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Abstract

Optimal soil management and sustainable agricultural development require accurate information on soil status
and classification, while precise prediction of soil classes and their spatial distribution plays a crucial role in this
regard. The use of advanced machine learning methods, particularly cost-sensitive learning, can improve
prediction accuracy and efficiency by accounting for imbalanced class distributions. In this study, 148 soil
profiles were systematically sampled at 500-meter intervals in the southwestern region of Zanjan province and
classified up to the family level. Selected environmental variables included geomorphological and geological
data, digital elevation models (DEM), and indices extracted from Landsat 8 imagery. Soil-landscape modeling
was performed using the Random Forest algorithm (RF) coupled with a cost-sensitive learning approach in the
RStudio environment.

Results indicated that soils in the study area belonged to five imbalanced classes: Typic Calcixerepts, Typic
Haploxerepts, Gypsic Haploxerepts, Typic Xerorthents, and Lithic Xerorthents. Overall accuracy (OA) and the
Kappa coefficient before data balancing were 65% and 0.32, respectively, whereas after data balancing using the
cost-sensitive approach, they improved to 86% and 0.77. Comparison of user and producer accuracies (UA, PA)
revealed that, while Random Forest failed to accurately predict the minority classes Gypsic Haploxererts and
Lithic Xerorthents under imbalanced data conditions, the cost-sensitive balancing approach substantially
reduced errors and provided reliable predictions for these minority classes.

Overall, the findings demonstrate that applying cost-sensitive learning alongside the Random Forest algorithm
significantly enhances soil class prediction, particularly for low-frequency classes, and can serve as a valuable
tool for producing higher-accuracy soil maps for sustainable soil and agricultural resource management.

Keywords:Random Forest, Kappa coefficient, Data balancing, Digital soil mapping.



