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Comparative Assessment Of Soil Physical Properties At Varying Depths And Distances Under Different Tree Species

ABSTRACT 
This study provides a comparative assessment of soil physical and chemical properties under different tree species across three semi-arid districts of Haryana (Jind, Rohtak, Jhajjar). Soil samples were collected at four radial distances (0, 2, 4, 6 m) and four depths (0–50, 51–80, 81–110, 111–140 cm) of ten selected tree species using a manual auger before sowing and harvest periods. Data analysis was done using the online software OP-STAT for ANOVA with a randomised block design. Results showed a spatial pattern, viz., Jind and Rohtak consistently exhibited clay-loam textures across depths and distances, whereas Jhajjar soil became progressively lighter (loam to sandy-loam) with depth and distance. Analysis of variance showed that environmental district and soil depth were the dominant drivers of variability in moisture, pH, and Organic Carbon (OC), and higher mean-square values than species and interaction terms. Different tree species had moderate, site-specific influences on the OC and high moisture content at 0m and 2m. Soil pH varied with depth and environment, with sandy textures showing reduced buffering capacity. OC accumulation correlated strongly with texture and surface proximity, reflecting clay-mediated stabilisation and enhanced organic inputs under tree canopies. The findings from this study suggest that in semi-arid regions, successful landscape interventions can improve soil physical qualities by increasing soil organic matter and moisture content through the planting of appropriate tree species. 
Key points: - pH, OC, Depth, distance, district and tree species
INTRODUCTION
Soil is a dynamic natural body whose physical properties, like texture, bulk density, porosity, moisture content, and aggregate stability, play a fundamental role in determining soil fertility, root growth, and crop productivity. These physical parameters regulate water movement, aeration, and nutrient availability, making them critical indicators of soil health (Bhattacharyya et al., 2024; Uthappa et al., 2024). India is currently confronting multiple challenges, including declining crop productivity, poor soil structure, reduced soil organic carbon (SOC), groundwater depletion, and increasing climate variability. Under such conditions, diversified land-use systems like agroforestry act as ecological stabilisers, offering resilience through improved nutrient cycling, microclimate regulation, and enhanced soil quality (Matocha et al., 2012; Fahad et al., 2022; Jouquet et al., 2007). Agroforestry, the integrated cultivation of trees with crops and/or livestock, is acknowledged as a multifunctional and climate-resilient land-use strategy that supports food production, wood supply, biodiversity conservation, water regulation, and carbon sequestration (Nair, 2007; Nair et al., 2009; Kaur et al., 2023). Recent advancements in agroforestry research emphasise process-based studies focusing on competition, system complexity, and sustainability (Sanchez et al., 1995; Dahiya et al., 2022). The influence of trees on soil physical properties varies widely among species due to differences in root architecture, litter quality, canopy density, and nutrient cycling dynamics (Uthappa et al., 2022; Patel et al., 2018). Tree species exert specific effects on soil physical behaviour by altering root penetration, biopore formation, and microbial activity. For instance, species such as Populus deltoides, Acacia nilotica, and Azadirachta indica significantly improve soil aggregation and reduce bulk density due to high litter deposition and root turnover (Bhattacharyya et al., 2024; Chatterjee et al., 2020). Studies show that root-driven bioturbation leads to increased infiltration, reduced compaction, and enhanced soil structure (Dhaliwal et al., 2018; Bhowmik et al., 2019). Comparative trials demonstrate that tree-based systems enhance SOC and moisture-holding capacity more effectively than monocropping systems (Kumar et al., 2024; Ngo Bieng et al., 2022).
Soil properties vary considerably with depth and radial distance from the tree trunk. Near-trunk zones accumulate more organic matter and exhibit improved moisture retention, lower bulk density, and higher biological activity due to continuous litter fall and concentrated root activity (Vaupel et al., 2023; Gupta et al., 2023). With increasing distance, soil parameters gradually resemble those of open-field conditions. Similarly, surface layers (0–15 cm) contain significantly higher organic carbon, better aggregate stability, and higher porosity than deeper soil layers (Das & Chaturvedi, 2008; Chatterjee et al., 2020). Depth-wise soil assessments under agroforestry systems in Haryana showed that SOC and porosity decline with depth but remain consistently higher under tree-based systems compared to monocropping (Jat et al., 2024). Trees modify the soil moisture regime through shading, litter accumulation, and enhanced infiltration (Dahiya et al., 2022). Soils under tree canopies retain more moisture than those in open fields, especially under species with broad crowns and thick litter layers (Ali et al., 2021). Enhanced soil moisture under agroforestry systems is particularly valuable in arid and semi-arid regions vulnerable to drought stress (Jouquet et al., 2007).
Leguminous trees tend to maintain near-neutral pH, whereas species like eucalyptus may slightly acidify soils due to nutrient dynamics and litter composition (Joshi & Garkoti, 2023; Gupta et al., 2023). Comparative studies also indicate that agroforestry systems buffer extreme changes in pH more effectively than croplands (Ngo Bieng et al., 2022). Tree root systems consistently show higher Soil organic content (SOC) accumulation due to continuous litter addition, fine-root turnover, and enhanced microbial decomposition (Nair et al., 2009; Kumar et al., 2024). Soil organic content under Dalbergia sissoo and Populus deltoides was markedly higher in Haryana districts compared to agricultural fields (Bhattacharyya et al., 2024). The role of agroforestry in carbon sequestration further positions it as a climate mitigation strategy (Nair, 2007; Nair et al., 2009). Long-term tree presence can enhance structural stability and aggregation due to increased organic inputs and root-soil interactions (Alam et al., 2009; Bhowmik et al., 2019) and systems often display improved structural stability, reduced erosion, increased pore continuity, and lower bulk density (Dhaliwal et al., 2018; Patel et al., 2018). Based on the above-cited literature, the present research is planned with the objective of assessing soil physical properties at different depths and distances from the tree trunk.
MATERIALS AND METHODS 
Soil samples were collected from different agroclimatic regions of Haryana, including Jind, Rohtak, and Jhajjar, using a manual auger. Sampling was conducted at four radial distances from the tree trunk 0m, 2m, 4m, and 6m and at four soil depths: 0-50 cm, 51-80 cm, 81-110 cm, and 111-140 cm below the soil surface. The samples were obtained both at the time of crop sowing and at harvest, directly from the shaded zones of various tree species, viz., Syzygium cumini, Psidium guajava, Phyllanthus emblica, Terminalia arjuna, Eucalyptus tereticornis, Vachellia nilotica, Melia azedarach, Tamarindus indica, Cycas revoluta, and Pinus roxburghii. 

Figure 1. Map of Rohtak, Jind and Jhajjar (source: https://www.mapsofindia.com)
Soil Texture: Soil texture was assessed using the Feel Method, a rapid field-based technique that determines the relative proportions of sand, silt, and clay through tactile examination. A small amount of soil was moistened and gently rubbed between the fingers to evaluate grittiness (indicating sand), smoothness (indicating silt), and stickiness or plasticity (indicating clay). By forming a ribbon between the thumb and forefinger and observing its length and cohesiveness, the textural class was estimated and matched with standard textural guidelines. 
Soil Moisture Content (%): Soil moisture content was determined using the gravimetric weight-basis method, which measures the change in soil weight before and after oven drying. Fresh soil samples were collected in airtight containers and immediately weighed to obtain the initial wet weight (W₁). The samples were then dried in a hot-air oven at 105°C for 24 hours and reweighed to obtain the dry weight (W₂). Moisture content was computed using the standard formula:
Soil pH: Soil pH was measured using the standard 1:2.5 soil-to-water suspension and a Benchtop pH Meter (Model PH 700). For the analysis, 10 g of air-dried, sieved soil was mixed with 25 mL of distilled water in a beaker and stirred thoroughly to create a uniform suspension. The mixture was allowed to rest for 30 minutes to achieve equilibrium. The pH meter was calibrated using standard buffer solutions (pH 4.0, 7.0, and 9.2), after which the electrode was immersed in the supernatant to record the pH value and recorded in triplicate.
Soil Organic Carbon: Soil organic carbon was estimated using the Walkley and Black (1934) method. One gram of soil was treated with 1N potassium dichromate and concentrated sulphuric acid to oxidise organic carbon. After cooling, the mixture was titrated with ferrous ammonium sulphate (FAS), using a blank for reference. Because the method oxidises about 75–80% of carbon, a correction factor of 1.33 was applied.
Formula Used:
Where:
· B = Volume of FAS used in blank titration (mL)
· T = Volume of FAS used for sample titration (mL)
· N = Normality of ferrous ammonium sulphate (FAS)
· 0.003 = Amount of carbon (g) oxidised by 1 mL of 1N K₂Cr₂O₇
· 1.33 = Correction factor for incomplete oxidation
· 100 = Conversion to percentage

RESULTS 
Soil Texture: Soil texture assessment across different depths and distances in Jind, Rohtak, and Jhajjar showed clear and district specific patterns. At 0m distance, soil in Jind and Rohtak were predominantly clay loam across all observed depths, whereas Jhajjar exhibited a mixture of loam and clay loam, especially in the upper layers (0-80 cm). With deeper depths (81-140 cm), Jhajjar soil shifted toward loam, indicating a lighter textural profile as compared to other districts. With 2m distance, both Jind and Rohtak consistently maintained a clay loam texture throughout all depths, while Jhajjar showed loam. By 4 m distance, Jind and Rohtak still showed uniform clay loam texture, whereas Jhajjar soil shifted to loam-sandy combinations observed in all tested depths. At 6m distance, especially in Jind the trend showed loam mixed with clay loam in upper layers, Rohtak remained predominantly clay loam, and Jhajjar exhibited loam-sandy textures between 0-140 cm depth. Soil texture patterns in Jind and Rohtak consistently exhibited clay-loam characteristics throughout various distances and depths, but Jhajjar had progressively lighter loam-to-sandy textures with increasing depth and distance.
Table-1. Soil Texture Variation Across Distances and Depths in Jind, Rohtak, and Jhajjar Districts
	Distance
	Depth (cm)
	Jind
	Rohtak
	Jhajjar

	0 m
	0–50
	Clay loam / Loam
	Clay loam
	Loam / Clay loam

	
	51–80
	Clay loam
	Clay loam
	Loam / Clay loam

	
	81–110
	Clay loam
	Clay loam
	Loam

	
	111–140
	Clay loam
	Clay loam
	Loam

	2 m
	0–50
	Clay loam
	Clay loam
	Loam

	
	51–80
	Clay loam
	Clay loam
	Loam

	
	81–110
	Clay loam
	Clay loam
	Loam

	
	111–140
	Clay loam
	Clay loam
	Loam

	4 m
	0–50
	Clay loam
	Clay loam
	Loam / Sandy

	
	51–80
	Clay loam
	Clay loam
	Loam / Sandy

	
	81–110
	Clay loam
	Clay loam
	Loam / Sandy

	
	111–140
	Clay loam
	Clay loam
	Loam / Sandy

	6 m
	0–50
	Loam / Clay loam
	Clay loam
	Loam / Sandy

	
	51–80
	Clay loam
	Clay loam
	Loam / Sandy

	
	81–110
	Clay loam
	Clay loam
	Loam / Sandy

	
	111–140
	Clay loam
	Clay loam
	Loam / Sandy



Soil Moisture Content (%): The ANOVA table-2 for the districts Jind, Rohtak and Jhajjar showed significant differences in tree species, environmental conditions, soil depth and distance from the tree trunk. The environmental factor had the strongest effect and reflected high mean square values of 23,137.946 (Jind), 19,519.967 (Rohtak) and 20,645.388 (Jhajjar).  The environment showed the equivalent tabulated F-values and was consequently highly significant in all districts, as these values were many orders of magnitude greater than the pertinent interaction and error terms. Significant variation was also explained by soil depth or distance from the tree, with mean squares of 1,378.861 (Jind), 1,449.731 (Rohtak), and 1,032.107 (Jhajjar). In every instance, depth effects were significantly greater than the T×D interaction mean squares (7–15 range), indicating their statistical importance in relation to F-values. Tree species effects were moderate, with mean squares of 69.109 (Jind), 77.286 (Rohtak) and 11.878 (Jhajjar). The significant variation was observed in the interaction between tree species, depth and distance in Jind and Rohtak, whereas in Jhajjar, the tree species effect was weaker and non-significant. The interaction effect of depth (T×D and E×D) indicates significant variability in Jind, where the E×D interaction mean square was 47.616. The three-way interaction (T×E×D) displayed the smallest mean squares (6.904–12.531), showed typical tabulated F-values and therefore was statistically non-significant. Overall, environment and depth were the dominant determinants of soil variability, while tree species and interactions contributed secondary effects that varied by district.
Table- 2. Analysis of variance for soil moisture content (%) 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
	621.983
	69.109
	695.572
	77.286
	106.903
	11.878

	Environment (E)
	1
	23137.946
	23137.946
	19519.967
	19519.967
	20645.388
	20645.388

	Interaction (T×E)
	9
	254.579
	28.287
	859.391
	95.488
	332.566
	36.952

	Distance/Depth
	15
	20682.912
	1378.861
	21745.971
	1449.731
	15481.605
	1032.107

	Interaction T×D
	135
	2029.268
	15.032
	2000.377
	14.818
	1004.687
	7.442

	Interaction (E×D)
	15
	714.247
	47.616
	503.169
	33.545
	127.345
	8.490

	Interaction (T×E×D)
	135
	1691.641
	12.531
	1347.766
	9.983
	932.054
	6.904


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 
Soil pH- The analysis of variance showed in Table 3 for soil pH across Jind, Rohtak and Jhajjar demonstrated that tree species, environmental conditions and soil depth significantly influence pH variation, although the strength of these effects differed among districts. In Jind, all factors and interactions were highly significant (p<0.001), with the environment showing a strong influence (F=71.388), followed by the T×E interaction (F=16.221), indicating that species respond differently to environmental shifts. Depth also contributed to pH variability (F=4.936), and depth-related interactions (T×D, E×D and T×E×D) were significant, showing that pH changes occur simultaneously across species and vertical soil layers. Rohtak exhibited extremely high F-values for almost all components, particularly for environment (F=201,728.69) and depth (F=19,870.79), suggesting a highly sensitive pH response controlled by environmental and vertical gradients. Strong interaction effects, especially E×D (F=41,694.12), indicate intense combined influences of environment and depth on soil pH. Jhajjar showed strong main effects for species (F=25.84), environment (F=997.879) and depth (F=18.037), while T×D (p=0.067) and T×E×D (p=0.416) were non-significant, suggesting reduced interactive influence due to its lighter soil texture. Soil pH was strongly influenced by environmental conditions, with depth and tree species also contributing significantly across districts. Interaction effects were prominent in Jind and Rohtak but weaker in Jhajjar, reflecting its lighter soil texture and reduced buffering capacity.
Table- 3. Analysis of variance for soil pH 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
	4.080
	0.453
	3.708
	0.412
	9.990
	1.110

	Environment (E)
	1
	2.970
	2.970
	6.314
	6.314
	42.868
	42.868

	Interaction (T×E)
	9
	6.074
	0.675
	2.471
	0.275
	3.366
	0.374

	Distance/Depth
	15
	3.081
	0.205
	9.329
	0.622
	11.623
	0.775

	Interaction T×D
	135
	12.084
	0.090
	6.856
	0.051
	7.033
	0.052

	Interaction (E×D)
	15
	5.063
	0.338
	19.574
	1.305
	23.809
	1.587

	Interaction (T×E×D)
	135
	13.719
	0.102
	7.341
	0.054
	5.943
	0.044


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 
Organic carbon (OC)- Organic carbon content showed a strong interaction effect with environment, depth, and tree species across all districts. The analysis of variance for organic carbon (OC) diagonally with Jind, Rohtak and Jhajjar showed that tree species, environmental and soil depth significantly influenced by depth and distance, with strong effects across all districts. In Jind, all tested factors were highly significant, with the environment exerting the strongest influence (F=32,412.31), followed by depth (F=1,486.89) and tree species (F=1,193.51). The significant interaction with T×E, T×D, E×D and T×E×D indicates that organic carbon levels in Jind are equally influenced by species, environmental conditions and soil depth and distance. Rohtak also showed significant interaction within species (F=2,446.40) and depth (F=1,111.44), whereas the environment had a moderately significant influence (F=223.543). The high F-values for the T×E (F=4,427.15) and E×D (F=338.795) interactions showed that organic carbon in Rohtak is highly significant with the combined effects of species and environmental variability. Jhajjar exhibited the highest organic carbon with more F-values for tree species (F=11,141.14), environment (F=41,921.10) and depth (F=8,173.10). Significant interactions across all levels indicate that organic carbon in Jhajjar is strongly modulated by both biotic and abiotic factors, likely due to its lighter soil texture and higher sensitivity to organic matter inputs. 
Table-4. Analysis of variance for organic carbon 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
	0.671
	0.075
	1.428
	0.159
	4.874
	0.542

	Environment (E)
	1
	2.024
	2.024
	0.015
	0.015
	2.038
	2.038

	Interaction (T×E)
	9
	1.366
	0.152
	2.585
	0.287
	5.168
	0.574

	Distance/Depth
	15
	1.393
	0.093
	1.082
	0.072
	5.959
	0.397

	Interaction T×D
	135
	6.254
	0.046
	5.352
	0.04
	5.9
	0.044

	Interaction (E×D)
	15
	0.963
	0.064
	0.33
	0.022
	1.886
	0.126

	Interaction (T×E×D)
	135
	6.426
	0.048
	4.406
	0.033
	6.667
	0.049


SS- Sum of Squares, MS- Mean of Squares, T-Tree Species, E- Environment and D- Distance/Depth 

DISCUSSION
The present investigation provides an integrated understanding of how soil texture, moisture, pH, and organic carbon vary with depth and horizontal distance across contrasting environments in Jind, Rohtak, and Jhajjar districts. These semi-arid agroecosystems represent distinct geomorphological settings, and the observed differences reveal how strongly parent material, sedimentation history, and environmental conditions shape soil and tree interactions. Across all depths and distances, soils from Jind and Rohtak retained a predominantly clay-loam texture, whereas Jhajjar soils progressively shifted from loam to sandy-loam with depth and distance. This pattern aligns with recent assessments in western Haryana, where aeolian deposition and coarse alluvium create sandier textures toward the west, while central districts maintain finer fractions (Kumar et al., 2023). Similarly, a study from Sirsa demonstrated that clay-loam soils hold significantly higher organic carbon than sandy and loamy-sand textures, underscoring the functional role of texture in soil quality (Verma et al., 2023; Regassa et al., 2023). These spatial gradients support the broader understanding that soil texture is fundamentally governed by geological processes and landscape evolution in semi-arid plains (McAuliffe et al., 2018). Environmental conditions and soil depth emerged as the strongest determinants of soil moisture across all sites, with mean squares substantially exceeding those for tree species and their interactions. This dominance of abiotic regulation reflects established concepts in semi-arid hydrology, moisture distribution is primarily controlled by climate, evapotranspiration, and vertical gradients rather than vegetation inputs alone (Chakraborty, 2021). Parallel observations from global dryland studies also note that soil moisture is tightly linked to texture-mediated retention capacity and depth-dependent hydraulic gradients (Khatoon et al., 2021; Pandey et al., 2024). Soil pH exhibited a similar response pattern, with depth and environmental conditions driving most of the variation. Species effects were moderate but evident, consistent with the understanding that litter composition, root exudates, and microbial processes can influence pH but do not override the broader geochemical controls imposed by parent material and climate (Gupta et al., 2025; Sharma et al., 2025). Lighter textures contributed to slightly lower buffering capacity, a pattern also documented in sandy soils of semi-arid regions (Praveen-Kumar et al., 2009; Jastrow & Miller, 2018). Organic carbon distribution followed expected trends: clay-rich soils in Jind and Rohtak stored more OC than sandy soils in Jhajjar. Finer textures enhance carbon stabilisation via aggregate formation, mineral protection, and reduced decomposition rates (Kavya et al., 2023; Barman et al., 2025; Jastrow & Miller, 2018). Recent studies in Haryana reaffirm that OC increases with clay content and decreases in coarse-textured soils due to faster oxidation and limited protection mechanisms (Shukla & Behera, 2017; Das et al., 2023). Collectively, these results highlight that environmental factors and soil depth are the primary forces shaping soil physicochemical properties, while tree-species effects, though meaningful, remain secondary. Soil texture emerges as the foundational variable that regulates moisture, pH, and organic carbon dynamics, reinforcing its centrality in plant-soil interactions and sustainable land management in semi-arid ecosystems.
CONCLUSION
The comparative assessment demonstrates that soil texture and depth of soil are the foundational controls of soil moisture, pH, and organic carbon across the districts. Environmental setting and depth showed tree species modified these standard conditions primarily at increasing depths and close to trunks by adding organic matter and altering the microbiota of the soil. Clay-loam soils (Jind, Rohtak) supported greater OC stabilisation and moisture retention than the sandy soils of Jhajjar. According to our recommendation, soil improvement and carbon sequestration can be adapted to district-specific textures and depths, with an emphasis on measures that improve organic material and accumulation in sandy soils and retain the soil moisture. This research paper suggests that in semi-arid regions, successful landscape interventions can improve soil physical qualities by increasing soil organic matter and moisture content through the planting of appropriate tree species. 
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