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challenge with severe social, economic, and environmental consequences. Accurate
estimation of soil erodibility is a pivotal factor in the precise simulation of erosion
processes and sustainable land management. In recent years, Digital Soil Mapping
(DSM) coupled with Machine Learning (ML) algorithms has emerged as a powerful
approach for handling complex environmental datasets. The primary objective of this
study was to evaluate the influence of three groups of environmental covariates—soil
properties, geomorphometric indices derived from a Digital Elevation Model (DEM),
and multi-sensor remote sensing data (Landsat 8 and Sentinel-2)—on the spatial
modeling of water erodibility (Factor K) and wind erodibility (Erodible Fraction - EF)
in the Sistan Plain. Specifically, four widely used ML algorithms, including Regression
Tree (rpart), Support Vector Machine (SVM), Cubist, and Random Forest (RF), were
employed. Water erodibility (K) was calculated using three distinct equations: USLE,
EPIC, and Sharpley and Smith, while wind erodibility was determined using the
Fryrear method.

Materials and Methods: To achieve the research objectives, 1200 surface soil samples

were collected from agricultural lands in the study area, and relevant physicochemical
properties for the K factor and EF index were measured. Remote sensing variables
were extracted from Landsat 8 (OLI sensor) and Sentinel-2 (MSI sensor) imagery.
Landsat 8 data with a spatial resolution of 30 m were acquired from the United States
Geological Survey (USGS) archive, while Sentinel-2 data (10, 20, and 60 m
resolution) were obtained from the Copernicus Open Access Hub to enhance analysis
accuracy. The dataset comprised six main spectral bands, four soil-related spectral
indices (Clay, Carbonate, Salinity, and Gypsum), five vegetation indices (NDVI, EVI,
PVI, RVI, SAVI), and one innovative index (KfactorRS Index). To mitigate the risk
of overfitting and reduce dimensionality, the Boruta algorithm was implemented for
precise feature selection for each target variable. Subsequently, the dataset was
randomly split into training (80%) and testing (20%) subsets. The predictive
performance and accuracy of the ML models were evaluated using seven statistical
metrics: Mean Error (ME), Root Mean Square Error (RMSE), Normalized RMSE
(NRMSE), Pearson correlation coefficient (r), Coefficient of Determination (R?),
Ratio of Performance to Deviation (RPD), and Lin’s Concordance Correlation
Coefficient (CCC).

Results: The results indicated a significant negative correlation (p < 0.01) between water

erodibility coefficients (K) and the wind erodibility index (EF). A justifiable
behavioral pattern observed in this study was the emergence of a negative correlation
between spectral vegetation indices and clay content; a phenomenon that, contrary to
initial assumptions, stems from vegetation degradation driven by salinity
accumulation in fine-grained soils. Furthermore, the unexpected direct relationships
of the Keric and Kshsm equations with organic carbon, and clay, alongside an inverse
relationship with very fine sand, indicate a high sensitivity to textural variables that
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introduces statistical bias under the region's specific conditions. Consequently,
applying these indices is not recommended without recalibration tailored to the local
geomorphic setting. Regarding model performance, the Cubist algorithm
demonstrated superior predictive capability for most variables (EF, Keric, Kshsm),
while the Random Forest (RF) model outperformed others in predicting KusLe. Both
Cubist and RF, as ensemble-based decision tree methods, showed high competence
in modeling soil erosion complexities. Although the SVM model yielded reasonable
performance across all variables, it never ranked as the superior model. Conversely,
the rpart model exhibited the weakest performance, particularly for Kepic and Kshsm,
indicating the inability of simple single-tree models to capture the non-linear
complexities of soil erosion in this region.

Conclusion: Although Random Forest is widely recognized as one of the most proven and
practical algorithms in DSM, this study demonstrated that rule-based models such as
Cubist—which offer greater flexibility in modeling local non-linear relationships—
can outperform RF in specific scenarios. Nevertheless, the consistency and stability
of RF across all variables (consistently ranking first or second) and its absence of poor
performance establish it as a safe and robust choice for predicting soil properties and
erosion parameters in digital soil mapping studies.
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Figure 1. Geographical location of sampling points on the Sistan Plain.
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Table 2. Remote sensing indices extracted from Landsat 8 and Sentinel-2 images and used in modeling.

Indices Definition Reference Indices Definition Reference
Blue 0.452-0.51 um Band 2 EVI 25 };‘ég‘ﬁ';{ef)é(llj ;;2:16 * " Huete et al. (1997)
Taghizadeh-
Green 0.53-0.59 um Band 3 G%%Zg(m (SWIRL - Nl\:ﬁ%)/ (SWIRL + Mehrjardi et al
(2014)
Red 0.64-0.67 um Band 4 Kflifjt:;“ (Red — Green)/(NIR/Blue) Authors
NIR 0.85-0.88 um Band 5 L-Band 8 S NDVI (NIR-Red)/(NIR+Red) Huete et al. (1997)
= ) ok 3 N2 Richardson &
SWIR1 1.57-1.65 pm Band 6 L-Band 11 S PVI (NIR —a* Red — b)/ (1 + a%) Weigand (1977)
SWIR2 2.11-2.29 um Band 7 L-Band 12 S RVI NIR/Red Pears‘zfg‘%z';""'e“
. _— - Taghizadeh-
CCE Red/Green Taghizadeh-Mehrjardi  Salinity ooy niR)/(Green +NIR) Mehrjardi et al
Index et al (2014) Ratio (2014)
Clay Taghizadeh-Mehrjardi [(NIR — Red)/ (NIR + Red *
Index SWIR1ISWIR2 etal (2014) SAVI LYJ*(1+L) Huete (1988)
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*The letter L represents Landsat 8 images and the letter S represents Sentinel 2 images.
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Figure 1. Boxplot of erodibility coefficients including raw and refined data.
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Table 3- Statistical description of erodibility indices in the study area.

. " : - Sl < - Eated
goess 83l g9 LIKES S5 las oesle (P il NS S S i
Variable  Data Type Min Max Mean Standard Median Skewness Kurtosis i
e CV (%)
Deviation
Kuste F:B 0.01693 0.12012 0.0608 0.0142 0.0609 -0.0327 0.1148 23.4424
aw
o W\JL 0.0232 0.0985 0.0611 0.0134 0.0612 -0.0703 -0.2864 21.9319
Refined
Kepic F:B 0.01641 0.06226 0.0440 0.0071 0.044591 -0.4488 0.2080 16.1463
aw
ox “w\jb 0.0257 0.0600 0.0443 0.0066 0.0447 -0.2453 -0.4246 14.8070
Refined
Kshsm RFB 0.02311 0.14791 0.0926 0.0222 0.094102 -0.3073 -0.3555 23.9937
aw
o W\jb 0.0394 0.1412 0.0934 0.0209 0.0945 -0.1978 -0.6463 22.3617
Refined
EF R'au 14.0346 42.3999 27.3218 4.8654 26.72871 0.4434 -0.0759 17.8076
aw
°:’ f""”\:jl’ 14.0346 40.5008 27.0895 4.6155 26.6525 0.3082 -0.3272 17.0378
efine

.l (/1) EF_percent 4 (t ha h ha™ MJ* mm™) Ksnsm 3 KEPIC Kusie 1l #
* The units are Kuste, Kepic and Kshsm (t ha h hat M3t mm™) and EF_percent (%).
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Table 4. Pearson correlation coefficient between soil K and EF indices and environmental variables of geomorphometric

characteristics in the study area.
o
‘5)-1-\-'0*1‘*‘)3 KusLe Kepic Kshsm EF
S 09890935 e
ASP 0.07* 0.06* 0.06* -0.02
CTS -0.00 0.06* 0.06* -0.06*
CNBL -0.06* -0.20%** -0.22%** 0.27%**
Ccbh -0.13%** -0.01 0.01 -0.07*
Elv -0.05 -0.22%** -0.24*** 0.28***
FD -0.03 -0.07** -0.08** 0.07*
MRRTF -0.10*** -0.23*** -0.24*** 0.23***
MRVBF -0.01 0.06* 0.07** -0.12%**
RSP -0.12%** -0.09** -0.08** 0.01
Slp 0.01 0.07* 0.07* -0.07*
TanC -0.05* -0.05 -0.04 0.03
TRI 0.02 0.06* 0.06* -0.05
VD 0.03 0.16*** 0.18*** -0.20%**
CTA 0.05 0.08** 0.08** -0.06*

ol oye o) g oo ) oD Jlois polaw )0 (Swon (392 Jbline 00imd LS g s g e o
*,** and *** indicate statistically significant correlations at the 0.05, 0.01, and 0.001 probability levels, respectively.
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Figure 4. Pearson correlation coefficient between soil K and EF indices and environmental variables of soil properties and
remote sensing of Landsat 8 data in the study area.
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Figure 4. Pearson correlation coefficient between soil K and EF indices and environmental variables of soil properties and
remote sensing of Sentinel 2 data in the study area.
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Table 5. Prediction accuracy of machine wind models in estimating 4 soil erodibility coefficients in the test phase.

o

V;‘;“t’)le M‘L“Jel U”l\*;?‘*" RMSE RPD u,,:,., Ome o “’éggx NRMSE
EF rpart -0.4407 3.6981 1.4738 0.7381 0.5448 0.6961 0.6785
SVM -0.0148 3.3979 1.6041 0.7927 0.6283 0.7905 0.6234

Cubist  -0.1634 2.9901 1.8228 0.8362 0.6993 0.8264 0.5486

RF -0.5239 3.1978 1.7044 0.8269 0.6837 0.7663 0.5867

Kusie rpart 0.0016 0.0112 1.4365 0.7239 0.5241 0.6926 0.6961
SVM -0.0004 0.0111 1.4470 0.7229 0.5225 0.6742 0.6911

Cubist  -0.0001 0.0101 1.6039 0.7871 0.6195 0.7351 0.6235

RF 0.0009 0.0098 1.6486 0.7996 0.6394 0.7580 0.6066

Kepic rpart 0.0002 0.0059 1.2388 0.6172 0.3809 0.6025 0.8072
SVM 0.0001 0.0050 1.4709 0.7333 0.5377 0.7088 0.6798

Cubist  0.0003 0.0046 1.5802 0.7763 0.6026 0.7369 0.6328

RF 0.0002 0.0048 15101 0.7536 0.5678 0.7104 0.6583

Kshsm rpart 0.0004 0.0177 1.3057 0.6476 0.4194 0.6185 0.7659
SVM 0.0010 0.0156 1.4794 0.7406 0.5484 0.6831 0.6759

Cubist  0.0010 0.0143 1.6088 0.7840 0.6146 0.7545 0.6216

RF 0.0010 0.0151 1.5317 0.7605 0.5784 0.7115 0.6529
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