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ABSTRACT

Introduction. Reliable delineation of soil erosion risk zones is essential for
prioritizing land-conservation measures, yet the Sangzarsoy basin (Jizzakh region,
Uzbekistan) had lacked a statistically validated, spatially explicit risk map linked to
a field-tested rehabilitation measure for its gullied piedmont land.

Methods. A localized RUSLE model (A =R x K x LS x C x P) was computed
fora255,376.0 ha modelled area using standardized R, K, LS, C and P raster layers.
Model reliability was assessed via arithmetic-closure checks, Pearson correlation
of the K-factor with particle-size fractions, a Welch's t-test with Cohen's d between
two mechanical-analysis sample groups, a baseline-vs-localized sensitivity
comparison (MAE, RMSE), and a 500-run Monte Carlo simulation. A 20242025
field trial at the Gallakon site compared direct seeding with a combined biological
rehabilitation technology (contour strips, sod, cuttings, Agropyron-based vegetative
material).

Results. The final map classified 51.9% of the basin (132,577.0 ha) as high
or very-high erosion risk, with very-low risk covering 40.4% (103,153.7 ha).
Localization shifted risk toward higher classes relative to the baseline scenario
(MAE = 12,914.7 ha; RMSE = 15,263.0 ha). Internal consistency was confirmed by
r(K,SIL) = +0.791, r(K,CLA) = —0.800, and a Welch's t = 8.413 (p < 0.001, d =
1.88); Monte Carlo simulation showed a stable high+very-high risk share of 23.85%
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+ 1.95% (90% CI: 19.98-26.50%). At Gallakon, direct seeding failed on open
substrate, whereas the combined technology improved cover stability.

Discussion/Conclusions. The validated risk map and the Gallakon field
results together provide a spatially targeted, statistically robust basis for prioritizing
soil-conservation and biological rehabilitation measures across the Sangzarsoy
basin, particularly on its high-risk pasture and piedmont zones.

Keywords: RUSLE, soil erosion risk mapping, GI1S, Monte Carlo simulation,
statistical validation, biological rehabilitation, Agropyron, Sangzarsoy basin,
Uzbekistan.

AHHOTAIUA

Beeoenue. Jlocmoseproe évioeneHue 30H d3PO3UOHHO20 PUCKA HEOOXOOUMO
0151 NPUOPUMUZAYUU NOUBO3AUWUMHBIX MEPONPUsmull, 00OHAKO O/ Oaccelina
Canezapcau  (/rcuzaxckas obaacme, Y3bexkucman) pamnee o0mcymcmeosand
CMAMUCMUYecKu Npo8epeHHas Kapma pucka, Y8sa3aHHas ¢ anpoOUupo8aHHbIM HA
MECMHOCMU MEeMOOOM PEKVIbIMUBAYUU 08PAUCBIX NPEe02OPHBIX 3eMelb.

Mamepuanst u memoowt. Jlokanuzosanuas mooens RUSLE (A = R x K x LS
x C X P) paccuumana 0ona cmooenuposanuou niowaou 255 376,0 ea na ocHose
cmanoapmuzuposanusix pacmposwvix cioés R, K, LS, C u P. Haoéxcnocmv mooenu
OyeHeHa uepe3 NpPOBepKy apupmemuueckol 3amKHymocmu, koppenayuro K-
gaxmopa c epamyromempuueckumu @parxyuamu, xpumepuu Yarua u d Kosua
MedHcoy 08yMs cpynnamu 00pazy08 MexaHuyecko20 aHaiu3a, CpasHenue 6a306020 u
noxanuzosannoco cyenapued (MAE, RMSE) u cumynayuro Moume-Kapno (500
npoeonos). Ilonesoii onoim 2024-2025 2e. na yuacmxke I aniakon cpaguuga npsamou
noces cemsiH C KOMWJIEKCHOU meXHOoLo2uel OUonI0cUYecKol peKyIbmusayuu
(KOHmMYpPHbLE NOJIOCHL, OEPHUHA, YePEHKU, 6e2emamuenblii mamepuan Agropyron).

Pesynomamot. imoeosas kapma omuecna 51,9% 6accetina (132 577,0 ea) k
8bICOKOMY U OUeHb 8bICOKOM) PUCKY IPO3UL, MO20d KAK OYeHb HUKUL PUCK OX8AMUT
40,4% (103 153,7 ea). Jloxanuzayus cmecmuna puck 6 cmopoHy 0ojiee 8blCOKUX

K1accos omuocumenvho 6azosoco cyenapusi (MAE = 12 914,7 2ca; RMSE = 15 263,0
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ea). Bnympenusis coenacosannocmo noomeepoicoena kodgpguyuenmamu r(K,SIL) =
+0,791, r(K,CLA) = —0,800 u xpumepuem Yonua t = 8,413 (p < 0,001, d = 1,88),
cumynayus Monme-Kapno noxasana ycmouiuugyro 00710 6bICOKO20 U OUEHb
evicoko2o pucka 23,85% + 1,95% (90% J{H: 19,98-26,50%). Ha yuacmxe I anvaxon
NpAMOU noceé He O0al pe3yibmama HA OMKPLIMOM cyocmpame, mo20a Kak
KOMNJIeKCHASL MEXHOI02USL NOBBICULA YCIOUYUBOCb NOKPOSA.

Oocysrcoenue/Boieoowt.  Ilposepennas kapma pucka CcO8BMECmMHO C
pe3yibmamamu noieso2o onvima 6 Ilannaxkone gopmupyrom npocmpaHcmeeHHO
aopecHyio u cmamucmuyecku O000CHOBAHHYIO 0a3y Ol  NPUOPUMUIAYUU
NOYBO3AWUMHBIX U PEeK)IbMUBAYUOHHBIX Meponpusamull 6 baccetine Canezapcaii, 6
nepeyio ouepeob Ha NACMOUWHBIX U NPEO2OPHBIX 3EMJISIX 8bICOKO20 PUCKA.

Knwueswie cnosa: RUSLE, kapmupoganue spo3uonnozo pucka, I'UC,
cumynsayus Moume-Kapno, cmamucmuueckas ganuoayusl, 6uorocuieckas
pexyaomusayus, Agropyron, bacceiin Canesapcati, Y30exucman.

AHHOTAIUA

Kupuw. Tynpox myxoghazacu maoodupnapunu ycmyeopiaul Y4yH 3pO3us
xasgu 30HanApUHU UWOHYAU adicpamuwl 3apyp, oupox Canesapcoi xas3acu
(OKuzzax —eunoamu, Y3bekucmon) YVuyH uneapu CMAmucmux — ACUXamoaH
MeKUUpUIean 8a 0ania Wapoumuoa CUHAI2AH MUKIAUL yCyau Ounar 60&1anean xasg
Xapumacu masicyo smac 30u.

Mamepuannap ea ycyanap. 255 376,0 cekmapiux MoOeriaumupuican
mavioon yuyn aokanusayusnawean RUSLE mooenu (A = R x K x LS x C x P)
cmanoapmaawmupurean R, K, LS, C ea P pacmp kamiamnapu acocuoa
xucobnanou. Moodenv uwionunuIUeU apugmemux énunuws Hazopamu, K-omunnumne
epanynromempux @paxyusaiap ounam xopperayuscu, Yonu meszonu ea Koonm d
Kypcamkuyu, 6aza suil 6a iokaiuzayusiawean cyenapuinap kuécu (MAE, RMSE)
xamoa Moume-Kapno cumynayuscu (500 mapma) opxanu 6axonranou. 2024-2025

uunnapoaeu Fannaxon oana masxcpubacuda mypuoan-myepu ypye cenuus KOMNieKc
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OUOI02UK MUKIAUWL MEXHOL02UACY (KOHMYP UYAAKIap, 4umM-nos, Kyuyam-Kaiamud,
Agropyron acocuoacu éecemamus mamepuan) OuLaH CoTUUMUPUTIOU.

Hamubsicanap. Axynuii xapuma oytiuya xaszanune 51,9 ghouszu (132 577,0 ea)
I0KOpU 8a J#cyoa roKopu 3po3us xasguea, 40,4 gpouszu (103 153,7 2a) aca sncyoa nacm
xasgea xupumunou. Jloxanuzayus 6azasuti cyenaputiea Hucbaman Xxaspuu
10Kopupox, cung.ap momon cundicumou (MAE = 12 914,7 ca; RMSE = 15 263,0 2a).
Xucoonune uuxu mocaueu r(K,SIL) = +0,791, r(K,CLA) = —0,800 sa Yaau me3onu
t=8413 (p <0,001;d=1,88) bunan macouxnanou, Monme-Kapno cumynsayuscu
I0KOpU 84 dCy0a Kopu xasg yaywunune oapxapop 23,85% + 1,95% (90% uwionu
opanueu 19,98-26,50%) osxanunu xypcamou. Fannaxomoa ouux cybcmpamoa
MYy2pUOAH-mypu ypye cenuul Hamudica 6Oepmaou, KOMNJIEKC MeXHOI02Usl 3Ca
Konjiam 6apkapopaueutu oumupou.

Myxoxkama/Xynoca. Texwupunean xaegh xapumacu ea Fannaxkonoaeu oana
Hamuoicanapu oupeanukoa Canezapcou xaszacuod, auHuKca Kopu xasgau ainos
6a MOEOIOU epllapuda mynpox myxogasacu 6a OUOI02UK MUKIAW MAOOUPIAPUHU
yemysopaawmupuwi  Y4yH Qazoseuti aHuK 6a CMamucmuk acoclaHeaw 6asa
apamaou.

Kanum cyznap: RUSLE, spo3us xasghu xapumacu, I'AT, Monme-Kapno
CUMYTAYUACU, CMAMUCMUK 8aIUOayUsl, OUOI02UK muKiau, Agropyron,
Canesapcoii xagzacu, Y36exucmon.

INTRODUCTION

Spatially explicit soil erosion risk mapping using the Revised Universal Soil
Loss Equation (RUSLE) integrated with GIS and remote sensing has become a
standard approach across widely differing physiographic settings. Watershed-scale
applications have been reported for the Nethravathi basin in India [5], the Shatt Al-
Arab basin shared by Iraq and Iran [2], the Wadi Baysh catchment in Saudi Arabia
[4], the Jhelum River watershed in Pakistan [19], the Swat River basin in the Eastern

Hindukush [7], the Peshawar basin [16], the Balason River basin in the Darjeeling
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Himalaya [15], the Silabati River basin in eastern India [12], and the Kosi River
basin in Bihar [9].

Methodological refinements of the RUSLE workflow, including watershed
prioritization and GIS-based erosion-risk reduction planning, are discussed by [3]
and [11], while combined RUSLE and debris-flow susceptibility mapping is
illustrated by [8]. Practical case studies applying RUSLE with remote sensing and
geospatial techniques for watershed-level annual soil-loss estimation include [13],
[17], [18], [6] and [21]. Erosion-hazard mapping using GIS techniques was also
demonstrated for Belarusian landscapes by [10], and factor-based erosion modelling
across the macroregion of European Russia was addressed by [20].

While this body of work confirms the robustness of RUSLE for delineating
spatial erosion-risk patterns, comparatively few studies combine (i) a fully localized
factor set validated by an independent statistical framework — Pearson correlation,
Welch's t-test, Cohen's d and Monte Carlo uncertainty propagation — with (i1) a
field-tested biological rehabilitation protocol for gullied piedmont land in an arid
Central Asian setting. Erosion-risk assessments for floodplain and desert-margin
conditions elsewhere, such as the Wadi Sudr watershed in Egypt [1], have likewise
stopped short of linking model output to an implemented rehabilitation trial.

The aim of this study is to present the final localized erosion-risk map for the
Sangzarsoy basin, to statistically validate the model output through internal-
consistency and sensitivity analyses, and to evaluate a combined biological
rehabilitation technology for gullied land at the Gallakon reference site.

MATERIALS AND METHODS

The final annual soil-loss layer (A =R x K x LS x C x P) was computed for
the Sangzarsoy basin (259,719.3 ha vector area; 402—3437 m elevation range) using
the RUSLE factor structure [ 14], by combining rainfall-erosivity (R), soil-erodibility
(K), slope length-steepness (LS), cover-management (C) and support-practice (P)

raster layers standardized to a common coordinate system and 30x30 m pixel grid
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in ArcGIS 10.8.1 and QGIS. After masking water bodies, edge pixels and no-data
areas, the final modelled areca was 255,376.0 ha.

Model reliability was assessed through: (i) arithmetic closure checks of area
and percentage totals; (i1) internal consistency of the K-factor via Pearson correlation
with sand, silt, clay and organic-carbon content across 28 SoilCode units; (iii) a
Welch's t-test and Cohen's d comparing two independent groups of 40 mechanical-
analysis samples each; (iv) sensitivity analysis comparing a generalized-coefficient
baseline scenario against the final localized scenario (mean absolute error, MAE;
root mean square error, RMSE); and (v) a 500-run Monte Carlo simulation applying
literature-based uncertainty ranges to K (=10-20%), C (£10-20%) and LS (£15%),
with R sampled from a triangular distribution bounded by the observed 2000—2024
rainfall extremes (211.3—626.7 mm).

A field rehabilitation trial was conducted in 2024-2025 at the Gallakon
reference site, located in the Morguzar piedmont zone, where mudflow tracks, gully
development, sparse cover and seasonal wind action co-occur. Two approaches were
compared: (a) direct seeding of four grass species on open and washed substrate, and
(b) a combined technology integrating contour strips/belts, sod, cuttings and mixed
vegetative material based on Agropyron species and local perennial grasses.

RESULTS AND DISCUSSION

3.1. Final erosion risk classification

The localized RUSLE computation classified the 255,376.0 ha modelled area
into five annual soil-loss classes (t ha™ yr!). Very-low risk (0—1 t ha™ yr') covered
103,153.7 ha (40.4%), while the combined high (10-50) and very-high (>50) classes
covered 132,577.0 ha, or 51.9% of the basin — indicating that erosion risk extends
well beyond isolated gully sites into broad areas where relief, pasture/cropland use
and cover condition coincide.

Table 1 — Final localized annual soil-loss risk classes
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=0l l(;s:_’lt e Risk class Index Area, ha Share, %
0-1 Very low 1 103,153.7 40.4
1-5 Low 2 10,293.8 4.0
5-10 Moderate 3 9,351.5 3.7
10-50 High 4 38,128.7 14.9
>50 Very high 5 94,448 .3 37.0

Share of localized annual soil-loss
risk classes (255,376.0 ha)

Sensitivity of high-risk area share
(Monte Carlo simulation, n = 500)

T
— = Mean = 23.85%
H === 90% CI[19.98-26.50%]

s
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L

Very high
Very low 37.0%

40.4%
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o (=]
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Frequency (of 500 Monte Carlo runs)
=
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Figure 1 — (a) Share of final localized risk classes (255,376.0 ha), (b) Monte
Carlo sensitivity distribution of the high+very-high risk area share
(500 runs).
3.2. Comparison with the baseline scenario
Compared with a baseline scenario computed using generalized (non-
localized) coefficients, the localized computation redistributed area toward higher-
risk classes: the very-low class decreased by 24,133.5 ha, while the high and very-
high classes increased by 16,460.1 ha and 15,594.0 ha, respectively. This shift
reflects the combined effect of localized C—P values, a hydrologically corrected
DEM, SoilCode-to-sample linkage, and a unified water/no-data mask.
Table 2 — Baseline versus localized RUSLE scenario: comparative risk-

class areas
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Baseline Baseline, | Localized | Localized,
Risk class Difference, ha
area, ha % area, ha %
Very low 127,287.2 |49.8 103,153.7 |40.4 -24,133.5
Low 18,554.9 7.3 10,293.8 4.0 -8,261.1
Moderate 9,226.7 3.6 9,351.5 3.7 +124.8
High 21,668.6 8.5 38,128.7 14.9 +16,460.1
Very high |78,8543  |30.8 94,4483 |37.0 +15,594.0
Soil erosion risk class areas: baseline vs. localized RUSLE scenario
(Sangzarsoy basin)
L2reE [ Baseline (generalized coefficients), ha
120000 3 Localized RUSLE (final), ha
100000 - ——
, 800001
E;; 60000

40000 A 38,129

21,669
20000 A

10,294 9,227 9,352

0
Very low Low
(0-1) (1-5)

Moderate High
(5-10) (10-50)

Very high
(>50)

Figure 2 — Risk-class area comparison between the baseline (generalized-
coefficient) and final localized RUSLE scenarios.

3.3. Statistical validation summary

Internal consistency and sensitivity checks are summarized in Table 3.
Arithmetic closure was confirmed for both the R-factor control value (R = 457.7)
and the area/percentage balance (255,376.0 ha; 100.0%). K-factor internal
consistency was supported by Pearson correlations with silt (r =+0.791) and clay (r
= —0.800) content. The Welch's t-test between two independent groups of
mechanical-analysis samples (n =40 each) yielded t =8.413 (df = 65.47, p <0.001),
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with a large effect size (Cohen's d = 1.88). Scenario sensitivity was expressed

through MAE = 12,914.7 ha and RMSE = 15,263.0 ha.

Table 3 — Levels of model verification and validation status

REseakon Statistic / evidence Result Interpretation
level
Arithmetic R =1.03 x 444 4; R =457.7, XS = Formula and arca
control class areas and 255,376.0 ha; X% = balance fully
shares 100.0 closed
K-factor 28 SoilCode units: | r(K,SIL)=+0.791; Granulometric
internal K vs. SAN, SIL, r(K,CLA)=-0.800; logic of the K
consistency CLA, OC CV(K)=1.60% model confirmed
Mechanical 40+40_ samples, (=8.413: df=65.47: Between—group
group physical clay 20.001: d=1 88 difference
difference content p=EAuL ' statistically robust
Scenario Baseline vs. final, 5 | MAE=12,914.7 ha; matI;Si:fllIhZf;:})lr; e
sensitivity risk classes RMSE=15,263.0 ha Sany P
risk structure
: . Sheet' wash, rills, High-risk classes Spatial agreement
Field spatial gullies, sparse :
. . matched field supports regional
validation cover, deposition . . :
ones erosion signs decision-making

The 500-run Monte Carlo simulation, propagating literature-based uncertainty

in K (£10-20%), C (£10-20%) and LS (£15%), together with a triangular rainfall
distribution bounded by the observed 2000-2024 extremes, produced a stable
high+very-high risk-area share of 23.85% + 1.95% (90% CI: 19.98-26.50%). At the
pixel level, 19.6% of the basin remained in the high-risk class in at least 95% of the
500 simulations, identifying this subset as the most robust priority zone independent
of parameter choice.

3.4. Terrain—erosion associations

Aspect analysis indicated a higher mean erosion class on south-facing slopes
(28.7% of basin area; mean class 2.69) than on north-facing slopes (41.1%; mean
class 2.55), consistent with greater solar radiation, lower soil moisture and sparser

cover on south-facing terrain. The topographic wetness index (TWI) correlated with
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erosion class at r = 0.513 (p < 0.001), while profile-curvature analysis showed
concave surfaces (28.4% of the basin) reaching the highest mean erosion class
(3.64), compared with convex surfaces (27.9%; mean class 2.43) — among the
strongest geomorphometric associations identified in this study and a useful criterion
for prioritizing gully-head stabilization.

3.5. Biological rehabilitation of gullied land at the Gallakon site

The 20242025 field trial showed that direct seeding on open and washed
substrate did not establish a stable floristic layer in either season, primarily due to
rapid moisture loss and seed displacement by surface flow. In contrast, plots where
contour strips/belts, sod, cuttings and mixed vegetative material were combined
showed improved plant survival, more stable cover and visibly reduced wash signs.

Table 4 — Biological rehabilitation trial stages and outcomes (2024—
2025)

Stage Action Outcome / interpretation

Sorine_ Direct seeding of 4 grass No dense, stable floristic layer

allljtu rr%n 2024 species on open, washed and formed; limitation of the method
gullied land on open substrate identified

Germination and seedling
survival incomplete; moisture
and substrate stability were
limiting factors

Spring 2025 | Direct-seeding trial continued

Cuttings, vegetative material, Technology tested under field

Combined . conditions; 2024-2025 seasonal
sod and contour strips/belts .
technology . observations confirmed stable
applied ) )
biological performance
Combined use of contour strips,
Final field Establishment and green-mass | sod, cuttings and vegetative
formation observed on selected | material stabilized cover, formed
outcome . . .
trial strips a root barrier, and reduced wash
signs

These findings indicate that the limited performance of direct seeding reflects
a mismatch between technology and site conditions rather than an inherent

ineffectiveness of biological methods. Because contour strips and sod cover
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primarily improve the P- and C-factors of the RUSLE framework, the Gallakon
results provide a direct field link between the statistically validated risk map and an
implementable, spatially targeted conservation measure.

CONCLUSIONS

1. The final localized RUSLE computation for the Sangzarsoy basin
(255,376.0 ha modelled area) classified 51.9% of the basin (132,577.0 ha) as high
or very-high erosion risk, with very-low risk covering 40.4% (103,153.7 ha).

2. Comparison with a generalized-coefficient baseline scenario showed a
systematic redistribution toward higher-risk classes (MAE = 12,914.7 ha; RMSE =
15,263.0 ha), attributable to localized C—P values, a hydrologically corrected DEM,
and SoilCode—sample linkage.

3. Internal model consistency was confirmed through K-factor correlations
with silt (r = +0.791) and clay (r = —0.800) content and a statistically significant
difference between mechanical-composition groups (Welch's t = 8.413, p < 0.001,
Cohen's d = 1.88).

4. A 500-run Monte Carlo simulation confirmed the robustness of the high-
risk area estimate (23.85% + 1.95% of the basin; 90% CI: 19.98-26.50%), with
19.6% of the basin consistently classified as high-risk across at least 95% of
simulations.

5. The 2024-2025 Gallakon field trial demonstrated that a combined
biological rehabilitation technology — contour strips, sod, cuttings and Agropyron-
based vegetative material — outperforms direct seeding alone on open, gullied
piedmont substrate, offering a practical, spatially targeted measure for the basin's
high-risk zones.
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