



Assessment of Soil Fertility Constraints by Developing Thematic Soil Fertility Maps in Kuppambadur RBK of Ramachandrapuram Mandal in Tirupati District, Andhra Pradesh, India
ABSTRACT
Soil fertility assessment plays a crucial role in sustainable agricultural planning and resource management. The present study was conducted to evaluate the soil fertility status of Kuppambadur RBK located in Ramachandrapuram mandal of Tirupati district, Andhra Pradesh, India. A total of three hundred soil samples were collected and analysed for physicochemical and nutrient properties to determine the fertility constraints of the region. The results indicated that the soils ranged from slightly acidic to strongly alkaline (pH 6.1–8.8) and were nonsaline (<4 dS m⁻¹). Organic carbon content was found to be low to medium (0.03–0.56%). Among macronutrients, the soils were low in available nitrogen (63.00–208.00 kg ha⁻¹), low to high in available phosphorus (11.00–72.00 kg ha⁻¹) and medium to high in available potassium (181–354 kg ha⁻¹). With respect to micronutrients, manganese (0.09–26.30 mg kg⁻¹), iron (0.30–36.00 mg kg⁻¹), copper (0.05–3.68 mg kg⁻¹) and zinc (0.08–6.82 mg kg⁻¹) levels varied from deficient to sufficient across the samples. Based on the fertility indicators, soil fertility constraints were identified and used to develop thematic soil fertility maps for the study area. The findings provide a scientific basis for site-specific nutrient management strategies aimed at improving soil health and enhancing agricultural productivity.
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INTRODUCTION
Soils constitute a fundamental part of the landscape and their characteristics are largely determined by the landforms and parent materials in which they develop. They form the foundation of life-supporting systems and underpin the socio-economic development of communities. As a repository of nutrients and a medium for plant growth, soil plays a vital role not only in crop production, but also in maintaining the integrity of the natural environment (Sharma & Dogra, 2011; S. A. Surwase et al., 2023).

In recent years, soils have received renewed attention because the amount of usable farmland is shrinking and soil fertility is declining. Soil degradation is increasing, and farm inputs are often used in an unbalanced or improper way (Behera et al, 2025; Bhattacharyya et al, 2015; Rameshwar et al., 2024). Indeed, assessing soil fertility is essential because it directly affects crop growth, nutrient uptake and overall productivity—and thus plays a critical role in sustainable agriculture and ecosystem health (Olivares et al, 2022). A proper assessment of soil fertility helps farmers apply the right amount of nutrients at the right time. This prevents over-fertilization, which can lead to nutrient losses and environmental pollution, and also avoids nutrient deficiencies that can limit crop growth (Johnston & Bruulsema 2014; Olivares, 2023).

In this context, thematic soil-fertility maps have emerged as powerful tools. By combining georeferenced sampling, laboratory analysis and geographic information system (GIS) techniques, thematic maps portray the spatial distribution of fertility parameters across a region (Biradar et al, 2020; Leelavathi et al, 2023). These maps facilitate decision-making for site-specific nutrient management, land use planning and sustainable crop production (Khadka et al, 2019; Chouhan et al, 2025). For example, mapping pH, electrical conductivity, organic carbon and available macro-nutrients and micronutrients allows extension workers, agronomists and farmers to visualise patterns of deficiency or surplus and thereby target interventions where they are most needed (Arulkumar et al, 2022).

The current study focuses on assessing the soil fertility status in the Kuppambadur RBK region of Ramachandrapuram Mandal in Tirupati district, Andhra Pradesh, India. This rural agricultural area depends heavily on farming for livelihood and sustenance. By conducting a detailed fertility assessment and generating thematic maps of the region, we aim to provide a scientific basis for improving agricultural productivity, identifying nutrient imbalances and tailoring management strategies suited to local conditions.

MATERIAL AND METHODS
The study was conducted in Kuppambadur RBK, located in Ramachandrapuram Mandal of Tirupati district, Andhra Pradesh, India. The area lies between 13°29'08.17" to 13°31'19.94" N latitude and 79°22'32.70" to 79°26'37.37" E longitude, covering a total geographical area of 965.38 ha (Fig. 1). The region is characterized by a tropical climate with high humidity. The recorded mean annual rainfall was 788.67 mm, while the mean annual temperature was 27.65°C, with seasonal temperature ranges of 32.79°C in summer and 22.51°C in winter. The maximum and minimum temperatures observed were 43.7°C in May and 18.2°C in December, respectively. The natural vegetation includes species such as Argemone mexicana, Acacia nilotica, Azadirachta indica, Borassus flabellifer, Cynodon dactylon, Cyperus rotundus, Parthenium hysterophorus and Tamarindus indica.
A total of 300 surface soil samples (0–15 cm depth) were collected from 300 farmers’ fields representing major cropping systems of the area, including paddy, sugarcane and groundnut. Each sampling location was geo-referenced using a handheld GPS to ensure spatial accuracy. The collected samples were air-dried, gently crushed and sieved prior to laboratory analysis.

Physicochemical properties of soils were analysed following standard procedures. Soil pH and electrical conductivity (EC) were measured using methods outlined by Jackson (1958). Organic carbon content (OC) was determined using the Walkley-Black wet oxidation method (Jackson, 1958). Available macronutrients—nitrogen (N), phosphorus (P) and potassium (K)—along with micronutrients—copper (Cu), manganese (Mn), iron (Fe) and zinc (Zn)—were quantified using established analytical protocols described by Jackson (1958). Nutrient availability classes for macronutrients (low, medium and high) and micronutrients (deficient to sufficient) were classified according to the interpretive criteria proposed by Tandon (1991) (Table 1).
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Fig. 1. Location map of study area
Table 1. Ratings for pH, EC, available N, P2O5 and K2O and DTPA extractable micronutrients
	pH
	Ratings

	Slightly acidic
	6.1 – 6.5

	Neutral
	6.6 – 7.3

	Slightly alkaline
	7.4 – 7.8

	Moderately alkaline
	7.9 – 8.4

	Strongly alkaline
	        >8.4

	EC (dS m-1)
	

	Nonsaline
	<4

	Saline
	>4

	OC (%)
	

	Low
	< 0.5

	Medium
	0.5-0.75

	High
	> 0.75

	Nitrogen (kg ha-1)
	

	Low
	< 280

	Medium
	280-560

	High
	>560

	Phosphorus (P2O5) (kg ha-1)
	

	Low
	<25

	Medium
	25-59

	High
	>59

	Potassium (K2O) (kg ha-1)
	

	Low
	<145

	Medium
	145-340

	High
	>340

	Critical limits for DTPA extractable micronutrients (mg kg-1)

	Iron
	4.0

	Copper
	0.2

	Zinc
	          0.6

	Manganese
	2.0


RESULTS AND DISCUSSION
Soil reaction
The soil reaction of the surface samples varied from 6.10 to 8.80, with a mean pH of 7.40. Based on the classification, 51.15% of the soils were slightly alkaline, followed by neutral (30.09%), moderately alkaline (17.27%), slightly acidic (1.02%) and strongly alkaline (0.47%). Thus, the majority of soils fell within the neutral to moderately alkaline range (6.6–8.4) (Table 2). The observed variability in pH may be attributed to differences in parent material, climatic conditions, topography and organic matter content, which are known to influence soil reaction (Sashikala et al, 2019). Similar trends of pH variation within a narrow to moderate alkaline range were reported in agricultural soils of semi-arid regions by Sharma et al. (2016), Chandrika et al. (2025) and Sashikala et al. (2021).

Electrical Conductivity

Electrical conductivity of the surface soils ranged from 0.09 to 0.98 dS m⁻¹, with a mean of 0.56 dS m⁻¹ (Table 2). These values indicate that the soils of the study area are non-saline. Low EC values may result from good drainage conditions, which facilitate downward leaching of soluble salts, thereby reducing salinity in the surface layers (Chander et al, 2014; Swarajyalakshmi et al, 2003). Similar low EC values under well-drained upland conditions were also reported by Srinivasarao et al. (2014).
Organic Carbon

Soil organic carbon content varied from 0.03 to 0.56%, with a mean of 0.40% (Table 2). About 98.89% of the samples fell in the low OC category, while only 1.10% showed medium OC status. Low organic carbon levels are typical of soils in tropical climatic regions, where high temperature, intense microbial activity and rapid decomposition limit the accumulation of organic matter (Chander et al, 2014; Kumar & Sangwan, 2019; Kumar et al, 2024). In addition, low vegetation cover, removal of crop residues and limited application of organic manures further contribute to poor OC status. These findings align with earlier studies in the semi-arid tropics by Saha et al. (2012), Bhattacharyya et al. (2009) and Chandrika et al. (2025).

Available Nitrogen (N)

Available nitrogen content ranged from 63 to 208 kg ha⁻¹, with a mean of 121 kg ha⁻¹ (Table 2). All the surface soil samples from the study area fell under the low N category, covering the entire 965.38 ha (Fig. 2). Nitrogen deficiency in agricultural soils is often associated with insufficient application of N fertilizers, preference for complex fertilizers over straight N sources and imbalanced nutrient application (Chen et al, 2014; Liu et al, 2020; Meghana et al, 2024). Furthermore, nitrogen is highly dynamic and susceptible to losses through volatilization, nitrification, denitrification, leaching, runoff and microbial immobilization, resulting in low N use efficiency. These observations agree with earlier reports by Bilal & Aziz (2022) and Bindraban et al. (2015), who emphasized that tropical soils typically exhibit widespread nitrogen deficiency.
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Fig. 2. Spatial distribution of available nitrogen in soils of Kuppambadur RBK
Available phosphorus

Available phosphorus in the surface soils ranged from 11 to 72 kg ha⁻¹, with a mean of 30.00 kg ha⁻¹ (Table 2). The distribution indicated that 65.34% of the area (630.81 ha) had medium P, followed by 34.20% (330.17 ha) with low P and only 0.46% (4.4 ha) with high P (Fig. 3). Low phosphorus availability in parts of the study area may be attributed to P fixation by clay minerals, Fe/Al oxides and Ca carbonates, which restrict the release of plant-available P (Shigaki & Sharpley, 2023). Similar strong P-fixing behaviour in tropical Indian soils has been well documented by Sanyal & De Datta (1991) and Singh & Prakash (2014). Conversely, the medium to high P content in some locations could be the result of continuous application of phosphatic fertilizers, crop residue management and improved soil fertility practices favored by local farmers (Sharma et al, 2016; Sashikala et al, 2021).
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Fig. 3. Spatial distribution of available phosphorus in soils of Kuppambadur RBK

Available Potassium 
Available potassium in surface soil samples ranged from 181 to 354 kg ha⁻¹, with a mean of 228.00 kg ha⁻¹ (Table 2). The soils were predominantly medium in available K (99.84%; 963.83 ha), with a negligible area (0.16%; 1.55 ha) falling in the high K category (Fig. 4). The adequate potassium status is likely due to the presence of K-bearing minerals such as illite, feldspars and micas, which contribute to the slow release of potassium into the soil solution (Chander et al, 2014; Sanyal et al, 2009; Srinivasarao et al, 2017). Earlier studies by Srinivasarao et al. (2014) and Das et al. (2022) have also reported similar K-sufficient soils in regions rich in micaceous minerals.
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Fig. 4. Spatial distribution of available potassium in soils of Kuppambadur RBK     
Table 2. Summary of ground truth analysis data of physicochemical properties and macronutrients of Kuppambadur RBK 
	
	     pH
	EC
(dS m-1)
	OC (%)
	Available N (kg ha-1)
	Available P2O5 (kg ha-1)
	Available K2O (kg ha-1)

	Range
	6.1-8.8
	0.09-0.98
	0.03-0.56
	63-208
	11-72
	181-354

	Mean
	7.40
	0.56
	0.40
	121.00
	30.00
	228.0

	SD
	0.55
	0.24
	0.10
	35.61
	13.00
	52.39

	CV 
	7.38
	43.07
	25.37
	29.46
	43.36
	22.97


DTPA extractable micronutrients 
Copper

DTPA-extractable copper ranged from 0.05 to 3.68 mg kg⁻¹, with a mean of 0.44 mg kg⁻¹ (Table 3). Overall, 7.72% (74.49 ha) of the area was deficient, while 92.28% (890.89 ha) was sufficient in copper (Fig. 5). Higher copper availability, especially in surface horizons, may be attributed to organic matter decomposition, which releases chelating organic compounds. These compounds bind with copper ions and form soluble Cu–organic complexes. This prevents copper from getting fixed to soil particles and keeps it in a more available form for plant uptake. As a result, the solubility and mobility of copper increase in soils rich in decomposing organic matter (Agbenin et al, 2004; Dhaliwal et al., 2024; Meghana et al, 2024; Wu et al, 2010). Shukla and Behera (2017) also reported similar results, noting that soils with greater microbial activity and the addition of organic residues showed higher copper (Cu) availability. This is because active microbes and organic matter help release bound nutrients, making Cu more accessible to plants (Meghana et al, 2025).
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Fig. 5. Spatial distribution of copper in soils of Kuppambadur RBK

Manganese 

DTPA-extractable manganese varied widely from 0.09 to 26.30 mg kg⁻¹, with a mean of 3.16 mg kg⁻¹ (Table 3). The study area had 53.45% (515.99 ha) deficient in Mn and 46.55% (449.39 ha) with sufficient Mn (Fig. 6). The large variation in Mn availability may be associated with differences in parent material, clay content, organic carbon levels, cation exchange capacity and soil oxidation–reduction conditions (Tekin et al, 2011). Similar patterns of Mn deficiency have been reported in upland and coarse-textured soils by Sillanpaa (1990) and Shukla et al, (2021) where low organic matter and poor mineral reserves influence Mn solubility.
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Fig. 6. Spatial distribution of manganese in soils of Kuppambadur RBK

Iron

DTPA-extractable iron ranged from 0.30 to 36.00 mg kg⁻¹, with a mean of 8.06 mg kg⁻¹ (Table 3). Of the total area, 78.85% (761.19 ha) was sufficient, while 21.15% (204.19 ha) was deficient in Fe (Fig. 7). Iron availability is strongly influenced by organic carbon, which enhances Fe solubility through chelation and prevents oxidation and precipitation of Fe into unavailable forms (Dhaliwal et al., 2024; Wei et al, 2010; Wen et al, 2019). These observations are consistent with findings by Lindsay and Schwab (1982), who highlighted the role of organic ligands in maintaining Fe in plant-available forms.
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Fig. 7. Spatial distribution of iron in soils of Kuppambadur RBK
Zinc

DTPA-extractable zinc ranged from 0.08 to 6.82 mg kg⁻¹, with a mean of 0.71 mg kg⁻¹ (Table 3). The study revealed that 62.64% (604.70 ha) of the area was deficient in Zn, while 37.36% (360.68 ha) was sufficient (Fig. 8).  Higher Zn availability in some locations may be due to soil-forming processes, clay complexation and organic matter chelation, which enhance Zn solubility (Moreno-Lora et al, 2020; Singh et al. 2019). However, widespread Zn deficiency is likely due to the lack of zinc fertilizer application, continuous mining by crops and alkaline soil reaction, all of which reduce Zn availability (Leelavathi et al, 2009; Hema et al, 2024; Kavitha et al, 2019; Alloway, 2008).
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Fig. 8. Spatial distribution of zinc in soils of Kuppambadur RBK

Table 3. Summary of ground truth analysis data of soil DTPA extractable micronutrients of Kuppambadur RBK 
	
	Copper
	Manganese
	Iron
	Zinc

	
	(mg kg-1) 

	Range
	0.05-3.68
	0.09-26.30
	0.30-36
	0.08-6.82

	Mean
	0.44
	3.16
	8.06
	0.71

	SD
	0.37
	4.01
	5.99
	0.71

	CV 
	84.08
	126.93
	74.35
	100.24


CONCLUSION
From this study, it was concluded that the soils of Kuppambadur RBK, Ramachandrapuram mandal, Tirupati district of Andhra Pradesh, were neutral to strongly alkaline in reaction and non-saline, with low to medium organic carbon content. The macronutrient status indicated that available nitrogen was low, available phosphorus (P₂O₅) ranged from low to high and available potassium (K₂O) was medium to high. The micronutrients—Cu, Mn, Fe and Zn—varied from deficient to sufficient across the study area. The thematic soil fertility maps generated using GIS clearly depicted the spatial variability of each nutrient, enabling the identification of nutrient-deficient zones with precision. The results were shared with farmers and extension agencies for site-specific nutrient management.
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