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ABSTRACT
This study aimed to evaluate the soil physicochemical properties and identify the factors influencing them across different land-use types within the forested section of the ecologically significant Jhilmil Jheel Wetland Conservation Reserve. The research was designed around a comparative analysis of three distinct forest sub-sites: Mixed Moist Deciduous Forest (483.9 ha), Riverine Forest (10 ha), and Secondary Scrub Land Forest (25 ha). The study was conducted in the Jhilmil Jheel Wetland Conservation Reserve, located in Haridwar, Uttarakhand, India during the month of April to June, 2023. Soil samples were collected and analysed for key physicochemical parameters, including soil pH, texture, bulk density, organic carbon, total nitrogen, available phosphorus, and exchangeable potassium, following standard laboratory procedures. The analysis revealed that the Mixed Moist Deciduous Forest soil possessed significantly superior physicochemical properties, playing a crucial role in nutrient preservation. For instance, the bulk density was lowest in mixed moist deciduous forest (1.28 g cm-3), Organic carbon (2.95%), Total Nitrogen (0.24%), available phosphorus (17.13 ppm) and exchangeable potassium (258.5 ppm). In contrast, the Riverine Forest and Secondary Scrub Land Forest exhibited substantially reduced nutrient levels. Statistical analysis confirmed significant mean differences, indicating these latter sites are more vulnerable to soil degradation and desertification. The study concludes that land-use variation is a critical factor influencing soil physicochemical properties, which directly affects soil biological activity. The findings underscore the importance of the Mixed Moist Deciduous Forest for soil health and provide essential insights for guiding future conservation strategies, soil management practices, and ensuring the long-term sustainability of this vital wetland ecosystem.
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1. INTRODUCTION
“The vitality of natural ecosystems is rooted in the soils capacity to cycle and storw vital nutrients and ensures the continuous nutrient cycling necessary for long-term ecological balance and productivity. Soil acts as a reservoir for essential plant nutrients, both macronutrients and micronutrients, without which plants cannot complete their life cycles” (Zahedifar, 2023). “Key  indicators  commonly  used  to  assess soil   fertility   and   health   include   pH,   electrical conductivity   (EC),   cation   exchange   capacity (CEC),  and  concentrations  of  essential  nutrients such as nitrogen (N), phosphorus (P), potassium (K),  and  organic  carbon    (OC)”  (Borah  et  al., 2024; Bhuyan et al., 2023). “Land-use changes (LUC), primarily due to deforestation and soil disturbance, are one of the major causes of soil quality degradation and greenhouse gas emissions. Effects of land use change on soil physicochemical properties and changes in soil quality and land use management strategies that can effectively restore soil carbon and microbial biomass levels have been reported from all over the world, but the impact analysis of such practices in the Indian context is limited” (Padbhushan et al., 2022). “Deforestation and LUC from forest land to different land use production systems with varying anthropogenic activities has been suggested to increase CO2 and other GHG emissions contributing to climate change” (Wang et al., 2021). Due to anthropogenic disturbances, the soil has been degraded (in physico-chemical and biological status) and has become one of the global problems. This is more severe in the developing countries of the tropical hilly region having the mountainous gradient, where deforestation and conversion of native forests to unsustainable traditional agriculture practices (shifting and settled cultivation along the hill slopes) are rampant. Therefore, this study is an attempt to observe and analyse the affects the soil nutrient holding capacity due land use changes.

2. STUDY AREA
The present study was conducted in Jhilmil Jheel Wetland situated in district Haridwar of state Uttarakhand, India which is a Conservation Reserve for swamp deer (Rucervus duvaucelii) categorized as “Vulnerable” under IUCN Red Data Book. It is a saucer shaped wetland situated on the left bank of River Ganges between N 29o 32’ to 29o 50’ and E 78o to 78o 15’ covering a total area of 3783.50 ha of Reserve Forest. Out of this, Natural forest within the conservation reserve area covers an area of 418.9 ha which is again subdivided into three different sub-sites like Mixed Moist Deciduous Forest (483.9 ha), Riverine Forest (10 ha) and Secondary Scrub Land (25 ha). The altitude of the area varies from 200 to 250 meters above mean sea level. It is located on the Haridwar – Highway and besides the natural course of the Ganges to the south of it in Chidiyapur Forest Range of Haridwar Forest Division, Uttarakhand (figure 3). The area experiences subtropical climate, coldest month being December when temperature drops as low as 60C. Winter rains and subsequent heavy fog are also prevalent in the area. Summer is very hot and humid like any other Terai area when temperature soars up to 39.40C, often accompanied by hot dust storms. The area experiences monsoon by end June and rain continues till September. Average rainfall in the area is 901.54 mm per annum and most of the rain falls between July and September (figure 1 & 2).
	


Figure 3: Map of Jhilmil Jheel wetland (Source: Haridwar Forest Department, 2003)
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Figure 2: Graph of monthly average rainfall (mm)

Figure 1: Graph of monthly maximum, minimum and mean temperature (0C)
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Figure 3: Map showing the study area 



3. MATERIALS & METHODS
Soil samples were gathered from all three sub sites for physicochemical analysis during April to June 2023. At every sub site, 30 soil samples were taken randomly from a depth of 0-30 cm using a soil corer. The gathered soil samples were taken to the lab. Once the soil samples were air dried and twigs and pebbles were eliminated, they were crushed in a pestle and mortar, then sifted through a 2 mm mesh sieve to assess the soil moisture, pH, and bulk density. The sieved samples were stored in the thick good quality polythene bags for the determination of different soil parameters like texture, organic carbon, total nitrogen, available phosphorus and exchangeable potassium. The analysis was done following the standard procedures like the soil texture which was done by adopting the Hydrometer method (Lemenih et al., 2005) followed bulk density using Core sampler method (Blake, 1965). The moisture of the soil sample from each sub sites were analyzed by using Sartorious moisture meter followed by pH with Digital Lutron pH-201 pH meter. The soil organic carbon was estimated following the wet oxidation method by Walkley and Black (1934). The total nitrogen of the soil samples were analyzed by using Kjeldahl method (Bremner, 1960). The available phosphorus was estimated following the Olsen’s method (1954) and exchangeable potassium was estimated using Flame photometer (Lim and Jackson, 1982).

4. RESULTS & DISCUSSIONS
The natural forest was divided into three sub sites: mixed moist deciduous forest (MMDF), riverine forest (RF) and secondary scrub land (SSL). Physicochemical parameters were set for all the three subsites and data was analyzed. One-way ANOVA was applied to depict the mean significant difference between each parameter under different sites. The result showed that the soil texture was clay loam under MMDF followed by sand under RF and sandy loam under SSL (figure 4).

 Figure 6: Soil Moisture (%) under the three sub sites

Figure 5: Bulk Density (g cm-3) under the three sub sites

Figure 4: Soil Texture (%) under the three sub sites




  Figure 8: Soil Organic Carbon & Total Nitrogen (%) under the three sub sites

Figure 7: Soil pH (1:2.5) under the three sub sites




Sandy soil of the RF was due to replacement of the upper soil layer due to flood during monsoon season. Previous study has also stated that as the clay content in the soil increases, bulk density of the same decreases (Chaudhari et al., 2013). Presence of clay loam texture might be due to high organic matter under MMDF as coarser-textured soils contained less soil organic carbon than finer-textured soils which was reported by Galantini et al., (2004). Highest soil bulk density was under SSL (1.40 g cm-3) and RF (1.39 g cm-3) site while the lowest was observed under MMDF (1.28 g cm-3) as shown in figure 5.
Figure 9: Soil Available Phosphorus (ppm) under the three sub sites

Figure 10: Soil Exchangeable Potassium (ppm) under the three sub sites




[bookmark: _GoBack]The result showed that the bulk density under MMDF was low (1.28 g cm-3) which might be because of the high clay loamy texture of the soil. Studies showed that coarser- textured soils contained less soil organic carbon than finer-textured soils. Such relationship had also been reported for soils of temperate by Tan et al., (2004). Maximum soil moisture content (14.82 %) was observed under MMDF followed by RF (9.81 %) site and minimum was observed under SSL site (5.21 %) as depicted in figure 6. The insolation of the sun directly heated up the upper layer of the soil as there was less canopy cover to protect the upper soil layer from overheating which leads to evaporation of soil moisture very quickly during the peak summer season while on the other hand, having high canopy cover in MMDF seems to protect the upper layer of the soil from being heated up quickly which kept the moisture content in the soil quite high as compare to the SSL. High moisture content under MMDF was in similar context with a case study done by Kyaw et al., (2016) who compared “the soil moisture between mixed deciduous forest and deciduous dipterocarp forest in Madan watershed, Myanmar and reported that mixed deciduous forest had a higher soil moisture content compared to deciduous dipterocarp forest. The soil pH was near neutral under SSL (6.8) followed by RF (6.51) and it was observed slightly acidic under MMDF (6.42)”. Under all the subsites, the soil pH varied from near neutral to slightly acidic in nature as shown in figure 7. Maximum soil organic carbon was observed under MMDF (2.59 %) followed by SSL (1.38 %) and the least was observed under RF (1.14 %) as shown in figure 8. Similar observations were made by Bhattacharyya (2008) in their study where they observed high level of organic matter content in the soil of dense natural forest due to attribution of large contribution of litters. About 40% of the total soil organic carbon stock of the global soils resides in forest ecosystem. The release of nutrients from litter decomposition is a natural process in the internal biogeochemical cycle of an ecosystem, and decomposers recycle a large amount of carbon that was bounded in the plant or tree to the atmosphere. Study by Baqir et al., 2025 also suggest that irrespective of any climatic conditions, vegetation cover and land use practices exert a significant influence on soil organic carbon (SOC) and nutrient dynamics in the cold-arid environment like Ladakh. Their study results indicated that tree plantations and agricultural systems are likely to enhance soil fertility and carbon sequestration relative to barren lands, with observable improvements in SOC accumulation and nutrient availability. Higher SOC under tall wet grassland as compare to short dry grassland within Jhilmil Jheel wetland was also observed by Salim (2021) which depicts “the presence of high organic matter available to the soil in the form of tall wet grasses. Total nitrogen was also observed maximum under MMDF (0.24 %) followed by RF (0.12 %) and the least was observed under SSL (0.1%) as depicted in figure 8. The reason behind the increase in the total nitrogen under mixed moist deciduous forest site was due to high organic matter content under the soil as both organic carbon and nitrogen were positively correlated with each other”. “Studies have shown increased rates of decomposition with increased rainfall and decreased decomposition under drier conditions which could have indirectly affected the rate of decomposition through direct influence on the associated microorganisms and decomposer fauna” (Tietema and Wessel, 1994). This might be the reason for having low soil organic carbon content under riverine forest site and secondary scrub land site as compare to mixed moist deciduous forest. Available phosphorus was observed maximum (17.13 ppm) under MMDF followed by RF (11.07 ppm) and the least (8.56 ppm) was observed under SSL as shown in figure 9. The variation in the soil available phosphorus concentration in context with the concentration of soil total nitrogen content under three different subtropical forest, for instance, Masson pine forest, coniferous and broadleaved mixed forest and monsoon evergreen broadleaved forest in the Southern China was explained by Liu et al., (2014) who reported that “there was a strong relationship between available phosphorus and total nitrogen and that soil nitrogen content could explain about 60% of the variations in the soil available phosphorus concentration. The highest exchangeable potassium was depicted under MMDF (258.5 ppm) followed by SSL (139 ppm) and the lowest exchangeable potassium content was observed under RF (138 ppm) as shown in figure 10. The high amount of exchangeable potassium under mixed MMDF was may be because of having more ground vegetation cover in a particular site which might helped the soil retained soil particles and nutrients firmly and protected it from washing away by the flood water”. Study by Borthakur et al. (2025) also observed “enhanced  soil  quality  indicators  such  as  organic  carbon  and  nutrient  availability in fruit-based  homestead  and  rice-vegetable  systems  whereas  barren land   and   mono-cropped   paddy   fields   exhibited   relatively   poor   fertility   status. Their  results underscored the importance of diversified and organic-input-rich cropping systems in promoting soil health and long-term agricultural sustainability in the Upper Brahmaputra Valley Zone of Assam. Salim et al. (2015) in their study observed that in “Jhilmil Jheel wetland area, under natural forest, soils had the higher amount of organic carbon pool followed by plantation and grassland which was having the least amount of soil organic carbon pool”. Different soil chemical parameters was also analysed in Jhilmil Jheel wetland by Salim et. al., 2015 where they observed  superior nutrient availability in terms of NPK under  Natural forest as compare to the grassland ecosystem within the study area.   The above analysis revealed that input of higher organic matter (in case of MMDF) further explains that  the rich amount of nutrient availability  as compare to the RF and SSL where amount of organic matter is much lesser”. 

    Table 1: Soil physicochemical properties under mixed moist deciduous forest, riverine forest and secondary scrub land site of natural Forest


	Parameters

    Sub Sites
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	Bulk Density
(g cm-3)
	Moisture (%)
	 pH (1:2.5)
	Organic Carbon (%)
	Total Nitrogen (%)
	Available Phosphorus (ppm)
	Exchangeable Potassium (ppm)

	
	    Sand 
      (%)
	   Silt Soil Texture

   (%)
	  Clay 
   (%)
	
Texture      Class
	
	
	
	
	
	
	

	
Mixed moist deciduous
forest
	43c
±0.03
	23a
±0.31
	34a
±0.11
	Clay loam
	1.28b
±0.22
	14.82a
±0.36
	6.41c
±0.21
	2.58a
±0.11
	0.24a
±0.85
	17.13a
±0.23
	258.50a
±0.55

	Riverine forest
	91a
±0.04
	5c
±0.12
	4c
±0.14
	Sand
	1.39a
±0.45
	9.81b
±0.33
	6.50b
±0.44
	1.14c
±0.69
	0.09c
±0.42
	8.55c
±0.61
	138c
±0.42

	Secondary scrubland
	60b
±0.09
	22b
±0.42
	18b
±0.19
	Sandy loam
	1.40a
±0.33
	5.20c
±0.49
	6.80a
±0.39
	1.38b
±0.36
	0.12b
±0.51
	11.06b
±0.14
	139b
±0.67

	F value
	12.99
	8.89
	23.23
	-
	8.07
	14.01
	27.31
	4.95
	17.19
	10.69
	19.11

	
P value
	
0.000
	
0.000
	
0.000
	
-
	
0.000
	
0.000
	
0.000
	
0.000
	
0.000
	
0.000
	
0.000




      (Means with similar superscripts in a column are not significantly different from each other)


For statistical analysis, One-way ANOVA was used to compare the mean difference between each sub sites under different parameters at (P < 0.05 level) and further, Post-hoc tukey test was applied to observe the significant mean difference with respect to the mean values under each parameter as shown in table 1. The analysis revealed that the percentage mean values of sand, silt and clay showed significant difference under all the three sub sites. For bulk density, the results revealed that MMDF was significantly different from RF and SSL while no mean significant difference was observed between RF and SSL with respect to the mean values of bulk density for homogenous subsets.
After analyzing the mean difference of the soil moisture under all the three sites: MMDF, RF and SSL, the result showed strong significant mean difference between all the three sub sites with respect to the mean values of soil moisture. Soil pH under MMDF, RF and SSL showed significant mean difference at (P < 0.05 level). Post-hoc analysis also revealed that all the three sites significantly differ from each other with respect to the mean values of soil pH. Soil organic carbon content revealed that the mean SOC content under all the three subsites were significantly different from each other. Similarly, in context to soil total nitrogen, all the three subsites were significantly different from each other with respect to the mean values. The statistical analysis for soil available phosphorus content under mixed moist deciduous forest site, riverine forest site and secondary scrub land site at (P < 0.05 level) revealed strong and significant difference from each other with respect to the mean values. Likewise, statistical analysis for soil exchangeable potassium revealed that MMDF was significantly different from RF and SSL while no mean significant difference was observed between RF and SSL with respect to the mean values of exchangeable potassium.

5. CONCLUSION
This study revealed that land-use type is a critical factor of soil health within the Jhilmil Jheel Wetland Conservation Reserve. The comparative analysis revealed that MMDF serves as the benchmark for soil quality in this ecosystem, characterized by optimal conditions such as lower bulk density and significantly higher concentrations of organic carbon, total nitrogen, available phosphorus, and exchangeable potassium. In contrast, the degraded soil states observed in the RF and SSL which underscored their heightened vulnerability to processes like nutrient depletion and soil degradation. The statistical differences further confirmed that the conversion or degradation of mature, diverse forests like the MMDF leads to a substantial decline in soil's physical structure and chemical fertility. Therefore, the preservation of the MMDF is not merely a conservation goal but a fundamental prerequisite for maintaining the ecological integrity and long-term sustainability of the entire wetland reserve. Furthermore, the principles of soil management observed in the MMDF such as enhancing organic matter and maintaining soil structure should be integrated into the restoration plans for the more degraded land use areas to ensure the resilience of this vital habitat.
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Soil Texture (%) 

Mixed Moist Deciduous Forest (Clay Loam)	Sand%	Silt%	Clay%	43	23	34	Riverine Forest (Sandy)	Sand%	Silt%	Clay%	91	5	4	Secondary ScrubLand (Sandy Loam)	Sand%	Silt%	Clay%	60	22	18	



Bulk Density (g cm-3)

Bulk Density (gcm-3)	Mixed Moist Deciduous Forest	Riverine Forest	Secondary ScrubLand	1.28	1.39	1.4	


Moisture (%)

Moisture %	Mixed Moist Deciduous Forest	Riverine Forest	Secondary ScrubLand	14.82	9.81	5.2	



pH (1:2.5)	Mixed Moist Deciduous Forest 	Riverine Forest	Secondary ScrubLand	6.41	6.5	6.8	


Organic Carbon and Total Nitrogen (%)

Organic Carbon %	Mixed Moist Deciduous Forest 	Riverine Forest	Secondary ScrubLand	2.58	1.1399999999999999	1.38	Total Nitrogen %	Mixed Moist Deciduous Forest 	Riverine Forest	Secondary ScrubLand	0.24	0.09	0.12	



Available Phosphorus (ppm)

Available Phosphorus ppm	Mixed Moist Deciduous Forest 	Riverine Forest	Secondary ScrubLand	17.13	8.5500000000000007	11.06	


Exchangeable Potassium (ppm)

Exchangeable Potassium ppm	Mixed Moist Deciduous Forest 	Riverine Forest	Secondary ScrubLand	258.5	138	139	
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