


Impact of tree species, distances and soil depth on nitrogen, phosphorus, and potassium concentration in different locations

ABSTRACT 
Soil nutrient status basically the availability of nitrogen (N), phosphorus (P), and potassium (K), is a key determinant of soil fertility and growth of the tree based agroecosystems. Field research was conducted to quantify the influence of tree species, soil depth, and distance from the tree trunk on soil available nitrogen, phosphorus, and potassium across three agroclimatic zones of Haryana (Jind, Rohtak, and Jhajjar). Soil samples were collected beneath the canopy of ten tree species at four horizontal distances (0, 2, 4, and 6m) and four vertical depths (0-50, 51-80, 81-110, and 111-140cm) during sowing and harvest stages of crops using manual auger machine. Nutrient estimation was carried out using the micro-Kjeldahl method for nitrogen content, spectrophotometric determination for phosphorus content, and the chloroplatinic acid gravimetric method for potassium content. Analysis of variance showed that before and after harvesting conditions were the dominant source of variation for all nutrients, recording the highest mean square (MS) values for nitrogen (23,137.95 in Jind, 19,519.97 in Rohtak, and 20,645.39 in Jhajjar), phosphorus (56,100.22 in Jind, 219,314.67 in Rohtak, and 90,766.14 in Jhajjar), and potassium (1,449,969.30 in Jind, 2,461,823.66 in Rohtak, and 527,936.67 in Jhajjar). Soil depth and distance from the tree trunk also significantly influenced nutrient distribution, with nitrogen highest mean square value across districts, phosphorus (12,657.89) in Rohtak, and potassium (37,087.25) in Jhajjar. Tree species showed a moderate but significant influence, particularly for potassium, where the highest species related MS value was observed in Jhajjar (267,833.72). Significant interactions (T×D, E×D, and T×E×D) highlighted the multifaceted interconnection between tree species (T), environment (E), and soil distance/depth (D). The results of the present investigation showed that variations in soil N, P, and K availability are directly controlled by environmental conditions and soil depth, whereas tree species and proximity to the tree trunk regulating nutrient dynamics within agroforestry systems of Haryana.
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Introduction
Soil is a fundamental natural resource that emphasizes the survival and functioning of terrestrial ecosystems by supporting plants, animals, and microorganisms. It provides the physical medium for root anchorage, water storage, and nutrient supply, while also serving as a dynamic habitat for diverse soil biota (Thies & Grossman, 2023). Soil quality is commonly defined by its capacity for water retention, carbon sequestration, nutrient cycling, plant productivity, waste remediation, and the maintenance of essential ecosystem functions (Sharma et al., 2023). Trees play a crucial role in regulating soil properties and nutrient dynamics. Through litter deposition, root turnover, and rhizodeposition, tree species modify soil organic matter content, structure, pH, and microbial processes (Negi et al., 2025). Tree canopies influence microclimatic conditions by regulating temperature, light interception, and soil moisture, while differences in rooting depth and architecture affect nutrient uptake and redistribution within the soil profile (Huang et al., 2024). Tree soil interactions generate pronounced spatial variability in soil properties, both vertically with depth and horizontally with distance from the tree trunk, leading to heterogeneous nutrient distributions within forested and agroforestry systems (Fahad et al., 2022).Among the various determinants of soil fertility, macronutrients particularly nitrogen (N), phosphorus (P), and potassium (K) are critical for plant growth and productivity (Ma et al., 2024). These elements are integral components of proteins, enzymes, nucleic acids, and cellular structures that regulate essential physiological and biochemical processes (Khare et al., 2025). Adequate availability of N, P, and K promotes root development, leaf area expansion, biomass accumulation, reproductive growth, and yield formation and acting as a synergetic relationship for the other essential nutrients (Du et al., 2021). Nitrogen plays a central role in chlorophyll synthesis, amino acid formation, and protein metabolism, directly influencing plant growth, photosynthetic capacity, and biomass production (Sun et al., 2023). Phosphorus required in smaller quantities than nitrogen, is often one of the most limiting nutrients, particularly in tropical and highly weathered soils (Mabagala, 2022). Potassium, the second most important nutrient after nitrogen in many production systems, is essential for enzyme activation, osmoregulation, stomatal functioning, stress tolerance, and disease resistance (Kumar et al., 2024). 
The distribution and availability of N, P, and K are strongly governed by intrinsic soil properties such as texture, organic matter, pH, moisture status, aeration, and temperature (Bashir et al., 2021). Condron and coworkers in 2010 found the increasing in soil depth leads to general declines in organic matter content and leading to reduced microbial activity and altered nutrient transformations. Nutrient patterns showed marked variability across different tree species, reflecting species-specific influences on soil quality, nutrient uptake efficiency, and rooting architecture (Muzzo, 2025). Leguminous trees such as Dalbergia sissoo and Acacia nilotica tend to enrich soil nitrogen through biological fixation, whereas deep-rooted species like Azadirachta indica and Prosopis juliflora access nutrients from deeper soil layers and redistribute them to the surface through falling of litter (Singh & Prajjwal, 2025). Whereas fast growing species such as Eucalyptus tereticornis often exhibit high nutrient demand and efficient uptake, which can lead to localized nutrient depletion in the rhizosphere (Lan et al., 2023). These interspecific differences in litter quality, root depth, and nutrient cycling collectively shape heterogeneous soil nutrient patterns under different tree canopies, contributing to spatial variability in soil fertility within agroforestry and natural ecosystems (Dissanayaka et al., 2024). The present investigation was planned to analyze the soil NPK status under different tree species across selected districts, assessing species and location-specific variations in soil nutrient availability and fertility patterns.
MATERIALS AND METHODS 
Soil samples were collected from three agroclimatic zones of Haryana viz., Jind (29.3167° N, 76.3167° E; 227m above mean sea level (amsl)), Rohtak (28.9000° N, 76.6167° E; ≈220m amsl), and Jhajjar (28.6063° N, 76.6565° E; ≈220m amsl), using a manual soil auger. Sampling was done at four horizontal distances from the tree trunk (0, 2, 4, and 6m) and at four vertical soil layers comprising 0-50cm, 51-80cm, 81-110cm, and 111-140cm depths. The collections were made at two stages of the cropping cycle, i.e., during sowing and at harvest. All samples were taken from the shaded region beneath the canopy of different tree species, including Syzygium cumini, Psidium guajava, Phyllanthus emblica, Terminalia arjuna, Eucalyptus tereticornis, Vachellia nilotica, Melia azedarach, Tamarindus indica, Cycas revoluta, and Pinus roxburghii.
Nitrogen content: Soil available nitrogen was estimated by the micro Kjeldahl digestion method as described by Bremner and Mulvaney (1982). Air dried soil samples were finely ground, passed through a 2mm sieve, and a known weight (1.0g) was transferred into a Kjeldahl digestion flask. To this, 10mL of concentrated sulfuric acid (H₂SO₄) was added along with 1.0g of catalyst mixture consisting of potassium sulfate (K₂SO₄) and copper sulfate (CuSO₄) in an approximate ratio of 10:1. The mixture was digested on a digestion unit until a clear and colorless digest was obtained. After cooling, the digest was diluted with 50mL of distilled water and transferred to a distillation unit. Subsequently, 40mL of 40% sodium hydroxide (NaOH) was added to make the solution alkaline. The liberated ammonia was distilled and absorbed in 25mL of 2% boric acid solution containing a mixed indicator and titrated against 0.01N standard sulfuric acid. The available nitrogen content was calculated from titration values and expressed on a soil basis.
Potassium Content: Available potassium in soil was determined by the chloroplatinic acid (platinic chloride) gravimetric method, a classical procedure based on the selective precipitation of potassium as potassium hexachloroplatinate (K₂PtCl₆). Air dried soil samples were ground, passed through a 2mm sieve, and a known weight (5.0g) was extracted with 50mL of 1N ammonium acetate (pH 7.0) by shaking for 30 minutes. The extract was filtered, and an appropriate aliquot was taken in a porcelain dish. Ammonium ions were removed by evaporation, after which an excess of chloroplatinic acid (H₂PtCl₆) was added. The solution was evaporated on a water bath to a syrupy consistency and treated with 80% ethyl alcohol, dissolving soluble salts while precipitating potassium as yellow crystalline K₂PtCl₆. The precipitate was filtered through a pre weighed filtrate, washed with alcohol, dried at 100°C, and weighed. Available potassium was calculated using the gravimetric factor and expressed on a soil basis.
Phosphorus Content: Total phosphorus in soil extracts was determined using a digestion procedure modified from Brookes et al. (1982). An aliquot of 15mL extract was transferred into a 75mL digestion tube. Sodium bicarbonate extracts were first neutralized by the slow addition of 0.25mL concentrated H₂SO₄ and allowed to stand for 4h with intermittent shaking to remove CO₂, while NH₄F-HCl extracts were treated with two drops of concentrated H₂SO₄. To minimize frothing and prevent phosphorus loss during digestion, 1.0g K₂SO₄ and 0.5mL saturated MgCl₂ were added. Samples were digested at 102-105 °C for 30min with 0.2mL of 30% H₂O₂; where color persisted, additional H₂O₂ (0.1-0.5mL) was added and digestion continued for a further 30 min. Subsequently, 0.5mL of 70% HClO₄ was added and digestion continued for 1h. After cooling, the volume was made up to 75mL with distilled water, and total phosphorus was determined spectrophotometrically following Olsen and Sommers (1982).
RESULTS 
Available Nitrogen Content (ppm): The analysis of variance revealed significant variations in tree species, environmental conditions, soil depth, and distance for the districts of Jind, Rohtak, and Jhajjar (Table-1). Among all sources of variation, the before and after sowing showed most pronounced influence, as reflected by the highest mean square values of 23,137.946 in Jind, 19,519.967 in Rohtak, and 20,645.388 in Jhajjar. Soil depth and distance from the tree trunk also accounted for significant variability, with mean square values of 1,378.861 (Jind), 1,449.731 (Rohtak), and 1,032.107 (Jhajjar). In all tested parameters the depth considerably higher value than the T×D intraction, emphasizing the statistical significance of depth. Tree species showed a comparatively moderate influence, with mean square values of 69.109 in Jind, 77.286 in Rohtak, and 11.878 in Jhajjar. Significant interactions (P < 0.001) among tree species, soil depth, and distance were observed in Jind and Rohtak, whereas in Jhajjar the effect of tree species was weaker and statistically non-significant. Intraction effects involving depth, especially T×D and E×D, indicated remarkable variation in Jind, where the E×D intraction recorded a mean square value of 47.616 whereas the intraction (T×E×D) consistently produced the lowest mean square values and exhibited significant at P<0.001 of significance level. Overall, environmental conditions and soil depth emerged as the dominant factors governing soil variability for the nitrogen content.
Table- 1. Analysis of variance for soil nitrogen content (ppm) across distances and soil depths in Jind, Rohtak, and Jhajjar districts
	Source of Variation
	DF
	Jind
	Rohtak
	Jhajjar

	
	
	SS
	MS
	SS
	MS
	SS
	MS

	Tree Species (T)
	9
	6,334.21
	703.801
	7,830.15
	870.017
	1,454.80
	161.645

	Environment (E)
	1
	272,156.19
	272,156.19
	347,938.35
	347,938.35
	167,565.15
	167,565.15

	Intraction (T×E)
	9
	690.01
	76.668
	1,271.30
	141.256
	201.679
	22.409

	Distance/Depth
	15
	98,589.81
	6,572.65
	181,531.17
	12,102.08
	75,718.60
	5,047.91

	Intraction T×D
	135
	7,566.98
	56.052
	22,480.05
	166.519
	3,534.49
	26.181

	Intraction (E×D)
	15
	16,286.44
	1,085.76
	32,373.76
	2,158.25
	12,732.62
	848.842

	Intraction (T×E×D)
	135
	1,090.54
	8.078
	3,962.18
	29.349
	538.984
	3.992


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 
Available Phosphorus Content (ppm): The analysis of variance revealed that soil phosphorus content varied significantly with tree species, environmental conditions, soil depth, and their interaction across the districts of Jind, Rohtak, and Jhajjar (Table-2). The environment found significant variation in all sampling sites and reflected the high mean square values, in Rohtak (219,314.67), followed by Jhajjar (90,766.14) and Jind (56,100.22), indicating a strong and consistent environmental control on phosphorus availability. Soil depth and distance from the tree trunk significantly influenced phosphorus distribution, especially in Rohtak, where the depth-related mean square (12,657.89) was markedly higher than in Jind and Jhajjar. These results highlight the importance of vertical and horizontal soil gradients in governing phosphorus availability, with a significant interaction between tree species and soil depth (T×D). The environment × depth interaction (E×D) showed the highest mean square value in Jhajjar, indicating a strong influence of environmental conditions on depth-wise phosphorus distribution. In contrast, the three-way intraction (T×E×D) showed relatively lower and comparable mean square values across districts, suggesting a limited combined influence of tree species, environment, and depth on soil phosphorus content.
Table- 2. Analysis of variance for soil phosphorus content (ppm) across distances and soil depths in Jind, Rohtak, and Jhajjar districts
	Source of Variation
	DF
	Jind
	Rohtak
	Jhajjar

	
	
	SS
	MS
	SS
	MS
	SS
	MS

	Tree Species (T)
	9
	29,415.94
	3,268.44
	57,616.58
	6,401.84
	34,988.07
	3,887.56

	Environment (E)
	1
	56,100.22
	56,100.22
	219,314.67
	219,314.67
	90,766.14
	90,766.14

	Intraction (T×E)
	9
	20,021.87
	2,224.65
	42,060.86
	4,673.43
	99,539.29
	11,059.92

	Distance/Depth
	15
	36,848.82
	2,456.59
	189,868.37
	12,657.89
	34,882.61
	2,325.51

	Intraction T×D
	135
	58,635.99
	434.341
	134,665.14
	997.52
	101,277.16
	750.201

	Intraction (E×D)
	15
	8,061.30
	537.42
	17,541.81
	1,169.45
	43,058.85
	2,870.59

	Intraction (T×E×D)
	135
	56,250.81
	416.673
	125,741.76
	931.42
	98,466.71
	729.383


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 
Available Potassium Content (ppm): The analysis of variance showed significant variation in soil potassium content (ppm) as influenced by tree species, environment, and spatial distribution across the three districts (Table-3). Tree species had a clear effect on potassium levels, with higher mean square values recorded in Jhajjar (267,833.72) compared to Jind (26,832.33) and Rohtak (25,996.97), indicating strong species driven differences under local conditions. The environment emerged as the most influential factor, particularly in Rohtak (2,461,823.66) and Jind (1,449,969.30), reflecting the overriding role of agroclimatic and edaphic variability. Significant T × E interactions across all districts further suggest that tree mediated potassium availability was strongly environment dependent. Distance and soil depth significantly influenced potassium distribution, with greater variability observed in deeper and more distant soil layers, particularly in Jhajjar. The significant interactions (T×D, E×D, and T×E×D) highlight the complex interplay between tree species, environmental conditions, and soil spatial gradients in regulating potassium dynamics within these systems.
Table- 3. Analysis of variance for soil potassium content (ppm) across distances and soil depths in Jind, Rohtak, and Jhajjar districts
	Source of Variation
	DF
	Jind
	Rohtak
	Jhajjar

	
	
	SS
	MS
	SS
	MS
	SS
	MS

	Tree Species (T)
	9
	241,490.98
	26,832.33
	233,972.69
	25,996.97
	2,410,503.47
	267,833.72

	Environment (E)
	1
	1,449,969.30
	1,449,969.30
	2,461,823.66
	2,461,823.66
	527,936.67
	527,936.67

	Intraction (T×E)
	9
	268,558.75
	29,839.86
	236,634.05
	26,292.67
	1,930,421.68
	214,491.30

	Distance/Depth
	15
	144,717.37
	9,647.83
	216,076.79
	14,405.12
	556,308.68
	37,087.25

	Intraction T×D
	135
	244,912.45
	1,814.17
	450,729.70
	3,338.74
	468,068.73
	3,467.18

	Intraction (E×D)
	15
	82,667.39
	5,511.16
	130,243.52
	8,682.90
	322,485.82
	21,499.06

	Intraction T X E X D
	135
	240,523.90
	1,781.66
	407,081.45
	3,015.42
	428,507.35
	3,174.13


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 
Discussion 
Soil nutrients are primary regulating soil fertility and crop productivity, and their availability to governed by biological transformations, chemical reactions, and physical redistribution within the soil profile under different agroclimatic regions. Soil nitrogen content is highly dynamic, influenced by plant biomass and environmental conditions that regulate nutrient availability, uptake efficiency, microbial activity, and nitrogen transformations within the soil plant system (Li et al., 2019). Under the different sowing condition soil reflect variability in the NPK condition due to the leaching and chelation (Roebuck & Klink, 2025). The present investigation was critically compared with earlier reported studies focusing on harvesting stages (Swieter et al., 2022), the influence of different tree species (Liu et al., 2022), and variations in soil conditions and their effects on nutrient dynamics (Garba et al., 2022). Studies in agroforestry systems demonstrate that soil depth often explains a larger proportion of nitrogen variability than tree species, as organic carbon content, microbial biomass, and fine-root density decline sharply with depth (Masebo et al., 2025). The higher soil pH and SOC observed under restorative silviculture systems likely reduced phosphorus fixation by Fe and Al oxides, thereby enhancing P availability across soil depths (Roy et al., 2025). Present study also compares the soil P dynamics under tree based systems reported by the Baradwal et al., 2023; Fu et al., 2020. Phosphorus accumulation is typically confined to surface soil layers under tree canopies because of litter deposition, root turnover, and rhizosphere-mediated solubilization processes (Nair et al., 2020). Like nitrogen and phosphorus, potassium is also regulated by mineral weathering, cation exchange processes, and plant facilitated redistribution (Bhatla & Kathpalia, 2023). Our study across different agroforestry climatic zones demonstrated significantly higher potassium accumulation in surface soils, largely due to continuous litterfall and enhanced nutrient recycling processes, and these findings are in strong agreement with earlier reports by Sardans and Peñuelas (2021), Rawat et al. (2022), and Nascimento et al. (2024). Roeva and coworkers in 2022 found that the exchangeable potassium stabilizes during plant uptake, with control plots showing 118.6-183.6, 81.1-113.9, and 46.0-87.1 mg kg⁻¹ in 0-20, 20-40, and 40-60cm layers, respectively.
Conclusion 
The soil nutrient profile under agroecosystems of Haryana had variability in the availability of nitrogen, phosphorus, and potassium content in Jind, Rohtak, and Jhajjar district and reflecting the combined influence of environmental conditions, soil depth, soil distance and different tree species. NPK content in Jind, Rohtak, and Jhajjar were directly associated with time of sowing and harvesting, with soil depth and distance had a significant influence on soil nutrients distribution. Tree species also contributed significant influence on NPK availability, indicating species specific nutrient cycling patterns. Significant interaction effects within tree species, environment, and soil distance and depth showed the complex regulation of nutrient changing patterns. Overall, the soil nutrient profile in the studied agroforestry regions is primarily controlled by environmental conditions and soil depth, with tree species playing a significant modifying role in regulating soil fertility.
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