


Digital Soil Mapping of Soil Properties in a Walnut-Based Ecosystem of the Kashmir Himalayas	Comment by EDITOR 54: The title of the research paper could be more straightforward, since the content focuses specifically on the variation in soil properties using the ordinary kriging geostatistical technique.
Including the phrase “Digital Mapping of Soil Properties” creates a strong initial impact, and the user or reader will likely look for highly relevant techniques such as: random forests, nearest neighbors, Support Vector Machines, artificial neural networks, fuzzy logic, etc. However, a more concise title is: Spatial Variability of Soil Properties in a Himalayan Walnut Ecosystem in Kashmir.

Abstract
The present study was conducted during 2024–2025 at the Walnut Research Station, Kulangam, Kupwara district of Jammu and Kashmir, India, to assess the spatial variability of soil physico-chemical and biological properties for improving site-specific nutrient management in walnut (Juglans regia L.) growing soils. Despite the economic importance of walnut cultivation in the region, spatially explicit information on soil properties remains limited, constraining precision nutrient management. A total of 110 geo-referenced soil samples were collected on a 30 × 30 m grid and analyzed using standard laboratory procedures. Spatial variability was evaluated using GIS-based geostatistical techniques, particularly ordinary kriging. The results revealed that soils were predominantly loam to clay loam in texture, with pH ranging from 6.13–7.49 and low electrical conductivity (0.05–0.15 dS m⁻¹), indicating non-saline conditions. Organic carbon ranged from 0.92–1.15% and cation exchange capacity from 17.02–21.14 cmol(p⁺) kg⁻¹. The available macronutrient contents (kg ha-1) ranged from 220.12 to 410.04 for nitrogen, 8.98 to 37.13 for phosphorus, 140.27 to 457.28 for potassium, and 10.01 to 36.51 for sulphur. Exchangeable calcium and magnesium contents varied between 4.12–5.16 cmol(p⁺) kg⁻¹ and 2.36–2.62 cmol(p⁺) kg⁻¹, respectively, indicating adequate base saturation. Among DTPA-extractable micronutrients, iron (Fe), manganese (Mn) and copper (Cu) were found to be generally adequate across the study area. However, zinc (Zn) deficiency was observed in more than 50% of the sampling locations, highlighting it as a critical limiting nutrient for walnut productivity. Microbial populations followed the order: bacteria > actinomycetes > fungi, indicating biologically active soils. Overall, the study underscores the effectiveness of digital soil mapping in delineating spatial variability of soil properties. The generated nutrient maps provide a robust scientific basis for precision nutrient management, facilitating improved input-use efficiency and sustainable walnut production in temperate agro-ecosystems of Kashmir.
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1. Introduction
Walnut (Juglans regia L.) is a member of the family Juglandaceae (Mukarram et al., 2024) and is one of the most economically important temperate nut crops worldwide (Sharma et al., 2022). The family consists of nearly 60 species, 21 of which belong to the genus Juglans (Sajjad et al., 2024). The crop is believed to have originated in Eastern Europe and Asia Minor but now it grows throughout the Himalayan region (Pollegioni et al., 2020; Li et al., 2023). Globally, walnut is cultivated in several countries but most of its production is concentrated in few major regions. China accounts for about 57% of global walnut production which is followed by the United States (24%) and Chile (6%), while India contributes nearly 1% of the global share as per USDA (2025). In India, walnut is grown over an area of approximately 97,284 hectares and with an annual production of about 317,776 tonnes (FAOSTAT, 2024). In India, Jammu and Kashmir region dominates walnut cultivation accounting for approximately 80.58% of the total area and 91.16% of production, thereby emerging as the leading walnut-producing region (Bhat et al., 2024). Among the major walnut-growing districts of the Kashmir Valley, Kupwara, Baramulla, Budgam, Srinagar, Pulwama and Anantnag hold particular significance (Sharma et al., 2022). The district Kupwara has been recognized under the One District One Product (ODOP) initiative as a leading walnut-producing region in Jammu and Kashmir (Government of Jammu & Kashmir, 2024). The district accounts for approximately 8,820 hectares under walnut cultivation, with an annual production of about 37,010 tonnes (Government of Jammu & Kashmir, 2024). Walnut cultivation in the Kashmir region is largely practiced on marginal lands with minimal external inputs which reflect its traditional and low-intensity management system (Lone et al., 2023). However, the productivity of walnuts in the Kashmir region remains highly variable and is strongly influenced by soil fertility, nutrient management and prevailing environmental conditions despite of this substantial potential (Yılmaz, 2021; Lone et al., 2023). The soil-related constraints such as suboptimal fertility, imbalanced pH, poor drainage and low organic matter content frequently limit growth and yield (Weil and Brady, 2016; Yan et al., 2024). Therefore, soil management practices are essential for enhancing productivity and ensuring sustainable livelihoods for farmers. Recognizing this need, the Centre for Excellence on Walnut Research was established at Kulangam by SKUAST-Kashmir to strengthen research efforts aimed at improving walnut cultivation in the region. A comprehensive understanding of the spatial variability of soil properties is fundamental for effective nutrient management and sustainable agricultural production (Vasu et al., 2017; Metwally et al., 2019). Conventional soil mapping approaches are often labor-intensive and may not adequately capture fine-scale variability as soils are typically represented as generalized mapping units (McBratney et al., 2003; Behrens and Scholten, 2006; Kempen et al., 2012). In contrast, recent advances in remote sensing, geographic information systems (GIS) and spatial statistical methods have significantly enhanced the assessment of soil variability. Digital Soil Mapping is a quantitative approach that integrates field observations and laboratory analyses with spatial environmental data to predict and map soil properties across landscapes (Adeniyi et al., 2024). Compared to conventional methods DSM provides spatially explicit, high-resolution information that is critical for site-specific nutrient management (Sharma et al., 2025). This approach is particularly valuable in heterogeneous landscapes such as the temperate Himalayan region (Kalambukattu et al., 2025) where soil properties exhibit significant variability over short distances. Despite the economic significance of walnut cultivation in Kashmir, the detailed and spatially explicit information on soil physico-chemical and biological properties in walnut orchards remains limited. Most earlier studies have primarily focused on general soil fertility status with relatively little emphasis on spatial variability. Therefore, the application of digital soil mapping techniques in walnut-based agroecosystems is essential to generate high-resolution insights into soil variability and nutrient distribution. For addressing this gap, the present study was undertaken to systematically evaluate soil physico-chemical characteristics, examine the distribution of key microbial populations and generate spatial variability maps of these properties using digital soil mapping techniques. The findings are expected to provide a scientific basis for site-specific nutrient management and contribute to the sustainable intensification of walnut production systems in the temperate agro-ecosystems of Kashmir.	Comment by EDITOR 54: It should read: physical, chemical and biological properties. A physicochemical property is distinct from the properties studied in this research paper. These properties include melting point, solubility, viscosity, and reactivity, and they determine how matter interacts under various conditions.
2. Materials and Methods
2.1 Study Site
[image: ]Jammu and Kashmir represents the largest walnut-growing region in India. The district Kupwara is one of the most prominent areas for walnut cultivation. The present study was conducted at the Walnut Research Station, Kulangam, located in Kupwara district of Jammu and Kashmir. The research station is geographically situated at 34°25′20.78″ N latitude and 74°18′2.26″ E longitude, with an elevation of 1627 m above mean sea level. The region experiences temperate climatic conditions characterized by cold winters and mild summers. These agro-climatic conditions along with suitable soil characteristics contribute to the high productivity and quality of walnuts in the region.
Fig. 1. Study area map showing the location of the Walnut Research Station, Kulangam
2.2 Collection and Processing of soil samples
The research station was divided into 110 grids with a spacing of 30 x 30 m, with the notations of P1-P110. The soil samples were collected from each grid separately at a depth of 0-30 cm using a Global Positioning System (GPS). The coordinates of all sampling points were entered into QGIS software to generate map of the study area (Fig. 1). A small portion of each soil sample was stored at 4℃ immediately after the collection of the samples for microbial analysis to avoid any possible contamination.
2.3 Soil Analysis 
Soil samples were analyzed using standard laboratory procedures. Soil texture was determined by the hydrometer method (Bouyoucos, 1962) and textural classes were identified using the USDA textural triangle. Soil pH was measured in a 1:2.5 soil-water suspension using a digital pH meter, while electrical conductivity (EC) was determined using a conductivity meter (Jackson, 1973). Organic carbon was estimated by the rapid titration method (Walkley and Black, 1934), and cation exchange capacity (CEC) was determined by the ammonium acetate method (Jackson, 1973). Available nitrogen was determined by the alkaline potassium permanganate method using a Kjeldahl distillation apparatus (Subbiah and Asija, 1956). Available phosphorus was extracted with 0.5 M NaHCO₃ and determined spectrophotometrically (Olsen, 1954), while available potassium was extracted with neutral normal ammonium acetate and measured using a flame photometer (Jackson, 1973). Available sulphur was estimated by the turbidimetric method (Chesnin and Yien, 1951). Exchangeable calcium and magnesium were extracted using neutral normal ammonium acetate as described by Black et al. (1965). Available micronutrients (Zn, Cu, Fe and Mn) were determined by the DTPA extraction method (Lindsay and Norvell, 1978). The viable microbial populations (bacteria, fungi and actinomycetes) were enumerated using serial dilution and plate count techniques on selective media. 
2.4 Mapping and Interpolation
Spatial variability of soil properties was analyzed using ArcGIS software. The dataset was pre-processed to check for inconsistencies and outliers. Spatial distribution maps were developed using the ordinary kriging interpolation technique, which estimates values at unsampled locations based on spatial dependence among sampled points.
3. Results 
3.1 Physico-chemical Properties	Comment by EDITOR 54: Physical and chemical properties
Particle size distribution revealed that the soils of Walnut Research Station, Kulangam were predominantly classified as loam to clay loam with sand, silt and clay contents ranging from 22.94-46.98%, 26.04-49.81% and 15.13-30.96%, respectively, and corresponding mean values of 36.77%, 38.90% and 24.34% (Fig. 2(a)). The coefficient of variation (CV) values indicated medium variability for sand (16.76%), silt (15.51%) and clay (18.85%), suggesting moderate spatial heterogeneity. The soil pH varied from 6.13 to 7.49 (mean 6.71) with low variability (CV 4.39%), indicating slightly acidic to slightly alkaline conditions (Fig. 2(b)). The electrical conductivity ranged from 0.05–0.15 dS m⁻¹ (mean 0.07 dS m⁻¹), with high variability (CV 32.44%), yet all values were in non-saline range (Fig. 2(c)). Organic carbon content ranged from 0.92–1.15% (mean 1.01%), showing low variability (CV 4.44%) and indicating a relatively uniform organic matter distribution across the station (Fig. 2(d)). The cation exchange capacity varied from 17.02–21.14 cmol(p⁺) kg⁻¹, with a mean of 19.04 cmol(p⁺) kg⁻¹ (Fig. 2(e)), and low variability (CV 6.35%). 	Comment by EDITOR 54: We suggest including an introductory table that presents descriptive statistical parameters, along with coefficients of variation. This provides the reader with a quick overview. Subsequently, the most notable aspects can be described, with an emphasis on variations in the attributes under consideration.
The available nitrogen in the soils of Walnut Research Station, Kulangam ranged from 220.12–410.04 kg ha⁻¹ with a mean of 361.19 kg ha⁻¹ and low variability (CV 9.66%) (Fig. 3 (a)). The available phosphorus varied from 8.98–37.13 kg ha⁻¹ (mean 20.53 kg ha⁻¹) with high variability (CV 21.81%), suggesting uneven distribution with localized deficiencies observed (Fig. 3 (b)). Available potassium ranged from 140.27–457.28 kg ha⁻¹ (mean 323 kg ha⁻¹) and exhibited high variability (CV 24.99%) (Fig. 3(c)). Exchangeable calcium (4.12–5.16 cmol(p⁺) kg⁻¹; mean 4.61 cmol(p⁺) kg⁻¹) and magnesium (2.36–2.62 cmol(p⁺) kg⁻¹; mean 2.49 cmol(p⁺) kg⁻¹) showed low variability (CV 6.34% and 3.28%, respectively), reflecting uniform distribution (Fig. 3 (d) and (e)). Available sulphur ranged from 10.01–36.51 kg ha⁻¹ (mean 19.40 kg ha⁻¹) with very high variability (CV 30.66%) (Fig. 3 (f)). Among micronutrients, iron (4.02–24.07 mg kg⁻¹; mean 14.36 mg kg⁻¹) and manganese (0.90–16.02 mg kg⁻¹; mean 7.70 mg kg⁻¹) (Fig. 4 (a) and (b)), exhibited very high variability (CV 37.00% and 47.82%, respectively). Zinc (0.30–2.27 mg kg⁻¹; mean 0.76 mg kg⁻¹; CV 34.12%) emerged as the most limiting micronutrient, with more than half of the area categorized as low (Fig. 4 (c)). The available copper ranged from 0.40–1.50 mg kg⁻¹ (mean 0.83 mg kg⁻¹) and despite of very high variability (CV 34.12%), remained sufficient in most parts of the station (Fig. 4 (d)). 
3.2 Biological properties
The total viable bacterial count in soils of Walnut Research Station, Kulangam ranged from 64.23 × 10⁶ to 98.99 × 10⁶ cfu g⁻¹ soil, with a mean of 81.44 × 10⁶ cfu g⁻¹ soil, indicating medium variability (CV 12.38%) and moderate spatial heterogeneity (Fig. 5 (a)). The viable actinomycete count ranged from 44.87 × 10⁵ to 91.00 × 10⁵ cfu g⁻¹ soil, with a mean of 69.18 × 10⁵ cfu g⁻¹ soil, exhibiting medium variability (CV 18.97%) (Fig. 5 (b)). The viable fungal population varied from 23.42 × 10⁴ to 48.90 × 10⁴ cfu g⁻¹ soil, with a mean of 35.58 × 10⁴ cfu g⁻¹ soil (Fig. 5 (c)). The higher coefficient of variation (21.14%) reflected considerable spatial variability. 


Fig. 2. Thematic maps of a) Texture b) pH, c) EC, d) OC and e) CEC of soils of Walnut Research Station, Kulangam	Comment by EDITOR 54: The letters that identify each of the images are missing.	Comment by EDITOR 54: The results can be supported by the variogram plots of the analysed properties.
It is also important to consider the cross-validation data obtained in order to relate Nuggets variance to structural variance, thereby determining the degree of spatial dependence for each soil variable.







Fig. 3. Thematic maps of a) Av. N b) Av. P c) Av. K d) Ex. Ca e) Ex. Mg and f) Av. S of soils of Walnut Research Station, Kulangam
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Fig. 4. Thematic maps of a) Av. Fe b) Av. Mn c) Av. Zn and d) Av. Cu of soils of Walnut Research Station, Kulangam











Fig. 5. Thematic maps of a) Bacterial count b) Actinomycetes and c) Fungal count of soils of Walnut Research Station, Kulangam
4. Discussion
4.1 Physico-chemical properties	Comment by EDITOR 54: Physical and chemical properties of soil
The soils of Walnut Research Station, Kulangam were predominantly classified as loam to clay loam and such soils provide favourable conditions for moisture retention, aeration and nutrient availability. The moderate variability in particle size distribution reflects the influence of altitude and relief on pedogenic processes with finer particles accumulating in lower landscape positions and increasing clay content compared to upland soils. Similar trends have been reported in Kashmir soils where altitude and relief significantly influenced soil texture (Mahapatra et al., 2000; Arunkumar, 2002). Soil reaction ranged from slightly acidic to slightly alkaline with low spatial variability which indicates relatively stable pedogenic conditions that favor nutrient availability and microbial activity. The limited variability suggests uniformity in soil-forming factors across the study area while minor variations may be attributed to differences in parent material, organic matter decomposition, topography and drainage. Comparable pH ranges have been reported from the Kupwara region of Kashmir where soils under different land use systems also varied from slightly acidic to slightly alkaline (Shah et al., 2022). Similar trends have also been observed in other parts of Kashmir, including Ganderbal district, where soils range from acidic to slightly alkaline (Maqbool et al., 2017), and earlier studies have reported predominantly slightly acidic to neutral pH conditions with localized variations (Mahapatra et al., 2000). Electrical conductivity values indicated non-saline condition of soils suggesting favourable chemical conditions for crop growth. The low EC values reflect minimal accumulation of soluble salts, while minor variations may be attributed to differences in soil texture and leaching processes. Comparable observations have been reported for Kashmir soils where EC values generally remain within the normal range despite variations due to topographic factors and land use practices (Najar et al., 2009; Wani et al., 2009; Maqbool et al., 2017).Organic carbon levels were generally medium to high with low spatial variability which may be attributed to continuous litter deposition, root biomass accumulation, active microbial processes and low temperature that slows decomposition under the walnut ecosystem (Kumar et al., 2022). However, spatial variability in organic carbon may also be influenced by factors such as topography, soil texture, vegetation and management practices (Wani et al., 2023). Comparable organic carbon levels have been reported in soils of the Kupwara region including maize-growing soils of Handwara, suggesting similar soil fertility status under temperate conditions (Mansoor et al., 2022). The moderate to high cation exchange capacity reflects stable nutrient retention and this is largely governed by natural soil-forming factors (climate, hillslope position, parent material, organisms and soil development), soil components (clay minerals, soil organic matter) and land management practices in temperate and alpine regions (Ouyang et al., 2023). These findings are in agreement with previous studies conducted in Kupwara, where cation exchange capacity has been reported to be positively associated with organic carbon and clay content (Chesti et al., 2022). The soils exhibited medium nitrogen status with noticeable spatial variability which may be attributed to differences in organic matter mineralization, microbial activity and management practices such as manure application and fertilizer use. Variations in nitrogen concentration across the study area may also be influenced by prior cropping and soil management practices (Thomas et al., 2019, Bangroo et al., 2023). The soils exhibited medium phosphorus status with considerable spatial variability, which may be influenced by fertilizer inputs, organic matter and soil reaction. Greater phosphorus availability in certain areas may be attributed to the dissolution of calcium-bound phosphorus under near-neutral soil conditions (Penn & Camberato, 2019). Soil pH plays a critical role in phosphorus availability as under alkaline conditions (pH > 7) phosphorus tends to form insoluble compounds with calcium whereas under acidic conditions it becomes fixed with iron and aluminium oxides which reduces its availability (Rahman et al., 2018). Phosphorus availability is generally optimal within a pH range of 6.0–7.5 and is further influenced by factors such as organic matter content, fertilizer placement and losses through erosion and runoff. Potassium levels were generally high which may be likely due to the dominance of potassium-bearing illitic clay minerals and mineral weathering processes. Higher organic matter content may also contribute to increased potassium availability. Similar findings have been reported in Kashmir soils by Shah et al. (2022). Exchangeable calcium and magnesium showed generally high levels with relatively low spatial variability, indicating favourable base saturation and the influence of parent material. Similar trends have been reported where variations in Ca and Mg are influenced by organic matter and leaching processes (Gebrelibanos and Assen, 2013). The relatively high levels of calcium and magnesium may also be attributed to the calcareous nature of the soils as reported for Kashmir soils (Mahapatra, 2000; Sidhu and Surya, 2014; Wani et al., 2016). Available sulphur exhibited spatial variability with localized deficiencies which may be likely influenced by differences in organic matter content, parent material and sulphate leaching processes. Sulphur availability is closely associated with organic matter dynamics, as it is largely present in organic forms and released through mineralization. Variations in sulphur distribution may also be related to differences in sulphur fractions and soil processes governing its transformation and mobility. Similar observations have been reported in soils where sulphur accumulation is influenced by organic matter inputs and associated biogeochemical processes (Tanikawa et al., 2013; Dad and Abdollahi, 2021). Among micronutrients, iron and manganese exhibited considerable variability which may be attributed to their sensitivity to soil pH, redox conditions and interactions with organic matter (Aggarwal et al., 2025; Anas et al., 2026). Zinc emerged as the most limiting micronutrient due to its sensitivity to soil reaction and interactions with phosphorus. Copper also showed variability but remained sufficient in most areas which may be likely due to its strong association with organic matter (Wang et al., 2022). The availability of micronutrients is closely linked to organic matter content as it acts as a key source and regulator of micronutrient dynamics in soils and changes in organic matter can significantly influence their distribution and availability (Sheng et al., 2003; Sangha et al., 2005; Abbasi et al., 2010).
4.2 Biological properties
The microbial population analysis indicated biologically active soils with bacterial dominance and relatively stable actinomycete populations whereas fungal populations showed greater spatial variability associated with differences in organic substrates and microclimatic conditions. Microbial abundance is strongly influenced by organic matter inputs which serve as substrates for growth while variations in temperature, moisture and soil microclimate regulate microbial activity and distribution (Sharma & Mishra, 1992; Salam et al., 1998; Sahani & Behera, 2001; Abbasi et al., 2010). 
5. Conclusion
The study revealed that soils were predominantly loam to clay loam, slightly acidic to slightly alkaline in nature, with medium to high organic carbon. The macronutrient status showed low to medium nitrogen, low to high phosphorus and generally medium to high potassium concentration. The calcium and magnesium concentration was sufficient. The sulphur exhibited high variability and deficient in some areas. The micronutrients such as Fe, Mn and Cu were generally adequate, whereas Zn was found to be deficient in most of the areas. The soil microbial population followed the order bacteria > actinomycetes > fungi, indicating a balanced biological environment. The findings provide reliable baseline data for site-specific nutrient management and sustainable walnut cultivation of the Research Station.
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