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Abstract

In recent decades, artificial intelligence (Al) has emerged as one of the most influential transformative
technologies, gaining a prominent position in soil science. The intrinsic complexity of soil systems, the
limitations of conventional analytical methods, and the growing need for sustainable natural resource
management have fostered the integration of machine learning (ML) and deep learning (DL) algorithms in this
field. This paper, through a review and analytical approach, provides a comprehensive examination of the key
applications of Al in soil science. The findings indicate that Al and its subfields- particularly ML and DL- have
shown high efficiency in predicting soil physicochemical properties, monitoring soil health and quality, digital
soil mapping, managing water and nutrient resources, and estimating crop yield. However, challenges such as
insufficient high-quality data, model complexity, and the “black-box” nature of algorithms continue to hinder
the full adoption of this technology in field applications. Looking toward the future, the development of
explainable Al (XAl), the integration of multi-source data, and the utilization of generative Al and soil digital
twins are expected to open new pathways for deeper understanding and smarter management of soils. Overall,
the intelligent revolution in soil science does not signify a replacement of human expertise with algorithms;
rather, it represents an empowerment tool that strengthens scientific knowledge toward sustainable agriculture
and data-driven decision-making.

Keywords: Soil Digital Twin, Precision Agriculture, Sustainable Soil Management, Deep Learning, Machine
Learning.
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