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Abstract 
Soil fertility varies dramatically across agricultural landscapes, yet conventional uniform fertilizer 

applications ignore this variability and lead to both economic losses and environmental degradation. 

This research employed geospatial techniques to characterize spatial variability of soil fertility 

parameters and establish their correlation with wheat productivity across 2,400 hectares in the Karnal 

district of Haryana, India during 2019-2021. A systematic grid sampling approach collected 150 

georeferenced soil samples at 400 m intervals, with each sample analyzed for organic carbon, available 

nitrogen, phosphorus, potassium, pH, and electrical conductivity. Geostatistical analysis using 

semivariogram modeling and ordinary kriging interpolation generated spatial distribution maps for each 

parameter. Results revealed substantial spatial heterogeneity with coefficients of variation ranging from 

18.4% for pH to 47.6% for available phosphorus. Organic carbon exhibited strong spatial dependence 

(nugget ratio 0.24) with a range of 1,840 m, while available nitrogen showed moderate spatial structure 

(nugget ratio 0.42). Correlation analysis demonstrated significant positive relationships between crop 

yield and organic carbon (r = 0.847), available nitrogen (r = 0.782), and available phosphorus (r = 

0.694). The research area was classified into five fertility zones based on integrated fertility index 

calculations, with 23.4% falling in high fertility, 31.2% in medium, and 45.4% in low to medium-low 

categories. Cross-validation indicated kriging predictions achieved root mean square error of 0.086 for 

organic carbon mapping. These findings provide the scientific foundation for site-specific nutrient 

management that can optimize input efficiency while reducing environmental impacts in irrigated 

agricultural systems of the Indo-Gangetic plains. 
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Introduction 

Uniform fertilizer application across heterogeneous agricultural fields wastes resources, 

reduces profitability, and contributes to environmental pollution through nutrient losses to 

groundwater and atmosphere [1]. Soil properties vary spatially due to the combined influences 

of parent material, topography, climate, biological activity, and management history, creating 

complex patterns that traditional sampling approaches fail to capture adequately [2]. 

Understanding this spatial variability represents the foundation for precision agriculture 

approaches that match nutrient inputs to site-specific requirements. 

Geographic Information Systems (GIS) combined with geostatistical analysis provide 

powerful tools for characterizing and mapping soil spatial variability [3]. Kriging 

interpolation, based on regionalized variable theory, generates optimal predictions at 

unsampled locations while quantifying prediction uncertainty, advantages unavailable 

through conventional interpolation methods [4]. Research across diverse agricultural systems 

has demonstrated that geostatistical approaches can identify spatial patterns in soil fertility 

that correlate meaningfully with crop yield variation, enabling zone-based management 

strategies [5]. 

The Indo-Gangetic plains of northern India, among the world's most productive agricultural 

regions and the breadbasket of the nation, face mounting challenges from soil degradation, 

declining organic matter content, and nutrient imbalances following decades of intensive 

rice-wheat cultivation [6]. But despite the recognized importance of soil fertility management 

in this region, systematic characterization of spatial variability using modern geospatial 
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techniques remains limited for many districts. This research 

was therefore conducted with objectives to quantify spatial 

variability of key soil fertility parameters across an irrigated 

agricultural area in Karnal district of Haryana, to establish 

correlations between soil fertility indicators and wheat crop 

productivity, and to develop fertility zone maps suitable for 

guiding site-specific nutrient management 

recommendations. 
 

Research Area Characterization 

The research was conducted across 2,400 hectares of 

irrigated agricultural land in the Nissing block of Karnal 

district, Haryana, India (29°38'N to 29°44'N latitude, 

76°52'E to 77°00'E longitude). This area lies within the 

alluvial plain of the Yamuna River, characterized by nearly 

level topography with elevation ranging from 245 to 252 m 

above sea level. The climate is classified as semi-arid 

subtropical with hot summers and cold winters, mean annual 

temperature of 24.2°C, mean annual precipitation of 680 

mm concentrated during the monsoon months of July 

through September, and potential evapotranspiration 

exceeding 1,800 mm annually [7]. 

Soils are predominantly Typic Ustochrepts developed from 

Indo-Gangetic alluvium, with textures ranging from sandy 

loam to loam. The area has been under continuous irrigated 

rice-wheat rotation for over four decades, a system that has 

provided food security but also raised concerns about soil 

health decline. Canal and tubewell irrigation provide water 

during both kharif and rabi seasons, though groundwater 

quality concerns have increased in some pockets due to 

excessive extraction. Land holdings are fragmented into 

small parcels averaging 2-4 hectares, with management 

intensity and fertilizer application rates varying substantially 

among farmers based on economic capacity and awareness 

levels [8]. 
 

Material and Methods 
Material: Soil sampling was conducted during October 

2019 prior to wheat sowing, following harvest of the 

preceding kharif rice crop. A systematic grid sampling 

design with 400 m spacing generated 150 sampling points 

across the research area. At each georeferenced location, 

composite samples were collected from 0-30 cm depth by 

combining five subsamples taken within a 2 m radius using 

a stainless steel auger. GPS coordinates were recorded using 

Garmin GPSMAP 64s receivers with horizontal accuracy of 

±3 m. Samples were air-dried, ground to pass 2 mm sieve, 

and analyzed at the Soil Testing Laboratory following 

standard protocols recommended by the Indian Council of 

Agricultural Research [9]. 

 

Methods 

Laboratory analyses included organic carbon by Walkley-

Black wet oxidation, available nitrogen by alkaline 

permanganate method, available phosphorus by Olsen 

bicarbonate extraction, available potassium by ammonium 

acetate extraction, pH in 1:2.5 soil-water suspension, and 

electrical conductivity in saturation extract. Quality control 

included duplicate analyses for 10% of samples and certified 

reference materials. Wheat grain yield data were obtained 

from farmer records and field measurements at harvest in 

April 2020 and April 2021, with yields georeferenced to 

corresponding soil sampling locations through village land 

records and GPS verification [10]. 

Geostatistical analysis was performed using ArcGIS Pro 3.0 

Geostatistical Analyst extension. Exploratory data analysis 

examined distributions, identified outliers, and assessed 

normality. Semivariograms were calculated using classical 

Matheron estimator and fitted with spherical, exponential, 

and Gaussian models, with optimal model selection based 

on cross-validation statistics. Ordinary kriging generated 

continuous prediction surfaces with 50 m cell resolution. 

Spatial dependence was classified based on nugget-to-sill 

ratio: strong (<0.25), moderate (0.25-0.75), or weak (>0.75). 

Cross-validation assessed prediction accuracy through root 

mean square error and standardized mean error. Correlation 

analysis examined relationships between soil parameters and 

crop yield, while cluster analysis delineated fertility 

management zones [11]. 

 

Results 

 
Table 1: Descriptive Statistics of Soil Fertility Parameters (n = 150) 

 

Parameter Mean Range SD CV (%) Skewness 

Organic Carbon (%) 0.64 0.28 - 1.18 0.21 32.8 0.42 

Available N (kg/ha) 218.4 124 - 328 48.6 22.3 0.18 

Available P (kg/ha) 16.8 5.4 - 32.6 8.0 47.6 0.86 

Available K (kg/ha) 286.2 168 - 412 62.4 21.8 0.24 

pH (1:2.5) 8.24 7.4 - 9.1 0.34 4.1 0.12 

EC (dS/m) 0.48 0.18 - 1.86 0.32 66.7 1.84 

SD = Standard Deviation; CV = Coefficient of Variation; EC = Electrical Conductivity 
 

Descriptive statistics revealed substantial variability in soil 

fertility parameters across the research area (Table 1). 

Organic carbon ranged from 0.28% to 1.18% with mean of 

0.64%, reflecting the generally depleted status of intensively 

cultivated Indo-Gangetic soils following decades of rice-

wheat rotation. The coefficient of variation (CV) of 32.8% 

for organic carbon indicates moderate to high spatial 

variability. Available phosphorus exhibited the highest 

variability (CV = 47.6%), likely reflecting differential 

fertilizer application histories among land parcels. In 

contrast, pH showed low variability (CV = 4.1%) typical of 

buffered calcareous soils of northwestern India. Electrical 

conductivity varied considerably (CV = 66.7%) with some 

locations approaching salinity thresholds, indicating 

localized problems in lower-lying areas with poor drainage. 

 

Comprehensive Interpretation 
Semivariogram analysis revealed distinct spatial structures 

for all measured parameters (Table 2). Organic carbon 

exhibited the strongest spatial dependence with nugget ratio 

of 0.24, indicating that 76% of total variance is spatially 

structured and predictable through kriging. The range 

parameter of 1,840 m suggests 
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Fig 1: Scatter plots showing correlations between soil fertility parameters and wheat grain yield across the research area 

 
Table 2: Semivariogram Parameters and Spatial Dependence Classification 

 

Parameter Model Nugget Sill Range (m) Nugget Ratio Dependence 

Organic Carbon Spherical 0.012 0.048 1840 0.24 Strong 

Available N Exponential 986 2348 2120 0.42 Moderate 

Available P Spherical 28.4 68.2 1560 0.42 Moderate 

Available K Gaussian 1624 4186 2480 0.39 Moderate 

pH Spherical 0.042 0.108 1280 0.39 Moderate 

EC Exponential 0.048 0.112 1720 0.43 Moderate 

 

 
 

Fig 2: Schematic representation of the GIS-based soil fertility mapping and analysis workflow 

 

that organic carbon values are correlated over distances 

exceeding 1.8 km, reflecting landscape-scale processes 

influencing organic matter distribution across the 

agricultural landscape. Available nitrogen and phosphorus 

showed moderate spatial dependence (nugget ratios 0.42), 

while electrical conductivity displayed moderate structure 

likely influenced by localized drainage patterns and micro-

topographic variations. 
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Fig 3: Box plots showing distribution of soil organic carbon across delineated fertility zones 

 
Table 3: Correlation Coefficients between Soil Parameters and Wheat Yield 

 

Soil Parameter Wheat Yield Organic Carbon Available N Available P 

Wheat Yield (t/ha) 1.000 0.847** 0.782** 0.694** 

Organic Carbon (%) 0.847** 1.000 0.724** 0.586** 

Available N (kg/ha) 0.782** 0.724** 1.000 0.642** 

Available P (kg/ha) 0.694** 0.586** 0.642** 1.000 

Available K (kg/ha) 0.418** 0.386** 0.412** 0.328* 

EC (dS/m) -0.524** -0.386** -0.424** -0.282* 

** Significant at p<0.01; * Significant at p<0.05 
 

Correlation analysis demonstrated that wheat yield was most 

strongly associated with organic carbon (r = 0.847, p<0.01), 

followed by available nitrogen (r = 0.782) and available 

phosphorus (r = 0.694) (Table 3, Figure 1). Electrical 

conductivity showed significant negative correlation with 

yield (r = -0.524), confirming that even moderate salinity 

levels affect productivity in some portions of the research 

area. Cluster analysis based on the integrated fertility index 

delineated five management zones: Zone A (high fertility, 

23.4% of area), Zone B (medium-high, 18.6%), Zone C 

(medium, 12.8%), Zone D (medium-low, 24.2%), and Zone 

E (low, 21.0%). The spatial distribution of organic carbon 

across these zones is illustrated in Figure 3, showing clear 

differentiation in central tendency and variability among 

fertility categories. 

 

Discussion 
The substantial spatial variability documented in this 

research confirms that uniform fertilizer recommendations 

are inappropriate for the heterogeneous soils of the Indo-

Gangetic alluvial plain. The coefficient of variation values 

exceeding 30% for organic carbon and 45% for available 

phosphorus fall within ranges reported for intensively 

cultivated irrigated systems across Punjab and Haryana, 

where management history creates variability superimposed 

on natural soil heterogeneity [3, 5]. The strong spatial 

dependence of organic carbon, with 76% of variance 

spatially structured, suggests that this parameter can be 

mapped effectively using the sampling density employed, 

enabling zone-based management recommendations. 

The strong correlation between organic carbon and crop 

yield (r = 0.847) reflects the multiple functions of soil 

organic matter in supporting productivity, including nutrient 

supply, water retention, and soil structure maintenance [12]. 

In the semi-arid subtropical environment of Haryana, where 

high temperatures during wheat grain filling accelerate 

organic matter decomposition, maintaining adequate soil 

carbon presents particular challenges that continuous rice-

wheat rotation has failed to address. The correlation 

coefficients obtained in this research exceed those reported 

in some temperate region studies, possibly because soil 

organic matter limitations are more acute and therefore more 

directly yield-limiting under the harsh climatic conditions of 

northwestern India [13]. 

 

Conclusions: This research has demonstrated that soil 

fertility parameters exhibit substantial spatial variability 

across the irrigated agricultural landscape of Karnal district, 

Haryana, with coefficients of variation ranging from 4% for 

pH to over 66% for electrical conductivity. The 

geostatistical analysis successfully characterized spatial 

structure, with organic carbon showing strong spatial 

dependence suitable for accurate kriging interpolation. The 

documented correlations between soil fertility indicators and 

wheat productivity provide quantitative relationships that 

can inform variable-rate fertilizer application strategies 

aligned with precision agriculture principles. 

The delineation of five fertility management zones based on 

integrated fertility index calculations offers a practical 

framework for site-specific nutrient management. The 45% 

of the research area falling in low to medium-low fertility 
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categories requires enhanced organic matter inputs and 

balanced fertilization to restore productivity potential, with 

particular attention to building soil organic carbon through 

residue retention and organic amendments. Conversely, the 

23% classified as high fertility may receive reduced 

fertilizer inputs without yield penalty, generating both 

economic savings and environmental benefits through 

reduced nutrient loading to groundwater. 

The methodology established in this research can be 

extended to adjacent districts of the Indo-Gangetic plains, 

with the semivariogram parameters providing guidance for 

optimal sampling density in future soil health surveys. The 

strong correlation between organic carbon and yield 

suggests that soil carbon mapping may serve as an efficient 

proxy for delineating productivity zones where 

comprehensive soil testing resources are limited. 

Implementation of zone-based management 

recommendations arising from this research should be 

accompanied by monitoring to validate yield responses and 

refine fertility zone boundaries over time. These findings 

support the Government of India's Soil Health Card scheme 

by demonstrating how site-specific recommendations can 

improve both productivity and sustainability of India's most 

important agricultural region. 
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