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GEOSPATIAL ASSESSMENT OF SOIL NUTRIENT AVAILABILITY
FOR SUSTAINABLE LAND MANAGEMENT: A CASE STUDY
OF THE DON RIVER BASIN

ABSTRACT

This study presents a geospatial approach to the assessment of soil fertility within a
representative agricultural territory in the Don River Basin. The analysis is based on the integration
of agrochemical survey data with cartographic modeling using GIS tools, enabling the construction
of detailed maps for key soil properties, including humus content, soil pH, nitrogen (N),
phosphorus (P), and potassium (K) availability. The results demonstrate a high degree of spatial
heterogeneity in nutrient distribution across the study area. Medium-humus chernozems
predominate, while high-humus zones in the western sector exhibit lower pH values, indicating
enhanced acidity due to the presence of humic acids and reduced calcium buffering. Nitrogen
availability shows a patchwork pattern, with medium and high content dominating, although low-
nitrogen zones persist in the western part of the region. Phosphorus availability is markedly
elevated in the central part of the area, suggesting potential over-application of fertilizers and
ecological oversaturation. Potassium, in contrast, is uniformly abundant, indicating non-limiting
status for crop production. An integrated fertility index was developed by overlaying the individual
nutrient maps, revealing that 20.3 % of the territory represents high-fertility reference soils, while
15.8 % requires fertility enhancement. The findings confirm the utility of geoinformation methods
in agrochemical monitoring and support their application for sustainable land-use planning and
adaptive management of soil resources. The methodology offers a replicable framework for
regional agroecological diagnostics.
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INTRODUCTION

The effective management of agricultural landscapes under conditions of increasing
environmental constraints necessitates a detailed understanding of soil fertility patterns and their
spatial heterogeneity [Usman, 2025]. As soil nutrient status directly governs plant productivity,
biogeochemical cycling, and ecological sustainability [Dan, 2024], precise diagnostics of agro-
chemical parameters has become a cornerstone in the development of adaptive land-use strategies.
In particular, spatially explicit assessments of humus content, soil pH, and the availability of key
macronutrients — nitrogen (N), phosphorus (P), and potassium (K) — represent indispensable
tools for optimizing agro-ecological zoning and minimizing resource misallocation in
contemporary agricultural systems [Petito, 2024].

Traditional soil monitoring practices, although analytically robust, often lack spatial
representativeness and fail to capture intra-field variability critical for precision agriculture and
environmental risk assessment [Gerth, 2017]. In this regard, the integration of Geographic
Information Systems (GIS) with agrochemical survey data provides a methodological advantage
[Greene, 2015], allowing for the generation of detailed soil fertility maps, identification of high-
and low-productivity zones, and formulation of site-specific management recommendations.
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Within the context of Central Russia’s chernozem landscapes — renowned for their high
agronomic potential yet susceptible to degradation from unbalanced nutrient management — the
application of GIS-based soil diagnostics holds particular relevance. The Don River Basin,
encompassing historically cultivated lands such as the former state farm “Tikhiy Don” presents a
representative case of diversified soil fertility, shaped by both natural pedogenesis and anthro-
pogenic inputs [Uwamahoro, 2024]. Despite its agricultural significance, this territory lacks
systematic spatial fertility characterization essential for evidence-based decision-making and
sustainable development planning [Pravalie, 2021].

This study aims to fill that gap by conducting a comprehensive geospatial analysis of
agrochemical indicators across the study area, thereby:

1. Mapping the distribution of humus, pH, N, P, and K levels.
2. Identifying reference soils with optimal nutrient supply.
3. Deriving an integrated soil fertility index.

Through this approach, we demonstrate the applicability of geoinformation technologies
in revealing latent patterns of soil resource distribution and informing regional policies for rational
land use, food security, and ecological resilience [Stockmann, 2020].

RESEARCH MATERIALS AND METHODS

The study area is located within the Don River Basin and corresponds to the agricultural
territory of the former state farm “Tikhiy Don” in the central part of the Russian steppe zone. This
region is characterized by fertile chernozem soils, temperate continental climate, and historically
intensive agricultural use. To evaluate the spatial distribution of soil agrochemical properties, a
comprehensive field survey and laboratory analysis were conducted, followed by geostatistical
processing within a GIS environment [Lebedev, 2024].

The agrochemical survey was performed in accordance with national soil monitoring
standards and included the collection of representative soil samples at multiple depths across the
territory. The sampling points included sites both within cultivated fields and in proximity to rural
settlements. These locations were historically part of the state farm “Tikhiy Don” agro-landscape,
where residential boundaries often intersected with productive agricultural parcels. Therefore, the
selection reflects legacy land use patterns and ensures the representation of all major
agroecological units within the study area.

In total, 42 sampling points were established across the study area, with composite samples
taken from the 0—20 cm horizon at each site. Each sample was analyzed in triplicate to ensure
analytical reliability. The spatial dataset thus comprises 126 agrochemical measurements for each
parameter. Statistical interpolation and thematic classification were based on the resulting
georeferenced dataset using kriging methods with cross-validation in the QGIS 3.16 environment.
Laboratory analyses determined the concentrations of the following key fertility indicators:
humus content (%) assessed via the Tyurin method [Kellogg, 2010];
soil reaction (pH in KCI) measured potentiometrically;
total nitrogen (%) determined using the Kjeldahl method;
available phosphorus (mg/kg) extracted with 1 % citric acid and measured colorimet-
rically;

e exchangeable potassium (mg/kg) extracted with ammonium acetate and quantified by
flame photometry.

Geospatial data processing was carried out using the QGIS platform (version 3.16), which
enabled the interpolation and cartographic visualization of agrochemical parameters across the
study area [ Wang, 2023]. Each soil property was analyzed individually through thematic mapping,
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allowing the delineation of spatial patterns and identification of zones with contrasting fertility
levels. The resulting maps include:

e humus content distribution;

e soil pH distribution;

e nitrogen availability;

e phosphorus availability;

e potassium availability.

To synthesize these individual indicators into a comprehensive assessment, an Integrated
Soil Fertility Index (ISFI) was computed by overlaying the classified thematic layers.
The ISFI was categorized into five fertility classes based on expert-defined thresholds, enabling
the identification of reference soils-zones exhibiting consistently high levels of all essential
nutrients.

This methodological framework ensures both analytical rigor and spatial resolution,
providing a replicable model for regional-scale soil diagnostics and land-use optimization [Flint,
2024].

RESEARCH RESULTS AND DISCUSSION

The spatial distribution of humus content reveals a predominance of medium-humus
chernozems (5—-7 %) throughout the study area. High-humus soils (7-9 %) are localized in the
western segment [Petito, 2024], forming a distinct areal cluster with elevated organic matter
reserves. In contrast, low-humus zones occupy marginal areas and are of limited extent

[Chikaraishi, 2017].
—
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Fig. 1. Humus content distribution map

The pH distribution map shows that over half of the study area (51 %) is characterized by
weakly acidic to neutral conditions (pH > 6.0), which are generally favorable for crop growth
[Gerth, 2017]. However, zones with elevated humus levels in the western and northeastern sectors
display notably lower pH values (4.6-5.5).

The nitrogen supply across the territory exhibits pronounced heterogeneity. Medium
(25 %) and high (21 %) nitrogen availability dominate, forming a mosaic structure. Notably, the
lowest nitrogen concentrations are observed in the western regions [Dan, 2024], while nitrogen-
rich soils are concentrated near the Don floodplain [Ma, 2023].
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Fig. 2. Soil pH distribution map
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Fig. 3. Nitrogen availability map

Phosphorus distribution is marked by elevated concentrations in the central part of the
study area, where 42 % of the land shows high and 18 % very high levels of available forms. Only
2-3 % of the area falls into low phosphorus categories [Oswald, 2023].

The territory demonstrates a consistently high potassium status. According to the carto-
graphic analysis, 32 % of the area exhibits very high potassium content, 42 % high, and 24 %
moderately elevated levels [ Yin, 2022].

By overlaying the individual fertility maps, an Integrated Soil Fertility Index was
constructed. The results show that 63.9 % of the study area falls into the medium fertility class,
while 20.3 % qualifies as high-fertility reference soils-zones suitable for intensive agricultural
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[Yasarer, 2016; Wang, 2023] use with minimal additional inputs. Conversely, 15.8 % of the land
exhibits low nutrient availability, requiring corrective agronomic measures.

The distribution of soil fertility scores confirms the predominance of moderately fertile
soils, while more than 10 % of the territory displays optimal fertility conditions (scores of 16-20),
which makes them particularly suitable for high-value crops or conservation agriculture initiatives

[Kellogg, 2010].
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Fig. 4. Available phosphorus distribution map
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Fig. 6. Integrated soil fertility index map
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Fig. 7. Fertility class distribution diagram
CONCLUSIONS

This study demonstrates the efficacy of geoinformation approaches in diagnosing and
visualizing the spatial heterogeneity of soil nutrient availability [Greene, 2015] within an
agriculturally significant landscape of the Don River Basin. By integrating laboratory-based
agrochemical data with GIS-based spatial analysis, we established a comprehensive methodology
for identifying zones of high agronomic potential and nutrient deficiency [Chikaraishi, 2017].
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Key findings include:

1. The predominance of medium-humus chernozems (57 %) and the spatial confinement of
high-humus soils (7-9 %) to the western sector of the study area.

2. A notable inverse relationship between humus content and soil pH, attributed to the
acidifying effect of humic substances, which necessitates localized pH correction measures
[Metechko, 2018].

3. Significant spatial variability in nitrogen availability, with both deficient and enriched
zones identified, particularly along the Don floodplain.

4. Evidence of phosphorus accumulation in the central territory, potentially indicating over-
fertilization and heightened risk of agroecological oversaturation.

5. Stable and uniformly high levels of exchangeable potassium, suggesting non-limiting
conditions for this nutrient.

6. The delineation of reference soils (20.3 % of the area) with consistently high nutrient
availability, suitable for model agricultural use.

7. The successful application of the Integrated Soil Fertility Index (ISFI), offering a spatially
explicit framework for agroecological classification and targeted land management
interventions.

These results provide a scientifically grounded basis for optimizing fertilizer use, imple-
menting precision agriculture technologies, and supporting the sustainable development of socio-
natural systems. Moreover, the methodological framework presented herein may be adapted for
use in other regions with similar edaphic and agroclimatic conditions, contributing to the broader
agenda of sustainable land resource management.
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