UCTBEHHBIX 3€Meb, YCTOMYMBOCTD IKOCH-



CTeM U UHPPACTPYKTYypy. B CBSI3U C 3TUM KapTorpadupoBaHie TOYBEHHON SPO3UU U KOJIMUECTBEHHAs OLIEHKA
€€ MHTEHCHUBHOCTH SIBJISIFOTCS] BAXKHOM YacThIO YIPaBIeHUS 3eMeIbHBIMU pecypcamu. [louBeHHas 3po3us sB-
JISI€TCSl OTHUM M3 OCHOBHBIX KOJIOTHUYECKUX MPOILIECCOB, MPUBOIAIINX K JIETpajallii 3eMEIbHBIX PECypCOB
Ha ypOaHU3UPOBAHHBIX U MTPOMBIIUICHHBIX TEPPUTOPUSIX. B TaHHOM cTaThe pacCMOTPEHBI MPOCTPAHCTBEHHOE
pacnpezieieHue 1 MHTEHCUBHOCTD IMOYBEHHOM 3pO3UH HA TeppUTOpUU Toponia YeTe-Kamenoropck Boctouno-
ro Kazaxcrana. []enrs. OuieHUTh MPOCTPAHCTBEHHBIE 3aKOHOMEPHOCTH ¥ YPOBHU MHTEHCUBHOCTHU MTOYBEHHOM
3po3uu Ha TeppuTopuu ropoaa Ycrb-Kamenoropck c¢ ucnonb3oBanueM moaenu RUSLE (Revised Universal
Soil Loss Equation). Mamepuanvt u memoosi. 1) pacuér dpakropos R, K, LS, C u P Ha ocHOBe TaHHBIX JHC-
TaHIMOHHOTO 30HAMPOBAHUS U OTKPBITHIX MPOCTPAHCTBEHHBIX JAHHBIX; 2) MOAECTUPOBAHUE CPETHETOIOBBIX
noTepb ouBkl 32 2014 u 2024 roasr; 3) aHAIM3 MPOCTPAHCTBEHHOTO PacHpeIeICHUsI KaTeTOpU TTOYBEHHOMN
aposuu (075, 75-150, 150-225, 225-300 u >300 1/ra/roxn); 4) orieHKa BpEMEHHBIX H3MEHEHUN IPO3UOHHBIX
MIPOLIECCOB U BBISABIEHUE 3PO3UOHHO-OMACHBIX TEPPUTOPUI. Pe3ynibmamul u o6cyscoenue. PesynbraTel Mojie-
JUPOBAHUS MOKa3ajau MpeobdaaaHue HU3KUX YPOBHEH MOYBEHHON 3PO3UU: J10JI TEPPUTOPUHN, OTHOCSIIINXCS
k kareropuu 0—75 T/ra/rox, cocraBmia 68 % B 2014 rogy u 64 % B 2024 rogy. CyiiecTBeHHbIE U3MEHEHHUS
HaOJIFOIATUCh B KaTETOPHAX CPEAHEH M BBICOKOM dpo3uu: A0 kareropuu 75—150 T/ra/rox He3HAUUTETHLHO
causmiack (¢ 19 % no 18 %), rorga kak B kareropusix 150-225 t/ra/rox u 225-300 1/ra/rox 6611 3adUKCH-
pOBaH POCT COOTBETCTBEHHO ¢ 6 % 110 7 % u ¢ 3 % 1o 4 %. Hanbonee 3HAYUTENbHBIC M3MEHEHUS OTMEYCHBI
B 30HAX BBICOKOTO APO3MOHHOTO PUCKA: JOJST TEPPUTOPHI ¢ MOTepsiMU 1mouBkI >150 T/ra/ron yBenuyuiach ¢
13 % B 2014 roay no 18 % B 2024 rony, a nois HauBbIciiel kareropuu (=300 1/ra/ron) Bo3pocia ¢ 3 % a0 7
%. 3axnouenue. IlonyueHHbIE pe3yabTaThl OKAa3aJIH, YTO HA TEPPUTOPUH ropojaa Yerb-KameHnoropcka coxpa-
HSIETCS IPpeobaaHue HU3KUX IPO3UOHHBIX KJIAaCCOB, OIHAKO HAONIIOAAeTCs TEHACHIIMS K PACIIMPEHUIO 30H C
BBICOKMMH MOTEPSIMU MOUBBI. DTO yKa3bIBaeT HA HEOOXOIUMOCTh YCHIICHUS MOYBO3ALTUTHBIX MEPOIIPHUATHIMA
Ha DPO3MOHHO-OMACHBIX CKJI0OHaX. MccinenoBanue moarepxkaaeT 3pdexkruBHocTh Mogern RUSLE nis onen-
KM TPOCTPAHCTBEHHBIX M3MEHEHHH MOYBEHHOW 3PO3UH U BO3SMOXKHOCTH €€ MPUMEHEHUS MPH yNpaBIeHUH
3eMeNbHBIMU PECYpPCaMU U IJIaHUPOBAHUH MPOTUBOIPO3UOHHBIX MEPOTIPUSATHH.

KuroueBbie cjioBa: mouBeHHasi 3po3us, npeauktuBHbie mojenu, RUSLE, BocTtouno-Kazaxcranckas
obmactb, QGIS

Jasi umrupoBanusi: A6unna XK., Camaxosa 3., Ucrangapos U., Knsita U., IlamekoBa M. (2026).
Hcnonp30BaHue pacueTHBIX METOIMK MOJICTMPOBAHMSI BOJHOM IMOUBEHHOI 3p0o3uH Ha npuMmepe I. YeTb-Kame-
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KonguukT uHTEpecoB: ABTOPHI 3asBISIIOT 00 OTCYTCTBUU KOH(IMKTa HHTEPECOB.

bnazooapnocmu: Jlannoe ucciedosanue 8blnoineHo npu punancosoi noooepoicke Komumema nayxu
Munucmepcemea Hayku u gvicuieco obpaszosanus Pecnyonuxku Kaszaxcman (npoepamma BR24992837).

Introduction.

Controlling soil erosion is one of the key tasks in contemporary land management and environmental
protection, because soil degradation directly affects agricultural productivity, ecosystem stability, and food
security. Erosive processes driven by natural factors (rainfall, wind, topography) and human activities
(inappropriate farming practices, deforestation, overgrazing) lead to declining soil fertility, loss of the humus
layer, and deterioration of physical and chemical soil properties. As a result, the need for systematic monitoring
of soil conditions is growing, enabling timely identification of erosion-prone areas and assessment of the
intensity of ongoing processes.

The consequences of these processes are not limited to agriculture: in eroded areas landforms are
altered, siltation of rivers and reservoirs increases, and hazards to infrastructure (roads, bridges, engineering
networks) become more pronounced. Along with fine soil particles, nutrients, pesticide residues, and heavy
metals are transported, contaminating downstream lowlands and aquatic systems. This, on the one hand,
reduces crop yields on arable land and, on the other hand, undermines water and food security. Therefore,
soil erosion must be considered as a multifactor process affecting natural and production systems, and its
management requires an integrated approach.

In Kazakhstan, soil erosion and degradation are among the most widespread environmental problems.
Approximately 70-90 million hectares of the country’s territory are affected to varying degrees by erosion and
degradation processes, which reduce the productivity of agricultural lands and threaten the stability of natural



’;:ﬂTTbIK TMI'II:"»;
AKALEMUSICHI

ecosystems. 1he main types ot soil erosion are wind and water erosion, which are particularly severe in arid
and semi-arid regions and in areas with high anthropogenic pressure (intensive tillage, overgrazing, reduction
of forest cover) [Zhumadilova, 2017].

The spatial structure of erosive processes in Kazakhstan is also linked to historical land-use patterns.
During the Soviet period, the sharp expansion of cultivated land, large-scale development of virgin and fallow
lands, and reduction of forest and shrub areas weakened soil structural stability in many regions. Extensive,
uniform ploughing and insufficient shelterbelts to protect soils from wind contributed to intensifying wind
erosion, whereas in irrigated farming areas, water and irrigation erosion became dominant issues. Currently,
increasing aridity of the climate, more frequent extreme weather events, and ongoing changes in agricultural
systems are further reinforcing these trends, making it necessary to reassess the effectiveness of anti-erosion
measures.

The soil cover of Kazakhstan follows a latitudinal zonal pattern: in the lowland part of the country,
three to four major zones are distinguished (chernozem, dark chestnut, chestnut, and light chestnut soils), while
in the mountainous areas soil types such as mountain-forest, mountain-steppe, and meadow soils develop in
accordance with altitudinal belts. Under such diverse soil-climatic conditions, erosion processes manifest
differently: in northern chernozem regions water erosion is more common, whereas in southern chestnut and
light chestnut soils wind erosion and deflation prevail [Sikhanova et al., 2025].

Around Oskemen, in addition to grey-brown and chestnut soils, mountain-steppe and meadow-alluvial
soil types occur in foothill and mountain belts. In areas where these soils have light texture and weak
structural stability, water and wind erosion can intensify, resulting in gully formation on slopes and enhanced
deflation on open surfaces. Thus, studying soil erosion and contamination processes in and around Oskemen
city is particularly relevant for ensuring regional environmental safety and rational use of land resources
[Kydyrkhanova, 2024].

A distinctive feature of Oskemen is the overlap between soil erosion and chemical contamination
processes. Mechanical erosion of soils contaminated by heavy metals accelerates their spatial redistribution
and may extend contamination beyond industrial sites into surrounding areas.

Modern monitoring approaches combine remote sensing, geographic information systems, and field
investigations, providing an integrated framework for analysing and predicting erosion phenomena. The
resulting data form the basis for developing effective measures to prevent land degradation, such as soil
conservation technologies, rational land-use practices, and rehabilitation of disturbed areas. In this way, soil
erosion control becomes an essential tool for land-resource management and for reducing environmental risks.

To study erosive processes effectively, it is important to build monitoring systems capable of processing
large volumes of data, to establish a unified scientific-information space, and to develop geographic information
systems (GIS) as a universal tool for this purpose [Baigazakova et al., 2025]. KambIKTbIKTaH 30HATAY JEPEK-
tepi MeH ['AJK TexHonorusiapsl TONbIpaK 3pO3UsIChIH 3epTTey/e OipKaTap apThIKIIbUIBIKTapFa ue. bipinmi-
JIeH, OJ1ap KeH ayMaKTap/bl KAMTUTBIH O1pbIHFall IepeKTep KUBIHTBIFbIH Oepeii, OyJ1 aliMaKThIK ’KOHE YIITTBIK
JIeHrei/ie caabICThIPMAIIbI TaJAay XKYPrizyre MyMKiHAIK Oepeni. ExiHIIieH, KOMmKbUIABIK CITyTHUKTIK yaKbIT-
TBIK KaTapiap apKbUIbl 3pO3HSIIBIK MPOLECTEPAIH JUHAMUKACHIH, OCIM/IK KaMbUIFBICBIHBIH ©3repylH jKOHE
Kep naiiianaHy KypblUIbIMBIHJAFbl TpaHchopManusiapab! Oakbuiayra 00naabl.

Remote sensing data and GIS technologies provide several advantages for soil erosion research. First,
they offer a consistent data set covering large territories, which enables comparative analysis at regional and
national scales. Second, multi-year satellite time series make it possible to monitor the dynamics of erosion
processes, changes in vegetation cover, and transformations in land-use structure.

In recent years, digital soil mapping and digital elevation models (DEM) have been increasingly used
to generate erosion-risk maps. Compared with traditional cartographic methods, this approach allows physical
soil properties, climatic parameters, vegetation cover, and topographic features to be integrated within a single
model. As a result, a predicted soil-loss value can be obtained for each pixel, and the erosive potential of the
land surface can be described in detail in spatial terms. Based on such models, average erosion levels can be
calculated for administrative units, catchment basins, or land-use categories, providing aggregated indicators
needed for management decisions.

One of the most effective tools for modelling and quantifying soil erosion is the Revised Universal
Soil Loss Equation (RUSLE) model, which integrates remote sensing data and GIS [X. Gao et al., 2024;
Philippe & Benahmed, 2025; Yin et al., 2025]Northwest Guizhou, as the study area. To quantitatively analyze
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the human and natural impacts on soil erosion in this area, this paper evaluated the anthropogenic and natural
soil erosion based on the Revised Universal Soil Loss Equation (RUSLE RUSLE is widely applied because
it accounts for multiple factors controlling erosion processes, including the rainfall erosivity factor, soil
erodibility factor, slope length factor, slope steepness factor, and conservation practice factor [FAO, 2018].
This model is extensively used in climate change studies [Gezici et al., 2025; Kaliyeva et al., 2025; Liu et
al., 2024; Tullu, 2024; Weng et al., 2023]. Although RUSLE has been widely used to assess soil erosion, its
integration with analyses of heavy metal spatial distribution remains limited, underscoring the need to better
understand the role of erosionrelated factors in metal redistribution [Xia et al., 2025; Xu et al., 2024]. Many
studies focus on heavy-metal transport and distribution within catchments [Rendana et al., 2022; Zhang et al.,
2021] or on the movement of potentially toxic elements driven by soil erosion estimated using RUSLE [Gao
etal., 2021].

Increasing erosion rates are not confined to physical soil loss alone. Thinning of the humus layer,
breakdown of soil structure, and reductions in cationexchange capacity and waterholding ability directly affect
crop productivity, the recovery potential of vegetation cover, and overall ecosystem functioning. In arable,
pasture, and forestshrub areas around Oskemen, eroded soils have reduced infiltration capacity, hindering
efficient use of water resources during spring and autumn runoff periods.

At the same time, engineering infrastructure within the city and its surroundings is also affected by
erosion processes. On steep slopes, problems such as undercutting of road subgrades, infilling of drainage
structures (ditches, channels, culverts) with sediments, and decreasing stability of utility networks may arise.
If these processes are not controlled in time, repair costs increase and the reliability of transport and utility
systems declines. Consequently, soil erosion should not be viewed solely as an agroecological problem, but
also in terms of urban infrastructure safety and economic losses.

Materials and Methods.

The study area is located within the city of Oskemen in East Kazakhstan Region. The total area of the
city is 592 km?. According to data from Kazakhstan’s National Hydrometeorological Service “Kazhydromet”
[https://www.kazhydromet.kz/], the long-term mean annual precipitation in the region is approximately 239
mm.

First, a digital elevation model (DEM) of the study area was obtained from the Copernicus Data Space
Ecosystem (https://browser.dataspace.copernicus.eu). The GLO-30 global DEM product (spatial resolution 30
m) derived from Copernicus elevation data was used to describe topographic variability in the study area. In
addition, soil property data were taken from the SoilGrids 2.0 global soil information system (https://soilgrids.
org), which provides standardized soil property maps at 250 m resolution. This dataset is generated from
large-scale soil observations worldwide using machine-learning models.

Monthly precipitation data were obtained from the Climate Data Store (https://cds.climate.copernicus.
eu) with a spatial resolution of 31 km. NDVI was extracted from composite products provided by the United
States Geological Survey (USGS).

The analysis comprised several steps. First, precipitation data from the ERAS reanalysis dataset were
used to calculate the rainfall erosivity (R) factor based on the Modified Fournier Index (MFI). Second, soil
properties including sand, silt and clay fractions and organic carbon content were extracted from SoilGrids
2.0 and used to compute the soil erodibility (K) factor. Third, topographic factors were derived from a DEM
obtained from Sentinel-1 data. Flow direction, flow accumulation, and slope angle were calculated from the
DEM and used to determine the slope length and steepness (LS) factor and to assign the support practice (P)
factor according to slope classes. Finally, vegetation cover was assessed using NDVI from the USGS eVIIRS
NDVI Global dataset, and NDVI values for 2014 and 2024 were used to compute the cover management (C)
factor.

The data sources and spatial resolutions applied in this study also impose certain limitations on the
interpretation of model results. While global products such as ERAS, SoilGrids, and GLO-30 DEM provide
sufficient accuracy at regional scale, they may not fully capture fine-scale morphological features and small
variations in soil properties at local scale. Therefore, soil-loss values derived from the RUSLE model were
treated as relative and indicative, and additional local field measurements may be required for detailed
assessment of specific sites.

Moreover, modelling in urban and industrial areas needs to account for both “natural” surfaces and
anthropogenic structures. For pixels corresponding to hard surfaces (roads, industrial platforms), care must be
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faken when interpreting erosion factors, since classical soil 10sS 1s not the main process there, instead, patierns
of flow diversion and sediment deposition become more important. Consequently, in this study urban and
natural/agricultural surfaces were reclassified, and appropriate C and P factors were assigned to each category.

The outputs of the RUSLE model were then used in subsequent spatial analyses, in particular for
mapping areas most susceptible to erosion and comparing them with spatial distribution maps of heavy metals.
This approach allows potential linkages between soil erosion and pollutant migration to be identified. Thus,
the data and methods described in the “Study area and methods™ section form the basis for the spatial-temporal
analysis presented in later sections and define both the scope and limitations of the model.

All spatial processing and raster calculations were performed using QGIS. Soil erosion was estimated
using the Revised Universal Soil Loss Equation (RUSLE) [Renard & Freimund, 1994]:

A=RXKXLSXCXP (1)

where is the mean annual soil loss (t/ha-year™), is the rainfall erosivity factor (MJ-mm-ha'-h™'-year™),
1s the soil erodibility factor (t-ha-h-MJ™'-mm™), LSis the topographic factor (slope length and steepness), Cis
the cover management factor, and is the support practice factor represented here as a proxy based on slope
class.

Raster layers representing soil erosion for 2014 and 2024 were analysed in QGIS. Each raster pixel
corresponded to a spatial resolution of 300 m (90 000 m? per pixel). Joint analysis of the R, K, LS, C, and P
factors allows the spatial pattern of soil erosion to be understood in greater depth. Considered individually,
these factors reveal only certain tendencies, whereas their combination highlights the specific locations where
conditions favour increased soil loss. For example, areas with high R but moderate LS and relatively low K
may experience only moderate erosion, while at the same R level, high LS and high K can lead to soilloss rates
several times greater. Therefore, assessment of erosion risk must account for the integrated effect of all factors
rather than any single factor alone.

In our case, elevated R values combined with high LS in the southern foothill zones indicate that
these areas require particular attention. If these zones also show high C values (i.e., insufficient or degraded
vegetation cover) and P factors in the range 0.7-0.9, the resulting A values (t/ha-year™) in the RUSLE equation
logically fall into the highest classes. These conclusions are not only model outputs but also important
for practical planning: sites with this combination of factors should be prioritized for soil protection and
reclamation measures.

Soil-loss values were grouped into five classes: 0—75, 75-150, 150-225, 225-300, and >300 t/ha-year'.
Although the RUSLE model is empirical, its simple structure and clear physical meaning of each factor
facilitate adaptation to different regions. Nevertheless, its limitations must be acknowledged: the model was
originally developed for croplands and open slopes, and applying it in urban and complex multi-component
landscapes requires additional adjustments. For instance, hard surfaces (asphalt, concrete), technogenic dumps,
and engineering structures do not fit directly into the classical RUSLE scheme but can significantly influence
actual erosion behaviour in urban environments. Therefore, when using RUSLE in city settings, slope classes,
cover types, and land-use categories must be carefully reclassified.

At the same time, separate analysis of individual factors (R, K, LS, C, P) helps interpret model results
in ecological and management terms. High R values point to intense, high-energy rainfall and a climate prone
to water erosion; high K values reflect weak soil structure and sensitivity to mechanical disturbance; high LS
values are typical of slopes with steep gradients and concentrated flow. The C factor describes the protective
role of vegetation cover, evaluated via NDVI, while the P factor represents land-use practices that either
mitigate or enhance erosion. By integrating these factors, RUSLE not only estimates overall erosion intensity
but also reveals which factors dominate in each area. Such information is crucial for planning land-use policy,
agronomic measures, and engineering protection structures.

The data and methods used in this study have inherent limitations that must be considered when
interpreting the results. First, K and some other factors are derived from global models such as SoilGrids
rather than direct field measurements, and therefore carry a degree of uncertainty. Second, RUSLE is primarily
designed for agricultural and tilled lands; for urban and industrial landscapes, model parameters need to be
carefully adapted. Third, due to limited information on actual conservation practices, the P factor was used
as a proxy based on slope classes, which may not fully reflect the true impact of soil-protection measures in



some locations.

Despite these constraints, the results are sufficiently robust for assessing erosion processes and
identifying high-risk areas at regional scale. They can be regarded as a baseline spatial dataset for future field
investigations and for the development of higher-precision models.

Results and discussion.

In this study, the soil erodibility factor (K) ranged from 0 t/ha-GJ/MJ-mm to 0.5 t/ha-GJ/MJ-mm, with a
mean value of 0.36 t/ha-GJ/MJ-mm. The spatial variability of the K factor reflects differences in soil structural
fractions and organic carbon content derived from the SoilGrids dataset, which represents modelled, rather
than locally measured, soil properties. Low K values indicate soils that are relatively less prone to erosion
according to the model, whereas high values point to areas where soil particles are more easily detached and
transported by runoff.

The mountainous relief and river system in the southern part of the city are characterized by sandstones
and limestones, indicating the presence of carbonate parent materials in this area [Chlachula, 2020]. Such
geological conditions influence soil texture, hydraulic properties, and structural stability, and thus control
susceptibility to erosion. In zones dominated by carbonate rocks, soils may sometimes exhibit well-aggregated
structure and certain resistance to water erosion, while in other cases they may be highly friable and prone to
mass wasting. Therefore, when interpreting the spatial pattern of the K factor, it is important to consider not
only textural composition but also the underlying lithology.

The slope length and steepness factor (LS) varied between 0 and 8.5. Its spatial distribution shows
that, in most of the study area, the topographic contribution to erosion is relatively low. Approximately 85
% of the area has LS values below 1, and 14 % falls within the 1-3 class. High LS values are rare: only 1.1
% of the area shows LS between 3 and 5, and just 0.01 % exceeds 5. These elevated LS values are mainly
concentrated in the southern mountainous part of Ust-Kamenogorsk, indicating steep slopes and substantial
flow accumulation in that sector.

This LS pattern directly affects soil-loss rates, because increasing slope length and steepness enhances
gravitational forces and the energy of surface runoff. As a result, in areas with high LS values, water flow more
readily detaches soil particles and promotes the formation of gullies, rills, and erosion networks. Conversely,
in zones with low LS, runoff energy is insufficient to cause significant soil loss. These findings suggest that
erosion control measures—especially engineering and agronomic interventions—should be prioritized on
sites with high LS values.

The proxy factor for slope class (P) ranged from 0 to 0.9, with relatively high values recorded across
much of the study area. In the absence of direct information on soil conservation practices, the P factor was
derived as a proxy from slope classes. Thus, in this study, high P values primarily reflect steep slopes in
the adopted classification scheme and do not provide direct evidence of the presence or absence of specific
conservation measures. Nevertheless, this use of P is sufficient for estimating potential soil-loss levels, and the
factor can be refined if detailed data on agronomic or engineering practices become available.

The spatial pattern of P shows that areas with steep slope gradients are also zones of elevated potential
erosion risk. If no measures such as terracing, contour ploughing, shelterbelts, or other protective interventions
are implemented in these locations, the combined effect of high LS and P will substantially increase soil-loss
values in the RUSLE model. Therefore, future land-use planning efforts should pay special attention to sectors
where both P and LS are high.

Rainfall erosivity (R) values in 2024 covered a wider range than in 2014: from 1714-2808 they
expanded to 1649-3842, while mean values remained similar (2404 and 2398, respectively). In 2014, higher
R values were concentrated mainly in the northern and northeastern parts of the study polygon, whereas in
2024 they became more pronounced in the eastern and northeastern sectors (Figure 1). This shift suggests a
spatial redistribution of rainfall patterns and possibly certain changes in the regional climatic regime.

The expansion of high R values introduces additional erosion risk, as greater rainfall energy and
frequency intensify water-erosion processes. Short, intense storms are particularly critical, because they can
exert strong erosive forces on the soil surface and trigger gully and incision formation. In this context, it is
essential to analyse spatial changes in the R factor together with LS and K, since not only areas with high
rainfall intensity but also locations with weak soils and steep slopes belong to the most vulnerable zones.
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Fig. 1. Rainfall erosivity factor (R) based on ERAS for 2014 (a) and 2024 (b).

C values ranged from 0.3 to 0.65 and showed notable spatial variability across the study area. In
contrast, the 2024 map revealed a clear shift towards higher C-factor values, and values below 0.3 were not
displayed because their areal extent was negligible.

In 2014, the C factor was predominantly in the medium range (0.3-0.5), accounting for 82 % of the
study area, while high values (0.5-0.65) covered 17 % and low values (<0.3) only 0.6 %. Conversely, in 2024
the spatial distribution shifted markedly towards higher C-factor values: 95 % of the area fell within 0.5-0.65,
medium values decreased to 5 %, and low values almost disappeared (0.03 %).

In 2024, high C-factor values dominated most of the study area, indicating an overall increase compared
with 2014, when medium values were widespread. The rise in the C factor may be linked to changes in
vegetation cover characteristics, intensification of land use, or differences in the input data used to compute
NDVL

In classical interpretation, high C-factor values indicate a reduced protective role of vegetation cover,
meaning that the soil surface is more exposed and less shielded. Under such conditions, rainfall and runoff
can more easily detach and transport soil particles. If cropping or grazing pressure has increased in the study
area, changes in the C factor may serve as an indicator of this anthropogenic influence. Therefore, comparing
the C-factor map with land-cover and NDVI maps can help identify processes associated with vegetation
degradation.

The spatial distribution of soil loss in both study years showed a clear predominance of low erosion
rates (Figure 2, Table 1). In 2014, most of the area (68 %) was characterized by very low soil loss (0-75), while
intermediate erosion classes (75—-150) accounted for 19 %. High erosion rates (>150) were limited, covering
roughly 13 % of the total area.

A similar pattern was observed in 2024: low erosion (0-75) still predominated (64 %). However, a
noticeable shift towards higher erosion classes was detected. The proportion of areas with soil loss >150
increased from 13 % in 2014 to 18 % in 2024, with the most pronounced change in the highest category (=300),
which more than doubled from 3 % to 7 %. These changes indicate that, although the overall background level
of erosion remains relatively low, soil loss is intensifying at specific sites within the study area.

Soil loss (2024) Soil loss (2014) A
(@)

(b 025 Skm

SOIL LOSS (k ha'vear’)

L 30

Fig. 2. Soil loss (a) for 2024 (a) and 2014 (b) according to the RUSLE model
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lable 1. Proportional distribution ot soil loss categories within the territory ot Uskemen city

Soil loss, t-ha'-year! | Erosion level 2014, % 2024, %
0-75 Very low 68 64
75-150 Moderate 19 18

>150 High and very high 13 18
>300 Very high 3 7

Conclusion.

Overall, the results indicate that erosion intensity increased between 2014 and 2024, even though
low-erosion classes still dominate. This trend is reflected in the expansion of high soil-loss categories and
shows that relief-driven processes are playing a growing role in erosion-prone areas.

Soil erosion modelling based on the RUSLE approach demonstrated that low erosion rates prevail in
the study area; however, the proportion of zones with high soil loss (=150 t-ha™'-year™) rose from 13 % in
2014 to 18 % in 2024, and the highest class (=300 t-ha'-year') increased from 3 % to 7%. This shift points to
a gradual intensification of erosion. The analysis revealed that, although areas with low and moderate erosion
remain predominant, sites with high and very high erosion risk are clearly present, especially on steep slopes
where soil washout becomes more intense and erosive processes are highly active.

Comparison of 2014 and 2024 data shows an increase in the share of high-intensity erosion zones.
These changes may be explained by climatic factors, shifts in rainfall regimes, and the combined influence
of land cover change and anthropogenic pressure. The findings suggest that the risk of soil degradation in the
study area has persisted over the last decade and has intensified at specific locations.

The expansion of erosion-prone areas affects the stability of agricultural production and the
socio-economic conditions of local communities. Soil loss reduces the fertility of arable land and increases
farmers’ costs, forcing them to invest more in fertilizers, agronomic measures, and soil restoration. Declining
productivity can lead to lower income in rural regions and may intensify migration processes.

Around Oskemen, where household plots, small farms, and partially irrigated systems operate, soil
erosion must be regarded as a key factor when assessing their long-term economic sustainability. If preventive
measures are not implemented in the most erosion-susceptible sites, a cycle of losses in the agricultural sector
may intensify, and in the long run the quality of land resources may decline irreversibly.

The results obtained can be used to identify erosion-prone areas, plan soil-conservation measures, and
support rational land-resource management. They also provide a scientific basis for future research on soil
erosion assessment and prediction within the Oskemen urban area.

In future work, this approach can be extended by comparing time series (for example, at 3—5-year
intervals), incorporating additional climatic scenarios, and explicitly accounting for land-use changes to
explore the long-term dynamics of soil erosion in more detail. Furthermore, integrating RUSLE outputs with
spatial distribution maps of heavy metals will enable a comprehensive evaluation of the combined risks of soil
degradation and chemical contamination in industrial regions such as Oskemen.
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