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The management of forests is essential for the conservation of biodiversity and climate change. Studies on the variation in forest tree diversity and carbon sequestration by the forests along altitudinal gradients are limited for most parts of the Garhwal Himalaya. The present study was carried out in montane forests in a part of district Tehri of the Garhwal Himalaya, India at four different sites between altitudinal ranges of 850 to 2,200 masl (i.e., 850–1,500 masl under sub-tropical region and 1,800–2,200 masl under temperate region) for vegetation, soil, and carbon stock analysis using different parameters including the existing pressure on the sites for fuel, fodder, timber, grazing, and browsing. All the standard methods were used for vegetation and soil analysis. The highest value of tree diversity (H = 0.48) and concentration of dominance (CD = 0.95) was recorded at 850–1,100 masl altitude under sub-tropical forests. The aboveground biomass density (AGBD) and belowground biomass density (BGBD) ranged from 271 to 703.20 and 83.21 to 163.92 Mg ha–1, respectively. The pH value ranged from 5.63 to 6.86 (0–15 cm) and 6.17 to 7.21 (15–30 cm). Similarly, soil organic carbon (SOC) was reported to range from 1.86 to 2.57% and 1.78 to 2.44% at 0–15 cm and 15–30 cm depths, respectively. Available nitrogen (N) under temperate forests was reported to be significantly higher than at other altitudes. Among the studied parameters, a significant positive correlation was reported between the pH of the soil and the Shannon–Wiener and Margalef diversity indices. The study revealed that the sub-tropical region was more diversified in terms of tree species whereas soil properties were reported to be better in the temperate region. Among the species in the study region, Pinus roxburghii, Boswellia serrata, Quercus leucotrichophora, and Cedrus deodara have shown good potential for carbon storage. Thus, based on the dominant and associated species present in the area, forest management activities may be followed for the survival and regeneration of species with the potential of being the next dominant species in the future.
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Introduction

The Garhwal Himalaya is a hot spot of biodiversity, located in the western part of Central Himalaya. Forests in the Himalayas have been under various kinds of pressure in the past decades because of changes in socioeconomic status, exponential population growth, and infrastructure development (Singh et al., 2009). The variation in physiography, soil types, and climatic conditions in the Garhwal Himalaya has changed the community structure and its dynamics which has attracted researchers to conduct comprehensive studies in tropical and sub-tropical montane forests to study species richness, biomass, and productivity (Tripathi and Khongjee, 2010). In Uttarakhand, Quercus leucotrichophora forest covers 5.24% of the area (i.e., 1,284 km2) from 1,000 to 2,500 masl, whereas, between 1,000 and 1,500 m, patches with other forests are observed (Singh et al., 2016). The pine-oak forest is believed to be between 1,500 and 1,800 m in altitude, whereas, Pinus roxburghii is widespread from 900 to 1,500 m in altitude (Chaturvedi and Singh, 1987), and sometimes reaches the higher elevations. However, recent alterations as a consequence of climatic and anthropogenic disturbances have also resulted in huge canopy gaps and interference in forest soils. The change in forest species composition is usually expected to affect the properties of soil because soil and vegetation have a complex interrelation. Similarly, the changes also influence carbon accumulation in the forest. Further, soil properties and soil fertility differ significantly based on the tree species grown in it (Augusto et al., 2002).

The disturbance processes in the ecosystems usually increase greenhouse gas emissions (GHGs) and affect the atmospheric gas concentration (Kumar et al., 2019, 2021b). The level of greenhouse gas emissions, especially from rapid anthropogenic disturbances, leads to further disturbances in the carbon cycle (Anderegg et al., 2015; Waltham et al., 2020; Kumar et al., 2021b; Rawat et al., 2021). In the central part of India, disturbances associated with mining have augmented the fragmentation of natural forests and a reduction in the density and diversity of vegetation has been documented. This loss of biomass has reportedly resulted in a net loss of 1.08 Tg C in the past two decades (Mishra et al., 2022). Dong et al. (2022) reported the changes in soil carbon decomposition due to the priming effect caused by an accumulation of more plant-derived substrate on the surface soil as being affected by climate change.

In the western Himalayas, the trees in temperate forests are P. roxburghii, Quercus spp. Rhododendron arboreum, Lyonia ovalifolia, Myrica esculenta, Cedrus deodara, and Pinus wallichiana (Luna, 2005) and are used for quality fodder, fuel, charcoal making, and agricultural implements apart from providing other ecosystem services (Rawat D. et al., 2022). But owing to the increasing human interferences in forests and rapid urbanization in the nascent Himalayan region, the extent of deforestation, loss of biodiversity, and forest degradation is growing rapidly along with crucial alterations in land use patterns. These changes in the terrestrial landscapes are also affecting the tree composition and nutrient dynamics of the system (Mishra et al., 2017a; Kumar et al., 2021c; Rawat S. et al., 2022; Tariyal et al., 2022; Sharma et al., 2023).

Usually, 43–50% of the dry biomass of trees consists of carbon (Malhi et al., 2002; Negi et al., 2003; Rawat S. et al., 2022) and soil carbon plays an important role in the global carbon cycle (Gupta and Sharma, 2011). Also, biogeochemical nutrient cycling is important for the quality of a site. However, the vegetation of the area influences the physicochemical characteristics of soil and these soil characteristics change due to various biotic and abiotic factors. The stoichiometric ratios of nutrients such as carbon, nitrogen, and phosphorus within a forest ecosystem can alter the status of soil nutrients and the future sink of carbon (Kumar et al., 2021a). Further, forest soils impact forest composition, growth rate, regeneration, etc (Sheikh and Kumar, 2010; Rawat S. et al., 2022). Altitude plays an important role in that it changes both climatic and site conditions and has a significant influence on the plant communities (Kharkwal et al., 2005; Gauthier et al., 2011). Moreover, altitude plays an important role in species distribution which also sustains other associated flora and fauna. Various studies on tree diversity and carbon stocks (Gairola et al., 2011a; Sharma et al., 2011), the physical properties of the soil (Sharma et al., 2010a), and the structure and composition of forests (Gairola et al., 2011b) have also been carried out previously. Verma and Garkoti (2019) studied the species composition, soil properties, and carbon stock of the regenerated Q. leucotrichophora forests in the Kumaon region of the Himalaya. Meena et al. (2021) documented the significant influence of the topographical position factor on the concentration of soil organic carbon and carbon management value in the Indian Himalayan ecosystem. However, the investigations that bring together the cumulative information about vegetation composition, tree diversity, soil properties, and carbon density of forests of Garhwal Himalaya are meager. Therefore, this study was conducted with the following objectives: (i) to understand how vegetation composition, structure, and carbon storage are influenced by altitude, (ii) to understand the variation in physicochemical characteristics of soil among different forests and altitudes, and (iii) to assess the influence of various anthropogenic disturbances on vegetation patterns at different altitudes.



Materials and methods

This study was conducted in the district of Tehri in the Garhwal Himalaya. Four different sites at different altitudinal ranges were selected for the study (Table 1). The vegetation of the area and soil properties were studied at two sites of sub-tropical montane forests, i.e., Khadi (850–1,100 masl) and Gaja (1,300–1,500 masl), as well as two sites of temperate montane forests, i.e., Kanatal (1,800–2,000 masl) and Dhanolti (2,000–2,200 masl) (Figure 1). The climate of the study area falls under sub-tropical to temperate regions. The soil of the region is developed from granite-ferrous biotite, granite, gneiss, and phyllites. Usually, the soil color in this region ranges from brown to dark grayish and the soils are slightly acidic in reaction. The texture of the soil at Khadi was sandy loam, at Gaja, sandy clay loam, and at Kanatal and Dhanolti, it was loam.


TABLE 1    Geographical description of the study area.
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FIGURE 1
Map of the study area. S1 = Khadi, S2 = Gaja, S3 = Kanatal, S4 = Dhanolti.



Vegetation analysis

For vegetation analysis, a total of 50 quadrats (10 m2 × 10 m2 size) were laid out randomly in each forest site to study the structure, composition, and biomass carbon. The study area plants were identified by their local names and unidentified species specimens were brought to the laboratory and identified with the help of the Flora of District Garhwal, North West Himalaya (Gaur, 1999). The vegetation data were analyzed for density, frequency, and abundance (Curtis and McIntosh, 1950) and the importance value index (IVI) of species was calculated using the method of Phillips (1959). The Simpson’s index (Cd-concentration of dominance) calculated by Simpson (1949), Shannon–Wiener index (h) calculated by Shannon and Weaver (1963), and Margalef’s index (Margalef, 1968) were assessed using standard methods and the following formulae;
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Where D is the Simpson’s index of dominance, Pi is the proportion of importance value of the ith species. Pi is the proportion of importance value of the ith species. Pi was calculated by dividing the importance value index (IVI) of the ith species (ni) by the IVI of all the species. H′ is the Shannon–Weiner index of diversity. The Dmg is Margalef’s index of richness, S is the total number of species, and N is the total number of individuals.

The impact of various anthropogenic pressure on forests and further on local people were assessed, i.e., fuel, fodder, timber, fruit, grazing, browsing, etc. This information was collected from the villagers during the field survey and based on other available information about the study area.

General volume equations were used to estimate standing tree volume for each species (FSI, 1996). Growing stock density (GSD) was estimated for an individual tree within a sample plot. The total volume was multiplied by the digit 100 for converting the growing stock volume density (GSVD) into m3 ha–1.
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Some of the species with no volume equations were calculated based on the volume tables/equations of similar species representing similar height, form, taper, and growth rate. Further, the calculated GSVD was converted into aboveground biomass density (AGBD), which was calculated by multiplying it with the appropriate biomass expansion factor (BEF) (Brown and Schroeder, 1999). The BEFs for hardwood, spruce-fir, and pine were estimated by using the following equations:


Hardwood: BEF = exp [1.91–0.34 × In (GSVD)] for GSVD ≤ 200 m3 ha–1, BEF = 1.0 for GSVD > 200 m3 ha–1;

Spruce-fir: BEF = exp [1.77–0.34 × In (GSVD)] for GSVD ≤ 160 m3 ha–1, BEF = 1.0 for GSVD 160 m3 ha–1;

Pine: BEF = 1.68 Mg m for GSVD < 10 m3 ha–1. BEF = 0.95 for GSVD = 10–100 m3 ha–1. BEF = 0.81 (for GSVD > 10 m3 ha–1).



The equation of spruce-fir was used for other conifer species by using the regression equation (Brown and Schroeder, 1999). Using the regression equation (Cairns et al., 1997), the belowground biomass density (BGBD; fine and coarse roots) was also estimated for each forest type using the following equation:
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Total biomass density (TBD) was calculated by adding the AGBD and BGBD. For estimating the total carbon density (TCD), the total biomass values were converted to carbon stock (C) by using a default value of 0.50 C fractions (IPCC, 2003).



Soil sampling and analysis

For the determination of soil properties, samples were collected from two different depths i.e., 0–15 cm and 15–30 cm from ten quadrats (10 m2 × 10 m2 size) laid in each site in both the sub-tropical (Khadi, Gaja) and temperate (Kanatal, Dhanolti) regions. The collected soil samples were air-dried, grounded, and sieved using a 2 mm sieve and further analysis was conducted in the Soil Science Laboratory, College of Forestry, Ranichauri, Tehri Garhwal, Uttarakhand. The bulk density (BD) of the soil was calculated using the core tube method. In order to take samples from the surface soil, the ground surface was cleared carefully to remove the entire residue followed by the collection of soil samples by inserting a core tube into the soil. The topsoil was excavated in rectangular volumes using a grub knife to reach the 15 cm and 30 cm soil layers and the sample was collected from the lower depths. The soil bulk density was calculated with the help of the following formula and expressed in g cm−3 (Duan et al., 2019).
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The soil moisture content (gravimetric) was measured as the difference between the moist soil and the soil dried at 105°C in an oven, known as the oven-dry weight (Voroney, 2019). The percentage of soil moisture content was calculated as follows:
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The particle density (PD) of the soil was determined by pycnometer methods as described by Heiskanen (1992).

The soil pH was determined with a dynamic digital pH meter using 1:2 soil water suspensions. SOC was estimated using Walkley and Black’s (1934) rapid titration method. SOC (%) was converted into soil organic matter (%) by multiplying by a factor of 1.724, i.e., SOC × 1.724. Olsen et al.’s (1954) method was used to determine the available phosphorus (P) in the soil. Available nitrogen (N) in soil was determined by using the Kjeldahl procedure (Subbiah and Asija, 1956). Available sulfur was determined using the 0.15% calcium chloride extraction method (Williams and Steinberg, 1959).



Statistical analysis

One-way analysis of variation (ANOVA) was performed for the analysis of soil data and the mean values were compared by Duncan’s multiple range test at p < 0.05 level of significance using SPSS 16.0 statistical software. The Pearson correlation coefficient was calculated among the different physical and chemical parameters of the soil and various vegetation parameters using SPSS-16 software.




Results

In this study, a total of 79 species belonging to different types of vegetation, i.e., trees, shrubs, and herbs, were found. At different altitudinal ranges, out of 79 species, 16 trees (belong to 16 genera and 14 families), 30 shrubs (belong to 28 genera and 26 families), and 33 herbs (belong to 30 genera and 18 families). The survey of the study area revealed that at sub-tropical forest sites (850–1,100 masl and 1,300–1,500 masl) trees are specifically being used for fuel, fodder, and minor timber, and forests also serve as grazing sites close to the villages. Thus in the sub-tropical forests, these services imparted a high pressure at 850–1,100 masl and medium pressure at 1,300–1,500 masl. On the other hand, the temperate forests (1,800–2,000 and 2,000–2,200 masl) were used for the collection of herbal medicines and wild fruits including fuel, fodder, and minor timbers (Table 2). However, the disturbance caused by grazing was reported as low pressure on the forests.


TABLE 2    Dominant and associated vegetation species at different altitudes and forests.
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In the sub-tropical region, species diversity (H) parameters indicated that the maximum value of tree diversity, H′ = 0.48, was recorded at 850–1,100 masl, followed by H′ = 0.27 at 1,100–1,300 masl and the minimum value, H′ = 0.13, was recorded at 1,300–1,500 masl. In the temperate region, the highest tree diversity (H′ = 0.44) was at 1,800–2,000 masl, and the lowest was at 2,000–2,200 masl (H′ = 0.09). For the Simpson’s dominance index of the tree, the maximum (0.95) value was observed at 850–1,100 masl, and the minimum (0.18) at 1,300–1,500 masl in the sub-tropical region. For Margalef’s index of richness, the maximum (2.68) value was at 1,800–2,000 masl and the minimum (0.52) was noted at 1,300–1,500 masl in the sub-tropical montane forest (Table 3).


TABLE 3    Shannon–Wiener diversity, Simpson’s diversity, and Margalef diversity indices at different altitudes of sub-tropical and temperate forests.
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At lower altitudes (850 and 1,100 masl), 10 trees were recorded with the dominance of P. roxburghii with maximum density and IVI. At the altitudinal range of 1,300–1,500 masl, the trees reported were P. roxburghii and Q. leucotrichophora, where P. roxburghii was dominant with the highest density (730 ind./ha) and IVI (265.56). At the altitude of 1,800–2,000 masl, a total of six trees were recorded and Q. leucotrichophora was dominant with the highest density (520 ind./ha) and IVI (172.31). At the altitudinal range of 2,000–2,200 masl, only four trees were recorded and C. deodara was dominant (IVI-272.54) with a density value of 690 ind./ha (Table 4).


TABLE 4    AGBD, BGBD, TBD, and TCD of sub-tropical and temperate forests.
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At the different altitudinal ranges for sub-tropical forests, overall, the highest AGBD (596.31 Mg/ha), BGBD (133.46 Mg/ha), TBD (729.78 Mg/ha), and TCD (364.89 Mg/ha) were recorded at 1,300–1,500 masl where P. roxburghii was reported to be the dominant and Q. leucotrichophora the co-dominant tree species. However, the lowest values for AGBD, BGBD, TBD, and TCD were 270.94, 83.17, 354.18, and 177.06 Mg/ha, respectively, at 850–1,100 masl. In the temperate region, the highest values for AGBD, TBD, and TCD were reported as 338.25, 421.53, and 210.76 Mg/ha, respectively, at 2,000–2,200 masl, which was dominated by C. deodara while the maximum BGBD (89.18 Mg/ha) was recorded at 1,800–2,200 masl (Table 4).

Amongst the soil properties, a significant difference was recorded in soil BD at the 15–30 cm depth while a statistically non-significant difference was observed at the 0–15 cm depth. The difference in the values of PD of various sites and depths was also statistically non-significant. For the 0–15 cm depth, the moisture percentage of soil at 2,000–2,200 masl was reported as 14.83% which was significantly higher than the soil moisture at 850–1,100 masl (8.10%), 1,300–1,500 masl (8.24%), and 1,800–2,000 masl (10.62 %). Similarly, the soil pH in both depths varied significantly. The maximum value of pH in both the soil depths, i.e., 6.97 (0–15 cm) and 7.28 (15–30 cm) was observed at the lower altitudinal range of 850–1,100 masl. Significant variations in soil organic carbon and soil organic matter at both the soil depths were also observed and the higher values were recorded at higher altitudes ranging between 2,000 and 2,200 masl. The value of available N was recorded to be maximum at the altitude of 2,000–2,200 masl at both the soil depths and was significantly higher compared to the available N at other altitudes considered in the present study. The available P at 850–1,100 masl was significantly higher than the P at 1,800–2,000 masl and 2,000–2,200 masl. The values of available S also varied significantly (p < 0.05) among the different altitudes of the study sites. The maximum (29.88 mg/kg) value of available S was recorded at 850–1,100 masl and the lowest at 1,800–2,000 masl at the 0–15 cm soil depth (Table 5).


TABLE 5    Soil properties at a different altitudinal range of the study area (mean ± SD).
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At the depth of 0–15 cm, a significant negative correlation was observed between BD and PD. A significant negative correlation was observed between SOC/Soil organic matter (SOM) with Moisture %. Both SOC and SOM were positively correlated with available S. A significant negative correlation between available P and PD was also observed. On the other hand, a significant positive correlation was recorded between TBD and AGBD, TBD and BGBD, and AGBD and BGBD (Table 6). At the 15–30 cm depth, BD showed a significant positive correlation with TBD, AGBD, and BGBD. The SOC had a significant positive correlation with SOM and N % and SOM with N %. A significant positive correlation was also recorded between TBD and AGBD, TBD and BGBD, and AGBD and BGBD (Table 7).


TABLE 6    Pearson correlation coefficient between different vegetation and soil parameters of the sub-tropical and temperate forest at 0–15 cm soil depth.
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TABLE 7    Pearson correlation coefficient between different vegetation and soil parameters of the sub-tropical and temperate forest at 15–30 cm soil depth.
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Discussion

Time plays an important role in the plant community to occupy an area of a region among many other factors such as altitude, aspect, slope, latitude, rainfall, and humidity which help the vegetation to grow and develop (Kharkwal et al., 2005). A total of 79 species of trees, shrubs, and herbs were recorded in different altitudes. The different species grow together in a community because they require similar environmental conditions for survival (Ter Braak, 1987). Q. leucotrichophora was the dominant tree at 1,800–2,000 masl and was also found co-dominant at 1,300–1,500 masl after P. roxburghii which suggests its ability to tolerate biotic pressures and wider ecological amplitude (Rawat S. et al., 2022).

The Shannon–Wiener index measures the scarcity and frequency of species in a habitat and usually varies from 1.5 to 3.5, not exceeding 4.5 (Kent and Coker, 1992), and the value observed is usually less in temperate forests. The maximum value for tree diversity (H′ = 0.48) at 850–1,100 masl was reported in the sub-tropical region, which could be because of human interference in these low-elevation forest areas which assisted the plantation and survival of exotic species (Rawal and Pangtey, 1994). A higher number of species was reported at lower elevations compared to higher elevations. These observations recorded in our study were in conformity with the findings of Wani et al. (2022). In the present investigation, the richness of non-native species such as Alnus nepalensis, Melia azedarach, and Mallotus philippensis, was more widespread in early succession/pioneer communities. In the temperate region, the highest value for tree diversity (H′ = 0.44) was recorded at 1,800–2,000 masl and a similar trend was also described by Kumar and Ram (2005). Further, the higher availability of nutrients in the soil at higher elevations favored the growth of most trees. Pausas and Austin (2001) suggested that the distribution of species richness in any large region is likely to be governed by two or more environmental factors.

The Simpson’s index exhibited the “concentration” of dominance and a higher value shows the dominance of one or a few species. The concentration of dominance (CD) for different life forms ranges between 0.12 and 0.80 for Himalayan regions (Tiwari and Tiwari, 2012). The CD of trees in the recent study ranged from 0.18 to 0.95 in sub-tropical regions at different altitudes. While in the temperate region, it ranged from 0.09 to 0.49. The higher reported CD values of trees in the sub-tropical region make it clear that the forest has less diversity and is mostly dominated by single species of P. roxburghii. The maximum value of CD of trees (0.49) was reported at 2,000–2,000 masl in the temperate region. Higher community stability indicates higher species richness which means greater species diversity (Swamy et al., 2000). The tree species richness was the highest at 1,800–2,000 masl and the least (1.62) was recorded at 2,000–2,200 masl in the temperate region. Dangwal et al. (2012) showed an increasing trend in the diversity of herbs and shrubs with increasing altitudes, whereas the diversity of tree species declined with increasing altitude in the western Himalayan region. Similar outcomes for species richness were reported in an elevation gradient study conducted by Sharma et al. (2017). The total species richness was found to be higher in warmer sites (lower elevation) as compared to the cooler sites (higher elevation).

The AGBD and BGBD ranged from 270.94 to 596.31 Mg/ha and 83.17 to 133.456 Mg/ha, respectively, while TBD ranged from 354.21 to 729.78 Mg/ha. The variation in the amount of biomass might be due to the differences in species composition at different altitudes. In this study, the average value of TBD was reported to be 541.98 Mg/ha in sub-tropical forests and 414.66 Mg/ha in temperate forests. These values were higher than the values reported by Gairola et al. (2011a) for similar forests in the Uttarakhand region. The average AGBD (381.04 Mg/ha) and BGBD (97.25 Mg/ha) in the present study were on par with the values given for different forests of the Garhwal Himalaya (Sharma et al., 2010). On average, the TCD value was 270.98 Mg/ha in the sub-tropical forests and 207.32 Mg/ha in the temperate forests, which falls within the range (92–640 Mg/ha) reported by Singh et al. (1994). The cites with minimum human or natural disturbance have optimum to higher values of biomass/carbon stock (Lugo and Brown, 1992). Higher capacity to produce high levels of biomass as reported in the mixed stands was generally due to the varying carbon fixing rates of different species as the majority of forest trees have a huge potential for short-term and long-term carbon storage (Houghton, 2005). In any forest’s ecosystems, large storage of carbon is recognized in big, long-lived tree species with dense wood (Bunker et al., 2005). The results of the present study also highlighted the disproportionate contribution of a small number of species viz., Cornus capitata, Ilex dipyrone, Myrica esculenta, and Lyonia ovalifolia to carbon stock as these areas contained a great amount of biomass and carbon storage. These species are slow-growing and survive under trees in these forests.

The soil moisture content in the present study sites was comparable to the reported values for the Himalayan region (Khera et al., 2001; Nazir, 2009). However, variation in moisture content might be because of altitude, rainfall, forest cover, types of vegetation, aspect, slope, water holding capacity, etc., and higher water absorbing characteristics of some trees (i.e., Q. leucotrichophora, Q. floribunda, and Q. semecarpifolia). The soil moisture content was reported higher with increasing altitude. Singh and Singh (1986) have also reported that the soil of oak forests was comparatively rich in moisture. In the present study, the maximum moisture content was reported at 2,000–2,200 masl in the Dhanolti region which was associated with lower temperatures, leading to low evaporation rate and soil moisture loss.

Soil acidity and alkalinity indicate the soil pH. Leskiw (1998) reported that forest soils require slightly acidic pH values for nutrient supply. The pH values of the present study varied from 6.86 to 7.21 at 850–1,500 masl (sub-tropical forests) and 5.63 to 6.24 at 1,800–2,200 masl (temperate forests). All the sites of the temperate region had pH levels below 6.0, at 0–15 cm depth, owing to an uninterrupted layer of high organic matter content. The higher assemblage of SOC and release of weak organic acids due to the slow decomposition rate usually lowers the soil pH (De Hann, 1977; Robertson and Vitousek, 1981; Adams and Sidle, 1987, Mishra et al., 2017a). However, higher pH values than the present study were found in the Kumaun region (Khera et al., 2001). The highest soil organic carbon percentage was found in Dhanolti (2,000–2,200 masl) in temperate forests and the lowest in Khadi in sub-tropical forests (850–1,100 masl). The SOM-enriched soil of the higher altitude zone of the Dhanolti site has been ascribed to low temperature and slower decomposition rate (Dimri et al., 1997). The lower SOM content in the Khadi has been attributed to the meager status of understory vegetation in the region. Furthermore, lesser understory vegetation facilitates the loss of topsoil and SOM sediments through erosion (Li et al., 2015; Song et al., 2020). Among the essential nutrients for plants, N is an essential primary nutrient that is responsible for the vegetative growth of plants (Rawat D. et al., 2022). The deficiency of N in plants may be seen as the yellowing of leaves and stunted growth. The values of N at the present study sites were comparable to the values observed in various previous works (Khera et al., 2001, Srivastava et al., 2005; Semwal, 2006; Sharma et al., 2010b) in the Uttarakhand Himalaya. The maximum value of soil N in the study sites was in the upper layers because of the large amount of litter and humus in the upper layer and possible leaching of N in lower altitudes due to the presence of a coarser fraction in the soil (Saha et al., 2018). The available P in the soil was recorded to be significantly higher at 850–1,100 masl compared to the temperate areas at both depths. Similar findings were recorded by Rawat et al. (2020) in the montane forests of the Garhwal Himalaya. This trend could be associated with the pH of the soil which is near neutral in case of 850–1,100 m because P remains in plant-available forms in neutral pH whereas low pH leads to its fixation in insoluble forms in the soil (Murphy, 1958; Mishra et al., 2017b). The available S decreased with an increase in soil depths due to greater inputs of organic matter on the surface soil (Amanuel et al., 2018).

The present study area has shown that pressure from the local people on the forests existed. Singh et al. (2022) observed that, on average, 15.01% of the forests in the Garhwal Himalaya were disturbed annually from 2005 to 2018. However, the pressure is based on the requirements of the local people and the availability of resources in the different altitudinal ranges. It has been noticed that lower altitudes are rich in species used by the local villagers and thus anthropogenic activities are reported dominant. Similar findings were documented by Singh et al. (2018) as the unmanaged extraction of trees through the collection of fuel, fodder, and overgrazing was found to be the major factor of forest disturbance along an altitudinal range of < 1,700 to > 1,900 masl in the Garhwal Himalaya. The field surveys in our investigation also confirmed the fact that at lower altitudes, the villagers were residing closer to the forest environment, and the dependence on a thick population has increased the level of pressure on forest resources as compared to the temperate region. The resources availed of by the villagers in the study area were fuel, fodder, fiber, timber, fruits, etc., along with other associated requirements such as grazing and browsing. Anthropogenic activities such as tree cutting and lopping were also seen prominently at lower altitudes of temperate forests in the Tehri and Uttarkashi districts of the Garhwal Himalaya (Tewari and Sharma, 2023). Overall, this study presented an insight into the condition of the sub-tropical forests in the study area which are under high pressure due to the large-level needs of the surrounding population as compared to the forests at high altitudinal ranges.



Conclusion

The intervention of human activities in the lower altitude forests of the sub-tropical region with the introduction of non-native tree species and the probable climatic gradient developed in the altitude ranges of temperate forests accounted for the diversity of tree species in these forests. Amongst the species, P. roxburghii dominated the altitudinal ranges of 1,100–1,300 masl and 1,300–1,500 masl in sub-tropical forests, with higher values of AGBD, BGBD, TBD, and total carbon stock signifying its superior carbon sequestration potential. The contribution of species such as Q. leucotrichophora, Q. floribunda, R. arboreum, and C. deodara, improved the soil moisture, SOC, and available N in the soil in the temperate forests. However, the lower availability of P and S was influenced by the low pH of the soil. The present study indicated that coniferous species such as P. roxburghii, in the sub-tropical forests and Q. leucotrichophora, C. deodara in the temperate forests of the Garhwal Himalaya have high carbon storage potential and require conservation and carbon management attention through plantation and natural regeneration because regular pressure on the forests for various purposes and resources by the villagers may affect the species survival and further carbon sequestration potential. Although, this study was limited to four sites in the Garhwal Himalaya, the findings contribute to an important understanding of species distribution and soil health in sub-tropical and temperate montane forests which may further be helpful for long-term monitoring of and assessment studies on ongoing anthropogenic disturbances. The framework of management activities focusing on forest conservation may also be developed with the help of information gathered from this investigation.
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Sub-tropical Khadi 850-1,100 Quercus leucotrichophora A. Camus, Actinidiacallosa Lindley, Carissa opaca L, Amaranthus caudatus L., Bidens pilosa L., Fuel, fodder, minor High
forest (masl) Syzygium cumini (L.), Skeels, Boswellia Flemingia macrophylla (Willd.) Prain ex Eupatorium adenophorum Sprengel, timber, grazing, etc.
serrata Roxb. ex Colebr., Holoptelea Merrill, Lantana camara L, Murraya Fragaria nubicola Lindley ex Lacaita.
integrifolia (Roxb.) Planchon., Populus koenigii (L.) Sprengel, Phlogacanthus Mentha arvensis L., Mukiamadera spatana
ciliata Wallichex Royle, Pinus roxburghii thyrsiformis (Hardwicke) Mabberley, (L.) M. Roemer. Rumex hastatus D.Don.,
Sargent, Melia azedarach L., Mallotus Phoenix acaulis Roxb., Ricinus communis Rumex nepalensis Sprengel.
Pphilippensis (Lam.) Muell.-Arg., Alnus L., Vitex negundo L., Woodfordia
nepalensis D.Don., Bauhinia racemosa fruticose (L.) Kurz.
Lam.
Gaja 1,300-1,500 P. roxburghii Sargent, Q. leucotrichophora Inula cuspidata (DC.) C. B. Clarke, Dioscorea belophylla (Prain) J.O. Voigt ex Fuel, fodder minor Medium
(masl) A. Camus Lantana camara L., Murraya koenigii (L.) Haines. Diplazium esculentum, timber, fruits,
Sprengel., Maoutiapuya (Hook.) Wedd., Eupatorium adenophorum Sprengel., browsing
Rhus parviflora Roxb., Rubus ellipticus Galinsoga parviflora Cav. Micromeria
Smith., Zanthoxylum armatum DC., biflora (Buch.-Ham.ex D. Don) Benth.
Woodfordia fruticosa (L.) Kurz. Parthenium hysterophorus L., Paspalidium
flavidum (Retz.) A. Camus., Vernonia
cinerea (L.) Lessing., Saccharum
bengalensis Retz.
Temperate forest Kanatal 1,800-2,000 Q. leucotrichophora A. Camus, Cedrus Berberis chitria Edwards., Berberis asiatica Anaphalis margaritacea (L.) Benth., Fuel, fodder minor Very low
(masl) deodara (Roxb. Ex, D.Don) G. Don. Roxb. ex DC,, Sarcococca saligna (D.Don) Anemone vitifolia Buch.-Ham. ex DC., timber, fruits, herbal
Rhododendron arboreum, P. roxburghii Muell.—- Arg., Leycesteria formosa Wallich., | Artemisia nilagirica (C.B. Clarke), medicine
Sargent, Cornus capitata Wall. Ex Roxb, Lonicera quinquelocularis Hardwicke., Artemisia roxburghiana Wallich., Aster
Lyonia ovalifolia (Wallich) Drude. Viburnum cotinifolium D.Don., Coriaria peduncularis Wallich ex Nees. Aster
nepalensis Wallich. thomsonii C.B. Clarke., Bergenia ciliata
(Haworth) Sternberg., Cyathula tomentose
(Roth) Moq., Elsholtziaflava (Benth.)
Benth., Geranium wallichianum D.Don.
Dhanolti 2,000-2,200 C. deodara Roxb. ex. D.Don, P. roxburghii Euonymus echinatus Wallich., Indigofera Micromaria biflora Benth., Origanum Fuel, fodder minor Very low
(masl) Sargent, llex dipyrena Wallich, Myrica heterantha Wallich ex Brandis, Deutzia vulgare L., Parnessia amibicola Wall ex timber, fruits

esculenta Buch.- Ham. ex. D.Don.

staminea R. Br. ex Wallich., Hypericum
oblongifolium Choisy Jasminumhumile L.,
Cotoneaster bacillaris Wallich ex Lindley.,
Cotoneaster microphyllus Wallich ex
Lindley Rubusellipticus Smith.

Royle, Pesicaria amplexicaulis D.Don
Pimpinella diversifolia DC., Plantago
major L., Rumex hastatus D.Don. Prodr.,
Rumex nepalensis Sprengel. Satyrium
nepalensis D.Don., Sedum adenotrichum
Wall. ex Edgew.
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Elevation Bulk density Particle Moisture % pH Soil organic Soil organic Available Available Available
(masl) (g/cm?3) density carbon (%) matter (%) nitrogen (Kg phosphorus sulfur (mg/kg
(g/cm?®) ha=?1) (Kg ha=? soil)
Depth (cm) Depth (cm) Depth (cm) Depth (cm) Depth (cm) Depth (cm) Depth (cm) Depth (cm) Depth (cm)
0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30 0-15 16-30
850-1,100 1.047 1.00 2.04m 2.05™ 8.10 10117 6.97* 7.28% 2.35P 2.37% 4.05° 4.08% 250.71% | 239.47° 31.23% | 26.49" 29.88% | 16.40"
0.06 0.02 0.35 0.08 1.47 3.18 0.16 0.26 0.48 0.88 0.83 1.52 31.34 76.46 6.51 597 2.83 3.12
1,300 0308 145 2,060 2.05 8.24P 8.57ms 5.59b 6.18> 2.37b 1.93> 4.08° 3.32b 32293 | 203.09° 29.16° | 18.87 21.76> | 17.81m
1,500 0.03 0.06 0.10 0.06 130 1.22 0.28 0.07 0.23 0.15 0.39 0.27 96.99 20.71 3.55 1.49 2.95 3.91
1,800 0308 1.03b 2,071 2.12m8 10.62> 9.57ns 5.67 6.36 2.i7b 2.00° 3.60P 3.46° 239.62> | 213.19b 6.85> | 15.46" 15.97¢ | 12.59ms
2,000 0.05 0.03 0.07 0.13 1.80 2.01 0.16 0.85 0.36 0.30 043 0.51 5248 21.09 454 5.06 1.38 1.97
2,000- 0705 1.02° 2,091 2,017 483 | 10.57" 5.94b 6.27° 3.212 3.19 5.5202 549% 517.93% | 466.65 2.29% | 21541 23.04> | 14277
2,200 0.01 0.04 0.11 0.04 3.36 473 0.07 0.08 0.28 0.33 147 0.47 124.87| +38.53 2.60 3.01 1.38 1.95

Mean followed by the same alphabet in each column indicates the non-significant variation.
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SOC% | SOM% | Moisture PD Avl. N Avl. S Avl. P TBD

% (g/cm3) | (Kg/ha) | (ppm) | (Kg/ha)

BD (g/cm?) 1.000

pH 0.999** 1.000

SOC % 0.515 0.472 1.000

SOM % 0.540 0.497 1.000%* 1.000

Moisture % —0.610 —0.570 —0.993** —0.996** 1.000

PD (g/cm?) —0.943 —0.925 —0.771 —0.789 0.839 1.000

AVL. N (Kg/ha) —0.821 —0.849 0.066 0.037 0.048 0.584 1.000

Avl. S (ppm) 0.663 0.625 0.983* 0.988* —0.998** —0.875 —0.117 1.000

Avl. P (Kg/ha) 0.910 0.888 0.824 0.840 —0.884 —0.996** —0.511 0.914 1.000

H 0.639 0.654 0.061 0.081 —0.142 —0.498 —0.703 0.189 0.452 1.000

CD 0.897 0.903 0.348 0.372 —0.441 —0.801 —0.813 0.495 0.761 0.911 1.000

Ding 0.456 0.494 —0.430 —0.407 0.337 —0.171 —0.817 —0.278 0.093 0.841 0.696 1.000

TCD (Mg/ha) —0.696 —0.722 0.099 0.074 0.001 0.478 0.876 —0.062 —0.412 0.274 —0.494 —0.521 1.000

TBD —0.506 —0.549 0.478 0.452 —0.374 0.190 0.908 0.310 —0.103 0.616 —0.583 —0.913 0.797 1.000

AGBD —0.502 —0.544 0.481 0.456 —0.378 0.185 0.905 0.314 —0.099 0.629 —0.589 —0.922 0.784 1.000** 1.000
BGBD —0.386 —0.431 0.587 0.564 —0.491 0.058 0.841 0.431 0.029 0.465 —0.428 —0.844 0.805 0.983* 0.980*

**Correlation is significant at the 0.01 level.
*Correlation is significant at the 0.05 level.
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Forest Altitude| Shannon—| Simpson’'s Margalef's
(masl) Wiener dominanc  index
diversity index (Dmg)
index (H) (e]p))
Sub-tropical 850- 0.48 0.95 2.51
forest 1,100
1,300- 0.13 0.18 0.52
1,500
Temperate 1,800- 0.44 0.49 2.68
forest 2,000
2,000- 0.09 0.09 1.62
2,200
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Forest type Altitude (masl) Tree species AGBD (Mg/ha) BGBD (Mg/ha) TBD (Mg/ha) TCD (Mg/ha) Density (ha=?')
Sub-tropical forest 850-1,100 Syzygium cumini 27.01 8.49 35:51 17.75 30 31.65
Bosswellia Serrata 56.47 16.29 72.77 36.38 30 25.11
Holoptelea integrifolia 19.04 6.23 2527 12.63 60 41.35
Populus ciliate 18.77 6.15 24.92 12.46 30 22.38
Pinus roxburghii 73.23 20.5 93.74 46.87 90 66.48
Melia azedarach 14.33 4.84 19.18 9.59 80 73.08
Mallotus philippensis 16.08 5.36 21.45 10.72 10 10.04
Alnus nepalensis 19.55 6.38 25.94 12.97 10 10.41
Bauhinia racemosa 19.25 6.29 25.55 12:77. 10 10.41
Quercus 7.21 2.64 9.85 4.92 10 9.05
leucotrichophora
Total 270.94 83.17 354.18 177.06
1,300-1,500 P. roxburghii 577.04 127.15 704.21 352.11 730 265.56
Q. leucotrichophora 19.27 6.31 25.57 12.78 80 34.43
Total 596.31 133.46 729.78 364.89
Temperate forest 1,800-2,000 Q. leucotrichophora 110.73 29.55 140.29 70.14 520 172.31
Cedrus deodara 9.65 3.42 13.08 6.54 10 9.92
Rhododendron 28.29 8.84 37.13 18.56 20 8.53
arboretum
P. roxburghii 125.67 33.04 158.72 79.36 70 29.51
Cornus capitata 21.75 7.01 28.76 14.38 70 48.86
Lyonia ovalifolia 22.56 7.24 29.8 14.9 50 30.84
Total 318.65 89.1 407.78 203.88
2,000-2,200 C. deodara 309.49 73.3 382.8 191.4 690 272.54
P. roxburghii 6.63 2.45 9.09 4.54 10 9.17
Ilex dipyrena 3.47 1.38 4.86 243 10 9.14
Myrica esculenta 18.66 6.12 24.78 12.39 10 9.13
Total 338.25 83.25 421.53 210.76
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SOC% | SOM% | Moisture PD Avl. N Avl. S Avl. P TBD

% (g/cm3) | (Kg/ha) | (ppm) | (Kg/ha)

BD (g/cm?) 1.000

pH —0.474 1.000

SOC % —0.520 0.023 1.000

SOM % —0.521 0.024 1.000%* 1.000

Moisture % —0.889 0.380 0.846 0.847 1.000

PD (g/cm?) —0.082 —0.062 —0.736 —0.735 —0.373 1.000

AVL. N (Kg/ha) —0.405 —0.197 0.976* 0.976* 0.746 —0.709 1.000

AVl S (ppm) 0.696 0.227 —0.244 —0.245 —0.493 —0.467 —0.288 1.000

Avl. P (Kg/ha) —0.300 0.820 0.421 0.421 0.488 —0.622 0.233 0.469 1.000

H —0.521 0.689 —0.420 —0.419 0.124 0.668 —0.563 —0.280 0.154 1.000

CD —0.460 0.919 —0.284 —0.283 0.192 0.336 —0.480 0.049 0.529 0.911 1.000

Ding —0.883 0.545 0.057 0.058 0.573 0.499 —0.064 —0.676 0.123 0.841 0.696 1.000

TCD (Mg/ha) 0.769 —0.730 —0.690 —0.691 —0.885 0.465 —0.517 0.107 —0.824 —0.274 —0.494 —0.521 1.000

TBD 0.989* —0.591 —0.442 —0.443 —0.852 —0.110 —0.303 0.616 —0.378 —0.616 —0.583 —0.913 0.797 1.000

AGBD 0.989* —0.587 —0.425 —0.426 —0.841 —0.132 —0.287 0.626 —0.363 —0.629 —0.589 —0.922 0.784 1.000** 1.000
BGBD 0.997** —0.473 —0.583 —0.584 —0.922 —0.003 —0.467 0.666 —0.344 —0.465 —0.428 —0.844 0.805 0.983* 0.980*

**Correlation is significant at the 0.01 level.
*Correlation is significant at the 0.05 level.
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