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Abstract:
Forest ecosystems are essential for preserving soil quality and nutrient cycling; nevertheless, comparative evaluations of soil parameters across different geographic forest regions are scarce. This research investigated the physical characteristics and nutrient composition of soils from two forest land use are as-Manjhanpur and Sirathu blocks across three soil depths (0-15 cm, 15-30 cm, 30-60 cm).  Soil samples were examined for bulk density (BD), soil moisture content (SMC), water-holding capacity (WHC), particle size distribution (sand, silt, and clay), primary nutrients (nitrogen, phosphorus, potassium, and sulphur), and micronutrients (iron, manganese, copper, zinc, and boron).  Results demonstrated notable depth-dependent differences in physical and chemical parameters, with bulk density rising from 1.35 to 1.60 g/cm³ in Manjhanpur and from 1.36 to 1.64 g/cm³ in Sirathu throughout soil depths.  The moisture retention and water-holding capacities exhibited distinct responses with depth.  Nutrient analysis indicated average nitrogen concentrations of 193.40 kg/ha at a depth of 0-15 cm in Manjhanpur, decreasing to 169.62 kg/ha at a depth of 30-60 cm.  Comparable declining patterns were noted for phosphorus and other vital micronutrients with increasing soil depth. The data indicate that forest soils in both regions display stratified nutrient distribution patterns, characterized by elevated biological activity and nutrient availability in the surface horizons. The findings enhance comprehension of soil-site dynamics in forest ecosystems and establish a basis for educated land management strategies in these areas.
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1. Introduction 
Forest ecosystems play a pivotal role in maintaining soil fertility and overall ecological balance by influencing soil physical and chemical properties, organic matter content, and nutrient cycling processes. The conversion of forest land to other land uses or mismanagement can significantly alter these soil characteristics, often resulting in reduced soil quality and productivity. In the Indian context, where diverse forest types are prevalent across various agro-climatic zones, studies have consistently demonstrated that forest soils generally exhibit superior physical traits-including lower bulk density, higher porosity, and greater organic carbon content compared to soils under agricultural or degraded lands. These favourable attributes are attributed to the undisturbed nature of forest floors, accumulation of organic matter through litterfall, and limited anthropogenic disturbance (Kumar et al., 2025). 
Kaushambi District lies in south-central Uttar Pradesh within the middle Indo-Gangetic Plains (IGP), an alluvial landscape shaped by the Ganga-Yamuna River system and characterized by extensive agriculture and relatively sparse forest cover (ICAR-CRIDA, 2014).
Soil fertility is one of the most important elements influencing crop yields, and soil characterization in relation to evaluating soil fertility in an area or region is an important aspect of the literature of sustainable production (Prasad and Shivay, 2020). In the current environment, sustaining soil fertility is a critical issue in Indian agriculture, particularly given the country's rapidly rising population in recent decades. Some of the key reasons for soil deterioration in India are irregular rainfall, inadequate recycling of farm leftovers including livestock manure, a lack of adoption of soil and water conservation techniques, continual cultivation of exhausting crops, and uneven fertilizer use. 
Given these insights, it is imperative to conduct thorough assessments of soil physical traits and fertility within the forest regions of Kaushambi District to inform sustainable management and conservation strategies. This research aims to fill the knowledge gap by systematically evaluating key soil physical attributes-such as bulk density, soil aggregates, and moisture content as well as fertility indicators within representative forest land areas of the district. The results are expected to not only provide a baseline for soil quality in the region but also guide future land management and policy decisions that uphold ecosystem services provided by forests in Uttar Pradesh. 
2. Method and Materials
2.1 Study sites
Kaushambi district lies between 25015’30’’and 25047’45” north latitude and 80009’00” and 81049’00” east longitude in survey of India toposheet 63G. Total geographical area of the district is 1780 km2 with an elevation of about 123 m above the mean sea level. The whole study was carried out in the 2 blocks (Manjhanpur and Sirathu) of the district. Five villages from each block are taken so total 10 villages namely Afzalpur wari, Rala, Udihin Buzurg, Terahra, Shelraha East, Agiyouna, Chak Sahanpur, Edilpur, Chhimirachha and Ukhaiya Khas with 5-5 different sites taken from the villages. The selection of villages and sites was based on the forest (tree covers) land soils with help of GPS. The climate of the Kaushambi is subtropical and it classified as Cwa according to Köppen and Geiger. The rainfall starts here at the end of June and lasts up to September. The annual rainfall of the district is about to 900 mm annually (KVK, Kaushambi).
2.2 Collection of Soil Samples and Laboratory Analysis
Soil samples were taken at varying depths of 0-15 cm, 15-30 cm, and 30-60 cm at the location.  The soil samples were air-dried, crushed using a wooden pestle and mortar, sieved through a 2-mm mesh, labelled, and stored at the Soil Laboratory of the Department of Soil Science and Agricultural Chemistry, C.S. Azad University of Agriculture and Technology, Kanpur 208002, UP, India, in accordance with standard laboratory protocols.
The soil samples were analysed for soil physical properties viz., bulk density (core sampler), aggregate size analysis by hydrometer method (Bouyoucos, 1962), soil moisture content by gravimetric method (Gardner., 1986) and water holding capacity by Keen-Rackzowski box method (Coutts, 1930).
The macronutrients like available nitrogen and phosphorus were by alkaline potassium permanganate method (Subbiah and Asija, 1956) and Spectrophotometer fallow by the method (Olsen, et al., 1954), respectively. Available potassium was determined by a flame photometer with neutral normal ammonium acetate as an extractant (Hanway and Heidel, 1952). The available Sulphur content of the soil samples was determined by the turbidimetric method (Black, 1965). Micronutrients viz., available zinc, Fe, Cu and Mn (DTPA extractable) were determined by using Atomic Absorption Spectrophotometer (Lindsay and Norvell, 1978). The available Boron is estimated by Azomethine-H method by John et al., 1975. 
2.3 Data Analysis
The data underwent descriptive statistical analysis, including minimum, maximum, mean, and standard deviation and co-efficient of variation utilizing SPSS.
3. Result and Discussion
3.1 Physical Properties of Soil in Manjhanpur and Sirathu Block
The physicochemical properties of soil (from 0 to 60 cm) in forest land use regions of Manjhanpur and Sirathu block is provided in table-1. The measurements are categorized into different depth ranges (0-15 cm, 15-30 cm, and 30-60 cm). The properties measured include bulk density (BD), aggregate size (sand, silt and clay), soil moisture content (SMC) and water holding capacity (WHC). The table additionally presents data including the minimum, maximum, mean, standard deviation (SD), and coefficient of variation (CV) for every characteristic and depth range.	Comment by solafa babiker: Physical not physicochemical
The bulk density measurements revealed significant variations across both study regions and soil depths. In Manjhanpur, bulk density ranged from a minimum of 1.25 Mg m⁻³ at the 0-15 cm depth to a maximum of 1.67 Mg m⁻³ at the 30-60 cm depth, with a mean value of 1.60 Mg m⁻³ for the deepest layer. Similarly, Sirathu exhibited comparable trends, with bulk density values increasing from 1.25 Mg m⁻³ to 1.72 Mg m⁻³ across the soil profile (Table 1). These findings align with established patterns in forest soil research, where bulk density typically increases with increasing soil depth due to compaction and reduced organic matter content (Thakur et al., 2015). The consistent increase in bulk density with depth observed in both study areas suggests that soil consolidation is a universal phenomenon in forest ecosystems, irrespective of geographic location.
The coefficient of variation (CV) for bulk density was relatively low (0.038-0.053 for Manjhanpur and 0.047-0.077 for Sirathu), indicating high spatial consistency in this parameter across the study blocks. Forest land use systems characteristically maintain lower bulk density values in their surface layers compared to agricultural systems, primarily due to the continuous addition of organic matter through litterfall and root turnover (Dhaliwal et al., 2023). The progressive increase in bulk density with depth reflects the declining influence of organic matter accumulation and the increasing effect of soil consolidation in deeper horizons.
Soil Moisture Characteristics



Soil moisture capacity (SMC) showed considerable variation across soil depths and geographic locations. Manjhanpur demonstrated SMC values ranging from 31.60% to 41.68%, while Sirathu showed values between 29.40% and 42.04%. Notably, the maximum SMC values were consistently observed at the 15-30 cm and 30-60 cm depths, suggesting that intermediate soil layers possess superior moisture retention capacity compared to surface layers. The mean SMC values increased progressively from the 0-15 cm depth (33.27-33.31%) to the 30-60 cm depth (39.43-40.15%), indicating that moisture-holding capacity is enhanced with increasing soil depth.



	Table No. 01. Physical properties of soil (from 0 to 60 cm) in Forest Land Use regions of Manjhanpur and Sirathu Block	Comment by solafa babiker: Statistical and physical 

	Manjhanpur
	Sirathu

	
	Soil Depth
	BD (Mg/m3)
	SMC (%)
	WHC (%)
	Sand (%)
	Silt (%)
	Clay (%)
	BD (Mg/m3)
	SMC (%)
	WHC (%)
	Sand (%)
	Silt (%)
	Clay (%)

	Minimum
	0-15
	1.25
	31.60
	58.30
	58.57
	22.28
	15.68
	1.25
	29.40
	57.95
	57.05
	22.00
	17.73

	
	15-30
	1.38
	33.74
	56.44
	57.05
	23.98
	15.57
	1.36
	35.82
	54.95
	55.30
	23.84
	17.21

	
	30-60
	1.50
	36.89
	57.94
	52.11
	26.12
	18.23
	1.48
	38.01
	57.63
	50.12
	26.60
	19.73

	Maximum
	0-15
	1.44
	34.67
	62.11
	61.56
	23.97
	17.43
	1.46
	37.61
	61.68
	60.16
	24.04
	19.46

	
	15-30
	1.51
	41.62
	60.25
	60.03
	25.84
	17.18
	1.57
	42.03
	60.24
	58.56
	25.72
	19.44

	
	30-60
	1.67
	41.68
	63.25
	55.14
	28.21
	20.81
	1.72
	42.04
	65.14
	53.48
	28.92
	22.14

	Mean
	0-15
	1.35
	33.27
	60.12
	60.12
	23.15
	16.70
	1.36
	33.31
	59.86
	58.65
	22.77
	18.57

	
	15-30
	1.46
	37.89
	58.23
	58.54
	24.92
	16.50
	1.49
	38.87
	57.64
	56.89
	24.60
	18.49

	
	30-60
	1.60
	39.43
	61.07
	53.54
	27.11
	19.33
	1.64
	40.15
	61.54
	51.97
	27.51
	20.50

	Standard Deviation
	0-15
	0.051
	0.89
	1.17
	1.06
	0.69
	0.63
	0.071
	3.22
	1.16
	1.11
	0.73
	0.62

	
	15-30
	0.044
	2.76
	1.25
	1.07
	0.76
	0.61
	0.070
	2.02
	1.63
	1.12
	0.70
	0.66

	
	30-60
	0.053
	1.47
	1.59
	1.07
	0.68
	0.86
	0.077
	1.18
	2.20
	1.18
	0.77
	0.89

	Coefficient of Variation (%)
	0-15
	0.038
	0.027
	0.019
	0.018
	0.030
	0.038
	0.053
	0.097
	0.019
	0.019
	0.032
	0.033

	
	15-30
	0.030
	0.073
	0.021
	0.018
	0.031
	0.037
	0.047
	0.052
	0.028
	0.020
	0.028
	0.036

	
	30-60
	0.033
	0.037
	0.026
	0.020
	0.025
	0.044
	0.047
	0.029
	0.036
	0.023
	0.028
	0.043



This pattern reflects the complex interplay between soil texture, organic matter distribution, and pore space characteristics. Water holding capacity (WHC) exhibited relatively stable values across depths, ranging from 56.44% to 65.14% across all measurements. The WHC values were consistently higher than SMC values, which is theoretically expected as WHC represents the maximum water retained at a specific matric potential. Forest soils maintained WHC values above 57% across all depths and locations, substantially exceeding values typically observed in agricultural soils and confirming the superior water retention capacity of forest ecosystems (Wankmüller et al., 2024).
Soil Texture Analysis
Soil texture composition revealed a sandy loam to loam classification across both study regions. Sand content ranged from 50.12% to 61.56% across all depths and locations, with higher concentrations in the surface layers (0-15 cm: 57.05-60.12%) and a general declining trend with increasing soil depth. The mean sand content decreased from approximately 59% at the surface to 52-54% in the deepest layers (30-60 cm), indicating progressively finer soil texture with depth. This pattern is consistent with pedogenic processes where fine mineral weathering products accumulate in lower horizons.
Silt content demonstrated an inverse relationship with sand content, increasing from mean values of 22.8-23.2% at the surface to 27.1-27.5% at the 30-60 cm depth. Clay content, though representing a smaller proportion, increased from 16.7-18.6% at the surface to 19.3-20.5% in deeper layers. The coefficient of variation for textural components remained relatively low (0.018-0.053), demonstrating spatial homogeneity in soil particle distribution despite variations across geographic locations. These textural characteristics indicate moderately favourable conditions for water retention and nutrient availability in forest ecosystems (Pourbabaei et al., 2020), as the balanced proportion of sand, silt, and clay promotes both drainage and moisture retention.	Comment by solafa babiker: This sentence is inversely correct because the spatial correlation and comparison is related to depth not for geographic regions.
Nutrient Status of Forest Soils
Primary Macronutrient Content
Nitrogen availability in both Manjhanpur and Sirathu forest soils showed values consistent with typical forest ecosystem nutrient budgets. Manjhanpur displayed nitrogen content ranging from 177.48 to 215.21 kg ha-1, with mean values declining progressively with soil depth: 208.52 kg ha-1 at 0-15 cm, 202.35 kg ha-1 at 15-30 cm, and 182.05 kg ha-1 at 30-60 cm. Sirathu exhibited similar trends with mean nitrogen values of 193.40, 189.22, and 169.62 kg ha-1 at the respective depths. The decline in nitrogen with increasing soil depth reflects the dependence of nitrogen availability on organic matter decomposition, which is concentrated in surface horizons. This pattern is well-documented in forest soil literature and reflects the fundamental principle that nitrogen cycling is predominantly driven by surface organic matter inputs (Dhinesh et al., 2019).
Available phosphorus content ranged from 12.05 to 18.87 kg ha-1 in Manjhanpur and 11.22 to 17.68 kg ha-1 in Sirathu, demonstrating relatively consistent availability across the study blocks. However, phosphorus showed less dramatic depth-related variability compared to nitrogen, with mean values declining from 15.68 kg ha-1 (0-15 cm) to 13.59 kg ha-1 (30-60 cm) in Manjhanpur. This pattern suggests that phosphorus availability is influenced by factors beyond organic matter decomposition, likely including mineral phosphorus availability and phosphorus-binding capacity of iron and aluminium oxides in soil.	Comment by solafa babiker: Add refrence that support your finding or discusse it	Comment by solafa babiker: 
Potassium availability demonstrated the highest absolute values among primary macronutrients, ranging from 160.79 to 204.11 kg ha-1 in Manjhanpur and 168.76 to 212.23 kg ha-1 in Sirathu. Similar to nitrogen, potassium showed a progressive decline with soil depth, indicating that most available potassium is concentrated in surface and intermediate layers. The mean values decreased from 197.65 kg ha-1 at the surface to 167.43 kg ha-1 at 30-60 cm depth in Manjhanpur, a pattern replicated in Sirathu. These findings align with research indicating that potassium-containing mineral weathering products accumulate in surface horizons through biomass cycling (Dhinesh et al., 2019).
Sulphur content exhibited notable differences between the two study regions, with Manjhanpur showing values between 6.48 and 11.90 kg ha-1, while Sirathu demonstrated higher concentrations ranging from 7.11 to 11.58 kg ha-1. Mean sulphur values in both regions exhibited modest depth-related variation, decreasing from surface values (10.44 and 11.25 kg ha-1) to deeper layers (6.88 and 7.34 kg ha-1). Sulphur availability is closely associated with organic matter content and microbial oxidation processes, explaining the observed surface enrichment pattern.	Comment by solafa babiker: Add refrence
Micronutrient Distribution
Micronutrient concentrations demonstrated considerable spatial variability across both study regions and soil depths. Iron content represented the most abundant micronutrient, ranging from 5.42 to 10.61 mg kg-1 in Manjhanpur and 5.45 to 9.58 mg kg-1 in Sirathu. Mean iron values showed a consistent declining pattern with depth: 9.22 mg kg-1 (surface), 7.92 mg kg-1 (intermediate), and 5.69 mg kg-1 (deep layers) in Manjhanpur. This distribution reflects  

	Table No. 2a. Nutrient status of soil (from 0 to 60 cm) in forest land use regions of Manjhanpur

	
	Soil Depth
	Primary Nutrients (kg/ha)
	Micronutrients (mg/kg)

	
	
	N
	P
	K
	S
	Fe
	Mn
	Cu
	Zn
	B

	Minimum

	0-15
	202.76
	13.71
	189.32
	9.38
	8.14
	6.45
	0.631
	0.582
	0.531

	
	15-30
	196.87
	13.48
	184.01
	9.02
	7.42
	6.72
	0.470
	0.670
	0.610

	
	30-60
	177.48
	12.05
	160.79
	6.48
	5.42
	5.52
	0.460
	0.450
	0.340

	Maximum

	0-15
	215.21
	18.87
	204.11
	11.90
	10.61
	9.65
	0.938
	0.806
	0.734

	
	15-30
	208.33
	18.27
	197.58
	9.83
	8.45
	7.14
	0.610
	0.770
	0.710

	
	30-60
	187.24
	16.13
	172.47
	7.20
	5.90
	5.96
	0.520
	0.540
	0.430

	Mean

	0-15
	208.52
	15.68
	197.65
	10.44
	9.22
	7.98
	0.779
	0.725
	0.654

	
	15-30
	202.35
	15.22
	191.71
	9.42
	7.92
	6.93
	0.560
	0.706
	0.645

	
	30-60
	182.05
	13.59
	167.43
	6.88
	5.69
	5.71
	0.490
	0.486
	0.400

	Standard Deviation

	0-15
	3.44
	1.67
	4.48
	0.656
	0.617
	0.910
	0.092
	0.056
	0.053

	
	15-30
	3.43
	1.61
	4.24
	0.263
	0.298
	0.143
	0.039
	0.028
	0.032

	
	30-60
	2.89
	1.43
	3.68
	0.196
	0.161
	0.134
	0.019
	0.026
	0.024

	Coefficient of Variation (%)
	0-15
	0.016
	0.107
	0.023
	0.063
	0.067
	0.114
	0.118
	0.077
	0.082

	
	15-30
	0.017
	0.106
	0.022
	0.028
	0.038
	0.021
	0.069
	0.040
	0.049

	
	30-60
	0.016
	0.105
	0.022
	0.028
	0.028
	0.023
	0.039
	0.054
	0.061



	Table No. 2b. Nutrient status of soil (from 0 to 60 cm) in forest land use regions of Manjhanpur

	
	Soil Depth
	Primary Nutrients (kg/ha)
	Micronutrients (mg/kg)

	
	
	N
	P
	K
	S
	Fe
	Mn
	Cu
	Zn
	B

	Minimum

	0-15
	185.67
	12.89
	196.69
	10.94
	7.88
	7.86
	0.770
	0.620
	0.600

	
	15-30
	182.88
	12.55
	193.13
	9.63
	7.71
	6.90
	0.650
	0.620
	0.600

	
	30-60
	164.18
	11.22
	168.76
	7.11
	5.45
	5.52
	0.550
	0.370
	0.390

	Maximum

	0-15
	199.87
	17.68
	212.23
	11.58
	9.58
	8.93
	0.830
	0.730
	0.680

	
	15-30
	194.27
	17.11
	205.44
	10.32
	8.21
	7.27
	0.710
	0.670
	0.660

	
	30-60
	173.89
	15.12
	179.33
	7.58
	5.88
	5.86
	0.620
	0.420
	0.450

	Mean

	0-15
	193.40
	15.07
	205.69
	11.25
	8.94
	8.20
	0.794
	0.682
	0.650

	
	15-30
	189.22
	14.63
	200.51
	9.96
	7.97
	7.09
	0.686
	0.645
	0.632

	
	30-60
	169.62
	13.00
	175.12
	7.34
	5.64
	5.70
	0.574
	0.396
	0.419

	Standard Deviation

	0-15
	4.02
	1.44
	4.38
	0.196
	0.418
	0.298
	0.018
	0.033
	0.022

	
	15-30
	3.36
	1.40
	3.64
	0.233
	0.164
	0.119
	0.021
	0.016
	0.018

	
	30-60
	2.94
	1.24
	3.16
	0.159
	0.138
	0.122
	0.022
	0.014
	0.020

	Coefficient of Variation (%)
	0-15
	0.021
	0.096
	0.021
	0.017
	0.047
	0.036
	0.023
	0.049
	0.034

	
	15-30
	0.018
	0.096
	0.018
	0.023
	0.021
	0.017
	0.030
	0.024
	0.029

	
	30-60
	0.017
	0.095
	0.018
	0.022
	0.025
	0.021
	0.039
	0.036
	0.047



the pH-dependent availability of iron and its association with organic matter and sesquioxide minerals concentrated in surface horizons.
Manganese concentrations were similarly elevated in surface layers, with values ranging from 5.52 to 9.65 mg kg-1 across all samples. Mean manganese values in Manjhanpur declined from 7.98 mg kg-1 at the surface to 5.71 mg kg-1 in the deepest layers. Manganese availability, like iron, is strongly influenced by soil pH and redox conditions, both of which are most favourable in organic matter-rich surface horizons.
Zinc availability showed more heterogeneous patterns, with values ranging from 0.45 to 0.81 mg kg-1 in Manjhanpur and 0.37 to 0.73 mg kg-1 in Sirathu. Unlike iron and manganese, zinc displayed less consistent depth-related trends, though mean values generally declined with soil depth. This pattern suggests that zinc availability is influenced by multiple competing processes, including organic matter complexation and clay mineral adsorption.
Copper concentrations were relatively low across all samples, ranging from 0.46 to 0.94 mg kg-1 in Manjhanpur and 0.55 to 0.83 mg kg-1 in Sirathu. Boron, the final micronutrient analysed, showed the most dramatic depth-related variation, with mean values declining from 0.654 mg kg-1 at the surface to 0.400 mg kg-1 at the 30-60 cm depth in Manjhanpur. These patterns indicate strong organic matter dependence for most micronutrients (Peng et al., 2022), consistent with global literature emphasizing micronutrient accumulation in surface soil layers.
Conclusions
The detailed analysis of the physical and chemical features of the forest soil profiles in Manjhanpur and Sirathu demonstrates a structured vertical stratification in accordance with recognized principles of forest soil science. Physical parameters exhibit continuous increases in bulk density and texture gradation with depth, whereas nutrient availability reveals significant surface enrichment. The little spatial variability within study blocks, along with regional uniformity in physical qualities and regional variation in chemical values, indicates that these forest soils exemplify mature, ecologically viable systems characterized by predictable nutrient cycle patterns. These findings offer critical baseline data for comprehending forest ecosystem services and for anticipating ecosystem responses to environmental changes and management strategies.
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