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ABSTRACT
The present investigation was carried out in Baramulla district across three representative forest locations, namely Uskhara, Katiya Wali, and Wulraman. The study area lies within the geographical range of 33°-44° N latitude and 75°-96° E longitude. Soil samples were systematically collected from two depths (0-15 cm and 15-30 cm) to evaluate variations in physical, chemical, and micronutrient properties with depth and site conditions.
Results indicated that bulk density ranged from 1.90 Mg m-3 at Katiya Wali to 2.06 Mg m-3 at Wulraman, reflecting increased soil compaction at lower depths. Particle density showed little variation among sites, while pore space and water-holding capacity were notably higher at Katiya Wali, indicating better soil structure. The soils were mildly alkaline, with pH values varying from 8.07 to 8.32. Electrical conductivity was relatively higher at Katiya Wali (1.12-1.18 dS m⁻¹), suggesting mild salinity without adverse effects. Organic carbon content remained fairly uniform across depths and locations. Nutrient analysis revealed comparatively higher available nitrogen and phosphorus at Katiya Wali, whereas available potassium declined with depth. Micronutrients such as zinc, copper, and iron were also more abundant at this site, indicating favorable nutrient status. Overall, the study underscores the importance of site-specific soil management strategies to support sustainable forest growth and regeneration.
Keywᴏrds: Baramulla, Forest Soil, Soil fertility, Micronutrient status, Site-specific management, Soil depth variation


Introduction 
Land use is characterized by the decisions, interventions, and modifications applied by individuals to a particular land cover type for its utilization, alteration, or maintenance (Abad et al., 2014). These interventions can significantly modify soil features such as the distribution of sand, silt, and clay particles, and influence the presence of exchangeable basic and acidic cations. As a result, the overall nutrient availability and soil fertility can be greatly impacted by different land-use systems (Stutter et al., 2004). Moreover, land management practices affect key soil processes such as mineralization, oxidation, erosion, and leaching, thereby shaping nutrient dynamics and their distribution within the soil profile (Celik, 2005; Liu et al., 2010). To support sustainable agricultural productivity, it is essential that plants receive adequate nutrients at appropriate growth stages. Soil organic matter, crop residues, and the use of organic inputs like manure play a fundamental role in nutrient provision. A study by Guo et al., 2024, has highlighted how climate change is influencing the behavior of soil organic matter and emphasized its consequences for soil health and long-term ecological sustainability. Optimal fertilizer use depends on a sound understanding of nutrient behavior in soil. By integrating root systems, applying organic matter such as leaf litter, and managing runoff and nutrient losses, land use systems can significantly enhance soil health. Comprehensive soil analysis is thus necessary to develop effective agronomic strategies tailored to diverse land-use types. Chen et al., 2023 work examined the influence of different cultivation methods on soil chemical properties, contributing to knowledge that supports sustainable soil resource management.
This study focuses on assessing the physicochemical attributes of soils across various depths within Baramulla district across three forest locations to understand how land use and elevation gradients affect soil properties. According to Zhang et al., 2024, the biochemical properties of soils are important indicators in sustainable land practices, as they directly influence ecological health. The term "dynamic soil nature" reflects how soils respond to varying land uses and management approaches, which in turn affects their quality and productivity potential (Islam and Wali, 2000). Land-use changes and associated practices commonly lead to variations in the morphological, physical, chemical, and biological features of soils, which often manifest in crop yield and land productivity. Studying these variations offers a pathway to evaluate the sustainability of land-use practices and the potential for soil degradation. Venkatesh et al. (2003) have emphasized that land use decisions play a key role in maintaining soil fertility and nutrient flow. Soils under different land-use regimes exhibit varying physicochemical traits, directly influencing nutrient availability and fertility status for emerging forest vegetation. Properties such as texture, structure, porosity, organic matter levels, and mineral content collectively determine the soil’s physical behavior. Wang et al. 2023, explored the use of physico-chemical indicators to assess urban agricultural soils, highlighting their role in enhancing both environmental quality and economic resilience. Their findings also underscore the significance of sustainable forest land-use planning. In the current study area, soils are distributed across altitudinal zones categorized as low (1500–1700 m), mid (1701–1800 m), and high (1801–2000 m) based on physiographic classifications. These altitudes influence soil morphology, chemical composition, nutrient status, and ultimately their productivity. However, these soils, irrespective of their actual capacity, are subjected to a range of forest management practices in Baramulla district. Such mismatches have resulted in chemical degradation and emphasize the need for site-specific soil management strategies.
2. Materials and Methᴏds
2.1. Desᴄriptiᴏn ᴏf the study area 
The lᴏᴄatiᴏn is 60 kilᴏmeters frᴏm Srinagar and lies between latitudes 33° and 44° Nᴏrth and lᴏngitudes 75° and 96° East. Fᴏr this study regiᴏn, three lᴏᴄatiᴏns were ᴄhᴏsen: Uskhara, KatiyaWali, and Wulraman fᴏrest sites.
2.2. Sampling 
Representative soil samples were randomly collected from selected forest sites to ensure adequate spatial coverage and reliable representation of the study area. At each location, composite samples were obtained from two soil depths, namely 0–15 cm and 15–30 cm, to assess depth-wise variations in soil properties. The collected samples were air-dried, gently crushed, and passed through a 2-mm sieve prior to laboratory analysis.
Cation exchange capacity (CEC) was determined using Schollenberger’s method, which involves leaching the soil with neutral normal ammonium acetate solution followed by estimation of exchangeable ammoniacal nitrogen. Soil reaction (pH) and electrical conductivity (EC) were measured in a 1:2.5 soil-to-water suspension using standard procedures as described by Jackson (1973). Organic carbon content was estimated by the Walkley and Black wet oxidation method, as outlined in Jackson (1973). Calcium carbonate (CaCO₃) content was determined using the rapid titration method prescribed by Piper (1966).
Particle size distribution, including sand, silt, and clay fractions, was analyzed using the Bouyoucos hydrometer method following the protocol described by Piper (1966). These standardized analytical procedures ensured accuracy and comparability of results, providing a reliable basis for evaluating the physical and chemical characteristics of forest soils across the selected sites.

2.3. Analysis
The following analytical procedures were employed to evaluate the soil samples:
Table 1: Analytical methods and instruments used for soil parameter assessment.
	Parameter
	Method/Instrument
	Reference

	Textural Class
	Hydrometer Method
	Bouyoucos

	Bulk Density, Particle Density, Water Holding Capacity
	Graduated Measuring Cylinder Method
	Muthuaval et al. (1992)

	pH
	Digital pH Meter (1:2.5 soil-water suspension)
	Jackson (1958)

	Electrical Conductivity
	Digital Conductivity Meter
	Wilcox (1958)

	Organic Carbon (%)
	Wet Oxidation Method
	Walkley and Black (1934)

	Available Nitrogen
	Kjeldahl Apparatus (Alkaline Potassium Permanganate Method)
	Subbiah and Asija (1956)

	Available Phosphorus
	Photoelectric Colorimeter
	Olsen et al. (1954)

	Available Potassium
	Neutral Normal Ammonium Acetate Extraction followed by Flame Photometry
	Toth and Prince (1949)

	Available Sulphur
	Reduction Method
	Johnson and Nishita (1952)

	Available Boron
	Spectrophotometric Method
	Kmiecik et al. (2016)

	Copper, Iron, Manganese, Zinc
	DTPA Extraction followed by Atomic Absorption Spectrophotometry
	Lindsay and Norvell (1978)



3. RESULTS AND DISCUSSION 
3.1. Soil Physical Properties Across Sites
Soil physical properties are critical determinants of its suitability for forestry, agriculture, and ecological applications. This study compares key characteristics bulk density, particle density, pore space, and water-holding capacity across the Uskhara, Katiya Wali, and Wulraman forest sites. Previous research has documented the selective loss of clay fractions due to erosion (Sahani and Behera, 2001), with additional studies confirming substantial clay depletion from surface runoff and water erosion (Basu and Behera, 1993; Prasad et al. 1994; Hajabbasi et al. 1997; Islam and Weil, 2000). Measurements were taken at two depths (0–15 cm and 15–30 cm) to assess variations within the soil profile, providing insights into soil structure and land management implications.
1. Bulk Density (Mg m⁻³): Indicator of Soil Compaction
Bulk density, a key metric for soil compaction, influences root penetration and water movement. At the 0–15 cm depth, values ranged from 1.9 Mg m⁻³ (Katiya Wali) to 2.02 Mg m⁻³ (Wulraman), with Uskhara intermediate at 1.98 Mg m⁻³. A comparable trend was observed at 15–30 cm, where bulk density increased to 2.06 Mg m⁻³ at Wulraman, suggesting compaction due to overburden pressure or reduced organic matter (Table 2). Standard methods involve intact core sampling using metal rings (McKenzie et al. 2004).
2. Particle Density (Mg m⁻³): Mineral and Organic Composition 
Particle density, reflecting mineral content, ranged narrowly from 3.45 Mg m⁻³ (Katiya Wali, 0–15 cm) to 3.62 Mg m⁻³ (Wulraman and Uskhara, 15–30 cm). These values indicate mineral-dominant soils, with organic matter (density ~1.0 Mg m⁻³) constituting a minor fraction (Table 2). Coarse fragments (>2 cm) may skew conventional bulk density measurements (McKenzie et al. 2002)
3. Pore Space (%): Aeration and Water Infiltration
Pore space, inversely related to bulk density, governs soil aeration and microbial activity. Katiya Wali exhibited the highest porosity (49.95% at 0–15 cm), attributed to lower bulk density, while Uskhara had the least (43.95% at 15–30 cm). Similar studies on vesiculated basaltic rocks (Song et al. 2001) corroborate the decline in porosity with depth, likely due to compaction and reduced organic content (Table 2).
4.  Water Holding Capacity (%) 
The water holding capacity of soil, a vital parameter for plant viability, demonstrates the soil's moisture retention capability. Surface layer measurements (0-15 cm) showed values ranging from 46.45% at Uskhara to 48.45% at Katiya Wali, with slightly reduced capacities observed at greater depths (15-30 cm). Katiya Wali consistently exhibited superior water retention properties, directly corresponding with its higher pore space percentage (Table 2). This nonlinear relationship aligns with findings regarding crop yield responses to soil organic carbon changes (Oldfield et al. 2019).
Table 2: Presents a comparative evaluation of key physical soil parameters including bulk density, particle density, pore space, and water retention capacity measured at varying depths within the Uskhara Forest region.
	Site Name
	Bulk Density (Mg m⁻³)
	Particle Density (Mg m⁻³)
	Pore Space (%)
	Water Holding Capacity (%)

	
	0-15 cm
	15-30 cm
	0-15 cm
	15-30 cm
	0-15 cm
	15-30 cm
	0-15 cm
	15-30 cm

	Site 1 Uskhara
	1.98
	2.02
	3.60
	3.62
	47.95
	43.95
	46.45
	42.45

	Site 2 Katiya Wali
	1.90
	1.92
	3.45
	3.50
	49.95
	47.45
	48.45
	45.95

	Site 3 Wulraman
	2.02
	2.06
	3.58
	3.62
	49.45
	46.95
	47.95
	45.95

	S. Em. (±)
	0.784
	0.718
	0.816
	0.739
	2.759
	1.582
	2.770
	1.558

	C.D. at 5%
	0.879
	0.737
	0.946
	0.783
	5.064
	2.570
	5.088
	2.519


S.Em. (±): Represents the Standard Error of the Mean; C.D. at 5%: Denotes the Critical Difference required for statistical significance at the 5% level.
3.2. Analysis of Soil Properties Across Selected Sites
This investigation evaluated key soil parameters including pH, electrical conductivity, and organic carbon content at two depth intervals (0-15 cm and 15-30 cm) across three forest sites: Uskhara, Katiya Wali, and Wulraman.
3.2.1 Soil pH
All sites exhibited slightly alkaline soil conditions. Uskhara showed pH values increasing from 8.22 (0-15 cm) to 8.32 (15-30 cm), while Katiya Wali demonstrated a similar upward trend (8.07 to 8.23). Wulraman maintained relatively stable pH levels (8.13 to 8.18). These findings support Kumar et al.'s (2020) conclusion that maintaining optimal pH ranges is essential for nutrient availability and plant growth, suggesting potential benefits from pH-adjusting amendments.
3.2.2 Electrical Conductivity (EC)
Soil salinity measurements revealed site-specific variations. Uskhara recorded EC values of 1.07-1.11 dS m⁻¹, while Katiya Wali showed slightly higher salinity (1.12-1.18 dS m⁻¹). Wulraman exhibited the lowest values (0.98-1.00 dS m⁻¹), indicating differential soluble salt concentrations. Principal component analysis identified nitrogen, phosphorus, copper, and organic matter as critical soil chemistry variables (Nandal et al. 2024), with 50% of samples classified as degraded based on structural stability indices (SSI < 5%).
3.2.3. Organic Carbon Content
Organic carbon, a fundamental indicator of soil fertility and biogeochemical cycling, exhibits subtle variations across soil depths and sites. In Uskhara, organic carbon content slightly declines from 1.05% at the 0–15 cm layer to 1.02% at 15–30 cm, indicating a minor reduction with increasing depth. KatiyaWali follows a similar trend, decreasing marginally from 1.08% to 1.06%. Notably, Wulraman displays the highest degree of consistency, with values of 1.09% and 1.06% across the respective soil layers. These slight vertical changes suggest minimal organic matter depletion in the sub-surface horizons across all locations.
Soil organic carbon (SOC) plays a pivotal role in pedogenic processes due to its reactive nature. Its high surface area and charge density facilitate strong interactions with clay particles and mineral constituents, leading to the formation of organo mineral complexes. As stated by Dungait et al. (2012), these interactions are integral to SOC stabilization and long-term nutrient retention in soils.
Table 3: provides the assessment of soil pH, electrical conductivity, and organic carbon content across multiple depths at various locations within the Uskhara Forest.
	Site Name
	pH
	Eleᴄtriᴄal ᴄᴏnduᴄtivity
(dS m-1)
	ᴏrganiᴄ ᴄarbᴏn (%)

	
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm

	site 1 uskhara
	8.22
	8.32
	1.07
	1.11
	1.05
	1.02

	Site 2 katiyawali
	8.07
	8.23
	1.12
	1.18
	1.08
	1.06

	Site 3 wulraman
	8.13
	8.18
	0.98
	1
	1.09
	1.06

	S. Em. (±)
	0.866
	0.732
	0.791
	0.723
	0.737
	0.711

	ᴄ.D. at 5%
	1.052
	0.769
	0.935
	0.757
	0.817
	0.764


S.Em. (±): Represents the Standard Error of the Mean; C.D. at 5%: Denotes the Critical Difference required for statistical significance at the 5% level.

3.3. Nutrient Dynamics Across Soil Depths and Sites
This study evaluates the spatial distribution of essential macronutrients Nitrogen (N), Phosphorus (P), and Potassium (K) across two soil depth intervals (0–15 cm and 15–30 cm) in three forest locations: Uskhara, KatiyaWali, and Wulraman. The results offer a comprehensive understanding of soil nutrient status, which is fundamental for devising sustainable forest management strategies. The vertical arrangement of nutrients in soil is governed by several interlinked processes, primarily including weathering, atmospheric deposition, leaching, and biological cycling (Trudgill 1988). According to Kirby (1985), weathering and deposition from the atmosphere influence nutrient input depths, while leaching and biocycling play opposing roles in nutrient redistribution within the soil profile.
· Nitrogen (kg ha⁻¹): Among the study sites, KatiyaWali exhibited the highest nitrogen concentrations, with 260.84 kg ha⁻¹ at 0–15 cm and 249.37 kg ha⁻¹ at 15–30 cm. Wulraman and Uskhara followed in descending order. Across all locations, nitrogen levels decreased modestly with increasing depth, indicating downward nutrient translocation typical of leaching processes. These inter-site variations highlight the importance of site-specific nutrient replenishment plans.
· Phosphorus (kg ha⁻¹): Phosphorus concentrations also declined with depth, consistent with patterns influenced by limited mobility and surface-bound accumulation. Wulraman reported the highest phosphorus levels (31.21 kg ha⁻¹ at 0–15 cm and 28.18 kg ha⁻¹ at 15–30 cm), whereas Uskhara recorded the lowest, suggesting possible phosphorus limitations that could hinder vegetation productivity in that area.
· Potassium (kg ha⁻¹): Potassium exhibited the most pronounced reduction with depth among all nutrients studied. KatiyaWali again registered the peak potassium concentration (210 kg ha⁻¹ at 0–15 cm), followed by Uskhara and Wulraman. The steep decline in potassium levels with soil depth underscores the need for depth-sensitive potassium management approaches.
Table 4: presents the analysis of nitrogen, phosphorus, potassium, and sulphur concentrations across different soil depths at various sites within the Uskhara Forest.
	Site Name
	Nitrᴏgen(kgha-1)
	Phᴏsphᴏrus (kgha-1)
	Pᴏtassium(kgha-1)

	
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm

	Site 1 uskhara
	249.24
	242.17
	29.32
	26.84
	202
	189

	Site 2 katiyawali
	260.84
	249.37
	30.14
	27.86
	210
	195

	Site 3 wulraman
	253.85
	249.44
	31.21
	28.18
	173
	159

	S. Em. (±)
	14.893
	8.87
	8.353
	7.331
	31.049
	9.708

	ᴄ.D. at 5%
	23.732
	10.964
	9.868
	7.701
	57.983
	12.741


S.Em. (±): Represents the Standard Error of the Mean; C.D. at 5%: Denotes the Critical Difference required for statistical significance at the 5% level.
3.4. Soil Micronutrient Profile Across Varied Sites
This investigation assesses the concentration of key soil micronutrients Zinc, Copper, Manganese, Boron, and Iron at two depth intervals (0–15 cm and 15–30 cm) across three distinct locations: Uskhara, KatiyaWali, and Wulraman. These data provide valuable understanding of nutrient availability trends, which are essential for sustaining forest productivity and soil health (Table 5). According to Dasgupta et al. (2024), the deployment of portable X-ray fluorescence (PXRF) spectroscopy combined with soil imaging techniques offers a rapid evaluation of soil fertility parameters, particularly focusing on available boron, organic carbon, manganese, sulfur, and sulfur availability index.
· Zinc (Zn): The observed zinc levels across the sites varied between 1.28 and 1.59 kg ha⁻¹, with the upper 0–15 cm layer consistently registering marginally higher concentrations. KatiyaWali showed the highest zinc presence at 1.59 kg ha⁻¹ in the surface soil, implying improved zinc bioavailability for crops in this region. In contrast, Wulraman had the lowest zinc content.
· Copper (Cu): Copper concentrations ranged from 2.7 to 3.64 kg ha⁻¹. Slightly elevated copper levels were generally detected in the topsoil compared to the subsurface layer. The highest copper content (3.64 kg ha⁻¹ at 0–15 cm) was found in KatiyaWali, which could favor enzymatic activity essential for plant metabolism.
· Manganese (Mn): Manganese was recorded at relatively high levels, between 3.91 and 4.31 kg ha⁻¹. The peak concentration occurred at Wulraman (4.31 kg ha⁻¹ at the surface). The minimal variation across depths suggests a uniform distribution, indicating steady manganese availability throughout the soil strata.
· Boron (B): Boron concentrations extended from 1.28 to 1.8 kg ha⁻¹. KatiyaWali again registered the highest boron content, while Uskhara had the lowest. Since boron is crucial for crop reproduction and structural development, this difference has notable implications for site-specific fertility management.
· Iron (Fe): Iron levels showed a broader variation, ranging from 6.62 to 8.84 kg ha⁻¹. The highest iron content was observed at KatiyaWali (8.84 kg ha⁻¹ in the surface layer), supporting vital functions such as chlorophyll synthesis and electron transport in plants. Across all sites, iron content was consistently higher in the top layer compared to the subsoil.
Table 5: details the assessment of zinc, copper, manganese, boron, and iron content across varying soil depths at multiple locations within the Uskhara Forest.
	Site Name
	Zinᴄ (kg ha-1)
	ᴄᴏpper (kg ha-1)
	Manganese (kg ha-1)
	Bᴏrᴏn (kg ha-1)
	Irᴏn (kg ha-1)

	
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm
	0-15 ᴄm
	15-30 ᴄm

	site 1 uskhara
	1.44
	1.39
	2.9
	2.7
	3.94
	3.91
	1.34
	1.28
	6.8
	6.62

	Site 2 katiyawali
	1.59
	1.48
	3.64
	3.56
	3.98
	3.94
	1.8
	1.64
	8.84
	8.73

	Site 3 wulraman
	1.37
	1.28
	3
	2.96
	4.31
	4.29
	1.68
	1.48
	7.6
	7.25

	S. Em. (±)
	0.831
	0.73
	1.163
	0.738
	0.922
	0.709
	0.954
	0.755
	1.926
	0.897

	ᴄ.D. at 5%
	1.048
	0.764
	1.681
	0.78
	1.171
	0.719
	1.238
	0.817
	3.299
	1.117


S.Em. (±): Represents the Standard Error of the Mean; C.D. at 5%: Denotes the Critical Difference required for statistical significance at the 5% level.
Conclusion
The detailed assessment of soil characteristics across the three studied forest sites Uskhara, Katiya Wali, and Wulraman demonstrates notable variations in physical, chemical, and micronutrient parameters. Among the sites, Katiya Wali exhibits the most favorable physical conditions, as indicated by its lower bulk density (1.9 Mg m⁻³ at 0–15 cm), and higher pore space (49.95%) and water holding capacity (48.45%). These features suggest enhanced soil aeration, infiltration, and root proliferation potential, distinguishing it from the more compact and structurally limiting soils observed at Wulraman. Chemically, all sites display slightly alkaline pH values ranging from 8.07 (KatiyaWali) to 8.32 (Uskhara), and moderate electrical conductivity, with Katiya Wali recording a slightly elevated value (1.18 dS m⁻¹), which may reflect higher ionic activity. Organic carbon content remains relatively uniform but shows a minor decline with depth, pointing toward moderate fertility levels across the profiles. Micronutrient analysis reveals Katiya Wali as the most nutrient-enriched site, with the highest recorded levels of zinc (1.59 kg ha⁻¹), copper (3.64 kg ha⁻¹), boron (1.8 kg ha⁻¹), and iron (8.84 kg ha⁻¹). In comparison, Uskhara and Wulraman exhibit lower micronutrient concentrations, which could constrain plant growth and forest productivity if unaddressed.
Implications for Forest Land Management
The findings underscore the critical need for site-specific soil management strategies to optimize forest productivity and sustainability. KatiyaWali's superior soil structure and nutrient profile make it a strong option for intensive afforestation and plantation efforts. Conversely, Uskhara and Wulraman require remediation approaches to alleviate compaction issues and rectify micronutrient deficiencies, thereby improving their suitability for sustainable forest development.
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