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Editorial on the Research Topic
 Mountainous forest ecosystems: challenges and management implications




Mountains have a rich natural and human history and are dynamic landscapes. Mountains provide the perfect environment for biodiversity to flourish due to their varied topography and isolated biogeography. In fact, mountainous regions are home to half of the 34 global diversity hotspots and one-third of the terrestrial biodiversity (Gebrehiwot et al., 2019). However, mountains are more vulnerable to environmental deterioration brought on by increasing weather extremes that disrupt hillslope stability, and raise the risk of landslides, which could have serious negative effects on soil fertility, water quality, sediment deposition, and human habitation as well as fatalities and property destruction (Karpouzoglou et al., 2020). An explicit investigation of patterns in species richness and knowledge of the factors influencing these patterns are essential for the conservation and management of biodiversity. In order to address issues related to biodiversity conservation and sustainable development, we have gathered 15 research articles in the present Research Topic that illustrate the ecology and management of mountain forest ecosystems.

Any area's floristic composition contains important data regarding the diversity and distribution of plants (Wani and Pant, 2023a). Additionally, it results in the accurate identification of plant species, aiding in their scientific and methodical conservation (Wani and Pant, 2023b). The floristic composition, biological spectrum, and phytogeographical components of Pakistan's western boundary along the Bin Dara were evaluated by Manan et al.. Understanding community structure, organization, and their response to changes in other environmental factors requires phyto-ecological studies. Magray et al. examined the relationships between the soil and phytosociological characteristics of Phytolacca acinosa communities. Understanding the patterns and processes of biodiversity depends on the analysis of species richness along a broad geographic gradient (Costa et al., 2023). Because of their sharp ecological gradients, mountain forest ecosystems are hotspots for biodiversity. Elevational gradient, slope, and aspect provide a singular opportunity to investigate how different plant species react to shifting environmental factors. Wani et al. concluded that floristic diversity should be studied not only with reference to elevational gradients but also with regards to aspects and habitats in their research article after analyzing the species diversity and distribution patterns with respect to altitude, aspect, and habitat types in the Kashmir Himalayas. Thakur et al. developed a species richness map by stacking the ranges of 51 tree species along an elevational gradient in the Western Himalaya using stacked species distribution models (SSDMs). For revealing the environmental gradient change law of plant diversity, it is crucial to comprehend the vertical distribution of undergrowth herbaceous plants in high altitude mountain areas (Chitale et al., 2014). However, it is still unclear how diversity and environmental factors interact as well as the species composition of herbaceous plants across various altitude gradients. Han et al. examined the variations in the vertical distribution of the understory herbs and the factors that influenced them on sunny and shady slopes at Sejila Mountain in southeast Tibet, which is located at an elevation of 2,000–3,300 m. High-altitude regions like the Himalaya, where numerous gradients coexist on a relatively small spatial scale, serve as the best natural laboratories for studying the ecological responses of plants. Along an altitudinal gradient in the Kashmir Himalaya, Mangral et al. examined the impact of soil physico-chemical and eco-physiological properties on the broadleaf evergreen woody shrub Rhododendron anthopogon D. Don. According to the study, R. anthopogon has enough soil physico-chemical plasticity and eco-physiological adaptability, which should be favorable for its survival in future climates, giving it an adaptive advantage and soon extending its range. By examining the abundance, composition, diversity and functional indices, and metabolic footprint of soil nematodes along an altitudinal gradient in the Trikuta mountain range of the Pir-Panjal to Shivalik Himalaya, Choudhary et al. in their Research Topic were able to decipher the elevational patterns of soil nematode community structure and trophic diversity.

The livelihoods of indigenous communities are being impacted by the fragile and perilous mountain ecosystems that are being threatened by a variety of anthropogenic disturbances and climate change (Nyaupane, 2022; Ridwan et al., 2023). Changes in land use and land cover (LULC) are among the major environmental issues facing the world today and present a grave threat to humankind. As evidenced by the numerous development initiatives undertaken in nearly every region of the world, LULC change is a key consideration in the majority of public initiatives (Haregeweyn et al., 2015). Using Landsat and Sentinel imageries for the years 1999, 2010, and 2020, Prashanth et al. estimated the soil loss in relation to long-term LULC change in the Dehar watershed, Himachal Himalaya, North India. In order to identify the pattern and contributing factors of deforestation in the Honam-Jeongmaek mountain range, Dhakal et al. examined the changes in land cover, the characteristics of the forest, and models of the forest decline over the past two decades. The composition, structure, and function of ecosystems can be affected in a variety of ways by forest fire, a natural ecological disturbance agent, at both the landscape and regional scales (Bargali et al., 2022). The main causes of forest fires, which have a negative impact on species diversity, nutrient dynamics, and regeneration potential as well as emit greenhouse gases that contribute to global climate warming, are, however, anthropogenic activities like dependence on non-timber forest products and the expansion of agricultural areas (Ray et al., 2019). Using Landsat 5, 7, and 8 satellite imagery to create fire frequency maps. Bargali et al. investigated the effects of forest fires on tree diversity and their regeneration in three forests in Uttarakhand, India. One of the key factors affecting the redistribution of species worldwide is climate change (Wani et al., 2022, 2023a). Olea europaea subsp. cuspidata, a wild olive subspecies, was the subject of Khan and Verma's global geographic occurrence data compilation and projection of potential distribution models in present and future climate scenarios. For the first time, Dhyani et al. reported a climatically sensitive tree ring chronology of the Rhododendron arboreum, a broadleaf tree from the Himalayan region, covering the period from 1732 to 2017 CE. They found that the climate during the monsoon season restricts the growth of this tree in this region.

Current global trends emphasize the value of protecting biodiversity and providing ecosystem services (Wani et al., 2023b). The value of forest ecosystem services is crucial for promoting the preservation of forest resources and sustainable development. The provisioning and supporting services offered by the forest ecosystem in Northeast China's Jilin Songhuajiang Sanhu National Nature Reserve were assessed by Liu et al.. In the Gori valley, Western Himalaya, Bisht et al. studied the dry matter dynamics and carbon flux along riverine forests. They came to the conclusion that riverine forests play a crucial role in acting as a significant sink for atmospheric carbon dioxide. It is crucial to comprehend how mountainous ecosystems work and how they should be managed. Setting conservation priorities requires specialized research on the evaluation and monitoring of biodiversity and the provision of ecosystem services in light of the dynamic nature of such ecosystems. In order to plan for the conservation and management of species, habitats, and communities in the Kashmir Himalayas of India, Wani et al. evaluated the Conservation Priority Index (CPI) of each. They also suggested a practical method for managing protected areas and preserving biodiversity.
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Phyto-ecological studies are essential in understanding community structure, organization and their response to changes in other environmental factors. In this study we analyzed the phytosociological and soil characteristics of Phytolacca acinosa communities and their correlation. 110 quadrats were laid across ten randomly selected sites in Kashmir Himalaya, India. Soil analysis was done using standard protocols. Overall, 161 species were recorded, belonging to 128 genera and 49 families. The species richness (SR) ranges from 27 to 83. Highest IVI was recorded for Poa angustifolia (60.06) and least for Berberis lycium, Abies pindrow, Plectranthus ragosus, and Ailanthus altissima (0.37 each). P. acinosa showed 100% random associations with other plant species. Soil properties varied significantly across the selected sites. Significant positive correlation was found between species richness (SR), Organic matter (OM) (r = 0.79), Organic carbon (OC) (r = 0.79) and Shannon–Wiener index (H) (r = 0.92). Nitrogen content also showed positive correlation with SR and H. Floristic composition of P. acinosa assemblages was governed by soil properties and habitat characteristics of sampling sites. Areas with highest floral diversity had high soil fertility while areas with low soil fertility possess lower diversity and need restoration. The knowledge may prove helpful in management of these habitats, boost conservation and mitigate the effects of changing climate.

KEYWORDS
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Introduction

Study of vegetation structure dynamics is a vital aspect of ecology that assists in understanding the function and overall structure of a community. Phytosociology or vegetation analysis is the science that deals with the study of the plant assemblages (communities), their characteristics, composition, classification, distribution, and relationships among species. Its primary goal is to delimit and characterize vegetation types based on the whole species (floristic) composition (Dengler, 2016). Phytosociological studies are important in understanding the population dynamics, habitat, species interaction and vegetation structure of an ecosystem (Collins et al., 2020). The vegetation of an area can be classified based on physiognomy and functional combination or on its component species that discriminate the physical appearance of vegetation (Mumshad et al., 2021). Plant communities are formed by those species which share the structural and floristic characteristics at certain level of environmental tolerance. Various biotic and abiotic factors of a region influence the plant population and vegetation heterogeneity (Jiao et al., 2019; Ocon et al., 2021). Furthermore, edaphic factors and topography complexity impact plant performance, vegetation composition and diversity (Chin and Kupfer, 2020). The phyto-ecological studies are essential in understanding the interrelationship between soil, environment and vegetation structure of a specific region. These investigations are vital in ascertaining the ecological status of species in a community (Ray and George, 2009), besides understanding the species diversity, organization of communities and in selecting valuable species from plant communities (Abinaya and Paulsamy, 2015; Wani Z. A. et al., 2022). The functional capacities of an ecosystem as well as its components are evaluated for ecological assessment. This involves assessment of phytosociological parameters (diversity, abundance, frequency, and important value index) of each species and anthropogenic threats to their habitat that may affect the functional and structural integrity of an ecosystem (Manoj et al., 2012).

Kashmir Himalaya, a scenic landscape of Indian sub-continent, an integral part of the Himalayan biodiversity hotspot. Himalayan region harbors stupendously diverse repository of plants with enormous economic and medicinal value (Aryal et al., 2018; Tali et al., 2019). This biodiversity is sustained by the steep climatic gradient characterized in Mountainous range of Himalaya (Rawal et al., 2018; Rana et al., 2021). In Himalayan ecosystems, floral diversity has a crucial role in maintaining ecological, functional integrity and serving indispensable ecosystem services that have enormous scientific utility (Ahmed et al., 2020). Apart from anthropogenic pressures that include deforestation, land cover change and urbanization, mountain ecosystems are also very sensitive to changing climate which eventually leads to the biodiversity loss (Khan S. M. et al., 2012; Paudel et al., 2018; Yadav et al., 2021). Therefore, for maintaining biodiversity and soil fertility, effective management strategies are mandatory. For the benefit of nature and humans, the United Nations Decade on Ecosystem Restoration (2021–2030) has emphasized restoration and protection of ecosystems across all continents. Healthy ecosystems have the ability to alleviate the effects of changing climate and prevent the loss of biodiversity. Phyto-ecological studies are important in understanding the relationship between vegetation, environment and plant responses toward changing climate (Chawla et al., 2012). Vegetation surveys and documentation will assist in monitoring and evaluating climate change that are vital for conservation and management initiatives (Malfasi and Cannone, 2020).

Phytolacca acinosa Roxb. (Phytolaccaceae) is a perennial herb distributed across Himalaya from Hazara to Bhutan. It is native to Himalaya, east and southeast Asia including Myanmar, China, Taiwan, Bhutan, Japan, Tibet, Vietnam, Manchuria, India, and Korea mostly growing along roadsides, inside forests and forest margins at the elevation of 500–3400 m (POWO., 2022). P. acinosa has immense medicinal importance and is widely used as a diuretic in Chinese folk medicine system and treatment of various diseases such as swelling, edema, indigestion, eye disorder, body ache, and sores (Ma et al., 2017; Basnet and Kalauni, 2020). P. acinosa contains many phytochemicals including tannins, flavonoids, polyphenol, triterpenoids, flavones, saponins, tannic and phenolic compounds (Lin et al., 2018; Ma et al., 2019; Tao et al., 2020). It also exhibits substantial antibacterial, antifungal, antiviral and anti-inflammatory activities (He et al., 2004; Manzoor et al., 2017; Abekura et al., 2019). Keeping in view the medicinal importance of the plant species the phytosociology in relation to soil and ecological parameters were carried out. The data generated will not only be helpful for the management of the species but also the habitats as well, which may prove helpful in conservation of this valuable plant species as well help in restoration of these habitats and mitigate the impacts of climate change.

The aim of our study was to address the following specific questions; (i) the composition of plant assemblages associated with Phytolacca acinosa in the Kashmir Himalaya (ii) soil parameters of the study sites (iii) variability of the ecological parameters of associated communities of the P. acinosa and (iv) the correlation between phytosociological and soil parameters in P. acinosa assemblages across the selected sites of Kashmir Himalaya.



Materials and methods


Study area

The current study was conducted in Kashmir Himalaya, India, situated between 32°20’ to 34°50’ N latitude and 73°55’ to 75°35’ E longitude (Tali et al., 2015) encompassing an area of around 15,948 sq. km. The region is a part of the northwest Himalaya in India and comprises of a deep oval shaped valley, bounded by high mountain ranges; the Lesser or Middle Himalaya, known as the Pir Panjal Range, separates the Valley from the Jammu region in the south and southwest, while the Greater Himalaya separates it from the Ladakh region in the north and east (Figure 1). The altitudinal gradient of the valley ranges from 1500 to 1800 m (asl), whereas the average elevation of the adjacent mountains’ ranges from 3000 to 4000 m, with Kolahoi (5420 m) (Romshoo et al., 2020) being the highest peak. Climate of this region exhibits resemblance with continental-Mediterranean type found along temperate latitudes and is characterized by well-defined seasonality. The mean annual temperature of the region varies from a maximum of 35°C in summer to minimum of −10°C during winter (Zaz et al., 2019) and receives an annual precipitation of roughly 1200 mm predominantly in the form of snow (Romshoo et al., 2020). The vegetation of the area is temperate; subalpine and alpine type harboring enormous floristic diversity.
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FIGURE 1
Map showing the study area and sampling sites in Kashmir Himalaya, India. (SI–Tangmarg; SII–Gulmarg; SIII–Drung; SIV–Gogaldara; SV–Doodhpathri; SVI–Dara Harwan; SVII–Daksum; SVIII–Pahalgam; SIX–Bangus; SX–Khag).




Selection of sites

Extensive field surveys were carried out across Kashmir Himalaya and 10 sites were selected based on the presence, abundance and availability of the natural populations of P. acinosa (Figure 1). The selected sites vary visually in vegetation structure and composition. The geo-coordinates and habitat characteristics are given in Table 1.


TABLE 1    Geo-coordinates, altitude and habitat characteristics of the study sites across Kashmir Himalaya, India.
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Vegetation sampling

The phytosociological studies were carried out during 2020–2021 across selected sites using the quadrat method (Curtis and McIntosh, 1950). The vegetation diversity was analyzed by using random sampling technique to give the best representation of the floristic composition. A total of 10 study sites (with 110 quadrats) were selected for vegetation sampling. At each site, 8–10 quadrats of 3 m × 3 m size with P. acinosa at center of each quadrat were randomly laid out for sampling. Additional quadrats were laid to distinguish possible unrecognized communities. The shape of quadrat was primarily square but at some instances was modified as per requirement to obtain a homogeneous and representative portrayal of vegetation, e.g., rectangular plots along water streams (Walentowski et al., 2018). Phytosociological characteristics i.e., abundance, frequency, density, relative abundance, relative frequency, relative density, and Importance Value Index (IVI) were a determined at every site for P. acinosa along with constituent plant species (Noreen et al., 2019; Kamran et al., 2020). Distribution levels were noted for other associated species available in the study area. The species richness (SR) was calculated as the total number of species present in a sampling site. Moreover, species diversity was determined using diversity indices such as Simpson’s index (1/D) (Simpson, 1949), Jaccard’s index (J) (Chao et al., 2005), and Shannon–Wiener index (H) (Shannon and Weaver, 1963). All the collected specimens were identified with the help of experts and by perusal the existing literature and online flora (POWO., 2022).



Soil sampling and analysis

For soil analysis, composite soil samples were collected from rhizosphere up to a depth of 15cm from each selected site in triplicates, correctly labeled, air dried in laboratory, and then sieved to remove gravel and debris (Khan et al., 2017; Iqbal et al., 2021). The soil properties—available nitrogen (N), potassium (K), phosphorus (P), soil organic carbon (OC), organic matter (OM), and soil pH were analyzed. The soil samples were analyzed at Soil Testing Laboratory of State Agriculture Department, Lal Mandi, Srinagar, Jammu and Kashmir, India.

The pH of soil was estimated in 1:5 soil–water suspensions using a digital pH meter (Khan S. M. et al., 2012). Likewise, OC in soil was assessed by rapid titration method of Walkley and Black (1934). At each study site, other chemical parameters of soil including available N, K, and P were analyzed using already set methodology of Subbiah and Asija (1956); Black (1968) (flame photometric method); and Olsen et al. (1954) (spectrophotometer method), respectively. Soil organic matter (OM) was computed by multiplying a factor of 1.724 to soil OC (Davies, 1974).



Statistical analysis

All the collected data was analyzed to evaluate the phytosociological attributes of each species, their relationships and effect of various soil properties on the vegetation attributes of the selected area. For further analysis the data related to plant assemblages at all sites (quadrats) was sorted in MS EXCEL as per software requirements. To appraise the impact of edaphic factors on species composition and distribution pattern, the species and soil data were analyzed using correlation analysis in Origin pro 2021b software (version 9.0). The data matrix of species was subjected for cluster analysis to visualize the similarity among the study sites. Bray–Curtis index was employed to estimate the degree of similarity in species composition between the ten selected sites (Ismail and ELawad, 2015) using PAST software (version 4.09). The similarity dendrogram obtained from the result of cluster analysis was plotted. The plant (vegetation) data was also quantitatively analyzed for the determination of frequency, density, abundance as per Mishra et al. (2017); and Curtis and McIntosh (1950) and important value index (IVI) of P. acinosa and associated species at each study site. The IVI of each species was computed by adding up the relative frequency, relative density, and relative abundance following Phillips (1959). Data regarding composition and structure of the natural habitats harboring populations of P. acinosa was recorded across all the selected sites. The sampling was carried out during the flowering period and the data pertaining to P. acinosa assemblages along with the associated plant species was collected from 10 study sites (Table 1). The community composition was analyzed using cooccur package (version 4.0.3) in which co-occurrence data matrix (presence/absence) was envisaged by probabilistic hypergeometric co-occurrence model employed in R Core Team (2020) (Griffith et al., 2016). To extract the species pairings and associated probabilities, we use the prob table() function to retrieve the results element of the cooccur object.




Results

In the present study, 161 plant species were recorded belonging to 128 genera and 49 families (Supplementary Material 1, Figure 2). Out of these plant species, herbs were dominant with 84.47% followed by trees (7.45%), shrubs (5.59%), climber (1.24%), and Fern (1.24%). However, the contribution of different families to the floristic diversity was disproportionate: only 7 families contributed half (50%) of the species pool, while the remaining 50% of the species were contributed by the rest of the 41 families. In terms of the species number, Asteraceae was found as the largest family with 25 species followed by Lamiaceae (13 species), Poaceae and Rosaceae (10 species each), Polygonaceae (8 species), Fabaceae and Caryophyllaceae (7 species each), Ranunculaceae (7 species). There were 21 families represented by a single species recorded at different sites of Kashmir Himalaya (Figure 2). The natural vegetation of a particular region reflects the interaction amongst the associated fauna and flora, edaphic and other environmental factors. The calculated IVI values were used to assign the dominance of species. The highest IVI was recorded for P. angustifolia and least for B. lycium, A. pindrow, P. ragosus, and A. altissima. Based on IVI, Poa angustifolia (IVI 60.06), C. dactylon (53.60), P. pratensis (16.70), U. dioica (30.73), C. iberica (25.04), T. repens (15.17), G. nepalense (24.58), F. nubicola (14.08), and P. aviculare (19.45) were the dominant species in P. acinosa communities across different sampling sites. P. acinosa secured highest and lowest IVI of 11.33 and 4.82 in site II and site X, respectively. Habit-wise, herbaceous flora was dominant with 136 species followed by arboreal flora (12 species), shrubs (9 species), climbers (2 species) and ferns (2 species).
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FIGURE 2
Number of species and genera present in different families recorded across study sites.


The plant species richness ranged from 27 to 83 and differed between different study sites. C. dactylon and U. dioica were the most common species found across most of the sites. The Shannon-Wiener diversity index (H) was highest at (SVIII)- (4.12). Khag (SX) reported the lowest value of Shanon (H) (2.68), Simpson (1/D) (0.81) and Jaccard’s (J) index (0.9), respectively. The results of current study highlighted variations in species richness (SR) and plant community composition associated with the variability in soil properties across the sampling sites. The highest species richness was found at site SVII (Daksum) while the lowest i.e., 27 species were listed at site SX (Khag).


The phytosociological and soil parameters of selected sites


Site SI (Tangmarg)

The site SI was relatively less diverse having a low value of shannon-weiner index (0.88). Out of 31 plant species, Cynodon dactylon with IVI 53.60 was the dominant one followed by Urtica dioica (IVI 30.73) and Centaurea iberica (25.04). Berberis lycium and Stipa sibirica were the rare species having IVI 2.25 and 2.77, respectively. P. acinosa recorded an IVI of 10.55. The species composition reflects the presence of 30 herbs and a single tree species. The soil at site I was less acidic (pH–6.68) (Table 2). The average OC content at Site I was 3.57% and OM was 6.16%. The value of N, P, and K was 0.02%, 132.43 and 596.59 kg ha–1, respectively.


TABLE 2    Soil chemical properties and floral diversity parameters of selected study sites in Kashmir Himalaya (OC–organic carbon, OM–organic matter, N–Nitrogen, P–phosphorus, K–potassium; SR–species richness, H–Shanon-weiner index, J–Jaccard’s index of evenness, 1/D–Simpson’s index).
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Site SII (Gulmarg)

The vegetation analysis of the P. acinosa communities at Site SII (Gulmarg) revealed rich species diversity. This site has high species richness of 68, with C. dactylon (IVI 17.18) being the dominant species followed by P. pratensis (IVI 15.40) while R. webbiana (IVI 1.24) was recorded as rare species. P. acinosa secured the lowest IVI of 4.82 at Gulmarg. Herbs represent 89.71%, shrubs and trees 4.41% each and climbers 1.47% of the total vegetation. The average pH (acidity) and OC of the soil was 5.71 and 6.55%, respectively. Besides, the mean value of N, P, and K were calculated as 0.04%, 234.83 kg ha–1 and 443.15 kg ha–1, respectively.



Site SIII (Drung)

The Site SIII has an altitude of 2200m asl and P. angustifolia having IVI 60.06 was the dominant species followed by C. dactylon (IVI 44.03) while R. canina and R. fruticosa each with IVI 2.43 were rare species. A total of 32 species were recorded. Among these 3.13% were trees, 9.38% shrubs, and 87.50% herbs. The value of the soil pH was 6.32 (Table 2) indicating slightly less acidic nature of soil. Further, the mean value of soil chemical properties including K, P, N, OM and OC was 568.59 kg ha–1, 100.8 kg ha–1, 0.04, 6.92, and 4.02%, respectively.



Site SIV (Gogaldara)

The plant community of sampling Site SIV is represented by 49 species. C. dactylon and P. angustifolia were the dominant species whereas E. canadensis was rare species based on calculated IVI. Vegetation was a blend of herbs (95.92%) shrubs (2.04%) and trees (2.04%). The mean soil pH and OC content was 6.05 and 6.58%, respectively. Moreover, the mean value of P and N in soil was recorded as 146.20 kg ha–1, and 0.045%, respectively.



Site SV (Doodhpathri)

At Doodhpathri, 33 species were found and T. repens was the dominant, followed by U. dioica. The lowest IVI of 2.47 was calculated for A. acuminata. The vegetation was composed of 32 herbs and a single shrub. The soil of Site V was less acidic having pH (6.19). The mean OC and OM content present in soil was 2.24% and 3.86%, respectively. Soil of this site also had maximum average value of 619.36 kg ha–1 for K (Table 2).



Site SVI (Dara)

Site SVI harbors unique and ample floristic diversity with species richness of 68 with herbs, shrubs and trees accounting for 82.35, 8.82, and 8.82%, respectively. U. dioica was the dominant species of this area followed by V. odorata. The calculated IVI of P. acinosa was 4.68. This site has lower content of OM (5.40%) and OC (3.13%) in soil (Table 2). Furthermore, the average P, K, and N content at this site was 74.84 kg ha–1, 385.21 kg ha–1, and 0.03%, respectively.



Site SVII (Daksum)

Site SVII (Daksum) has a high species diversity having Shanon-weiner index of 3.99 and registered the highest species richness (83). Based on calculated IVI, P. aviculare (19.45) and P. pratensis (16.70) were the dominant species of this area. A. pindrow, B. lycium, P. ragosus had lowest IVI. The area is dominated by herbs (90.36%) followed by trees (6.02%) and shrubs (3.61%). The soil was most acidic having pH of 5.84 and quite rich in chemical properties with highest average value of OM and OC content (12.39% and 21.36%), respectively (Table 2). The average value calculated for P, K and N were also high (177.63 kg ha–1 and 605.55 kg ha–1, and 0.05%, respectively).



Site SVIII (Pahalgam)

Phytosociological studies at site SVIII (Pahalgam) revealed the presence of second highest number of species (76) associated with the P. acinosa comprising of 96.05% herbs, 2.63% trees and 1.32% shrubs. T. repens (IVI 12.38) and I. heterantha and R. pseudoacacia (IVI 0.43 each) were the dominant and rare species, respectively. The soil of site VIII had second lowest average pH of 5.89 and highest nitrogen content of 0.08%. The soils also share a rich proportion of OC, OM and K content (10.59%, 18.26%, and 552.53 kg ha–1, respectively) (Table 2).



Site SIX (Bangus)

The Site SIX has a species richness of 39 mostly comprised of herbs (97.44%) and shrubs (2.56%). The highest IVI was recorded for C. dactylon and lowest IVI for S. chrysanthemoides, A. accuminata and T. farfara. The average calculated pH, OC and OM of the soil was 6.76, 6.21% and 10.71%, respectively. The site had the average N content of 0.05% and recorded the lowest value of P content (43.25 kg ha–1) (Table 2).



Site SX (Khag)

At Site SX the plant community was represented by lowest number of species having species richness of 27. As per IVI calculated, U. dioica was the dominant species followed by P. pratensis while as A. pindrow, R. pseudoacacia and P. wallichiana were rare species. The Vegetation found in this site was a blend of all the growth forms: herbs (59.23%), trees (25.93%) and shrubs (14.81%). The soil had nitrogen content of 0.74% and average calculated pH and OM was 6.76. The site has lowest average value of OM (2.00%) and OC (1.16%) (Table 2). Moreover, the value recorded for N, P and K was 0.03%, 111.10 kg ha–1 and 473.76 kg ha–1, respectively.

The present study revealed that plant community composition and species distribution pattern is considerably regulated by the amount and availability of soil nutrients. The correlation plot (Figure 3) indicated that species richness is positively correlated with OC, OM, N, P, Shannon diversity (H) and Simpson diversity (1/D) (r = 0.79, 0.79, 0.58, 0.24, 0.92, and 0.79, respectively), but the resultant correlation was significant only between species richness and OC, OM, Shannon diversity and Simpson index (p < 0.05). Similarly, species richness is negatively correlated with pH (r = −0.56), but the correlation was non-significant. In addition, positive correlation was found between Shannon diversity index and Simpson diversity index (r = 0.95; p < 0.05). A negative corelation was found between potassium and species diversity. SR increased significantly with increasing OC and OM content of soils.
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FIGURE 3
Correlation plot between vegetation and soil parameters. Statistical significance p < 0.05.





Community composition and association

On the basis of community composition, a total of 161 plant species were reported to be associated with P. acinosa. Out of the 12880 species pair combinations, 8006 pairs (62.16%) were eliminated from the analysis as expected co-occurrence was < 1 and 4874 pairs were analyzed. The findings show that the majority of the classifiable species combinations were truly random. The significant non-random associations were mostly positive (524 positive compared to 153 negative).

Cooccurrence Summary:
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The plant of interest (Phytolacca acinosa) shows 100% random associations with other species i.e., observed frequency of co-occurrence is not significantly different and roughly equal to expected. Visualizations of all pairwise combinations of species and their co-occurrence signals (positive, negative, and random) (Figure 4). The plot removes any species with non-significant negative or positive correlations, and then ranks the remaining species from the most negative to the most positive relationships (left to right).
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FIGURE 4
Heat map (co-occurrence plot) portraying the significant random negative and positive species relationships.




Cluster analysis

The cluster analysis revealed highest similarity of 71.39% among SVII (Daksum) at 2900 m asl and SVIII (Pahalgam) at 2800 m asl. On the other hand, site III (Drung) at 2200 m asl inside coniferous forest m asl and site X (Khag) 2000 m asl in disturbed roadside habitat showed the least similarity (37.01%) (Figure 5).
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FIGURE 5
Bray-Curtis (Similarity) index among selected sites of the study area.





Discussion

During this study, total 161 plant species from 128 genera belonging to 49 plant families were documented from the selected sites of Kashmir Himalaya, India. The dominant families in the region were Asteraceae and Lamiaceae, followed by Rosaceae. The studies are in accordance with Altaf et al. (2021) and Nafeesa et al. (2021), who also recorded the dominance of these families in Kashmir Himalaya. The dominance of the Asteraceae and Lamiaceae families in the Himalayan region is due to their larger ecological amplitude, high adaptive capacity, larger seed output, and presence of different reproductive strategies in diverse environmental conditions (Haq et al., 2021; Sofi et al., 2022; Wani Z. A. et al., 2022).

The IVI gives an idea of socio-ecological interaction of species’ and dominance pattern in a population (Wani Z. A. et al., 2022). Across the study sites, analysis of IVI unveiled diverse species combinations with distinct dominants and co-dominants. The IVI of the constituent species exhibited considerable degree of variation ranging between 0.37 to 60.06. P. angustifolia, P. pratensis, C. dactylon, U. dioica, C. iberica, T. repens, G. nepalense, F. nubicola and P. aviculare have scored highest IVI (more dominant) reflecting their better adaptive mechanism to the conditions of the region (Ge et al., 2005; Shaheen et al., 2012). The majority of dominating species in the selected sites belonged to the Poaceae family. The higher seed vigor, germination, survivability and different means for vegetative reproduction assist these species for their stronger perpetuation (Ismail and ELawad, 2015). The studied species, P. acinosa has IVI ranging between 4.82 (Gulmarg)-11.33 (Khag) reflecting that this species had less perpetuation in the community of Gulmarg while better adaptation in Khag than the other associated species. Community characteristics of plants are highly impacted by the pressure exerted by overgrazing, trampling and varying environmental conditions. These differences in IVI across the sites may be attributed to surrounding environmental conditions and the anthropogenic activities which have already been reported from this area (Ganie et al., 2019). The IVI value of any species is an outcome of prevailing micro environmental conditions as well (Abinaya and Paulsamy, 2015).

The soil across sampling sites was acidic in nature with pH ranging between 5.54 to 6.92. Gairola et al. (2012), also suggested that for steady supply of nutrients the pH of forest soils should be slightly acidic. It has also been reported that the acidic nature of forest soils may be due to the basic cation uptake of by tree roots (Fujii et al., 2018). The pH of soil differed significantly across the study sites (F = 1.976, p = 0.051). This change in pH may be attributed to altitudinal differences among sites (Wani Z. A. et al., 2022). There is significant negative correlation (r = −0.7, p < 0.05) between available P content and pH at the study sites (Figure 3). This is because crystalline and amorphous forms of Al and Fe couple with inorganic P compounds depending on pH of soil (Hedley et al., 1982). Organic matter (OM) is a major constituent of the forest floor supporting microbiological diversity and guarantees a long-term supply of nutrients through decomposition. OM provides a significant portion of soil carbon (C) and regulates soil characteristics (Mishra et al., 2018). Significant variation in both OC (F = 8244.371, p < 0.05) and OM (F = 45985.584, p < 0.05) was found across the study sites, with highest values at SVII (Daksum). This is consistent with the results depicted by Powers and Schlesinger (2002) who reported that soil carbon content varies across different habitats and elevation. According to Agren et al. (2013), litter decomposition is region specific and has a strong correlation with OM mineralization. In addition, other factors such as, species richness (SR) also contributes to the accumulation of OM. Available nitrogen (N) exhibited a significantly positive correlation with OC and OM content (r = 0.8, p < 0.05) (Figure 3). It has been reported that humus content is directly proportional to the amount of essential nutrients in soil. OC and phosphorous (P) content were negatively correlated (Gupta and Sharma, 2009). The nitrogen (N) content is dependent on the amount of OM in the soil (Jha et al., 1984). No significant variation was observed in the N content (%) (F = 1.828, p > 0.05) between the study sites (Table 2). N showed a positive correlation with potassium (K) (Figure 3). Previous studies carried out by Gupta and Sharma, (Gupta and Sharma, 2009); Mishra et al. (2017) also reported a positive correlation between N and K, which in turn are directly related to OM.

The P content varied significantly (F = 3.556, p < 0.05) ranging from 43.25 kg/ha−1 (SIX) to 77.88 kg/ha−1 (SVIII) across the study sites. Highest K content was recorded at SV (619.36 kg ha–1) while SVIII had the lowest content (77.88 kg ha–1). The potassium content in soil is proportional to the parent rock compositions. As the degree of weathering is regulated by altitude and accompanying climatic conditions, variations in K content may be related to habitat features and altitude (Mishra et al., 2017). Further, OC shows a positive correlation with K (r = 0.15) and N (r = 0.8), but this correlation was significant between OC and N (p < 0.05) (Figure 3). Owing to the fact that availability of K is maintained through decomposition of organic matter (Basumatary and Bordoloi, 1992), therefore a positive correlation is present between organic carbon and macronutrients (nitrogen and potassium) as both are dependent on the humus content in soil (Mishra et al., 2017).

A sturdy relationship was found between floristic diversity associated with P. acinosa and soil parameters across different sites in Kashmir Himalaya. Our results corroborate previous investigations of edaphic factors (Figueiredo et al., 2018; Jucker et al., 2018; Hofhansl et al., 2020), which found that vegetation attributes changed in relation to the regional variation of soil physico-chemical properties across different areas. Plant species composition and distribution is influenced by the soil characteristics (Yang et al., 2018). Across different sites soil properties such as, Ph, OC, OM among others show significant differences, that eventually impact the plant species composition (Rahman et al., 2022). The community composition and species distribution pattern is also regulated by the soil organic matter. Water holding capacity and colloidal nature of soil subsequently increased in plant communities with increase in OM content (Mumshad et al., 2021; Wani Z. A. et al., 2022). Higher values of phytosociological parameters across the study sites can be attributed to the favorable soil chemical properties.

The highest degree of similarity (71.39%) was recorded between SVII and SVIII (Figure 5), as both sites had almost similar soil characteristics and relatively similar altitudes. SI (fertile forest soil) and SIII (rocky soil) exhibited least similarity (37.01%) which can be ascribed to the variation in habitat characteristics, altitude and soil properties between the two sites, the vegetation composition changed in relation to the regional variation of soil properties and elevation across different areas (Ismail and ELawad, 2015). The presence of entirely random association with other plants (Figure 4) revealed that P. acinosa inhabit distinct habitats and co-associates in a natural community within a specific geographical area (Gulzar et al., 2022).

Our study has revealed that the change in soil properties leads to subsequent changes in plant communities, especially in terms of species diversity, richness and cooccurrence patterns. Since the plant species respond individually to changing climatic and soil conditions, plant community composition is thus likely to be modified (Lafleur et al., 2010). Environmental factors like soil moisture, temperature and elevation governs the vegetation patterns and soil physico-chemical properties to a greater extent (Solon et al., 2007; Hamid et al., 2021). This interpretation is supported by differentiation in community composition and structural features such as number of species, co-occurrence patterns, and diversity indices. The species richness varied in relation to the combined pattern of edaphic factors like OC, OM, N, and pH, with the number of species being substantially higher where these soil properties except pH were high, and vice-versa (Solon et al., 2007). The present study also reflected that SVII (Daksum) has highest species richness (83), OC (12.39%) and OM (21.36%) content while SX (Khag) had lowest species richness (27), OC (1.16%) and OM (2.00%). Floristic composition and soil fertility of a particular site is largely affected by the anthropogenic activities. The sites with undisturbed and fertile soils have quite rich species diversity and the sites with poor and disturbed soils support minimum plant diversity. The sites characterized by fertile soils, higher floristic diversity and productivity act as potential areas of carbon sequestration (Mishra et al., 2017). Therefore, proper management of such areas will not only help in mitigating the climate change, but also allow the sustainable provisioning of ecosystem services and conservation of floristic diversity. Besides, the sites with the low soil fertility and species diversity need better management strategies for the restoration and plant species conservation.

Since community composition and distribution of plant species is partly under the control of climatic variables like average precipitation and temperature, the projected global climate change is likely to alter the composition and distribution pattern of vegetation (Chen et al., 2011; Brown and Vellend, 2014). Moreover, as soil processes and properties are partially governed by climatic variables, the climate change is also likely to modify soil properties (Gelybo et al., 2018). Floristic composition is influenced by soil physicochemical properties, and any modification in soil factors due to the changing climate leads to the variation in vegetation responses (Lafleur et al., 2010). Hence, relationship between climate, vegetation and soil properties are complex, multi-scale, and multi-aspect in nature. The study of plant-soil systems has become important in understanding plant community composition, population dynamics, and ecosystems functioning. Soil microclimate and other environmental factors that contribute to plant–soil system effect ecosystem composition, species diversity and possibly play a role in the evolution of species (van der Putten et al., 2016). Therefore, a better understanding of ecological and evolutionary repercussions of soil-vegetation interactions might assist in projecting and mitigating the effects of human-induced global climate change, and land use change for the better sustainable future.



Conclusion

The present study indicates that Phytolacca acinosa displays a broad range of habitats reflecting its diverse phytosociological amplitude and tolerance to existing environmental conditions. The phytosociological characteristics reveals that in P. acinosa communities; Poa angustifolia, P. pratensis, and Cynadon dactylon were the dominant species. The findings of present study emphasis on the significance of relationship between soil parameters, vegetation characteristics and plant associations for better understanding of communities’ functioning. The lower IVI values of P. acinosa than associated plant species divulge its lesser ecological importance and perpetuation in the assemblages, hence needs conservation strategies. Moreover, the soil paraments plays a vital role in the establishment of plant communities with response to environmental conditions. The good soil properties and phytosociological attributes at some sites reflects the relatively stable nature of these sites and vice versa. All these parameters must be taken into consideration while studying species distribution pattern, community characteristics and association in a particular region. From our study it can be concluded that the knowledge of both species diversity and soil properties in different ecosystems can improve conservation efforts and ensure better management strategies for the restoration of degraded habitats over a period of time. In future, similar studies will help in understanding the community ecology their conservation strategies and restoration efforts, to ensure prolonged supply of ecosystem functioning and processes.
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The present study is an attempt to evaluate the Conservation Priority Index (CPI) of species, habitats, and communities for their conservation and management planning in the Kashmir Himalayas in India. The present study is an attempt to prioritize 361 plant species, 18 plant communities (10 within the forest zone and 08 within the alpine zone), and 07 habitats for conservation planning. Out of the total plant species recorded, 06 species were categorized as critically endangered, 20 endangered, 28 vulnerable, and 98 species to be near threatened. Amongst the forest and alpine communities, Abies pindrow community and Juniperus squamata-Rhododendron anthopogon mixed community showed the maximum CPI values. Amongst the habitats, dry habitats showed the maximum CPI in the sanctuary. The study found that the threatened species positively correlated with the native and endemic species indicating that these species were rigorously affected due to biotic and abiotic stresses. Based on the results of the present study, we propose a practical method for biodiversity conservation and management of protected areas. The approach employs a variety of qualitative and quantitative features to compute CPI in conjunction with phytosociological data. This kind of study will be immensely helpful to forest officials, policy makers, conservators, and researchers for planning better strategies to conserve and manage particular species, communities, and even habitats in protected areas.

KEYWORDS
 Himalayan region, plant community, Conservation Priority Index, endemism, threatened species


Introduction

Asia is home to one of the largest, most elevated, and most highly populated mountain ranges in the world. This mountain range is called the Himalayas (Rana et al., 2021). The Himalayas designated as a global biodiversity hotspot underlines their significance as a storehouse for unique flora and fauna (Allen et al., 2010). A high degree of endemism in the area suggests the presence of numerous important eco-regions and ecosystems with global significance (Dhar, 2002). Himalayan forests serve as a significant “sink” for carbon dioxide and further provide a livelihood to a sizable population both upstream and downstream (Reddy et al., 2016; Chakraborty et al., 2017; Negi et al., 2018a). Therefore, India's National Action Plan on Climate Change (NAPCC) considered this region vital for preserving the ecological security of India (Negi et al., 2019). However, the Himalayan ecosystems are highly vulnerable and are degrading due to various biotic and abiotic stresses (Wani et al., 2022). Overall, climate change is a leading cause of ecological changes and biodiversity loss, although species invasions are also one of the important factors contributing to changes in forest productivity and biodiversity loss, especially native and endemic species (Behera et al., 2019; Negi et al., 2021; Wani et al., 2021). Besides these factors, the forests of the Himalayan region are now becoming vulnerable due to increasing anthropogenic disturbances like deforestation, unsustainable fuel wood, timber collection, and agricultural expansion (Negi and Maikhuri, 2017; Thakur et al., 2022). Therefore, detailed information on species, communities, and habitats is necessary to create effective conservation and management plans for these biodiversity-rich places.

Protected Areas (PA) are recognized as areas with high biodiversity, and as a result, receive special consideration and increased focus on biodiversity conservation and management (Rawat and Adhikari, 2015). A number of studies have, therefore, highlighted the contribution of PAs in the conservation of biodiversity and also in preventing threatened species from extinction risk (Karanth et al., 2010; Oldekop et al., 2016). However, recent studies conducted around the world have shown that biodiversity and other ecosystem products and services continue to be lost despite constant growth in the number of areas covered under PAs (Jenkins and Joppa, 2009; McDonald and Boucher, 2011). According to IPBES (2019), up to one million species of plants and animals are threatened by the risk of extinction. The most recent update of the IUCN Red List includes 142, 577 species [International Union for Conservation of Nature (IUCN), 2022] representing ~7% of the biodiversity of the planet (Ronsted et al., 2022). The irony is that most plant species lack global risk assessment, and the lack of knowledge of which plant species are at risk of extinction limits our ability to frame conservation and management policies (Nic Lughadha et al., 2020). Therefore, the first stage in conservation planning in every region is to establish priorities, criteria, and indicators (Mirtl et al., 2018; Negi et al., 2019). The criteria and indicators approach offers a mechanism for evaluating changes in specific forestry circumstances, and this knowledge helps forest managers plan pertinent conservation policies (Rawat et al., 2008). Additionally, vulnerability mapping of certain species and forests is needed, especially in the Himalayan region, for the implementation of ground-level management plans (Thakur et al., 2020, 2022). Further, to manage and conserve biodiversity in the face of ongoing global change, it is necessary to have enough data to evaluate the status and trends of species ranges, their population, community makeup, and habitat types (Oliver et al., 2021). Species richness has been the main focus of conservation studies and is still widely used (Bano et al., 2018). For instance, conservation planning has historically given priority to some regions over others using the information on richness mixed with various metrics (such as endemism or rarity) (Cadotte and Tucker, 2018). However, to assess the state and trends of species distributions and manage biodiversity in the face of continuing global change, sufficient evidence is required (Oliver et al., 2021). The status and trends of species populations and distributions, communities, and different types of habitats directly linked to the ecological value of those variables are crucial for conservation and management (Bland et al., 2015).

To prevent species extinction, broad, ecosystem-based conservation strategies are also required, which do not rely on taxonomic information or the determination of individual species but on the community composition and habitat types. Thus, developing a Conservation Priority Index of unique species, communities, and habitats at local, regional, national, and global levels is an important step in conservation and management planning. Species richness, nativity, and endemism are a few of the qualities that help prioritize species, communities, and habitats (Pant and Samant, 2007). In Kashmir Himalaya, few efforts have been made to prioritize species for conservation, but most of these studies primarily focused to prioritize medicinal or economically important plants (Dar and Naqshi, 2001; Baig et al., 2014; Tali et al., 2015, 2018; Haq et al., 2019, 2021). However, no attempt has been made to prioritize species, habitats, and communities for conservation and management within the protected area networks of Kashmir Himalaya. Keeping these research gaps in consideration, the present study attempts to evaluate the Conservation Priority Index (CPI) of species, habitats, and communities in Gulmarg Wildlife Sanctuary (GWLS), in order to find out which species, communities, and habitats should be prioritized for conservation and management planning within the sanctuary.



Materials and methods


Study area

Gulmarg Wildlife Sanctuary (GWLS) stretches between 74°17′ to 74°79′ N latitude and 34°55′ to 34°60′ E longitude in District of Baramulla situated in Jammu and Kashmir (Figure 1). It covers an area of 180 km2, out of which 60 and 120 km2 of the areas are under forest and alpine zones, respectively, with an altitudinal range of 2,300–4,200m asl. GWLS has two administrative units: Ferozpora/Tangmarg and Block Gulmarg and are divided into 20 compartments numbering 31–41 (Lower elevation compartments) and 50–58 (Upper elevation compartments), respectively. The mountains in this Himalayan region maintain their glaciation above 3,700 m almost all year round, and the sanctuary has a wet temperate climate with a well-balanced supply of moisture. As a result, the area above 3,700 m asl represents the nival zone and fits well with the climatological concept of the snowline developed for mesic mountains (Gottfried et al., 2011). Geologically, the region is made up of Triassic Limestone rocks, Panjal Traps volcanic rocks, Salkhala Series metamorphic rocks associated with granitic intrusions, and Karewa Group sediments (Dar et al., 2014). Since the area is entirely mountainous, the topography is very uneven. The vegetation is affected at all levels by a number of topographic elements, including altitude, slope steepness, exposure to light and wind, and the direction of mountain chains (Nanda et al., 2019). Coniferous temperate mountain forests of Blue Pine (Pinus wallichiana), sub-alpine forests of Silver Fir (Abies pindrow), and Himalayan Birch (Betula utilis), then alpine scrub and meadows, make up the majority of the vegetation of Gulmarg (Khuroo et al., 2015). Additionally, the sanctuary is home to numerous medicinal plants and nomadic groups like the Gujjars and Bakerwals (Wani and Pant, 2020).
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FIGURE 1
 Location map of Gulmarg Wildlife Sanctuary.




Data collection and analysis

Field visits and surveys were carried out for the qualitative and quantitative assessment of the plant species within the forest, as well as the alpine zone, of the study area in different seasons from May 2018 to June 2022. A total of 123 sites (63 in the forest zone and 60 in the alpine zone) were selected to cover all the possible aspects and habitats along the altitudinal gradient (2,300–4,200m asl). Habitats were identified on the basis of physical features and the dominant vegetation of the sites. The sites having closed canopy along with a high proportion of organic matter and moisture were considered shady moist habitats. Sites having an open canopy with a low proportion of organic matter and moisture were classified as dry habitats whereas sites having an open canopy with high moisture and humus were classified as moist habitats. The sites with high anthropogenic pressures (assessed in terms of trampling, the quantity of animal and human wastes, and distance from the residential areas) were considered exposed habitats. Quantitative assessment was carried out using a stratified random sampling method after laying out a plot of 50 × 50 m at each site. For the assessment of plant species within each plot, 10 random quadrats of 10 × 10 m were laid for trees, 10 quadrats of 5 × 5 m for shrubs, and 20 quadrats of 1 × 1 m for herbs nested in the same plot following standard sampling methods (Curtis and Intosh, 1950; Mishra, 1968; Samant et al., 2002; Rawal et al., 2018). The plant specimens from each plot were collected and relevant information (altitudinal range, habitat, and growth forms) were recorded in a field book. Each collected specimen was later identified up to the species level with the help of local and regional floras (Dhar and Kachroo, 1983; Bhat, 1984; Naqshi et al., 1984; Singh and Kachroo, 1994; Singh et al., 2002). Accepted nomenclature and families of the species were retrieved from the Plants of the World Online database (https://powo.science.kew.org). Forest communities were delineated on the basis of the Importance Value Index (IVI) following the study of Mishra (1991). Sites having ≥50% of the total IVI contributed by a single species were categorized as pure communities of that species whereas sites having ≥50% of the total IVI contributed by two or more species were categorized as mixed communities of those species. Using the same criteria, communities in the alpine zone were identified on the basis of relative density instead of IVI following Rana and Samant (2009).

The nativity and endemism of the species were determined (Dhar and Samant, 1993; Samant et al., 1996; Samant and Dhar, 1997; Khuroo et al., 2007, 2010). Plant species having their origins in the Himalayan region were considered native and the rest were considered non-natives, while the plant species having their distribution limited to the Himalayan region were considered endemics (Samant et al., 1998). Furthermore, the threat status of the plant species was assessed following the study of Rana and Samant (2010) using the parameters viz., population size, habitat specificity, altitudinal range, nativity, and endemism. Furthermore, information regarding the use values of the plant species was collected through interviews and discussions with knowledgeable persons from the surrounding villages of the sanctuary.

CPI was calculated to assess the site-specific threat status at species, habitat, and community levels (Rana and Samant, 2009, 2010; Singh and Samant, 2010; Rana et al., 2020). The CPI value of plant species was calculated as the cumulative values of six attributes viz., altitudinal range, habitat specificities, use values, population size, nativity and endemism, and extraction trend following Rana and Samant (2010). The attributes used for each species were given grades/marks, with a maximum of 10 points, moderate of 6 points, and minimum of 2 points (Table 1). The species having ≥75% of total CPI (i.e., ≥45 out of 60) were categorized as Critically Endangered; 65–74% as Endangered; 55–64% as Vulnerable; 45–54% as Near Threatened, and ≤44% as Least Concerned, following Rana and Samant (2010) with some modifications. Based on the representative sites, range of altitudes, species richness, native species, endemic species, useful species, and threatened species, the CPI of habitats and communities was calculated (Rana and Samant, 2009). The CPI of habitats and communities is the aggregate value of all these attributes, the value of which ranges from 2 to 10 (Table 2). The species, habitats, and communities satisfying all the attributes in the highest grade resulted in the highest aggregate values while attributes with the lowest grade resulted in the lowest aggregate values. Correlation of the total species with a number of native and endemic species, number of users with threatened species, and number of native and endemic species with threatened species in the forest, as well as the alpine zone, was calculated using Microsoft Excel 2010.


TABLE 1 Attributes used for calculating the CPI of plant species in GWLS.
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TABLE 2 Attributes used to calculate the CPI of communities and habitats.
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Results


Species diversity and phytogeographic affinities

A total of 361 plant species belonging to 73 families and 210 genera were recorded (Supplementary Table S1). Asteraceae was the dominant family with 56 species followed by Lamiaceae (22 species), Rosaceae (21 species), and Ranunculaceae (19 species). Ten most dominant families are presented in Figure 2. A total of 184 plant species were found native and 81 species endemic to the Himalayan region. Non-native species have different phytogeographic affinities with major contributions from Asia, Eurasia, and Europe (Figure 3). A total of 158 plant species were found to be utilized by the local people for various purposes i.e., food, fodder, medicine, fuel wood, and timber. Among the unique and high-value medicinal plants were Achillea millifolium, Angelica glauca, Artemisia absinthium, Bergenia ciliata, Colchicum luteum, Dolomiaea costus, Fritillaria roylei, Hyoscyamus niger, Inula racemosa, Lamium album, Picrorhiza kurroa, Podophyllum hexandrum, Trillium govanianum, and Thymus linearis. Medicinal plants like Aconitum heterophyllum, Angelica glauca, Dolomiaea costus, Fritillaria roylei, Picrorhiza kurroa, Rheum webbiana, and Trillium govanianum are used highly for commercial purposes. Prominent wild edibles used by the local inhabitants include Taraxacum sect. Taraxacum, Berberis lycium, Capsella bursa-pastrosis, Dipsacus innermis, Dioscorea deltoidea, Rheum webbiana, Malva neglecta, Fragaria nubicola, and Viburnum grandiflorum.


[image: Figure 2]
FIGURE 2
 Ten dominant plant families in GWLS.
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FIGURE 3
 Phytogeographic affinities of the recorded plant species from GWLS.




Habitat and community diversity

The study revealed a total of seven habitats including shady, moist, dry, bouldary, rocky, riverine, moist, and exposed throughout GWLS. A total of 18 plant communities were identified including 10 forest communities and 8 alpine communities. Ten plant communities delineated from the forest zone include Abies pindrow community, Pinus wallichiana community, A. pindrow-P. wallichiana mixed community, P. wallichiana-Cedrus deodara mixed community, A. pindrow-Picea smithiana mixed community, A. pindrow-Picea smithiana mixed community, Aesculus indica-Taxus wallichiana mixed community, Taxus wallichiana-Prunus cornuta-Aesculus indica mixed community, Abies pindrow-Acer cesium mixed community, and Betula utilis community. Eight plant communities delineated from the alpine zone include Viburnum grandiflorum community, Salix denticulata community, Rhododendron campanulatum community, Juniperus squamata community, Juniperus squamata-Rhododendron anthopogon mixed community, Bistorta affinis- Saussurea acktinsonii-Bergenia stracheyi mixed community, Rhododendron anthopogon community, and Bistorta affinis-Swertia petiolata mixed community.



Prioritization of communities and habitats for conservation


Site representation

Amongst habitats, dry habitats represented maximum sites (27) followed by bouldary (22), shady moist (20), exposed (17), riverine (13), rocky (16), and moist (6). Amongst forest communities, Abies pindrow community was represented at maximum sites (16 sites) followed by Pinus wallichiana community (9 sites), Betula utilis community (7 sites each) Abies pindrow-Pinus wallichiana mixed, Pinus wallichiana–Cedrus deodara mixed (6 each). The rest of the communities were represented at <6 sites. Amongst alpine communities, Juniperus squamata-Rhododendron anthopogon mixed community represented maximum sites (21) followed Bistorta affinis- Saussurea acktinsonii-Bergenia stracheyi mixed community (13) and Bistorta affinis-Swertia petiolata mixed and Rhododendron anthopogon community (7 sites each) and Viburnum grandiflorum (6 sites). Juniperus squamata, Salix denticulata, and Rhododendron campanulatum communities were represented at <4 sites.



Altitudinal distribution

Amongst the habitats, bouldary habitats showed a wide distribution range followed by dry riverine and rocky habitats. Amongst the forest communities, the distribution range was maximum (2,300–3,000) for Abies pindrow community followed by Pinus wallichiana-Abies pindrow mixed (2,400–2,700) and Pinus wallichiana (2,300–2,600) and Betula utilis (2,300–3,500). Amongst alpine communities, the altitudinal range was maximum for the Juniperus squamata-Rhododendron anthopogon mixed community (3,400–3,900) followed by Bistorta affinis- Saussurea acktinsonii- Bergenia stracheyi mixed (3,350–3,700) community. Rhododendron campanulatum and Salix denticulata communities were having the least altitudinal ranges.



Species richness

Amongst habitats, species richness was highest (34.1%) in a dry habitat, followed by shady moist (32.7%), bouldary (29.7%), rocky (27.8%), riverine (22.3%), exposed (20.3%), and moist (13.4%). Amongst the forest communities, species richness was found maximum in Abies pindrow community (46.8%), followed by Pinus wallichiana community (28.9%), Pinus wallichiana-Abies pindrow mixed community (27.5%), and Abies pindrow-Picea smithiana mixed community (24.7%). Amongst the alpine communities, species richness was maximum in Juniperus squamata-Rhododendron anthopogon mixed community (23.4%) followed by Viburnum grandiflorum community (16.5%), Juniperus squamata community (10.1%) and Bistorta affinis- Saussurea acktinsonii- Bergenia stracheyi mixed community (9.6%).



Distribution of native and endemic species

Amongst the habitats, dry habitats exhibit maximum native species (35.5%) followed by bouldary (35.1%), shady moist (31.1%), rocky (25.6%), exposed (19.5%), riverine (13.5%), and moist (12.8%). Dry habitats exhibit maximum endemic species (44.4%) followed by shady moist (41.9%), bouldary (35.8%), exposed (29.6%), rocky (22.2%), riverine (16.1%), and moist (12.8%). Amongst the forest communities, maximum native species were found in the Abies pindrow community (40.52%) followed by Abies pindrow-Picea smithiana mixed community and Betula utilis (23.6% each), Abies pindrow-Acer cesium mixed community (22.9%), and Pinus wallichiana community (20.9%). Maximum endemic species were found in Abies pindrow community (40.7%) followed by Abies pindrow-Acer cesium mixed (28.3%), and Abies pindrow-Pinus wallichiana mixed (24.6%). Amongst alpine communities, maximum native, as well as endemic species (33.7% native and 41.9% endemic), were found in Juniperus squamata-Rhododendron anthopogon mixed community followed by Viburnum grandiflorum community (18.9% native and 14.8% endemic), and Rhododendron anthopogon community (14.8% native and 22.2% endemic).



Distribution of useful species

Maximum useful species were distributed in bouldary habitats (38.5%) followed by dry (37.9%), shady moist (34.8%), rocky (34.1%), exposed (29.5%), riverine (22.7%), and moist habitats (19.6%). Amongst the forest communities, the maximum number of useful species were distributed in Abies pindrow community (46.2%) followed by Pinus wallichiana communities (35.4%), Abies pindrow-Pinus wallichiana mixed communities (32.9%), and Abies pindrow-Picea smithiana mixed community (25.9%). Amongst alpine communities, the maximum number of useful species were distributed in Viburnum grandiflorum community (16.4%) followed by Juniperus squamata-Rhododendron anthopogon mixed and Salix denticulata communities (11.3%), and Juniperus squamata community (8.8%).



Distribution of threatened species

Amongst habitats, maximum threatened species were distributed in rocky habitats (34.6%) followed by bouldary (32.6%), shady moist (30.7%), dry (25.0%), exposed (23.0%), moist (15.3), and riverine (13.4%). Amongst forest communities, maximum threatened species were distributed in Abies pindrow community (34.8%) followed by Abies pindrow-Pinus wallichiana mixed (21.7%), Abies pindrow-Acer cesium mixed (19.0%), Abies pindrow-Picea smithiana mixed and Betula utilis community (17.7% each). Amongst alpine communities, maximum threatened species were distributed in Juniperus squamata-Rhododendron anthopogon mixed community (26.3%) followed by Viburnum grandiflorum, Juniperus squamata and Rhododendron anthopogon communities (9.8% each). A significant positive correlation is found between the total species and native species in the forest zone (0.87, p < 0.01, R2 0.75) and alpine zone (0.94, p < 0.01, R2 = 0.87) (Figure 4) and there is also a significant positive correlation between the total species and endemic species in the forest (0.90, p < 0.01, R2 = 0.73) and alpine zones (0.75, p < 0.01, R2 = 0.45) (Figure 5). A significant positive correlation is found between the number of useful species and the number of threatened species in the forest (r = 0.85, p < 0.01, R2 = 0.70), as well in the alpine zone (r = 0.830, p < 0.01, R2 = −0.15) (Figure 6). Further, a significant positive correlation is found between the number of threatened species and native species in the forest zone (r = 0.96, p < 0.01, R2 = 0.91) and in alpine zone (r = 0.94, p < 0.01, R2 = 0.87) (Figure 7) and endemic species in forest zone (r = 0.95, p < 0.01, R2 = 0.90) and in the alpine zone (r = 0.95, p < 0.01, R2 = 0.87) (Figure 8).
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FIGURE 4
 Correlation between total species and native species (A) forest zone (B) alpine zone.
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FIGURE 5
 Correlation between total species and endemic specie (A) forest zone (B) alpine zone.
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FIGURE 6
 Correlation between useful species and threatened species (A) forest zone (B) alpine zone.
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FIGURE 7
 Correlation of native species and threatened species (A) forest zone (B) alpine zone.
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FIGURE 8
 Correlation of endemic species and threatened species (A) forest zone (B) alpine zone.




Conservation priority index

Based on the threat assessment of the species, 6 plant species were assessed to be critically endangered, 20 endangered, 28 vulnerable, and 98 plant species were assessed to be near threatened. Rests of the species were assessed to be the least concern in the study area (Supplementary Table S1). Amongst the habitats, dry habitats showed the maximum CPI (50) followed by bouldary (48), shady moist (46), and rocky (36) habitats (Table 3). Amongst forest communities, Abies pindrow community showed maximum CPI value (56), followed by Abies pindrow-Pinus wallichiana mixed community (42), Abies pindrow-Picea smithiana mixed community (40) (Table 4). Amongst alpine communities, Juniperus squamata-Rhododendron anthopogon mixed community showed maximum CPI value (44), followed by Salix denticulata (40), Rhododendron campanulatum (38), and Juniperus squamata community (36) (Table 4).


TABLE 3 Calculated CPI value of different habitats within GWLS.
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TABLE 4 Calculated CPI of different delineated forest communities within GWLS.
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Discussion

Species richness recorded during the present study was higher than in earlier reports from the Indian Himalayan region (Singh et al., 2007; Chawla et al., 2008; Dar and Sundarapandian, 2016; Pandey et al., 2018; Haq et al., 2019, 2021; Ahmad et al., 2020). Asteraceae, Lamiaceae, Rosaceae, and Ranunculaceae were reported to be dominant contributing maximum species. These families have been reported as dominant in Indian Himalayas in earlier studies also (Samant et al., 2007; Dar and Khuroo, 2012; Haq et al., 2019; Ahmad et al., 2021; Altaf et al., 2021). As a large number of species has become threatened in Kashmir Himalaya over the decades due to various anthropogenic disturbances (Hamid et al., 2020), the rich floristic diversity of the native, endemic, economically important, and threatened species in the GWLS signifies the enormous conservation and socio-economic values of the sanctuary.

A significant positive correlation was found between the total species and native species in the forest and alpine zones. There is also a significant positive correlation between the total species and endemic species in the forest and alpine zones which indicate that as the number of species increases there is an increase in the number of native and endemic species. The correlation between the number of useful species and the number of threatened species in the forest was much strong than in the alpine zone indicating that the number of threatened species was higher in forest communities having biotic/abiotic pressures. It is obvious that an increased number of useful species in a community will lead to a burden on the unique species, resulting in their declining population. Further, a significant positive correlation between the number of threatened species and native species in the forest zone and in the alpine zone and endemic species in the forest zone and in the alpine zone indicated that the native and endemic plant species were rigorously affected due to biotic and abiotic stresses (Rana et al., 2020). Anthropogenic disturbances coupled with climate change promote biological invasions in mountain ecosystems and thus pose threat to native and endemic species and are a global concern (Ahmad et al., 2021; Li et al., 2021). Endemic species are specialist species and have narrow niche widths and thus narrow environmental tolerance (Mills et al., 2020).

Conservation prioritization of species, habitats, and communities is a prerequisite for biodiversity conservation and management planning in the protected area (Singh and Samant, 2010). Based on the CPI value of species in the present study, 41.8% of species were categorized as threatened and near threatened in the study area. Some of the plants assessed to be threatened in GWLS are given in Figure 9. Some of these plant species have been categorized as threatened in some previous studies also (Table 5). However, Hamid et al. (2020) pointed out that many plant species like Betula utilis, Colchicum luteum, Podophyllum hexandrum, Rheum webbianum, Taxus wallichiana, and Valeriana jatamansii have not been included in the threatened lists despite of their dwindling populations and thus recommended their immediate categorization as per the IUCN criteria.


[image: Figure 9]
FIGURE 9
 Notable threatened plants of GWLS (A) Podophyllum hexandrum (B) Aconitum heterophyllum (C) Trillium govanianum (D) Phytolacca acinosa (E) Arisaema jacquemontii (F) Dioscorea deltoidea (G) Rhododendron campanulatum (H) Arisaema propinquum (I) Hyoscyamus niger.



TABLE 5 Threat status of some prioritized plant species as per previous studies.
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Among the forest community, Abies pindrow community and Abies pindrow-Pinus wallichiana mixed community, whereas among alpine communities, Juniperus squamata-Rhododendron anthopogon mixed and Salix denticulata community with high CPI values indicated the need for conservation (Figure 10). Furthermore, dry, bouldary, and shady moist habitats with high CPI value reveal that the proper management of these habitats would help in maintaining the natural ecosystems and conservation of species of the area, as the habitat fragmentation and degradation are considered as one of the primary drivers of species extinction (Tilman et al., 2001; Ganie et al., 2019; Quan et al., 2021; Su et al., 2022). The prioritized habitats and communities not only have higher species richness, but also possess the premier number of native, endemic, economically important, and threatened species. Thus, any alteration in these communities and habitats will lead to an alteration in their species composition; the consequences of which may be the loss of native, endemic, and threatened species (Mehta et al., 2020). Further, the communities were identified on the basis of the dominance of one or more species pointing out that any alteration in such dominant species will alter the composition of these communities. Therefore, the regeneration dynamics of such dominant species need to be analyzed thoroughly for conservation and management planning. Further, regular monitoring of the prioritized habitats and communities is desirable to comprehend the structural and functional alterations in the natural vegetation due to various biotic and abiotic stresses as suggested by previous studies (Negi et al., 2018b, 2019).


[image: Figure 10]
FIGURE 10
 CPI of delineated alpine and forest communities and habitats; BA-SP, Bistorta affinis-Swertia petiolata community; RA, Rhododendron anthopogon community; BA-SA-BS, Bistorta affinis-Saussurea acktinsonii-Bergenia stracheyi community; Juniperus squamata-Rhododendron anthopogon community; Juniperus squamata community; Rhododendron campanulatum community; Salix denticulata community; Viburnum grandiflorum community; AP, Abies pindrow community; PW, Pinus wallichiana community; AP-PW, Abies pindrow-Pinus wallichiana community; PW-CD, Pinus wallichiana-Cedrus deodara community; AP-PS, Abies pindrow-Picea smithiana community; AI-PW, Aesculus indica-Pinus wallichiana community; AI-TW, Aesculus indica-Taxus wallichiana community; TW-PC-AI, Taxus wallichiana-Prunus cornuta-Aesculus indica community; AP-AC, Abies pindrow-Acer cesium community; BU, Betula utilis community; M, Moist; E, Exposed; Ri, Riverine; D, Dry; B, Bouldary; R, Rocky; SM, Shady Moist.


At the local level, proper application of the IUCN criteria is necessary for assessing the conservation status of taxonomic units (Rodrigues et al., 2006; Miller et al., 2007; Abeli et al., 2009). The comprehensive method used in this study includes IUCN criteria that are suitable in the local context (Dunn et al., 1999; Keller and Bollmann, 2004; Gauthier et al., 2010). The current work proposes a practical method for managing protected areas based on scientific site-specific techniques (species, habitats, and communities), which employs a variety of qualitative and quantitative features to compute CPI in conjunction with phytosociological data. However, it is well-established that such research is useless unless the findings of these studies are used by forest managers and policymakers for implementing biodiversity conservation and management policies.



Conclusion

The present study attempts to assess the floristic diversity of forest and alpine communities in GWLS. Further, the study attempts to prioritize the species, habitats, and communities for conservation and management strategies. A number of species were assessed to be threatened within the study area and out of which many species are on the IUCN's Red List of species. Further, the prioritized habitats and communities in GWLS are not only rich in species number, but also possess a greater number of native, endemic, and threatened species. Therefore, any type of negative impact on such habitats and communities, in turn will affect the survival of such precious species. Long-term monitoring using the quadrat method for all the growth forms of the georeferenced plots representing the prioritized habitats and communities is required. Further, tourist influx should be limited as per the carrying capacity of the sanctuary, and guidelines for the visitors should be framed in order to reduce the trampling of herbaceous flora inside the sanctuary. Thus, the present study has developed baseline information for initiating conservation and management planning.
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Climate change is one of the significant factors influencing global species redistribution. As a result, a better understanding of the species' possible range change in future climate conditions is needed. Therefore, this study compiles global geographic occurrence data of a wild olive sub-species, Olea europaea subsp. cuspidate, and projected potential distribution models in current and future climate scenarios. This study using ensemble modeling predicted that the species will undergo a significant decrease in habitat suitability under future climatic conditions with a contraction ranging from ca. 41 and 42% under RCP4.5 2050 and to about 56 and 61% under RCP8.5 2070 for committee averaging and weighted mean, respectively. More specifically, there will be a decrease in habitat suitability in regions of the southeastern part of the United States in North America; coastal regions in South America; coastal regions in the majority of eastern Africa; coastal parts of Spain, France, Italy, and Greece in Europe; coastal parts of Yemen and Saudi Arabia; the southeastern parts of Pakistan and the southern part of China in Asia; and southwestern and eastern parts of Australia when compared to current habitat suitability. The results of this ensemble modeling could be extremely valuable in identifying cultivation hotspots for the effective restoration and protection of this olive lineage under future climatic conditions.
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Introduction

Climate change is one of the key components determining the species' range redistribution (Parmesan et al., 2011; Pacifici et al., 2015). As such, changing climatic conditions will likely expand or shrink the species' geographic ranges (Chen et al., 2011; Palmer et al., 2015). Adding to the worries are the consequences of global warming, which are expected to exacerbate in the next 50 years (Ahmad et al., 2019a). The Intergovernmental Panel on Climate Change Sixth Assessment Report (IPCC, 2021) states that the ongoing climate warming has caused the pole-ward shift of numerous plant and animal species in both the southern and the northern hemisphere and the growing season, especially in the northern hemisphere extratropics, has expanded by 2 days each decade since the 1950s. A plethora of research studies have reported that recent anthropogenic-induced ecological changes are responsible for species range shifts (Malhi et al., 2020), changes in phenology (Negi et al., 2021), and species extinctions (Román-Palacios and Wiens, 2020). However, there is still a dearth of information about the biological dynamics of these shifting climatic impacts and documentation of climate change hotspots of vulnerability and resilience (Bellard et al., 2012). Furthermore, rising global temperatures have resulted in significant climatic zone shifts in several areas around the globe, including the substantial expansion of arid climatic zones and the shrinkage of polar climatic zones (IPCC, 2019). As a result, many native species have experienced a substantial shift in their geographical ranges, abundances, and seasonality of activities (Weiskopf et al., 2020). All these negative consequences act as barriers to the management and conservation of biodiversity (Thomas et al., 2004; Butchart et al., 2010; Cook et al., 2012; IPCC, 2012; Pacifici et al., 2017; Pecl et al., 2017; Convention on Biological Diversity, 2020).

As ecology and conservation disciplines require a robust understanding of species distribution and habitat requirements, species distribution models (SDM) are, therefore, one of the essential techniques for spatio-temporal predictions of biodiversity at the biogeographic scale (Alvarado-Serrano and Knowles, 2014; Naimi, 2015; Srivastava et al., 2019). SDM projections can be used to develop sustainable management plans to help minimize the effects of climate change (Pyke and Fischer, 2005; Schorr et al., 2012; Porfirio et al., 2014). However, one major disadvantage of these distribution models is that there are already a large number of modeling algorithms available, and this number is expanding all the time, making it difficult to choose the optimal methodology (Elith et al., 2010; Ahmad et al., 2019b). To overcome this problem, the ensemble modeling technique implemented in the biomod2 package provides a valuable platform for determining the species' current distribution and predicting their future potential Spatio-temporal distributions under changing climatic scenarios (Gillard et al., 2017; Thuiller et al., 2019).

RCPs (representative concentration pathways) represent greenhouse gas emissions, atmospheric concentrations, air pollutant emissions, and land use in the twenty-first century (Vuuren et al., 2011). Based on the mitigation scenarios' trajectory, four (RCPs) have been described (IPCC, 2014). In order to identify suitable habitats for species in the 2050s and 2070s, the model was thus trained using current climate data and projected onto future climate change bioclimatic datasets for all RCPs scenarios. Therefore, to estimate the impact of climate change on species distribution, multiple scenarios based on various RCPs must be examined (Araujo and Rahbek, 2006; Parmesan, 2006; Beaumont et al., 2007; Bellard et al., 2012). This paper is based on the global distribution modeling of Olea europaea subsp. cuspidata (synonyms—Olea ferruginea, Olea africana, Olea chrysophylla) using an ensemble modeling approach. It is a wild species of olive lineage (Green, 2002) and is believed to be of Mediterranean origin (De Candolle, 1882) and a prominent part of Mediterranean vegetation (De Ollas et al., 2019). However, the species is introduced into Australia, New Zealand, and the Pacific islands as a rootstock for cultivated olive (Besnard et al., 2014). Due to over-exploitation, Ethiopia's species is extremely threatened (Negash, 2010). It is used for various purposes, including quality fuel wood and furniture (Negash, 2010), and is also a valuable source of natural antioxidants and bioactive materials (Long et al., 2010). It has numerous medicinal and anti-bacterial properties (Masoko and Makgapeetja, 2015). Therefore, climate change affects livelihoods and economic security, particularly in communities, along with its distribution range. More specifically, we aim to address the following key questions: (1) What is the current distribution of Olea europaea subsp. cuspidata? (2) What will be the future potential distribution of this species under different climate change scenarios? and (3) what are the key bioclimatic variables affecting the distribution of this species?



Materials and methods


Species distribution data

Occurrence data for Olea europaea subsp. cuspidata was downloaded primarily from the Global Biodiversity Information Facility (GBIF, 2021) using the gbif function from the dismo package (Hijmans et al., 2020), Botanical Information and Ecology Network Database (BIEN; accessed on 01 August 2021) using the BIEN_occurrence_species function from BIEN package (Maitner et al., 2018) and was further supplemented with intensive field surveys carried by the authors from North Western India and Herbarium records from Forest Research Institute (FRI) Dehradun and various centers of Botanical Survey of India (BSI Dehradun, BSI Kolkatta, and HAWHRC Solan). A total of 4,599 georeferenced occurrence points were obtained from the above-mentioned sources for Olea europaea subsp. cuspidata. The obtained occurrence dataset was subsequently processed to exclude any locations that fell into the oceans. As a result, 4,461 points were retained. Furthermore, it is a well-known fact that distribution data is frequently skewed toward locations that are geographically user-friendly and easily accessible (Hijmans et al., 2005). This can manifest itself in the form of geographical sample bias (Ahmad et al., 2019a). We employed spatial thinning to minimize spatial autocorrelation and sample bias by dividing the entire region into 10 × 10 km grid cells and selecting a single occurrence point from each cell with one or more occurrence points. After geographic thinning, the final dataset for modeling the distribution of Olea europaea subsp. cuspidata in this study consisted of 776 georeferenced points.



Environmental data

We used the current climatic factors from the WorldClim database, version 1.4 (Hijmans et al., 2005) (http://www.worldclim.org) to estimate the global current potential distribution of Olea europaea subsp. cuspidata. Between 1950 and 2000, these climatic variables indicated the minimum, maximum, and average values of monthly, quarterly, and annual ambient temperatures and precipitation data. These environmental variables had a spatial resolution of 2.5 arc seconds (~4.5 km resolution at the equator). These bioclimatic variables often show a higher degree of collinearity, resulting in poor misleading model performance (Ahmad et al., 2019a). As a result, we used Pearson's correlation analysis to choose only one variable from each pair of strongly associated variables with a correlation coefficient (i.e., r > 0.75 or −0.75) before modeling. A total of 10 variables were retained after correlation analysis for modeling the distribution of target species under present climate conditions (Table 1). The Intergovernmental Panel on Climate Change (IPCC) fifth assessment report (AR5) (Moss, 2010) provided Hadley Global Environment Model 2-Earth System (HADGEM2-ES) simulations for two representative concentration pathways (RCP4.5 and RCP8.5) for the two time periods (i.e., 2050 and 2070) for predicting the future potential distribution of the Olea europaea subsp. cuspidata. RCPs provide climate change trajectories by describing scenarios based on assumptions about socio-economic conditions, greenhouse gas emissions, and the concentration of air pollutants (Albuquerque et al., 2019). The same set of environmental variables used to estimate the current distribution of the examined species was also used to predict their future distributions.


TABLE 1 Bioclimatic variables selected for modeling the distribution of Olea europaea subsp. cuspidata in the present study.
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Modeling technique

We performed the ensemble distribution modeling using the nine algorithms implemented in the biomod2 package (Thuiller et al., 2009, 2020). We performed the ensemble distribution modeling using the nine algorithms as implemented in the biomod2 package (Thuiller et al., 2009, 2020), which include: the Generalized Linear Model (GLM) (McCullagh and Nelder, 1989), the Generalized Additive Models (GAM) (Hastie and Tibshirani, 1990), Generalized Boosted Models (GBM) (Ridgeway, 1999), Classification Tree Analysis (CTA) (Breiman et al., 1984), Flexible Discriminant Analysis (FDA) (Hastie et al., 1994), Artificial Neural Networks (ANN) (Ripley, 1996), Maximum Entropy (MAXENT) (Phillips et al., 2006), Random Forest (RF) (Breiman, 2001), and Surface Response Envelope (SRE) (Busby, 1991). As the different algorithms used for distribution modeling require both presence and absence data types, it is impossible to obtain the actual absence data throughout the study region. Therefore, in this study, we randomly generated an equal number of pseudo-absences to that of presence points within the study area, as recommended by Barbet-Massin et al. (2012) and Guisan et al. (2017). We built the models using 80% of the data (training set) and evaluated the model performance with the rest of the 20% of the data (evaluation set). We generated each of the models three times. We preferred two evaluation metrics to evaluate the accuracy of the models: the area under the curve (AUC) of receiver operating characteristics (ROC) and true skills statistics (TSS) (Allouche et al., 2006; Rather et al., 2022; Wani et al., 2022a). We built the final ensemble models for each climate scenario and time period based on both the committee averaging and weighted mean separately; finally, for creating the final ensemble models, only those models with a TSS score of ≥0.8 were used.



Variable importance

To assess the relative impact of each climate condition in determining the distribution of selected plant species, we employed the permutation approach (Elith et al., 2005). Predictions are made from a particular algorithm after changing only one target variable, while the rest of the variables are maintained statically in this method. The variable relevance estimations are obtained as the difference between the original forecast and the permuted variable prediction divided by one minus the correlation score (1-correlation score) (Ahmad et al., 2019a). As a result, high values indicate that the predictor variable is more important in the model, while a value of 0 indicates that the variable is not important in the model.



Species range change

In order to visualize and measure the range change of the target plant species under future climatic conditions, we used the same biomod range size function as that implemented in the biomod2 package (Guisan et al., 2017). This function provides a summary statistic on species range change, and the prediction map shows the gain or loss of suitable conditions for the studied plant species, according to Guisan et al. (2017). Interestingly, detailed information on four absolute metrics related to “species loss” (i.e., loss of suitable habitat by the studied species under future climate change), “species absence” (i.e., amount of area not occupied by the studied species under current and future climatic scenarios), “stable” (i.e., the amount of area occupied by the studied species both under current and future climatic scenarios) and “gain” (i.e., a gain of suitable habitat by the studied species under future climate change) can be obtained (Guisan et al., 2017). Lastly, from the above four absolute metrics, three additional relative metrics can be calculated, including “percentage loss” (i.e., percentage of currently suitable areas predicted to be lost and is calculated as [loss/(loss + stable)]; “percentage gain” (i.e., percentage of new habitats predicted to be suitable when compared with the species' current distribution size and is calculated as [gain/(loss + stable)]; and “range change,” i.e., the overall output of predictions and is calculated as (percentage gain-percentage loss) (Kumari et al., 2022; Wani et al., 2022b).




Results


Model evaluation

The final ensemble models developed had an AUC of 0.991 and a TSS of 0.913 in terms of committee averaging. Similarly, the ensemble models developed had an AUC of 0.992 and a TSS of 0.908 in terms of weighted mean. Both of these scores indicate that our final model had predicted the distribution of the Olea europaea subsp. cuspidata with higher accuracy. When evaluated against the individual algorithms, the predictive accuracy was again excellent but varied, with RF, GBM, GLM, and GLM performing fairly well, followed by FDA, CTA, and Maxent. Phillips, when compared to the rest of the algorithms, the SRE and ANN had the lowest accuracy (Figure 1).


[image: Figure 1]
FIGURE 1
 For Olea europaea subsp. cuspidata, mean model evaluation scores by algorithms according to two separate evaluation metrics, ROC (AUC) and TSS.




Variable importance

The performance of the selected bioclimatic variables varied significantly among the different algorithms (Table 2). In particular, the most significant variables governing the distribution of Olea europaea subsp. cuspidata were BIO-01 (annual mean temperature) with importance scores ranging from 0.13 (in the case of RF) to 0.86 (in the case of GLM) (mean score = 0.46), followed by BIO-05 (max temperature of warmest month) with importance scores ranging from 0.02 (for GBM) to 0.43 (for GLM) (mean score = 0.20) and BIO-03 (Isothermality) with importance scores ranging from 0.08 (for GAM) to 0.31 (for MAXENT.Phillips) (mean score = 0.17). The rest of the variables had diverse responses over different algorithms, therefore their influence on governing Olea europaea subsp. cuspidata potential distribution was extremely variable (Table 2).


TABLE 2 The relevance scores of the selected bioclimatic variables, both overall and by the algorithm.
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Current distribution

The final ensemble model reveals that under current climatic conditions, the areas having highly suitable and optimal climatic conditions for the growth of Olea europaea subsp. cuspidata are majority parts of Mexico, the southeastern part of the United States in North America; coastal parts of Columbia, Ecuador, and Peru, major parts of Chile, central, eastern and southern parts of Argentina, majority of Uruguay, and southern and eastern parts of Brazil in South America; coastal parts of western Sahara, Morocco, Libya and Egypt, majority of Ethiopia, Kenya, almost entire of Zimbabwe, Namibia, Botswana, Madagascar, and South Africa in Africa; western coastal parts of Portugal, Spain, France, United Kingdom, Italy, and Turkey in Europe; coastal parts of Yemen and Saudi Arabia, the southeastern part of Pakistan, North Western Himalayan states of Jammu and Kashmir, Himachal Pradesh, Uttarakhand, and Arunachal Pradesh, Bhutan and Nepal, Northwestern part of Myanmar, the northern part of Thailand, the southern part of China in Asia; Central, southern, eastern, western and southern western parts of Australia and major parts of New Zealand in Australasia (Figure 2).


[image: Figure 2]
FIGURE 2
 Plot showing the geographic projections using the committee average (above) and weighted mean (below) ensemble models for Olea europaea subsp. cuspidata under current climatic conditions.




Future potential distribution

The predictions of the future ensemble models showed that there will be a decrease in the habitat suitability for Olea europaea Subsp. cuspidata under all the future climatic scenarios. However, some of the currently suitable areas will consistently remain suitable in future climates also, such as the central part of Mexico, southern and central parts of the United States in North America; coastal parts of Columbia, Ecuador, and Peru, and major parts of Chile, central, eastern and southern parts of Argentina, southern and eastern parts of Brazil in South America; certain parts of Ethiopia, Kenya and Tanzania, eastern Madagascar and Southern parts of Namibia and South Africa in Africa; major parts of Spain, France, United Kingdom, Italy Germany, and Turkey in Europe; North Eastern Himalayan states of Jammu and Kashmir, Himachal Pradesh, Uttarakhand, and Arunachal Pradesh, Bhutan and Nepal, Northwestern part of Myanmar, the northern part of Thailand in Asia; southern parts of Australia and entire of New Zealand in Australasia (Figure 3).
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FIGURE 3
 Plots of the predicted habitat suitability for Olea europaea subsp. cuspidata under future climate change scenarios.




Species range change

The results of the range change analysis once again indicated that Olea europaea subsp. cuspidata will undergo significant range changes under future climatic conditions and ranges from −40.52 and −42.11% under RCP4.5 2050 for committee averaging and weighted mean, respectively, to −56.16 and −60.80% under RCP8.5 2070 for committee averaging and weighted mean, respectively (Table 3). This range change will be governed mostly by habitat loss in future climatic scenarios. More specifically, there will be a reduction in suitable areas for Olea europaea Subsp. cuspidata by about 50.05 and 49.99% (under RCP4.5 2050), 54.20 and 55.04% (RCP4.5 2070), 55.90 and 56.52% (RCP8.5 2050), and 69.17 and 71.11% (under RCP8.5 for the year 2070) for committee averaging and weighted mean, respectively, when compared to current habitat suitability (Table 3). The areas that are likely to become unsuitable in the future include the majority parts of Mexico and the southeastern part of the United States in North America; Northern Chile, east and central parts of Argentina, certain parts of southern and eastern Brazil in South America; coastal parts of Ecuador and Columbia, central parts of Ethiopia, Kenya and Tanzania, parts of Madagascar and central parts of Namibia and South Africa in Africa; coastal parts of Spain, France, Italy and Greece in Europe; coastal parts of Yemen and Saudi Arabia, the southeastern part of Pakistan and southern part of China in Asia; southwestern and eastern parts of Australia (Figure 4). In contrast, some of the currently unsuitable areas become increasingly suitable for future climate with a range expansion of 9.53 and 7.88% (under RCP4.5 2050), 10.61 and 8.58% (RCP4.5 2070), 11.65 and 9.63% (RCP8.5 2050), and 13.01 and 10.31% (under RCP8.5 2070) for committee averaging and weighted mean, respectively, when compared to current habitat suitability for (Table 3). These expanding suitability areas include a certain portion of the southern United States, most of the parts of Chile, some parts of Indian Himalayan states, North Eastern Himalayan states of Jammu and Kashmir, Uttarakhand, Sikkim, and Arunachal Pradesh, as well as certain parts of Bhutan and Nepal and southern China (Figure 4).


TABLE 3 Summary of the range change statistics in terms of pixels for the Olea europaea subsp. cuspidata under climate change scenarios compared to current climatic conditions.
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FIGURE 4
 Plots of the predicted range changes for Olea europaea subsp. cuspidata between current and future climatic conditions.





Discussion

This study employed two evaluation metrics to assess the predictive performance of our model run: threshold-independent Area under the Curve (AUC) and threshold-dependent True Skill Statistics (TSS). These criteria are frequently used in ecology to evaluate habitat modeling performance (Allouche et al., 2006). The AUC is extensively used to evaluate the accuracy of habitat suitability models, while TSS normalizes total accuracy (Allouche et al., 2006; Becerra-López et al., 2017). The threshold-independent AUC and threshold-dependent TSS performance scores for Olea europaea subsp. cuspidata were 0.991 and 0.913 for committee averaging and 0.992 and 0.908 for weighted mean, respectively. The consistent results obtained prove the model's improved performance.

Environmental conditions influence the distribution of a plant species. This impact is because climate variables such as temperature and precipitation impact species' physiological and reproductive capabilities (Sharma and Raghubanshi, 2006). Several critical biological processes of a species are synchronized by these climate-based characteristics, including dispersion ability, home range size (Bradley and Mustard, 2006), and the ability to survive under unfavorable conditions (Morris et al., 2019). However, this does not hold true for all cases, as other edaphic and topographic factors and interactions among the biotic and abiotic environments significantly impact the species distribution (Norberg et al., 2019). However, when the modeling is performed over large-scale areas such as the whole globe or continents, climatic conditions are reported as the sole determinants for evaluating the degree of distribution of the organisms (Waltari et al., 2014). Earlier SDM studies conducted on Olea europaea subsp. cuspidata in Asia have reported a loss of suitable habitat, particularly in low elevations, and a shifting distribution toward high altitudes (Ashraf et al., 2016, 2017). The other two wild olive subspecies, O. europaea subsp. europaea var. sylvestris, are predicted to increase habitat suitability, while O. europaea subsp. maroccana shows substantial contraction in future climate (Kassout et al., 2022). This suggests that plant species behave differently in future climate projections, even at the subspecies level.

The species' distribution range reflects its adaptation to the Mediterranean-type climate of the world. Such a climate is considered one of the most vulnerable zones to global warming (Almeida et al., 2022; Kassout et al., 2022). The current distribution range is stretched across many regions of all the continents, especially prominent parts of the southern hemisphere. During the last few decades, 90 percent of the net global ocean heat gain was concentrated in the southern hemisphere (Rathore et al., 2018). Several meteorological alterations have been observed in the southern hemisphere during the past several decades (Solman and Orlanski, 2016). Certain precipitation-related variables influencing this plant species' distribution have been identified (Deblauwe et al., 2016; Amiri et al., 2020). The distribution of this plant in coastal parts of Western Sahara, Morocco, Libya, and Egypt, the majority of Ethiopia, Kenya, and almost the entire country of Zimbabwe, Namibia, Botswana, Madagascar, and South Africa in Africa reflects its adaptability in the relatively low precipitation-dominated area. These findings are consistent with model-based predictions made by several other researchers, who identified temperature and precipitation-derived variables as the primary determinants of plant distribution (Woodward et al., 2004; Priyanka and Joshi, 2013; Manzoor et al., 2018; Panda and Behera, 2018; Thapa et al., 2018; Xu et al., 2021).

The study is a pioneering but crucial step in looking into the impact of climate change on the current distribution and the possible range of suitable habitats of Olea europaea subsp. cuspidata on a global scale. The study's findings show that temperature-related bioclimatic variables play a vital role in this species' distribution (Figures 2, 3), with BIO-1 (Annual Mean Temperature) being the most important explanatory variable, followed by BIO-5 (Max Temperature of Warmest Month) and BIO-3 (Annual Mean Temperature) (Isothermality). These variables are expected to alter significantly under the RCP8.5 scenario, causing substantial portions of the current distribution area to become unsuitable by 2050. This study predicts more range contraction under RCP8.5 by 2070, a comparatively more extreme scenario. On the other hand, rainfall patterns in many regions of the world are expected to result in a more widespread variable and extended dry spells. According to a recent climate precipitation trend analysis for the previous few decades, the total amount of annual precipitation is escalating along with increasing trends in consecutive dry days (CDD) (Mudelsee, 2018; Parey, 2019; Dad et al., 2021). Under the predicted importance of rainfall patterns for Olea europaea subsp. cuspidata, future extreme climate events may put additional stress on already established populations and restrict its spread to places that would be unsuitable under current climatic conditions (Kelly and Goulden, 2008).

Future climate change is expected to impair total habitat suitability for this species, with more than a quarter of suitable habitat predicted to be lost by 2070 under RCP8.5. In fact, our findings are consistent with other reports that have found a decline in the worldwide and regional species distribution as a result of climate change (Rabasa et al., 2013; Panda and Behera, 2018; Moraira et al., 2020; Zu et al., 2021). In a recent study investigating the future predictions for the spread of invasive species under the influence of climate change in South Africa, Bezeng et al. (2017) discovered a range reduction for more than 80 species. Our predicted model for the future distribution of this species corresponds with the results of Ghafoor et al. (2021), which experimentally established the reduced seed germination and vegetative growth in Olea europaea subsp. cuspidate, and predicted that climate change will significantly influence olive ecophysiology, leading to species composition changes and shifting distribution (Brito et al., 2019). In the southeast of Australia, where the species is predicted to lose its habitat substantially, vegetation type has been demonstrated to have a substantial impact on fire response to warmer temperatures, with wetter, coastal temperate forests being more likely to experience increased fire frequency (Bradstock et al., 2014). Similar observations were recorded about the distribution pattern of 292 naturalized alien species in Australia, which has been observed to be affected under future climate change scenarios (Duursma et al., 2013). Several cases of vegetation and disturbance regimes, local plant extinctions, phenological changes in reproduction, and altered biotic interactions have been observed in Australia, posing a threat to communities and endangered species (Hoffmann et al., 2018). Another most affected region in terms of habitat loss is Olea europaea subsp. cuspidata is predicted to be in sub-Saharan Africa. According to projections, countries like South Africa, Namibia, and Botswana will face temperatures greater than the global average by 2050 (Davis-Reddy and Vincent, 2017). In addition, rainfall in Southern Africa is anticipated to drop by nearly 10% by 2050 (IPCC, 2014). Our results agree with several other studies which have found that climate change has affected the habitat suitability of several other plant species (Bradley et al., 2009; Taylor et al., 2012; Wan et al., 2016; Manzoor et al., 2018). The availability of moisture and the low temperatures associated with these regions may promote future distribution feasible in the context of climate change (Chen et al., 2011; Fei et al., 2017; Panda and Behera, 2018; Rathore et al., 2018). While projected climate change may negatively shift the distribution of Olea europaea subsp. cuspidate, due to increased precipitation and temperature, moisture availability, and low temperatures associated with higher latitudes, it may also facilitate its distribution under future climate conditions. Since the majority of Olea europaea subsp. cuspidata habitat loss is predicted in the mid-latitudes of both hemispheres; the region's surface temperature changes (Tamarin-Brodsky et al., 2020) explain the warming patterns and climatic-dependent factors.

A considerable reduction of the suitable habitats for Olea europaea subsp. cuspidata will occur under future climatic conditions. As a global trend, the lower the latitude, the more areas will be lost (Sheldon, 2019); the majority of the lost areas are on the American, African, and Australian subcontinents, indicating that many mainland areas will be subjected to more severe climatic changes than coastal areas. The areas predicted for future distribution suitability currently receive less precipitation than those with current distribution. Future climatic projections foresee the emergence of new suitable areas, mostly found at higher latitudes in both the northern and southern hemispheres (Figure 4). Under the model output, such projected latitudinal migration, with Olea europaea subsp. cuspidata shifting poleward, follows one of the most common and well-documented consequences of climate change on species distribution (VanDerWal et al., 2012; Telwala et al., 2013; Rathore et al., 2018). Considering the species diverse distribution patterns and relatively wide temperature and precipitation habitat ranges (Figure 3), future estimates suggest that the plant will be severely affected by the ongoing global climate change. Other widespread plant species have exhibited probable future range contractions (Kelly and Goulden, 2008; Parmesan and Hanley, 2015; Madani et al., 2018) due to increased temperatures leading to severe heat stress (Tollefson, 2020).



Conclusion

The present work is the first attempt to assess global range shifts not only for a wild olive species but also for a Lamiales species in a climate change scenario. Ecophysiological features of Olea europaea subsp. cuspidata may be linked to the shrinkage of potential areas in the year 2070 compared to the present. The extraction and comparison of climatic values of gained and lost areas in relation to present and future distribution ranges revealed that Olea europaea subsp. cuspidata would tend to be displaced to locations with currently low precipitation values. As previously stated, the species appears to be unable to endure significant temperature fluctuations (Bio-1, Bio-3, and Bio-5). As a result, climatically appropriate areas for Olea europaea subsp. cuspidata are predicted to be drastically reduced by 2070, as a portion of the current potential ranges will become unsuitable due to excessive temperature changes. This is in line with worldwide trend changes, which have been anticipated to include a large increase in extreme periods of lengthy dry cycles (IPCC, 2013; Tollefson, 2020). Finally, we investigated where most suitable habitats will be lost or gained in the future due to climate change. With this ensemble modeling approach, firstly, we can predict the main current locations of Olea europaea subsp. cuspidata will still appear as suitable. Secondly, it is estimated that several diverse geographical locations where the species has not been documented will be potential colonization sites for the species in the future. Considering the ecological and economical importance, the areas predicted to be suitable for the O. europaea subsp. cuspidata may be used for the plantation of this species, while the deforested land should be restored for human welfare.
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Analyzing plant species richness across a broad geographic gradient is critical for understanding the patterns and processes of biodiversity. In view of this, a species richness map was developed by stacking the ranges of 51 tree species along an elevational gradient in the Western Himalaya using stacked species distribution models (SSDMs). Among modeling algorithms available in SSDMs, random forest and artificial neural networks exhibited the best performance (r = 0.81, p < 0.001). The predicted tree species richness distribution pattern revealed a mid-elevation peak at around 2,000 m asl, which is in concordance with the observed richness pattern (R2 = 0.94, p < 0.001). Additionally, structural equation models (SEMs) were used to confirm the key factors that influence tree richness. The results based on SEMs confirm that the elevational pattern of predicted tree species richness is explained by mutual effects of water–energy availability, climate, and habitat heterogeneity. This study also validates that the impact of moisture on tree species richness coincides geographically with climate factors. The results have revealed that water–energy-related variables are likely to impact the species richness directly at higher elevations, whereas the effect is more likely to be tied to moisture at lower elevations. SSDMs provide a good tool to predict a species richness pattern and could help in the conservation and management of high biodiverse areas at different spatial scales. However, more investigation is needed to validate the SSDMs in other parts of the Himalayan region to provide a comprehensive synoptic perspective of Himalayan biodiversity at a larger scale.
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Introduction

Species distribution modeling (SDM) is a tool that offers robust estimates of biodiversity mapping using field-based observations of species localities. In recent years, SDM has become a useful approach for predicting species distribution ranges, based on the relationships between species records and environmental variables (Pineda and Lobo, 2009). Mapping of species richness using SDM has increased significantly and gaining the attention of policy planners in forest management and conservation (Fitzpatrick et al., 2008; Colombo and Joly, 2010; Schmidt-Lebuhn et al., 2012; Benito et al., 2013; Brown et al., 2015; D’Amen et al., 2015; Pouteau et al., 2018). It is well known that the assessment of plant species richness in any ecosystem is critical for long-term management and conservation initiatives (Gutiérrez and Huth, 2012; Rawal et al., 2018; Negi et al., 2019). A hump-shaped pattern or a higher number of species at mid-elevation has been reported as a prominent pattern across the mountain regions (Stevens, 1992; Rahbek, 1995; Grytnes and McCain, 2013; Guo et al., 2013; Negi et al., 2021). Several hypotheses, e.g., energy and water availability, energy–water balance, seasonality, and habitat heterogeneity, have been proposed to explain the elevational pattern of species richness. The habitat heterogeneity hypothesis states that an increase in heterogeneity leads to an increase in species richness (MacArthur and MacArthur, 1961). Similarly, the energy hypothesis states that greater availability of energy is an optimum condition for enhancing species richness and climate stability (Turner et al., 1987; Hawkins et al., 2003; Panda et al., 2017).

The Himalaya, a global biodiversity hotspot (Myers, 1988) and a climatically sensitive region, supports more than 10,500 species of flowering plants, which are distributed across the subtropical foothills to high alpine climatic zones. These regions are important to study species richness patterns across a wider geographical coverage (Rana and Rawat, 2017). Studies based on field observations and overlapping elevational ranges along an elevational gradient in the Himalaya show a common pattern of a mid-elevation peak in the species richness (Vetaas and Grytnes, 2002; Bhattarai and Vetaas, 2003, 2006; Oommen and Shanker, 2005; Acharya et al., 2011; Kluge et al., 2017; Manish et al., 2017; Thakur et al., 2021). Field observation-based studies along the elevational gradients in the Himalaya report the highest number of species at the mid-elevations (Kharkwal et al., 2005; Sharma et al., 2018; Rana et al., 2019a; Bhat et al., 2020). The causes of such variations include a primary role of water–energy dynamics (Acharya et al., 2011), evolutionary history (Rana et al., 2019b), and disturbances (Negi et al., 2018a,b; Thakur et al., 2021; Rana et al., 2022). However, spatial and climatic patterns are postulated to explain these patterns of variation in species richness over elevational gradients (Connell and Orias, 1964). Panda et al. (2017) suggested that energy variables (i.e., potential evapotranspiration and temperature seasonality) provide a better explanation than water variables (i.e., aridity index and precipitation of the driest quarter) in explaining plant species richness in the Western Himalaya. Similarly, a combination of ambient energy (i.e., air temperature, solar radiation, and potential evapotranspiration) and water availability (i.e., soil water content and precipitation) was found to be the main drivers of the elevational pattern of species richness in the Eastern Himalaya (Manish et al., 2017). Recent studies from the Himalayan region indicate that the freezing line and disturbance also play important roles in driving the species turnover along the elevational gradient (Rana et al., 2022). However, the specific causes for the hump structure of association between plant species richness and elevation are difficult to decipher due to the intricate linkages among these processes (Acharya et al., 2011). Thus, currently, many hypotheses still remain to be tested for habitat heterogeneity and climate stability, which can provide important insights into explaining species richness patterns (Pan et al., 2016).

Many assessments of biodiversity patterns along elevational gradients rely on field data gathered in transects or plots. Species richness maps based on field observations have been proven to be the best alternative for identifying biodiversity-rich areas with complete geographical coverage (Murray-Smith et al., 2009; Oliveira et al., 2019; Testolin et al., 2021). Identification of degraded regions, sensitive and species-specific habitats (Negi et al., 2018a), and hotspots of invasive species (Gallardo-Cruz et al., 2009; Bellard et al., 2013; Pouteau et al., 2018) through spatially explicit methods is useful for climate change adaptation, restoration of degraded lands, and conservation of specific habitat or region (Bellard et al., 2013).

Modeling species richness using SDMs is frequently used to anticipate how potential plant species richness in mountains may alter due to climate change. Although only a few research studies focus on the use of SDMs to predict richness patterns along elevational gradients (Syfert et al., 2018), no attempts have been made to predict a spatial pattern of species richness using SDM approach in the Indian Himalayan region (IHR). The true ranges of most plant species are unknown due to a limited number of their recorded locations. This has prompted for using a valid species distribution model for mapping, using field-based data on species locale. In such cases, the use of SDM without knowing the true species ranges of plant species can add ambiguity in predictions for research and policy issues, such as conservation priority. Thus, this study is an attempt to prove that SDM algorithms are a useful approach for predicting true species richness patterns at a spatial scale. This was followed by testing the ecological hypotheses related to water, energy, climate, and habitat heterogeneity to identify determinants of tree species richness in the Western Himalaya.



Materials and methods


Study area and species data

The study area located in Pithoragarh district (Uttarakhand) in the Western Himalaya (Figure 1) has a unique importance in terms of diverse and unique flora and fauna (Oli and Zomer, 2011). It is situated at the confluence of the Western, Central, and Trans-Himalayan bioregions, forming an intersection of flora, fauna, and human cultures. The study area has a wide elevational gradient ranging from 412 to 7,132 m asl constituting the vegetation types covering subtropical to alpine regions. It is also an important ecological barrier depending on varying topographies from the outer Siwalik to the inner high Himalaya and consists of a variety of plant diversity covering subtropical to alpine vegetation (Saxena et al., 1985). The region is attitudinally divisible into subtropical (300 to 1,500 m), temperate (1,500 to 3,500 m), and alpine (>3,500 m) zones (Saxena et al., 1985). The mean annual temperature of the area ranges from 30 to 12°C lower to higher altitudinal ranges (Thakur et al., 2020). Vegetation sampling was carried out during 2016–2019 along an elevational gradient ranging from 800 to 4,000 m asl at 33 sites of an approximate interval of 100 m in the Pithoragarh district. We have used the phytosociological method (Misra, 1968, Muller Dombois and Ellenberg, 1974; Negi et al., 2018a; Rawal et al., 2018) to sample trees species. The sample plots were randomly laid at the interval of 100 m elevation along the altitude. Within 100 m elevation, we have randomly placed three plots of 2500 m2 each, and within one random plot (2,500 m2), five quadrats of 10 × 10 m (100 m2 size each) were placed for tree sampling. Thus, a total of 99 plots (2,500 m2 size) were laid along 33 elevations or sites (800–4,000 m asl) along the elevational gradient in the studied area. Trees with a circumference at breast height (cbh) > 30 cm were considered for sampling. A total of 2,193 geocoordinates for 51 tree species were recorded using a global positioning system (Supplementary Table 1).
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FIGURE 1
Study area map with sites locations. Scale in the map represents the study site.




Environmental data

A comprehensive set of environmental variables that were considered to be the main factors influencing the distribution of plant species (Dirnböck et al., 2003; Körner, 2012) were used in this study. We have used 23 environmental variables to understand the relative importance of climate, water, energy, and habitat heterogeneity for explaining spatial variation in tree species richness at the regional scale (Supplementary Table 2). We extracted 19 bioclimatic variables from Worldclim21 at the resolution ∼1 km2 (Fick and Hijmans, 2017) and elevation from USGS GTOPO-302 with a resolution of 30 arc seconds. The slope and aspect were extracted from an elevation layer using the “slope” and “aspect” tools in the spatial analyst tools of ArcGIS 10.1. In addition, the normalized difference vegetation index (NDVI), which has been suggested to be useful in predicting plant species distribution and richness (Williams et al., 2009; Cramer and Verboom, 2017), was also derived from the public domain Sentinel-2B of 10-m-resolution images for pre-monsoon and post-monsoon seasons. The data were extracted on March 10, 2019, and October 19, 2019, from the open-source Earth Resources Observation and Science (EROS) Data Center of the US Geological Survey (USGS) archive.3 All the environmental layers were resampled to 1 km2 using bilinear transformation to maintain the uniformity. To deal with collinearity, we have performed the multicollinearity test among the predictor variables using the “usdm” package in R (Naimi, 2015) and retained only variables with a variance inflation factor (VIF) less than 8 or correlation coefficient r ≥ 0.8 (Supplementary Figure 1). Based on the multicollinearity test, we used a non-collinear set of predictor variables, i.e., precipitation seasonality (PS), mean diurnal range (MDR), mean temperature of driest quarter (MTDQ), precipitation of warmest quarter (PWQ), slope, aspect, and normalized difference vegetation index (NDVI) in the final ensemble model (Supplementary Figure 2). These variables were categorized into water, energy, climate stability, and habitat heterogeneity based on the potential importance of factors to plant species richness. The MTDQ surrogates as energy availability (Panda et al., 2017; Gao and Liu, 2018), PWQ as water availability (Panda et al., 2017; Gao and Liu, 2018), MDR and PS as climate stability (Gao and Liu, 2018), and NDVI, slope, and aspect as habitat heterogeneity (Mouchet et al., 2015; Nieto et al., 2015).



Stack species distribution modeling

As uncertainty in distribution predictions can skew policymaking and planning, fitting a number of alternative statistical approaches finds an agreement among SSDM projections (Marmion et al., 2009; Gritti et al., 2013). The SSDM is ideal for extrapolation of predicted species richness, even with a small number of presence locations with a narrow environmental range (Cayuela et al., 2009; Williams et al., 2009; Mateo et al., 2010). We used the SSDM approach and implemented the R package “SSDM” which integrates multiple individual SDMs to produce a community-level model (Ferrier and Guisan, 2006). The SSDM package provides eight different methods, namely, the generalized linear model (GLM), generalized additive model (GAM), multivariate adaptive regression splines (MARS), generalized boosted regression model (GBM), classification tree analysis (CTA), random forest (RF), support vector machines (SVM), and artificial neural networks (ANN), to generate a distribution model for a given species. To get the binary map, we used the sensitivity–specificity equality (SES) to compute the binary map threshold (Schmitt et al., 2017). We first produced individual binary maps for each species using these modeling algorithms. We have then checked values of area under the curve (AUC) and kappa metrics that evaluate the accuracy of the individual model for each species. The AUC metric is a widely used statistic for assessing the discriminatory capacity of species distribution models (Barbet-Massin et al., 2012; Leroy et al., 2018). This metric assesses the balance between a true-positive rate (sensitivity) and a false-positive rate (100 – specificity), which is a threshold-independent metric that varies from 0 to 1, where values near or equal to 1 represent that the models reached excellent discriminatory power and values around 0.5 represent species predictions no better than a random distribution. The model needs the presence and absence data of the occurrence data. Many studies proved that the presence–absence of biotic data in species distribution models tended to perform better than the presence-only models (Barbet-Massin et al., 2012; Schmitt et al., 2017; Leroy et al., 2018). It is believed that presence–absence models will yield more reliable results if the presence data that are available seem insufficient or uncertain. To reduce over-prediction and extrapolation into unknown areas can be minimized by absence and/or pseudo-absence points (Barbet-Massin et al., 2012). We randomly created pseudo-absence data of each species with an equal number of its presence data randomly within the study. We summed individual binary maps generated using the SSDM approach for all species, and the final model was selected for AUC > 0.90 to produce an ensemble species richness map. The accuracy (disagreements between the prediction and reality) of the species richness maps across the sets of spatial grains was assessed using the observed occurrence data of the species. We analyzed the proportion of accurate richness predictions and true negatives, true positives, and similarities in species richness using the species richness error, prediction success, and Cohen’s kappa coefficient (Schmitt et al., 2017). The work flow of modeling approach is shown in Figure 2. Subsequently, we developed the partial dependency plots to better explain the relationship between tree species richness and predictor variables. The partial dependency plots represent the influence of predictor variable on target variable (richness in our case) while controlling the average effects of other predictor variables (Mouchet et al., 2015). For interpretation, we have smoothed the response variables with a spline fit (Mouchet et al., 2015).
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FIGURE 2
Methodological flow diagram of SSDM approach. (I) Input species occurrences and environmental layers; (II) modeling algorithms for deriving binary maps; and (III) ensembling binary maps to produce community-level richness.




Species richness–environment relationship

To validate the relative importance of environmental factors for determining tree species richness generated from SSDM, we have used the structural equation model (SEM) approach. SEM is a sophisticated and reliable regression model commonly employed in ecological research (Panda et al., 2017; Rana et al., 2019b). SEM general methodology entails the creation of a multivariate dependence model that can be statistically validated using field data. This multivariate technique not only aids in a model selection among alternatives, but also presents a quick and efficient solution to a succession of overlapping regression associations. The analysis was carried out in R using the packages “lavaan,” “semPlot,” and “lavaan” from the CRAN repository (Rosseel, 2012). We compared tree species richness to each group of ecological determinants. Then, for each ecological driver, we investigated the combination of environmental variables with tree species richness. The beta coefficient, R2 value, and root mean square error were used to assess the model’s performance.




Results


Pattern of species richness

The SSDM approach successfully predicted a tree species richness map with a spatial resolution of 1 km2 under the present climatic environments (Figure 3). We extracted pixel values of predicted richness with an elevation to derive the elevational pattern of tree species. The observed pattern shows higher synchronicity (R2 = 0.94, p < 0.001) with an expected richness pattern (Supplementary Figure 3). The elevational pattern of predicted species richness showed a positively skewed hump-shaped pattern with a richness of 20–27 species peaked at approximately 2000 m asl. The predicted richness was about 10–15 species between 2,000 and 3,000 m asl elevation. However, above 3,000 m asl, the tree richness recorded was far less, ranging from 2 to 6 species (Figure 4). Consequently, the predicted richness shows a sharp decline in the occurrence of species above 2,000 m asl.
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FIGURE 3
Tree species richness map, derived from adding all individual species distribution maps.
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FIGURE 4
Elevational pattern of predicted tree species richness showing positively skewed humped. Dotted black line indicates the richness peak.




Variables determining tree species richness

Interestingly, all variables explained marginal variance (about 11–16%) to explain tree species richness in the region (Supplementary Figure 4). Habitat heterogeneity variables, i.e., NDVI, aspect, and slope, explained 16.46, 15.18, and 11.90% of the variance, respectively, in explaining tree species richness. Water (PWQ) and energy (MTDQ) variables contributed 14.28 and 12.96% of the variance, respectively, to explain tree species richness. Climate stability variables, i.e., MDR and PS, have explained 15.90 and 13.32% of the variance, respectively, to explain tree species richness. These results indicate that the predicated richness patterns are explained differently by various factors, but their relative importance varies. The SEMs adequately fitted the output of key predictor variables for the water–energy, habitat heterogeneity, and climate stability models. The SEM of habitat heterogeneity, water–energy, and climate stability explained 36, 23, and 32% of the variance, respectively, in explaining tree species richness. The habitat heterogeneity model shows a strong significant positive correlation (r = 0.76, p < 0.001) between NDVI and tree species richness and aspect (r = –0.23, p < 0.05) and a weak negative correlation with slope (r = –0.05, p > 0.05) (Figure 5A). Similarly, a water–energy model based on MTDQ shows a positive relationship (r = 0.52, p < 0.05) between tree species richness (Figure 5B). In a climate stability model, a strong positive relationship (r = 0.80, p < 0.001) between PS and tree species richness was found (Figure 5C). The partial dependency plots show a sharp increase in richness values with an increase in NDVI values above 0.25, indicating higher values of NDVI sustain higher tree species (Figure 6A). These plots also reflect a relationship between MDR and predicted tree species richness that generates a hump-shaped curve with the maximum predicted species richness at an approximate increase in MDR between 10 and 12°C (Figure 6B). The richness varies between 10 and 12 species with an increase in MDR from 8 to 13°C (Figure 6B). For MTDQ, a tree species richness pattern increased with an increase in MTDQ (Figure 6C). The relationship between tree species richness and PS shows a parabolic response and increased with an increase in PS ranging from 80 to 120 mm (Figure 6D); it reflected an inverse response for species richness values up to 15 species (Figure 6D). The predicted richness and PWQ relationship has revealed an accelerating unimodal pattern peaked at a PWQ value of 750 mm (Figure 6E). Overall, this research contribution reveales a combined effect of water, energy, and habitat heterogeneity and climate stability, which have a greater role in explaining tree species richness in the mountain region.
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FIGURE 5
SEM output to evaluate the significance of environmental determinants: (A) Habitat heterogeneity, (B) water–energy, and (C) climate stability on tree richness (TR).
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FIGURE 6
(A–E) Examples of partial dependency plot showing the relationships between the predicted tree species richness with important predictor variables.




Model evaluation and validation

The relative success of all the models was evaluated in predicting tree species richness by comparing mean AUC values and kappa statistics. Among all the models, RF and ANN generated results with the maximum mean AUC and kappa values >0.90. The cross-model correlations showed a high correlation between RF and ANN models (r = 0.81; Supplementary Table 3); thus, we used an ensemble model of these two variables to obtain a reliable predicted richness map. It was also reflected in the investigation of maps and correlation statistics that RF and ANN generated similar results, in terms of both AUC scores and the physical locations where species occurrences were projected. The final model exhibiting a high kappa value (0.99) signifies that the model performance was excellent (Supplementary Table 4). The mean richness error, i.e., the difference between actual and predicted richness, is quite low (4.95), revealing a superior utility of the map (Supplementary Table 4).




Discussion


Pattern of species richness

Mapping spatial pattern of species richness using ground observations is important for biodiversity monitoring, and conservation, as well as developing management and adaptation strategies (Rodríguez et al., 2007). The predicted pattern of tree species richness using SSDM showed a positive skewed hump-shaped pattern. The hump-shaped association predicted by SSDM between species richness and elevation is consistent with various earlier investigations (Krömer et al., 2013; Syfert et al., 2018). The results of this study reveal that tree species richness peaks at around 2,000 m containing 20–27 taxa; however, most other Himalayan studies show that a richness peaks at much lower elevations: (i) 1,000 m (Bhattarai and Vetaas, 2006), (ii) 600–1,000 m (Behera and Kushwaha, 2006), (iii) 1,500 m (Acharya et al., 2011), and (iv) 500–1,000 m (Rana et al., 2019a). In the study region, a mid-elevation zone is dominated by various tree genera such as Quercus, Rhododendron, Pinus, and Alnus with a sharp decline in species richness toward higher elevations. The uppermost limits in our sampling at around 4,000 m in the region were dominated by Abies pindrow, Betula utilis, and Pinus wallichiana. This indicates that subalpine trees are primarily sink populations in the region and are unable to cope with the harsh and stressful open subalpine environment. Findings from other parts of the Himalayan region have revealed that the elevation ranging between 1,500 and 2,000 m is an essential transition zone between subtropical and temperate flora (Rana et al., 2019a). If we examine the species–area relationships of the region, the lower half of the region is anticipated to have more species due to the larger area available for species (Supplementary Figure 5). The present results have reflected that the richness was high at 2,000 m and in consonance with the previous field-based studies from the Himalaya (Vetaas and Grytnes, 2002; Bhattarai et al., 2004). The higher peak of tree species richness in our study can thus be attributed to the habitat specificity of tree species and a low level of anthropogenic pressure. Generally, mountain regions with a wider elevational gradient exhibited a unimodal pattern of diversity, and this kind of pattern is globally well-recognized for the respective transects (Rahbek, 1995; Gaston, 2000; Arya et al., 2017; Rana et al., 2019a). Previous studies have suggested that elevational patterns of plant richness may be influenced by biotic processes, environmental heterogeneity, climate, and evolutionary history (McCain and Grytnes, 2010; Rana et al., 2019a).

In a study from Nepal, Bhattarai and Vetaas (2006) observed a decreasing trend of trees above 1500 m asl with narrow elevational ranges at the transition zone of the gradient with a wider elevational range in the middle. This is due to boundary effects, i.e., a change in environmental or climatic conditions at lower and higher elevational zones (Feng et al., 2016). In addition, optimum water (precipitation seasonality in our study) and temperature (mean diurnal range in our study) create more favorable conditions, which results in more plant species at mid-elevation (McCain, 2007). Even at high elevations, the decline in species richness may be due to the decreasing temperature, precipitation, and humidity (Sinha et al., 2018). Furthermore, we observed that a declining pattern of predicted tree species richness after 2000 m is also supported by observed tree species richness over the Himalayan region (Stevens, 1992; Kharkwal et al., 2005; Rodríguez et al., 2007; Malik, 2014; Malik and Nautiyal, 2016; Sharma et al., 2018; Sinha et al., 2018; Rana et al., 2019a; Bhat et al., 2020). This suggests that the SSDM has the potential utility to predict the observed richness pattern using field-based plant species data.



Role of habitat heterogeneity

Habitat heterogeneity is widely recognized as a key driver of high species richness in mountain environments, as it promotes diversification, reduces extinction, and provides niche space for species cohabitation (Stein et al., 2014). Environmental variables related to habitat heterogeneity (slope, aspect, and especially NDVI) are critical in explaining the overall tree species richness patterns. In a study, Pouteau et al. (2018) reported that the inclusion of remotely sensed derived NDVI provides a better prediction of plant species richness because of its multispectral nature. Interestingly, high NDVI values were observed around 2,000 m asl elevation in our study region strongly explaining a mid-elevation peak in tree species richness (Supplementary Figure 6A). The wider elevational gradient in our study site shows variations in NDVI values and climatic conditions which depicted a different zonation of vegetation types. Feilhauer et al. (2012) have also emphasized that a wider elevational gradient and a clear floristic and climatic gradient have a clear association between NDVI and plant species richness. Forests may have a diverse range of vegetation types with significant internal heterogeneity, which is likely to support a greater number of ecological groupings, such as species associated with clear-cuts, broadleaf or coniferous, forest floors (Ellenberg and Leuschner, 2010). We found evidence for habitat heterogeneity, implying that a greater variety of vegetation types should support a greater number of species. Slope and elevation have an important role in the species composition of the region due to a change in the incoming solar radiation (Gallardo-Cruz et al., 2009; Scherrer and Körner, 2011), which changes over short horizontal distances. The small change in the distribution of solar radiation and water moisture with a change in the slope may contribute to a difference in the micro-climate of the area. This will directly or indirectly change the plant composition and species richness (Vetaas, 2000; Gallardo-Cruz et al., 2009; Moeslund et al., 2013). In those places where rainfall does not exceed 400 mm per year, species richness is comparatively high on damp north-facing slopes compared with sun-exposed south-facing slopes (Vetaas, 1992; Sternberg and Shoshany, 2001). However, at higher elevations, energy inputs may be an important limiting factor. Our findings are consistent with these facts that changes in land-use patterns between contrasting slopes may reflect varied vegetation structures and plant diversity (Burnett et al., 1998). The land-use patterns, microclimatic conditions, and their interactions potentially regulate vegetation structure and abiotic factors (Shrestha and Vetaas, 2009). Our findings, as well as prior research on other plant groups (Shrestha and Vetaas, 2009; Shrestha et al., 2018), found support for the role of habitat heterogeneity in maintaining high richness in the mountain region.



Role of water and energy

The energy (MTDQ) and water variables (PWQ) have explained much variance to define the distribution of tree species richness in this study. The MTDQ and PWQ explained 14.28 and 12.96% of the variance, respectively, in tree species richness. Both MTDQ and PWQ values show a declining trend with a more pronounced decline after 2,000 m asl along the elevational gradient in the region (Supplementary Figures 6B,C). These findings suggest that richness patterns around 2,000 m asl are the best-suited environments for the growth of tree species, and they are confined under exceptionally severe conditions (such as extremely cold temperatures) at high elevations and warmer climates at low elevations (i.e., subtropical climate). Despite the availability of sufficient energy, water stress has a negative impact on species richness, and with optimal water availability, plants would use the maximal photon flux required for their physiological processes (Panda et al., 2017). This can be explained by the area’s cold and dry climates, which may have resulted in a high biotic reliance on energy (Panda et al., 2017). Interaction between water and energy, either directly or indirectly (via plant productivity), provides a strong explanation for globally extensive plant diversity along the gradients (Hawkins et al., 2003). Thus, energy and water can better explain the hump-shaped pattern of tree species richness as reflected in Figures 6C,E. Sufficient energy and moisture stimulate photosynthesis in plants, which increases plant species richness through physiological processes (Bhattarai and Vetaas, 2003; Hawkins et al., 2003; Currie et al., 2004). Similar observations have been reported from other mountain regions of the world (O’Brien, 1998; Hawkins et al., 2003; Marini et al., 2008; Gao and Liu, 2018; Lu et al., 2018; Pandey et al., 2020a,b) and from the Himalaya (Panda et al., 2017; Vetaas et al., 2019; Pandey et al., 2020b). However, if we had also evaluated the lowest portion of the gradient, our general positive association between species richness and temperature along the elevational gradient might have assumed a different shape (Bhattarai et al., 2004). Despite the fact that the energy (MTDQ) and water variables (PWQ) may underlie such cumulative species–energy connections, knowledge of their relative contributions is limited so far, and further investigation is necessary to gain insight into these mechanisms. Thus, integrating water–energy variables is critical for future biodiversity research.



Role of climate stability

Climatic stability is an important driving force in shaping the geographical distribution of plant species in mountain regions. Our results have shown that MDR and PS (representing climate stability) influenced the tree species richness pattern in the Himalayan region. In the study region, we observed that areas with a moderate mean MDR are more favorable for the survival of tree species around 2,000 m asl (Supplementary Figure 6D). The high and low values of MDR are an indication of high and low moisture, respectively. Vetaas (1993) has suggested that ideal moisture conditions at mid-elevation may be associated with the existence of the cloud zone, where a significant amount of water is deposited directly onto plants from clouds and light mist consequently decreases sunlight and evapotranspiration, resulting in a higher atmospheric humidity that may promote high species richness. Contrary to this, high moisture at higher elevations and substantial diurnal temperature during growing seasons (as depicted in Figure 6B) could trigger physical harm to the plants and their reproductive success. This suggests that stable climates enhance species richness as has previously been reported in other mountain regions (Gao and Liu, 2018; Zhao et al., 2018).




Conclusion, limitations, and implications of the study

The current SSDM analysis demonstrates the relevance of water, energy, climate, and habitat heterogeneity in determining the mid-elevation peak in species richness, paving the way for the next step of extending the model inference regarding diversity patterns to a larger range of the Himalaya. The water–energy, climate stability, and habitat heterogeneity variables had significant effects in explaining plant species richness. This is implying that climate and land cover should be incorporated as explanatory factors in models of species richness along elevational gradients. The mapped richness is baseline data for the region and can be updated with more robust field observations. Investigation of the relationship between elevation and plant distribution ranges by putting hypotheses related to habitat heterogeneity and climate stability will improve the understanding of ecological drivers of plants in the Himalayan region. Furthermore, the SSDM approach has shown the potential utility to predict the observed richness pattern which would be useful for biodiversity management and conservation planning in the region. Due to the lack of accurate absence information in the data used for SSDMs, it is expected that some plant absence records that appear to be accurately predicted are actually incorrect, thereby increase the predictive success of performance metrics. In addition, it is obvious that additional surveys would improve the dataset.

The mapped species richness can also be used to identify biodiversity-rich areas for conservation and decision-making. Further, the areas with low species richness can be identified for restoration and management planning. The plantation of habitat-specific tree species in degraded areas would be useful for the mitigation of climate change. These maps can be utilized as a potential input for assessing the vulnerability of forests under current and contrasting future climate change scenarios. Therefore, mapping areas of biological importance along with their respective degrees of knowledge is the first step toward effective conservation planning.
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This study assessed the floristic composition, biological spectrum, and phytogeographical elements of the Bin Dara western boundary of Pakistan. The flora consisted of 140 plant species belonging to 47 families. The most dominant family was Poaceae (with 14 species), followed by Asteraceae (11 species). The biological spectrum showed the therophytes (71 species, 50.71%) as the dominant life form class, followed by mega-phanerophytes (27 species, 19.28%), nano-phanerophytes (15 species, 10.71%), geophytes (10 species, 7.14%), chamaephytes (9 species, 6.42%), and hemi-cryptophytes (8 species, 5.71%). Leaf size classes comprised of nanophylls (48 species, 34.28%), microphylls (32 species, 22.85%), mesophylls (22 species, 15.71%), macrophylls (17 species, 12.14%), leptophylls (12 species, 8.57), megaphylls (8 species, 5.75%), and aphyllous (1 species, 0.71%). Cosmopolitan was the most prominent form of phytogeographic elements (with 17 species, 12.14%), followed by pantropical and Euro-Siberian Mediterranean Irano-Turanian (14 species, 10%) each. The pluriregional represented (13 species, 9.28%), Holarctic and Mediterranean Irano-Turanian (10 species, 7.14%), Irano-Turanian and Western Himalayan (9 species, 6.42%) each. It is recommended that further study is needed to map the vegetation, its indicators, and rare species that face a huge threat of endangerment.

KEYWORDS
life form, leaf size, floristic elements, western Himalayan, plants distribution


Introduction

The floristic composition of any area gives us essential information about different plant species diversity and their distribution (Ali et al., 2018; Bano et al., 2018; Gul et al., 2018). It leads to the proper identification of plant species and thereby conservation in a scientific and systematic way. The distribution of plant species is a valuable source of information for environmental factors and ecosystem services in a particular habitat (Angyalossy et al., 2022; Flores-Argüelles et al., 2022; Magray et al., 2022; Shannon et al., 2022; Wani et al., 2022b; Watts et al., 2022). Floristic diversity is used to interpret plant species of any geographical area, whether cultivated or wild in their nature (Farooq et al., 2019; Khan and Badshah, 2019; Ca et al., 2020; Wani and Pant, 2021; Wani et al., 2022a). The presence of all plant species found in a particular area is termed flora while vegetation is related to the relative importance of plant species, their life and leaf form, population, and distribution in relation to space and time. Floristic inventory can help us to understand the features of vegetation characteristics (Mehmood et al., 2015, 2017; Rahman et al., 2016; Li et al., 2021; Zhao et al., 2021) and it is important for human existence, economic health, ecosystem function, and stability (Khan et al., 2016; Wani et al., 2021; Su et al., 2022; Wani and Pant, 2022).

The biological spectrum of an area also gives the climate picture of that region. It tells about weather patterns, especially the rainfall and temperature phenomena, and their distribution over the year. Climatic conditions over a longer period give rise to phytogeographic consistency among the floristic elements. According to Takhtajan (1969a) and Ali and Qaiser (1986), there are three phytogeographical regions in Pakistan i.e., Irano-Turanian, Saharo-Sindian, and the Indian regions (Khan et al., 2020). But Kitamura (1960) and Hara (1966) also recognized the Sino-Japanese region. Thus, four phytogeographical regions are recognized in Pakistan. Each region is delimited based on certain criteria, apart from others, by Zohary (1950), and characterized by the presence of a component of the flora or phytogeographical elements.

In the Irano-Turanian Region, there are both diurnal and annual plant species characterized by extreme temperature and low precipitation. There is a considerable difference of opinion so far as the subdivision of the region is concerned. Two sub-regions, i.e. Western and Eastern Irano-Turanian sub-regions were recognized because of the climatic and physiognomic factors (Zohary, 1950). The Eastern Irano-Turanian sub-region occurs at 35°-36° north latitude and the Western Irano-Turanian sub-region is at 29°-30° north latitude. The western Himalayas are situated in the Western Irano-Turanian subregion, which has many endemic plant species. The western boundaries of the Sino-Japanese region in the Himalayas touch western Nepal (Takhtajan, 1969b) and according to the findings of Zohary (1950), Kitamura (1960), and Hara (1966) it further spreads through Pakistan into Afghanistan to their western limit. This is supported by the interruption of the maximum rainfall (180 cm) areas (Haq et al., 2020). Before glaciation, the present Sino-Japanese flora had changed relatively little from the vegetation of the north-temperate regions that surrounded the whole northern hemisphere (Axelrod and Raven, 1978). While the name “Saharo-Sindian” was given by Eig (1931), the area spreads from the Atlantic coast of north Africa through the Sinai Peninsula, the entire Sahara, most of Arabia, more than half of Palestine, part of Syria, south Iran, south Iraq, southern Baluchistan, Sindh, most parts of Punjab in Pakistan and the Rajasthan desert in India (Eig, 1931).

The Indian region comprises the flanks of the Himalayas, the Gangetic plain, the Indian peninsula proper, and Sri Lanka. The territory of this region is not continuous in Pakistan. It lies between 27° and 28° north latitude in the southeastern part and between 29° and 32° north latitude in the eastern Punjab province. Distribution of phytogeographic elements helps in tracing plant migration, origination, evaluation, plant speciation, distribution range, conservation plans, perception of ecological nature, diversification, and plant wealth.

However, very little attention has been given to the assessment of phytogeographic elemental distribution patterns in these areas. Therefore, the present study was conducted to find out the floristic composition, biological spectrum, and phytogeographic distribution of the Bin Dara, in the western boundary of Pakistan. The results might be helpful to ecologists, plant geographers, conservationists, and ethnobotanists in understanding the vegetation structure, conservation status, and characteristics in the region. The procedure adopted in the current study can be followed for the assessment of phytogeographic elements of any ecosystem of the world.



Materials and methods


Study area

The Bin Dara lies at 35°5′ 23.82″ to 35°6′ 1.41″ N latitude and 71°40′ 48.28″ to 71°41′ 52.66″ E longitude with an elevation range of 1,553–2,764 m in the western Himalaya floristic region in Pakistan (Figure 1). It has rigid topography, dominated by hills with hard rocks. Its temperature remains moderate and warm in the summer season. June and July are the hot months of the year (Manan et al., 2020). The area's mean annual minimum and maximum temperatures are 10 and 27°C, respectively.
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FIGURE 1
 Map showing Bin Dara, western boundary of Pakistan.


The current study was conducted through the detailed methodology as follows.



Field survey

Regular field surveys were conducted throughout Bin Dara, Dir, using standard ecological techniques (Ahmad et al., 2016; Amri et al., 2019; Mumshad et al., 2021; Ur Rahman et al., 2021; Ali et al., 2022). We followed the standard taxonomic procedures for collecting, drying, and further processing the herbarium specimens (Bridson and Forman, 1998). Plant specimens were collected, labeled, placed in blotting papers, pressed with a plant presser, and poisoned using mercuric chloride plus ethyl alcohol solution. Specimens were then fixed on the standard herbarium sheets, having a size of 17.5″ × 11.5″. All the plant species were identified with the help of “Flora of Pakistan” and other available literature (Nasir and Ali, 1972). Complete floristic lists of species along with ecological descriptions were prepared for further analyses.



Life form classification

All recorded plant species were classified into different life form classes using the Raunkiaer (1934) method. Its detailed descriptions are as follows:


Phanerophytes (Ph)

Plants with perennating buds emerging at least 25 cm above the ground surface are called Phanerophytes. Based on height, Phanerophytes are further divided into the following subclasses.

Megaphanerophytes: (Mg). > 30 m.

Mesophanerophytes: (Ms). 7.6–30 m.

Microphanerophytes: (Mp). 2–7.5 m.

Nanophanerophytes: (N). 0.25–2 m.



Chamaephytes (Ch)

These are perennial plants in which their shoots or buds lie up to 25 cm on an upright stem from the ground. Chamaephytes are also called surface plants. They are characteristically found in cool and dry climates.



Hemicryptophytes (He)

These are plants whose perennial buds lie near the ground where they are covered by soil and litter. Such plants are found in cold and moist climates. They include a multitude of grasses and forbs.



Geophytes/cryptophytes (G/Cr)

The plant's perennial buds lie beneath the ground level or underwater (hydrophytes). The underground reproductive parts (rhizome, corn, bulb, and tuber) are drying and freezing.



Therophytes (Th)

These plants survive unfavorable conditions in the form of seeds. They are annual herbs and usually grow in the rainy season only from seeds. Therophytes are typically found in desert grasslands.



Climbers and Liana

These plants use rocks, manmade structures, and other plants for their support and growth. Liana is a woody climber that is generally rooted in soil, but its leaves are often in full sun. They are often many meters from the ground.
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Leaf size spectra

The leaf size spectrum gives the idea of the adaptations and physiology of plant leaves. Plants are classified into different leaf size spectra using Raunkiaer (1934) method. Detailed leaf size classes descriptions are as follows:

Leptophyll (L): 25 sq. mm

Nanophyll (N): 9 × 25 sq. mm

Microphyll (Mic): 92 × 25 sq. mm

Mesophyll (Mes): 93 × 25 sq. mm

Macrophyll (Mac): 94 × 25 sq. mm

Megaphyll (Ma): Larger than class Macrophyll.
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Floristic elements classification

Vegetation of the study area is described and classified into various floristic elements based on Brummitt et al. (2001) as defined in Table 1.


TABLE 1 A description of the floristic elements in Bin Dara, Pakistan.
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Results


Plant species composition

A total of 140 plant species were recorded belonging to 50 families. Out of which 46 families were Dicotyledons, two families Monocotyledons, and one family of Gymnosperm and Pteridophyte each. The most dominant family was Poaceae (with 14 species) followed by Asteraceae (11 species) and Lamiaceae (10 species). Regarding the habitat of the plant species, 101 were herbs, 12 were shrubs and 27 were trees (Figure 2).


[image: Figure 2]
FIGURE 2
 Percentage-wise representation of the plant's habitat in Bin Dara, the western boundary of Pakistan.




Raunkiaer life form classification

Based on the Raunkiaer life form system of classification, Therophytes were the dominant plant species along with 71 members (50.71% of the total vegetation), followed by Megaphanerophytes (27 species, 19.28%), Nanophanerophytes (15 species, 10.71%), Geophytes (10 species, 7.14%), Chamaephytes (9 species, 6.42%) and Hemicryptophytes (8 species and 5.71%) (Table 2).


TABLE 2 Life form spectra of the Bin Dara vegetation.
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Raunkiaer life size classification

The leaf size of the region was dominated by Nanophylls containing a total of 48 species (34.28%), followed by Microphyllous with 32 species (22.85%), Mesophylls with 22 species (15.71%), Macrophylls with 17 species (12.14%), and Leptophylls with 12 species (8.57%). Furthermore, Megaphylls with 8 species (5.75%), and Aphyllous with 1 species (0.71%) were the least concentrated in the area (Table 3, Figure 3).


TABLE 3 Life form spectra of the Bin Dara, Dir, vegetation.
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FIGURE 3
 Leaf size spectrum in Bin Dara, western boundary of Pakistan.




Phytogeographic/floristic elements

The vegetation of the present study recognized 27 different floristic elements. Cosmopolitan (12.14%) was the highest percentage of elements, followed by Pantropical and Euro Siberian-Mediterranean-Irano-Turanian (ES-M-IT) with 10% each. The Pluriregional (PL) represents 9.28%, holarctic and Mediterranean- Irano-Turanian (7.14%), IT and WH 6.42% each (Figure 4). The other elements were less represented in the study area. Six species (4.28%) were endemic or nearly endemic to the western Himalayan region. These endemic species were Parrotiopsis jacquemontiana, Cedrus deodra, Pinus wallichiana, Quercus baloot, Viburnum cotinifolium, and Bistorta amplexicaulis (Table 4).


[image: Figure 4]
FIGURE 4
 Floristic elements in Bin Dara, western boundary of Pakistan.



TABLE 4 Life form, geographical distribution, leaf size, and floristic elements of the Bin Dara, in the western boundary of Pakistan.
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Discussion

Ecological sampling and analyses are of prime importance for the vegetation of any geographic zone. Its precise interpretation can help in successfully achieving this aim. Many such sampling-based studies frequently interpret the vegetation at habitats, ecosystems, and regional and global levels (Khan et al., 2011; Longo et al., 2019; Abbas et al., 2021; Ahmad et al., 2022b; Anwar et al., 2022; Haq et al., 2022; Munyasya et al., 2022; Rasheed et al., 2022; Yang et al., 2022). Such studies interpret the intricate vegetation structure more meaningfully in relation to the abiotic environment (Khan et al., 2017; Miao et al., 2018; Ahmad et al., 2021, 2022a; Iqbal et al., 2021; Ali et al., 2022a,b; Hussain et al., 2022; Khan S. A. et al., 2022). The present study revealed that the dried condition of the Bin Dara, Dir, is reflected in its vegetation in the form of stunted growth, small leaf size, sparse distribution, dwarf height, and isolated individuals of plant species that in turn are characteristics of the xerophytic flora. Our findings are also supported by some of the studies from adjacent areas (Abbas et al., 2019; Ahmad et al., 2019; Ahmed et al., 2019; Anwar et al., 2019; Hussain et al., 2019; Kamran et al., 2020; Khan, 2022). Furthermore, biological spectra are used to assess the life form and leaf sizes for better interpretations of the climatic conditions of an ecosystem. These physiognomic characteristics are considered indicators of biotic interaction, and climatic and habitat deterioration. A similar biological spectrum of different areas shows similar climatic conditions. According to Raunkiaer (1934), the climate and habitat of an area are characterized by the life form and biological spectrum of an area, though, the proportion of life forms can be altered due to biological disturbances.

The overall vegetation of the study region is dominated by therophytes with 71 species (50.71%) followed by megaphanerophytes with 27 species (19.28%). The dominance of therophytes shows that the study area is under huge anthropogenic and biotic pressure like grazing pressure and human disturbance (Ullah and Badshah, 2017; Manan et al., 2020; Bedair et al., 2021). Hence, as a result, hemicryptophytes cannot survive in such type of environment. Our results are similar to the finding of Al-Yemeni and Sher (Al-Yemeni and Sher, 2010), who reported that therophytes are a dominant life form spectra due to different environmental gradients in the Asir Mountain, Saudi Arabia. In addition, similar studies being carried out in the adjacent area like Sher and Khan (2007), Khan et al. (2013), Sharma et al. (2014), and Hussain et al. (2015) reported that therophytes, along with hemicryptophytes and megaphanerophytes, are the dominant vegetation in their respective regions.

The leaf size spectrum identified nanophyll and microphyll as the dominant leaf size spectra in the current project area. Similarly, Nasir and Sultan (2002) reported Nanophylls as the dominant life form from the Botanical Garden at Azakhel, District Nowshera, Pakistan. Whereas Hussain et al. (2014) studied the flora of Sarsawa Hills, District Kotli in Azad Kashmir. They stated that Leptophylls, Nanophylls, and Microphylls were the dominant classes. Microphylls are characteristic of steppes, while Nanophylls are characteristic of hot deserts (Tareen and Qadir, 1993; Badshah et al., 2013). Large leaf species occur in warm moist climates while smaller leaves are characteristic of dry and cold climates and degraded habitats.

In the present study, the dominance of cosmopolitan elements can be attributed to dispersal mechanisms and geological activities in the past. These species are distributed on almost all continents (having worldwide distribution). The flora of the western Himalayan province is transitional between the eastern Asiatic and ancient Mediterranean (Takhtajan, 1986; Khan et al., 2020; Zeb et al., 2021; Khan S. M. et al., 2022). Bin Dara, being part of the western Himalayas, receives the monsoon rains during summer and heavy snowfall in winter; the plants renew growth at the approach of spring in the months of March–April (Manan et al., 2020). Ullah et al. (2015) also reported the dominance of Cosmopolitan, Pantropical, Euro-Siberian, Mediterranean, Irano-Turanian, and Pluriregion elements in Myankaleh Wildlife Refuge, Mazandaran Province, Iran. Siadati et al. (2010) also found the dominance of Euro-Siberian and Pluriregion elements in Hyrcanian forests in northern Iran. Some of the unique floristic elements in the study region might be due to the collision of Eurasian and Indian tectonic plates. Further studies are recommended to study the edapho-physiological pattern of the area to understand the underlying mechanisms of the present-day vegetation for its future management and conservation purposes. This study also covers the three sustainable development goals including life on land, climate action, good and wellbeing (Ejaz et al., 2022; Shehzadi et al., 2022).



Conclusion

Therophytes and nanophylls are the dominant life form and leaf form spectra of the Bin Dara, Dir, in the western boundary of Pakistan. Cosmopolitan, pantropical, Euro-Siberian, Mediterranean, Irano-Turanian, and pluriregion were the dominating phytogeographic elements in the studied region. The dominance of therophytes indicates that the study area is under immense anthropogenic pressure and an accelerated rate of deforestation. It is therefore recommended that the eastern and western Himalayan regions should be given more focus on the proper management and conservation of vegetation in the current scenario of climate change in the studied mountainous regions. It is also recommended that the methodology adopted in the current study can be followed to assess the phytogeographic elements of any habitat in the world.
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The Himalayas has a significant impact not just on the Indian subcontinent’s monsoon patterns but also on the global climate. Monsoon failure causing drought has become more common in recent years. As a result, it poses a major threat to ecosystem sustainability. We reported for the first time, a climatic-sensitive tree ring chronology of a broadleaf tree, Rhododendron arboreum, spanning 1732–2017 CE from the Himalayan region. We discovered that the climate during the monsoon season limits the growth of this tree in this region. The correlation analysis between tree ring chronology and climate revealed a significant positive relationship with precipitation (r = 0.63, p < 0.001) and a negative relationship with temperature (r = −0.48, p < 0.01) during the months of June–August (JJA). This strong relationship allowed us to reconstruct monsoon precipitation spanning 1780 to 2017 CE which explained 40% of the variance of the observed climate data for the calibration period. The reconstructed data are validated by the existence of a significant association with the gridded JJA precipitation data of the Climate Research Unit (CRU) of this region. The monsoon rainfall record captured extremely wet years during 1793, 1950, 2011, 2013, and 2017 and extremely dry years during 1812, 1833, 1996, 2002, 2004, and 2005. The extremely dry and wet years well coincided with major catastrophic historical and instrumental droughts and floods in the region. Furthermore, the reconstructed data are also validated by the significant positive correlation (r = 0.36, p < 0.001, n = 163) with the all Indian summer monsoon rainfall series. Such data will be useful to predict the incidence of future droughts, which can help to assess the vulnerability of the forest ecosystem to extreme events.
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1. Introduction

Comprehending the long-term frequency and severity of drought occurrences caused by monsoon failure is critical for understanding the negative impacts on natural ecosystems, food security, the economy, society, and civilization (IPCC, 2014). The Himalayas, which have the largest snow cover outside of the South and North Poles, act as a third pole. It has a significant impact on the monsoon climate dynamics of the Indian subcontinent and other regions of the world. The major shifts in climate causing floods and droughts are linked with the rise and fall of civilizations (Kathayat et al., 2017). The potential effect of hydroclimate alterations as a result of a changing global climate creates significant issues in mountainous regions, which are a source of public concern (Tiwari et al., 2018; Valdiya, 2020; Shekhar et al., 2022). The Indian summer monsoon is connected to numerous large-scale ocean/atmospheric circulation patterns and is exacerbated under global warming scenarios (Lal, 2003; Kripalani et al., 2007; Lucas-Picher et al., 2011; Menon et al., 2013; Roxy et al., 2015; Huang et al., 2020; Sabin et al., 2020). Studies have shown that monsoon dynamics are complicated and that spatiotemporal coverage of paleoclimatic data has to be enhanced to better understand long-term changes in atmospheric circulation patterns in monsoon Asia (Kale et al., 2003; Gupta et al., 2019). To enhance knowledge of the dynamics and causes of monsoon variability in Southeast Asia, several proxies, such as tree rings, ice cores, and speleothems, have been investigated to extend climatic records (Singhvi and Kale, 2010). Tree ring width is a commonly used proxy in the Himalayan regions to reconstruct precipitation and temperature (Bhattacharyya and Yadav, 1999; Singh et al., 2006; Yadav et al., 2011; Shekhar, 2014; Shekhar et al., 2022), relative humidity (Dhyani et al., 2021b), and droughts (Cook et al., 2010; Yadav et al., 2017; Shekhar et al., 2018; Dhyani et al., 2022a). In addition, a gridded spatial reconstruction of the Palmer Drought Severity Index (PDSI) throughout Asia included building the Himalayan drought history (Cook et al., 2010). There is a lack of tree ring width data from trees sensitive to monsoon precipitation in these studies, which were largely based on tree ring analysis of conifer trees, and are suited for the study of mostly pre-monsoon temperature and precipitation (Yadav et al., 1999, 2011; Singh et al., 2006; Dhyani et al., 2022b). The ability to reconstruct monsoon precipitation from the core monsoon area is limited, owing to a lack of lengthy meteorological data to calibrate and the assumption that trees associated with generally humid or copious rainfall have weak climate-sensitive tree ring sequences (Bhattacharyya et al., 1992; Bhattacharyya and Yadav, 1999). In the Himalayan region, there are various broad-leafed tree species with unique growth rings (Gamble, 1922; Bhattacharyya and Yadav, 1999; Dhyani et al., 2021a), and their responses to climate change may vary from conifers.

However, no effort has been made to reconstruct climate using tree ring data from this broad-leafed tree from the Himalayan region. In order to fill this gap, we examined the tree rings of Rhododendron arboreum which is an essential component of subtropical to temperate forests in the Himalayas. The Rhododendron genus, as a whole, confines in a vast variety of forests from lower subtropical to alpine and extending from east to west Himalayas (Wester et al., 2019). In the Himalayas, this genus has 87 species, six of which have been identified from the Western Himalayan region (Sekar and Srivastava, 2010). It may grow in a variety of conditions, including steep zones with a lot of rain (Cox, 1990; Gibbs et al., 2011). Despite its vast range of niches from subtropical to alpine, tree ring research has been limited mostly to its shrub form in the Hindu Kush Himalaya (HKH) mountain’s tree line zone (Liang and Eckstein, 2009; Kong et al., 2012; Li et al., 2013; Bi et al., 2017). The tree ring sequence of Rhododendron spp. extends up to 400 years (Lu et al., 2015).

The objective of the present study was to develop the tree ring chronology of a broad-leafed tree Rhododendron arboreum, from the Western Himalayan region and assess its potential for hydroclimatic reconstruction and its linkages to rising temperatures and erratic monsoon precipitation as a result of global warming.



2. Materials and methods


2.1. Study area and sample collection

For the present study, the target area of Darma valley falls in an area under Pithoragarh District in Kumaun Province (290 59′ to 300 04′ N and 800 28′ to 800 57′ E). This site is located in the eastern part of the Western Himalayas (Figure 1). In this area, R. arboreum is an under-canopy medium-sized evergreen tree growing between 1,200 m and 3,000 m altitude, mostly in oak-dominated forests. We collected 84 increment cores from 45 R. arboreum trees growing at the upper approximately limit of the forest around 2,700 m in a south-facing moderate gently slope, using the dendrochronological concept that trees from the ecotone zone of forests along altitudinal range have comparatively more climatic sensitive tree rings. Considering this view, we have selected trees growing in the ecotone of temperate and subalpine forests at the study site. We have collected a minimum of two cores from each tree at a height of approximately 1.37 m, using an increment borer, preferably in the opposite direction except in some trees where other sides are rotten.
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FIGURE 1
Map of the study sites showing tree ring sampling locations (green trees) and nearest Climate Research Unit (CRU) grid locations (red squares).




2.2. Climate data

In order to establish relationships between tree growth and climatic parameters, climate data from surrounding tree ring sites are often preferable. However, there are few meteorological stations with long records in the Himalayan region, and most of them are located distant from tree ring sampling locations. In the absence of a meteorological station at the close of the sampling site, we used g data for tree growth climate relationships that would reflect the natural habitat of Rhododendron. Monthly temperature and precipitation data from the gridded data set CRU TS version 4.01 (Harris et al., 2020) with a spatial resolution of 0.5° × 0.5° were used as a predictor for tree growth–climate response analyses for the period of 1901–2017 CE. The area receives most of its rainfall during the summer monsoon season (June–September) which contributes 70.45% of the total. The rainfall during the winter season (December–February) is quite low (Figure 2A). The annual mean temperature in the study area is 11.7°C, varying from 9–16°C in spring (MAM) to 17–17.95°C in summer (JJAS) and in winter from 3 to 5°C (Figure 2B). The higher temperature is observed during June (17.95°C) and July (17.81°C).
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FIGURE 2
Boxplot showing monthly mean climate data for the region. (A) Monthly mean precipitation; (B) monthly mean temperature over the period 1902–2017.




2.3. Tree ring chronology

Samples were mounted and processed using standard procedures of tree-ring analysis. Boundaries of tree rings in R. arboreum are faint, delineated by a light line of terminal parenchyma. Thus, counting rings under a stereo-zoom microscope required careful examination. Each ring of these cores was dated to the calendar year of its formation using the cross-dating technique (Fritts, 2012). The ring widths of each dated core were measured using an increment measuring stage with 0.001 mm precision coupled with a microcomputer. Later, these measurements and dates were checked using the computer program COFECHA (Holmes, 1983; Grissino-Mayer, 2001). Cores having errors were reexamined to evaluate the source of the errors, and corrections were made. Ring-width data were standardized using the program ARSTAN (Holmes, 1983), which removes growth trends related to age and stand dynamics while retaining the maximum common signal to form tree-ring indices. For standardization, we used the cubic spline method using a cutoff of 2/3 of the time series to enhance the common climate signal in the chronology (Cook and Holmes, 1996). The variance of individual tree ring width data was stabilized using power transformation method by minimizing the heteroscedasticity before the standardization (Cook and Peters, 1997). We used residual chronology (Figure 3) that was developed using an autoregressive model by removing persistence from the raw tree ring chronology (Cook and Peters, 1997). The chronology was evaluated by several statistical parameters including mean sensitivity (MS), signal-to-noise ratio (SNR), common variance (Rbar), and low first-order autocorrelation (AC1) which are commonly used in tree ring analysis (Fritts, 2012). We also employed the Durbin-Watson statistic test in order to confirm that the residuals from the observed and reconstructed data are independent and have no autocorrelation (Fritts, 2012). The expressed population signal (EPS ≥ 0.85) was taken as an indicator of the threshold for dendroclimatic reconstruction (Wigley et al., 1984).
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FIGURE 3
Ring-width index (RWI) chronology of Rhododendron arboreum from Darma valley; green line indicates sample depth, and red line plot indicates 10-year low-pass filter.




2.4. Statistical analysis

The climate-tree growth relationship was analyzed using Pearson’s correlation coefficients on a monthly basis for the identification of significant months or seasons limiting the growth of Rhododendron from the common period of tree ring chronology and climate record (1902–2017 CE). Both the stability and reliability of the regression equations were assessed using the split sample method (Fritts, 1991). These validation trials were performed by calibrating climate data from a sub-period 1902–1957 CE and verifying the reconstruction using the remaining data from 1958 to 2017 CE. The results were evaluated by the correlation coefficient (r), sign test (ST), reduction of error test (RE), product mean test (t), and coefficient of efficiency (CE) during the verification period (Fritts, 2012). The values of RE and CE greater than zero specify well model skill (Cook et al., 1999). Moreover, the values of CE are more rigorous and are typically lower than those of RE, but it is more difficult for CE values to pass the test (Cook et al., 1999). We quantified high and low precipitation here based on values greater or lesser than mean ± standard deviation (m ± 1 SD). The extreme high and low precipitation was designated based on values greater or lesser than m ± 2 SD. To analyze the cyclic behavior of reconstructed data, we performed spectrally and wavelet analysis (Grinsted et al., 2004). We also assessed the regional behavior of reconstructed data, by spatial correlation of reconstructed data with gridded Climate Research Unit (CRU TS4.02) precipitation (Harris et al., 2020) using KNMI climate explorer (Van Oldenborgh and Burgers, 2005). We also analyzed the effect of the El-Nino Southern Oscillation (ENSO) on our tree ring chronology using correlation with NINO3.4 sea surface temperatures (SSTs) and Pacific Decadal Oscillation (PDO). Moreover, we performed a 21-year moving correlation analysis with the time series of the reconstructed monsoon and NINO3.4 and PDO, respectively, to understand their long-term teleconnections. Furthermore, we made correlation analysis between the reconstructed data with all Indian summer monsoon rainfall (ISMR) to validate whether the monsoon precipitation of this site is a part of the Indian summer monsoon regime. We have also performed a regime shift analysis method to determine the timing and magnitude of regime shifts in the reconstructed data (Room et al., 2022).




3. Results


3.1. Tree ring chronology statistics

Tree ring width index (RWI) chronology of 286 years (spanning 1732–2017 CE, Figure 3) revealed a moderate MS, high SD, and high SNR and Rbar (Table 1). The value of MS (0.29) indicated low inter-annual variations. The Rbar (0.34) and EPS (0.88) values were also indicators of the reliability of this chronology for climate reconstruction. The EPS value >0.85 for the period 1780–2017 CE was considered reliable for climate reconstruction. We have not used chronology beyond 1780 CE because EPS is low due less number of samples in early part of the tree growth. By observing chronology, we noted distinct changes in tree growth patterns in recent decades. There is a declining trend during 1990–2004 CE followed by an increasing trend in recent years (Figure 3).


TABLE 1    Statistics of developed tree ring chronology of Rhododendron arboreum.
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3.2. Tree growth and climate relationship

The growth of R. arboreum has a significant negative correlation with temperature for the months of June (r = −0.31, n = 115, p < 0.001), July (r = −0.32, n = 115, p < 0.001), and August (r = −0.34, n = 115, p < 0.001) (Figure 4A) and positive correlation with precipitation of the current year’s monsoon months June (r = 0.46, n = 115, p < 0.001), July (r = 0.39, n = 115, p < 0.001), and August (r = 0.41, n = 115, p < 0.001) (Figure 4B). The overall high correlation with precipitation during the monsoon season for the months June–August (JJA) (r = 0.63, p < 0.001) indicates its suitability for the reconstruction of precipitation.
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FIGURE 4
Pearson correlation between tree ring width chronology and climate data; (A) mean temperature (purple bar) and (B) mean precipitation (yellow bar). The red and green dotted lines indicate 95 and 99% significant confidence levels.




3.3. Extended records of monsoon precipitation

A linear model PPTJJA = 60.99 + 246.18*RWI, where PPTJJA represents reconstructed June–August precipitation, was developed and used for the reconstruction of precipitation during JJA of monsoon season since 1780 AD based on the residual tree ring chronology (Figure 5A). The regression model accounts for 40% of the variance over the calibration period from 1902 to 2017 (Figure 5B). The statistics of calibration and verification showed that model performance is reliable (Table 2). Importantly, the positive values of rigorous tests CE and RE during the verification period indicated good skills in our reconstructed data. The value of Durbin-Watson statistics shows that autocorrelation in regression model residuals is negligible. The synchronicity between actual and reconstructed data confirmed the reliability of the regression model (Figure 5B). We recorded 43 wet and 34 dry years which accounted for 18.06 and 14.28% of the total years since 1780 (Supplementary Table 1). Also, we recorded 6 (2.10%) extreme wet and 6 (2.10%) extreme dry years in the reconstructed data (Supplementary Table 1). Regime shift analysis indicated that the region experienced significant (p < 0.05) phases depicting prolonged wet conditions during the period 1780–2004 and 2011–2017 and prolonged dry conditions during 1805–1837 and 1995–2010 (Supplementary Figure 1).
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FIGURE 5
Reconstruction of PPTJJA in Darma, valley, Western Himalaya; (A) the reconstructed June–August (JJA) precipitation (Grey line plot) for the period 1780–2017. Dotted blue and orange line plots indicate m ± SD and m ± 2 SD of the reconstructed data. The green smoothed line indicates a 10-year low-pass filter and (B) time series of observed (blue line plot) and reconstructed (red line plot) JJA.



TABLE 2    Calibration and verification statistics of reconstructed PPTJJA.
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3.4. Spatial characteristics and teleconnections

Reconstructed precipitation shows a strong positive correlation with the ISMR data, 1900–2017 CE (r = 0.36, p < 0.001, Supplementary Figure 2A), which indicates that the site is under the regional impact of the Indian summer monsoon. The spatial correlation analysis between reconstructed PPTJJA with gridded JJA precipitation over the western and central parts of the Indian Himalayas exhibited a significant positive correlation (p < 0.05) during the period 1902–2017 (Figure 6). Such coherence in records represents a regional behavior of monsoon precipitation covering a wider area in the Himalayan region. Moreover, wavelet analysis identified significant high-frequency cycles ranging from 2–8 years to 16–32 years (Figure 7). Furthermore, a significant negative correlation (r = −0.16, p < 0.05, Supplementary Figure 2B) with June–August NINO3.4 SSTs for the period 1900–2017 CE and June–August PDO (r = −0.19, p < 0.05, Supplementary Figure 2C) during 1850–2017 indicate a long-term effect of ENSO and PDO over the monsoon variability at this region. The 21-year moving correlation analysis between NINO3.4 and PDO each with the reconstructed JJA precipitation shows a distinct pattern of correlation at some intervals (Supplementary Figure 3). For NINO3.4, a significant negative correlation was observed during 1900–1943 (r = −0.47, p < 0.05, Supplementary Figure 3) and 1946–1971 (r = −0.42, p < 0.05, Supplementary Figure 3). For other time intervals, we did not find any significant correlations. In the case of PDO, a significant negative correlation was observed for the periods 1940–1971 (r = −0.43, p < 0.05, Supplementary Figure 3) and 1957–1981 (r = −0.48, p < 0.05, Supplementary Figure 3).
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FIGURE 6
Spatial correlation of the reconstructed PPTJJA with gridded CRU JJA precipitation during the period 1902–2017.
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FIGURE 7
Morlet wavelet spectrum with a high edge effect and a red-noise background at 95% confidence level (black lines/contours) for reconstructed PPTJJA.





4. Discussion


4.1. Growth/climate response of R. arboreum

Through dendroclimatic analysis of the R. arboreum tree, growing in Drama valley, Western Himalaya, we established the potentiality of this broad-leaved tree in the reconstruction of the monsoon precipitation. It is so far, the longest tree ring record of Rhododendron that showed evidence of sensitivity to summer monsoon season. This is evident with the existence of significant positive correlations with precipitation (JJA) and an inverse relationship with the temperature of the same months. The earlier tree ring analyses of Rhododendron species were on its shrub form growing in the Tibetan plateau and central Himalayas (Liang and Eckstein, 2009; Lu et al., 2015; Bi et al., 2017; Panthi et al., 2017). Regarding the response to climate, the mean temperature of July, irrespective of slope aspects, and elevations play a key role in controlling wood formation in the Tibetan plateau (Frank et al., 2005; Leal et al., 2007; Hallinger et al., 2010; Blok et al., 2011; Weijers et al., 2012; Lu et al., 2015). In the central Himalayas, increased minimum winter temperatures have a significant role in the growth of this taxon (Panthi et al., 2021). However, our results are not consistent with these findings. Tree growth response to climate changes is differing from site to site due to differences in life forms (tree/shrub), species, geographical locations, and elevation differences. Tree growth climate relationship recorded in the present study, however, showed some consistency in climatic response with Rhododendron aganniphum shrub growing at the 4,000–4,500 m of the Tibetan plateau where it also shows a similar favorable response to July month’s precipitation though it is not statistically significant (Lu et al., 2015). We recorded in R. arboreum that the increased temperature during the monsoon season is detrimental to its growth in the temperate belt of the western Indian Himalayan region. During the JJA months, both temperature and precipitation are at their highest in this region. Thus, a rise in temperature during these months might limit photosynthesis by increasing evapotranspiration. It appears that the increased summer precipitation and low temperature in the Himalayan region promote the growth of Rhododendron. This also supports the current spatial distribution of 127 species in the Indian Himalayan region. A greater concentration (98%) of species is confined to the cool moist part of the North-East in comparison to the drier western part (Mao, 2010), indicating a preference for cool-moist environments.



4.2. Salient features of reconstructed PPTJJA

The present study is a maiden attempt to derive a reliable 238-year (1780–2017) summer monsoon precipitation record from the Western Himalayan region. This reconstruction provides a long-term drought variability and captured extreme events that are also witnessed in the historical records. In the recent past, the region exhibited a rapid and extended dry period from 1995 to 2010, which is consistent with the recent decadal decrease in tree ring-based rainfall reconstruction in the Western Himalayan region (Sano et al., 2012, 2017; Xu et al., 2018) and even in climatic assessment based on meteorological data (Roxy et al., 2015). However, in recent decades, we observed an increase in rainfall patterns that was not captured by earlier studies. This inconsistency may be due to the Himalayan region’s distinct sources and seasonal distribution of precipitation. The decreased monsoon locations seem to be more influenced by the increased snow cover than the present study sites. During the monsoon season, years with high snowfall in the preceding winter and spring are followed by summer with less monsoon rain (Blanford, 1884; Bamzai and Kinter, 1997). This is further reinforced by the idea that greater wetness in the northwestern Himalayas has influenced anomalous glacier progress in recent years and that increasing snowfall may contribute to dry conditions in summer (Yadav et al., 2017; Ahmad et al., 2020). Interestingly, since 2010, an increase in Indian summer rainfall has been reported in several gridded and observed datasets throughout the Indian subcontinent (Jin and Wang, 2017). This increase in summer monsoon precipitation has been linked to greater thermal contrast between land and ocean, as seen by a faster warming rate across the Indian subcontinent compared with a slower warming rate over the Indian Ocean (Jin and Wang, 2017). On the contrary, due to the rapid warming of the Indian Ocean, the land-sea thermal contrast weaken, and a significant reducing trend of summer monsoon during 1995-2010 was caused. The extreme droughts of the Indian summer monsoon years 2002 and 20041 are consistent with our reconstructed data. Singh et al. (2019) also from the central Himalayan region reported the severe droughts of 2002 and 2004. The major extreme wet years in 2013 and 2017 are also consistent with regional floods that happened in Kumaun which caused catastrophic damage and devastation in the region. We have noticed that several key prolonged dry and wet conditions in the reconstructed monsoon records are correlated with the other tree ring proxy-based reconstructions from the Himalayan region. A significant positive correlation of our reconstructed PPTJJA with reconstructed JJA PDSI (r = 0.20, p < 0.001) from monsoon Asia during the period 1780–2005 (Cook et al., 2010) and May–September precipitation (r = 0.14, p < 0.05) from Bhutan Himalaya (Sano et al., 2013) during the period 1780–2011 further indicates regional linkages. The late 18th century droughts from 1785 to 1794s in JJA PDSI (Cook et al., 2010), March–September precipitation (Sano et al., 2013), March–September PDSI (Ahmad et al., 2020), and March–July precipitation (Singh et al., 2009), as well as historical East India Drought (1790–1796), are also common in our reconstructed precipitation data (Figure 8). Similarly, the dry episodes of 1830–1836 synchronize with May–September precipitation reconstruction (Sano et al., 2013). The other common dry phase of 1865–1875 in March–September PDSI (Ahmad et al., 2020), MS precipitation (Sano et al., 2013), May–June PDSI (He et al., 2018), and the previous year October to current year September precipitation reconstruction (Singh et al., 2021) are also more or less synchronized with our reconstruction. Since last three decades, late 1995–2004s drought phase (Sano et al., 2013; Singh et al., 2021) and drought records (Cook et al., 2010) are also congruent with our study. The wet phase after 2010 was well coincide with May–September precipitation records from Bhutan Himalaya (Sano et al., 2013). The historical East India Drought (1790–1796) is also common with the reconstructed low monsoon precipitation data (Cook et al., 2010). Such coherence in drought events are observed at some intervals in these studies, even when sites are not from under similar climatic zones and use of different climatic proxies. Such coherence may be a role of upper atmospheric circulation affecting both monsoon and western disturbance. We observed that the calibration period (1905–1957) was unable to capture extreme event years. These extreme values were underestimated in tree ring calibrations, because of precipitation beyond a threshold value are not always possible to retrieve from tree rings (Singh et al., 2009; Yadav, 2011). Moreover, according to wavelet analysis, the cyclicity of 2–4 and 16–32 years is likely to be associated with ENSO and PDO which is also found in moving correlation analysis between reconstructed PPTJJA with ENSO and PDO (Figure 6). It indicates that PPTJJA changes in our study area have teleconnections with large-scale atmospheric circulation systems. Interestingly, the severe drought occurrences of 2009 coincided with the same El-Nino year; nevertheless, other extreme drought years, such as 2005 and 2006, correspond to the preceding El-Nino event years of 2004 and 2005, respectively. This might be due to the lag effect of tree growth in relation to climate. Extreme wet/dry growth years are often recorded to follow with years of wide/narrow tree rings due to role of stored food in trees. Stored food effect subsidized the impact of El-Nino in the same year but its role of deficient rainfall in reducing photosynthesis felt in the following year. To increase our knowledge of Asian monsoon dynamics, we need a better understanding of the spatial and temporal variability of precipitation in the Himalayas.
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FIGURE 8
Comparison of (A) reconstructed PPTJJA with (B) JJA PDSI reconstruction from Asia (Cook et al., 2010), (C) May–September (MS) precipitation reconstruction from Bhutan Himalaya (Sano et al., 2013), and (D) previous October–Current September (pOcS) precipitation reconstruction from Indian Western Himalaya (Singh et al., 2021). All the line plots are smoothed by a 10-year low-pass smoothing filter.





5. Conclusion

Tree ring width data of the broad-leaved R. arboreum tree (spanning 1780–2017 CE) was analyzed first time from the core monsoon region of the Himalayas. We recorded that the chronology of this tree is the potential for the reconstruction of monsoon (JJA) precipitation. The extended precipitation data not only provided information on long-term drought variability but also captured extreme events. With the absence of a sufficient long monsoon record in the Himalayan region, the present database would help improving in the understanding of regional climate models, especially variability in monsoon precipitation. Moreover, the biogeographical point of view of this study has great relevance, providing insight into the growth behavior of the temperate tree, Rhododendron in relation to monsoon precipitation. This information would be helpful to policymakers in taking adaptation measures in forest management to protect the marginal communities of the Himalayan region from the anticipated adverse impacts of future droughts. We observed that the great altitudinal distributional range of Rhododendron spp. would be ideal for dendroclimatic analyses for the understanding of diversified aspects of seasonal climate changes in the Himalayan region. The presence of shrub form, Rhododendron Campanulatum, above 3,500 m altitude at the present study site would be useful to analyze climatic factors governing its growth at its upper limit close to the snow line. Thus, a detailed study using multiple tree-ring chronologies of Rhododendron species from a wider altitudinal range, as well as combined with geomorphological, glacial mass balance records, and other evidence, would provide a better database to quantify tree growth/monsoon climate/glacial relationships over a longer timescale from the Himalayan region.
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Soil erosion is a major environmental problem that affects land and w ater resources. It has many negative implications that lead to deforestation, poor agricultural practices, loss of soil fertility, and siltation that hinder socio-economic development. In view of this, the present study was conducted with the aim of estimating soil loss in relation to long-term land use/land cover change (LULC) in the Dehar watershed, Himachal Himalaya, North India. The study was carried out using Landsat and Sentinel imageries for the years 1999, 2010, and 2020. A GIS-based Revised Universal Soil Loss Equation (RUSLE) model was applied to assess the potential soil risk. The parameters used as input for computing the spatiotemporal changes of soil loss were rainfall erosivity, soil erodibility, topographic, crop management, and conservation support practice factors. The results showed a mean soil loss of 63.71, 60.99, and 66.71 t/ha/yr for the years 1999, 2010, and 2020, respectively. In the LULC class defined as Built-up Land, the mean soil loss decreased from 32.19 t/ha/yr in 1999 to 18.77 t/ha/yr in 2010, and in the year 2020 the mean soil loss slightly increased to 20.15 t/ha/yr. Moreover, the LULC class Barren Land registered a decrease in mean soil loss for the years 1999, 2010, and 2020 of 86.43, 74.60, and 73.19 t/ha/yr, respectively. Regarding the Agriculture Land class, the rate of mean soil loss slightly increased from 32.55 t/ha/yr in 1999 to 33.35 t/ha/yr in 2010, and the mean soil loss decreased to 25.43 t/ha/yr in the year 2020. Areas covered under Forest Land experienced an increase in mean soil loss from 65.30 t/ha/yr in 1999 to 65.87 in 2010 and 74.72 t/ha/yr in 2020. The study demonstrated that LULC changes apparently influenced the soil loss in the Dehar watershed. Therefore, urgent interventions are required with the involvement of scientists, policymakers, and the general public for conservation and management of soil resources.
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Introduction

Land use/land cover change (LULC) change is one of the leading global environmental problems and poses an alarming threat to humankind. LULC change is a decisive factor in most of the initiatives carried out by the public, as can be evidenced by various development activities taken up in almost all parts of the globe (Steffen et al., 2001; Glaeser and Kahn, 2004; Lambin et al., 2010; Ayele et al., 2014; Haregeweyn et al., 2015). Land use change is a key factor that contributes to soil erosion and is of prime concern in environmental studies (Senanayake et al., 2020). Moreover, LULC changes are considered to affect the hydrological characteristics of a watershed and enhance land degradation problems like soil erosion and sedimentation if they are not addressed scientifically (Abdulkareem et al., 2019; Mohammadi et al., 2021). Hence, knowing LULC dynamics and their implications on soil erosion can help policymakers in decision-making processes (Waltner et al., 2020). Extensive soil erosion results in soil erosion hazards, which influence landscape processes including land productivity, hydrological activity, and eventual human wellbeing. Therefore, soil erosion assessment is important for understanding the dynamics of landscape processes.

Soil erosion plays a pivotal role in land degradation and is considered a serious environmental hazard (Eswaran et al., 2001; Panagos et al., 2017; Poesen, 2018; Steinmetz et al., 2018). In recent times, land degradation has become a major environmental concern in many regions of the world, particularly in developing countries where agriculture is a main occupation (Krishna Bahadur, 2009; Xu et al., 2013; Rawat et al., 2016; Samanta et al., 2016; Saha et al., 2018). Further, it has many negative impacts including the loss of soil fertility that hinders socio-economic development on a global scale (Kouli et al., 2009).

At a global level, nearly 85% of land degradation is mainly caused by soil erosion (Tang et al., 2015). Soil erosion has become a serious issue in almost all parts of the globe (Pimentel and Burgess, 2013; Prashanth et al., 2021, 2022). Moreover, LULC change is affecting the availability of natural resources mainly soil resources in most regions of the world (Abdulkareem et al., 2019; Mohammadi et al., 2021; Zhu et al., 2022; Moisa et al., 2023). Generally, soil erosion is a natural process but has become a significant environmental issue in the last century due to anthropogenic interventions (Alkharabsheh et al., 2013). The problem is expected to exacerbate in the 21st century (Hurni et al., 2005). Out of the different types of soil erosion, the effects caused by water erosion are of more concern, as this disturbs soil texture, structure, and quality, as well as endangers other natural resources, such as land and water, which mankind depend upon for survival (Pimentel et al., 1993; Hrissanthou et al., 2010; Yang et al., 2013; Keno and Suryabhagavan, 2014; Srinivasan et al., 2019; Kolli et al., 2021). The immediate on-the-spot effect is a decrease in soil productivity, and ex-situ impacts include sediment deposition that triggers floods (Meshesha et al., 2012; Negash et al., 2021). Further, anthropogenic interference often intensifies the process of soil erosion on the steep slopes of highly elevated areas particularly in a mountainous ecosystem, because of various unsustainable activities such as deforestation, forest fires, intensive farming, and improper land management practices (Mandal and Sharda, 2013; Jayasekara et al., 2018).

Stocking (1993) depicted land degradation as a global environmental problem and found it to be a major environmental crisis in the developing world. Land degradation is one of the ecologically sensitive issues in India, and increasing populations, increasing urbanization, and over-exploitation of natural resources are the main drivers of land degradation. Moreover, Singh and Panda (2017) observed that out of the total geographical area of India, nearly 47.7% of the area suffers from land degradation. Further, the National Bureau of Soil Survey and Land Use Planning (NBSS and LUP, 2005) estimated that almost 146.8 Mha of land in India is degraded. Ravi et al. (2010) viewed soil erosion as one of the major processes of land degradation spreading in arid and semi-arid regions of India.

In India, soil erosion due to water is considered to be the most severe land degradation aspect that affects the topsoil and landscape of an area in general and Himalaya in particular (Mandal and Sharda, 2011; Bhattacharyya et al., 2015; Mahapatra et al., 2018). Himalaya is considered a highly land-degraded region due to various factors including soil erosion, which poses a major challenge to mountain ecosystems (Stoddart, 1969; Chalise et al., 2019). Most of the climatic regions of the world, including mountain areas such as Himalaya, are prone to soil erosion (e.g., Garcia-Ruiz et al., 2015). The main drivers of soil erosion in Himalaya are thought to be associated with both natural and anthropogenic activities (Hamilton, 1987; Jain et al., 2001; Prashanth et al., 2021, 2022). Thus, soil erosion assessment in highly ecologically sensitive Himalayan watersheds will be supportive to land degradation evaluation and to minimize the stress on sustainable agricultural practices (Singh and Singh, 2018).

Oliveira et al. (2019) observed that runoff from mountain regions toward regions of lower elevations increases the rate of erosion of an area. Further, regular land-use changes stimulate runoff and soil productivity loss, thus resulting in land degradation (Ang and Oeurng, 2018). Sharma (2008) assessed that out of the total degraded land in the Himalaya region, 79% is related to water erosion and is mostly confined to the river catchments. Significantly, lower Himalaya is more prone to soil erosion resulting in land degradation and making the land unproductive (Kaiser, 2004). About 54% of the state of Himachal Pradesh, Himachal Himalaya (North India) is prone to soil erosion, out of which, 98% is mainly because of water erosion (Kumar et al., 2014). The uneven complex dissected terrain, tectonic pressure, and diverse climatological influences supported by anthropogenic interventions have increased stress on natural resources, mainly land resources in lower Himalaya (Prashanth et al., 2021). Hence, under these circumstances, the estimation of soil loss with emphasis on land-degraded areas is quite necessary for sustainable planning and effective conservation of natural resources in Himalaya (Yadav and Sidhu, 2010).

Several models have been developed to predict soil erosion, including: empirical models such as the Universal Soil Loss Equation (USLE) developed by Wischmeier and Smith (1978); a revised model of the USLE known as the Revised Universal Soil Loss Equation (RUSLE) (Renard et al., 1997); and process-based models like the USDA-Water Erosion Prediction Project (WEPP) (Nearing et al., 1989), European Soil Erosion Model (EUROSEM) (Morgan et al., 1998), and Large Scale Catchment Model LASCAM (Viney and Sivapalan, 1999). Though many models are used for predicting soil erosion, the most widely used model for soil erosion estimation studies is the RUSLE (Shrestha, 1997; Angima et al., 2003; Prasannakumar et al., 2011, 2012; Mandal and Sharda, 2013; Wang et al., 2013; Pan and Wen, 2014; Erol et al., 2015; Uddin et al., 2016; Panditharathne et al., 2019). For assessing soil erosion, the combined application of geospatial technologies such as geographical information systems (GIS), remote sensing, and RUSLE techniques are quite economical, time-saving, and more precise than most other models (Wang et al., 2003; Prasannakumar et al., 2011; Galdino et al., 2016; Gelagay and Minale, 2016; Zerihun et al., 2018; Adongo et al., 2019; Kumar et al., 2020; Kumar and Hole, 2021; Sandeep et al., 2021). Integrating soil erosion models with GIS acts as a potential tool in land degradation assessment practices. RUSLE is one of the soil erosion models applied for calculating and predicting the spatial and temporal differences in soil erosion in a GIS environment (Islam et al., 2020). It is used to estimate long-term annual average soil loss in certain areas with specific ground slope characters (Boggs et al., 2001). It is found to be a simple and pertinent model with limited data requirements and is widely used all over the globe because of its suitability and easy computational approaches (Jha and Paudel, 2010). Further, it is mostly an applied model for hilly terrains (Ganasri and Ramesh, 2016; Dissanayake et al., 2019) to assess erosion risk with potential application capabilities (Boggs et al., 2001). The primary objectives of the present study are to: (1) evaluate the long-term LULC changes of a Himalayan watershed; (2) assess the soil erosion due to LULC changes in the watershed using remote sensing, GIS, and RUSLE techniques; and (3) understand the potential risks of soil erosion caused by changing land-use patterns. The study will help to suggest suitable measures required for the conservation, planning, and sustainable management of soil resources in the study area and watersheds of similar settings.



Materials and methods


Study area

The Dehar river is a tributary of the Beas River system. The Dehar watershed is located between the boundaries of the Kangra and Chamba districts of the state of Himachal Pradesh between latitudes 32°5′21′′ N to 32°23′47′′ N and longitudes 76°0′25′′’ E to 76°12′29′′ E. In the course of its journey, the Dehar river traverses several places, such as Trilokpur, Kotla, Kuther, Sihunta, Thulel, and Jawali, before joining the Pong Reservoir also known as Maharana Pratap Sagar (Figure 1). The Dehar watershed is covered by the Survey of India (SOI) top-sheet maps nos. 52D/3, 52D/4, and 52D/7 with 1:50000 scales. It covers an area of 450 km2 and with a minimum and maximum elevation of 395 and 4080 m above mean sea level, respectively. Geographically, the area is located in Himachal Himalaya and consists of almost parallel hills disconnected by longitudinal valleys. The area experiences a varied climate, sub-tropical at lower elevations and temperate at higher altitudes. The area experiences a maximum temperature of 38°C and a minimum temperature of 0°C with an average temperature of 22°C. It has a normal annual rainfall of 2500 mm. The dominant soil varieties that cover the watershed are sandy-skeletal, coarse-loamy, fine-loamy and mesic-loamy soils (Sidhu et al., 1997). Geologically, the watershed is covered by rocks of the Lower Himalaya in the North and Siwaliks (Outer Himalaya) in the South (Srikantia and Bhargava, 1998). From north to south, it is covered by various geological formations, such as Dhauladhar Granites, Mandi Darla Volcanics, Shali Formation, Dharamshala Formation, Siwalik Group, and fluvio-glacial deposits. The Lesser Himalayan zone is represented by major rock types: Precambrian gneissic and granitic rocks (the Dhauladhar Group); slate, schist, phyllite, and limestone (Salooni Formation); older rocks include slate, quartzite, schist, basic lava flows, marl, salt, and dolomites (Sundernagar, Jutogh, and Shali Formations). The lesser Himalaya is represented by the Subathu Group which includes rocks of Cenozoic age (green shales and fossiliferous limestones), and the Siwalik Group, with sedimentary rocks consisting of shale, conglomerate, clay, and sandstone (Srikantia and Bhargava, 1998). The area is tectonically active and traversed by several northeast-southwest trending major tectonic faults/lineaments, the Chail Thrust, the MBT, the Drini Thrust, and the Jwalamukhi Thrust, which separate different geological units by bordering them (Kumar and Nanda, 1989; Srikantia and Bhargava, 1998; Kumar and Mahajan, 2001).
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FIGURE 1
Location maps. (A) Map of India showing the location of the Himachal Pradesh state (shaded by yellow color). (B) Map of the Himachal Pradesh state showing area (shaded by yellow color) covered by the Dehar watershed. (C) Enlarged map showing the Dehar watershed.




Data sets used

Shuttle Radar Topographic Mission (SRTM) digital elevation model data of 30 m resolution was used in the extraction of basin boundaries and for determining topographic factors (LS factors) for RUSLE modeling using ArcGIS 10.8 software (Table 1). Time series data of LANDSAT-7, LANDSAT-5, and SENTINAL-2 for the years 1999, 2010, and 2020, respectively, were used for preparing LULC maps and determining crop management (C) and conservation practice (P) factors used in RUSLE modeling (Table 1). The soil maps required to determine soil classes and soil erodibility (K factor) for the study were obtained from the database of NBSS and LUP (2005). Rainfall data procured from the India Meteorological Department (IMD) of 11 nearby rain gauge stations for the duration of 1999–2020 was used in determining the rainfall erosivity (R) factor (Table 1). All factors used in RUSLE modeling for determining soil loss were derived independently.


TABLE 1    Different data sets used in the study.
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RUSLE model

To estimate soil erosion, various parameters such as precipitation, soil categories, terrain characters, and land cover changes are required (Kouli et al., 2009; Vijith et al., 2018). The annual average soil loss per unit area per year was estimated as per the following equation (Eq. 1) given by Renard et al. (1997) using the required parameters generated through DEM, rainfall data, soil types, and satellite images (Figure 2):
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FIGURE 2
Flow chart demonstrating the methodology adopted for RUSLE model.
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Where A denotes the average annual soil loss (t/ha/year), R represents the rainfall erosivity factor (MJ mm/ha/hr/year), K refers to the soil erodibility factor (Mg h/MJ/mm), LS indicates the topological factor expressed as slope length and steepness factor, C is crop management, and P signifies the conservation support practice factor (Figure 2). Of all these factors, LS, C, and P factors are dimensionless.



Land use/land cover dynamics

To determine the LULC changes in the study area, the satellite imageries of LANDSAT-7, LANDSAT-5, and SENTINAL-2 for the years 1999, 2010, and 2020, respectively, were used. Image enhancement techniques were adopted to categorize the LULC features. All the downloaded images were in TIFF format and therefore exported to .img format via application of a layer stack function using ERDAS Imagine 2020. These stacked images were georeferenced into the same map projection of the World Geodetic System 1984 Zone 43N (WGS 1984-43N). All images were subset (sub-mapped) with reference to the boundaries of the watershed for marking the whole study area. Red, Green, Blue (RGB) band composition was used for all the images to interpret and classify the surface features with more precision (Teng et al., 2016). False color composite (FCC) of satellite images were generated for the years 1999, 2010, and 2020 by displaying different band combinations such as band 4 (NIR), band 3 (red), and band 2 (green). Various LULC classes were identified in the study area, specifically, Built-Up, Agricultural Land, Forest, Barren, and Water Bodies. With the aim to check the level of accuracy of the generated LULC layers, nearly 200 randomly collected sample points were selected from each of the created LULC layers. These layers were again opened and overlaid in Google Earth Pro software to validate the generated LULC layers for accuracy. Further, a confusion matrix was computed with the validated data.



Rainfall erosivity factor (R factor)

R factor is the measure of the intensity of rainfall in a certain place based on the quantum of soil erosion (Koirala et al., 2019). Incessant rainfall data is required to compute the R factor, as it is valuable in knowing the influence of rainfall intensity on soil erosion triggered by water erosion (Wischmeier and Smith, 1978). From the literature, it was noticed that a multitude of equations have been developed to quantify the R factor (Kouli et al., 2009; Khosrokhani and Pradhan, 2014). Nevertheless, the formula (Eq. 2) given by Singh et al. (1981) was used for discerning the rainfall erosivity factor. In addition, the equation illustrates the relationship between the rainfall erosivity factor and the average annual precipitation, which has been found to be more reliable for soil erosion studies in India (Saha et al., 2018; Sandeep et al., 2021; Sangeetha and Ambujam, 2021). Monthly rainfall data was procured from the IMD for the 11 rain gauge stations located in and around the Dehar watershed for the duration of 1999 to 2020. Further, the mean annual rainfall data (for the duration of 1999 to 2020) of the rain gauge stations, which is essential for the computation of the R factor, was drawn from the collected rainfall data sets (Figure 3). The R factor was computed by inverse distance weighting (IDW) interpolation method and converted to a raster data set of 30 m cell grid size (Figure 9).
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FIGURE 3
Maps of the Dehar watershed showing the average annual rainfall for the years 1999, 2010, and 2020.
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FIGURE 4
Map showing different soil types in the Dehar watershed.
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FIGURE 5
Digital elevation model (DEM) of the Dehar watershed.
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FIGURE 6
Maps of the Dehar watershed showing NDVI for the years 1999, 2010, and 2020.
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FIGURE 7
Showing LULC maps for the years 1999, 2010, and 2020 of the Dehar watershed.
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FIGURE 8
Bar graph showing the change in different LULC classes for the years 1999, 2010, and 2020 of the Dehar watershed.
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FIGURE 9
Maps showing R factor for the years 1999, 2010, and 2020 of the Dehar watershed.
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Where Rn denotes the average annual rainfall expressed in mm.



Soil erodibility factor (K factor)

The soil erodibility factor (K) describes the characteristic eroding capacity of soils. It measures the susceptibility of soils to detach and be transported predominantly caused by rainfall and overland flow. The K factor refers to the impact of the physical and chemical properties of soils on erodibility during precipitation events in an elevated region (Wischmeier and Smith, 1978). The K factor is affected by various soil properties that comprise soil texture, structure, organic matter, permeability, porosity, and soil profile (Prasannakumar et al., 2011). For the present study, the soil map was procured from the NBSS and LUP (2005). The three different soil classes, sandy-skeletal, coarse-loamy, and fine-loamy soils, were recognized in the watershed (Figure 4; Sidhu et al., 1997). The K-values for these three soil classes were assigned considering the K-values proposed by Jain et al. (2010) (Table 2). The soil map was initially generated in vector format to decipher the soil classes considering K-values and later converted into raster format with a 30 m × 30 m grid (Figure 10).


TABLE 2    K-values for different soil types (after Jain et al., 2010).
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FIGURE 10
Map showing K factor of the Dehar watershed.




Topographic factor (LS factor)

The topographic factor (LS) is generated from the two significant aspects of slope-length factor (L) and slope-gradient factor (S), and these factors are primarily created from the Digital Elevation Method (DEM). Zhang et al. (2013) determined that the LS factor is an essential component of the RUSLE model soil erosion estimation as gravitational forces play a major role in overland flow. The LS factor revealed that the landscape setting of terrain with steep slopes and heavy precipitations is more vulnerable to soil erosion. Paul et al. (2021) viewed that if the length and steepness of an area are higher, the velocity and runoff volume escalates, leading to soil erosion. The DEM is considered to be the best option for the calculation of the LS factor in a particular area (Panagos et al., 2015). The LS factor was calculated from SRTM DEM of 30 m spatial (Figure 5). The LS factor map was generated by adopting equation (Eq. 3) (Wischmeier and Smith, 1978) and using a tool developed in Arc Macro Language by Hickey (2001). The tool takes DEM in ASCII format as input to calculate the LS factor (Figure 11).
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FIGURE 11
Map showing LS factor of the Dehar watershed.
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Where, LS represents the slope length and steepness factor, l is cumulative slope length in meters, and β is the downhill slope angle.



Crop management factor (C factor)

The crop management factor (C factor), also known as the cover management factor, shows the influence of cropping and other allied practices on soil erosion (Chalise et al., 2019; Sandeep et al., 2021). It also expresses the response of vegetative cover to water erosion. Areas with unprotected vegetative cover are commonly prone to high water erosion. On the other hand, soil erosion is low in the areas where the land is protected by vegetative cover. Nearing et al. (2004) viewed the C factor as sensitive to spatiotemporal variations, as it depends on vegetative growth and rainfall conditions. The C factor is represented as the erosion-weighted ratio of soil loss from crop/cover land to the corresponding loss from bare fallow or unprotected soil cover (Wischmeier and Smith, 1978). This factor holds a dimensionless number and the values range between 0 and 1, where 0 signifies the area has vegetative cover and is erosion-protected, whereas 1 represents the area is bare, uncovered, and prone to soil erosion. Significantly, thick vegetation protects from soil erosion by reducing runoff intensity and raindrop influence on the soil-covered ground surface (Ranzi et al., 2012). Therefore, vegetative cover is known to be a crucial factor along with the topographic factor in controlling the rate of soil loss (Zhou et al., 2008; Li et al., 2019).

In this study, an LU/LC-related method was adopted for calculating C factor values of the area. The C factor values for the respective years were generated from Normalized Differential Vegetative Index (NDVI) derived from LANDSAT-07, LANDSAT-05, and SENTINAL-2 images for the years 1999, 2010, and 2020, respectively (Figure 6). For calculating the C factor, the equation (Eq. 4) proposed by van der Knijff et al. (2000) was adopted.
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Where α and β are unitless parameters that fix the shape of the NDVI and the C factor curve. This equation has been widely used for Indian mountainous terrains (Kumar et al., 2014).



Conservation practice factor (P factor)

The conservation practice factor reveals the positive outcome of soil and water conservation processes of soil erosion in relation to agricultural practices. Wischmeier and Smith (1978) viewed the P factor as the percentage of erosion during the period of conservation and protective conditions compared to the usual circumstances of erosion occurrence.

The P factor values range between 0 and 1, where the values falling near to 0 signify the area is under healthy soil and water conservation practices, whereas the values close to 1 represent that the area lacks appropriate conservation practices (Table 3). In this study, the P factor map was developed by adopting the existing P factor values of the related land-cover classes collected from published sources (Wischmeier and Smith, 1978; Wanielista and Yousef, 1993; Londhe et al., 2010).


TABLE 3    P-values for different LULC classes (complied after Wischmeier and Smith, 1978; Wanielista and Yousef, 1993; Londhe et al., 2010).
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Results


Land use/land cover change

It was inferred from the analysis of the LULC classes that Built-Up areas increased from 2.3 km2 in the year 1999 to 3.96 km2 in 2010 and 5.36 km2 in 2020. Agricultural Land increased from 48.16 km2 in the year 1999 to 61.09 km2 in 2010 and 64.28 km2 in 2020. Conversely, Barren Land decreased from 50.15 km2 in the year 1999 to 34.75 km2 in 2010 and 26.85 km2 in 2020. Forest Land increased from 342.1 km2 in 1999 to 343.2 km2 in 2010 and 346.2 km2 in 2020. However, in the case of Water Bodies, there was a decrease from 5.89 km2 in the year 1999 to 5.6 km2 in 2010, and an increase 5.91 km2 in 2020 (Table 4 and Figures 7, 8). The results of the area under very low, low, moderate, high, very high, and extremely severe erosion classes during the years 1999, 2010, and 2020 with respect to different LULC classes such as Built-Up area, Agriculture Land, Forest Land, and Barren Land are presented in Table 7. The confusion matrix resulted in an overall accuracy of 86.84% for 1999, 87.43% for 2010, and 88.05% for 2020 with a Kappa coefficient value of 0.827, 0.835, and 0.842 for the years 1999, 2010, and 2020, respectively (Table 5). It was inferred from the obtained results that the image classification was performed with accuracy.


TABLE 4    Area under different LULC classes for the years 1999, 2010, and 2020.
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TABLE 5    Confusion matrix for LULC classification for the years 1999, 2010, and 2020.
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R factor

The erosivity rate is directly related to the total amount of precipitation that occurred in a particular area (Sandeep et al., 2021). The R-values of the study area varied between 713 and 985 MJ mm/ha/hr/year in 2020, 663 to 845 MJ mm/ha/hr/year in 2010, and 672 to 874 MJ mm/ha/hr/year in 1999 (Figure 9). The watershed receives high rainfall from July to September during the southwest monsoon season. The eastern part of the watershed has a high R-value in comparison to the western part (Figure 9). Thus, this indicated that high R factor values influence the rate of soil erosion in the watershed.



K factor

The prominent soil types of the area are sandy-skeletal, coarse-loamy, and fine-loamy soils. Almost 57% of the total geographical area is covered by sandy-skeletal soil followed by coarse-loamy soil (32%), then fine-loamy soil (11%) (Figure 4). The soil erodibility (K factor) values of the study area vary from 0.020 to 0.042 (Table 2). The northern part of the watershed is covered by sandy-skeletal soil signifying the highest K factor value (Figure 10), while the central and southern parts of the watershed are covered by coarse- and fine-loamy soils with lower K factor values.



LS factor

The elevation of the Dehar watershed ranges from 395 to 4080 m with a relief of 3,695 m. The LS factor was calculated using DEM and equation (Eq. 3), by considering the interface between flow accumulation and topographic features (Figure 5). The LS factor of the watershed ranged from 0 to 98 with a mean value of 5.38 (Figure 11).



C factor

The vegetative cover factor (C) was determined using the equation (Eq. 4) for the years 1999, 2010, and 2020 (Figure 12). The NDVI values for the years 1999, 2010, and 2020 ranged from−0.41 to 0.63, −0.38 to 0.67, and −0.19 to 0.55, respectively (Figure 6). The C factor values generated from the NDVI ranged from 0.03 to 1.78 for 1999, 0.01 to 1.74 for 2010, and 0.07 to 1.39 for 2020 (Figure 12). The derived C factor values revealed that higher values were found in barren land and lower values were reported in vegetative cover areas.
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FIGURE 12
Maps showing C factor of the Dehar watershed for the years 1999, 2010, and 2020.




P factor

The P factor value of the study area varied from 0 to 1 (Figure 13 and Table 3). The lowest value (0) was assigned to a water body where conservation measures were undertaken, while a P factor value (1) was given to vegetation, barren land, built-up area, and agriculture land (less than 3% and more than 25% slope) where appropriate soil-water conservation strategies were not adopted. The different agricultural land use classes (with slopes varying from 3–8, 8–12, 12–16, 16–20, and 20–25%) were assigned P-values ranging from 0.5 to 0.9.
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FIGURE 13
Maps showing P factor of the Dehar watershed for the years 1999, 2010, and 2020.




Effect of LULC changes on soil erosion

The different RUSLE parameters were multiplied in an ArcGIS 10.8 environment by applying a raster calculator tool to find the geoenvironmental conditions in the Dehar watershed by knowing the spatiotemporal changes and the rate of soil erosion during the years 1999, 2010, and 2020. The assessed rate of soil erosion was grouped into five classes: very low (0–1 t/ha/y), low (1–5 t/ha/y), moderate (5–10 t/ha/y), high (10–20 t/ha/y), very high (20–50 t/ha/y), and extreme (>50 t/ha/y), as shown in Table 6 (Dabral et al., 2008). The very low class (0–1 t/ha/yr) showed a higher area in percentage with respect to soil loss followed by the extremely severe class (>50 t/ha/yr) for all three years (1999, 2010, and 2020) of the LULC settings (Figure 14).


TABLE 6    Area under different soil loss potential classes and mean soil loss for the year 1999, 2010, and 2020.
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TABLE 7    LULC class-wise area in percentage under different soil loss potential classes for the years 1999, 2010, and 2020.
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FIGURE 14
Maps showing soil erosion trends of the Dehar watershed for the years 1999, 2010, and 2020.


In 1999, the percentages of areas that experienced very low, low, moderate, high, very high, and extremely severe erosion were 46.42, 0.45, 2.53, 5.05, 10.81, and 34.74%, respectively (Table 6). Whereas in 2010, the percentages of areas that experienced very low, low, moderate, high, very high, and extremely severe erosion were 46.52, 1.32, 3.31, 5.91, 11.69, and 31.25%, respectively. Similarly, in 2020, the areas prone to very low, low, moderate, high, very high, and extremely severe erosion were 46.1, 0.56, 2.71, 4.68, 10.03, and 35.92%, respectively. The results representing areas under very low, low, moderate, high, very high, and extremely severe erosion classes and mean soil loss within different land use classes are presented in Tables 6–8.


TABLE 8    Mean soil loss in different LULC classes for the years 1999, 2010, and 2020.
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Discussion

In the present study, the influence of LULC changes on soil loss dynamics in the Dehar watershed was estimated using the empirical model RUSLE in the GIS environment. RUSLE is widely applied in mountain terrains and very suitable for the Himalayan mountains system (Cevik and Topal, 2003; Dissanayake et al., 2019; Thapa, 2020; George et al., 2021; Kumar and Hole, 2021). It was inferred from the study that a subsequent rise in Built-Up and Agricultural Land was observed in the years 2010 and 2020 and, conversely, Barren Land decreased in the years 2010 and 2020 due to the rise in the population and expansion of habitats and agricultural fields in the lesser and Sub-Himalayan zone in recent years, leading to the conversion of Barren Land to Built-Up and Agricultural fields. The class Forest also showed a minor rise in the years 2010 and 2020 due to sustainable forest conservation and management practices (Table 4). In the Built-Up class of land use, the mean soil loss decreased from 32.19 in 1999 to 18.77 t/ha/yr in 2010, but in the year 2020 the mean soil loss slightly increased to 20.15 t/ha/yr (Table 8). Further, Barren Land registered a decrease in the mean soil loss from 86.43 t/ha/yr in the year 1999 to 74.60 t/ha/yr in 2010 and 73.19 t/ha/yr in the year 2020. Regarding the Agriculture class, the rate of mean soil loss slightly increased from 32.55 t/ha/yr in 1999 to 33.35 t/ha/yr in 2010, but then decreased to 25.43 t/ha/yr in 2020. The area covered under Forest experienced an increase in mean soil loss, from 65.30 t/ha/yr in 1999 to 65.87 in 2010 and 74.72 t/ha/yr in 2020. From the current study, it is inferred that the Barren Land and Forest classes experienced a higher rate of soil erosion in comparison to other classes because the Dehar watershed is prone to high precipitation and its presence in a high altitudinal area with hilly terrain, steep to very steep slopes, incidents of forest fires, and unsustainable forest management practices. In the Sub-Himalayas, the Barren and Forest areas experience a high rate of soil erosion due to their spread on high elevations and steep slopes (Kumar et al., 2014; Fayas et al., 2019; Uddin et al., 2019).

Rainfall erosivity (R factor) indicated a rise in the mean soil loss between the years 2010 and 2020. Further, the R factor clearly illustrated the importance of rainfall erosivity in soil loss estimation, as its values increased between the years 2010 and 2020. Interestingly, the area experienced a decrease in total mean soil loss between the years 1999 and 2010 and an increase in the total mean soil loss between the years 2010 and 2020 (Table 6).



Conclusion

This study evaluated the influence of LULC changes on soil erosion in a hilly watershed in the northern western Himalaya region in the state of Himachal Pradesh, India, for the years 1999, 2010, and 2020. The methodology adopted was to apply the RUSLE method for soil loss estimation in a GIS environment to create and compare soil loss estimation maps of 1999, 2010, and 2020. Moreover, the main aim was to identify soil loss changes that occurred due to LULC change. The RUSLE model in combination with the GIS technique was applied to estimate the rate of soil erosion in different LULC classes. The RUSLE model was successfully employed by giving due importance to different factors (R, K, LS, P, and C). The results yielded mean soil loss of 63.71, 60.99, and 66.71 t/ha/yr for the year 1999, 2010, and 2020, respectively, indicating that the LULC changes considerably influenced the rate of soil loss in the Dehar watershed. Overall, the present study clearly shows that soil erosion is a serious geoenvironmental issue and it needs the urgent attention of scientists, policymakers, and the general public for sustainable management of soil resources. Additionally, the data used in the present study was of coarser resolution and of a larger scale. There is wider scope for further studies at micro-watershed levels using high-resolution satellite imageries and more accurate rainfall data sets derived from different sources and validated with field-based models. More precise soil-loss estimations would help various stakeholders in taking suitable measures for the prevention of soil erosion.
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Elevational gradient, slope, and aspect offer a unique opportunity to explore the response of plant species under changing environmental conditions. The present study aimed to analyze the species diversity and distribution patterns with respect to altitude, aspect, and habitat types in the Kashmir Himalayas. Considering major aspects and habitats, a total of 123 representative sites were selected along the elevational gradients for the present study. The plant species composition of each selected site was studied by organized sampling following the standard ecological methods. During the present study, a total of 361 vascular plant species belonging to 71 families and 214 genera were identified in the study area. At the lower altitudes, the southern aspect and drier habitats showed the highest diversity. Moreover, a significant amount of compositional dissimilarity was observed between the studied aspects, habitats, and elevation belts and was mainly due to species turnover rather than the nestedness component. Further, among the studied variables, altitude was the most important contributing variable, explaining the greatest variation in the species composition. The paired effects of altitude and habitat explained the maximum variation in plant species composition. It may be concluded that floristic diversity should be studied not only with reference to elevational gradients but should also include aspects and habitats. The current study will act as a reference in this direction. A similar study must be replicated in other parts of the Himalayan region in the future to improve our understanding of the distribution and preferences of plant species in mountainous zones. This, in turn, will be immensely helpful in the conservation and sustainable utilization of resources in these ecologically fragile regions.

KEYWORDS
  Kashmir Himalaya, composition, β-diversity, variation partitioning, elevation


1. Introduction

In an ecosystem, the vegetational structure, composition, and function are among the significant attributes showing considerable variation with changing biotic and abiotic variables (Bisht and Bhat, 2013; Rawat et al., 2018; Wani et al., 2022a). Slope, aspect, elevation, and edaphic factors are some examples of the widely studied variables that shape the community structure and distribution of species, especially in mountainous ecosystems (Gairola et al., 2011; Dar and Sundarapandian, 2016). Among these factors, the topographic factors significantly impact vegetation and plants' growth (Davies et al., 2007), especially when the research scale is narrow (Zhang et al., 2021). Therefore, it is imperative to undertake site-specific studies instead of regional and national ones to better understand the changing patterns of biodiversity and its key drivers, especially in mountainous regions. In mountainous regions, the topographic alterations are considerable, and local environmental conditions are complex. Topographic variations act as significant indicators because of their key role in influencing the temperature and moisture of the habitat (Raulings et al., 2010). The biotic and abiotic gradients on mountains have the enormous potential to improve our understanding of species distributions and richness patterns (McCain and Grytnes, 2010). The main biotic and abiotic factors under the local topographic influence are hydrology, incident solar radiation, wind exposure, geochemistry, and biotic conditions (Moeslund et al., 2013). Micro-climatic conditions may vary significantly over short spatial scales in mountainous areas due to the steep environmental gradients and thus substantially influence vegetation distribution and species richness patterns (McCain and Grytnes, 2010). Hamid et al. (2021) found significant differences in the edaphic properties along elevation gradients and changing aspects in their study. They also discovered that aspect play an important role, in addition to elevation, in determining the survival of plant populations in mountainous areas.

On a habitat scale, the presence of a species is limited by the vegetation structure, edaphic gradients, and management-related gradients of the habitat (Wamelink et al., 2014). These gradients within the habitats not only affect the overall vegetation composition but also substantially impact the distribution of native and alien plant species (Khuroo et al., 2011). According to previous studies (McCain and Colwell, 2011), altitudinal gradients in mountainous regions provide valuable natural settings for investigating the long-term ecological and evolutionary effects of environmental changes on different species. These gradients are characterized by several predictable changes in environmental factors, including a decline in temperature with increasing elevation and an average of 0.6°C per 100 m (Barry, 2008). Other abiotic factors that vary along the elevation gradients include decreasing air pressure and increasing solar radiation (Barry, 2008; McCain and Grytnes, 2010). However, precipitation does not change consistently with elevation on all mountains but varies greatly due to regional mountains and weather conditions (Barry, 2008). The gradients in these abiotic factors strongly influence the distribution of species along the elevation gradient. Owing to these changing abiotic factors with increasing elevations, it is believed that diversity decreases linearly with elevation (MacArther, 1972; Korner, 1998); however, recent studies (Trigas et al., 2013; Zhou et al., 2018; Rawat et al., 2021) showed that plant diversity often peaks at mid-elevations (reflecting hump-shaped patterns of species richness), which vary among taxa and mountainous ranges in different climatic conditions across the world (McCain, 2007; Sharma et al., 2019). Therefore, altitude is one of the foremost ecological factors influencing the distribution of species and composition of the ecosystem and is thus significant for understanding the patterns of biodiversity in an ecosystem (Rezende et al., 2015).

The Himalayan mountains are among the highest in the world and act as treasure troves of biodiversity. The higher level of endemism in the region suggests the presence of diverse critical habitats and ecoregions of global importance in the region. Owing to the rich biodiversity of the region, it is among the world's major biodiversity hotspots (Khoshoo, 1992; Myer et al., 2000). The Himalayan mountains provide an altitudinal range representing the world's longest bioclimatic gradient (Grytnes and Vetaas, 2002). All these features have made the Himalayas an interesting candidate for biodiversity studies along the altitudinal gradients. Many researchers have studied patterns of species diversity along altitudinal gradients in the Himalayan region (Rawat et al., 2018; Ahmad et al., 2020; Bhat et al., 2020; Sharma and Kala, 2022). However, due to the remote and difficult-to-reach terrains in high-altitude areas, only a few studies have been conducted on the species composition and diversity in these remote areas of the Himalayas. As a result, the available information about vegetation distribution and its core drivers in the Himalayan mountains is scarce (Wani et al., 2022b). To address this knowledge gap, the present study attempts to examine plant species diversity and distribution patterns with respect to changing elevations, aspects, and habitat types in the Kashmir Himalaya—an integral part of the Himalayan Biodiversity Hotspot. The present study hypothesizes that species diversity and composition change with changes in elevation, aspect, and habitat types and that species diversity and richness decrease with an increase in elevation, with elevation being the most important factor determining changes in species diversity and composition.



2. Materials and methods


2.1. Study area

The Gulmarg Wildlife Sanctuary (GWLS) is located between 74°17′-74°79′ N latitude and 34°55′-34°60′ E longitude (Figure 1). The sanctuary is situated 52 km southwest of the Baramulla district, on the western side of Kashmir Himalaya within the Pir Panjal range. This sanctuary encompasses two administrative units: the Ferozpora/Tangmarg Block and the Gulmarg Block, covering a total area of 180 km2. Furthermore, the sanctuary is composed of two distinct altitudinal regions, with 120 km2 of the area falling in the alpine zone and the remaining 60 km2 lying in the lower altitudinal area (www.jkwildlife.com, assessed on 15 April 2021). The natural beauty of Gulmarg and its proximity to Srinagar make it a popular destination for tourists, both local and international, attracting a huge influx of visitors annually (Nanda et al., 2019). The forest area of the sanctuary is primarily dominated by Abies pindrow, Pinus wallichiana, Cedrus deodara, Picea smithiana, and Betula utilis, with the latter forming the tree line in the region (Naqshi et al., 1984).


[image: Figure 1]
FIGURE 1
 Location map of the study area.




2.2. Site selection and data collection

Sites were selected randomly to represent each accessible aspect and habitat type along the vertical gradient. Physical characters and dominance of the vegetation were analyzed for habitat identification. The study classified habitats according to canopy cover, humus content, and moisture levels. Habitats with closed canopies and high levels of humus and moisture were referred to as “shady, moist habitats,” while habitats with low levels of humus and moisture were referred to as “dry habitats.” Habitats with high moisture concentrations but no canopy cover were designated as “moist habitats.” Habitats with more than 50% of their area covered by boulders were classified as “boundary habitats,” and habitats with more than 50 rocks were classified as “rocky habitats.” Grassland patches within forests were considered “open habitats.” Additionally, habitats facing high levels of human-induced degradation, such as deforestation, overgrazing, and trampling, were classified as “degraded habitats.” To assess the pattern of plant diversity in these habitats, vegetational sampling was conducted throughout the study area, taking into consideration environmental variables such as altitude, aspect, and habitat type. The plant species composition of each selected site was studied using the quadrat method, which is a widely-used and unbiased method of sampling (Bhatta et al., 2012). Elevation and aspect measurements were recorded using a Garmin GPS 73. The study area was mapped using ArcGIS 10.3. To assess diversity, plots of 50 × 50 m in the forest zone and 20 × 20 m in the alpine zone were established at each site. Within each plot, 10 (10 × 10 m) quadrats for trees, 10 (5 × 5 m) quadrats for shrubs, and 20 (1 × 1 m) quadrats for herbs were laid out at each elevational belt, representing different aspects and habitat types, following previous studies (Samant et al., 2007a; Negi et al., 2018; Rawat et al., 2018). As the alpine zone is devoid of trees, only 10 (5 × 5 m) quadrats for shrubs and 20 (1 × 1 m) quadrats for herbs were laid in each plot. Vascular plant species encountered during field surveys were collected, tagged, and brought to the laboratory, where they were mounted on herbarium sheets using standard herbarium techniques (Smith, 1971; Jain and Rao, 1976; Smith and Chinnappa, 2015). All the collected specimens were identified to the species level using local floras (Bhat, 1984; Naqshi et al., 1984; Singh et al., 2002) and further authenticated at the Centre for Biodiversity and Taxonomy, University of Kashmir. The correct nomenclature and family were assigned to each identified plant species using the Plants of the World Online database1.



2.3. Data analysis

Abundance data from all the sampling sites were analyzed in relation to aspect and habitat types. However, to study the diversity patterns along the altitudinal gradient, the total sampling sites were grouped into 20 100-m elevation belts, and the average species abundance at each 100-m elevational interval from 2,300 to 4,200 m above sea level was calculated. To estimate the total plant diversity at each site and each 100-m elevational belt, we used the Renyi diversity profiles within the vegan 2.5–7 package (Oksanen et al., 2020). The values of the Renyi diversity profiles (Hα) were calculated from the average abundance values of the quadrats laid out at each site and the elevational belt using a scaling parameter (α) ranging from zero to infinity (Kindt and Coe, 2005) according to the following formula:
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where pi is the average abundance of a species at a site and α is the scaling parameter (Kindt and Coe, 2005; Oksanen et al., 2020). Diversity values were calculated for the default α scale of 0 to infinity following the study of Wani et al. (2022b). Further, a generalized additive model using the “mgcv” package was performed to analyze the impact of altitude on total species richness and the Shannon diversity index.

For analyzing the difference in the observed species composition among the selected sites and elevational belts, non-metric multidimensional scaling (NMDS) using abundance data was performed in a vegan 2.5-7 package (Oksanen et al., 2020). According to the NMDS, the studied sites are ordered in a multidimensional space so that the sites with comparable floristic compositions are assembled in the ordination diagram (Hochstedler et al., 2007; Rawat et al., 2021). Further, to evaluate its accuracy, the associated stress value was calculated. The value of associated stress ranges from 0 to 1; 0 represents no stress, whereas 1 represents a complete lack of fit (Legendre and Legendre, 2012; Rawat et al., 2021; Shahabuddin et al., 2021). The observed degree of compositional dissimilarities between the selected sites was statistically tested using the permutational analysis of variance (PERMANOVA), wherein both the Bray–Curtis and Jaccard indices were used to investigate whether species relative abundances or the presence and/or absence of species are responsible for the observed compositional differences (Shahabuddin et al., 2021). The associated statistical significance was calculated by setting alpha at 0.05 based on 999 permutations.

Moreover, the overall and pairwise β diversity between the studied sites and elevational belts was calculated using the beta version 1.5.4 package (Baselga et al., 2021). This method uses presence/absence data and separates the observed dissimilarity (βSOR) into species turnover (βSIM) and nestedness (βSNE) (Baselga and Orme, 2012). It also clusters different aspects and habitat types along elevation belt-based dissimilarity resulting from both βSIM and βSNE components separately. Additionally, variation partitioning was performed to investigate the relative effects of altitude, aspect, and habitat type on plant species composition using the varpart function from the vegan package version 2.5-7 (Oksanen et al., 2020). This method partitions the total variation into seven fractions attributed to (i) the individual effect of altitude (A), (ii) the individual effect of aspect (AS), (iii) the individual effect of habitat (H), and the shared effect due to each possible pair (iv) altitude and aspect (A n AS), (v) altitude and habitat (A n H), (vi) aspect and habitat (AS n H) and the combined effect of all three underlying variables, and (vii) altitude, aspect, and habitat (A n AS n H). We evaluated the associated statistical significance based on the Monte Carlo permutation test using 999 permutations. As the shared effects were obtained simply by subtraction, they were not tested for statistical significance (Legendre and Legendre, 2012).




3. Results

In the present study, a total of 123 sites were sampled, representing all possible aspects and habitat types in the study area. Of these sites, the greatest number (25) were in the southern aspect, followed by the northern (20), northwest (19), eastern (17), southeast (13), northeast (11), southwest (10), and western (8) aspects. The habitats of the sites were primarily represented by shady moist at 27 sites, followed by rocky (24), bouldary (20), degraded (17), riverine (13), dry (12), open (6), and moist (4). A total of 361 plant species from 71 families and 214 genera were identified from the study area (Supplementary Table S1). The Asteraceae were the dominant family with 54 species, followed by the Lamiaceae, Rosaceae, and Ranunculaceae with 23, 20, and 19 species, respectively. The Ranunculus genus was the most prevalent with seven species, followed by Anaphalis and Nepeta with six and five species, respectively. The dominant growth form was represented by herbaceous forms (82.7%), followed by shrubs (10.5%), trees (5.7%), and climbers (1.1%).


3.1. Diversity patterns

The Renyi diversity profiles for the selected aspects are presented in Figure 2A. The diversity profile revealed that the highest plant species diversity was found in the southern aspect at the scaling parameter (α) values between 0 and 1, while the diversity was higher in the southeast aspect for the rest of the scaling parameter (α) values. In contrast, the lowest plant species diversity was observed at the northeast aspect at all scaling parameter (α) values (Figure 2A). Furthermore, the Renyi diversity profiles for the studied habitat types are presented in Figure 2B. The highest plant species diversity was observed in dry habitats at α values between 0 and 2 and in moist habitats for the remaining scaling parameters. In contrast, the lowest plant species diversity was found in open aspects at α values between 0 and 2 but in rocky and degraded habitats for the remaining α values (Figure 2B). Additionally, the Renyi diversity profiles for the selected elevation belts showed that the highest plant species diversity was found at an elevation of 2,400 m for α values between 0 and 1 but at a 2,700-m elevation belt for the remaining α values. In contrast, the lowest species diversity was found at an elevation of 4,200 m for α values between 0 and 1 but at 3,700 m for the remaining α values (Figure 2C). Furthermore, GAM analysis revealed that total species richness and diversity decreased with an increase in elevation and follow a unimodal pattern (Figure 3).
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FIGURE 2
 The Renyi diversity profiles, showing the total plant species diversity along the selected (A) aspects, (B) habitats, and (C) 100-m elevational belts. The dots represent the diversity value at different values of the scaling parameter (α). The outer two black dashed lines represent the extremes, and the inner pink lines represent the median in the data.
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FIGURE 3
 The relationship between elevation and (A) the Shannon diversity index and (B) total species richness. *The blue lines represent the best-fit regression splines from GAM; the gray shading represents the standard errors; and the black dots represent the observations.




3.2. Plant species composition

The NMDS analysis revealed greater compositional dissimilarity among the selected aspects. More precisely, a varying degree of overlap was observed between the southwest (SW), northwest (NW), and south (S) aspects. The west (W) aspect was the most dissimilar in terms of plant species composition from the rest of the aspects. However, the partially overlapping ellipses indicate that the composition of the plant species in other aspects was not as significantly different (Figure 4). Moreover, the associated stress level for the NMDS plot was very low (0.10) for the first three dimensions. The PERMANOVA analysis indicated significant compositional differences among the studied aspects due to both changes in the number and relative abundance of species (Jaccard: F = 31.88, p < 0.001; Bray-Curtis: F = 25.20; p < 0.001).


[image: Figure 4]
FIGURE 4
 A non-metric multidimensional scaling (NMDS) plot showing compositional differences between the studied aspects.


Based on the studied habitat types, the NMDS analysis revealed a significant extent of compositional differences among the studied habitats (Figure 5). The open habitats were the most dissimilar in terms of plant species composition from the rest of the studied habitats. Moreover, the associated stress level for the NMDS plot was very low (0.13) for the first three dimensions. The PERMANOVA analysis indicated significant compositional differences among the studied habitats due to both changes in the number and relative abundance of species (Jaccard: F = 43.14, p < 0.001; Bray–Curtis: F = 36.01; p < 0.001).
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FIGURE 5
 The non-metric multidimensional scaling (NMDS) plot showing a difference in total plant species composition between the studied habitats.


Based on altitude, the results of the NMDS analysis revealed a significant extent of dissimilarity in the total plant species composition between the studied elevation belts (Figure 6). A significant degree of overlap was observed between the sites at lower altitudes, except for those at 2,500-m above the sea level, and the sites at higher altitudes, representing the forest and alpine communities, respectively. Additionally, the cluster formed by the lower elevational belts is connected to the higher elevational cluster by four elevation belts, e.g., 3,100–3,400 m, representing the ecotone. Similar to aspect and habitat types, the associated stress level for the NMDS plot was very low (0.11) for the first three dimensions. The PERMANOVA analysis indicated a significant compositional difference among the altitudinal belts due to both changes in the number and relative abundance of species (Jaccard: F = 17.63, p < 0.001; Bray–Curtis: F = 29.69; p < 0.001).


[image: Figure 6]
FIGURE 6
 The non-metric multidimensional scaling (NMDS) plot showing the difference in total plant species composition between the studied 100-m elevational belts.




3.3. Spatial β-diversity patterns

Overall, the observed multiple-site Sorensen dissimilarity index among the selected aspects was high (βSOR = 0.71). The contribution of species turnover to the observed dissimilarity was relatively much higher (βSIM = 0.57) than the nestedness component (βSNE = 0.13). Furthermore, a significant variation was observed for the pairwise Sorensen dissimilarity index, with the highest βSOR found between the west and southeast aspects (βSOR = 0.70). The contribution of βSIM to the resulting pairwise dissimilarity was greater than that of the βSNE component in most comparisons (Supplementary Table S2). This suggests that the observed dissimilarity was greater due to βSIM than the βSNE component (Figure 7A). A cluster analysis based on the βSIM component revealed the southwest aspect was significantly different from the rest of the selected aspects in terms of species composition, followed by the southeast and east aspects (Figure 7B). In contrast, a cluster analysis approach based on the βSNE component indicated that the south aspect was highly dissimilar in terms of species composition from the rest of the selected aspects (Figure 7C).


[image: Figure 7]
FIGURE 7
 The multiple-site β dissimilarity patterns across the selected aspects using total plant species composition. The figure shows the partitioning of total dissimilarity (βSOR–solid black line) into species turnover (βSIM–dashed line) and nestedness (βSNE–solid gray line) components (A) and average clustering based on βSIM (B) and βSNE (C) components of total plant species dissimilarity among the studied aspects.


An analysis of habitat types revealed a high multiple-site Sorensen dissimilarity index (βSOR = 0.75). The contribution of the turnover component to this dissimilarity was higher (βSIM = 0.64) than that of the nestedness component (βSNE = 0.10). Further, a significant difference was also observed for the pairwise Sorensen dissimilarity index, with the highest βSOR found between the open and riverine habitats (βSOR = 0.84). The contribution of βSIM to the resulting pairwise dissimilarity was greater than that of the βSNE component (Supplementary Table S2). This suggests that the observed dissimilarity was primarily due to the βSIM component rather than the βSNE component (Figure 8A). A cluster analysis based on the βSIM component identified the moist habitat as being highly different from the rest of the other selected habitats in terms of plant species composition, followed by bouldary and riverine habitats (Figure 8B). In contrast, a cluster analysis approach based on the βSNE component indicated that open habitats have a highly distinct plant species composition compared to the other studied habitats (Figure 8C).
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FIGURE 8
 The multiple-site β dissimilarity patterns across the selected habitats using total plant species composition. The figure illustrates the partitioning of total dissimilarity (βSOR–solid black line) into components of species turnover (βSIM–dashed line) and nestedness (βSNE–solid gray line) components (A) average clustering based on βSIM (B) and βSNE (C) components of total plant species dissimilarity among the studied habitats.


The analysis of the selected elevational belts revealed a much higher multiple-site Sorensen dissimilarity index (βSOR = 0.92), with a greater contribution from species turnover (βSIM = 0.88) than from nestedness (βSNE = 0.04). Further, a significant difference was observed for the pairwise Sorensen dissimilarity index, and once again, the contribution of βSIM to this pairwise dissimilarity was greater than that of the βSNE component (Supplementary Table S2). This indicates that the observed dissimilarity was primarily due to βSIM than the βSNE component (Figure 9A). A cluster analysis based on the βSIM component resulted in four major clusters, representing lower, higher, sub-alpine elevational belts (ecotones), and a distinct cluster at 2,500-m altitude (Figure 9B). In contrast, a cluster analysis approach based on the βSNE component resulted in three clusters representing lower, higher, and extreme higher elevation belts (Figure 9C).


[image: Figure 9]
FIGURE 9
 The multiple-site β dissimilarity patterns for the selected elevation belts using total plant species composition. The partitioning of total dissimilarity (βSOR–solid black line) into components of species turnover or replacement (βSIM–dashed line) and nestedness (βSNE–solid gray line) components (A) is shown. This figure represents the average clustering based on βSIM (B) and βSNE (C) components of total plant species dissimilarity among the studied elevational belts.




3.4. Variation partitioning

In terms of variation partitioning, the results for plant species composition showed that the total variation explained by the three variables (altitude, aspect, and habitat) was 16.5% (Figure 10). Of the individual effects, altitude (A) turned out to be the most important contributing variable, explaining the greatest amount of variation (9.7%) in plant species composition (Table 1). In addition, the individual effects of aspect (AS) and habitat type (H) were relatively small at 3.4 and 9.4%, respectively (Figure 10; Table 1). Furthermore, the variation explained by each variable was statistically significant (Table 1). Notably, the paired effect of altitude and habitat (A n H) explained the maximum variation (14.2%) in plant species composition.
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FIGURE 10
 The variation in total plant species composition explained by altitude, aspect, and habitat types, as indicated by the adjusted R2 values.



TABLE 1 A variation partitioning analysis, displaying the individual and combined effects of altitude (A), aspect (AS), and habitat type (H) on plant species composition.
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4. Discussions

Topographic and environmental conditions in the Himalayan region vary significantly, leading to variations in biodiversity patterns with respect to aspect, elevation, and habitat types (Rana et al., 2020; Ahmad et al., 2021). Many workers in the Himalayan region have studied the effects of topography on plant species diversity and composition (Vetaas and Grytnes, 2002; Carpenter, 2005; Kharkwal et al., 2005; Paudel and Vetaas, 2014; Subedi et al., 2020; Rawat and Negi, 2021; Wani S. A. et al., 2022). These studies have revealed that species diversity and composition vary significantly with changes in the topographic features of a region. The Gulmarg Wildlife Sanctuary (GWLS) embodies a broad elevation range with complex topography, providing a large variation in environmental variables to harbor higher species richness in a smaller area. The species richness reported in the present study was comparatively higher (361 species) than earlier reports from the Indian Himalayan region, i.e., Chawla et al., 2008 (313 species), Haq et al., 2018 (183 species), Ahmad et al., 2020 (255 species), and Haq et al., 2021 (181 species). The higher species richness recorded in the present study may be attributed to the fact that the present study was extensive and covered forest and alpine zones of the study area. Asteraceae, Lamiaceae, and Ranunculaceae were the most dominant families in the study area; these families have also been reported as being dominant in the Himalayan region (Dar and Khuroo, 2013; Ahmad et al., 2021; Altaf et al., 2021). These plant families have larger ecological amplitudes and wide distributions, increasing the possibility of encountering the members of these families (Mumshad et al., 2021). The dominance of herbaceous growth forms in the present study is in accordance with several other studies conducted in the Indian Himalayan region (Samant et al., 2007b; Malik et al., 2015; Sharma et al., 2019; Haq et al., 2021; Rawat et al., 2021). It may be due to the fact that herbs are considered common growth forms in most mountainous regions owing to their ability to acclimate to an extensive range of ecological settings (Wani S. A. et al., 2022).

In the present study, we calculated the plant species diversity more robustly than the randomly chosen single diversity index method, which led to biased generalizations and outcomes (Ahmad et al., 2019). The present study revealed that southern and southeast aspects favor rich plant species diversity, which is in accordance with the findings of previous studies (Winkler et al., 2016). This pattern may be attributed to the differential degree of exposure to sunlight and, thus, temperature differences with respect to changing aspects (Korner and Hiltbrunner, 2018). Aspect causes prominent temperature alterations and therefore affects species richness and composition in the mountains indirectly by affecting the soil-plant-atmosphere continuum (SPAC) (Aalto et al., 2013). The south aspect receives higher inputs of solar radiation in comparison to the north and west-facing aspects (Nepali et al., 2021). Furthermore, in temperate mountain regions like the study area, convective cloud formation is a common phenomenon (Geiger, 1950). This results in reduced daily solar radiation on the western aspect compared to the southern aspect.

Temperature is the most significant abiotic factor affecting plant growth and physiology at higher elevations (Korner and Hiltbrunner, 2018). Aspect causes prominent alterations in the thermal input and thus considerably affects the biodiversity on a mountain slope (Hamid et al., 2020). Further, the heterogeneity in aspect and altitude within a landform shows an important correlation with habitat heterogeneity (Aguilar-Santelises and del Castillo, 2013). During the present study, it was found that certain species, such as Oxyria digyna, Nasturtium officinale, Rorippa islandica, Caltha alba, Ranunculus trichophyllus, and Polygonum amphibia, prefer riverine habitats, whereas species such as Valeriana jatamansii, Viola odorata, Silene baccifera, Epimedium elatum, and Ainsliaea Aptera prefer shady, moist habitats. These species, which have narrow habitat preferences and specialized ecological niches, are less tolerant and less resilient, making them more susceptible to extinction (Wani S. A. et al., 2022; Wani et al., 2022c) compared to those species with wider habitat preferences.

Further, open and degraded sites were populated with exotic species such as Rumex sp., Digitalis grandiflora, Sambucus wightiana, Leucanthemum vulgare, and Achillea millifolium. Thus, due to habitat destruction, plant species with specific habitat preferences may suffer, and the whole community structure may be altered due to the increasing invasion of alien species (Fletcher et al., 2018; Fahrig et al., 2019). Habitats not only play an imperative role in the growth and development of species but also maintain species diversity. Habitat fragmentation and degradation are considered the primary causes of biodiversity loss (Su et al., 2022). As such, the preservation of habitats is equally important to the conservation of particular species.

The plant species diversity and richness decreased with increasing altitude due to environmental filtering and the dominance of plant species tolerant of extreme environmental conditions at higher altitudes (Trigas et al., 2013; Rana et al., 2020). According to the climate hypotheses, if the temperature is the main determinant of elevational species richness, the pattern predicted is decreasing diversity with increasing elevation (Heaney, 2001; McCain, 2007). The disparity in species composition and richness with changing altitude is a common phenomenon in the Himalayan and other mountainous ecosystems across the globe (Khuroo et al., 2011; Rawat et al., 2018). In the present study, species composition at lower altitudes was different than at higher altitudes. Mid-altitudes (3,100 and 3,400m) representing the ecotone form a transition between the lower and higher altitudes and are occupied by species from both lower and higher altitudes, forming a distinct cluster in terms of species composition.

Further, the 2,500-m elevation belt was found to be dissimilar from the rest of the lower altitudinal belts. The possible reason for this can be the observed anthropogenic pressure owing to the nomadic (Gujjars and Bakerwals) settlements at particular elevational belts. In the present study, total plant species richness and diversity followed a unimodal pattern, which is considered a general pattern (Stevens, 1992). However, analysis of wide-ranging elevational gradients usually results in hump-shaped patterns, while the exclusion of elevations of the gradient at the higher or lower ends favors a monotonic upsurge or decline with elevation (Fontana et al., 2020). At higher altitudes, plant species are exposed to various eco-physiological limitations, which in turn reduce species richness and diversity (Ahmad et al., 2020). In contrast, the higher species richness and diversity at lower and mid-elevations are chiefly associated with favorable environmental settings (Manish, 2021).

β-diversity, a central element of species diversity, provides insights into the extent to which environmental heterogeneity is partitioned by different species (Rawat et al., 2003). Greater β-diversity values indicate a higher level of species variation in response to environmental gradients (Bisht and Bhat, 2013). In the present study, we found relatively higher plant species diversity in southern aspects and dry habitats, likely due to the prominence of heliophytes and early successional species in forest gaps (Li et al., 2019). The patterns of β-diversity may be associated with the degree of variation in habitats along altitudinal gradients and changing aspects (Tang and Fang, 2004). Comparing compositional dissimilarities among the studied sites, further partitioned into species replacement and nestedness as attempted in this study, allows a better understanding of how biodiversity is assembled across environmental variables. Both these components of β-diversity have been acknowledged to sufficiently perceive spatial diversity patterns due to the underlying dissimilarity measures which compare species composition between two sampling units. Species replacement is supposed to be driven by environmental influences, while nestedness may reflect extinction patterns (Fontana et al., 2020). The present study revealed that turnover was more prominent than nestedness for all the studied variables (aspect, habitat, and elevation), which is consistent with the idea that the environmental filtering effects on vegetation structure along environmental gradients primarily result in turnover (Anderson et al., 2011; Zellweger et al., 2017). Furthermore, we found that the values of turnover and total β-diversity were more prominent along the elevational gradient than variation in aspects and habitat types. Temperature and solar radiations are the most important variables that influence β-diversity along an elevational gradient. Additionally, a significant percentage of plant species (specialists) is restricted to certain ecological zones and does not colonize entire environmental gradients (Broennimann et al., 2006; Trigas et al., 2013).

Environmental and topographic variables are significant factors in the distribution of plant species within an ecosystem. In the present study, variation in altitude was found to be the main factor leading to variation among the studied sites. Rawat and Negi (2021) also found that elevation is the most influential variable influencing species distribution patterns. The combined effect of altitude and habitat on species composition and richness among the sites was also found to be significant. Environmental and resource parameters determine the growth and competitive interactions of species, while environmental heterogeneity parameters tend to enhance coexistence and favor higher species richness. It is crucial to consider both levels of environmental parameters and heterogeneity concurrently to distinguish between the two types of parameters. Environmental heterogeneity is scale dependent and may create high niche diversity, allowing species to coexist at a large spatial scale.



5. Conclusions

The present study revealed that elevation is the most important factor contributing to variations in plant species diversity and composition. However, the present study also highlighted the importance of aspect and habitat heterogeneity in determining plant species richness. The southern aspect was found to support higher plant diversity compared to other studied aspects due to its greater exposure to sunlight. Furthermore, the plant species found in the study region exhibit distinct ecological preferences. For example, Betula utilis is found along northern aspects.

Similarly, the recorded species have varying habitat preferences. Therefore, the present study suggests that floristic diversity should be studied not only in relation to elevational gradients but also in relation to aspects and habitats. This study serves as a model for future research in this direction. Similar studies should be conducted in other parts of the Himalayan region to expand our understanding of the distribution and preferences of plant species in mountainous areas. This, in turn, will greatly aid in the conservation and sustainable utilization of resources in these ecologically fragile regions.
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The vertical distribution understanding of undergrowth herbaceous plants in high altitude mountain areas is of great significance to reveal the environmental gradient change law of plant diversity. However, the species composition of herbaceous plants at different altitude gradients and the relationship between diversity and environmental factors is still vague. This study takes the Sejila Mountain in southeast Tibet at an altitude of 2,000–3,300 m as the study area to analyze the vertical distribution differences of the understory herbs and their driving factors on shady and sunny slopes. The results showed that: (1) The number of families, genera and species of herbaceous plants on sunny slope is greater than that on shady slope. Asteraceae on shady and sunny slopes has the largest number of species; (2) The α diversity index of the herbs on shady slope shows a U-shaped trend. The Cody heterogeneity index (βC) is negatively correlated with the β diversity index. The herb richness index (R) on sunny slope is unimodal. The β diversity index displays the same as that of shady slope; (3) Different environmental factors have different effects on herb diversity. The correlation between environmental factors and diversity indicators indicates that there is a certain degree of clustering among samples. The environmental factors of shady slope and sunny slope are separated; and (4) The difference of water and heat conditions caused by altitude and slope aspect is an important driving factor for the diversity of herbage species, followed by soil clay content, silt content and slope gradient. This study will help to understand the species diversity and ecosystem characteristics of the region, and provide a reference for the study of plant community structure and function and rational utilization of understory plant resources in high-altitude mountain areas.
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1. Introduction

Species diversity is the basis for understanding the composition, structure and functional state of community species, and also the basis for studying biodiversity (Butchart et al., 2010; Cardinale et al., 2012; Chitale et al., 2014). As the largest terrestrial ecosystem, the forests are an important carrier of species diversity. In addition to trees and shrubs, the herbs are also an important part of the forests. Although the plants of herbaceous plants are small and their biomass proportion is low, they have the highest species diversity. The herbs play an important role in maintaining the material cycle and energy flow of the forest ecosystem, and play an important role in ensuring the function and stability of the ecosystem (Gilliam, 2007; Brockerhoff et al., 2017).

The alpine ecosystems are the most sensitive regions to environmental change, suitable for studying the response of ecosystem to climate change and predicting the response to future climate change (Ecology and Kessler, 2012). Altitude gradient in alpine ecosystems integrates changes in water, temperature, light, soil and other factors, and is considered to be one of the decisive factors affecting species diversity (Andra, 2016; Yılmaz et al., 2018). Many scholars have done some research on species diversity at different altitudes, but the differences are large. Species diversity has a variety of altitude gradient distribution patterns. There was significant positive, negative, unimodal, or u-type correlation between species diversity index and altitude (Sklenář and Jørgensen, 1999; Sklenár and Ramsay, 2001; Austrheim, 2002; Doležal and Šrůtek, 2002; da Silva et al., 2014; Ent et al., 2016; Gómez-Díaz et al., 2017; Dip et al., 2020; Walter et al., 2021).

The Qinghai-Tibet Plateau, known as the “third pole of the world,” is one of the largest original forest regions in China and one of the provinces (regions) with the richest forest resources in China. It is of great significance for the study of undergrowth herbs in the study area. However, the research on herbaceous plants in the Qinghai-Tibet Plateau mainly focuses on the grassland degradation, plant diversity and biomass change of alpine meadow and alpine grassland in the source area of the Three Rivers, Gobi area in the north of the Qinghai-Tibet Plateau (Mu et al., 2018; Xue et al., 2018; Fayiah et al., 2019; Han et al., 2022; She et al., 2022). The research on plant diversity in southeast Tibet mainly focuses on woody plants, ferns and mosses (Li et al., 2013; Zu et al., 2019; Shi et al., 2021; Xian et al., 2021). The research on the diversity of undergrowth herbaceous plants mainly focuses on the composition of plant communities and species diversity in forest fire slash (Zhang et al., 2021, 2022; Yin et al., 2022; Zhou et al., 2022). There are relatively few studies on the diversity of undergrowth herbaceous plants.

Southeast Tibet is located in the southeast of the Qinghai-Tibet Plateau, the western line of Hengduan Mountains. As the Indian Ocean warm moisture flows northward, it brings a lot of rainfall every year, forming many forest vegetation types. The region has a variety of tropical, subtropical, temperate and cold climate zones. Influenced by the Indian Ocean warm and wet monsoon, it is cold and dry in winter, cold and rainy in summer with distinct dry and wet seasons. There are many types of primitive forests in this area, mainly dark coniferous forests (Wang et al., 2019; Xiangyang et al., 2022), and there are rich herbaceous plants under the forests. Studying the distribution characteristics of herbaceous plants at different altitudes and slope directions in Tongmai section of Sejila Mountain is helpful to understand the diversity and ecosystem characteristics of undergrowth herbaceous plants in southeast Tibet.

In this study, it is assumed that the distribution differences of the understory herbs is mainly affected by the alpine topography factors and soil conditions. Based on field investigation and relevant data, the diversity index of herbaceous plants was calculated and the difference analysis and principal component analysis were carried out. We studied the change pattern of herbage species composition and diversity index with altitude gradient in Tongmai section of Sejila Mountain, and the correlation between herbage diversity and environmental factors. The purpose is to provide reference for the study of plant community structure and function, rational utilization of understory plant resources, and ecological environment protection in the southeast of the high altitude Qinghai Tibet Plateau.



2. Materials and methods


2.1. Study area

Sejila Mountain is located in Bayi District, Linzhi City, at the junction of Nianqing Tanggula Mountain and Himalayas in the southeast of Tibet. It is mainly from Tongmai Town to Lulang Town. The geographical location is 29.79°–30.13°N, 94.75°–95.06 °E (Figure 1). It is located in the transition zone between semi humid and humid areas in southeast Tibet, with unique plateau ecological characteristics. The area is warm in winter and cool in summer, with distinct dry and wet seasons. The average annual temperature is 6–12°C, the average temperature of the warmest month is 10–18°C, the number of days ≥ 0°C is 210–350 days. The annual precipitation is 1,000–1,200 mm. The soil is mainly mountainous brown soil. The arbor layer is mainly composed of moist coniferous and broad-leaved mixed forest zone in the warm temperate zone of mountains and cool moist dark coniferous forest zone in the temperate zone of mountains. The main dominant species are Alnus nepalensis, Populus szechuanica var.tibetica and Pinus densata. The dominant species in shrub layer are Viburnum kansuense, Rosa sericea and Elsholtzia fruticosa. The herb layer is very rich in species in this area, mainly including Pilea indolens, Duchesnea indica, Fragaria moupinensis, Eragrostis pilosa, Synotis saluenensis, Dryopteris redactopinnata, and Oplismus compositus.


[image: image]

FIGURE 1
Location of the study area and distribution of soil sampling points.




2.2. Methods


2.2.1. Sample plot setting and data collection

In October 2021, the herbaceous plants were investigated in the Tongmai section of Sejila Mountain. The survey area has an altitude range of 2,000–3,300 m. The specific altitude range (2,000–3,300 m) spans the warm temperate zone and temperate climate zone. The vegetation zone corresponds to the mountain warm temperate mixed coniferous forest and dark coniferous forest zone, The herbaceous plants are quite different between the two climate zones, so it is of great significance to study the replacement and continuation of herbaceous species in the altitude range of 2,000–3,300 m. Taking 200 m as an altitude gradient zone, there are 6 altitude gradient zones in total. Three 20 m × 30 m standard plots are set on the shady and sunny slopes of each elevation gradient. The 1 m × 1 m standard herbaceous investigation quadrat is set at the four corners and the center of the sample plot. 15 herbaceous investigation quadrats were set on the shady slope and sunny slope respectively for each elevation gradient. The basic contents of the survey include plant name, number of plants/clusters, coverage, height, base diameter, growth and distribution. We measured the longitude and latitude, elevation, slope, aspect and other factors of the quadrat with the real-time dynamic measuring instrument (RTK), and we collected all the herb species in the quadrat. We mark the sample number, collector, longitude and latitude, altitude, slope, aspect and associated plants, and take them back to make specimens for later species identification. Table 1 shows the basic information of the sample plot. Due to the influence of topographic factors, the cliff affected the sampling work in the elevation gradient of 2,800–3,000 m on the sunny slope.


TABLE 1    Basic information of the research sites.
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2.2.2. Herb diversity index

(1) The important value is a comprehensive quantitative index to study the status and role of a species in the community, which can comprehensively evaluate the status and role of a species in the community (Torresani et al., 2020; Wang et al., 2021), reflecting the structure and functional characteristics of the plant community. The calculation formula of the important value of herbaceous plants is:

[image: image]

where IV is the important value, RA is the relative abundance, RC is the relative coverage, and RH is the relative height.

(2) Species richness is an important indicator of plant diversity, and the calculation formula is:

[image: image]

where S is the number of quadrat species.

(3) α Diversity is used to describe the species diversity of local communities, which is generally affected by microenvironment and interactions between organisms (Ellum et al., 2010; Van Dam, 2019; Wang et al., 2021).

Shannon-Wiener diversity index:
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Uniformity index Pielou:
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where S is the number of species in the community, and Ni is the important value of species i in the sample plot.


(4)β Diversity refers to the diversity of community species composition between different habitats along the environmental gradient or the rate of species replacement along the environmental gradient (Ellum et al., 2010; Van Dam, 2019; Wang et al., 2021).



Sorenson similarity index:
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Cody anisotropy index:
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where a and b are the number of species in the 2 communities respectively, c is the number of common species in the 2 communities, g (H) is the number of species increased along the environmental gradient H, and l (H) is the number of species lost along the environmental gradient H.



2.2.3. Data processing

We summarize and sort out the herbaceous plant specimens we brought back, and identify the collected samples one by one based on relevant materials such as Flora of China, Flora of Tibet, Flora of Botany,1 China Digital Herbarium (CVH)2 and local plant experts in Tibet. Soil particle size was measured by laser particle size distribution instrument, and PH was measured by soil moisture temperature PH velocity meter. Based on the statistical analysis of the composition of families, genera and species of herbaceous plants at different altitudes in Sejila Mountain, the differences were analyzed with SPSS 23 software.ArcGIS 10.5 was used to draw regional overview maps, and Origin 2021 was used to make herb diversity index maps and principal component analysis maps.





3. Results


3.1. Species composition characteristics of herbaceous plants on shady and sunny slopes

It can be seen from Table 2 that 57 species of herbaceous plants belonging to 24 families and 49 genera have been investigated on the shady slope, among which Asteraceae has the most plants. There are 10 species of Asteraceae, accounting for 17.54% of the total herb species investigated on the shady slope of Sejila Mountain. From the perspective of subordination, Asteraceae includes 9 genera, accounting for 18.37% of the total genera of herbs on the shady slope of Sejila Mountain. In the shady slope area, Asteraceae plants are dominant, Dryopteridaceae, Rosaceae and Apiaceae are important families in the shady slope of Sejila Mountain; Poaceae, Rubiaceae and Ranunculaceae enrich the vegetation composition of shady slopes.


TABLE 2    Composition of herbaceous plants on shady slope.
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In the sample plot on the sunny slope, according to Table 3, 73 species of herbaceous plants belonging to 35 families and 62 genera are found on the sunny slope, with the largest number of Asteraceae plants. There are 9 species of Asteraceae, accounting for 12.33% of the total herbaceous species investigated on the sunny slope of Sejila Mountain. From the perspective of subordinate species, Asteraceae includes 7 genera, accounting for 11.29% of the total genera of herbaceous plants on the sunny slope of Sejila Mountain. It can be seen that Asteraceae plants are dominant in the sunny slope of study area, and Lamiaceae and Rosaceae are important constituent families in the sunny slope of Sejila Mountain; Zingiberaceae, Geraniaceae and Rubiaceae enrich the vegetation composition of the sunny slope.


TABLE 3    Composition of herbaceous plants in sunny slope.
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3.2. Analysis of important values of herbaceous plants in different altitude gradient zones on shady and sunny slopes

It can be seen from Figures 2, 3 that the species composition of herbaceous plants on shady and sunny slopes varies greatly at different altitudes. In the shady slope of the study area, the number of herbaceous species decreased first and then increased with the increase of altitude. Herbal species with higher important values in each altitude gradient zone include Pilea insolens, Duchesnea indica and Fragaria moupinensis; The most dominant is that the important value of Pilea insolens decreases with the increase of altitude. The important value of Duchesnea indica and Fragaria moupinensis increased with the elevation. In the sunny slope of the study area, the number of herbaceous species first increased and then decreased with the increase of altitude. In each elevation gradient zone, the importance value of herbaceous plants decreases with the increase of herbaceous species; On the whole, the higher herbaceous plant species on the sunny slope are Fragaria moupinensis, Peperomia tetraphylla and Duchesnea indica.
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FIGURE 2
Important values of herbaceous plants in different altitude gradients of shady slope.
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FIGURE 3
Important values of herbaceous plants in different altitude gradients of sunny slope.




3.3. Herbaceous plants in different altitude gradient zones on shady and sunny slopes α diversity analysis

It can be seen from Figures 4A, B that the species richness index (R), Shannon-Wiener diversity index (H) and Pielou evenness index (J) of herbaceous plants on shady slopes show a trend of first decreasing and then increasing with the increase of altitude. Shannon-Wiener diversity index (H) and Pielou evenness index (J) showed no significant difference among different altitudes. It can be seen from Figures 5A, B that the species richness index (R) of herbaceous plants on the sunny slope increases first and then decreases with the increasing altitude. Shannon-Wiener diversity index (H) showed a trend of first decreasing and then increasing. Shannon-Wiener diversity index (H) was significantly higher than the altitude gradient of 2,400–2,600 m, 2,600–2,800 m and 3,000–3,200 m at 2,000–2,200 m and 2,200–2,400 m (P < 0.05). The Pielou evenness index (J) decreases first and then increases with the increase of altitude. The Pielou evenness index (J) at the altitude gradient of 2,000–2,200 m and 2,200–2,400 m was significantly higher than the altitude gradient of 2,400–2,600 m, 2,600–2,800 m and 3,000–3,200 m (P < 0.05), and there was no significant difference between 2,600–2,800 m and 3,000–3,200 m (P > 0.05).
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FIGURE 4
α diversity index of herbaceous plants in different altitude gradients of shady slope. (A) Species richness index, and (B) Shannon-Wiener diversity index and Pielou evenness index.
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FIGURE 5
α diversity index of herbaceous plants in different altitude gradients of sunny slope. (A) Species richness index, and (B) Shannon-Wiener diversity index and Pielou evenness index. Different lower case letters in the figure indicate that there are significant differences between different altitude gradients (P < 0.05).




3.4. Herbs in different altitude gradient zones on shady and sunny slopes β diversity analysis

According to Figures 6A, C, Sorenson similarity index (SI) of herbaceous plants in different altitude gradient zones on the shady slope is between 0.129 and 0.385. Cody anisotropy index(βc) is between 8 and 13.5. Sorenson similarity index (SI) is the highest between 2,400–2,600 m and 2,600–2,800 m of the altitude gradient zone, indicating that there are many common species between the two altitude gradient zones. Cody anisotropy index(βc) is the lowest, indicating that the replacement rate of herb species between the two altitude gradient zones is relatively slow. Sorenson Similarity Index (SI) is the lowest between 2,000–2,200 m and 2,200–2,400 m elevation gradient zones, indicating that there are fewer species in common between these two elevation gradient zones. Cody anisotropy index(βc) is the highest, indicating that the area between the two altitude gradient zones is rich in herb species on the shady slope. It can be seen from Figures 6B, D that Sorenson similarity index (SI) of herbaceous plants in different altitude gradient zones on the sunny slope is between 0.269 and 0.690, and Cody dissimilarity index(βc) is between 9.5 and 20. Sorenson similarity index (SI) is the highest between 2,000–2,200 m and 2,200–2,400 m in the altitude gradient zone, indicating that there are many common species between the two altitude gradient zones. Cody anisotropy index(βc) is the lowest, indicating that the replacement rate of herb species between the two altitude gradient zones is relatively slow. Sorenson Similarity Index (SI) between 2,200–2,400 m and 2,400–2,600 m altitude gradient zones is the lowest, and there are few common species between the two altitude gradient zones.
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FIGURE 6
β diversity index of herbaceous plants in different altitude gradients. Panels (A,C) are Sorenson similarity index and Cody dissimilarity index on shady slope, and panels (B,D) are Sorenson similarity index and Cody dissimilarity index on sunny slope.




3.5. Correlation between herb diversity and environmental factors

The results of principal component analysis (Figure 7A) show that different environmental factors have different loads in different principal components. Clay content, silt content, elevation, slope and other factors are positively correlated with the first principal component. Clay content, silt content, slope, PH value are positively correlated with the second principal component. Only the loadings of clay content, silt content and slope in the two principal components are positive, while the loadings of vegetation coverage and sand content in the two principal components are negative, indicating that different environmental factors have different effects on the herb diversity indicators. The grain size composition of soil determines its texture. Soil texture directly affects the maintenance and movement of soil moisture, soil fertility, soil aeration, soil temperature, and is closely related to crop growth and development. Vegetation coverage can reflect the quality of local habitats and is the result of the comprehensive effect of various environmental factors and plants. The correlation between environmental factors and diversity indicators (Figure 7B) shows that there is a certain degree of clustering among samples. The environmental factors of shady slope and sunny slope are separated. The sample plot on the shady slope has a higher altitude, with a higher content of clay and silt in the soil. The sunny slope sample plot has higher vegetation coverage and slope. The Shannon-Wiener diversity index (H) and evenness index (J) of herbaceous plant diversity showed significant positive correlation. Shannon-Wiener diversity index (H) and evenness index (J) were negatively correlated with species richness (R).
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FIGURE 7
Principal component analysis of different environmental factors and herb diversity index. (A) Principal component analysis of environmental factors. (B) Correlation between environmental factors and diversity indices.





4. Discussion


4.1. Differences of herbaceous plants on the shady and sunny slopes

Herbs are an important part of the biodiversity of the forest ecosystem. Their species composition and structure are also important indicators of the natural recovery of forests and the healthy structure of the forest ecosystem (Chitale et al., 2014; Wani et al., 2022). Altitude has always been considered as the dominant factor affecting regional habitat differences. Different altitudinal gradients lead to different spatial distributions of hydrothermal conditions, thus forming different herbage community structures in different regions (Cuesta et al., 2016; Zhao et al., 2016; Borisade, 2020; Pérez-Postigo et al., 2021).

According to the survey results in the Sejila Mountain research area, there are relatively many single family (genus) plant species in the undergrowth herb diversity in southeast Tibet, and most families only include one genus and one species (Wang et al., 2021). The number of families, genera and species of herbaceous plants on sunny slope is greater than that on shady slope, which is caused by the difference of surface soil temperature between shady slope and sunny slope. Slope aspect plays a leading role in the distribution of herbaceous plants and the change of soil temperature, indicating that the distribution of mountain plants is greatly affected by the change of soil temperature. The soil temperature on the sunny slope is higher, which is more suitable for the growth of a variety of herbs (Zhao et al., 2016; Xue et al., 2018; Kwaku, 2021). Asteraceae species on shady slope and sunny slope are the largest, and the number of Asteraceae species on shady slope accounts for 17.54% of the total herbaceous species investigated on shady slope of Sejila Mountain. The number of Asteraceae species on the sunny slope accounts for 12.33% of the total herbaceous species investigated on the sunny slope of Sejila Mountain, which is related to the habitat heterogeneity under different altitude gradients in the study area. Habitat heterogeneity makes different herbs occupy different niches (Xu et al., 2011).



4.2. Driving factors for the vertical distribution of shady and sunny slopes

In the α diversity index, Shannon-Wiener diversity index (H) and Pielou evenness index (J) of shady slope and sunny slope decreased first and then increased with the increasing altitude (Zhang et al., 2016). The main reason is that due to the uplift of mountains, the precipitation will increase with the elevation and then decrease to a certain extent (Brien et al., 2000; Ent et al., 2016; Tesfaye et al., 2016). The soil water content is high between 2,400–2,600 m above sea level, and the good habitat conditions meet the growth of trees and shrubs. This leads to the occupation of habitat conditions by trees and shrubs in this altitude gradient zone, squeezing the growth of herbaceous plants. Therefore, the Shannon Wiener diversity index (H) and Pielou evenness index (J) of herbaceous plants in this altitude gradient zone are the lowest. The number of herbaceous species is the largest in the area of 2,600–2,800 m above sea level on the sunny slope. This area has the lowest vegetation coverage, which is caused by more solar radiation reaching the ground through alpine pine forests (Kleinn et al., 2020). Therefore, in the same forest coverage area, the smaller the vegetation coverage, the more species of herbaceous plants. However, relevant scholars pointed out that the family and genus composition of undergrowth herbaceous vegetation species is complex, the community species diversity level is high, the evenness is large, and the habitat conditions are stable. The species diversity shows a different trend of increasing first and then decreasing with the increase of altitude gradient (Austrheim, 2002; Gómez-Díaz et al., 2017; Dip et al., 2020).

In the β diversity index, the Cody dissimilarity index(βc) of shady slope and sunny slope generally shows a downward trend with the increase of altitude, while Sorenson similarity index (SI) is opposite. Cody anisotropy index(βc) of shady slope and sunny slope generally shows a downward trend with the increase of altitude, and the substitution of herbaceous plants in different habitats is generally slow (Sánchez-gonzález and López-mata, 2005). This is related to the competition among species, resulting in the heterogeneity of habitats. Sorenson similarity index (SI) of herbaceous plants in different altitude gradient zones is generally higher on sunny slopes than on shady slopes, indicating that there are more common species on sunny slopes than on shady slopes among different altitude gradient zones. Cody anisotropy index(βc) is generally higher on sunny slope than on shady slope, and the replacement rate of sunny slope is slower than that of shady slope.

The human disturbance, grazing pressure, and land use change is important in shaping and driving herbaceous plant communities. The Sejila Mountain on the Qinghai-Tibet Plateau is a region with dense original vegetation and steep mountain terrain. The human disturbance intensity and grazing pressure have little influence on the growth of herbaceous plants, and the change of land use under the original forest area is small (Xue et al., 2018; Zu et al., 2019; Han et al., 2022). Topography and local habitats are obviously different in the alpine environment. Among the driving factors affecting herb diversity, the topography factors including the slope, slope direction and altitude have a great impact on vegetation growth and spatial distribution (Davies et al., 2007). In this study, the elevation gradient and slope aspect have significant effects on the diversity index, which is consistent with the research findings of Korner (2001), Liao et al. (2008), and Sherman et al. (2008). Moreover, the physical and chemical properties of soil also have an important impact on the distribution of plant communities. The previous studies have shown that the soil factors strongly affect the species composition of alpine vegetation (Yan, 2007). This study also found that the soil clay content and silt content are key factors affecting the diversity of herbaceous plants. Under the influence of micro-climate and micro-topography in different regions, the soil texture also changes correspondingly. The influence of soil particle size on herb species diversity in Sejira Mountain shows a remarkable change.

In the future research on the vertical distribution pattern of herbaceous plants in high altitude mountain areas, we should expand to multiple biological groups, and deeply study the interaction between various groups (such as the influence of some microorganisms on herbaceous plant roots, the influence of insects on herbaceous plant pollination, etc.). This will greatly improve our understanding of the vertical distribution pattern of biodiversity and its driving factors. In addition, the study relies on a limited number of samples, which may not fully reflect the herbaceous plant communities in the alpine regions. Due to the influence of alpine geographical environment, it is difficult to reach the sufficient number of samples. This partly affects the reliability of conclusions. Further studies will provide a more accurate picture of the species composition and diversity of herbaceous plants using a larger number of samples and a more systematic sampling design in high-altitude mountain areas.




5. Conclusion

The types of herb communities in the study area are diverse, and the species diversity is high. A total of 57 species of herbs belonging to 49 genera and 24 families were found on the shady slope. A total of 73 species belonging to 62 genera and 35 families were found on the sunny slope. Asteraceae contains the most species; α Among the diversity indices, the richness index (R) of shady slope, Shannon-Wiener diversity index (H) and Pielou evenness index (J) all decreased first and then increased with the increasing altitude. The richness index (R) of the sunny slope increased first and then decreased with the elevation. Shannon-Wiener diversity index (H) and Pielou evenness index (J) both decreased first and then increased with the increasing altitude; In the β diversity index, Cody dissimilarity index (βc) of shady slope and sunny slope generally showed a downward trend, while Sorenson similarity index (SI) was opposite; Altitude gradient and aspect have significant effects on diversity index. The diversity of herbaceous plants is affected by many factors. The difference of water and heat conditions caused by altitude and slope aspect is an important driving factor for the diversity of herbaceous plants. Moreover, the soil clay content, silt content and slope gradient are also important driving factors. The correlation between environmental factors and diversity index shows that there is a certain degree of clustering among samples. The driving environmental factors of shady and sunny slope are separated due to the different degrees of influence on alpine herbaceous plant diversity index. Therefore, the differential measure is necessary in the rational utilization of understory plant resources and ecological environment protection of the shady and sunny slopes in high-altitude mountain regions.
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Nematodes are an integral part of soil biodiversity and play a vital role in soil nutrient cycling. The Himalayan mountainous ecosystems are amongst the extreme environments in the world. Still little is known about the diversity and distribution patterns of soil nematodes along the elevation gradient in the region, thus limiting our ability in understanding and comparing the structural patterns of nematode communities across different regions. To address this knowledge gap, we aim to disentangle the elevational patterns of soil nematode community structure and trophic diversity by studying the abundance, composition, diversity and functional indices, and metabolic footprint of soil nematodes at four elevation classes (Elev1, Elev2, Elev3, and Elev4 each being 400 m) along an altitudinal gradient (1,000–2,600 m) in the Trikuta mountain range of Pir-Panjal to Shivalik Himalaya. Overall, a total of 55 genera were found in the study region. The diversity and richness of soil nematodes varied significantly among the elevation classes, and exhibit a decreasing trend with elevation. Also, the nematode community composition varied significantly among the elevation classes along the elevational gradient. The bacterivores were the dominant trophic group at each elevation class. Further, the soil properties played a key role in explaining the changes in the nematode community composition across the elevation classes. Moreover, the total nematode, bacterivore and herbivore abundances showed an increasing trend, while as that of fungivores and predators exhibit a negative trend with elevation. In addition, a declining pattern in the overall maturity and metabolic footprint with elevation was observed, thus depicting the lower sustenance of k-strategic nematodes and their relatively lower contribution to belowground carbon cycling at higher elevations. The finding of our study could enhance our understanding of the overall community structure and diversity patterns of soil nematode along the elevation gradient, and the response of soil nematodes to ongoing climate change in the rapidly warming Himalayas.
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Introduction

Soil nematodes (popularly called as roundworms) are one of the major components of belowground faunal diversity (Kergunteuil et al., 2016; Kouser et al., 2021). With more than 27,000 known species, soil nematodes constitute approximately 80% of the total belowground soil metazoan taxonomic and functional diversity (Hodda et al., 2009; Hodda, 2011; Kouser et al., 2021). The nematodes generally occupy all the major trophic guilds of the soil food web, including herbivores, fungivores, bacterivores, predators, parasites, and omnivores (Yeates et al., 1993; Kergunteuil et al., 2016; Zhang et al., 2021). Also, functionally the nematodes can be assigned to a wide degree of ecological adaptations ranging from being acting as “colonizers” (i.e., r strategists) to “persistents” (i.e., K strategists), as well as all the stages occuring in between, along the colonizer-persistents (“cp”) continuum (Bongers, 1990; Kergunteuil et al., 2016; Kouser et al., 2021). Owing to vast trophic and functional diversity, nematodes play a key role in regulating several essential ecosystem processes including nutrient cycling, successional changes, and energy flow (Yeates, 2003; Bakonyi et al., 2007; Van Eekeren et al., 2010). As such, nematodes are considered to be the suitable indicators both for monitoring the ecosystem health and tracking environmental changes (Kitagami et al., 2017; Salamun et al., 2017; Zhang et al., 2021). Over decades, researchers have focused on studying the biogeographic distribution pattern of nematodes, however, such studied are mostly restricted to anthropogenic systems (Šalamún et al., 2014; Zhao et al., 2015; Kouser et al., 2021). Research focusing on the diversity and compositional patterns of soil nematodes in natural mountainous systems especially along elevational gradients is direly needed, as such studies can provide vital information on the casual relationship between belowground diversity, ecosystem functioning, soil properties, and local climate (van den Hoogen et al., 2019; Zhang et al., 2021).

Mountainous ecosystems provide an ideal and natural conditions for studying elevational variation in compositional structure of communities, and in unraveling the key environmental variables causing the variation, as both the climatic and edaphic variables change considerably with short distance along elevations (Körner, 2007; Kergunteuil et al., 2016; Wei et al., 2019; Yu et al., 2021; Wani et al., 2023). It has been reported that elevation has a strong filtering effect on soil nematode communities in terms of both climatic and edaphic factors (Thakur et al., 2017, 2019; Siebert et al., 2019; da Silva et al., 2020). For example, changes in the climatic variables (especially temperature and precipitation) directly affect the biotic environment and as such had a significant influence on the underlying community diversity and structure of soil nematodes (Nielsen et al., 2014; Song et al., 2017; Thakur et al., 2017; da Silva et al., 2020). Many studies have also reported the distinct elevational zonation of soil nematode communities due to varying climatic conditions along an elevational gradient (Kergunteuil et al., 2016; Dong et al., 2017). Also, the key role of changing soil physico-chemical properties including organic matter content, soil pH, and soil moisture, along elevational gradients in shaping the structure of soil nematode communities is well documented (Sun et al., 2013; Kitagami et al., 2017; Quist et al., 2019; Reid et al., 2019).

Recently, research efforts have been initiated to study the elevational patterns of nematode diversity and community structure, and draw diverse conclusions including a mid-elevation peak (Dong et al., 2017), increasing diversity with increase in elevation (Kergunteuil et al., 2016), decreasing diversity with elevation (Powers et al., 1998; Liu et al., 2019), irregular patterns to no change with elevation (Tong et al., 2010; Qing et al., 2015). Therefore, there is still a lack of consensus, which hampers our understanding of the overall biogeographical pattern of soil nematode across elevational gradients (Zhang et al., 2021). As such, additional studies in mountainous ecosystems need to be taken in order to arrive at general patterns about the effect of elevation on diversity and distributional patterns of soil nematodes (Dong et al., 2017; Afzal et al., 2021).

In the Himalayan biodiversity hotspot, few studies have been conducted to study the elevational patterns of soil nematodes (Devetter et al., 2017; Afzal et al., 2021). However, till date to the best of our knowledge, no study has attempted to study the elevational patterns of nematodes in conjugation with soil properties across the mountainous ecosystems of the Pir Panchal Himalaya. Toward bridging this knowledge gap, we aim to study the elevational pattern of nematodes along with the physico-chemical properties in soil system across the mountainous ecosystems. Specifically, our study aims to answer the following research questions: (1) whether the soil nematodes differ across elevational gradient? (2) Whether the different nematode trophic groups differ with elevation? (3) Whether the soil nematode diversity, abundance and derived functional indices (MI, PPI, CI, SI, and EI) change with increasing elevation? (4) Whether the soil nematode abundance and soil properties are correlated with each other (5) whether the soil properties change with elevation? Hopefully, the findings of our study can be immensely fruitful in assessing soil health and environmental change effects in the eco-fragile Himalayan mountainous ecosystem.



Materials and methods


Study area

The present study was carried out along the Trikuta mountain range located in the Reasi district of North Western Himalaya. The average elevation of the region ranges from 1,000 to 4,500 m above sea level (a.s.l.). The region experiences mean annual temperature of 14°C and precipitation of 1,360 mm, respectively. The higher altitudes of the region receive a significant amount of precipitation in the form of snowfall. Distinct vegetation classes are found with changing elevation in the region. The vegetation at an elevation range of 1,000–1,800 masl comprise of mixed forest with Pinus roxburghii, Quercus leucotrichophora, Rhododendron arboreum, and Pyrus pashia as the dominant species. The elevational zone between 1,800 and 2 600 masl comprise of moist temperate deciduous forests with predominance of Pinus wallichiana, Abies pindrow, Quercus dilatata, and Picea smithiana. However, above the elevation of 3,000 masl, the vegetation mainly comprises of alpine tundra and meadows (Afzal et al., 2021).



Soil sampling

We randomly carried soil sampling along a stratified altitudinal gradient in the month of September, 2020. In total, 48 soil samples were collected from four elevation classes (i.e., Elev1: 1,000–1,400 m; Elev2: 1,401–1,800 m; Elev3: 1,801–2,200 m; Elev4: 2,201–2,600 m) along elevation gradient. At each elevation class, four sites were selected which were separated from one another by an elevational distance of 100 m. From each of the selected site three samples and a total of 12 samples from each elevation class were collected (3 samples × 4 sites × 4 elevation classes). Each sample was taken by randomly laying 5 × 5 m quadrant and taking five sub-samples (four from the corners and one from the center) at a depth of 0–15 cm using a soil corer and mixing them together to form a composite sample of 500 g (Kouser et al., 2021; Kashyap et al., 2022) These soil samples were then packed in airtight polythene bags and carried to the laboratory for further analysis.



Soil physiochemical analysis

The soil physiochemical analysis was carried out at Sher-e-Kashmir University of Agricultural Sciences and Technology of Jammu. About 300 g of the bulk soil was used for measuring soil properties including pH, electrical conductivity, moisture, organic matter, total nitrogen, temperature, and soil texture). Soil pH and electrical conductivity were measured using a digital pH and conductivity meter fitted with glass electrodes, after shaking a soil water (1:2 w/v i.e., 50/100) suspension for 30 min on a rotator. The soil moisture was measured by gravimetric method (i.e., drying at 70°C till constant weight). The soil organic matter was estimated using loss on ignition method (Dar et al., 2015). The soil total nitrogen was estimated following the Kjeldahl method (Kjeldahl, 1883). The soil temperature was measured in the field using soil thermometer. Lastly, the soil texture was calculated as the relative proportion of sand and silt content expressed as percentage.



Nematode extraction and identification

The nematodes were extracted from 100 g of soil samples following the sieving and decantation procedure as proposed by Baermann funnel method (Barker, 1985). According to this method, each soil sample was first taken into a 1 L beaker and mixed with tap water. Second, the water suspension was then stirred thoroughly and decanted into another 1 L beaker using a sieve of 2 mm mesh size to remove the stones and large debris. Third, the water suspension was then mixed further and decanted through 53 μm mesh sized sieve, and the material that was left on the sieve was collected in another 250 mL beaker and the extraction was repeated by following Baermann funnel method. The extracted nematodes were removed for 2 days, stored at 4°C, fixed in triethanolamine-glycerol fixative (TAF) and counted using an Olympus stereo -zoom microscope (model: SZX16), and simultaneously mounted on slides for identification to the genus level using various texts (Goodey, 1963; Jairajpuri and Ahmad, 1992; Andrássy, 2005). Also, the identified genera were assigned to different functional guilds based on their trophic groups and life history strategies (Yeates et al., 1993; Bongers and Bongers, 1998).



Data analysis

Using the NINJA online application (Sieriebriennikov et al., 2014),1 we calculated six nematode functional indices including maturity index (MI), sigma maturity index (ΣMI), plant parasitic index (PPI), enrichment index (EI), structure index (SI) and channel index (CI), based on c–p scale assigned to various genera of nematodes ranging from r-colonizers to k-persisters (cp1–cp5) (Sikora et al., 2018; Maina et al., 2022). The maturity index (MI), sigma maturity index (ΣMI), and plant parasitic index (PPI) were calculated following Bongers (1990), while as the enrichment index (EI) = (e/e + b) × 100, structure index (SI) = (s/s + b) × 100 and channel index (CI) = [0.8 Fu2/(3.2 Ba1 + 0.8 Fu2) × 100] which provide essential information on the soil food web dynamics and stability (Kashyap et al., 2022) were calculated following (Ferris et al., 2001). The structure index is an indicator of the maturity or stability of a system, with higher values reflecting structured and lower values representing a disturbed ecosystem (Afzal et al., 2021; Kashyap et al., 2022). Similarly, the channel index [CI = 0.8 Fu2/(3.2 Ba1 + 0.8 Fu2) × 100] provides information on the relative contribution of bacterial and fungal feeders in the decomposition pathway (Kashyap et al., 2022). In the above-mentioned enrichment and structure indices, the b component was calculated as Σkbnbwith kb indicating the weightage assigned to basal characteristic guilds of the soil food web [0.8 (Ba2 + Fu2)] and nb representing the nematode abundance of the corresponding guilds. Similarly, the enrichment and structure components were calculated based on the guilds representing enrichment [(3.2 Ba1) + (0.8 Fu2)] and structure (Ba3–Ba5, Fu3–Fu5, Ca2–Ca5), respectively, where Ba1-5 denote bacterivores of C–P group 1–5, Fu2-5 denotes fungivores of C–P group 2–5 and Ca2-5 denotes predators of C–P group 1–5 (Ferris et al., 2001). In addition, the metabolic footprints which acts as proxies to quantify the magnitude of ecosystem services and functions provided by nematode communities to soil food web (Afzal et al., 2021; Kashyap et al., 2022) were calculated following Andrassy (1956) [W = (D2 × L)/(1.6 × 106) and Ferris (2010)] [F = Σ(Nt (0.1 (Wt/mt) + 0.273 (Wt0.75)] using NINJA, where W represents the nematode biomass (μg), D and L denotes the maximum body diameter (μm) and body length (μm), respectively, Nt represents the number of nematodes in genus t, Wtrepresents the estimated body weight of genus t, and mt represents the c-p group of the genus t. We also calculated the Shannonfy the magnitude of ‘); Pielou’s evenness (J’); and generic richness (GR) indices for estimation of nematode diversity using the “vegan” package (Oksanen et al., 2020) in R statistical software (R Core Team, 2020).

To check whether our data meets the assumption of normality, we performed the Shapiro–Wilk test. The Shapiro–Wilk test showed that the data was non-normally distributed (p-value < 0.05). We therefore performed Kruskal–Wallis test to study whether the soil nematode abundance, diversity, functional and metabolic indices, and physicochemical properties differed significantly among the studied elevational classes. In cases where statistically significant differences were found, multiple post hoc comparisons among studied elevational classes were performed using the Dunn test. Also, owing to the non-normality of data, we performed Spearman’s multiple correlation among the studied soil physicochemical parameters and nematode trophic groups to study the relationship between them. The statistical significance of the resultant correlation was calculated at p < 0.05. Moreover, to investigate the relationship between soil physicochemical properties, nematode trophic groups and genera, we conducted the principal component analysis (PCA) using the “factoextra” package (Kassambara and Mundt, 2020) in R software.

Non-metric multidimensional scaling (NMDS) ordination based on Bray–Curtis distance was conducted using the “vegan” package (Oksanen et al., 2020) in R to investigate the differences in nematode communities along elevation gradient. Furthermore, the Permutational Multivariate Analysis of Variance (PERMANOVA) was used to quantify the compositional differences among the studied elevation classes, In PERMANOVA, we used both the abundance-based Bray-Curtis and incidence-based Jaccard indices to evaluate whether the observed compositional dissimilarity was due to species relative abundances or simply by the presence and/or absence of species (Shahabuddin et al., 2021). Furthermore, if significant differences were found, we also performed the pairwise multi-level comparisons using the vegan” package to assess differences between each pair of elevational classes. The associated statistical significance was assessed at p < 0.05 based on 999 permutations.




Results


Soil physicochemical properties along an elevational gradient

Along the elevational gradient, the studied soil physico-chemical parameters varied significantly between the elevational classes. More specifically, soil pH, electrical conductivity and temperature were significantly higher at the lower elevation class (i.e., Elev1) and lower at the highest elevation class (i.e., Elev4) (Figures 1A–C and Table 1). Contrary, the soil moisture, organic matter and texture were significantly lower at the lower elevation class (i.e., Elev1) and higher at the highest elevation class (i.e., Elev4) (Figures 1D–F and Table 1). Also, the soil pH at all the studied elevational classes was acidic in nature. Furthermore, the soil total nitrogen content was lower at the lowest elevation class and higher at the third elevation class (i.e., 1,801–2,200 m) (Figure 1G and Table 1).
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FIGURE 1
Soil physico-chemical properties across elevation classes (A) pH, (B) EC, electrical conductivity, (C) TMP, temperature, (D) SM, soil moisture, (E) OM, organic matter, (F) ST, soil texture, and (G) TN, total nitrogen. Elev, Elevation; where Elev1: 1,000–1,400 m, Elev2: 1,401–1,800 m, Elev3: 1,801–2,200 m, and Elev4: 2,201–2,600 m.



TABLE 1    Soil physico-chemical properties along the elevational gradient in the Trikuta mountains.
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Soil nematode community composition along an elevation gradient

During the present study, we collected a total of 19,699 nematodes belonging to 55 genera and five trophic groups including bacterivores (21 genera), fungivores (8 genera), herbivores (10 genera), omnivores (6 genera), and predators (10 genera) (Table 2). The NMDS analysis using Bray-Curtis distance revealed that the soil nematode community composition differed considerably along the elevation gradient (Figure 2). Also, the PERMANOVA analysis showed that the nematode community composition differed significantly among the studied elevational classes both in terms of their relative abundances (Bray–Curtis: F = 2.13; p < 0.001) and number of species (Jaccard: F = 1.68; p < 0.001). Furthermore, the pairwise analysis showed a statistically significant difference in the nematode composition between all the elevation classes except between elevation 3 and elevation 4 (Table 3). Of the total 55 nematode genera identified, 14 genera differed significantly (p < 0.05) among the studied elevation classes (Table 2). More specifically, the nematode genera that differed significantly (p < 0.05) in their relative abundance among the studied elevation classes include bacterivores (Bunonema, Cuticularia, Diploscapter, Protorhabditis, Rhabditis), herbivores (Hemicriconemoides, Hoplolaimus, Psilenchus, Xiphinema), omnivores (Nygolamoides, Thornenema), and predators (Discolaimoides, Iotonchus, Mylonchulus) (Table 2). Moreover, 50, 44, 40, and 35 genera were reported from the first (1,000–1,400 m), second (1,401–1,800 m), third (1,801–2,200 m), and fourth (2,201–2,600 m) elevational class, respectively, (Table 2). Overall, the mean abundance of soil nematodes ranged from 203 to 886 (mean ± standard error: 410.40 ± 18.46) per 100 g of soil (Figure 3).


TABLE 2    Relative abundance of soil nematode genera at the studied elevation classes (mean ± standard error).
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FIGURE 2
Non-metric multidimensional scaling (NMDS) plot of nematode communities based on Bray–Curtis dissimilarity metric. Each point represents the position of the nematode community in ordination space based on each individual sample. The size of each ellipse is proportional to within class dissimilarity, while as the degree of overlap between the two ellipses represents similarity in nematode composition between their respective elevational classes. Elev, Elevation; where Elev1: 1,000–1,400 m, Elev2: 1,401–1,800 m, Elev3: 1,801–2,200 m, and Elev4: 2,201–2,600 m.



TABLE 3    Pairwise nematode compositional dissimilarity between the studied elevational classes using Bray–Curtis dissimilarity metric.
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FIGURE 3
Nematode abundance of various trophic groups across studied elevational classes (A) Bf, bacterivores; (B) Fn, fungivores; (C) Hr, herbivores; (D) Om, omnivores; (E) Pr, predators; and (F) nem, total nematodes. Elev, elevation; where Elev1: 1,000–1,400 m, Elev2: 1,401–1,800 m, Elev3: 1,801–2,200 m, and Elev4: 2,201–2,600 m.




Trophic groups along an elevation gradient

We found statistically significant differences in the bacterivores and herbivores only among the studied elevation classes (Figure 3 and Table 4). Bacterivores were found to be the most abundant trophic group across all the studied elevational classes, whereas, fungivores were least abundant nematode group except for lowest elevation class where in herbivores was the least abundant taxonomic group (Table 4). Also, the abundances of total nematodes, bacterivores and herbivores was found to increase with increasing elevation, while as that of fungivores and predators decreased with increasing elevation. However, the omnivore abundance was maximum at second elevational class (1,401–1,800 m) (Table 4).


TABLE 4    Nematode abundance of various trophic groups across the studied elevation classes (mean ± standard error).
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Nematode functional, diversity and metabolic indices along an elevational gradient

Our study showed that among the nematode maturity indices, only the MI25 differed significantly across studied elevational classes, with highest value found at lowest elevation class (Elev1) and lowest value at highest elevation class (Elev4) (Table 5). Also, the other maturity indices showed decreasing effect from lowest to the highest elevational class, however, the effect was not statistically significant (Table 5). Similarly, the PPI and EI showed decreasing effect from lowest to the highest elevational class, but the effect was once again non-significant (Table 5). In contrast, the SI different significantly across the elevational classes, with highest value observed at lowest elevational class (Elev1) and lowest at highest elevational class (Elev4) (Table 5). Likewise, the CI exhibited significant differences across the elevational classes, with highest value observed at highest elevational class (Elev4) (Table 5). Furthermore, the Shannon Weiner (H’), Pielou’s evenness (J’), and generic indices showed statistically significant difference among the elevational classes, with Shannon Weiner (H’), and Pielou’s evenness (J’) indices showing a decrease with increasing elevation (Table 5).


TABLE 5    Soil nematode functional diversity and metabolic indices across the studied elevation classes (mean ± standard error).
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In addition, the soil nematode faunal profile using enrichment and structural indices (EI-SI) for all the studied elevational classes falls mainly under the quadrant B (indicating maturing, N-enriched, low C:, bacterial dominated and regulated system) except for some of the points from elevational classes third and four (Elev3 and Elev4) that fall under the quadrant C (indicating matured, fertile, moderate C: N, bacterial/fungal dominated and suppressive system) (Figure 4). Our study also showed that among the various nematode composite structure and trophic metabolic footprints, only the composite, enrichment and bacterivore footprints differed significantly among the elevational classes, with all of them showing higher values at third elevation (Elev3) (Table 5), while as the remaining footprints varied non-significantly among elevational classes (Table 5).
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FIGURE 4
Food web diagnostic profile across the studied elevational classes. Elev, elevation; where Elev1: 1,000–1,400 m, Elev2: 1,401–1,800 m, Elev3: 1,801–2,200 m, and Elev4: 2,201–2,600 m.




Relationship between soil nematode communities and physicochemical properties along an elevational gradient

The multiple correlation revealed that the soil properties and nematode communities were related to each other to a greater extent (Figure 5). More specifically, total nematode and bacterivore abundances showed a significant positive correlation with soil moisture, organic matter and texture and a significant negative correlation with soil electrical conductivity, pH and temperature (Figure 5). Similarly, herbivore abundance was significantly positively correlated with soil moisture, organic matter, total nitrogen and texture, but significantly negatively correlated with soil electrical conductivity, pH and temperature (Figure 5). In contrast, the fungivore, omnivore and predator abundances did not show statistically significant correlation with any of the soil variable (Figure 5). Moreover, the total nematode, bacterivore and herbivore abundances were significantly positively related with each other (Figure 5).
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FIGURE 5
Correlation between soil nematode trophic groups and soil physico-chemical properties. The cross marked correlation coefficients denote non-significance at p = 0.05. BF, bacterivores; Fn, fungivores; Hr, herbivores; Om, omnivores; Pr, predators; nem, total nematode abundance; EC, electrical conductivity; OM, organic matter; SM, soil moisture; ST, soil texture; TMP, temperature; TN, total nitrogen.


The principal component analysis (PCA) explained 19.5% of the total variation in the data, with first component (Dim1) accounting for 13.6% and the second component (Dim2) explaining 5.9% of this variation (Figure 6). Once again, the PCA showed that the majority of genera belonging to bacterivores and herbivores were positively related with soil moisture, organic matter, total nitrogen and texture (i.e., most of the genera from bacterivores and herbivores are widely distributed across those sites having higher content soil moisture, organic matter and total nitrogen and richer soil texture), but showed negative relation with soil electrical conductivity, pH and temperature (Figure 6). In contrast, the genera from other trophic groups were distributed uniformly throughout regardless of the position of soil variables (Figure 6).
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FIGURE 6
Principal component analysis (PCA) showing the relationship between soil nematode genera and soil properties across elevation classes.





Discussion

In the mountainous ecosystems, elevation gradients along which environmental variables change considerably within shortest distances, remain one of the mainstays for contemporary research in the field of ecology and evolution, and thus play a key role in understanding the large-scale patterns in biodiversity, global change and conservation (Wei et al., 2019; Afzal et al., 2021).

The present study showed that both the soil nematode diversity and generic richness decreased significantly among the elevational classes with increasing elevation. Our result is in line with the findings of several published studies conducted in the forest ecosystems both in the Himalaya (Afzal et al., 2021) and elsewhere (Yeates, 2007; Liu et al., 2019; Yu et al., 2021; Zhang et al., 2021). This pattern of soil nematode richness and diversity can be attributed to a number of reasons: (1) the occurrence of adverse climatic conditions at the higher elevations in the region alter abiotic and biotic factors, which ultimately result in decreasing nematode diversity and richness at higher elevations (Afzal et al., 2021; Kashyap et al., 2022). (2) In our study region, the temperature remains below optimum during the winter months. The availability of lower temperatures at higher elevations decreases the soil microbial activity and associated decomposition process, leading to lower nutrient levels and negatively affecting soil nematode diversity and richness (Margesin et al., 2016; Albright et al., 2020; Afzal et al., 2021). (3) The mean annual precipitation also plays a key role in affecting the diversity and richness patterns of soil nematodes by changing the above ground vegetation composition and below ground microbial activities and soil nutrients (Bai et al., 2008; Kardol et al., 2011). Also, the higher amount of precipitation at higher elevation greatly reduces the diversity of soil nematodes by causing oxygen deprivation due to reduced oxygen levels (Afzal et al., 2021; Yu et al., 2021) and (4) The higher diversity and generic richness at lower elevations in the forest ecosystems as evidenced in our study can also be due to the more resilient, balanced and sustainable ecosystem occuring at lower elevations (Yeates, 2007; Kashyap et al., 2022).

The present study revealed that the soil nematode composition differed significantly among studied elevation classes along the elevation gradient. This result is in agreement with the findings of several other published studies especially from the mountainous ecosystems (Kergunteuil et al., 2016; Dong et al., 2017; Liu et al., 2019; Afzal et al., 2021; Yu et al., 2021). The plausible explanation for this can be that the vegetation composition, soil nutrients and bioclimatic variables vary considerably with elevation (Liu et al., 2019; Yu et al., 2021; Kashyap et al., 2022). All these abiotic and biotic factors shape soil nematode communities possibly due to net environmental filtering, varying environmental conditions and resource heterogeneity (Dong et al., 2017; Afzal et al., 2021). Another possible reason can be that the variation in the local floristic composition might cause changing nematode community structure along elevation gradients (Kergunteuil et al., 2016). For example, among the total nematode taxa characterizing the lowland communities, Tripylais mainly found associated with the tree species, while as Cervidellusis generally found to occur with the sub alpine cushions like Juniperus (Kergunteuil et al., 2016). More interestingly, our study showed one exception that soil nematode composition of the two highest elevation classes (Elev3 and Elev4) was comparatively similar. The result in in accordance with the study conducted by Kashyap et al. (2022) which reported similar nematode composition between the two higher elevation classes in Gangotri National Park. The possible reason for this effect can be that the micro-environmental condition between these two elevation classes may not vary to the extent that causes differences in the nematode composition.

Our study found that the response of nematode abundance to increasing elevation varied with trophic groups, with total nematode, bacterivore and herbivore abundances showing increasing effect with increasing elevation, while as fungivore and predator abundances exhibiting the opposite trend. The increasing effect of elevation on total nematode, bacterivore and herbivore abundances is contradictory with the studies from Afzal et al. (2021). However, our results are in agreement with several other studies that reported increasing bacterivore (Kergunteuil et al., 2016; Veen et al., 2017) and herbivore (Kouser et al., 2021) abundances and decreasing fungivore (Veen et al., 2017; Afzal et al., 2021) and predator (Afzal et al., 2021; Kashyap et al., 2022) abundances with elevation. Our findings are also in line with the study carried out by Veen et al. (2017) which reported that the soil nematode trophic groups can exhibit differential response to elevation under different vegetation types. Generally, the declining effect of elevation on nematode abundance is based on the notion that climate becomes adverse and harsher at high elevations (Afzal et al., 2021; Kashyap et al., 2022). In contrast, nematodes have been reported to withstand harshest environments in case of extreme polar regions (Yeates, 2010), thereby indicating that nematodes can survive more at higher elevations (Kouser et al., 2021). Therefore, the elevational patterns exhibited by different nematode trophic groups in different environmental settings is still debated and a matter of further investigation. One plausible explanation for the increasing herbivore nematode abundance with elevation can be the presence of well-developed dense root systems which provide shelter from various types of abiotic and biotic stress (Kergunteuil et al., 2016). Similarly, the declining effect of predatory nematode abundance with elevation can be possibly due to their key role in the soil food web, wherein they can flexibly switch on to a different prey species depending on the host availability (Afzal et al., 2021). Likewise, the declining effect fungivore nematode abundance with elevation can be possibly due to increasing pH along elevational gradient. Since it has been reported that fungi prefer acidic soils to develop mycelia, therefore the abundance of fungivore nematodes can decrease with increasing soil pH (Frostegård and Bååth, 1996; Kitagami et al., 2017). Our study also showed that among all trophic groups, bacterivores were the most abundant across the studied elevational classes, whereas fungivores were least abundant group. This result is in agreement with the finding of other studies (Dong et al., 2017; Kashyap et al., 2022). This in turn indicates that a relatively faster bacterial energy channel-based decomposition model predominates in the study region.

Consistent with several previous studies (Zhao et al., 2015; Song et al., 2016; Dong et al., 2017), we found that the soil physico-chemical properties were key environmental variables influencing nematode community structure. More specifically, our study showed that total nematode, bacterivore and herbivore abundances were associated with higher pH, soil organic matter, soil moisture and total nitrogen levels, which agrees with the findings of other studies as well (Savin et al., 2001; Postma-Blaauw et al., 2005; Wall et al., 2010; Song et al., 2016; Liu et al., 2019). As evidenced in the present study, the key role of soil pH in governing nematode community composition especially that of bacterivores can be best explained by the direct feeding relationships between bacterivore nematodes and bacteria, whose abundance are greatly influenced by soil pH (Shen et al., 2015, 2020; Wang et al., 2015; Nottingham et al., 2018). The possible explanation for significant influence of soil moisture on certain trophic groups as evidenced from our study can be due to its enhanced effects on decomposition rates (Dong et al., 2017). Similarly, the positive effect of total nitrogen on certain nematode group can be due to its key role in regulating the content of soluble nutrients in an ecosystem (Liang et al., 2007).

In recent times, a number of studies have advocated the usage of functional and metabolic indices, along with taxonomic indices for understanding the mechanisms of ecosystem functioning (Montoya et al., 2015; Kergunteuil et al., 2016; Kouser et al., 2021). The present study evaluated several key functional and community indices to better understand both the relative contribution of nematode trophic groups to soil food web structure and changes in soil ecosystem functioning along elevation gradients. Our study showed that the maturity indices decreased with elevation, however, the effect was significant for MI25 index only. This decrease in the maturity indices with elevation is in line with the findings of several the studies (Afzal et al., 2021; Kashyap et al., 2022). Since the maturity indices are indicative of degree of disturbance associated with the soil ecosystem with lower values representing more disturbances (Bongers and Ferris, 1999; Afzal et al., 2021), this in turn reflect a comparatively higher degree of disturbance among the highest elevation classes as compared to lowest elevation classes in our study region. Also, the evidence of decreasing maturity indices with elevation in our study suggests lesser tolerance of K-selected free living and plant parasitic nematodes toward stressful conditions typically encountered at higher elevations (Afzal et al., 2021). Our study also found a decrease in structure index (SI) and plant parasitic index (PPI) with elevation, although the effect was significant for SI only. These results of elevation wise decrease in SI and PPI are in accordance with the finding of Afzal et al. (2021) and highlight the existence of relatively simpler, loosely structured soil food webs having fewer connections at higher elevation classes as compared to those found in lower elevations. Moreover, our study also showed significant difference in the channel index (CI), among the elevation classes, with highest CI value found at the top elevation class (Elev4). As the CI index is simply the ratio of fungivore to bacterivore nematodes, our results indicate that in the study region the fungal decomposition pathways support greater nematode biomass than bacterial decomposition at higher elevation classes (Afzal et al., 2021). The possible reason for this effect can be that at higher elevations some of the plant traits including slow growing and longer leaf life span cause slow mineralization rates, and lesser fertile soils which generally enhance the fungal-based energy flows within ecosystems as compared to lowlands with more bacterial-dominated pathways (Zhao and Neher, 2014; Kergunteuil et al., 2016). Our study also revealed a significant difference both in the composite and enrichment footprints among the elevation classes, with lowest values observed at the highest elevation class (Elev4). Since, these metabolic footprints are indicators of the magnitude of carbon and energy flow in soil food webs (Ferris, 2010; Afzal et al., 2021), our results indicate that the degree of carbon and other resource assimilation in soil food web from autotrophic organisms is relatively lower at highest elevation class than the lower elevation classes in the study region, owing to slower decomposition rates in the former as compared to latter ones.

Our study also showed that soil physico-chemical parameters varied significantly between the elevation classes, with soil pH, electrical conductivity and temperature showing a decrease with elevation, the soil moisture, organic matter and texture showing an increase with elevation, while as the total nitrogen content showing maximum at middle elevation class (Elev3). Our finding of decreasing soil pH along elevation gradients is in line with other studies (Afzal et al., 2021; Kouser et al., 2021; Zhang et al., 2021). The possible explanation for this effect could be the accumulation of litter at higher altitudes due to slow rates of decomposition that negatively effects the soil biota (Kappes et al., 2007). Similarly, our result of decreasing soil EC along elevation gradient is in line with other studies conducted by Kouser et al. (2021) and Kashyap et al. (2022), and can possibly be a result of reduced mobility of ions due to leaching and washing out of the solutes at higher elevations. Likewise, our finding of increasing soil moisture with elevation is in accordance with several other studies (Kouser et al., 2021; Zhang et al., 2021), and can be attributed to an elevation wise increase in mean annual precipitation and a decrease in precipitation seasonality (Kouser et al., 2021). Lastly, our finding of mid elevational peak in total nitrogen content is in line with the study conducted by Dong et al. (2017) in Norikura mountains, and can be explained be the relatively slower decay of plant products at moderately cool temperatures of the middle elevations, thereby resulting in the accumulation of nitrogen in the upper layer of soil (Sarathchandra et al., 2001; Dong et al., 2017).



Conclusion and future directions

The present study provides a novel understanding of the diversity and compositional patterns of soil nematodes in the mountainous ecosystems of Pir-Panjal Himalaya. Overall, our study showed that soil nematodes exhibit distinct elevational patterns, which are consistent with the trends observed for other groups of organisms, thereby indicating how evident these patterns exit in nature. Taken together, we conclude that the variation in soil nematode diversity and community composition along the elevation gradient could be due to the shared effects of soil and climatic factors, thus highlighting the crucial role of interaction among multiple environmental factors in shaping soil biodiversity. Looking ahead, a better understating of relative importance of various ecological correlates in governing nematode diversity and distributional patterns can provide vital information on the response of soil nematode communities to climate and land-use change in the current era of anthropogenic global environmental change.
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The best natural laboratories for studying the ecological responses of plants are high-altitude areas like the Himalaya, where many gradients coexist on a relatively small spatial scale. Here, we investigate the effect of soil physico-chemical and eco-physiological properties on the broadleaf evergreen woody shrub Rhododendron anthopogon D.Don along an altitudinal gradient in the Kashmir Himalaya. We collected leaf and soil samples for eco-physiological and soil physico-chemical analysis, respectively, at five different sites along an altitudinal gradient (3,220–3,908 m). Our results demonstrate a significant difference between soil physico-chemical and eco-physiological parameters along the altitudinal gradient. A significant correlation was observed between different studied parameters and altitude. Principal component analysis of studied soil physico-chemical and eco-physiological parameters revealed that all the sites were grouped into four clusters according to altitude, suggesting a more pronounced effect of altitude. Our findings showed that soil infiltration capacity increased with altitude, which would be helpful for the growth and development of R. anthopogon. We also observed significant variations in eco-physiological parameters, demonstrating their critical involvement in adapting R. anthopogon to the harsh environment of the alpine regions of Kashmir Himalaya. Therefore, the present study adds to our understanding that R. anthopogon has sufficient soil physico-chemical and eco-physiological plasticity, which should be favorable for its survival in future climates, offering an adaptive advantage and expanding its range shortly.
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1. Introduction

Mountainous ecosystems support unique biodiversity with distinct vegetation zones along an altitudinal gradient. They exhibit considerable variation in microclimate even with a slight elevation difference, which affects the distribution and structure of plant communities (Maclean et al., 2017; Antonelli et al., 2018; Fatima et al., 2022). Distributional ranges for plant species are anticipated to move to higher elevations with rise in temperature (Alberto et al., 2013; Freeman et al., 2018; Wani and Pant, 2021). Substantial differences in environments can occur over short distances; hence, altitude gradients in alpines are studied to understand the consequences of climate change on plant distribution and soil properties (Adamczyk et al., 2019).

Variation in elevation gradients significantly impacts biotic and abiotic components, which are closely related to ongoing human progressive processes (Gupta et al., 2019). The change in vegetation along altitude reveals that temperature, wind, UV radiation, nutrient availability and precipitation are the main drivers (Piao et al., 2011; Wani et al., 2023). Due to different climatic conditions, soil physico-chemical properties and vegetation also vary significantly, which are related to lower levels of nitrification, pH, and organic carbon (Decker and Boerner, 2003; Kewlani et al., 2021). A major factor that decreases with increasing elevation is temperature; altitudinal gradients act as thermoclines to trigger long-term environmental conditions (Mayor et al., 2017). Plants with more phenotypic flexibility have been observed at higher elevations more frequently (Stöcklin et al., 2009; Pluess et al., 2016), allowing them to adapt to the changing environment. In several alpine and subalpine species, phenotypic plasticity compensates for the short growing season by permitting fast reproduction (Wani et al., 2022). In reaction to climate fluctuations, plants adjust critical physiological, reproductive, and physical features (Körner, 2007; Wani et al., 2022). The flexibility of plants allows them to inhabit various habitats across altitudinal gradients. Therefore, understanding the restrictions imposed by altitudinal gradients on plant distribution can be aided by studying these adaptive features and relating them to environmental factors (Fatima et al., 2022).

Altitudinal changes in soil characteristics significantly impact the composition of plant communities. Soil qualities can be affected by changes in vegetation along an elevational gradient, and the reverse is also true (Ahmad et al., 2018; Hou et al., 2019). Plant communities in alpine habitats can be better understood by examining the interaction between soil conditions and vegetation along an altitudinal gradient (Anic et al., 2010). Alpine mountains have a significant topographic role in soil physicochemical characteristics, such as slope aspects (Bardelli et al., 2017). Differences in air temperature with elevation are assumed to be the common cause driving changes in nutritional status across diverse locales (Sundqvist et al., 2013). Other variables, including soil temperature, slope exposure, vegetation, and altitude, can also impact soil qualities (Måren et al., 2015; Bardelli et al., 2017). Many studies have established the differential influence of variations in climate along an elevational gradient on soil attributes (Adamczyk et al., 2019; Hou et al., 2019; Hamid et al., 2020a; Zhang et al., 2021; Trujillo-González et al., 2022). Total organic carbon and nitrogen have been found to increase with altitude and were found to be positively correlated with annual mean temperature and precipitation (Zhang et al., 2021). Accordingly, soil temperature, pH, electrical conductivity and C:N ratio were found to show increased trend toward altitudinal gradient (Hamid et al., 2020a). A temperature reduction and precipitation increase is generally noticed with the rise in altitude (Körner, 2007; Hassan and Nile, 2021). Simon et al. (2018) reported linear correlation between soil organic carbon stock and pH with altitude. Climate change impacts the composition and biomass of plants, which is reflected in differences in soil characteristics and taxa (Zhu et al., 2019; Hamid et al., 2020a).

The eco-physiological characteristics of a plant species determine how it reacts to environmental changes (Rathore et al., 2018; Li H. et al., 2022; Visakorpi et al., 2022). The ability to forecast species mortality, distributions of species, and ecosystem-level processes can be improved with the knowledge of a species physiology (Fyllas et al., 2014; Anderegg et al., 2016; Visakorpi et al., 2022). However, due to their time-consuming testing requirements and frequent absences from trait databases, plant eco-physiological traits are rarely used to predict changes in the composition of plant communities. Instead, most research forecasting how plant communities will respond to climate change relies on morphological characteristics, such as height and leaf mass per area, which are thought to characterize species physiology implicitly and nutrient uptake (Shipley et al., 2016; Visakorpi et al., 2022). The primary goal of plant ecophysiology is to explain or comprehend ecological patterns through studies on the physiological mechanisms behind these ecological patterns. For instance, understanding the climatic effects of elevation on physiological processes is necessary to learn why plants in alpine ecosystems have distinct morphological and anatomical features from equivalent species in lowland habitats. Many authors have reported the effects of rising elevation on the eco-physiology of plants (Takahashi and Matsuki, 2017; Wang et al., 2017; Zhou et al., 2017; Rathore et al., 2018). In a study conducted by Rathore et al. (2018), a significant variation in leaf size, relative water content (RWC), chlorophyll and proline content (PR) were observed along an altitudinal gradient. Molina-Montenegro et al. (2012) studied the adaptability of Taraxacum officinale’s invasive photoprotective approaches and performance along altitudinal gradient. They observed greater plasticity in individuals from higher altitudes compared to those from lower altitudes. Similar to this, individuals exposed to high light levels produced more photoprotective pigments, biomass, and flowers (Molina-Montenegro et al., 2012).

Due to the restructuring of populations or species as a result of climatic change along the altitudinal gradient, plants have evolved numerous resistance traits (Lenoir et al., 2008; Bellard et al., 2012). According to Rapp et al. (2012), plant species with comparatively more genotypic or phenotypic variety may be better able to tolerate these changes. Studying these characteristics and connecting them to environmental gradients might provide insightful data on the ability of plants to adapt to changing conditions or explain how they are distributed within a specific geographic range (Ahrens et al., 2020). At higher altitudes, lower resource availability and harsh environmental conditions encourage stress-tolerant species that establish xeric characteristics such as diminished leaf area (LA) and heavily pubescent leaf surface, more prostrate habit, water conservation-related increases in lignin deposition or possibly succulence (Körner, 2012; Fatima et al., 2022).

One of the best natural laboratories for studying how plants respond ecologically is high-altitude areas like the Himalaya, where numerous gradients are present on a very small spatial scale (Enquist et al., 2017; Rathore et al., 2018). The primary elements affecting plant functioning along these gradients include temperature, pH, UV radiation, atmospheric humidity, and wind speed (Rathore et al., 2018). Several studies have been conducted on the effect of eco-physiological and soil parameters on an altitudinal gradient (Rathore et al., 2018; Qi et al., 2019; Hamid et al., 2020a; Han et al., 2020; Fatima et al., 2022). However, most of these studies focused on herbaceous plants. In the present study, we focused on Rhododendron anthopogon D.Don, a broadleaf evergreen woody plant that belongs to the family Ericaceae. It is endemic to Himalaya to S. Tibet, and can be found at elevations ranging from treeline to 4,800 m.a.s.l. The plant is in high demand as herbal medicines. Leaf decoction is used to treat cough, cold, asthma, chronic bronchitis, and mucus in the nose or throat (Kumar and Srivastava, 2002; Popescu and Kopp, 2013). In post-delivery problems, dried and powdered flowers mixed with oil are used as a body massage (Bhattacharjee, 1998). Rhododendron species are great examples of investigating the functional significance of adaptive characteristics having a long history of research on trait variation among species and its importance to physiology and ecology (Nilsen, 1992). Drought tolerance, cold adaptation, nutrient use efficiency, and habitat selection of Rhododendron species have been shown to represent a condition that implies vascular system adaptive changes (Taneda and Noshiro, 2019). Plants in high-light environments have a shorter leaf survival span than plants growing in low-light conditions.

In light of this, the current study was conducted in the Kashmir Himalaya. Global warming has considerably impacted this Himalayan region during the last few decades (Murtaza and Romshoo, 2017). The climate of the area has experienced significant change, particularly in the irregular behavior of precipitation patterns and seasonal temperature (Hamid et al., 2020b; Dad et al., 2021). In this study, we hypothesized that (a) soil physico-chemical and eco-physiological parameters change along an altitudinal gradient, (b) there exist a strong correlation between soil physico-chemical, eco-physiological properties and altitude, (c) the overall variation of soil physico-chemical and eco-physiological properties affect R. anthopogon along an altitudinal gradient.



2. Materials and methods


2.1. Study area and sampling sites

The present study was conducted at Apharwat mountain in the Gulmarg region of Jammu and Kashmir, located in India’s North-Western Himalaya. The study area is located in the Kashmir Himalaya between 34° 05′ N latitude and 74° 38′ E longitude. The altitude varies between 2,800 m (at Gulmarg) and 4,200 m (at Apharwat) above sea level. With 1,049 mm of annual precipitation on average, this area has a continental temperate climate. The hottest month of the year is July, with an average temperature of 20°C; the coldest month is January, with a decline in temperature up to −6°C (Hamid et al., 2020b). The sampling locations were built along an altitudinal gradient at five different sites: Site-1 is at 3,220 m, followed by Site-2 (3,351), Site-3 (3,500), Site-4 (3,716), and Site-5 (3,908 m) (Figure 1).
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FIGURE 1
Map of the study area shows selected sampling sites in Kashmir Himalaya.




2.2. Soil and plant sampling

The soil samples were collected from randomly located three populations at each site. From each population, soil samples were collected from the surface (0–10 cm) and subsurface (10–20 cm) layers per site (Hamid et al., 2020a). The soil samples collected from 0 to 10 cm and 10 to 20 cm depths from each population were homogenized (appropriately mixed). At the same time, the soil samples were also air-dried, stored at room temperature, and sieved through a 2 mm sieve before the physicochemical examination. Fresh soil samples from each site were used to analyze soil pH, soil moisture content (MC) and temperature.

For the eco-physiological analysis, a total of 10 different parameters were measured as: RWC, LA, leaf dry mass content (LDMC), specific leaf area (SLA), proline content (PR), total chlorophyll (TCH), carotenoid content (CRT), total phenolics content (TPC), total flavonoids (TFV), and total soluble sugars (TSS).



2.3. Soil physico-chemical analysis

Soil temperature was measured using a field soil thermometer (TP 3001 Digital Thermometer). To determine soil moisture, we dried 5 g of fresh soil by keeping it overnight at 105°C. The percentage of soil MC was estimated as per Allen et al. (1974). Soil pH, electrical conductivity (CD), bulk density (BD), and particle density (PD) were measured by taking a soil: solution in distilled water at a ratio 1:2.5 at 24°C (Allen and Hajek, 1989). For the estimation of soil sodium (Na), magnesium (Mg), calcium (Ca) and sulfur (S), standard procedure of Allen et al. (1974) was followed. Total soil nitrogen (N) content was analyzed using the standard method of Kjeldahl (Bremner et al., 1965). The soil available phosphorous (P) was estimated by Olsen’s sodium bicarbonate method (Olsen et al., 1954). Available potassium (K) was estimated using the ammonium acetate and flame photometric detection method (Hanway and Heidel, 1952). Total soil organic carbon (TOC) was analyzed using chromic acid titration (Walkley and Black, 1934). In contrast, soil organic matter (SOM) was estimated by following the method of Hoogsteen et al. (2015).



2.4. Eco-physiological analysis


2.4.1. Functional traits

The functional traits (RWC, LDMC, LA, and SLA) that reflect plant ecological strategies were measured. Thirty mature, sun-exposed, healthy, fresh leaves were randomly selected from different plants at each sampling site to measure RWC, LA, LDMC, and SLA. The traits were estimated using the method followed by Rathore et al. (2018).



2.4.2. Determination of total phenolic and flavonoid content

The Folin–Ciocalteu’s test was used to determine the total phenolic content using gallic acid as a reference (Idris et al., 2017). The results were expressed as milligram gallic acid equivalent (mg GAE) per gram of dry sample using the equation based on the calibration curve of gallic acid: y = 0.0111x + 0.0456, R2 = 0.9965. The TFV content was measured using the aluminum chloride colorimetric technique with quercetin as a reference (Olajire and Azeez, 2011). The equation based on the quercetin calibration curve was used to translate the results into milligrams of quercetin equivalent (mg QE) per gram of dry sample: y = 0.0209x + 0.0503, R2 = 0.9984.



2.4.3. Determination of total chlorophyll and carotenoid content

We used the Arnon (1949) method to estimate the TCH and CRT. The following methods were used to calculate the chlorophyll concentrations: TCH (a + b) (mg.g–1) was calculated as (8.02 × A663 + 20.20 × A645) × A663 × V/1,000 × W, where V is the volume of the extract (ml) and W is the weight of the leaf tissue (g). The following calculation was used to calculate the amount of carotenoid present: A480 + (0.114 × A663–0.638 × A645).



2.4.4. Determination of total soluble sugars and proline assay

With minor changes, the anthrone method proposed by Yemm and Willis (1954) was used to estimate TSSs. The TSSs were estimated as mg.g–1 fresh weight using a calibration curve for a standard glucose solution. According to Bates et al. (1973), the calorimetric approach was utilized to quantify proline by generating a proline-acid ninhydrin complex. L-proline was employed as a control. The PR was determined and expressed using a standard curve as mol g–1 DW.




2.5. Data analysis

Data generated had three replicates per variable. A Two-way analysis of variance (ANOVA) was employed to evaluate the effects of altitude and soil depth (fixed effects) on soil physico-chemical parameters (response variable) by performing multiple pairwise-comparison between the means of sites and to identify the values with significant differences (p ≤ 0.05). Also, One-way ANOVA was performed to evaluate the effects of altitude on the eco-physiological parameters as a response variable to identify the values with significant differences (p ≤ 0.05). Principal component analysis (PCA) was performed to illustrate the commonalities between the different soil physico-chemical parameters, eco-physiological parameters and altitude using the FactoMineR (Husson et al., 2020) and factoextra (Kassambara and Mundt, 2020) packages. We employed Pearson’s pairwise multiple correlation analysis between soil and eco-physiological parameters, using the Performance Analytics package (Peterson and Carl, 2020) to visualize the relationship between different parameters. To study the effect of altitude on the soil’s physicochemical properties and eco-physiological parameters, we also used a linear regression model with the basicTrendline R package (Weiping and Guangchuang, 2020). R statistical software version 4.0.2 was used for all analyses (R Core Team, 2020).




3. Results


3.1. Variation in soil physico-chemical parameters of Rhododendron anthopogon along an altitudinal gradient

We observed a significant difference between soil physico-chemical properties and soil depth among five sites along the altitudinal gradient. The results of ANOVA pertaining to altitude and soil depth are given in Table 1 and Supplementary Table 1. The soil at all altitudes was slightly acidic 0–10 cm (5.54–4.52) and 10–20 cm (5.67–4.64). Soil pH varied significantly, decreasing with increasing altitude at 0–10 cm and 10–20 cm depths (p < 0.001). In addition, with 10–20 cm depth increase in soil pH was recorded (p < 0.001). We also observed a slight rise in Mg, C, Na (p < 0.001) and S (p < 0.01) with the increasing altitude at both 0–10 cm and 10–20 cm depths, while a decline in Mg and C was observed at 10–20 cm depth. Similarly, Na and S increase with altitude at 10–20 cm depth. BD was slightly decreased with the increase in altitude at both 0–10 cm and 10–20 cm depths (p < 0.001), and a rise in 10–20 cm depth was also recorded (p < 0.001). Soil MC, OM, SL, CD, N, K, and Ca show an increase with altitude at 0–10 cm and 10–20 cm depths (p < 0.001). Interestingly, all these parameters were significantly reduced with soil at 10–20 cm depth (Table 1 and Supplementary Table 1).


TABLE 1    Physico-chemical properties of soil at five sites along the altitudinal gradient in Gulmarg area of Kashmir Himalaya.
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The linear regression analysis of soil physico-chemical parameters along the altitude gradient reveals a significant decreasing trend in pH and temp (p < 0.0001) with increasing altitude (Figure 2). With increasing altitude, the data also shows a significant increasing trend in MC, OM, K (p = 0.0001), SL (p = 0.00778), CD (p = 0.00806), N (p = 0.000442), and Ca (p = 0.00586). In contrast, BD (p = 0.747), C (p = 0.408), Na (p = 0.475), Mg (p = 0.768) and S (p = 0.343) do not show any trend with the altitude.
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FIGURE 2
Linear regression representing a change in soil physico-chemical parameters of Rhododendron anthopogon along the altitude gradient. Relationship between altitude and (A) soil pH; (B) moisture content; (C) bulk density; (D) organic matter; (E) salinity; (F) soil electrical conductivity; (G) nitrogen; (H) potassium; (I) magnesium; (J) sulfur; (K) calcium; (L) total soil organic carbon; (M) sodium; (N) soil temperature. Each purple dot in the plot represents the mean value of the soil physico-chemical parameters, and the gray areas represent a 95% confidence interval.




3.2. Relationship between soil physico-chemical parameters of Rhododendron anthopogon along an altitudinal gradient

The PCA analysis is shown in Figure 3 wherein the first two principal components (PCs) show about 71.7% of the total variation. The plot grouped sites into four classes based on soil parameters. Site 1 and Site 2 (RGS1 and RGS2) were not differentiated from each other and made a clear group, whereas the other three sites differed well from this group by pH and temperature. The Site 3 (RGS3) was found to be dominated by BD, Mg and C. Site 4 (RGS4) revealed dominance of Na, Ca, MC, SL, N and S. Site 5 (RGS5) was dominated by OM, K, ALT and CD, which significantly separated Site 5 (RGS5) from the rest of the four sites (Figure 3).
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FIGURE 3
Principal component analysis (PCA) biplot of Rhododendron anthopogon soil physico-chemical parameters across the five sampling sites: Site-1 (RGS1), Site-2 (RGS2), Site-3 (RGS3), Site-4 (RGS4), and Site-5 (RGS5) along an altitudinal gradient in the Gulmarg area of Kashmir Himalaya. N, total soil nitrogen content; pH, soil pH; Temp, soil temperature; MC, moisture content; BD, bulk density; OM, organic matter; CD, soil electrical conductivity; SL, salinity; C, total soil organic carbon; Mg, magnesium; K, potassium; Ca, calcium; Na, sodium; S, sulfur; ALT, altitude.


Pearson’s correlation analysis indicated a relationship among studied soil parameters. Soil pH showed a significant negative correlation with ALT, MC, OM, K, SL, and CD, whereas there was a positive correlation with temp (p < 0.001). Soil K, MC, OM (p < 0.001), SL, CD, Ca and (p < 0.01) show a significant positive correlation with altitude. Temperature showed a negative correlation with N, ALT (p < 0.001), MC, OM and S (p < 0.01), whereas positive with Mg p < 0.05. C showed only a positive correlation with SL, CD, Na (p < 0.001), and Mg (p < 0.01), while CD (p < 0.001) shows a significant negative correlation with the pH and a positive correlation with the soil SL, K, OM, C, Mg, Ca (p < 0.001), ALT, MC and Na (p < 0.01) (Figure 4).
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FIGURE 4
Pearson’s correlation plot among studied soil physico-chemical parameters. The distribution of each variable and correlation coefficient plus the significance level is given in the figure. Full forms of abbreviations are presented in Figure 2.




3.3. Variation in eco-physiological parameters of Rhododendron anthopogon along an altitudinal gradient

Eco-physiological parameters in the current study reveal a significant variation among different sites along altitude (Table 2 and Supplementary Table 2). One-way ANOVA shows a significant effect of altitude on eco-physiological parameters (Supplementary Table 2). We observed that RWC varied significantly, showing an increasing trend with the increasing altitude (p < 0.001). In contrast, LA and SLA significantly show a decreasing trend with the rising altitude (p < 0.001), and LDMC does not show any significant trend with the altitude. Similarly, PR, CRT, TPC, TFV and TSS varied significantly, showing an increasing trend with the increase in altitude (p < 0.001). On the other hand, TCH significantly decreased with the increase in altitude (p < 0.001) (Table 2 and Supplementary Table 2).


TABLE 2    Altitudinal variations in eco-physiological traits of Rhododendron anthopogon at five sites along the altitudinal gradient in Gulmarg area of Kashmir Himalaya.
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The linear regression analysis of eco-physiological parameters concerning altitude shows a positive increasing trend of RWC, PR CRT, TSS, TPC (p < 0.0001) and TFV (p = 0.000194). Similarly, we also found a negative trend in LA, SLA and TCH (p < 0.0001) along altitude, while LDMC (p = 0.167) does not show any significant trend with increasing altitude (Figure 5).
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FIGURE 5
Linear regression representing a change in eco-physiological parameters of Rhododendron anthopogon along the altitude gradient. Relationship between altitude and (A) RWC, relative water content; (B) LDMC, leaf dry mass content; (C) LA, leaf area; (D) SLA, specific leaf area; (E) PR, proline content; (F) TCH, total chlorophyll; (G) CRT, carotenoid content; (H) TPC, total phenolics content; (I) TFV, total flavonoids; (J) TSS, total soluble sugars. Each purple dot in the plot represents the mean value of the eco-physiological parameters, and the gray areas represent a 95% confidence interval.




3.4. Relationship between eco-physiological traits of Rhododendron anthopogon along an altitudinal gradient

In the PCA analysis, the first two PCs show about 93.9% of total variation (Figure 6). Site 1 and Site 2 (RGS1 and RGS2) formed a separate group based on TCH, and LA from the rest of the sites. Similarly, Site 4 (RGS4) and Site 5 (RGS5) were separated by the most significant variables ALT, PR, RWC, TPC, CRT, TSS and LDMC, while Site 3 (RGS3) was different by SLA and TFV from other sites.
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FIGURE 6
Principal component analysis (PCA) biplot of Rhododendron anthopogon eco-physiological traits across the five sampling sites: Site-1 (RGS1), Site-2 (RGS2), Site-3 (RGS3), Site-4 (RGS4), and Site-5 (RGS5) along an altitudinal gradient in the Gulmarg area of Kashmir Himalaya. RWC, relative water content; LDMC, leaf dry mass content; LA, leaf area; SLA, specific leaf area; PR, proline content; TCH, total chlorophyll; CRT, carotenoid content; TPC, total phenolics content; TFV, total flavonoids; TSS, total soluble sugars; ALT, altitude.


Pearson’s correlation analysis shows the relationship among different studied eco-physiological parameters (Figure 7). The result reveals that the SLA, LA and TCH show a significant negative correlation with the PR, ALT, CRT, TSS, RWC, TPC, and TFV. In contrast, SLA positively correlates with LA and TCH with p < 0.001. In comparison, TFV shows a significant positive correlation with PR, ALT, CRT, TSS and RWC with p < 0.001. Similarly, TPC, RWC, TSS, CRT and PR show a significant positive correlation with the ALT (p < 0.001).
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FIGURE 7
Pearson’s correlation plot of the eco-physiological parameters and altitude. The distribution of each variable and correlation coefficient plus the significance level is given in the figure. Full forms of abbreviations are presented in Figure 6.





4. Discussion


4.1. Variation in soil physico-chemical parameters of Rhododendron anthopogon along an altitudinal gradient

A significant difference was observed between the soil physico-chemical properties of Rhododendron anthopogon among all the sites along the altitudinal gradient (Table 1 and Figure 2). Soil pH varied significantly, showing decreasing trend with increasing altitude. This can be attributed to the differences in soil temperature along the altitudinal gradient, as we also observed a decline in temperature with an increase in altitude. Variations in species composition and SOM along altitudinal gradients can also influence soil acidity by accumulating various organic acids (Egli et al., 2009). Furthermore, environmental factors such as slope and aspect substantially influence pH in alpine regions. A fall in pH at higher elevations may be attributable to the leaching of base cations caused by increased precipitation and a steeper slope (Tsui et al., 2004). The acidic nature of soil found in all altitudes confirms that R. anthopogon flourishes in acidic soil. The lower temperature at higher altitudes results in a slower decomposition rate and accumulates more organic matter (Northcott et al., 2009; Liang et al., 2016; Kumar et al., 2019). This is consistent with our findings as organic matter (OM) shows an increasing trend with an increase in altitude. Soil bulk density (BD) is an important parameter influencing root development, soil aeration, and water infiltration (Basso et al., 2013). The results of our study revealed that the average soil bulk density slightly decreased with the increase in altitude at both 0–10 cm and 10–20 cm depths, and a rise in 10–20 cm depth was also recorded. The observed pattern is consistent with findings from other research (Griffiths et al., 2009; Yang et al., 2018). The decrease in bulk density with increasing altitude might be due to soil porosity (Li et al., 2017), increased soil organic carbon content (Haynes and Naidu, 1998), increased ratio of silt and clay content in the soil (Wen et al., 2005) and freezing and thawing process (Chen et al., 1998). The present findings revealed that with an increase in altitude in the study area, soil infiltration capacity increased, which would be helpful for the growth and development of R. anthopogon.

Soil MC significantly affects the growth and distribution of vegetation (Porporato et al., 2004; Paschalis et al., 2015). In the present study, we observed a significant increase in MC with altitude. The presence of high precipitation and low temperature at higher altitudes could explain this trend. Optimum MC in the soil increases the decomposition of organic matter and microbial movement, which controls nutrient availability (Zhou et al., 2002). This might have an impact on R. anthopogon’s ecophysiology. Like soil MC, the CD also showed an increased trend with altitude. Low temperature at higher altitudes is responsible for the slow decomposition of organic matter, leading to higher soil cation exchange capacity and increasing CD values (Bardelli et al., 2017). Similarly, we observed a slight rise in Mg, C, Na and S with the increasing altitude; thus, they are not limiting factors of alpine regions. A similar trend in micronutrient dynamics with respect to altitudinal variation was found (Wang et al., 2011; Kidanemariam et al., 2012; Charan et al., 2013; Du et al., 2014; Yang et al., 2018; Mishra and Francaviglia, 2021).

In the case of N and K, increasing trends along the altitudinal gradient were observed (Figure 2). These results align with several other studies (Göransson et al., 2014; Bardelli et al., 2017; Zhu et al., 2019). Differences in soil temperature along the altitudinal gradient in our study area could be attributed to the availability of different levels of soil N. Furthermore, an increased K concentration with altitude could be related to better rock and mineral dissolution in slightly higher acidic conditions at higher altitudes. Usually, the topsoil layer is more vulnerable to changing environments, such as changes in temperature, precipitation, and organic matter input (Hamid et al., 2020a). In all elevations of the study area, topsoil (0–10 cm) revealed a significantly higher concentration of soil parameters than the subsoil (10–20 cm). These results also conform to other studies (Huang et al., 2011; Liu et al., 2013; He et al., 2016; Qasba et al., 2017; Yang et al., 2018). The present study also indicates that leaching, commonly associated with alpines, did not occur in the study area, which plays an essential role in transporting the subsurface’s extractable nutrients away from the surface layer (Hamid et al., 2020a).



4.2. Variation in eco-physiological parameters of Rhododendron anthopogon along an altitudinal gradient

We found a significant variation in eco-physiological parameters of R. anthopogon along altitude (Table 2 and Figure 5). An increasing trend of RWC observed in the present study could be explained by high precipitation and low temperature at higher altitudes. However, Rathore et al. (2018) reported a negative relationship between RWC with altitude, while Schob et al. (2013) reported a positive correlation with altitude. Photosynthetic pigments which absorb and transform light directly impact plant photosynthetic capability and are susceptible to environmental challenges. Water stress, intense sunlight, and high temperature can diminish chlorophyll concentration by slowing chlorophyll synthesis, hastening decomposition, or causing damage to chloroplast structures (Ashraf and Harris, 2013; Hazrati et al., 2016; Cui et al., 2018). In the present study, TCH, LA and SLA decreased with increasing elevation, which could be an adaptive response of R. anthopogon to avoid oxidative damage by limiting light absorption and preventing reactive oxygen species (ROS) generation (Cui et al., 2018). Thus, plants have developed efficient ways to eliminate surplus energy to avoid damage to the photosynthetic mechanism at high altitudes where radiation is more potent (Li H. et al., 2022). This indicates that the efficient defense mechanism against damage from high radiation in R. anthopogon was primarily implemented through heat dissipation at higher altitudes. There was no discernible variation in LDMC throughout the altitudinal gradient; therefore, it is likely not a limiting factor in alpine areas.

Carotenoids are versatile compounds that play an essential role in photosynthesis and the construction of light-harvesting complexes, as well as can remove accumulated ROS efficiently to prevent photooxidation-related damage to chloroplasts (Armstrong and Hearst, 1996; Li T. X. et al., 2022). High altitudes are known to cause a decrease in carotenoid concentration, while the contrary has also been reported (Ahmad et al., 2016). Our study showed an increasing trend of CRT along the altitudinal gradient, indicating the possibility that environmental elements at a higher altitude may have encouraged the biosynthesis of CRT. These findings are consistent with other studies (Cui et al., 2018; Rathore et al., 2018). The significant decrease in TCH and the increase in CRT in high-altitude zones could be attributed to a reduction in photosynthesis and photoinhibition (Demmig-Adams and Adams, 1992).

Phenolic compounds protect plants from structural damage by shielding harmful UV-B radiations. Because of more intense UV-B radiation stress, plants in alpine regions are likely to include more phenolics than in low altitudes (Bernal et al., 2013). Similarly, we observe an increasing trend of TPC and TFV in R. anthopogon along an altitudinal gradient (Figure 5). These phenolic and flavonoid chemicals significantly improve the adaptation to abiotic oxidative stress (Hashim et al., 2020). Increasing phenolic concentrations have been reported as a herbivore defense system for plant attacks (Chadwick et al., 2013; Rathore et al., 2018). Herbivore attacks decrease with increasing altitude, which may account for the higher TPC at higher altitudes (Carey and Wink, 1994; Hodkinson, 2005; Rathore et al., 2018).

Proline and TSS are the two most significant osmotic regulators under abiotic stress conditions, allowing plants to tolerate harsh environments, such as cold temperatures (Bartels and Sunkar, 2005; Zhang et al., 2012; Adnan et al., 2016). Accumulation of proline with increasing altitude observed in the present study could effectively lower the freezing temperature and shield R. anthopogon from frozen injury, highlighting the significance of proline accumulation in plant adaptation. This concurs with previous related studies showing an increasing trend in proline (Ma et al., 2015; Cui et al., 2018; Rathore et al., 2018; Li T. X. et al., 2022). A significant increase in the TSS observed in the present study could be the ability of carbohydrates to withstand low temperatures and boost the supercooling capability of long-lasting R. anthopogon leaves (Rada et al., 2001). As described in earlier studies, the ability to accumulate soluble sugars on high mountains may also be the primary reason for the persistence of R. anthopogon in future (Rathore et al., 2018).

Overall, we observed significant variations in eco-physiological parameters, demonstrating their critical involvement in adapting R. anthopogon to the harsh environment of the alpine regions of Kashmir Himalaya. The observed patterns revealed how important trait flexibility is for the survival and function of this species. Additionally, it is believed that variation in traits brought on by plasticity in functional features will impact the expansion of this species’ niche breadth, leading to more comprehensive ranges (Bolnick et al., 2011). The Himalayan region is warming considerably more quickly than the rest of the world; hence the projected climate change scenario will not face limitations imposed by low temperatures (Salinger et al., 2014). In alpine regions, this will cause shrubs to move upward. A prolonged growing season brought on by climate change will help R. anthopogon to spread to higher elevations (He et al., 2016; Rathore et al., 2018).



4.3. Relationship between soil physico-chemical parameters of Rhododendron anthopogon along an altitudinal gradient

Various environmental variables, such as temperature, moisture, oxygen, photoperiod, UV intensity, and light intensity, fluctuate along the altitudinal gradient (Chen et al., 2014). As the altitude rises, precipitation, light, oxygen pressure, and radiation intensity all rise while gravity and temperature decrease concurrently. Soil nutrients also significantly influence species distribution along an altitudinal gradient. Consequently, the impact of altitude on plant growth and development results from several elements functioning in concert (Ahmad et al., 2016). In the present study, the PCA analysis of studied soil physico-chemical parameters of R. anthopogon revealed that all the sites were grouped into four clusters according to altitude, suggesting a more pronounced effect of altitude (Figure 3). The most significant variables differentiating Site 1 and Site 2 from the rest were pH and temperature. Soil pH and Temperature are important factors affecting plant diversity in alpine regions. As soil pH directly affects nutrient availability, microbial activity, immobilization and mineralization (Curtin et al., 1998; Evans et al., 2012). At the same time, soil temperature affects alpine plants by providing a fundamental niche and is essential to withstand extreme climatic conditions (Hamid et al., 2020a). Accordingly, Site 5 was dominated by OM, K, ALT, and CD variables, significantly separating Site 5 from the rest of the four sites. These variables can be considered helpful for the growth and development of R. anthopogon at higher altitudes. This is consistent with the notion that changes in soil variables account for variation in vegetation in higher altitudes and the species-specific diversity of alpine plants (Arnesen et al., 2007; Hamid et al., 2020a).

The current investigation results showed that most soil variables had strong correlations with one another (Figure 4). This also conforms with results from other studies (Ahmad et al., 2016; Yang et al., 2018; Yuan et al., 2019; Hamid et al., 2020a). Litter decomposition and pH variations in the soil impact the overall availability of nutrients in the soil (Curtin et al., 1998). Soil pH is an essential factor regulating nutrient availability by favoring conditions that accelerate oxidation, mineralization, and immobilization (Mathew et al., 2016). In the present study, we noticed a substantial negative correlation of soil pH with ALT, MC, OM, K, SL and CD. This is in line with the fact that acidic solid conditions and decomposition rates at higher altitudes favored the availability of these soil variables. The present study also observed a significant positive correlation between soil pH with temperature. The increased temperature significantly increases soil pH. Guoju et al. (2012) reported that 0.5°C–2.0°C increases in winter temperature increased soil pH by 0.42–0.67 compared to no temperature increase. Similarly, soil K, MC, OM, SL, CD, and Ca show a significant positive correlation with altitude, suggesting their relationship enhances their availability. Therefore, the present study adds to our understanding that R. anthopogon have effective metabolic separation and resource preferences, even over short distances, due to their variable reactions to soil physico-chemical parameters, which may aid the conservation of this endemic species.



4.4. Relationship between eco-physiological traits of Rhododendron anthopogon along an altitudinal gradient

Efficient physiological modifications are essential for developing and growing high-altitude plants, as their seasonal changes are caused by environmental variables (Magaña Ugarte et al., 2019). In the present study, PCA analysis of studied eco-physiological traits of R. anthopogon revealed that Site 1 and Site 2 formed a separate group based on TCH and LA from the rest of the sites (Figure 6). TCH and LA are considered critical factors in promoting photosynthesis and growth (Takashima et al., 2004; Han et al., 2020). A higher concentration of these traits in Site 1 and Site 2 suggests an apparent disparity among altitudes. Similarly, Site 4 and Site 5 were separated by the most significant variables ALT, PR, RWC TPC, CRT, TSS and LDMC. Therefore, these variables might have a more dramatic impact on the eco-physiology of R. anthopogon. In a related study on R. anthopogon by Rathore et al. (2018), the PCA biplot showed distinct clusters based on the season compared to altitude. In another study, the eco-physiological traits of four Rhododendrons had similar adaptive features to warm and cold seasonal adversity in subalpine regions (Li H. et al., 2022). The present study’s correlation analysis revealed a significant relationship among eco-physiological parameters (Figure 7). Our results indicated that the SLA, LA and TCH showed a significant negative correlation with the PR, ALT, CRT, TSS, RWC, TPC and TFV. This suggests that higher altitude with a low concentration of SLA, LA, and TCH favors the availability of PR, ALT, CRT, TSS, RWC, TPC, and TFV parameters. Galiba (1994) found a positive correlation between proline synthesis and plant adaptability. Other researchers have unambiguously stated that, in addition to other solutes, the proline level increase substantially during cold hardening (Galiba, 1994; Mahajan and Tuteja, 2005).

Furthermore, proline, which has been demonstrated to be an excellent cryoprotectant, is one of the critical variables associated with freezing tolerance (Mahajan and Tuteja, 2005). According to Kandler and Hopf (1982), cold stress caused TSS to accumulate in various plant species. For example, Bano and Fatima (2009) noted that higher-altitude alpine herbs in Pakistan’s Hunza Valley had the highest level of TSS. To protect plant components such as cell membranes from cold stress, TSS buildup along the altitudinal gradient is an excellent method. The present study also observed a significant positive correlation of TPC, RWC, TSS, CRT and PR with the ALT. This indicates that these parameters play an important role in adapting R. anthopogon in the alpine regions of Kashmir Himalaya.




5. Conclusions

Understanding the variation in soil physico-chemical and eco-physiological attributes along altitudinal gradient is essential to predict indirectly how climate change will affect R. anthopogon. The present study revealed that soil physico-chemical and eco-physiological parameters along an altitudinal gradient significantly affect R. anthopogon in Kashmir Himalaya. We observed that with an increase in altitude in the study area, soil in filtration capacity increased, which would be helpful for the growth and development of R. anthopogon. A significant variation observed in eco-physiological parameters, demonstrating their critical involvement in adapting R. anthopogon to the harsh environment of the alpine regions of Kashmir Himalaya. Our results indicate how soil physico-chemical and eco-physiological properties help R. anthopogon spread widely and withstand various stresses. Additionally, by repeatedly observing the plasticity of soil physico-chemical and eco-physiological characteristics across different altitudes, we will be able to extrapolate the effects of climate change on these geographical gradients. The results generated during the present study also revealed that R. anthopogon has a significant potential for conducting studies on cold tolerance in the Himalaya’s fragile ecology. Therefore, from the present work, we deduce that R. anthopogon has sufficient soil physico-chemical and eco-physiological plasticity, which should be favorable for its survival in future climates, offering an adaptive advantage and expanding its range shortly.
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The promotion of forest resource protection and sustainable development relies greatly on the value of forest ecosystem services. In Jilin Songhuajiang Sanhu National Nature Reserve in Northeast China, a total of 169 sample plots were examined and analyzed to evaluate the provisioning and supporting services provided by the forest ecosystem. The study revealed that the near-mature and over-mature Fraxinus mandshurica forest have relatively high timber supply and species resources conservation values per unit area, respectively. Furthermore, the mature Betula platyphylla forest has the highest forest nutrient retention value, while the near-mature Juglans mandshurica forest has the highest soil conservation value, with the nitrogen fixation value accounting for the highest proportion. The forest ecosystem services in the reserve have a total value of 659.07 million $⋅y–1. The main contributors to the value are the services of soil fertilizer conservation, timber supply, and species resources conservation, with the mixed broad-leaved forest and Quercus mongolica forest being the main contributors, accounting for 63.1 and 18.8% of the total value, respectively. Nonetheless, the service value of per unit area in J. mandshurica forest is the highest. Near-mature and mature forests are the main contributors to the total value, accounting for 42.3 and 34.9%, respectively. Forest lands exhibit significant variations in the values of provisioning and supporting services across different stand types and age groups.
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1. Introduction

The forest ecosystem is a crucial component of the global natural ecosystem and plays an integral role in ensuring sustainable human development (Ma et al., 2021). Unfortunately, people’s understanding of the forest ecosystem has been limited to its economic uses, particularly the provision of timber and forest by-products for economic development, with a lack of comprehensive understanding of its service values (Hettiarachchi and Ranasinghe, 2013). Despite the high economic value of forest wood, it is not adequately accounted for in political and economic policies resulting in insufficient investments in its protection and management. The one-sided pursuit of rapid economic development has led to significant damage to the ecosystem (Smith et al., 2019). Therefore, raising awareness regarding the importance of the ecosystem has become a pressing issue. A scientific and comprehensive evaluation of forest ecosystem service value has become a global focus and hot issue (Niu et al., 2012; Ninan and Inoue, 2013b).

Ecosystem services are essential for human survival as they provide nutritious food, and clean water, regulate disease and climate, support crop pollination and soil formation, and offer recreational, cultural, and spiritual benefits. Ecosystems provide four main types of services to the world, namely provisioning services, regulating services, supporting services, and cultural services (Food and Agriculture Organization, 2020). However, quantifying the aesthetic appreciation of nature and the inspiration it provides for culture and innovation remains challenging. To quantitatively estimate service values, scholars have employed various methods, including the conditional value method, market value method, emergy evaluation method, and income conversion method, to assess ecosystem service values (Costanza et al., 1997; Odum and Odum, 2000; Zhang, 2010; Hidemichi et al., 2017). Some researchers have evaluated the ecosystem service values based on ecology alone (Daily and Ehrlich, 1999), while others investigate the impact of biodiversity on ecosystem services to characterize their value (Fromm, 2000; Farnsworth et al., 2012). Given the structural complexity and peculiarities of different ecosystems, evaluation techniques, and methods have garnered significant attention to ensure accurate service value assessment (Villa et al., 2014; Cheng et al., 2019).

Since the 1950s, various methods such as the travel cost, replacement cost, and contingent valuation method have been utilized internationally to assess the direct use value of forest ecosystems (Tobias and Mendelsohn, 1991; Hanley, 1993; Beaumont et al., 2014). It has been estimated that the per unit area value of forest ecosystem services in Mexico is US$80 per year, totaling to US$4 billion (Adger and Weiguang, 1995). Some scholars have calculated the overall value of forest ecosystems in national nature reserves (Tobias and Mendelsohn, 1991; Hanley, 1993; Ninan and Inoue, 2013a; Beaumont et al., 2014; Jin et al., 2016; Chang et al., 2019; Liu et al., 2022). Moreover, utilizing NOAA-AVHRR and Landsat imagery, the ecosystem service value of land under various use methods was calculated (Konarska et al., 2002). By considering tourists’ preferences for landscapes in the protected areas and utilizing the travel cost method, recreational value of the protected area can be inferred. The recreational value of the conservation area can be estimated by analyzing the tourists’ demand for the landscape (Font, 2000), and other values such as timber supply value, soil conservation value, forest nutrient retention, and species conservation value can be evaluated based on stock volume, soil erosion, tree nutrients, and species composition (Villa et al., 2014; Cheng et al., 2019).

In recent years, there has been an increase in studies on the service values of different forest ecosystems based on small-scale areas, particularly forest nature reserves. These reserves can be classified into various value areas based on plant and animal species, environmental categories, species richness, and other factors, and the conservation priority can be ranked based on the evaluation value (Goodfellow and Peterken, 1981). By considering tourists’ preferences for landscapes in the protected areas and utilizing the travel cost method, recreational value of the protected area can be inferred. The recreational value of the conservation area can be estimated by analyzing the tourists’ demand for the landscape (Font, 2000), and other values such as timber supply value, soil conservation value, forest nutrient retention, and species conservation value can be evaluated based on stock volume, soil erosion, tree nutrient, and species composition (Villa et al., 2014; Cheng et al., 2019). The study on the value of forest nature reserves has garnered the attention of scholars worldwide, and the evaluation system of nature reserves has been scientifically divided into different types such as conservation value, resource value, and economic value (Zhang et al., 2011). However, there are still issues such as the lack of standardization and uniformity in evaluation methods, and incomplete evaluation metrics.

Forest type and forest have a significant impact on forest structure, plant growth, and vegetation biomass accumulation (Shengjun et al., 2009; Grytnes, 2010; Gamfeldt et al., 2013), so they are fundamental factors that strongly influence the ecosystem services provided by forests. As time passes, the biomass, biodiversity, and soil quality of forest ecosystems change, and different tree species exhibit significant differences in their biomass and nutrient content (Gamfeldt et al., 2013; Musavi et al., 2017; Kuuluvainen and Gauthier, 2018), compared with other service functions, the change of forest type and forest age has a more direct relationship with the function of support and provision service. Therefore, studying the support and provision of ecosystem services from the perspective of forest age and type can accurately quantify the value of these services, and the assessment results of the ecosystem service value in different forest types and ages are highly practical and scientific to provide evidence and guidance for the rational management, protection, and sustainable utilization of forests. Therefore, the primary aim of this study is to analyze the forest provision and support service values in Jilin Songhuajiang Sanhu National Nature Reserve under various forest types and age groups. Additionally, the study intends to perform a comprehensive evaluation of the forest supply value, species resource conservation value, forest nutrient retention value, and soil conservation value in forests with different types and ages. The results of this study can be used by policymakers to identify target forests for enhancing forest service values through operational strategies.



2. Materials and methods


2.1. Study area

The Jilin Songhuajiang Sanhu National Nature Reserve is located in the central and eastern part of Jilin Province (42°20′10″∼43°33′06″N, 126°51′40″∼127°45′21″E) (Figure 1), which undertakes the functions of soil and water conservation and groundwater recharge in the Songhua River Basin, and it is an important hydropower base in Northeast China. The climate belongs to the continental monsoon climate of northern temperate zone. The annual average temperature is between 3.9 and 4.9°C. The average temperature in January and July is about −18 and 20°C, respectively. The average annual precipitation is about 644.8∼825.1 mm, and the rainfall is concentrated in June to August. The annual sunshine hours is 2,350∼2,450 h, and the frost-free period is 92∼134 days. The soil type is mainly dark brown soil. The reserve is dominated by mountain forest ecosystems, with abundant plant resources, which can be divided into seven types: coniferous forest, mixed coniferous and broad-leaved forest, deciduous broad-leaved forest, shrub, meadow, swamp, and aquatic vegetation. The forestland area is 122,800 ha, accounting for 78.4% of the total area of the reserve, and which is mainly closed forest land, with an area of 111,500 ha. The forest community types are mainly broad-leaved mixed forest and oak forest, and the main dominant tree species include Pinus koraiensis, Fraxinus mandshurica, Phellodendron amurense, Chosenia arbutifolia, Tilia amurensis, Juglans mandshurica, Quercus mongolica, and so on. However, affected by many factors such as man-made destruction, historical unreasonable development, natural disasters, and global climate change, the Sanhu Reserve is faced with a variety of ecological environmental problems and protection pressure (Lei, 2006), and clarifying the service value of the forest ecosystem in this region is an important basis for determining the protection object and strength. Maintaining the quality of air and soil, providing flood and disease control, or pollinating crops are some of the regulating services provided by ecosystems, and the non-material benefits of aesthetic inspiration, cultural identity, sense of home, and spiritual experience related to the natural environment are called cultural services, but it is still difficult to accurately and quantitatively evaluate the value of regulating services and cultural services from a large regional scale, especially considering the conditions of different forest types and ages.
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FIGURE 1
Study area and the plots of sites.




2.2. Field investigation and sample analysis

According to the historical forest resource inventory data of study area, it is known that the main forest community types in the reserve include Betula platyphylla forest, F. mandshurica forest, J. mandshurica forest, Q. mongolica forest, mixed broad-leaved forest, and mixed coniferous broad-leaved forest. In order to obtain the values of the provisioning and supporting services provided by different forest types and age groups in the reserve, the sample plots in each forest type were selected based on the reserve’s forest types, age groups, distribution area, and proportion of each forest type. A total of 169 plots were set up and investigated in different forest stand types in the reserve (Figure 1), the stand types, age groups, and number of plots in each forest type are shown in Table 1. The sample plots for the investigation of the basic characteristics of the community were selected from the representative sections of the typical community. The forest compass was used to enclose the rectangular basic survey plots of the community with an area of 20 m × 30 m (Song et al., 2002), and then measured the tree height and DBH (diameter at breast height) of each tree in the plot, and record the basic information of the tree species, and only record the tree species and tree height for the individuals whose tree height is <1.3 m. Five small quadrats with an area of 2 m × 2 m were set up at the corners and center of the plot to survey shrubs (Song et al., 2002; Yuan et al., 2015; see Figure 2), and we recorded the species, average height, and number of shrubs within these plots. Within each shrub plot, one small plot with an area of 1 m × 1 m was designated to survey herbaceous plants (Song et al., 2002; Yuan et al., 2015), and the species, height, number, and coverage of herbaceous plants were surveyed and recorded, and then the average plant height was obtained by calculating the average plant height of different species of herbaceous plants.


TABLE 1    Sample plots and forest distribution status.
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FIGURE 2
Distribution of quadrats and soil sample points.


To clarify the age group and annual volume growth of forests, about five standard trees of dominant tree species in each survey plot were selected for the collection of annual ring strips, and the annual ring sample core was collected at 1.3 m above the ground of the sample tree with a growth cone to drill from south to north, and then put it into a straw, and record the tree species, DBH, skin thickness, and collection time. Then, the age group of forest was determined based on the average age of the group specie, and the criteria for age group classification are shown in Table 1, which mainly includes young forests, half-mature forests, near-mature forests, mature forests, and over-mature forests for each forest type. A total of 10 tree species (B. platyphylla Sukaczev, Populus davidiana Dode, F. mandshurica Rupr., J. mandshurica Maxim., P. amurense Rupr., T. amurensis Rupr., Q. mongolica Fisch. ex Ledeb., Ulmus davidiana Planch. var. Japonica (Rehd.) Nakai, Acer pictum Thunb., and P. koraiensis Sieb et Zucc.) sample cores were obtained, with 20∼25 ring sample cores for each tree species, and after processing the sample cores, the Lintab tree ring analyzer was used to accurately measure the annual ring width of the tree ring samples.

To determine the nutrient content and bulk density of the soil in each plot, we collected five surface soil samples, the sampling sites are shown in Figure 2. After being brought back to the laboratory, the samples are naturally air-dried, and then the dried particles, fine roots, and other impurities are removed from the air-dried soil with tweezers. The samples are then ground and screened through a 0.25 mm steel sieve for subsequent chemical property analysis. At the same time, a 100 cm3 soil core sampler is used to collect undisturbed soil from each sampling point, which are then used for soil density determination (NY/T 1,121.4). The main analysis indicators include soil organic matter (LY/T 1,237–1,999), total nitrogen (LY/T 1,228–1,999), total phosphorus (LY/T 1,232–1,999), and total potassium (LY/T 1,232–1,999), etc. In addition, the leaf, branch, stem, and root organ samples from 55 trees of the 10 dominant tree species in the plots were collected, and a total of 220 mixed samples of each organ were obtained, and the total nitrogen, total phosphorus and total potassium in each sample were determined (LY/T 1,271–1,999).



2.3. Statistical analysis

Statistical analysis of the data was carried out using software such as SPSS16.0 and SAS9.1. The current study mainly evaluates the provisioning and supporting service functions according to the “Specifications for assessment of forest ecosystem services” (GB/T 38582-2020) (NFGA, 2020), and the main value indicators for evaluation include the forest supply value, species resource conservation value, soil conservation value, and forest nutrition retention value.


2.3.1. Forest supply value

The supply values of different individual timber are calculated based on the annual volume growth of the main tree species in different stand types, and then sum up to obtain the forest supply value ($⋅ha–1⋅ y–1) of per unit area for different stand types and age groups, which mainly refers to the value of living trees in the study area, the calculation formula is as follow:
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where, Uwood product is the annual timber supply product value in the study area ($⋅y–1); Ai is the distribution area of the i-th wood product (ha); Si is the annual volume growth per unit area of the i-th wood product (m3 ha–1⋅y–1); Ui is the price of the i-th wood product ($⋅m–3); i = 1,2,3…n.

This study conducted statistical analysis on the annual ring samples of 10 major tree species in the study area, and plotted their diameter growth curves. By using the fitting equation of the diameter growth curve of each tree species and the stand volume table for single trees in Jilin Province (JPFD, 2003), this study calculated and analyzed the 2-year volume and stand volume per unit area for each tree species. Furthermore, the study obtained the unit area increment of stand volume (Si) for different forest types. The arithmetic average of the measured annual ring width data of different tree species was used to eliminate differences in different growth processes and growth environments. And because there is an error in drilling the annual ring samples, there will be a difference between the DBH calculated from the annual ring sample and the actual measurement value. Therefore, it is necessary to correct the annual ring width and the values measured by the girth to improve the accuracy of the DBH, the correction formula is as follows (Eq. 1):
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where θ is the corrected value (cm); Dbh is the DBH measured by a tape (cm); Dic is the product of the accumulation of complete growth core growth ring sequence and complete DBH (cm); t is the tree age from tree core determination. The corrected tree-ring sequence is obtained by adding the θ value to each tree-ring sequence, which takes the existing bark thickness as part of the xylem (Zhang et al., 2012).



2.3.2. Species resource conservation value

According to the calculation formula of species resource conservation value in the assessment standard of “Specifications for assessment of forest ecosystem services” (NFGA, 2020), endangered species and ancient trees are included in the species conservation value evaluation. In the current study, the classification and statistics of plant species in various plots are based on the “China Species Red List” and its index system and ancient tree age index system.

The formula for calculating species conservation value is as follows:

[image: image]

where, Uibiota is the value of the forest to protect biodiversity every year ($⋅y–1); Em is the rare and endangered index assessing species m within a stand (or area); x is the counted number of rare and endangered species; Bn is the endemic index for assessing species n within a stand (or area); Or is the ancient tree age index for evaluating species r in the stand (or area); z is the number of species for calculating ancient tree species; Sbiota is the opportunity cost of annual species loss per unit area ($⋅ha–1⋅y–1), and the corresponding Shannon-Wiener index classes and values are shown in Table 2 (GB/T 38582-2020); Ai is the forest area (ha); i = 1,2,3…n.


TABLE 2    Value and classification of Shannon-Wiener index.
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The formula for the Shannon-Wiener index calculation is as follows:
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where, H’ is Shannon-Wiener index; Pi represents the importance value of the i-th species; S represents the number of species in the community, and i = 1,2,3…n.

The formula for the calculation of the overall diversity of the community is as follows:
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where, D1, D2, and D3 represent the diversity index of the tree layer, shrub layer, and herb layer, respectively;,W1, W2, and W3 represent the weighting coefficients of the tree layer, shrub layer, and herb layer, respectively; Ci represents the coverage of different layers; C represents the total coverage of the community in different layers; hi represents the average height of vegetation in different community layers; h represents the sum of the average heights of the community in different layers; i = 1,2,3…n.




2.3.3. Soil conservation value

In the current study, the shadow engineering method and the market value method (Li et al., 2011; Villa et al., 2014) were used to calculate the value of soil stabilization and soil fertility conservation, respectively, and the calculation formulas are as follows:
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where, Gi is the amount of soil retained by the forest (t y–1); Ai is the forest area (ha); X1 and X2 are the soil erosion modulus of forested land and unforested land in Northeast China, respectively (t⋅ha–1⋅y–1). Ui–soil is the market value of soil retained by the forest ($⋅y–1); Csoil is the cost of excavating and transporting a unit volume of earthwork in the market ($⋅m–3); ρ is the soil bulk density of forest woodland (g⋅cm–3); Ui–fertility is the annual value of each stand to conserve soil fertility ($⋅y–1); Nnutrition, Pnutrition, Knutrition, and M are the measured N content (%), P content (%), K content (%), and organic matter content (%) of soil, respectively; R1 and R2 are the N content (%) and P content (%) of the phosphoric acid fertilizer, respectively; C1, C2, and C3 are the price of phosphoric acid fertilizer, potassium chloride fertilizer, and organic matter ($⋅t–1), respectively; i = 1,2,3…n.



2.3.4. Forest nutrition retention value

In order to obtain the value of the nutrients retained by the trees, the substitution value method is used to convert the large amount of N, P, K, and other nutrients that the trees absorb from the soil or air each year into the market value of chemical fertilizers, and the forest nutrition retention value is calculated as follows:
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where, GN, GP, and GK are the amounts of nitrogen, phosphorus, and potassium accumulated by trees each year (t⋅y–1), respectively; Ui–nutrition is the accumulated value of nutrients in the tree year ($⋅y–1); Nnutrition, Pnutrition, and Knutrition are the ratios (%) of N, P, and K contained in forest trees, respectively; Byear is the annual growth of forest biomass (kg); R1 and R2 are the N content and P content (%) of the phosphoric acid fertilizer, respectively; R3 is the K content (%) of potassium chloride fertilizer; C1 and C2 are the prices of diammonium phosphate fertilizers and potassium chloride fertilizers, respectively ($⋅t–1); i = 1,2,3…n.

Using the tree species DBH growth curve fitting results and the biomass allometric growth equation (Wang, 2006), the biomass growth of each tree species was obtained, and then the N, P, and K contents of different tree species were used to obtain the annual tree nutrient retention of each survey plot. Finally, the prices of different fertilizers and the contents of fertilizer nutrients are converted into market values to obtain the nutrient retention value per unit area of forest trees in different stand types and age groups ($⋅y–1). While the annual net productivity and nutrient content of different forest vegetation types are different, and the nutrient content of different organs of the same plant is also different, so the average nutrient content of plant branches, stems, leaves, and roots cannot truly represent the overall nutrient content of plants, and it is necessary to comprehensively consider the nutrient content and biomass weight. The calculation formulas are as follows:

[image: image]

where, Gnutrient is the weighted average nutrient ratio of the arbor; Ci is the percentage of nutrients in an organ of the tree; Wj is the biomass of a certain organ of the tree; Wt is the total biomass of tree; i = 1,2,3…n.

The related parameter values are listed in Table 3. The DBH growth fitting equations, volume growth, biodiversity index, soil nutrition contents and soil bulk density of different stand types, and weighted nutrient contents of different organs and individuals for each tree specie are showed in supplementary material.


TABLE 3    Related parameter value.

[image: Table 3]




3. Results


3.1. The value of provisioning services function of different stand types


3.1.1. Supply value of forest trees

The highest supply value of forest trees per unit area among different stand types is in near-mature F. mandshurica forest, which is 2,190 $⋅ha–1⋅y–1 (Figure 3), and the young B. platyphylla forest is the lowest, only 388 $⋅ha–1⋅y–1, moreover, the difference in supply value of mixed coniferous broad-leaved forest among different age groups can reach 1410 $⋅ha–1⋅y–1.
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FIGURE 3
Supply value and species resources conservation value of per unit area of different stand types and age groups. Y-C, H-C, N-C, M-C, and O-C are the conservation values of species resources of young forest, half-mature forest, near-mature forest, mature forest and over-mature forest, respectively; Y-S, H-S, N-S, M-S, and O-S are the supply values of young forest, half-mature forest, near-mature forest, mature forest and over-mature forest, respectively. Stand types include Betula platyphylla forest (BF), Fraxinus mandshurica forest (FF), Juglans mandshurica forest (JF), Quercus mongolica forest (QF), mixed broad-leaved forest (MF), and mixed coniferous broad-leaved forest (MCF).




3.1.2. Conservation value of species resources

The survey results showed that the vegetation types of the near threatened (LU) level in the study area were F. mandshurica, P. amurense, and P. koraiensis, which were mostly found in mixed broad-leaved forest and mixed coniferous and broad-leaved forest. And the ancient trees (100∼299a) included and other tree species totaling 94, mainly in the mature and over-mature forest stage. And a total of 94 ancient trees (100∼299a), including P. koraiensis, Q. mongolica, F. mandshurica, T. amurensis, and J. mandshurica, were found, mainly in the mature and over-mature forest stages. Based on the distribution of endangered species, precious ancient trees and endemic species in the study area and the Shannon-Wiener index classes and values, the species conservation value ($⋅y–1) of per unit area of different stand types and age groups was calculated (Figure 3).

With the increase of the age, the species conservation value per unit area of B. platyphylla forest, J. mandshurica forest, and B. platyphylla forest showed a unimodal change (Figure 3), and the peaks appeared in mature forest, near-mature forest and near-mature forest, respectively. The species conservation value of Q. mongolica forest showed a continuous increasing trend as a whole, and reached the maximum value in over-mature forest, and the value for F. mandshurica forest was relatively high in near-mature forest and over-mature forest, while those in mixed coniferous broad-leaved forest were higher in mature and half-mature forests. Among the six stand types, the conservation value of over-mature F. mandshurica forest is the highest, which is 1,777 $⋅ha–1⋅y–1, and the value of half-mature Q. mongolica forest is the lowest, which is only 539 $⋅ha–1⋅y–1.




3.2. The value of supporting services function of different stand types


3.2.1. Soil conservation value

The soil reinforcement value per unit area of different stand types is as follows: J. mandshurica forest (231 $⋅ha–1⋅y–1) > mixed broad-leaved forest (200 $⋅ha–1⋅y–1) > F. mandshurica forest (199 $⋅ha–1⋅y–1) > B. platyphylla forest (195 $⋅ha–1⋅y–1) > mixed coniferous broad-leaved forest (194 $⋅ha–1⋅y–1) > Q. mongolica forest (176 $⋅ha–1⋅y–1) (see Figure 4). The soil fertilizer retention value per unit area of different stand types and age groups ranges from 1,073 to 6,414 $⋅ha–1⋅y–1, the highest value is in the near-mature J. mandshurica forest, and the lowest is in the young F. mandshurica forest. Among them, the retention value of N element is relatively high, ranging from 301 to 4,501 $⋅ha–1⋅y–1, and the highest and lowest values are in young F. mandshurica forest and near-mature J. mandshurica forest, respectively. The retention values for K and P are 344∼1,165 and 6∼1,485 $⋅ha–1⋅y–1, respectively, and the lowest values both appear in the young F. mandshurica forest, and the highest values are in the near-mature Q. mongolica forest and half-mature F. mandshurica forest, respectively. The soil fertilizer retention value of organic matter is between 49 and 825 $⋅ha–1⋅y–1 with the highest value in over-mature F. mandshurica forest.
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FIGURE 4
Soil conservation value of per unit area of different stand types and age groups. Y-(SN, SP, SK, OM, SR), H-(SN, SP, SK, OM, SR), M-(SN, SP, SK, OM, SR), and O-(SN, SP, SK, OM, SR) are the soil conservation value for N, P, K, organic matter and soil retention of young forest, half-mature forest, near-mature forest, mature forest, and over-mature forest, respectively; Betula platyphylla forest (BF)-Y, H, N, M, O, Fraxinus mandshurica forest (FF)-Y, H, N, M, O, Juglans mandshurica forest (JF)-Y, H, N, M, O, Quercus mongolica forest (QF)-Y, H, N, M, O, mixed broad-leaved forest (MF)-Y, H, N, M, O, and mixed coniferous broad-leaved forest (MCF)-Y, H, N, M, O are the young forest, half-mature forest, near-mature forest, mature forest, and over-mature forest of different stand types, respectively.




3.2.2. Forest nutrient retention value

The tree nutrient values of N, P, and K elements per unit area of different stand types and age groups were ranked as follows: N > P > K (Figure 5). The forest nutrient retention values of per unit area of N and P are 43∼177 and 9∼61 $⋅ha–1⋅y–1, respectively, and the highest value is in mature B. platyphylla forest. The retention value of K is between 2 and 16 $⋅ha–1⋅y–1, and the near-mature forest of F. mandshurica forest is relatively high. The lowest retention values of N, P, and K are the over-mature mixed coniferous broad-leaved forest. Based on N, P, and K, the retention value of different stand types is between 53 and 252 $⋅ha–1⋅y–1, and the value of mature B. platyphylla forest is relatively high, while the mixed coniferous broad-leaved forest is the lowest. The nutrient retention values of near-mature forest and mature forest are relatively high among different age groups, for example, the values of mature B. platyphylla forest and near-mature F. mandshurica forest are more than 235 $⋅ha–1⋅y–1. The values of young and over-mature forests are relatively low, such as the retention values of young and over-mature mixed coniferous broad-leaved forest are only 63 and 53 $⋅ha–1⋅y–1, respectively.


[image: image]

FIGURE 5
Forest nutrient retention value of per unit area of different stand types and age groups. Y-(N, P, K), H-(N, P, K), M-(N, P, K), and O-(N, P, K) are the forest nutrient retention values of young forest, half-mature forest, near-mature forest, mature forest, and over-mature forest, respectively; Betula platyphylla forest (BF)-Y, H, N, M, O, Fraxinus mandshurica forest (FF)-Y, H, N, M, O, Juglans mandshurica forest (JF)-Y, H, N, M, O, Quercus mongolica forest (QF)-Y, H, N, M, O, mixed broad-leaved forest (MF)-Y, H, N, M, O, and mixed coniferous broad-leaved forest (MCF)-Y, H, N, M, O are the young forest, half-mature forest, near-mature forest, mature forest, and over-mature forest of different stand types, respectively.





3.3. The value of supporting services function of different stand types

The total forest area of the reserve is 116,234 ha, and the forest composition is mainly mixed broad-leaved forest and Q. mongolica forest, accounting for 83.1% of the forest area. The forest areas of B. platyphylla forest, J. mandshurica forest, and mixed coniferous broad-leaved forest are similar, which are between 4 and 6%, while the F. mandshurica forest has the smallest area (1.9%). Based on the calculation results of the services function value per unit area of different forest types and age groups, combined with the survey data, the value of forest community provision and support service function in Sanhu Nature Reserve ($⋅y–1) was obtained (Figure 6). The total value of forest ecosystem provision and support services in the reserve is 659.07 million $⋅y–1, and the average value per unit area is 5,670 $⋅ha–1⋅y–1. The value of different service functions are as follows: soil fertilizer retention value (319.30 million $⋅y–1) > forest trees supply value (61.96 million $⋅y–1) > species resources conservation value (134.48 million $⋅y–1) > soil reinforcement value (22.63 million $⋅y–1) > forest nutrient retention value (19.02 million $⋅y–1), and soil fertilizer retention value accounts for the highest proportion, followed by forest trees supply value (24.6%) and species resources conservation value (20.5%) (Figure 7). The proportion of provision and service function value of different stand types is mainly affected by the size of the stand area. The mixed broad-leaved forest has the highest proportion, accounting for 62.9%, followed by the Q. mongolica forest with 19.0%, accounting for 81.9% in total, which are the main body of the reserve’s service function value. The value proportion of J. mandshurica forest was 7.1%, while the values of F. mandshurica forest, B. platyphylla forest, and mixed coniferous broad-leaved forest all accounted for less than 5% with a total of 11.0% (Figure 7). The service value per unit area is between 7,595 and 5,259 $⋅ha–1⋅y–1, which is represented by J. mandshurica forest > mixed broad-leaved forest > F. mandshurica forest > mixed coniferous broad-leaved forest > B. platyphylla forest.
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FIGURE 6
The values of provision and support service functions in Sanhu Reserve. Betula platyphylla forest (BF)-Y, H, N, M, O, Fraxinus mandshurica forest (FF)-Y, H, N, M, O, Juglans mandshurica forest (JF)-Y, H, N, M, O, Quercus mongolica forest (QF)-Y, H, N, M, O, mixed broad-leaved forest (MF)-Y, H, N, M, O, and mixed coniferous broad-leaved forest (MCF)-Y, H, N, M, O are the young forest, half-mature forest, near-mature forest, mature forest, and over-mature forest of different stand types, respectively.
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FIGURE 7
Proportion of the values of different service functions, stand types, and age groups. Stand types include Betula platyphylla forest (BF), Fraxinus mandshurica forest (FF), Juglans mandshurica forest (JF), Quercus mongolica forest (QF), mixed broad-leaved forest (MF), and mixed coniferous broad-leaved forest (MCF).


Among all age groups, the value of provision and supply of near-mature forest is the highest, reaching 272.50 million $⋅y–1, accounting for 42.3% of the total value, followed by mature forest (34.9%). The proportion of half-mature forest is 15.5%, and the proportions of over-mature forest (4.8%) and young forest (2.4%) are relatively small. The service value of the near-mature J. mandshurica forest is the highest (9,607 $⋅ha–1⋅y–1), and the young F. mandshurica forest is the lowest (2,703 $⋅ha–1⋅y–1). Near-mature forest not only occupies the largest area of forest land in the reserve, but also has high supply value and soil fertilizer retention value, which is crucial for the sustainable and stable performance of ecological functions and value growth of nature reserve, followed by mature forest (Figures 6, 7).




4. Discussion

There are noticeable variations in economic utilization, species conservation, nutrient retention, soil stabilization, and fertilizer conservation among different types of trees, shrubs, and herbs. As critical biological resources, forest plants, and their products are now an essential aspect of human life and production. They serve various purposes such as production of wood products, provision of food and medicine, and industrial production (Weckwerth, 2011). The varying vegetation compositions of forest ecosystems in different stand types cause differences in the value of their service functions (Blattert et al., 2017; Uhde et al., 2017). The increase in population and domestic economy has significantly heightened the demand for timber products in recent years (Wenda et al., 1999), Evaluating the provision value of forests across different stands and age groups is crucial for achieving sustainable and efficient usage of trees. In this study, F. mandshurica forest has the highest provision value of forest products per unit area, attributed to a higher volume growth and wood price. Meanwhile, young B. platyphylla forest has the lowest value, primarily due to its low volume growth, and comprising mostly low-priced tree species such as B. platyphylla and P. davidiana. Forest products’ provision values are primarily affected by stock volume, as the B. platyphylla forest, F. mandshurica forest, J. mandshurica forest, and Q. mongolica forest have relatively single species. While the values of mixed broad-leaved forest and mixed coniferous broad-leaved forest are affected not only by the difference in volume growth of age groups, but also by the proportion of tree species due to their complex compositions. Therefore, the forest type is closely linked to the ecological service value (Guan et al., 2022). The growth rate of each tree species at different age stages determined the growth of the forest, and although the DBH growth curves of the 10 primary tree species studied demonstrated that the growth rate gradually declined with an increase in DBH, it remains affected by species-specific factors (Lee et al., 2004; Chen et al., 2020). In this study, all forest types except for J. mandshurica forest showed low annual supply value during the young forest stage, and a significant decline in supply value during the over-mature forest stage. This is mainly because growth volume was relatively high during the half-mature, near-mature, and mature stages, and relatively small in the young stage, with a significant decrease in the over-mature stage (Wang, 2006), which is why half-mature, near-mature, and mature forests have higher supply value. Furthermore, significant differences in the annual volume growth of different stand types were the main reason for the variation in the annual supply value among forest types (Faccoli and Bernardinelli, 2014). Therefore, the growth potential of forest provision values should be comprehensively considered before logging. Overall, to enhance the supply value of forest ecosystems in the study area, decision-makers should focus on the management and operation of F. mandshurica forest during the half-mature to mature stages, followed by the mixed coniferous broad-leaved forest.

Maintaining biodiversity is the basis for ensuring the stability of forest ecosystem functions, and how to quantify the values of these functions is an important issue at home and abroad (Chazdon et al., 2009). Among the species conservation values of different stand types, the value of F. mandshurica forest is the highest, mainly because of its large diversity index, and there are many endangered tree species and precious ancient trees in this stand type. The conservation value of the half-mature Q. mongolica forest was the lowest, which should be attributed to the absolute dominance of Q. mongolica in the community, and the low diversity index (Sang and Bai, 2009). Moreover, with the development of the forest, the species conservation value of B. platyphylla forest, J. mandshurica forest, and mixed broad-leaved forest shows an increasing trend up to the mature and over-mature forest stages, while the Q. mongolica forest maintains continuous growth (He et al., 2016). Overall, to enhance the conservation value of species diversity in the reserve, it is recommended to strengthen the management and operation of F. mandshurica forest and Q. mongolica forest during the over-mature forest stage.

Soil is a crucial component and environmental factor in the forest ecosystem that maintains energy flow and dynamic balance. The forest ecosystem plays a key role in soil reinforcement and fertilizer protection to ensure soil quality (Guo et al., 2001). Among the six main stand types examined in this study, the Q. mongolica forest demonstrated the largest soil bulk density (0.75), with B. platyphylla forest and mixed coniferous broad-leaved forest following closely behind, followed by F. mandshurica forest and mixed broad-leaved forest. J. mandshurica forest had the smallest bulk density. Soil with a small bulk density is looser and conducive to intercepting seepage, storing water, and slowing down runoff scouring. In contrast, soil with higher density is typically more susceptible to erosion (Qian, 1999). Therefore, the Q. mongolica forest has relatively low soil reinforcement value. Moreover, the soil organic matter and nutrient contents of different stand types varied significantly (Gan et al., 2020). The mixed coniferous broad-leaved forest had relatively high organic matter, N and P contents, whereas the Q. mongolica forest had low contents for these parameters. However, the Q. mongolica forest had relatively high K content in the soil (Li et al., 2017). Using the market value method to estimate soil fertility retention value, the results showed that N element had the highest fertility retention value, followed by K and P, while the organic matter had the lowest value. Additionally, the soil fertilizer retention value was higher in J. mandshurica forest and mixed broad-leaved forest, followed by B. platyphylla forest and mixed coniferous broad-leaved forest, and was lower in F. mandshurica forest and Q. mongolica forest, the results of this study are similar to other related research findings in the same Changbai Mountain range (Zhang et al., 2017; Liu et al., 2023). Although there was no significant temporal change in the soil conservation value in this study, forests during the half-mature to mature stages, especially the J. mandshurica forest, exhibited higher soil conservation value, making it the primary management and operational target for improving soil conservation value in the reserve.

In addition, the conservation of nutrient elements by forest trees is also one of the important service functions of forest ecosystems (Fan et al., 2015). Organ biomass is an important basis for estimating the level of tree nutrient content, and due to the differences in the growth rate of different tree species, the current study used the allometric growth equation of various tree species to calculate the organ biomass (Wang, 2006), and based on the weight of the organ biomass of trees with a DBH of 5–100 cm and the organ nutrient content of each tree species, the N, P, and K nutrient elements content (%) of individual trees were calculated (Fan, 2014). There are obvious differences in the nutrient content of different tree species (Eriksson and Rosen, 1994), and there are also significant differences in nutrient contents of different organs of trees (Deng et al., 2019), in the current study, the N and K content of each organ is the highest in leaves, followed by branches, and relatively small in stems and roots, so the difference in forest biomass and organ nutrient content directly determines the N, P, and K nutrient retention capacity of trees. And as the basic element of protein, compared with P and K, N has the highest average content in individuals of different tree species (Liu and Wang, 2018), so the tree nutrient value of N element per unit area of different stand types and age groups is the highest, followed by P and K. As the forest age increases, the overall annual nutrient retention value of the forest shows a trend of first increasing and then significantly decreasing when it reaches the over-mature forest stage. In particular, the near-mature and mature F. mandshurica forests and B. platyphylla forests should be the primary management targets for enhancing the nutrient retention value of forestry in the reserve.

The average value of provision and support service functions per unit area of forest ecosystem in Sanhu Nature Reserve is 5,670 $⋅ha–1⋅y–1, which is higher than the average value per unit area of reserves in China and the world (Taye et al., 2021; Kang et al., 2022), but it is significantly lower than the Shennongjia Nature Reserve (14,896 $⋅ha–1⋅y–1) (Wu, 2018), which has very rich biological resources. Affected by tree species composition, ecosystem structure, distribution area, etc., the unit area value of different reserves presents significant differences in terms of forest supply, species conservation, nutrient fixation, and soil conservation (Uddin et al., 2013; Bai et al., 2019; Wang, 2022). Compared with the Ailao Mountain Reserve in Yunnan, the supply value of timber per unit in the Sanhu Reserve is relatively small, because there are more precious wood species in the Ailao Mountain Reserve (Tang, 2021). From the perspective of the entire reserve, the near-mature and mature forests have high provision and support service values, especially the mixed broad-leaved forest. The per unit area service values of J. mandshurica forest and mixed broad-leaved forest are relatively high. Therefore, in Jilin Songhuajiang Sanhu National Nature Reserve, management and operation should focus on near-mature and mature mixed broad-leaved forests in order to maintain and enhance the supply and support service values of the forest ecosystem. Additionally, the service functions of Q. mongolica forest and J. mandshurica forest should be gradually improved.



5. Conclusion

There are significant differences in the provision and support service values of forests with different types and ages. The near-mature F. mandshurica forest has a high provision value, with the value peak appearing mainly in the half-mature and mature forest stages. The over-mature F. mandshurica forest and mature Q. mongolica forest both show high species conservation value. Moreover, with the development of the forest, the species conservation value of B. platyphylla forest, J. mandshurica forest, and mixed broad-leaved forest shows an increasing trend up to the mature and over-mature forest stages, while the Q. mongolica forest maintains continuous growth. In terms of nutrient retention value, mature B. platyphylla forest has a significant advantage, and near-mature and mature forests have high nutrient retention capacity. The near-mature J. mandshurica forest has a high soil conservation value, with overall high soil conservation value observed from the half-mature to mature forest stages. From the perspective of the entire research area, the soil fertilizer conservation value is the highest, followed by the forest trees supply value and species conservation value, and the mixed broad-leaved forest and Q. mongolica forest are the main body of the reserve’s provision and support service functions. In addition, near-mature and mature forests in the reserve are the main contributors to the service function value, especially the mixed broad-leaved forest in the reserve. It is of great practical significance to specifically protect and manage forest types with high service value in different forest development stages for promoting the sustainable development of regional forest resources.
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The objective of this study was to investigate the impact of forest fires on tree diversity and their regeneration in three fire-prone forests of Uttarakhand, India. We used Landsat 5, 7, and 8 satellite imagery to prepare fire frequency maps and the study area was divided into four fire frequency classes. Ten plots were marked in each fire frequency class to assess diversity and regeneration pattern of tree species. A total of 14 tree species belonging to 14 genera and 13 families were sampled during the study period. We found that tree species diversity was higher in areas with low fire frequencies in comparison to the areas with no fire frequency class. We also observed that regeneration of tree species varied significantly across all fire frequency classes and forest types, with increasing dominance of certain fire-tolerant species in areas with frequent fires. Of the 33,678 individuals (tree, sapling, and seedling) recorded in all the fire frequency classes, 12,630 were in Sal Forest, 8,033 were in Chir-pine Forest, and 13,015 were in Mixed Forest. The study suggests that if forest fire incidences continue at current levels, the forests could experience a decline in tree diversity. Although forest fire is a natural occurrence in many ecosystems, the increasing frequency and intensity of fires due to human activities such as land-use change and climate change have disrupted the natural fire regime.
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Introduction

Forest fire is a natural ecological disturbance agent that can have diverse effects on ecosystem composition, structure, and function at both the landscape and regional scale (Whelan, 1995; Keane et al., 2002; Negi, 2019; Bargali et al., 2022a). However, anthropogenic activities such as dependency on non-timber forest product and agricultural area expansion are among the primary causes of forest fires, which negatively impact species diversity, nutrient dynamics, and regeneration potential, and also emit greenhouse gases that contribute to global climate warming (Amiro, 2001; Murthy et al., 2006; Bhandari et al., 2012; Chaturvedi et al., 2017; Ray et al., 2019). In the Western Himalayan state of Uttarakhand, India, forest fire is a major issue especially during the dry season and adversely impacts forest ecosystems (Rikhari and Palni, 1999; Babu et al., 2016; Bargali et al., 2020). Long-term impacts of forest fire correspond to both the frequency and seasonality of the fire incidences; however, certain species exhibit adaptations to fire such as thick bark and altered germination timing for post-fire re-establishment of forest ecosystems (Khan and Tripathi, 1989; Bargali, 2018; Fule et al., 2021). Fire frequencies known to affect the density of seedlings and saplings of certain species, as lower densities were observed in high fire frequency zones (Hutchinson et al., 2012; Jhariya et al., 2012). Changes in vegetation structure and successional patterns due to fires can promote the expansion of fire-tolerant tree, grass, and shrub species and replace normal species regeneration patterns (Furley et al., 2008; Ryan and Williams, 2011; Syaufina and Ainuddin, 2011; Negi, 2019). However, studies on the post-fire regeneration of woody species in Himalaya are lacking (Negi, 2019). To address this knowledge gap, the present study aims to (1) analyze forest fire frequency patterns using satellite imagery, (2) examine how tree species diversity responds to fires, and (3) assess how the regeneration of woody species co-occurs with fire frequency classes in the three major fire-prone forests of Uttarakhand, Western Himalaya, India. Quantifying post-fire changes in regeneration and tree diversity in the fire-prone forests of Uttarakhand would be helpful for ecological assessment, sustainable forest management, and forest planning.



Materials and methods


Study site

Uttarakhand is a region located in the Western Himalaya of northern India, spanning from 28°43′N to 31°27′N and 77°34′ to 81°02′ E. It serves as a transitional zone between the Tibetan Plateau in the north, the Upper Gangetic Plains in the south, and the East Himalayan provinces in the western. The region is categorized into three zones: the Himalaya, the Shiwalik, and the Terai area, and has a climate ranging from subtropical to alpine (FSI, 2007). It experiences an annual rainfall of 92.31 mm1 and a mean annual temperature (MAT) of 13.12–29.27°C (Negi, 2019). Uttarakhand boasts of 45.6% forest cover, including nine forest categories, such as tropical moist deciduous forests, tropical dry deciduous forests, sub-tropical pine forests, Himalayan moist temperate forests, Himalayan dry temperate forests, sub-alpine forests, moist alpine scrub, dry alpine scrub, and tree outside forests Bargali et al. (2022b). The state has a protected area network of six national parks, seven wildlife sanctuaries, and four conservation reserves, covering 7376.33 km2 (13.79%) of the state’s total geographic area (National Wildlife Database Cell). Uttarakhand reported 21,487 forest fire incidence out of the 345,989 incidence in India from November 2020 to June 2021 (Uttarakhand Forest Department). These fires occur annually between November and May due to natural and anthropogenic reasons, such as the accumulation of inflammable materials like dry leaves, twigs, and pine needles (Bahuguna and Upadhyay, 2002; Babu et al., 2016). The purpose of this study was to examine the effect of forest fire frequency on tree diversity and regeneration in three fire-prone forests in Uttarakhand Himalaya: Sal forests (Shorea robusta Gaertn.) at Motichur, Haridwar district; Chir-pine forests (Pinus roxburghii Sarg.) at Mauna Forest, Nainital district; and mixed forests of Banj-oak (Quercus leucotrichophora A.Camus) and Chir-pine (P. roxburghii) at Dhaulchina, Almora district. These selected forest types were identified based on their predominant occurrence and widely acknowledged significance in shaping ecosystem functioning. Previous studies have provided evidence of their substantial impact on diverse ecological factors, but limited to species richness, biodiversity, structural patterns, phenological dynamics, tree composition, allocation of biomass, primary productivity, nutrient cycling, accumulation of organic matter, and rates of decomposition (Joshi et al., 2022).



Fire frequency mapping

Forest fire frequency maps were developed for Uttarakhand state using Landsat 5, 7, and 8 satellite images spanning a period of 10 years (2011–2020) (Table 1).


TABLE 1    Date/Season of the data used for forest fire mapping.

[image: Table 1]

The MODIS hotspot data or active fire data (MOD14) from the official website of the Fire Information for Resource Management System (FIRMS) of NASA were downloaded and merged with the shapefile data of fire points. Satellite images of each selected sites were extracted, geo-corrected, and classified into four frequency classes (i.e., no fire, low fire, moderate fire, and high fire frequency classes) (Figure 1).


[image: image]

FIGURE 1
Systematic diagram showing the methodology adapted for fire frequency mapping (Bargali et al., 2017).


Supervised classification was employed to classify the extracted and geo-corrected satellite images of selected study sites (i.e., Sal Forest, Pine Forest, and Mixed Forest) (Table 2).


TABLE 2    District wise area (Sq. km.) in each fire frequency classes.

[image: Table 2]

A fishnet was created using the data management tool in ArcMap software, and the fire points and raster were spatially joined to generate the fire frequency map. A total of 16,206 fire points were recorded and further categorized into four fire frequency classes for the entire state. To exclude fire points that fall on settlements, we overlaid the settlement layer on top of the fire point layer. This ensured that only fire points within forest regions were used in our analysis. The fire frequency further classified into four frequency classes, namely, no fire, low fire, moderate fire, and high fire frequency class as depicted in Figure 2. To avoid bias, in each fire frequency class, we have selected 1 ha area for each forest types (Table 3).


[image: image]

FIGURE 2
Fire frequency map, sampling points, and selected forest types in the studied sites.



TABLE 3    Description of selected fire frequency classes, plot studied, burned area, species diversity and stem density test types in the studied sites.
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Validation of fire frequency by forest fringe community

The fire frequency classes (namely, no fire, low fire, moderate fire, and high fire areas) were verified through consultation with the resident communities adjoining to the study sites. Once the validation of fire frequency classes was completed in each forest type, the demarcation of long-term study plots was made. The selection process includes the identification of three distinct forest types, and delineation of four fire frequency within each forest. Consequently, we identified a total of twelve study sites, located in different forest type with assigned specific fire frequency class. Our approach was to capture a broad range of fire frequency regimes across three major forest types, ensuring a comprehensive understanding of the relationship between fire and vegetation dynamics.



Field data sampling

Over a period of 2 years (2019–2020), a field study was conducted to collect floristic data from 12 plots (each 1 hectare in size) in selected forests that had undergone significant forest cover loss due to forest fires. Forests were stratified into three types: Sal Forest (SF), Chir-pine forest (C-PF), and Mixed Forest (MF), and selected for quantitative assessment. Stratified random sampling was used to sample plots within each forest type and fire frequency (Bargali et al., 2022a). In total, 120 plots were marked, covering a total area of 12 hectares, with 40 plots in each forest type, equally distributed among three forest types. Within each plot, all living woody trees with >3 cm diameter at breast height were measured and identified. Voucher specimens were collected for unidentified individuals in the field. The identification process involved using checklists of Uttarakhand, the flora of Uttarakhand, and relevant literature (Osmaston, 1927; Polunin and Stainton, 1984; Pant, 1986). Field vegetation data were gathered in September and October 2020, and GPS (Oregon 700, Garmin) was used to map field sampling points. Collar diameter, girth at breast height, and plant height were measured for all woody plants (>1 cm DBH) inside the plots. Additionally, two 5 × 5 m subplots were laid on two corners of the plot to enumerate seedlings and saplings. Individuals with >30 cm CBH were defined as trees, however, individuals with CBH >10 and <30 cm were considered as sapling and individuals having CBH < 10 cm were considered as seedlings.



Data analysis

In the present study total number of species across all fire frequency classes was calculated for three growth forms (seedlings, saplings, and trees). Stem density was determined for each growth form in each class, and one-way ANOVA was used to identify significant differences in these factors among the frequency classes. The diversity index of trees was evaluated using the Shannon-Wiener index (H’) (Shannon and Wiener, 1963). The study results were presented in terms of stem density and the number of species for all growth forms per fire frequency class. Statistical analyses were conducted using the ORIGIN 2023 software.




Results


Fire points under different fire frequency classes

As per the data collected on fire incidents under various fire frequency classes, there was a consistent reduction in the area affected by fires as the frequency of fires increased (Figure 2).

Over the 10 years period from 2011 to 2020, only 115 points (0.71% area) fell into the high fire frequency class (HF), 738 points (4.51% area) fell into the low fire frequency class (LF), 2,979 points (18.21% area) fell into the moderate fire frequency class (MF), and 12,524 points (76.57% area) fell into the no fire frequency class (NF) (Figure 2).



Species abundance and diversity

The study analyzed stem density, species diversity, and Shannon-Wiener values across three forest types: Sal Forest, Chir-Pine Forest, and Mixed Forest. A total of 7,468 stems from 36 tree species belonging to 29 genera and 26 families were observed. Stem density varied across forest types and growth stages, with SF having a density range of 485 to 655 stems ha–1 during tree growth, 430 to 880 stems per hectare as saplings, and 1,400 to 2,330 stems per hectare as seedlings. Species diversity was also found to vary by fire class, with SF having the highest diversity, and MiF the lowest. We calculated the Shannon-Wiener (H’) values for each forest type and found that they were recorded between 1.54 to 1.93 for SF, 1.21 to 1.34 for C-PF, and 0.16 to 0.26 for MiF (Figure 3). Finally, stem diameter distribution showed a reverse J-shaped curve in all fire classes, with lower DBH stems being more prevalent and decreasing with increasing fire frequency (Figure 4).


[image: image]

FIGURE 3
Shannon-Weiner index (H’) for all the selected forest types and their fire frequency classes.



[image: image]

FIGURE 4
Stem diameter class distribution in all the frequency classes of selected forest types.




Tree species regeneration

The analysis of the tree data revealed a statistically significant (p-value = 0.0003, R2 = 0.890) relationship between the number of tree species and fire frequency classes in studied forests (Figures 5A–D). The results suggest that fire frequency has a highly significant (p ≤ 0.001) impact on tree species diversity in these forests. Specifically, the number of tree species is low in forests with HF frequency compared to NF or LF frequency.


[image: image]

FIGURE 5
Relationship of forest fire frequency classes with (A) number of tree species, (B) number of sapling species, (C) number of seedling species, and (D) total number of species (tree + sapling + seedling).


The analysis of the sapling data shows that there is a significant (p-value = 0.042, R2 = 0.852) relationship between the number of sapling species and fire frequency in studied forests (Figure 5B). Overall, the data suggests that fire frequency has a significantly positive (p ≤ 0.05) impact on the number of sapling species in the three forest types. However, fire frequency has shown a non-significant impact on the numbers of seedling species in these forest types.



Sal Forest

The stem density in Sal Forest in different girth classes was compared between the four fire frequency classes: NF, LF, MF, and HF (Figure 4). In the 1–10 cm girth class, the highest stem density was recorded in the LF class (2,330 individuals ha–1), followed by NF (2,120 individuals ha–1), MF (1,810 individuals ha–1), and HF (1,400 individuals ha–1). Similarly, in the 11–30 cm girth class, the highest stem density was recorded in the LF class (880 individuals ha–1), followed by NF (780 individuals ha–1), MF (560 individuals ha–1), and HF (430 individuals ha–1). In the 31–60 cm girth class, the highest stem density was recorded in the NF class (180 individuals ha–1), followed by LF (200 individuals ha–1), MF (170 individuals ha–1), and HF (145 individuals ha–1). In the 61–90 cm girth class, the highest stem density was recorded in the NF class (150 individuals ha–1), followed by LF (140 individuals ha–1), MF (120 individuals ha–1), and HF (90 individuals ha–1). In the 91–120 cm girth class, the highest stem density was recorded in the NF class (120 individuals ha–1), followed by LF (125 individuals ha–1), MF (130 individuals ha–1), and HF (85 individuals ha–1). In the 121–150 cm girth class, the highest stem density was recorded in the NF class (70 individuals ha–1), followed by LF (65 individuals ha–1), MF (70 individuals ha–1), and HF (55 individuals ha–1). In the 151–180 cm girth class, the highest stem density was recorded in the NF class (60 individuals ha–1), followed by MF (50 individuals ha–), LF (70 individuals ha–1), and HF (40 individuals ha–1). In the 180–210 cm girth class, the highest stem density was recorded in the NF class (30 individuals ha–1), followed by LF (35 individuals ha–1), MF (20 individuals ha–1), and HF (20 individuals ha–1). Finally, in the >210 cm girth class, the highest stem density was recorded in the NF class (10 individuals ha–1), followed by LF (20 individuals ha–1), and no stems were recorded in the MF and HF classes. In all fire frequency categories, the density of trees decreases as the girth classes increase S. robusta is the most abundant species in all four fire frequency classes, followed by M. philippensis, S. cumini, B. monosperma, and A. marmelos. The abundance of S. robusta is highest in the LF and NF classes, and lowest in the HF class. Conversely, the abundance of M. philippensis and S. cumini is highest in the HF class. B. monosperma shows the highest abundance in the MF class, while A. marmelos has the highest abundance in the LF class. In the sapling category, S. robusta is again the most abundant species in all four fire frequency classes. However, the abundance of other species differs from the tree category. M. philippensis is the second most abundant species, followed by E. laevis, S. oleosa, and C. fistula. The abundance of S. robusta and M. philippensis is highest in the NF and LF classes, and lowest in the MF and HF classes. E. laevis and S. oleosa show the highest abundance in the LF and MF classes, respectively. C. fistula is only present in significant numbers in the LF class. In the seedling category, S. robusta is again the most abundant species in all four fire frequency classes, followed by M. philippensis, E. laevis, and Schleichera oleosa. The abundance of S. robusta is highest in the NF class and decreases with increasing fire frequency. M. philippensis shows the highest abundance in the NF and LF classes and is absent in the MF and HF classes. E. laevis shows the highest abundance in the NF and LF classes, while S. oleosa is only present in significant numbers in the NF class. The results suggest that S. robusta in the Sal forest is the most abundant species across all three growth stages (tree, sapling, and seedling) and all four fire frequency classes (Table 4).


TABLE 4    Abundance of tree species at different growth stages (tree, sapling, and seedling) across all fire frequency classes.
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Chir-pine forest

In the Pine Forest, the highest densities across all girth classes were observed in the LF frequency class, followed by NF, MF, and HF frequency classes, respectively. In the 1–10 cm girth class, the stem density was highest in the LF (Figure 4) frequency class with 480 individuals ha–1, followed by the NF frequency class with 430 individuals ha–1. The stem density was lowest in the HF frequency class with 220 individuals ha–1, followed by the MF frequency class with 320 individuals ha–1. In the 11–30 cm girth class, the stem density was highest in the LF frequency class with 660 individuals ha–1, followed by the NF frequency class with 480 individuals ha–1. The stem density was lowest in the HF frequency class with 320 individuals ha–1, followed by the MF frequency class with 420 individuals ha–1. In the 31–60 cm girth class, the stem density was highest in the MF frequency class with 180 individuals ha–1, followed by the NF frequency class with 170 individuals ha–1. The stem density was lowest in the HF frequency class with 90 individuals ha–1. In the 61–90 cm girth class, the stem density was highest in the LF frequency class with 180 individuals ha–1, followed by the MF frequency class with 140 individuals ha–1. The stem density was lowest in the HF frequency class with 130 individuals ha–1. In the 91–120 cm girth class, the stem density was highest in the LF frequency class with 160 Individuals ha–1, followed by the MF frequency class with 160 individuals ha–1. The stem density was lowest in the HF frequency class with 150 individuals ha–1. In the 121–150 cm girth class, the stem density was highest in the LF frequency class with 140 individuals ha–1, followed by the MF frequency class with 130 individuals ha–1. The stem density was lowest in the HF frequency class with 110 individuals ha–1. In the 151–180 cm girth class, the stem density was highest in the NF frequency class with 87 individuals ha–1, followed by the LF frequency class with 70 individuals ha–1. The stem density was lowest in the HF frequency class with 60 individuals ha–1. In the 180–210 cm girth class, the stem density was highest in the NF frequency class with 50 individuals ha–1, followed by the LF frequency class with 30 individuals ha–1. The stem density was lowest in the MF and HF frequency classes with 20 individuals ha–1. In the >210 cm girth class, the stem density was highest in the NF frequency class with 30 individuals ha–1, followed by the LF frequency class with 20 individuals ha–1. The stem density was lowest in the MF and HF frequency classes with 20 and 10 individuals ha–1, respectively. P. roxburghii is highly fire-resistant, with 73.68% of trees surviving a NF scenario, 46.18% surviving in LF, 16.12% in MF, and 10.26% in HF. M. esculenta, on the other hand, is less fire-resistant, with only 26.31% of trees surviving a no-fire scenario, 28.12% in LF, 14.13% in MF, and 10.16% in HF. P. roxburghii saplings showing more fire resistance than M. esculenta saplings. Additionally, P. pashia is listed as a sapling that is highly resistant to LF but has no saplings recorded on MF and HF classes. L. ovalifolia is recorded as a seedling that is moderately fire-resistant, with 24.69% in NF scenario, 14.14% in LF and10.18% in MF, and no seedlings recorded on HF frequency class.



Mixed Forest

In the tree layer the P. roxburghii can withstand a high percentage of low frequency fires (NF and LF), but is less tolerant to moderate and high frequency fires (MF and HF). M. esculenta, on the other hand, has lower tolerance to low frequency fires but can withstand moderate and high frequency fires to a greater extent (Figure 4). In the sapling category, P. roxburghii has a similar trend as in the tree category, showing higher tolerance to low frequency fires and lower tolerance to moderate and high frequency fires. M. esculenta has a higher tolerance to all fire frequencies in the sapling category compared to the tree category. Q. leucotrichophora has a moderate tolerance to all fire intensities in the sapling category. In the seedling category, P. roxburghii has the highest tolerance to all fire frequencies, but R. arboreum and L. ovalifolia show relatively lower tolerance to moderate and high frequency fires. M. esculenta and Q. leucotrichophora have moderate tolerance to all fire frequencies in the seedling category.




Discussion

The effect of fire frequency on tree density also varies across forest types. In SF, the tree density decreases with an increase in fire frequency, while in PF, the effect of fire frequency on tree density is less pronounced. In MiF, the tree density also decreases with an increase in fire frequency, but the effect is less severe compared to SF. In the present study, significant differences in species diversity were observed in the selected forest types of Uttarakhand. While species diversity increased in the LF frequency. For the SF, the highest tree diversity is observed in the no fire and low fire classes. The tree diversity decreases with increasing fire frequency, and the lowest tree diversity is observed in the high fire frequency class. For the PF, the tree diversity is the same across all fire frequency classes. For the MF, the highest tree diversity is observed in the no fire and low fire classes and the tree diversity decreases with increasing fire frequency. The lowest tree diversity is observed in the high fire class. Our results show that species richness and stand density decreased in high fire frequency class which could be due to the result of the poor regeneration processes that decrease species diversity in higher fire frequency classes. Our results support similar findings reported by Negi (2019), Bisht et al. (2020), Joshi et al. (2022), Bargali et al. (2022a) in different forests of Uttarakhand. Our results also support similar findings reported in the tropical dry deciduous forest of Chhattisgarh (Jhariya et al., 2012), in Mudumalai Tiger Reserve (Kodandapani et al., 2008; Verma and Jayakumar, 2015), and Sathyamangalam Tiger Reserve (Sathya and Jayakumar, 2017). Decreased species richness was also reported by Saha (2002), Saha and Howe (2003) in the dry deciduous forest of Central India. Our results also suggest that the low fire frequency could be beneficial for the regeneration of tree species. This result is concurrent with other experimental studies by Saha and Howe (2003) in the dry deciduous forest of Central India and in the Central Himalayan regions (Pande et al., 2014). According to Kodandapani (2001), mid-frequency fires enhance greater regeneration of seedlings due to the release of chemicals and nutrients locked up in old herbages as well as increasing light intensity, thus allowing rapid seed growth and low mortality rates once they successfully cross from the seedling stage to the sapling stage. Expanded soil supplement and the removal of seed dormancy could also explain the findings regarding the germination of specific tree species (Goldammer, 1988; Saha, 2002).

The density of trees varies across the forest types. SF has the highest tree density followed by PF and MF. The results showed that the highest sapling density values are found in the NF and LF, and lowest in HF frequency class for all three types of forests (Sal, Chir-Pine, and Mixed). This suggests that the absence or low fire are generally beneficial for regeneration of sapling of tree species. Conversely, the lowest sapling density values are generally found in the “High fire” frequency class for all three types of forests. This suggests that high fire frequency has a negative impact on sapling growth. In terms of the moderate fire frequency classes, the results are somewhat variable. For the SF, sapling density is highest in the LF frequency class and lowest in the MF frequency class. For the C-PF, sapling density is highest in the MF frequency class and lowest in the LF frequency class. For the MF forest, sapling density is highest in the LF frequency class and lowest in the MF frequency class. Overall, it appears that sapling density is generally highest in the NF frequency class and lowest in the HF frequency class, with variable responses to LF and MF frequencies depending on the forest type. The benefits of moderate or low disturbance for species regeneration have also been reported by Khan et al. (1987) and Maram and Khan (1998). This is in contrast to studies by Gould et al. (2002), Mondal and Sukumar (2014) in Mudumalai Tiger Reserve which found increasing numbers of seedlings and saplings in a single-burnt class compared to the control class. Jhariya et al. (2012) reported that seedlings follow a similar trend in all fire frequency classes.



Conclusion

Our study highlights the varying effects of forest fires on tree species recovery in the Sal, Chir-Pine, and Mixed forests of Uttarakhand, Western Himalaya, India. It was observed that low fire event did not have a significant positive impact on the regeneration of species. Our findings suggest that low fire frequency inhibited the regeneration of seedling densities but increased species richness and tree density. On the other hand, high fire frequencies also hinder the growth of regenerating seedlings. Therefore, the recovery of tree species is impacted by all fire frequencies, whether high or low. Across all fire frequency classes, except for low fire frequency, there was less diversity than the control and an increasing dominance of certain fire-tolerant species with increasing fire frequency. In the Sal Forest, S. robusta is most abundant in the no fire frequency class but declines with increasing fire frequency. Mallotus philippensis is highly abundant in the no fire and low fire frequency classes but not recorded in the moderate fire and high fire classes. In the Pine Forest, low fire frequency class exhibits the highest density across all girth classes, followed by no, moderate, and high fire frequency classes. P. roxburghii shows high fire resistance, with survival rates of 73.68% (NF), 46.18% (LF), 16.12% (MF), and 10.26% (HF). Pyrus pashia shows high resistance as a sapling to low fire but no presence as saplings in the moderate and high fire frequency classes. In the Mixed Forest, M. esculenta exhibits greater tolerance to all fire frequencies as saplings compared to trees, while Q. leucotrichophora showed moderate tolerance as saplings. In the seedling category, P. roxburghii shows the highest tolerance to all fire frequencies, while R. arboreum and L. ovalifolia show relatively lower tolerance to moderate and high-frequency fires. M. esculenta and Q. leucotrichophora exhibit moderate tolerance to all fire frequencies as seedlings. Our study concludes that all fire frequency classes have significant impact on the regeneration of tree species, with low fire frequency being beneficial. The healthy regeneration of species is essential for maintaining plant species diversity and density in any ecosystem. This study provides a valuable baseline dataset for future in-depth studies related to forest fires, and further research is needed to explore the different ecological aspects and effects of fire on forest vegetation in Uttarakhand, Western Himalaya.
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Deforestation is a global issue; however, each deforestation phenomenon occurs within its own local context. Elucidating this context in detail is important to prevent deforestation and maintain sustainable ecosystem management. In this study, we analyzed the land cover changes, forest characteristics, and modeled the forest decline over the last two decades to reveal the pattern and affecting factors of deforestation in the Honam-Jeongmaek mountain range. Forests less than 50-years-old dominate the study area, indicating they were mainly regenerated after the 1970s. Reforestation policies such as planting trees have helped forest regeneration. In the study region, as deforestation occurred, agricultural and residential areas decreased, and barren and grassland increased. We applied the Weibull regression model to determine forest survivorship and covariates. The deforestation risks are significantly different among regions; protected areas lose less forest than non-protected areas but the losses in protected areas were also significant, with approximately 5% from 2000 to 2020. Areas of higher elevation and steep slopes experience less deforestation, whereas areas closer to the mountain ridge are at greater risk. With survival analysis, it is possible to assess the risk of deforestation quantitatively and predict long-term survival of forests. The findings and methods of this study could contribute to better forest management and policymaking.

KEYWORDS
 mountain range, deforestation, survival analysis, Weibull regression, land cover change


1. Introduction

Deforestation has been a global issue for decades (Morton et al., 2006; Hosonuma et al., 2012; Yao et al., 2014; Barlow et al., 2016; Sandker et al., 2017). According to the Food and Agriculture Organization (FAO), the world had lost 178 million ha of forest since 1990, with a net loss rate of 4.7 million ha per year between 2010 and 2020 (FAO, 2020). The major causes of deforestation include, industrial agriculture, increasing cattle numbers, timber logging, mining, city expansion and infrastructure, forest fires, paper production, and climate change (Adams et al., 2012; Mon et al., 2012; López-Carr, 2021). Although deforestation is a global phenomenon, the specific patterns in which it occurs and its impact on socio-ecological relationships may vary by local context.

Forests in the Korean peninsula experienced severe depletion during the Korean war, but reforestation has been conducted since the 1960s in South Korea (Kim and Zsuffa, 1994; Park and Lee, 2014; Allison, 2016; Choi et al., 2019). The tree growing stocks increased from 9.6 m3/ha in 1960 to 126.6 6 m3/ha in 2010. From 1953 to 2010, forest area in South Korea almost doubled, with a 13-fold increase in the density of trees (Buckingham and Hanson, 2015). Despite a very successful forest regeneration campaign, deforestation continued in some areas and the issue has been receiving more attention. The forest area in South Korea has decreased from 6,551,000 ha in 1990 to 6,287,000 ha in 2020 (FAO, 2020). The overall decreasing ratio is relatively low (4% of forest in 1990), but this ratio varies in different regions (Global Forest Watch, 2021).

Most of the natural forests in Korea are located in mountains; thus, owing to the lack of accessibility, mountain forests are less affected by anthropogenic activities and have continued to grow after regeneration. Mountain forests are an important ecosystem component that plays a key role as a refuge for vulnerable species (Chung et al., 2016, 2018) and an ecological corridor connecting various ecosystems (Choi, 2004; Cho et al., 2008; Hayes, 2010; Chung et al., 2016, 2018). The network of mountain ridgelines has been traditionally conceptualized in Korea and are called “Daegan” and “Jeongmack” (Choi, 2004). The traditional concept of “mountains do not cross water and water does not go over mountains,” has been passed down over hundreds of years and is widely accepted as an important geographic idea. The traditional geographic concept, which is aware of the importance of ridge networks, is similar to the modern concept of watersheds. Of note, the traditional concept emphasizes the continuity rather than the divide of watersheds. The mountain network of the Korea peninsular was composed of one main ridgeline, Daegan, Baekdu–Daegan, and several Jeongmacks. The concept has been adapted to the management of mountain ranges. The Baekdu–Daegan is the longest and highest mountain ridgeline range and is protected by a legislative act. Whereas Jeongmacks, a subsidiary of Beakdu–Daegan mountain ranges, are not well protected despite their importance to ecosystem functionality and socio-ecological linkage (Jang et al., 2008; Choi et al., 2014). Owing to the lack of protection laws, the forests on the Jeongmack mountain range are undergoing deforestation, especially around the villages near the ridgeline.

Deforestation monitoring is usually performed using remote sensing imagery (Greenberg et al., 2005; Songer et al., 2008; Sandker et al., 2017; Hadi et al., 2018). In a deforestation analysis study, it is common to create land cover/land use (LULC) maps using satellite images and compare the forest area of the LULC maps in two or more specific times (Sandker et al., 2017; Hadi et al., 2018). This approach quantifies the overall change in forest area; however, it has limitations in analyzing the trend of forest decline and predicting future decline (the time taken for a forest area to be reduced to a certain level).

The factors affecting deforestation have been analyzed using different models, including regression (Rosa et al., 2013; Pir Bavaghar, 2016), machine learning (Mayfield et al., 2020; Larrea-GallegosIan and Vázquez-Rowe, 2021), and survival analysis models (Vance and Geoghegan, 2002; Greenberg et al., 2005). Greenberg et al. (2005) used survival analysis to determine decreases in rainforest area; by using this method, it was not only possible to identify the factors affecting the deforestation rate but also quantify the accelerating deforestation rate. Vance and Geoghenan (2002) applied survival analysis to identify the factors that influence deforestation probability. Although survival analysis is recognized as a promising method to model and predict land cover change (An and Brown, 2008; Wang et al., 2013), it has not been frequently applied in deforestation research.

To date, studies on the temporal pattern of deforestation in South Korea are scarce. Research has mainly focused on the deforestation quantity and its spatial distribution (Jang et al., 2008; Yu et al., 2016). To help ecosystem management, answers to the following questions are essential: (1) how much forest area has been destroyed and how has the rate of deforestation changed over time? and (2) what factors affect deforestation? We believe that survival analysis is a useful statistical method to answer these questions. It models both the overall quantity and pattern change of deforestation over time. This study examined deforestation patterns and trends of the Honam–Jeongamaek mountain forest, which has long been the background of socio–ecological interactions.



2. Methods


2.1. Study area

The study area is the north part of Honam–Jeongmack mountain range, located in the southwestern part of the Korean peninsula (35° 36′ N, 128° 06′ E; Figure 1). One end of the mountain range is connected to the Baekdu–Daegan mountain range, the core ecological axis of the Korean Peninsula, and the other to the Naejangsan national park. The average temperature normals are 10.7 ~ 13.3 and precipitation total normals are 1329.8 ~ 1486.0 mm (Supplementary Table 1). The elevation range of the ridge line is between 166 meters and 1,230 meters above sea level. Among the broadleaf forests, oak forests are the most widespread, and among the coniferous forests, pine forests are the most widespread.

[image: Figure 1]

FIGURE 1
 The ridgeline of Honam-Jeongmaek mountain range (red line) with elevation profile, and the Baekdu-Daegan protection area (orange area). Image data: Google.


The administrative boundaries of the mountain villages roughly coincide with the 3 km buffer zone on the ridge; therefore, the 3 km buffer zone area was analyzed. The mountain range spans six municipalities. The study area can be divided into three regions according to regional characteristics. The west region of the mountain range (Wangju-gun and Jeongup-si) is connected to a wide range of farmland. This region is also under pressure for development as a large city (Jeonju-si, with a population of 657,432). The northeast region (Jinan-gun and Jangsu-gun) is a typical mountainous area with high elevation. The southeast region is a mixture of mountainous and agricultural areas (Imsil-gun, Sunchang-gun, and Jeongeup-si) and the elevation of the mountain is relatively low compared to the northeast region. Jeongup-si encompasses two regions: the west and southeast regions divided by the ridgeline (Figure 1). Over the past 20 years, Wanju-gun and Jeongup-si have seen an increase in population, while other municipalities have seen a decrease (Supplementary Table 2).



2.2. Data

Global forest change (GFC) data (Hansen et al., 2013) was used for survival analysis because it provides deforestation information. The dataset provides global tree (taller than 5 m in height) cover in 2000, and indications of deforestation from 2000 to 2020 on an annual basis. For this study, the vegetated areas in GFC data are regarded as forests. The data was produced based on the multi-temporal Landsat imagery with a spatial resolution of 30 m. In the GFC data, forest loss was defined as a complete removal of canopy tree cover; forest degradation, such as selective removals, was not characterized as a change (Hansen et al., 2013).

Although GFC data can provide an approximation of forest loss (Galiatsatos et al., 2020), the uncertainties exist in the dataset (Galiatsatos et al., 2020; Shimizu et al., 2020). In addition to modeling long-term deforestation trends based on GFC data, we used quality-controlled land cover maps for detailed quantitative analysis of land cover change and forest type maps to characterize forests.

Land cover (LC) and forest type (FT) maps were used to identify the characteristics of the forest area. The LC maps are produced and distributed by the Ministry of Environment, South Korea. There are three different levels of LC types: level 1 consists of six LC types, namely, used (built-up) area, agricultural land, forest, grassland, wet land, barren, and water. Level 2 and 3 LC types provide more detailed classifications of land cover. Level 2 and 3 maps were used for analysis (Table 1), which have 22 and 41 LC types, respectively. For consistency, the level 2 LC classification (Supplementary Table 3) was used in the analysis. There are three forest types: broadleaf, coniferous, and mixed forests. Forest type maps are produced and provided by the Korea Forest Service. These maps provide detailed forest information on 42 tree types, decadal age classes, and stand density classes, and have been updated in the last decade. We used the FT map, published in 2015 and updated using aerial images from the early 2010s to identify characteristics of forest stand. Information of accuracy evaluation for each map is not provided, but there is a quality control condition that each map must have an overall accuracy of 95% or higher in order to be published (Environmental Spatial Information Service, 2023).



TABLE 1 Specification of used land cover maps.
[image: Table1]

The Advanced Land Observing Satellite (ALOS) World 3D-30 m (AW3D30) global digital surface model data (Tadono et al., 2016) was used to analyze topographic characteristics such as elevation and slope. The latitude and longitude coordinates were projected onto the Universal Transverse Mercator (UTM) coordinate system (EPSG: 32652). The maps had different projected coordinate systems that were reprojected using the UTM.



2.3. Survival analysis

Survival analysis accounts for the time when an event occurs in addition to the magnitude of that event. It is a useful tool to develop regression models that best fit the relationship between the time of deforestation and covariates. We applied the Weibull regression model for parametric survival analysis, which has advantages of estimating baseline hazard function and modeling the effects of covariates (Lee and Wang, 2003; Zhang, 2016). The parametric survival model is used to predict future trends. In the practical application of survival analysis, it is common to use log transformations for the distribution of time to an event (T), and the relationship between T and the covariates can be expressed as:

[image: image]

where β0,…, βp are the regression coefficients for corresponding covariates; x1,…, xp, σ is a scale parameter, and ε is the random disturbance term. The Weibull regression model assumes ε follows the Weibull distribution. The hazard function (the risk of event function, e.g., death or deforestation) at any moment in the Weibull regression model can be expressed with shape parameter λ as:

[image: image]

The baseline hazard is formulated as ℎ0(t) = λe−λβ0tλ−1. The Weibull regression model can be used to test the relative effect of covariates (hazard ratio) and the change of hazard over time (accelerated failure-time, AFT).

Survival analysis requires the information of start, end, and event times. As the GFC data recorded a deforestation event after 2000, the LC map published in 2002 was used for the base information of the forest at the start time. The LC map is usually created based on the images taken a few years ago; thus, we decided to set 2000 as the start time (year) to maintain consistency with the GFC data. Each raster pixel of the GFC data located in the forest area of the map was considered as an alive forest pixel. The event was defined as forest loss on the GFC data. If a forest pixel had no forest loss indication, it was considered that the forest remained intact until 2020. The intact forest is dealt as right-censored data. We estimated the effect of covariates on survival time based on the Weibull regression model. A total five covariates, two categorical variables, and three continuous variables were used (Table 2). The correlation coefficient between the elevation and slope was 0.29, the correlation coefficient between the elevation and the distance to ridgeline was −0.19, and the correlation coefficient between the slope and the distance to the ridgeline was −0.14 (Supplementary Table 3).



TABLE 2 Covariates used in the Weibull regression analysis.
[image: Table2]



2.4. Software

The quantum geographic information system (QGIS Development Team, 2023) was used for GIS data analysis, and R software (version 4.2.1; R Core Team, 2023) was used for statistical analysis. A Survival analysis was conducted using the “survival” package (version 3.2–10; Therneau and Grambsch, 2000).




3. Results


3.1. Land cover change

Land cover changes over the last two decades are listed in Table 3. The overall change of used (built-up) area was ~15–20 km2 (Table 2). But detailed LC change analysis revealed larger variation, residential area decreased from 10.3 km2 in 2002 LC map to 2.5 km2 in 2020 LC map, while transportation infrastructure area increased from 5.9 to 15.4 km2 during the same period. The grass and barren land types increased, and majority of the incensement was caused by anthropogenic activity. In the case of grass, the artificial grassland had an area of 77.3 km2 on the 2020 LC map, while natural meadow had an area of only 0.2 km2. Similarly, artificial barren land area was 17.0 km2, while natural barren land was 2.7 km2 on the 2020 LC map. The water area has been fluctuating around 22 km2. During the last two decades, the net decrease in forest area was 49.9 km2. Even in areas with new forests, owing to afforestation activities, the deforestation area increased. Among the areas that were forests on the 2002 LC map, a total forest area of 49.9 km2 was changed to other land cover types on the 2020 LC map. Most of the decreased area turned into grassland (45.7 km2), barren land (12.0 km2) and agricultural land (11.1 km2) on the 2020 LC map (Table 4). 83% of the new forest grew on agricultural land (12.7 km2) and grasslands (7.59km2; Table 4). The area of broadleaf, coniferous, and mixed forest was 386.5, 128.6, and 30.9 km2, respectively on the 2020 LC map.



TABLE 3 Land cover area (km2).
[image: Table3]



TABLE 4 Land cover change between forest and other land covers (2002–2020; km2).
[image: Table4]

The study area includes several types of protected areas, such as national parks, wildlife sanctuaries, and wetlands, among others. The forest area in the protected areas was 113.5 km2 on the 2002 LC map and 107.2 km2 on the 2020 LC map. The forest area in the non-protected areas was 510.5 km2 on the 2002 LC map and 446.9 km2 on the 2020 LC map.



3.2. Characteristics of forest

We calculated forest area by stand age class in the three regions (within the 3 km buffer from the ridgeline) based on the FT maps (Figures 2, 3). The majority of the forests belong to the stand age 31 to 40 years, implying that these forests were regenerated post the 1970s. The northeast region has the largest forest area but old forests (> 41 years) of the region are relatively small compared to that of other regions. The west region has the largest area of old forests. Pine tree covers the largest area of the coniferous forest. Among the pine tree forests, Pinus densiflora dominated forests are the largest (59.4 km2). The representative planted pine species occupying a large area are the larch (Larix kaempferi, 33.9 km2) and Rigida pine (Pinus rigida, 35.1 km2; Table 5). Oak tree (Quercus spp.) covers the largest area (216.5 km2) of the broadleaf forest, while tulip tree (Liriodendron tulipifera) covers the largest area (12.0 km2) among planted broadleaf trees. Young forests (< 20 years) are dominated by naturally regenerating oak or pine trees (Table 5).

[image: Figure 2]

FIGURE 2
 Forest in land cover maps within 3 km buffer of mountain ridge and protected area (blue, A) 2002, (B) 2007, (C) 2013 and (D) 2020.


[image: Figure 3]

FIGURE 3
 Forest areas by stand age of three regions.




TABLE 5 Stand age and area (km2) of major forest types.
[image: Table5]



3.3. Survivorship of mountain forest

Hazard ratios (HRs) from the Weibull regression model for the deforestation event are listed in Table 6. The deforestation risk of the west and southeast regions is significantly lower than that of the northeast region (confidence intervals lower than 1). The west region had the lowest deforestation risk (Table 6). If the deforestation trends maintain the current trajectory, the amount of forest (LC map in 2002) in the northeast, west, and southeast regions will decrease by 75, 82.5, and 80%, respectively, by 2040 (Figure 4). The 95% confidence interval of the non-protected area is greater than 1 (Table 6), which means that the risk of deforestation in the non-protected area is significantly higher than that of the protected area. However, forests in the protected areas also undergo deforestation. The loss of forest in protected areas is predicted to reach 10% in 2035, and if unprotected, 20% in the same year. As elevation, slope, and distance to ridge increases, deforestation risk decreases (confidence intervals of the covariates are lower than 1). Figure 5 shows the survival curves of the unprotected forest areas by region. The forest areas in the south and southeast regions are predicted around 80% in 2040. In contrast, the forest areas in the northeast region will decrease by 72% in the same year if the current trend continues without policy changes to protect the forest.



TABLE 6 Hazard ratios (HR) from the Weibull regression model for the deforestation dataset.
[image: Table6]

[image: Figure 4]

FIGURE 4
 Predicted survival curves, based on a Weibull regression model, showing the effect of (A) regions and (B) protection area.


[image: Figure 5]

FIGURE 5
 Predicted survival curves, based on a Weibull regression, showing the effect on regions of unprotected area.





4. Discussion

To understand the characteristics and regional context of deforestation, we conducted two different analyses that related to each other: first, we analyzed land cover change and forest characteristics using maps that are spatially accurate but cover discrete time periods (LC maps) or single period (FT map); second, we used temporally detailed GFC data to model trends in deforestation over time. This approach complements the weaknesses of both datasets, one lacking temporal detail and the other with relatively large uncertainties.


4.1. Land cover change

Urbanization and agricultural expansion have been acknowledged as major driving forces of deforestation (Greenberg et al., 2005; Morton et al., 2006; López-Carr, 2021). The FAO (2020) reported that agriculture has the biggest impact on deforestation (~ 80%), followed by construction (15%), and urbanization (~ 5%); however, the driving factors vary by country, geographic region, and era. Contrary to the results of previous studies, the decrease in forest in the study area occurred simultaneously with decreasing agricultural and residential areas. However, the net decreasing rate of agricultural lands is more rapid (−30%) than that of forest areas (−8%; Table 3). The net decreasing rate of residential areas is even more drastic; 10.3 km2 of the residential area on the 2002 LC map decreased to 2.5 km2 on the 2020 LC map (−75%). However, transportation infrastructure area increased by 2.6 times (from 5.9 to 15.4 km2). This suggests that deforestation may continue to increase even in rural areas with declining populations. Figure 6A shows a constructed road after deforestation in 2003. During the two decades, the areas of barren and grassland have shown a 5.9-and 5.6-fold increase, respectively (Table 3), while 86% of the barren land on the 2020 LC map is artificial. Part of the barren land area is a construction site that is temporarily barren. The grassland areas are more difficult to interpret. Some areas may be sites with grass growth on abandoned land, but some areas may be classified as grassland when seedlings are planted after logging (Figure 6B). The exchange of agricultural land and forest area is worth noting. The changed area from forests to agricultural lands is similar to the area changed from agricultural lands to forests (Table 4). But the conditions under which the change occurs are different: forests with suitable conditions for agriculture are changing to agricultural land. In contrast, the new forests are growing on agricultural land that is difficult to farm, i.e., abandoned farmland. This pattern of forest expansion is found in places where large-scale migration to urban areas takes place (Cervera et al., 2019; Ameztegui et al., 2021).

[image: Figure 6]

FIGURE 6
 Deforestation cases (A) constructed infrastructure (35.7734 ° N, 127.4712° E; B) post-logging reforestation (35.7411 ° N, 127.4642° E; google satellite images). Image data: Google.


Post-logging reforestation does not permanently destroy forest areas. However, the planted trees have a different species composition and vertical structure from the surrounding forests, and they take abundant time to obtain functional homogeneity with the surrounding forests. In addition to the amount of forest loss, the decline causes forest fragmentation (Figure 2). Although forest fragmentation analysis was not conducted because it deviates from the subject of this study, a study in Jinan-gun, which is located in the study area, revealed that forest fragmentation around the mountain village is progressing (Kang et al., 2012).



4.2. Characteristics of forest

Government led reforestation policies started in 1973 are supporting the increase of overall growth of forests in South Korea (Bae et al., 2012; Park and Lee, 2014). Forests less than 40-years-old dominate in the study area. Considering that the data from the early 2010s was used to create the FT map, the forests were mainly regenerated after the 1970s. Tree planting carried out as part of the reforestation policies has facilitated forest regeneration, but natural regeneration of Pinus densiflora and Quercus spp. also occurred in large areas. Naejangsan Natural Park and the surrounding areas were the main habitats of old forests (≥ 41 years old). The lack of old forests in the mountain regions indicates the extensive use of timber and woodland resources by the villagers before the 1970s. Since forest management after Korean War focused on the supply of fuel wood, fast-growing trees were selected as the main reforestation species (Bae et al., 2014). As a result, the larch, rigida pine, and tulip tree occupy the largest area in the afforestation sites. However, due to changing socioeconomic conditions, these species have less economic value currently, as fuel wood is no longer needed. In addition, naturally regenerated forest, especially oak forest, is considered to have low economic value. The forest dominated by these species are used for logging and replanting on a massive scale (Figure 6B). However, logging a matured forest to grow a managed young forest changes the forest structure and undermines habitat continuity and biodiversity (Hagar et al., 2014; Kuuluvainen and Gauthier, 2018).



4.3. Survivorship of mountain forest

Deforestation can be affected by several factors. Forests located near villages and infrastructure are more likely to be removed or degraded than are remote forests (Greenberg et al., 2005; Sharma et al., 2020). Additionally, deforestation can be affected by topographical characteristics such as slope and elevation (Sharma et al., 2020; Feng et al., 2021). We applied the Weibull regression to model the forest survivorship and covariates that affect it. The northeast region has been affected more by deforestation than have the other regions (Figure 4A). As the northeast has the largest forest, the high risk in the region (Table 4) imposes a larger deforestation area (Figure 3).

Protected areas lose less forest than non-protected area, but there has been a loss of ~5% of forest in protected areas over the past 20 years. Since the early 2010s, deforestation rates have decreased due to an increase in protected areas. Not all protected areas area strictly protected as are national parks. Thus, even in protected areas forest loss may occur. Sustainable management of unprotected areas is essential for the conservation of the Jeongmack mountain range; the forest of this area has long been the ground for socio–ecological interactions in Korea. Excessive expansion of protected area can undermine forest use and the socio–ecological interactions. Temporal deforestation caused by logging and planting need to be regulated in a more organized manner. Therefore, it is necessary to expand the forestry direct payment project, which started in 2022, to motivate the preservation of forests without damaging them.

In contrast, the areas of higher elevation and steep slope are less affected by deforestation because the high elevation and steep slopes impose restrictions on land use. Notably, however, as the distance to the ridge decreases, the risk of deforestation increases (Table 6); that is, the closer the area to the ridge, the greater the risk of deforestation. Incidentally, there are many villages on the mountain range. The original villages were located on the periphery of the mountain range owing to the mild habitat condition. Thus, new developments accompanying deforestation occur mainly in undeveloped areas such as forest near mountain ridges. However, if the ridge area elevation is high, the area would have a low risk of deforestation because the elevation factor (coefficient: −0.004) compensates for the increased risk owing to the distance factor (coefficient: −0.00006) at the same unit meter.

Unplanned forest destruction or unauthorized deforestation, such as wildfires or illegal logging, are regularly monitored by the authorities. However, assessing the deforestation risk and preparing preemptive countermeasures based on the evaluation is difficult with only monitoring. However, survival analysis makes it possible to assess the risk of deforestation quantitatively and predict long term deforestation based on the covariates and estimated risk. Figure 7 shows the deforestation risk in 2022 calculated based on the Weibull regression results. The value changes depending on the year of prediction. The northern part of the mountain range is at a high deforestation risk, which has a relatively low elevation and gentle slope. The findings and method of this study could contribute to better forest management in Jeongmack mountain range, South Korea, but it is not restricted to this area.

[image: Figure 7]

FIGURE 7
 Estimated deforestation risk in 2022.





5. Limitations of the study

There are several weaknesses and potential limitations to this study. The analyses are based on the published datasets. We have to admit no accuracy assessment of the GFC dataset has been conducted on a regional scale. The LC maps and FT map are quality controlled GIS data. However, the datasets have uncertainty related to the weakness in dating. Given the time it takes to create these data, there may be a time lag of one to 2 years between the information used and when the data is available. In contrast, GFC data provides continuous information over time, but has high accuracy uncertainty (Galiatsatos et al., 2020; Shimizu et al., 2020). Galiatsatos et al. (2020) found that the annual accuracy varies with the availability of cloud-free imagery. If cloud-free imagery is not available for the year in which deforestation occurs, deforestation detection is postponed until the next year in which imagery is available. Shimizu et al. (2020) reported a scale issue, the GFC dataset tend to miss forest disturbances smaller than 3 ha. Counting for the limitation of the GFC dataset, the results might underestimate the deforestation area and hazard ratios. Overall, including spatial and temporal accuracy assessments will improve the reliability of deforestation analysis.

It is worth noting that the survival analysis did not take into account the time-varying covariates. The covariates used in the research were all static; however, some covariates (e.g., distance to built-up area) vary over time and they can affect the deforestation risk. The time varying covariates of survival analysis models can provide in-depth information for assessing deforestation risk. The use of additional factors such as population change, economic growth, and climatic conditions will improve the performance of the model.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

The study was designed by KC and M-SB. Data collection and analysis were conducted by S-JK, KC, and TD. The manuscript writing was performed by KC and TD. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by National Institute of Forest Science, Republic of Korea, through the ‘Systematization of forest space management in Baekdudaegan, Jeongmack and development of conservation and restoration systems by zone’. This research was partly supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) [2020R1I1A1A01067345], funded by the Ministry of Education.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at:


https://www.frontiersin.org/articles/10.3389/ffgc.2023.1183509/full#supplementary-material




References

 Adams, C., Chamlian Munari, L., Van Vliet, N., Sereni Murrieta, R. S., Piperata, B. A., Futemma, C., et al. (2012). Diversifying incomes and losing landscape complexity in Quilombola shifting cultivation communities of the Atlantic rainforest (Brazil). Hum. Ecol. 41, 119–137. doi: 10.1007/s10745-012-9529-9

 Allison, H. (2016). The fall and rise of South Korea's forests. Q. J. For. 110, 37–41.

 Ameztegui, A., Morán-Ordónez, A., Márquez, A., Blázquez-Casado, Á., Pla, M., Villero, D., et al. (2021). Forest expansion in mountain protected areas: trends and consequences for the landscape. Landsc. Urban Plan. 216:104240. doi: 10.1016/j.landurbplan.2021.104240

 An, L., and Brown, D. G. (2008). Survival analysis in land change science: integrating with GIScience to address temporal complexities. Ann. Assoc. Am. Geogr. 98, 323–344. doi: 10.1080/00045600701879045

 Bae, J. S., Joo, R. W., and Kim, Y. S. (2012). Forest transition in South Korea: reality, path and drivers. Land Use Policy 29, 198–207. doi: 10.1016/j.landusepol.2011.06.007

 Bae, J. S., Lee, K. H., Lee, Y. G., Youn, H. J., Park, C. R., Choi, H. T., et al. (2014). Lessons Learned from the Republic of Korea’s National Reforestation Programme. Korea Forest Service, Daejeon, Republic of Korea. Available at: https://www.cbd.int/ecorestoration/doc/Korean-Study_Final-Version-20150106.pdf.

 Barlow, J., Lennox, G. D., Ferreira, J., Berenguer, E., Lees, A. C., Mac Nally, R., et al. (2016). Anthropogenic disturbance in tropical forests can double biodiversity loss from deforestation. Nature 535, 144–147. doi: 10.1038/nature18326 

 Buckingham, K., and Hanson, C. (2015). The restoration diagnostic case example South Korea. South Korea: World Resources Institute.

 Cervera, T., Pino, J., Marull, J., Padró, R., and Tello, E. (2019). Understanding the long-term dynamics of forest transition: from deforestation to afforestation in a Mediterranean landscape (Catalonia, 1868–2005). Land Use Policy 80, 318–331. doi: 10.1016/j.landusepol.2016.10.006

 Cho, K. H., Hong, S. K., and Cho, D. S. (2008). Ecological role of mountain ridges in and around Gwangeung Royal Tomb forest in Central Korea. Journal of Plant Biology 51, 387–394. doi: 10.1007/BF03036058

 Choi, Y. K. (2004). “Baekdudaegan, the central Axis of the Korean peninsular: the path toward management strategies regarding to its concepts” in Ecological issues in a changing world. eds. S. K. Hong, J. A. Lee, B. S. Ihm, A. Farina, Y. Son, and E. S. Kim (Dordrecht: Springer), 355–383.

 Choi, G., Jeong, Y., and Kim, S. I. (2019). Success Factors of National-Scale Forest Restorations in South Korea, Vietnam, and China. Sustainability 11, 1–17. doi: 10.3390/su11123488

 Choi, S. M., Kweon, H. K., Lee, J. W., Choi, Y. H., and Choi, T. J. (2014). A study on deterioration of Ridge Trail in Jeongmaek. Korean Journal of Environment and Ecology 28, 450–456. doi: 10.13047/KJEE.2014.28.4.450

 Chung, M. Y., López-Pujol, J., and Chung, M. G. (2016). Is the Baekdudaegan “the southern Appalachians of the east”? A comparison between these mountain systems, focusing on their role as glacial refugia, Korean Journal of Plant Taxonomy 46, 337–347. doi: 10.11110/kjpt.2016.46.4.337

 Chung, M. Y., Son, S., Suh, G. U., Herrando-Moraira, S., Lee, C. H., López-Pujol, J., et al. (2018). The Korean Baekdudaegan Mountains: a glacial refugium and a biodiversity hotspot that needs to be conserved. Front. Genet. 9, 1–7. doi: 10.3389/fgene.2018.00489

 Environmental Spatial Information Service. (2023). Land cover mapping guidelines. Available at: https://egis.me.go.kr/bbs/landcover.do (Accessed May 24, 2023).

 FAO. (2020). Global forest resources assessment 2020 in Main report. Rome: Food and Agriculture Organization of the United Nations.

 Feng, Y., Ziegler, A. D., Elsen, P. R., Liu, Y., He, X., Spracklen, D. V., et al. (2021). Upward expansion and acceleration of forest clearance in the mountains of Southeast Asia. Nature Sustainability 4, 892–899. doi: 10.1038/s41893-021-00738-y

 Galiatsatos, N., Donoghue, D. N., Watt, P., Bholanath, P., Pickering, J., Hansen, M. C., et al. (2020). An assessment of global forest change datasets for national forest monitoring and reporting. Remote Sens. 12:1790. doi: 10.3390/rs12111790 

 Global Forest Watch. (2021). South Korea deforestation rates & statistics. Available at: https://www.globalforestwatch.org/dashboards/country/KOR/ (Accessed July 2, 2022).

 Greenberg, J. A., Kefauver, S. C., Stimson, H. C., Yeaton, C. J., and Ustin, S. L. (2005). Survival analysis of a neotropical rainforest using multitemporal satellite imagery. Remote Sens. Environ. 96, 202–211. doi: 10.1016/j.rse.2005.02.010

 Hadi, K., Krasovskii, A., Maus, V., Yowargana, P., Pietsch, S., Rautiainen, M., et al. (2018). Monitoring deforestation in rainforests using satellite data: a pilot study from Kalimantan, Indonesia. Forests 9, 1–26. doi: 10.3390/f9070389

 Hagar, J. C., Eskelson, B. N. I., Haggerty, P. K., Nelson, S. K., and Vesely, D. G. (2014). Modeling marbled murrelet (Brachyramphus marmoratus) habitat using LiDAR-derived canopy data. Wildl. Soc. Bull. 38, 237–249. doi: 10.1002/wsb.407

 Hansen, M. C., Potapov, P. V., Moore, R., Hancher, M., Turubanova, S. A., Tyukavina, A., et al. (2013). High-resolution global maps of 21st-century forest cover change. Science 342, 850–853. doi: 10.1126/science.1244693 

 Hayes, P. (2010). Sustainable security in the Korean peninsula: envisioning a northeast Asian biodiversity corridor. The Korean Journal of International Studies 8, 197–229.

 Hosonuma, N., Herold, M., Sy, V. D., Fries, R. S. D., Brockhaus, M., Verchot, L., et al. (2012). An assessment of deforestation and forest degradation drivers in developing countries. Environ. Res. Lett. 7:044009. doi: 10.1088/1748-9326/7/4/044009 

 Jang, G. S., Jeon, S. W., and Kim, S. S. (2008). Analyzing characteristics of forest damage withing the Geum-Buk mountain range. Journal of the Korean Institute of Landscape Architecture 36, 55–63.

 Kang, W., Koh, I., Park, C. R., and Lee, D. (2012). An analysis of changes in forest fragmentation and morphology in surrounding landscapes of maeulsoops and Jinan-gun. Korean J Ecol Environ. 26, 941–951.

 Kim, K. H., and Zsuffa, L. (1994). Reforestation of South Korea: the history and analysis of a unique case in forest tree improvement and forestry. For. Chron. 70, 58–64. doi: 10.5558/tfc70058-1

 Kuuluvainen, T., and Gauthier, S. (2018). Young and old forest in the boreal: critical stages of ecosystem dynamics and management under global change. Forest Ecosystems 5, 1–15. doi: 10.1186/s40663-018-0142-2

 Larrea-GallegosIan, G., and Vázquez-Rowe, I. (2021). Exploring machine learning techniques to predict deforestation to enhance the decision-making of road construction projects. J. Ind. Ecol. 26, 225–239. doi: 10.1111/jiec.13185

 Lee, E. T., and Wang, J. W. (2003). Statistical methods for survival data analysis. Wiley Series in Probability and Statistics, Wiley, New York.

 López-Carr, D. (2021). A review of small farmer land use and deforestation in tropical Forest Frontiers: implications for conservation and sustainable livelihoods. Land 10, 1–23. doi: 10.3390/land10111113

 Mayfield, H. J., Smith, C., Gallagher, M., and Hockings, M. (2020). Considerations for selecting a machine learning technique for predicting deforestation. Environ. Model Softw. 131:104741. doi: 10.1016/j.envsoft.2020.104741 

 Mon, M. S., Mizoue, N., Htun, N. Z., Kajisa, T., and Yoshida, S. (2012). Factors affecting deforestation and forest degradation in selectively logged production forest: a case study in Myanmar. For. Ecol. Manag. 267, 190–198. doi: 10.1016/j.foreco.2011.11.036

 Morton, D. C., DeFries, R. S., Shimabukuro, Y. E., Anderson, L. O., Arai, E., Espirito-Santo, F. D. B., et al. (2006). Cropland expansion changes deforestation dynamics in the southern Brazilian Amazon. PNAS 103, 14637–14641. doi: 10.1073/pnas.0606377103 

 Park, M., and Lee, H. (2014). Forest policy and law for sustainability within the Korean peninsula. Sustainability 6, 5162–5186. doi: 10.3390/su6085162

 Pir Bavaghar, M. (2016). Deforestation modelling using logistic regression and GIS. J. For. Sci. 61, 193–199. doi: 10.17221/78/2014-JFS

 QGIS Development Team. (2023). QGIS geographic information system. Open Source Geospatial Foundation Project. Available at: http://qgis.osgeo.org

 R Core Team. (2023). R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. Available at: https://www.R-project.org/

 Rosa, I. M., Purves, D., Souza, C. Jr., Ewers, R. M., et al. (2013). Predictive modelling of contagious deforestation in the Brazilian Amazon. PLoS One 8:e77231. doi: 10.1371/journal.pone.0077231 

 Sandker, M., Finegold, Y., D'Annunzio, R., and Lindquist, E. (2017). Global deforestation patterns: comparing recent and past forest loss processes through a spatially explicit analysis. Int. For. Rev. 19, 350–368. doi: 10.1505/146554817821865081

 Sharma, P., Thapa, R. B., and Matin, M. A. (2020). Examining forest cover change and deforestation drivers in Taunggyi District, Shan State, Myanmar. Environ. Dev. Sustain. 22, 5521–5538. doi: 10.1007/s10668-019-00436-y

 Shimizu, K., Ota, T., and Mizoue, N. (2020). Accuracy assessments of local and global Forest change data to estimate annual disturbances in temperate forests. Remote Sens. 12:2438. doi: 10.3390/rs12152438

 Songer, M., Myint, A., Senior, B., DeFries, R., and Leimgruber, P. (2008). Spatial and temporal deforestation dynamics in protected and unprotected dry forests: a case study from Myanmar (Burma). Biodivers. Conserv. 18, 1001–1018. doi: 10.1007/s10531-008-9490-5

 Tadono, T., Nagai, H., Ishida, H., Oda, F., Naito, S., Minakawa, K., et al. (2016). Generation of the 30 M-mesh global digital surface model by Alos prism. ISPRS – Int. Arch. Photogramm. Remote Sens. Spatial Inf. Sci. XLI-B4, 157–162. doi: 10.5194/isprsarchives-XLI-B4-157-2016

 Therneau, T. M., and Grambsch, P. M. (2000). Modeling survival data: Extending the cox model. Springer: New York.

 Vance, C., and Geoghegan, J. (2002). Temporal and spatail modeling of tropical deforestation: a survival analysis linking satellite and household survey data. Agric. Econ. 27, 317–332.

 Wang, N., Brown, D. G., An, L., Yang, S., and Ligmann-Zielinska, A. (2013). Comparative performance of logistic regression and survival analysis for detecting spatial predictors of land-use change. Int. J. Geogr. Inf. Sci. 27, 1960–1982. doi: 10.1080/13658816.2013.779377

 Yao, Y., Liang, S., Cheng, J., Lin, Y., Jia, K., and Liu, M. (2014). Impacts of deforestation and climate variability on terrestrial evapotranspiration in subarctic China. Forests 5, 2542–2560. doi: 10.3390/f5102542

 Yu, J., Choi, W., Lee, S., and Choi, J. (2016). Forest degradation and spatial distribution of Forest land development. Journal of the Korea Society of Environmental Restoration Technology 19, 101–110. doi: 10.13087/kosert.2016.19.6.101 

 Zhang, Z. (2016). Parametric regression model for survival data: Weibull regression model as an example. Ann Transl Med 4:484. doi: 10.21037/atm.2016.08.45 









 


	
	
TYPE Original Research
PUBLISHED 28 September 2023
DOI 10.3389/ffgc.2023.1206677






Dry matter dynamics and carbon flux along riverine forests of Gori valley, Western Himalaya

Soni Bisht1, Surendra Singh Bargali1*, Kiran Bargali1, Yashwant Singh Rawat1 and Gopal Singh Rawat2*


1Department of Botany, Kumaun University, Nainital, India

2Wildlife Institute of India, Dehradun, India

[image: image2]

OPEN ACCESS

EDITED BY
 Zishan Ahmad Wani, Baba Ghulam Shah Badshah University, India

REVIEWED BY
 Zeeshan Ahmad, Quaid-i-Azam University, Pakistan
 Shreekar Pant, Baba Ghulam Shah Badshah University, India

*CORRESPONDENCE
 Gopal Singh Rawat, gsrawa59@gmail.com 
 Surendra Singh Bargali, surendrakiran@rediffmail.com

RECEIVED 16 April 2023
 ACCEPTED 12 September 2023
 PUBLISHED 28 September 2023

CITATION
 Bisht S, Bargali SS, Bargali K, Rawat YS and Rawat GS (2023) Dry matter dynamics and carbon flux along riverine forests of Gori valley, Western Himalaya. Front. For. Glob. Change 6:1206677. doi: 10.3389/ffgc.2023.1206677

COPYRIGHT
 © 2023 Bisht, Bargali, Bargali, Rawat and Rawat. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Introduction: Riverine forests in the Himalaya represent a biodiverse, dynamic, and complex ecosystem that offers numerous ecosystem services to local and downstream communities and also contributes to the regional carbon cycle. However, these forests have not been assessed for their contribution to dry matter dynamics and carbon flux. We studied these parameters along three classes of riverine forests in eastern Uttarakhand, dominated by Macaranga, Alnus, and Quercus-Machilus forest.

Methods: Using volume equations, we assessed tree biomass, carbon storage, and sequestration in the study area.

Results: The total standing tree biomass in Macaranga, Alnus, and Quercus-Machilus forest ranged from 256.6 to 558.1  Mg  ha−1, 460.7 to 485.8 Mg ha−1, and 508.6 to 692.1 Mg ha−1, respectively. A total of 77.6–79.6% of vegetation biomass was stored in the aboveground biomass and 20.4–22.4% in belowground plant parts across the riverine forests. The carbon stock in Macaranga forest ranged from 115.5 to 251.1 Mg ha−1, in Alnus forest from 207.3 to 218.6 Mg ha−1, and in Quercus-Machilus forest from 228.9 to 311.4 Mg ha−1. The mean annual litterfall was accounted maximum for Quercus-Machilus forest (5.94  ±  0.54 Mg ha−1 yr.−1), followed by Alnus (5.57  ±  0.31 Mg ha−1 yr.−1) and Macaranga forest (4.67  ±  0.39 Mg ha−1 yr.−1). The highest value of litterfall was recorded during summer (3.40  ±  0.01 Mg ha−1 yr.−1) and the lowest in winter (0.74  ±  0.01 Mg ha−1 yr.−1). The mean value of net primary productivity and carbon sequestration was estimated to be highest in Quercus-Machilus forest (15.8  ±  0.9 Mg ha−1 yr.−1 and 7.1  ±  0.9 Mg C ha−1 yr.−1, respectively) and lowest in Alnus forest (13.9  ±  0.3 Mg ha−1 yr.−1 and 6.1  ±  0.3 Mg C ha−1 yr.−1, respectively).

Discussion: The results highlight that riverine forests play a critical role in providing a large sink for atmospheric CO2. To improve sustainable ecosystem services and climate change mitigation, riverine forests must be effectively managed and conserved in the region.

KEYWORDS
 biomass, litterfall, productivity, riverine, sequestration, volume equation


1. Introduction

Riverine forests play a significant role in ecosystem processes, including energy flow and carbon dynamics (Allan et al., 2021). These forests are also known to serve as important bio-corridors for the movement of a variety of faunal groups during various seasons (Rawat, 2017). They are a productive ecosystem and are hotspots for epiphytic orchids and agricultural output (Marwah et al., 2021). Riverine forests hold discrete ecological traits because of their interaction with the aquatic ecosystem. Thus, their borders can be identified by variations in soil conditions, vegetation, and other elements that represent this aquatic–terrestrial interaction (Naiman et al., 2000). The riverine forests all over the Himalayan region are susceptible to natural (floods and landslides), anthropogenic, and climatic fluctuations (Bookhagen and Burbank, 2010). Despite the importance of these forests, overexploitation, unrestricted grazing, fuel wood collection, agricultural development, boundary disputes, developmental projects, and linear infrastructures pose a serious threat to these ecosystems (Merawi, 2016; Rajpara et al., 2022).

The riverine forests in the Himalayan region are represented by a number of early and mid-seral communities such as Acacia catechu–Dalbergia sissoo along foothills, Drypetes roxburghii–Toona ciliata, Duabanga grandiflora–Terminalia myriocarpa (eastern Himalaya), Macaranga pustulata, Alnus nepalensis, Debregeasia hypoleuca, Hippophae salicifolia, Salix species, and Populus ciliata, etc., at higher elevations (Champion and Seth, 1968; Rawat, 2017). Of these, most dominant forest formations, especially between 900 and 2,200 m above sea level, are formed by Macaranga pustulata and Alnus nepalensis. These species form early successional stages (Dhar et al., 1997), colonizing freshly eroded river banks and landslide areas. In Central and Eastern Himalaya, the following communities of riverine forests become more prevalent: Macaranga forests (below 1,000 m), Alnus forests between 1,000 and 2000 m, and Quercus-Machilus forests between 1,500 and 2,200 m asl. The alder forest frequently forms pure stands in landslide-prone areas, although it also occurs mixed with other late successional species in the Himalayan region (Joshi and Garkoti, 2021). It is primarily found close to moist habitats and can fix atmospheric nitrogen through symbiotic interaction with gram-positive Frankia, allowing it to survive exceptionally hard climatic conditions and hasten the natural succession (Crisafulli et al., 2015; Joshi and Garkoti, 2021). Due to their crucial role in socioeconomic advantages, ecological functioning, and soil conservation, the local communities depend on these forests for their sustenance needs (Bisht et al., 2022a).

The dry matter dynamics is a key indicator from the energy fixation and flux of biological materials point of view (Anderson, 1971). According to the Intergovernmental Panel on Climate Change, carbon stored in a forest ecosystem is divided into three main pools, i.e., biomass, litter, and soil. The carbon pools in a forest ecosystem are influenced by topography, forest structure, tree species composition, species diversity, age structure, edaphic conditions, and human-induced disturbances (Arasa-Gisbert et al., 2018; FSI, 2021). The current total carbon pool in the forested zone of the Indian Himalayan Region is about 103.9 Mg ha−1, of which 23% is in the sub-tropical forests (FSI, 2021). Among the edaphic factors, the nutrient content in the soil may affect parameters such as tree growth and basal area and thus consequently influence the structure of plant communities (Becknell and Powers, 2014) and carbon storage. To formulate viable strategies to increase the soil carbon, it is critical to include soil restoration, forest regeneration, and nutrient management (Sagar and Singh, 2005; Lal, 2015). The majority of organic matter elaborated by plants through photosynthesis is returned to the soil as litter. The litterfall results in seasonal or constant input of organic matter and nutrients to the forest floor and represents one of the most important pathways for the transfer of energy, affecting the growth and development of the vegetation and soil pool (Mfilinge et al., 2002).

There is a paucity of literature on the structure and functioning of these forests from the region. Therefore, the assessment of riverine forests, including their conservation status and potential for carbon flux, standing biomass, productivity, and carbon accumulation, is critical for long-term conservation planning and national accounting of the United Nations convention on climate change. Since forests sequester carbon from the atmosphere as part of the growth process, any increase in the biomass constitutes a sink that reduces the build-up of atmospheric carbon dioxide. This emphasizes the importance of forest ecosystems in the global carbon cycle and the necessity to accurately evaluate the amount of carbon stored in forest ecosystems (Pan et al., 2011). Interestingly, this is the first study on the dynamics of dry matter and carbon flux in riverine forests from the Gori valley, Western Himalaya. There is no prior literature on forest biomass and accumulation of carbon for this region. This stimulated the estimation of productivity and sequestration to understand the functioning of the riverine forest ecosystem. The information obtained from this study will significantly contribute to the dry matter dynamics and carbon cycle across the globe. Furthermore, it will benefit forest officials and ecologists for the conservation and restoration of riverine habitats. Thus, the present study was conducted to address the following questions: (1) How does the altitude affect phytosociological parameters in the region? (2) What is the pattern of biomass and net primary productivity in the riverine forests? (3) What is the magnitude of litterfall? (4) How do the carbon stock and sequestration potential vary in the riverine forests of Kumaun Himalaya, India?



2. Materials and methods


2.1. Study area

The study was carried out in the Gori watershed of the eastern Kumaun region, encompassing an area of 1920 km2 (Figure 1). Out of the 11 micro-watersheds, 6 (Dogrigad, Ghosigad, Painagad, Madkani river, Dhuratoli, and Patmoligad) were selected for the study after a reconnaissance survey. These study sites were located at 29°45′11.03 to 30°20′56.20 N and 80°22′49.90 to 80°11′41.34 E between 900 and 2,200 m asl in Pithoragarh district of Uttarakhand state. All the sampling was done within a 500 m distance of rivers and rivulets. The riverine forests in the study area are represented by two early seral communities (Macaranga and Alnus) and two more stable and climax communities (Toona-Engelhardia and Quercus-Machilus). Around 25.5% (489.2 km2) of the geographical study area consists of forest, with broadleaf deciduous forest (Macaranga, Alnus) and broadleaf evergreen forest (Quercus-Machilus) occupying a 25.1 and 36.3 km2 area, respectively. The area forms a transition zone between eastern (M. pustulata) and western (Pinus roxburghii and Q. semecarpifolia) Himalayan forests and comprises an exceptional diversity of orchid flora (Bisht and Adhikari, 2014). However, Toona-Engelhardia patches along the Gori river have disappeared from lower altitudes due to linear infrastructure and development projects.

[image: Figure 1]

FIGURE 1
 Map of study area showing sampling points and micro-watersheds in Gori valley, Western Himalaya.




2.2. Climate

The annual climate of the area is monsoon type, which can be divided into three prominent seasons, i.e., winter (October to February), summer (March to mid-June), and rainy season (mid-June to September). The mean maximum monthly temperature ranges from 15.1°C (January) to 30.4°C (June), and the minimum temperature ranges from 2.6 (January) to 18.8 (July). The average annual precipitation is 793.6 mm, and the annual mean relative humidity is 51.2% (Figure 2).

[image: Figure 2]

FIGURE 2
 Meteorological data of the study area from 1981 to 2019 (Source: https://power.larc.nasa.gov, accessed on 6 June 2022).




2.3. Geology

The dominant rock types include phyllites, schists, gneisses, siltstone, and basic intrusive rocks belonging to the Vaikrita Group, especially in the Gori valley (Dumka, 2011; Ali et al., 2013). Between Baram and Baikot, a steeply dipping NNWSSE (western syncline) trending fault coincides with the thrust, defining the base of the Chhiplakot Klippe. Significantly, a subvertical slab of coarse-grained, unmetamorphosed granite with accompanying quartz porphyry and felsite is emplaced along the fault zone, bringing about contact metamorphism in the Precambrian to Lower Paleozoic dolomite and carbonaceous slate of the Tejam zone. Its mylonitized and greatly shared border along the wide valley bears testimony to the post-emplacement movement along the fault. There is yet another similar granitic body right within the same sedimentary, between dolomites and carbonaceous slates, discernible in the tract further downstream in the valley between Toli and Chiphaltara (Valdiya, 1976).



2.4. Soil sampling


2.4.1. Data collection

The soil samples from each forest site were collected from three depths (0–10, 10–20, and 20–30 cm) in triplicate with the help of a soil corer of known volume. The collected soil samples were systematically mixed and packed separately in zip lock bags and instantly transferred to the laboratory. Manual removal of coarse items such as stones, roots, and litter were carried out. The soil balls were crushed to separate the soil particles, and then, field damp soil samples were sieved with a 2 mm mesh and air dried to test the soil physico-chemical characteristics. The soil moisture (Mo) was determined gravimetrically by drying the soil samples in an oven to constant weight. The weight of the fresh soil and the oven dry weight of the same soil sample was expressed as a percentage of the difference of the moisture content (Jackson, 1958). The water-holding capacity (WHC) of the soil samples was measured by using the formula following Piper (1950). The bulk density (BD) was estimated with the help of a special mental core cylinder of known volume.

The soil pH was measured using a digital soil pH meter (Systronic-μ pH system 361) with ±0.05 accuracy. The soil water suspension was conducted in the ratio of 1:2. The instrument was calibrated with a standard buffer solution of pH 4, 7, and 9.2 before measurement. The soil organic carbon (OC) was determined using the Walkley and Black (1934) titration method following Jackson (1958). Nitrogen (N) was estimated using Kjeltec-2300 following the micro-Kjeldahl application of Peach and Tracey (1956) and Misra (1968). Available phosphorus (P) was estimated following the Olsen et al. (1954) method and potassium (K) by Flame Photometer after proper digestion of the samples. The factor of 1.724 was used to convert the OC into soil organic matter (SOM; Jackson, 1958; Misra, 1968). The value of organic carbon and SOM were determined by multiplying the values of carbon (%) with factors of 1.3 and 1.724, respectively.




2.5. Growing stock and biomass estimation

Nine forest sites were assessed for biomass and carbon stock based on altitudinal gradient. Within each site, 10 quadrats of a 10×10 m size were laid randomly with a replicate of three. All individual trees were measured for circumference at breast height (cbh) at 1.37 m from the ground (Singh et al., 1997). Following Curtis and McIntosh (1950), Misra (1968), and Mueller-Dombois and Ellenberg (1974), the data were analyzed for density and the basal area of the tree species for distinct forest types. The species diversity index was computed using the Shannon–Weiner diversity Index (Shannon and Weaver, 1949), and richness was considered as the total number of species in the sampled site (Wani and Pant, 2023). The forest types were identified using TWINSPAN.

The growing stock volume (GSV) equations (FSI, 1996, Table 1) were used to estimate aboveground biomass (Sharma et al., 2010; Dimri et al., 2017; Bisht et al., 2023) since allometric equations were not available for each species. The estimated GSV (m3 ha−1) was multiplied by the appropriate biomass expansion factor (Brown et al., 1999) to convert into aboveground biomass (AGB), i.e., stems, branches, twigs, and leaves. In addition, the equation of Cairns et al. (1997) was used to estimate belowground biomass (BGB), which reflects the biomass of root components. The sum of AGB and BGB yielded the total biomass for trees (TB, Mg ha−1).



TABLE 1 List of volume equations used for different tree species in the study sites based on Forest Research Institute and Forest Survey of India.
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2.6. Estimation of litterfall and net primary productivity

The litterfall was estimated annually by placing five litter traps at different locations at each forest site. Each wooden trap was 0.5×0.5×0.15 m in size and fitted with a nylon net at the bottom. The litter from each trap was collected in a zip-lock bag season wise, i.e., winter (October to February), summer (March to May), and rainy season (June to September). The samples were then brought to the laboratory and oven-dried at 80°C. Half of the oven-dried weight of the collected litter from each site was considered its carbon content (Verma and Jain, 2017).

For the estimation of productivity in each forest, 1/4th of the trees were marked in the year 2017, and their cbh was remeasured in each sampling plot in the subsequent year, i.e., 2018. The net change in biomass (ΔB = B2-B1) yielded annual biomass accumulation. Annual litterfall was added to the aboveground biomass accumulation, and one-fifth of the leaf litter was added to the belowground biomass accumulation as mortality in fine roots (Orlov, 1968; Ogino, 1977). The latter value equaled net primary productivity. The biomass accumulation ratio (BAR), a measure of biomass to net primary productivity, was used to characterize the production condition in the forest communities (Whittaker, 1975).



2.7. Estimation of carbon stock and sequestration

For the total carbon stock (TC, Mg C ha−1), we multiplied TB with species-specific carbon factor, where the C factor of 46% was used for forest types in which all conifers collectively constituted more than half of the forest composition. The C was taken as 45% for forest types where conifers and broadleaf species coexisted or where broadleaf species constituted more than half of the total (Manhas et al., 2006). Net change in carbon stock (ΔC) was calculated by subtracting the carbon stock of two consecutive years. Annual accumulation of carbon in the litter was added to ΔC to obtain the carbon sequestration potential (CSP) at each site (Awasthi et al., 2022).




3. Results


3.1. Phytosociological attributes

All riverine forests occurred within a 15–50° slope along the river or stream. A total of 43 tree species belonging to 37 genera and 27 families were recorded along the altitudinal gradient. Among these, most were angiosperms (97.7%). The three forest types identified near the riverine habitat were Macaranga (890–1,500 m), Alnus (1355–1,645 m), and Quercus-Machilus (1865–2,195 m) forest. The tree density was at the maximum in Quercus-Machilus, ranging from 510 to 790 individuals ha−1, followed by Alnus (480,630 individuals ha−1) and Macaranga forest (470–640 individuals ha−1). The total basal area was highest in Quercus-Machilus forest, ranging from 31.4 to 51.4 m2 ha−1, followed by Alnus forest (26.8–39.5 m2 ha−1) and Macaranga forest (11.7–27.2 m2 ha−1). The tree diversity was highest in Macaranga forest site 2 (2.09), and it was lowest in Alnus forest site 1 (0.32). In terms of tree richness, Macaranga forest site 2 had the maximum (14 spp.) and Alnus forest site 1 and 3 (4 spp. each) had the minimum number of species (Table 2).



TABLE 2 Description and characteristics of riverine forest communities in the study area.
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3.2. Soil properties

Across the sampled sites, soil was slightly acidic in nature, and pH varied between 5.3 ± 0.1 (Alnus site 3) and 6.4 ± 0.1 (Quercus-Machilus site 1). The soil moisture ranged from 17.7 ± 1.9% (Quercus-Machilus site 2) to 31.4 ± 1.1% (Macaranga site 2). The water-holding capacity varied between 28.3 ± 1.6% (Quercus-Machilus site 2) and 33.9 ± 1.5% (Macaranga site 2). The bulk density ranged from 0.39 ± 0.05 to 0.72 ± 0.04 g cm−3 at Macaranga site 3 and Quercus-Machilus site 1, respectively (Table 3).



TABLE 3 Soil physico-chemical properties in different riverine forests.
[image: Table3]

The organic carbon, total nitrogen, available phosphorus, and available potassium ranged from 1.98 ± 0.11% (Macaranga site 1) to 3.66 ± 0.17% (Quercus-Machilus site 2), 0.16 ± 0.02% (Macaranga site 1 and Quercus-Machilus site 1) to 0.24 ± 0.02% (Alnus site 3), 11.0 ± 1.5 Kg ha−1 (B1) to 22.6 ± 1.2 Kg ha−1 (Macaranga site 2), and 105.4 ± 5.0 Kg ha−1 (Macaranga site 1) to 176.4 ± 13.7 Kg ha−1 (Quercus-Machilus site 3), respectively (Table 3). The soil organic matter and soil carbon stock ranged from 3.4 ± 0.2% (Macaranga site 1) to 6.3 ± 0.3% (Quercus-Machilus site 2) and 8.7 ± 0.7 Mg C ha−1 (Macaranga site 3) to 22.9 ± Mg C ha−1 (Quercus-Machilus site 2), respectively.



3.3. Biomass, litterfall, and net primary productivity

The tree biomass ranged from 256.6–558.1 Mg ha−1 in Macaranga forest to 460.7–485.8 Mg ha−1 in Alnus forest and 508.6–692.1 Mg ha−1 in Quercus-Machilus forest (Table 4). Of the total biomass, the aboveground biomass (544.2 Mg ha−1) and belowground biomass (147.9 Mg ha−1) contributed the maximum in Quercus-Machilus forest site 1. However, aboveground biomass (198.1 Mg ha−1) and belowground biomass (58.6 Mg ha−1) recorded the minimum for Macaranga forest site 1. The dominant tree species in Alnus forest contributed 62–88% to total biomass. However, Macaranga and Quercus-Machilus forest contributed only 23–45% to total biomass. The total annual litterfall ranged from 4.01–5.35 Mg ha−1 yr.−1 in Macaranga forest to 4.99–6.07 Mg ha−1 yr.−1 in Alnus forest and 4.91–6.72 Mg ha−1 yr.−1 in Quercus-Machilus forest (Table 5). Mean litterfall was recorded highest in Quercus-Machilus forest (5.94 ± 0.54 Mg ha−1 yr.−1), followed by Alnus forest (5.57 ± 0.31 Mg ha−1 yr.−1) and Macaranga forest (4.67 ± 0.39 Mg ha−1 yr.−1). The maximum mean annual litterfall was accounted for the summer season (3.00 ± 0.25 Mg ha−1 yr.−1) in Quercus-Machilus forest. However, it was observed at minimum during the winter season (0.76 ± 0.05 Mg ha−1 yr.−1) for Macaranga forest. The net primary productivity ranged from 12.76–14.79 Mg ha−1 yr.−1 in Macaranga forest to 12.93–14.99 Mg ha−1 yr.−1 in Alnus forest and 11.98–18.78 Mg ha−1 yr.−1 in Quercus-Machilus forest. Moreover, the biomass accumulation ratio varied between 20.12 and 57.75 for riverine forests in the sampled sites.



TABLE 4 Aboveground biomass (AGB), belowground biomass (BGB), total biomass (TB), net primary productivity (NPP), biomass accumulation ratio (BAR), aboveground carbon stock (AGC), belowground carbon stock (BGC), total carbon stock (TC), and carbon sequestration potential (CSP) along the altitudinal gradient in riverine forests.
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TABLE 5 Seasonal pattern of litterfall (Mg ha−1 yr.−1) in three distinct sites of different forests.
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3.4. Carbon stock and sequestration potential

The carbon stock ranged from 115.5–251.1 Mg C ha−1 in Macaranga forest to 207.3–218.6 Mg C ha−1 in Alnus forest and 228.9–311.4 Mg C ha−1 in Quercus-Machilus forest. Of the total carbon stock, the aboveground carbon was estimated to be highest in Quercus-Machilus forest site 1 (244.9 Mg C ha−1) and lowest in Macaranga forest site 1 (89.1 Mg C ha−1). In addition, belowground carbon was recorded at the maximum in Quercus-Machilus forest site 1 (66.6 Mg C ha−1) and the minimum in Macaranga forest site 1 (26.4 Mg C ha−1). The carbon sequestration potential ranged from 5.7–6.6 Mg C ha−1 yr.−1 (Macaranga forest) to 5.7–6.6 Mg C ha−1 yr.−1 (Alnus forest) and 5.4–8.4 Mg C ha−1 yr.−1 (Quercus-Machilus forest).




4. Discussion

The dry matter dynamics and the carbon flux of the forest are influenced by the structural and functional characteristics of the forest stand. The tree density (r = 0.73) and total basal area (r = 0.71) increased with increasing altitude in the riverine forests. In the present study, the density and total basal area in riverine forests were reported to be higher in contrast to previous studies (Rawal and Pangtey, 1994; Dhar et al., 1997). The richness and diversity across the sites were observed to be lesser than the values reported by Dhar et al. (1997) in Kumaun Himalaya. A higher tree density in Alnus forest was recorded, while slightly lesser tree diversity and richness were recorded when compared with the values recorded by Gairola et al. (2011) in Garhwal Himalaya. In addition, lower tree density, richness, and diversity in broadleaf forest were recorded compared to the values observed by Gairola et al. (2011).

The physico-chemical characteristics of soil vary within space and time due to variation in topography, climate, weathering processes, vegetation cover, microbiological activity, season, and other biotic and abiotic factors (Bargali et al., 2019; Manral et al., 2020). Therefore, soil characteristics vary over relatively small distances throughout the Himalayan region, and species composition plays an important role in the formation of soil organic matter and influences soil-forming processes (Bargali et al., 2018). All the forest communities showed distinct soil physico-chemical characteristics in the present study. It was observed that soil organic carbon was significantly correlated (r = 0.80, p < 0.05) with the total basal area of the forest. The higher concentration of soil nutrients in Alnus forest was due to its nitrogen-fixing ability and nutrient-rich litter, which enhances the physico-chemical and biological characteristics of the soil (Awasthi et al., 2022). Alder, once established in degraded land, improves the physicochemical properties of soil (Perakis and Pett-Ridge, 2019; Joshi and Garkoti, 2021). Moreover, alder develops clustered roots that release phosphorus and carboxylates and other important elements available in the soil (Lambers et al., 2019). However, the soil in broadleaf forests is often deep and fertile and has a thick layer of humus.

Litterfall serves as a conduit between the tree canopy and the soil below, contributing nutrients gathered from the biomass and affecting the productivity of the forest (Pitman, 2013). Seasonality plays a key role in the fluctuation of litterfall. Both anthropogenic and natural factors, including climate change, may have an impact on litterfall output and seasonal progression. In the present study, the lower values of litterfall were due to lower tree density (r = 0.69), lower total basal area (r = 0.72), and other site conditions (Table 6). The amount of litterfall in any ecosystem shows a linear relationship with the canopy cover, tree size, tree density, and basal area of the forest (Navarroa et al., 2013). With an increase in annual litterfall input, the soil organic carbon (r = 0.96) and soil carbon stock (r = 0.69) have significantly increased in the forest sites. The litter of Alnus is nitrogen rich, which promotes soil carbon (Bissonnette et al., 2014; Perakis and Pett-Ridge, 2019) and thus markedly benefits soil fertility. The annual litterfall in the present study was estimated to be higher than the values reported by Sharma and Ambasht (1987) in eastern Himalaya, due to higher values of tree density and total basal area. According to Chen et al. (2014), litterfall peaks in the monsoon and summer seasons for temperate broadleaf forests. The peak litterfall production during the summer season reported in this study is an indication of the tree’s physiological response to increased temperature.



TABLE 6 Pearson’s correlation matrix for different environmental variables in the study area.
[image: Table6]

Forest structure and composition had a substantial effect on biomass, carbon stock, and soil organic carbon. The tree biomass of the forest depends upon vegetation structure, species composition, and stand age (Bisht et al., 2022b). In terms of forest communities, Quercus-Machilus forest had the highest aboveground biomass, indicating a greater number of individuals with higher girth class. Moreover, Macaranga forest, with lower density and total basal area, had the lower aboveground biomass in the forest sites. The total biomass in Alnus and Quercus-Machilus forest was recorded to be higher compared to the values recorded by Singh and Singh (1987), Rikhari et al. (1997), Gairola et al. (2011), and Joshi and Garkoti (2021) in Uttarakhand Himalaya, which might be due to variation in species composition and girth class size. The value of tree biomass falls within the range reported by Sharma et al. (1998) in Alnus forest. Moreover, the tree biomass in the present study was recorded to be higher than the riverine Shorea robusta and riverine A. catechu forest of Sharma et al. (2010) and Sajad et al. (2021). In the Himalayan region, very few studies have been conducted on dry matter dynamics of riverine forests.

The net primary productivity is the key indicator of concern from the forest management and sustainability point of view. The productivity of the forest ecosystem depends upon the population dynamics, forest structure, species composition, growth traits, and rate of increment in given environmental and site conditions. The NPP reported for Alnus forest falls within the range reported by Singh and Singh (1987) and Rikhari et al. (1997). Furthermore, a key indicator of the potential age of the dominating species and the harshness of the environment, which measures the accumulation of primary persistent material, is the biomass accumulation ratio (Whittaker, 1975). The BAR in Quercus-Machilus forest was recorded at 41.3 ± 8.4, which was higher than the value (28.3 ± 1.9) reported by Singh et al. (1994) in Kumaun Himalaya. For Alnus plantation, the value falls within the range reported by Sharma et al. (1998). As the altitude rises, the mean value of the BAR increased due to larger amount of biomass production in the riverine forests.

The process of absorbing and exporting carbon varies considerably in forest ecosystems, depending on forest density, soil, and carbon stock. The carbon flux varies with the size, age, and species composition of trees in the forest ecosystem (Covey et al., 2012). The total carbon stock of the Alnus and Quercus-Machilus forest was higher than the values observed previously (Rikhari et al., 1997; Gairola et al., 2011). The carbon stock in the present study was higher than that of the riverine S. robusta and A. catechu forest recorded by Sharma et al. (2010). The significant relation between total basal area and carbon stock (r = 0.85) indicates that an increase in the stand basal area led to an increase in the carbon stock of the forest ecosystem. Carbon sequestration potential showed strong correlation with the tree density of the forest sites (r = 0.81, p < 0.01). According to Gera (2012), the variations in the sequestration potential can be attributed to the mean annual increment, which varies with forest site, age, density, and plantation. The present study reveals that soil is the largest pool of forest carbon, contributing 48.2–50.6%, followed by aboveground carbon (38.7–39.5%) and belowground carbon (10.1–11.6%, Figure 3).

[image: Figure 3]

FIGURE 3
 Density of carbon in soil and tree biomass in riverine forests of different sites (M-Macaranga forest, A-Alnus forest, B-Quercus-Machilus forest, and numeric after alphabet denotes site 1, 2, and 3 in each forest type, SOM-soil organic matter, AGC-aboveground carbon, and BGC-belowground carbon; for details, see Table 4).




5. Conclusion

It was observed that as altitude increased, there was a significant increase in both tree density and total basal area within riverine forests. The highest values for these parameters were documented in the Quercus-Machilus forest, while the lowest values were observed in the Macaranga forest. Similarly, tree biomass and productivity exhibited their peak values in the Quercus-Machilus forest (692.1 Mg ha−1) and their lowest values in the Macaranga forest (66.91 Mg ha−1). The annual litterfall demonstrated a seasonal variation, with higher levels during the summer (3.40 ± 0.01 Mg ha−1) and lower levels in the winter (0.74 ± 0.01 Mg ha−1), ranging from 4.01 Mg ha−1 in the Macaranga forest to 6.72 Mg ha−1 in the Quercus-Machilus forest. This investigation unveiled that the Quercus-Machilus forest not only stores a substantial amount of carbon (280.7 ± 26.0 Mg ha−1 yr.−1) but also sequesters carbon effectively (7.1 ± 0.9 Mg C ha−1 yr.−1) compared to the Macaranga and Alnus forests. In conclusion, the research indicates that a greater litterfall and higher forest density in riverine habitats exert a more pronounced influence on soil organic carbon content. Additionally, it was observed that Alnus forests significantly enhanced the nitrogen content in the forest ecosystem, positively affecting soil fertility.

This study contributes to our comprehension of carbon storage and fluxes within riverine forests in the Western Himalaya. Carbon offset programs such as REDD+ offer abundant opportunities and resources for the conservation of these forests, allowing for the retention of carbon reserves while simultaneously delivering supplementary ecosystem services to local communities. Consequently, it is advisable to contemplate the utilization of riverine forests for the restoration of deteriorated sites in the Western Himalaya, and the implementation of alder-based restoration initiatives should be examined as a potential means to enhance carbon storage within ecosystems. This should be viewed as an integral element of climate change mitigation strategies and forest ecosystem management.
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Referenced classes (1999)

Water body 6 0 3 1 0 10 60
Forest 0 43 2 5 0 50 86
Agricultural land 0 3 46 3 0 52 88.46
Barren land 0 2 2 37 0 41 90.24
Built-up 0 0 3 1 33 37 89.19
Sum 6 48 56 47 33 190
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Referenced classes (2010)

Water body 7 3 0 0 0 10 70
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Referenced classes (2020)

Water body 7 3 0 0 0 10 70
Forest 0 42 6 3 0 51 82.35
Agricultural land 0 1 55 4 0 60 91.66
Barren land 0 0 4 26 0 30 86.66
Built-up 0 3 0 0 47 50 94
Sum 7 49 65 33 47 201

Producer’s accuracy (%) 100 85.71 84.61 78.78 100 Overall accuracy 88.05
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Data type

Rainfall data

Source

Indian meteorological department (IMD),

(https://dsp.imdpune.gov.in)

Description

Rainfall data for a period of 30 years (1999-2020) from 11 nearby stations

Soil data

NBSS and LUP, 2005

Soil map of Himachal Pradesh (1: 500,000 scale)

Digital elevation model

https://earthexplorer.usgs.gov/

SRTM digital elevation model (DEM) of 30 m spatial resolution

Satellite data

https://earthexplorer.usgs.gov/

(i) LANDSAT 7 ETM ™ image (Path/row: 148/038) of 20-09-1999 (30 m resolution)
(ii)) LANDSAT 5TM ™ image (Path/row: 148/038) of 11-11-2010 (30 m resolution
(iii) Sentinel 2 images (L1C_T43SFR_A028173) (L1C_T43SFR_AD18621) of
13-11-2020 and 29-09-2020 (10 m resolution)
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Covariates Coefficient () HR [exp(B)] 95% Confidence interval

Region

Northeast 0.00) (1.00)

West -2.137 0118 0.115-0.121

Southeast —1313 0.269 0.263-0275

Protection <0.001
Protected. (0.00) (1.00)

Non-protected o611 1842 17961888

Elevation (m) ~0.004 09956 0.9955-0.9956 <0.001
Slope () ~0.018 0.982 0.981-0983 <0.001
Distance to ridge (m) ~0.00006 0.99994 0.99993-0.99995 <0.001

Scale=0.707





OPS/images/ffgc-06-1183509/ffgc-06-1183509-t005.jpg
Forest type Stand age (years)

21-30 31-40
Oak forest (Quercus spp.) 15.81 3.90 14.63 151.33 3051 036
Pine forest (Pinus densiflora) 557 0.68 4.16 38.15 10.72 0.04
Rigida pine forest (Pinus rigida) 003 003 077 3415 012 000
Larch forest (Larix kaempferi) 052 049 4.14 2842 0.28 0.00

Mixed forest 458 031 656 26.08 122 0.00
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Land cover type Forest to other Other land

land cover cover to forest
Used area (built-up area) 368 281
Agricultural land 1110 1246
Grass. 4572 7.59
Wet land 071 0.08
Barren 11.96 051

Water 078 061
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Land cover type Change (2002—

2022)
Used area (built-up area) 19,69 1835 1515 2103 134
Residential area 1029 938 542 251 -7.78
Industrial area 033 064 034 017 ~0.16
Commercial area 075 090 113 129 054
Cultural, sports, and recreational area 0.06 012 031 027 0.21
Transportation area 590 603 675 1540 9.50
Public facilties area 236 128 120 139 ~0.97
Agricultural Land 11402 11597 103.41 79.28 -3474
Rice paddy field 57.33 5667 2894 2125 -36.08
Field 5286 5513 6269 4362 —9.24
Facility plantation 032 047 116 193 161
Orchard 257 221 736 885 628
Other cultivated area 094 149 326 36 269
Forest 62398 617.17 600.16 57411 ~49.87
Broadleaf forest 28607 285.07 397.78 38649 100.42
Coniferous forest 25093 21596 167.59 15454 ~9639
Mixed forest 8698 86.14 3479 33.08 -539
Grass 1311 1672 4328 7755 6444
Natural meadow 548 560 3320 023 -525
763 12 10,08 7732 69.69
Wetland 153 301 544 566 413
Inland wetland 153 301 544 566 413
Barren 351 611 837 1974 16.23
Natural barren 0.07 016 171 275 268
Atificial barren 344 595 666 1699 1355

Water 274 2123 275 2121

Inland water 274 2123 275 2121
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Variable Data Spatial resolution

Region (Northeast, Southeast  Categorical 30m
West)

Protected area (protected, non-  Categorical 30m
protected)

Elevation (m) Continuous 30m
Slope (degree) Continuous 30m

Distance to ridge (m) Continuous 30m
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Published Mapping
Year level

2002 Level2 5m
2007 Level 2 5m
2013 Level 2 5m
2020 Level 3 m

Data
type

polygon
polygon
polygon

polygon
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Area (in percentage) Mean soil loss

Soil loss
(t/ha/year)

potential class

Very low Low (1-5) Moderate | High (10-20) | Very high Extreme
(0-1) (5-10) (20-50) (> 50)

1999 46.42 2.53
2010 46.52 5
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LULC Classes Area (in percentage) of different soil loss potential classes
Very low (0-1) Low (1-5) Moderate (5-10) High (10-20) Very high (20-50) Extreme (> 50)

Year 1999 | 2010 | 2020 | 1999 | 2010 | 2020 | 1999 @ 2010 | 2020 1999 | 2010 @ 2020 | 1999 | 2010 | 2020 | 1999 2010 | 2020
13.05%

13% 11.38% 10.12% 29.65% 11.40%

Built-up 48.39% 61.38% 63.05% 0.1% 1.13% 4.67%

17.42%

19.74%

17.69%

8.05% 8.74%

8.41%

Agricultural land 63.91% 60.58% 60.87% 0.4% 1.39% 5.48%

39.58%

33.14%

2.52% 12.16% 13.01% 10.65% 35.73%

Forest 43.21% 42.52% 42.15%

38.67%

47.69%

Barren land 45.14% 50%

Water body 100% 100% 100%
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LULC classes Mean soil loss (t/ha/year)

Built-up Barren land Agricultural land Forest
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Calibration period Verification period

Sign test (+/-) PMT RMSE

1902-1957 0.59 0.35 0.34 29.28%* 1958-2017 40+/16—* 291 49.05 0.52 0.22 121
1958-2017 0.71 0.51 0.50 61.02 1902-1957 41+/15—* 172 67.55 0.32 0.31 1.81
1902-2017 0.63 0.40 0.39 98.99%*

1: correlation coefficient; R?: explained variance; F: F-test. Sign-test sign of paired observed and estimated departures from their mean on the basis of the number of
agreements/disagreements. Pmt, product mean test; RMSE, Root mean squared error, RE, reduction of error; CE, coefficient of efficiency; DW, Durbin-Watson test; *p < 0.05, **p < 0.01.
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Time period 1732-2017

Number of cores (Tree) 84 (45)
Mean sensitivity 0.29
Standard deviation 0.25
Rbar 0.34
Signal to noise ratio 11.24
Expressed population signal 0.88
EPS > 0.85 1780
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K 0.64 043 052
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scs 072
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Significant a 0.01 and "at 0.05; figures with no subscript are not significant; TD-tree density, TBA-total basalarea, H-diversit, TR-ree richness, OC-organic carbon, N-nitrogen,

p-phosphorus, K-potassium, SOM:-soil organic matter, SCS-soil carbon stock, TC-total carbon stock, LE-litterfall, CSP-carbon sequestration potential.
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Forest Winter Summer Rainy Total Average

Macaranga 1 0742001 1792002 148000 401 467039
2 0.85£0.00 261£001 1894003 535
3 0.68+0.02 244001 154001 4.6

Albnus 1 088004 2704001 206£002 564 5574031
2 1.07£0.00 234003 1584002 499
3 1324001 297001 1.78£0.00 607

Quercus-Machilus 1 0.900.02 2534000 1484001 491 594054
2 1255002 3402001 207£001 672

5 0.94£0.01 3.06£0.02 218004 618
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Mo (%) WHC OC (%) N (%) P (Kg K (Kg SOM  SCS (Mg

(%) ha) ha™) (%) Cha™)
Ml 246415 286410 046004 55401 198+0.11 0164002 196£0.9 105450 34202 9.0£03
M2 31411 339415 044006 55501 2724015 018001 226412 1164296 47£03 11811
M3 27.0£1,1 291408 039£0.05 54201 2234010 0.17£0.03 2311 1248107 39£02 87407
Al 260414 312414 0.53£0.07 55400 2934019 0.19:£0.01 190218 10744178 50403 152812
A2 243517 | 31015 0442006 54201 2864016 0.20£0.01 19913 H81£146 49303 12410
A3 214£12 | 284227 0.42£0.07 53201 3104015 0244002 215418 1497£37.5 53203 127£15
B1 190518 312:12 0722004 64201 2814014 016001 11015 14378250 48202 184210
B2 177619 283%16 0.65£0.06 62£02 3664017 0.19:£0.02 13814 15208124 63203 229511
B3 185519 305:10 0.64£0.06 60£02 3154014 0.18£0.01 15408 1764137 54202 13215

M, Macaranga forest; A, Alnus forest; B, Quercus-Machilus forest, and numeric after alphabet denotes ste 1, 2,and 3 in each forest type, Mo-moisture, WHC-water-holding capacity, BD-bulk
density, OC-organic carbon, N-total nitrogen, P-available phosphorus, K-available potassium, SOM-soil organic matter, SCS-soil carbon stock.
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Site  Altitude Micro- Dominant  Co-dominant cc Density ~ Totalbasal H TR

(m) watershed  species species (%) (individuals area
ha™) (m?ha™)
Macaranga 1 890 Dogrigad M. pustulata Engelhardia spicata, 30 530 17 124 6
2 1,125 Patmoligad Sapium insigne, Toona 55 470 270 200 14
ciliata, Bombax ceiba,
3 1500 Painagad 60 640 272 1588
Mallotus philippinensis
Al 1 1355 Dhuratoli A nepalensis Carpinus viminea, 0 580 395 032 4
2 1500 Madkani river Lyonia ovalifolia, Q. 55 480 268 12 9
leucotrichophora, E.
3 1645 Madkani river 30 630 382 036 4
spicata, etc.
Quercus- 1 1865 | Ghosigad Quercus Persea duthiei, Neolitsea | 55 510 474 6710
Machilus N 2065 Madkani river | leucotrichophora,  pallens, Betula alnoides, 49 790 sS4 18 9

Neolitsea cuipala | Pyrus pashia, Machilus
3 2195 Dogrigad 15 780 314 18110
odoratissima, etc.

CC, canopy cover; H, diversity; TR, tree richness.
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Tree species Volume equations

Hardwood

Acer acuminatum Wall. ex DDon | V'=-0.162945+3.109717*D

Alnus nepalensis D. Don V=0.0741-1.3603*D + 10.9229*D*
Bauhinia variegata 1. V=-0.04262+6.09491*D*

Betula alnoides Buch. -Ham.ex D, V'=-0.12110+ 1.58826*D + 1.96643D*

Don
Bombax ceiba L. V=0.136196-2.07674*D + 10.1566*D*
Celtis australis 1. VV'=003629+3.95389*D-0.84421%/D

Desmodium oojeinense (Roxb) H. | V'=0.025941-0.832619*D + 8.285841*D*
Ohashi

Engelhardia spicata Bl Log, V'=2.535662+2.519379 log. D
Ficus neriifolia Sm, V/V'=003629+3.95389*D-0.84421%y/D
Ficus rumphii Bl V/V'=003629+ 3.95389*D-0.84421%y/D
Grewia optiva . R. Drumm. ex V=-001611+490810*D"

Burret

Lyonia ovalifolia (Wall) Drude. V=0.03468-0.56878*D +4.72282*D"
Macaranga pustulata King ex V=0.13333-2.18825*D + 13.12678*D*
Hookf.

Machilus odoratissima Nees V=6.678"D"D-0.240°D-0.024

Mallotus philippensis (Lam.) Mull. | V=0.14749-2.87503*D + 19.61977*D*-
Arg. 19.11630°D°

Persea duthiei (King) Kosterm. V=6.678*D*D-0.240*D-0.024

Pyrus pashia Buch. -Ham. exDDon | V'=0.046-0.646"D + 4.272*D*

Quercus floribunda Lindl. ex A V=0.0988-1.55471*D + 10.16317*D*
Camus
Quercus glauca Thunb. VV=004430-

0.84266°D +6.362390°D* +2.27556*D"

Quercus leucotrichophora A.Cam. V/V'=0240157+ 3.820069%D-1.39452% /D
ex Bah.

Rhododendron arboreum Sm. V'=0.06007-0.21874/D + 3.63428* D*
Sapium insigne (Royle) Trim. V=-0.06440 +0.48094*D +4.61818*D*
Shorea robusta Gaertn. VV=003085-

0.77794%D+8.42051%D* +5.91067* D’

Symplocos chinensis (Lour) Druce  V=-0.212798 +3.288996*D +0.046417*/D.

Syzygium cumini (L.) Skeels. log. V=2.132776 +2.4793974l0g. D
Toona ciliata M. Roem. V=-027525+3.0319°D
Rest of the species V=0007602-

0.033037D+ 1.868567*D* +4.483454*D*
Softwood

Pinus roxburghii Sarg, V/V=005131+3.9859*D-1.0245%\/D

*V-volume (m?) under bark, D-diameter at breast height (1.37m) over bark in meters.
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Individual effect Combined effect

A AS H NAS AnNH ASNH ANASNH|

(0.001) | (0 (;01) (0. 001) (0.061)

The values presented are the adjusted R-squared values as a percentage, with corresponding p-
values based on 999 permutations in brackets.

The values indicate the adjusted R? values in percentage along with the p-values based on 999
permutations in brackets.
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Sunny slope

Plant family Number of plant genera Percentage of total Number of plant Percentage of total
genera (%) species species (%)
Asteraceae 7 11.29 9 12.33
Lamiaceae 4 6.45 5 6.85
Rosaceae 4 6.45 4 5.48
Urticaceae 3 4.84 5 6.85
Ranunculaceae 3 4.84 4 5.48
Poaceae 3 4.84 3 4.11
Apiaceae 3 4.84 3 4.11
Polygonaceae 2 3.23 4 548
Araliaceae 2 3.23 2 2.74
Asparagaceae 2 3.23 2 2.74
Caprifoliaceae 2 3.23 2 2.74
Gentianaceae 2 3.23 2 2.74
Polypodiaceae 2 3.23 2 274
Orchidaceae 2 323 2 2.74
Balsaminaceae 1 1.61 3 4.11
Violaceae 1 1.61 2 2.74
Zingiberaceae 1 1.61 1 1.37
Rubiaceae 1 1.61 1 1.37
Verbenaceae 1 1.61 1 1.37
Piperaceae 1 1.61 1 1:37
Geraniaceae 1 1.61 1 1.37
Oxalidaceae 1 1.61 1 137
Onagraceae 1 1.61 1 137
Athyriaceae 1 1.61 1 1.37
Mazaceae 1 1.61 1 137
Plantaginaceae 1 1.61 1 1.37
Caryophyllaceae 1 1.61 1 1.37
Boraginaceae 1 1.61 1 137
Campanulaceae 1 1.61 1 1.37
Fabaceae 1 1.61 1 1.37
Dryopteridaceae 1 1.61 1 1:37
Ericaceae 1 1.61 1 137
Melanthiaceae 1 1.61 1 137
Apocynaceae 1 1.61 1 1.37
Pteridaceae 1 1.61 1 1.37
Total 62 100 73 100
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Shady slope

Plant family Number of plant genera Percentage of total Number of plant Percentage of total
genera (%) species species (%)
Asteraceae 9 18.37 10 17.54
Apiaceae 4 8.16 4 7.02
Rosaceae 4 8.16 4 7.02
Dryopteridaceae 3 6.12 6 10.53
Urticaceae 3 6.12 3 5.26
Orchidaceae 3 6.12 3 5.26
Ranunculaceae 2 4.08 3 5.26
Araliaceae 2 4.08 3 5.26
Poaceae 2 4.08 2 3.51
Rubiaceae 2 4.08 2 351
Saxifragaceae 2 4.08 2 351
Polygonaceae 1 2.04 2 351
Balsaminaceae 1 2.04 2 351
Lamiaceae 1 2.04 1 175
Polypodiaceae 1 2.04 1 1.75
Oxalidaceae 1 2.04 1 1.75
Araceae 1 2.04 1 175
Athyriaceae 1 2.04 1 1.75
Pteridaceae 1 2.04 1 1.75
Geraniaceae 1 2.04 1 1.75
Adoxaceae 1 2.04 1 175
Plantaginaceae 1 2.04 1 1.75
Violaceae 1 2.04 1 1.75
Onagraceae 1 2.04 1 1.75
Total 49 100 57 100
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Aspect

Altitude gradient
zone (m)

Latitude

Longitude

Altitude
(m)

Slope

Vegetation
coverage (%)

Forest type

Shady slope 2,000-2,200 30.12°N 95.06°E 2,033.3 44° 95 Alnus nepalensis forest
2,200-2,400 30.07°N 94.99°E 2,330.7 17° 95 Evergreen mixed broad-leaved
forest,understory no shrub
2,400-2,600 29.99°N 94.87°E 2,579.3 31° 85 Evergreen mixed broad-leaved
forest
2,600-2,800 29.99°N 94.86°E 2,715.0 26° 87 Populus szechuanica forest
2,800-3,000 29.85°N 94.76°E 2,933.3 7° 90 Evergreen mixed broad-leaved
forest
3,000-3,200 29.84°N 94.76°E 3,024.7 47° 95 Evergreen mixed broad-leaved
forest
Sunny slope 2,000-2,200 30.02°N 95.01°E 2,002.3 30° 80 Deciduous broad-leaved forest
2,200-2,400 30.00°N 94.94°F 2,207.6 12° 95 Evergreen mixed broad-leaved
forest,understory no shrub
2,400-2,600 29.98°N 94.88°E 2,495.4 33° 80 Mixed deciduous forest
2,600-2,800 29.96°N 94.79°E 2,621.6 0° 78 High-mountain Pinus forest
3,000-3,200 29.79°N 94.75°E 3,138.9 40° 80 Mixed conifer-broadleaf forest
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Altitude m.a.s.l. |RWC (%) | LDMC (gg~?) SLA (cm? g%) | PR (n-moles™?) | TCH (mg.g=%) CRT (mg.g~?%) | TPC (mg.g~1) | TFV (mg.g~%) | TSS (mg.g~1)

RGS1 3,200 70.5 £ 0.954 0.424 £ 0.0292 3.124+0.104 73.1+1.86 2.944+0.0539 2.30 £ 0.00666 0.559 £ 0.00632 41.940.138 26.6 £ 0.259 26.0 £0.299
RGS2 3,351 719+ 1.19 0.42 £ 0.0100 2.97 £0.0416 70.5+2.23 3.06 % 0.0666 2.18 +0.00321 0.598 £ 0.00429 42.940.104 25.7 £ 0.215 26.6 +0.538
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RGS5 3,900 80.6+1.98 0.445 £ 0.0278 2.56 +0.0529 57.7 +4.30 4.57 £0.0610 1.78 £ 0.00510 0.839 £ 0.00351 4451+ 0.275 29.440.309 33.540.228
Data were shown as mean =+ standard deviation, n = 3. RWC, relative water content; LDMC, leaf dry mass content; LA, leaf area; SLA, specific leaf area; PR, proline content; TCH, total chlorophyll; CRT, carotenoid content; TPC, total phenolics content; TFV, total

flavonoids; TSS, total soluble sugars.
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RGS1 3,220 0-10 |5.544+0.015| 9.1 349+£021 | 1.26£0.0055|1.23 £0.0141 | 485+ 15.52 |287.33 4+ 13.610.0071 4 0.00021| 3.7 £0.10 | 0.225+£0.001 | 0.01 £0.0005| 0.17 £ 0.002 | 0.026 £ 0.003 |0.00176 =% 0.00001
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RGS2 3,351 0-10 5.2

£ 0.020 8.9 37.9+£02 120 £0.012 | 1.1694 £ 0.01 |606.67 & 60.91| 227.33 £ 8.02 0.0077 4 0.00015| 3.6 +0.02 0.228 £ 0.0004| 0.01 £0.001 | 0.12 £0.001 | 0.02 £0.001 | 0.00157 4= 0.0001
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RGS3 3,500 0-10 [4.964+0.015| 7.3 38.93+£0.24 | 1.18 0.0099 | 1.297 £ 0.012| 621 £37.16 | 292.67 £ 8.02|0.0095 £ 0.00026/ 3.8 £0.05 |0.232 4 0.002 (0.019 4+ 0.0008 0.12 4 0.001 | 0.02 £ 0.00002 | 0.00157 &£ 0.00

0-20 |517£0.056 5.1 36.73 £0.11 .28 £0.022 | 1.227 £0.104 |404.33 4 30.27 153.66 £ 5.03 |0.0142 £ 0.00011| 3.5+£0.036 |0.203 £ 0.008 | 0.01

£ 0.0003 |0.108 £ 0.0052| 0.02 £ 0.0002 | 0.0018 4 0.00003

117 £0.0129/1.365 4 0.0015/626.33 £ 23.03|281.33 & 26.73/0.0099 &£ 0.00015| 3.8 £0.02 | 0.250 £ 0.007 0.018 £ 0.0002 0.16 = 0.0026 | 0.020 £ 0.0002 | 0.0016 % 0.00001

RGS4 3,700 0-10 |4.734£0.005| 6.1 |41.96%0.115

—

0-20 | 4.9140.02 3.9 39.24£0.25 26 £0.011 | 1.261 £0.058 473.33 £21.22) 218 £7.21 |0.0174 £ 0.00045 3.8 £0.036 |0.206 & 0.009 |0.013 £ 0.0003| 0.15 £ 0.0036 | 0.023 £ 0.0001 | 0.0018 =£ 0.00003

RGS5 3,900 0-10 4.524+0.01 54 43.574£0.50 | 1.11 £0.0015 | 1.434 4 0.007 |664.33 4 27.30/298.33 4= 26.95/0.0111 4 0.00047| 3.8 £0.06 | 0.252 4 0.001 |0.025 £ 0.0008| 0.18 £ 0.002 | 0.025 £ 0.0002 | 0.0018 4= 0.00001

0-20 |4.6440.0057 3.1 39.71 £0.14 | 1.25+£0.0064 | 1.408 +0.119 |641.47 +49.72| 310 £ 11.27 0.0184 & 0.00035| 3.5 £0.208 0.210 £ 0.0036/0.019 £ 0.0005| 0.17 4= 0.0043 0.028 £ 0.00017| 0.0019 4= 0.00001

Data were shown as mean =+ standard deviation, n = 3. pH, soil pH; Temp, soil temperature; MC, moisture content; BD, bulk density; OM, organic matter; CD, soil electrical conductivity; SL, salinity; N, total soil nitrogen content; C, total soil organic carbon; Mg,

magnesium; K, potassium; Ca, calcium; Na, sodium; S, sulfur.
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Study sites

Tangmarg (SI)
Gulmarg (SI1)
Drung (SIIT)
Gogaldara (SIV)
Doodhpathri (V)
Dara, Harwan (SVI)
Daksum (SVII)
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Bangus (SIX)

Khag (SX)

Latitude (N)

34.06085°
34.04557°
34.03783°
34.04317°
33.88613°
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34.33333°
34.00011°

Longitude (E)

74.42472°
74.38441°
74.41106°
74.51425°
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75.46383°
75.26322°
74.09972°
74.52829°

Altitude (m asl)

1,950
2,700
2,250
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2,600
2,150
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2,800
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2,000

Habitat

Open rocky slope

Partial shady and slope

Shady, inside forest
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Shady slope and little moist
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Partial shady along roadside
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Site

SII
SIII
SIV

SVI
SVII
SVIII
SIX
SX

*Mean =+ SD.

pH

6.68 & 0.02*
5.71 4+ 0.02
6.32 4 0.02
6.05 & 0.05
6.19 & 0.01
6.92 & 0.05
5.54 4 0.03
5.89 4 0.08
6.76 & 0.07
6.46 & 0.05

OC (%)

3.57 +0.02
6.55 +0.19
4.02 +0.02
6.58 4 0.02
2.24 +0.01
3.13 +£0.02
12.39 4 0.09
10.59 4 0.02
6.21 4 0.02
1.16 £0.01

OM (%)

6.16 £ 0.03
11.30 £ 0.02
6.92 £ 0.06
11.34 £0.10
3.86 £ 0.02
5.40 £ 0.03
21.36 +0.02
18.26 £ 0.09
10.71 £ 0.02
2.00 £ 0.02

N (%)

0.02 £ 0.012
0.04 & 0.004
0.04 & 0.003
0.045 £ 0.001
0.032 £ 0.002
0.03 & 0.004
0.05 £ 0.007
0.08 & 0.030
0.05 £ 0.002
0.03 £ 0.004

P (Kgha-!)

132.43 £ 12.37
234.83 £ 1243
100.80 £ 9.59
146.2 + 11.98
154.78 & 5.67
74.84 + 8.76
177.63 = 13.24
77.88 £ 6.41
43.25+ 835
111.10 +9.74

K (Kgha-1)

596.59 + 37.89
443.15 +16.48
568.59 £ 22.63
543.20 & 19.54
619.36 +23.73
385.21 +£11.05
605.55 + 38.33
552.53 £17.17
289.78 £+ 10.05
473.76 £+ 15.88

SR

31
68
32
49
33
68
83
76
39
27

3.01
4.05
29
3.62
3.35
3.92
3.99
4.12
3.51
2.68

0.88
0.96
0.84
0.94
0.96
0.93
0.9
0.95
0.96
0.81

1/D

0.92
0.98
0.91
0.97
0.96
0.98
0.97
0.98
0.96
0.91
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Index Elevl Elev2 Elev3 Elev4
MI 2.57 +0.08 243 +0.17 234 +0.10 2.42+0.12
EMI 2,64 +0.08 2.60 £ 0.14 2.55 £0.10 2.52+0.10
MI25 3.09 £ 0.11° 2.94 +0.12%° 3.04 & 0.09* 2.69 =+ 0.08"
PPI 339 +£0.22 3.60 £ 0.25 3.55 £ 0.24 3.00 = 0.00
EI 7392 + 3.87 70.84 = 5.58 77.57 + 3.47 44.90 + 9.66
SI 80.59 + 4.10 73.39 = 7.233 80 12 = 2.49%0 67.21 & 4.09"
cI 7.31 £ 1.60% 2.98 4 1.36" 5.18 = 3.28" 38.37 £ 14.75%
H 2.54 + 0.06° 2.42 4 0.072 2.15 £ 0.07° 1.99 + 0.06°
r 0.94 £ 0.01* 0.94 4 0.012 0.97 = 0.00° 0.92 £0.01¢
Generic richness 15.00 4 0.83% 13.58 4 0.94* 9.50 + 0.67° 8.92 +0.62°
Composite footprint 5220 = 4.422 50.56 & 3.222 68.76 - 9.40% 29.53 4 2.63%
Enrichment footprint 18.44 + 3.79% 11.69 + 3.332 30.66 == 7.17° 3.87 +1.12¢
Structure footprint 23.53 £2.56 22.66 + 3.88 19.73 +2.29 14.40 + 1.69
Herbivore footprint 557 +1.43 11.48 +2.49 12.94 +5.35 2.83 +0.52
Fungivore footprint 261 £0.58 1.03 4 0.29 1.68 4 0.57 0.99 = 0.40
Bacterivore footprint 22.77 & 3.44% 16.74 £ 2.87° 36.13 = 7.01° 14.05 + 1.66*
Predator footprint 14.05 + 1.77 16.24 + 3.87 12.09 +2.77 7.82 220
Omnivore footprint 7.25+1.24 5.08 4+ 1.20 593 +1.53 3.84 4+ 1.11

The means with different small case superscript letters are significantly different by means of post-hoc Dunn test (p < 0.05). Elev, elevation, where Elev1: 1,000-1,400 m, Elev2: 1,401-1,800 m,
Elev3: 1,801-2,200 m and Elev4: 2,201-2,600 m.
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Trophic group

Elevl (1,000-1,400)

Elev2 (1,401-1,800)

Elev3 (1,801-2,200)

Elev4 (2,201-2,600)

Bacterivores 171.67 & 11.40° 205.75 = 19.3330 250.25 = 28.97° 294.42 + 41.94°
Fungivores 4433 +8.19 30.08 = 10.93 28.50 + 8.38 23.25+ 487
Herbivores 27.75 £ 5.96 46.83 & 3.923b 71.25 = 11.38b¢ 84.58 & 11.54¢

Omnivores 39.33+£7.32 47.17 +13.80 3767 £9.11 32.92 £ 11.05
Predators 61.58 £9.47 58.25 £ 13.00 50.58 £ 8.55 35.42 £ 7.49
Total nematodes 344.67 £ 20.56 388.08 £ 35.66 438.25 £ 35.95 470.58 & 44.73

The means with different small case superscript letters are significantly different by means of post-hoc Dunn test (p < 0.05). Elev, elevation.
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Paired class F-value P-value

Elev1 vs. Elev2 1.72 0.031
Elev1 vs. Elev3 1.64 0.035
Elev1 vs. Elev4 2.50 0.002
Elev2 vs. Elev3 2.84 0.001
Elev2 vs. Elev4 2.77 0.001
Elev3 vs. Elev4 1.34 0.180

Elev, Elevation; where Elev1: 1,000-1,400 m, Elev2: 1,401-1,800 m, Elev3: 1,801-2,200 m and
Elev4: 2,201-2,600 m.
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Omnivores

Crassolabium 0.89 £ 0.61 3724163 0.64 + 0.64 2.50 £ 1.31
Eudorylaimus 172+ 1.21 2.16 £ 0.95 1.5140.82 0.00 = 0.00
Mesodorylaimus 3.60 = 1.45 0.00 = 0.00 3.35+1.87 3714178
Nygolamoides 0.00 = 0.00 0.00 = 0.00* 2.86 & 1.58° 0.00 = 0.00
Thornenema 3.77 £ 137% 1.46 £ 0.97% 0.50 % 0.50° 0.35 %+ 0.35"
Tornaria 1.19 4 0.84 335+ 1.92 0.00 = 0.00 1.16 & 0.63
Predators

Clarkus 448 +1.21 126 £ 0.85 2.30 £ 1.21 129 40.79
Coomansus 0.00 = 0.00 1.17 £ 0.86 1914 111 1.37 +0.88
Discolaimoides 2.84+ 1.16 0.71 +0.61% 0.37 +0.37° 0.00 % 0.00°
Discolaimus 0.54 £ 0.54 0.00 = 0.00 1324 0.98 0.61 £ 0.43
Totonchus 1.59 + 0.65* 0.78 £ 0.47% 0.00 = 0.00° 0.00 = 0.00°
Labronema 0.90 £ 0.48 0.00 = 0.00 1.53 4 0.81 0.38 £ 0.30
Mononchus 1.83 +0.79 122 40.96 2324157 0.82 £ 0.50
Mylonchulus 1.68 & 0.90% 2.42 4 0.99* 0.00 = 0.00° 0.00 = 0.00°
Prionchulus 2.2140.94 2.74 4 1.54 2.46 £ 1.10 1.80 &+ 1.13
Tripyla 1.65 % 0.89 487 +1.85 0.00 = 0.00 1.18 4+ 0.98

The means with different small case superscript letters are significantly different by means of post-hoc Dunn test (p < 0.05). Elev, elevation.
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Elevl (1,000-1,400) Elev2 (1,401-1,800) Elev3 (1,801-2,200) Elev4 (2,201-2,600)

Bacterivores

Acrobeles 44135 1.82+ 1.03 3744211 4844211
Acrobeloides 1.65 £ 0.98 5424 1.90 1.85 £ 1.25 3.98 4 2.27
Alaimus 1.59 + 1.59 2754 1.23 2.65 4 1.47 5.86 4 2.78
Anaplectus 172+ 1.08 1.68 + 1.16 4.04+2.15 7.21 4 2.60
Bunonema 1.35 4 0.67* 1.03 & 0.57% 3.74 £ 2.11° 0.00 = 0.00°
Cephalobus 2.2841.26 2104 1.23 0.00 + 0.00 4.66 + 2.70
Cervidellus 2.66 4 1.24 2984 1.11 425+ 1.93 439 +2.36
Chiloplacus 3904173 2354 1.29 1.28 + 0.90 0.00 & 0.00
Cuticularia 1.24 4 0.84% 1.57 & 0.752 0.00 = 0.00° 0.00 = 0.00°
Diplogastrid 2554 1.45 0.00 & 0.00 5144221 3.3142.28
Diploscapter 296+ 1.17% 475+ 1.91% 0.00 % 0.00° 0.00 + 0.00°
Eucephalobus 2224098 290+ 1.19 3564173 2154 1.45
Mesorhabditis 429+ 1.52 7.70 4 2.51 5124 1.61 4.66 +2.07
Monhystera 1.30 £ 0.58 1.58 +0.76 3114131 3.154 1.90
Panagrolaimus 1.310.70 0.00 & 0.00 2.78 4+ 1.60 2,944 2.01
Pelodera 1.78 + 0.96 0.77 4 0.55 519 4 2.39 0.00 & 0.00
Plectus 2.29 4 1.60 3.60 & 1.68 1.08 £ 0.75 4.18+2.34
Protorhabditis 2.1141.23* 7.27 +2.14° 2.12 4 1.44% 2,554 1.75%
Rhabditis 472+ 1.64* 2.02 4 1.20 7.74 4 2.71% 0.00 + 0.00°
Teratocephalus 2414 1.69 0.4140.29 1.23+0.87 3384 1.91
Wilsonema 2234131 1.72 4 0.96 0.00 % 0.00 2.89 4 1.53
Fungivores

Aphelenchoides 1.59 +0.74 138+ 1.23 0.73+0.73 147 +£0.97
Aphelenchus 2744132 1.17 £ 0.80 3.03 4 2.01 0.61 4 0.53
Diptherophora 1.46 + 1.06 0.00 & 0.00 1334072 1.62 +0.93
Ditylenchus 1.13 £ 0.90 0.27 4 0.27 0.00 % 0.00 0.00 & 0.00
Filenchus 1.76 £ 0.68 0.00 & 0.00 0.96 + 0.75 1.80 + 1.03
Oxydirus 0.00 % 0.00 1.15+0.79 0.00 + 0.00 0.00 & 0.00
Tylencholaimulus 4.02+1.83 1.17 £ 1.00 164 +1.14 0.4240.28
Tylencholaimus 0.00 % 0.00 1.42 4098 0.00 % 0.00 0.00 & 0.00
Herbivores

Helicotylenchus 0.89 + 0.50 0.44 4 0.34 3,554 1.54 3.67+ 171
Hemicricon 2334 1.21% 1.48 + 0.78% 0.00 % 0.00° 0.00 + 0.00°
emoides

Hopolaimus 0.26 4 0.19% 1.09 + 0.48? 0.00 % 0.00° 0.00 + 0.00°
Longidorus 0.77 + 0.52 0.00 & 0.00 0.00 + 0.00 0.00 & 0.00
Mesocriconema 0.64 £0.37 0.00 £ 0.00 351 +1.68 4.83 £2.23
Paralongidorus 0.82 %+ 0.37 2174075 2.96 & 1.67 0.00 & 0.00
Pratylenchus 0.57 +0.31 0.00 & 0.00 2.53 4 1.09 2.39 4 1.69
Psilenchus 1.33 £ 0.63* 2.26 + 0.85* 0.00 % 0.00° 0.00 + 0.00°
Tylenchorhynchus 0.22+0.15 2.194+0.95 1.83 £1.39 7.90 +2.82
Xiphinema 0.00 = 0.00 3.27 4+ 1.35° 1.95 4 1.03% 0.00 = 0.00*
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Variable

Elevl (1,000-1,400)

Elev2 (1,401-1,800)

Elev3 (1,801-2,200)

Elev4 (2,201-2,600)

pH 6.54 +0.112 5.58 + 0.09" 4.82 4+ 0.07° 4.22 40.08°
EC (ds/m) 42040.10 3.17 £ 0.20° 2.42 + 0.14>¢ 1.95 £ 0.13¢
TMP (°C) 22.08 + 0.83 18.23 £ 0.86° 12.37 £ 0.74° 8.88 + 0.45"
SM (%) 15.27 £ 0.88? 19.13 + 1.37° 32.07 4 2.47° 43.74 + 1.78"
OM (%) 5.08 + 0.56* 7.44 +0.58* 11.44 + 0.48° 14.39 4 0.25°
ST 37.63 + 1.07* 49.05 + 1.08° 54.96 4 0.81° 63.26 + 0.54¢
TN (%) 9.24 +0.33* 11.49 +0.76 15.00 4 0.66° 11.75 + 0.67°

Shown are the means =

OM, organic matter; ST, soil texture; TN, total nitrogen.

£ SE. Data with different small case superscript letters are significantly different at 5% level (P < 0.05). EC, electrical conductivity; TMP, temperature; SM, soil moisture;
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Shannon-Wiener index | Spiota ($-ha=1.y

I $>6 7,345
I 6>S5>5 5,876
111 5>85>4 4,407
v 4>8>3 2,938
v 3>5>2 1,469
VI 2>8>1 735

VII 1>S§ 441

Value and classification of Shannon-Wiener index are derived from the “Specifications for
assessment of forest ecosystem services” (GB/T 38582-2020) (NFGA, 2020).
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Stand type

Age group Betula Fraxinus Juglans Quercus Mixed Mixed coniferous
platyphylla | mandshurica | mandshurica | mongolica | broad-leaved broad-leaved
forest forest forest forest forest forest

Young Number of plots 6 1 1 3 11 2

Area (ha) 297 179 44 393 836 2,000

Age (years) Below 30 Below 40 Below 40 Below 40 Below 40 Below 60
Half-mature Number of plots 5 2 3 3 13 4

Area (ha) 926 178 549 8,625 8,837 1,349

Age (years) 31-50 41-60 41-60 41-60 41-60 61-100
Near-mature Number of plots 4 1 4 3 33 4

Area (ha) 2,028 691 2,682 1,415 25,645 1,512

Age (years) 51-60 61-80 61-80 61-80 61-80 101-120
Mature Number of plots 5 2 2 3 39 4

Area (ha) 1,867 884 27,054 7,602 26,295 822

Age (years) 61-80 81-120 81-120 81-120 81-120 121-160
Over-mature Number of plots 1 1 1 1 5 2

Area (ha) 147 232 177 1,188 2,983 416

Age (years) Above 81 Above 121 Above 121 Above 121 Above 121 Above 161

Age group classification is derived from “Technical regulations for inventory for forest management planning and design” (GB/T 26424-2010) (NFGA, 2010).
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Neotropical
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Palacotropical

Circumboreal

Pantropical

Western Himalayan

Description

Central Asian elements are distributed in temperate
central Asia, western Asia, Caucasus, Siberia and
‘Tien-Shan; the distribution centers are mainly in
temperate Asia

‘These species are distributed on almost al continents

(Having worldwide dist

ibution)

‘These species are widely distributed through the
temperate zone of Europe and Asia. Some of the

species may range into the northernmost part of Africa

‘These species are primarily distributed in the cold
temperate regions of Europe, Asia and North America
‘These elements have a center of diversity in western
Asia: Anatolia, Mesopotamia, Irano-Armenia and
extend up to Tien-Shan

‘These elements ocur in and nearby the tropical and
subtropical regions of the world; some taxa may
extend to temperate regions

‘These elements are distributed across the
Mediterranean region in southern Europe, North
Africa and western Asia

‘Taxa are distributed in the tropics of Asia, Australia
and Africa, also called the old World's tropics

Many of these species extend the

ranges southward

in the mountains, Ariz

na, Mexico and some species
may also found in Arctic flora

‘Taxa are distributed in the tropical and subtropical
regions of the world, some may extend to temperate
region

Species with a center of diversity in northwest
Himalayas, however, occasionally may extend
castward to castern Himalayas or northwards to

central Asia and Afghanistan
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S. Family Plant species Life Leaf Habit  Geographical distribution Floristic

No form size elements

1 Amaranthaceae  Amaranthus lividus 1. Th N Herb Throughout the warmer regions of the world Pan
Amaranthus tricolor L. Th N Herb Asia, India, China, Japan and Indonesia M IT
Amaranthus viridis L. Th N Herb Widely distributed in tropical and subtropical ~ COS

regions of the world

Chenopodium album 1. Th N Herb Cosmopolitan cos
2 Amanyllidaceae  Allium cepa L. G N Herb Cosmopolitan scos
Allium sativaom L. G N Herb Cultivated widely in Europe, Asiaand North 1T
America
3 Apiaceac Coriandrum sativum L. Th L Herb Cosmopolitan cos
Cuminum cyminum L. Th N Herb North Africa, Central Asia, Mediterranean -

region, Middle East and Western Pakistan

Daucus carotalL. Th N Herb Cosmopolitan cos
Foeniculum vulgare Mill. Th N Herb Cosmopolitan cos
Torilis leptophylla (L.) Rehb.. Th N Herb Europe, Africa, United State America and ES,IT
Central Asia
4 Araliaceae Hedera nepalensis K. Koch Mp Mes Shrub West Asia, Japan, Afghanistan and Himalaya ~ WH
5 Asparagaceae  Polygonatum verticillatum (L) Th N Herb Europe, Russia, Afghanistan, Pakistan M,IT
Al (Chitral, Dir, Swat, Hazara, Gilgit), Kashmir,
India, Nepal, Sikkim, Bhutan and China
6 Asteraceae Conyza canadensis (L) Th Mic Herb North America, South America, Europe, Asia,  SCOS
Cronquist and Africa
Helianthus annuus L. Th Mac Shrub ‘Widely cultivated in China (native to North M,IT
America).
Lactuca sativa L. Th Mac Herb Cultivated throughout China (probably ES, M, IT
originating from Mediterranean to South
West Asia).
Matricaria chamomilla L. Th N Herb Europe, North America, Mongolia, Russiaand ~ ~
Uzbekistan
Parthenium hysterophorus L. Th Mic Herb Native to tropical America, a widely Pan
introduced weed in the tropics and China
(Guangdong, Guangxi, Guizhou, Yunnan).
Setaria pumilla (Poir) Roem. &  Th Mic Herb Tropical and warm temperate regions of the PL
Schult World, Pakistan and introduced to North
America
Sonchus asper (L) Hill Th Mic Herb Madagascar and Africa M,IT
Sonchus oleraceus L. Th N Herb Europe and Mediterranean region PL
Taraxacum officinale F. H Wigg.  Th Mic Herb Cosmopolitan weed of temperate areas cos
7 Brassicaceae  Brassica rapa L. Th N Herb Europe and Central Asia PL
Brassica napus L. Th N Herb Europe, China and Pakistan PL
Capsella bursa-Pastoris (L) Th Mic Herb Widely distributed in temperate regions cos
Medik.
Cardaria chalepensis L. Th Mic Herb Europe, Central and Western Asia cA
Cardaria draba (L.) Desv. Ch Mic Herb Europe, Central and Western Asia Cos
Coronopus didymus (L) Smith ~ Th L Herb South America, but widely introduced inthe ~ SCOS
world
Neslia apiculata Fisch. Th L Herb South Europe, Southern and Central Asia, ES, M, IT
Northern Africa, North West Himalaya and
Pakistan
Raphanus sativus L. Th Mac Herb China and Mediterrancan region Circ
Sisymbrium irio L. Th N Herb Europe, Asia and North Africa ES, M, IT
8 Cannabaceae  Cannabis sativa L. Th Mic Herb Russia, China, India, Pakistan and Iran T
9 Caryophyllaceae ~ Silene vulgaris (Moench) Garcke ~ Th N Herb Europe, North Affica, temperate Asia and M,IT
Arabia
Stellaria media (L.) Vill Th N Herb Cosmopolitan cos
10 Compositae Artemisia absinthium L. Th N Herb Eurasia, North Africa, United State America M, IT
and Canada
Artemisia maritima L. Th Mic Herb United Kingdom, Native to France, Italy, ES, M, IT
Belgium, Germany, Denmark, Sweden and
Russia
Artemisia scoparia Waldest. Ch N Herb Central and Eastern Europe, Irag, Turkey, ES, M, IT
Iran, Afghanistan, Pakistan (Baluchistan,
Khyber Pakhtunkhwa and Punjab), India,
China, Mongolia and Russia
11 Convolvulaceae  Convolvulus arvensis L. Th N Herb Temperate and tropical regions of the world,  COS

except Australia
12 Cucurbitaceae  Citrullus colocynthis (L) Schrad.  Th Mic Herb North Africa, Atlantic Islands, North West SA
India, Pakistan and Australia
Cucumis sativus L. Th Mg Herb ‘Throughout the tropical and subtropical i
countries of the world
Cucurbita maxima Duchesne Th Mg Herb South American, India, Pakistan and Pan

elsewhere

Cucurbita moschata Duchesne  Th Mg Herb Tropical and subtropical countries Pan
Cucurbita pepo L. Th Mg Herb North America, China and Pakistan -
Lagenaria siceraria (Molina.) Th Mg Herb Asia, Africa and Pakistan G
Standl.
‘Momordica charantia L. Th Mg Herb South Africa, South East and Far East Asia to Pan
Australia
13 Cyperaceac Cyperus esculentus L. Ch N Herb Tropical and Sub tropical Africa, Pan
Mediterranean region
Cyperus rotundus L. Ch N Herb ‘Tropical and subtropical areas of all cos
continents
14 Ebenaceac Diospyros kaki L. Mp Mg Tree Eastern Asia, Japan and China Ge
Diospyros lotus L. Mp Mes Tree Iran, Afghanistan, Pakistan, India, Chinaand ~ Cau
Japan
Diospyros virginiana L. Mp Mg Tree South Atlantic and Gulf states GC
15 Equisetaceac  Equisetum arvenseL. G Ap Herb Central and South West Asia, Japan, Korea, Cire

Mongolia, Europe, Nepal, Russia, North India

16 Euphorbiaceae  Euphorbia helioscopia L. Th N Herb Europe, North Africaand Asia; introduced ES, M, IT
into North America
17 Fabaceae Medicago polymorpha L. Th N Herb Cosmopolitan M, IT
Medicago sativa L. Th N Herb Europe, North Africa, Central Asia, Pakistan ~ ES, M, IT
and, India
Mimosa pudica L. Np L Herb South America and Pakistan Pan
Robinia pseudoacacia L. Mp N Tree North America, China except Hainan and Hol

Xizang regions
Trifolium repens L. Th N Herb Central Asia, Pakistan, India, Russia, ES, M, IT

Afghanistan, Siberia and Kashmir

Vicia sativa L. Th N Herb Pakistan, Kashmir, India, Orient, Europe, ES, M, IT
Russia and Far East
18 Fagaceac Quercus baloot Griff. Mp Mes Tree Pakistan, Afghanistan and Kashmir WH
Quercus incana Bartram Mp Mes Tree North West Himalayas to Nepal and Upper Hol
Burma
19 Geraniaceae  Geranium rotundifolium L. Th N Herb Africa, Western and Central Europe, Siberia, S, M, IT

Turkey, Iran and Afghanistan

20 Hamamelidaceae Parrotiopsis jacquemontiana Np Mes Shrub Pakistan (Murree, Hazara division, Swat, Dir ~ WH
(Decne.) Rehder and Kurram) and Kashmir
21 Hypericaceae  Hypericum perforaturn L. Th N Herb Europe, Africa, East Asia, West China, north PL

west India, America and Australia

22 Juglndaceae Juglans regial. Mp Mac Tree Central America, Southern Europe, Caucasus, ~ PL
Syria, Northern Iran, Afghanistan, West
Pakistan, Tibet, Nepal, West China and Upper

Burma
25 Lamiaceae Ajuga integrifolia Buch.-Ham. H Mic Herb Afghanistan, Pakistan, Kashmir, China, Hol
Bhutan, Burma, China and Malaysia
Lallemantia royleana (Benth.) Th Mic Herb South Russia, South West and Central Asia, i
Benth. West China
Marrubium vulgare L. H Mic Herb Europe, Asia, North America, South Africa SZ,M,IT
and Australia
Mentha arvensis L. H Mic Herb Eurasia and tropical Asia Eu

Mentha longifolia L. G Mic Herb Europe, Asia and South Africa PL

Ch N Herb Subtropical and tropical Asia, Africa and Pan
South East Asia

Origanum vulgare L. Ch Mi Herb South Europe, Southern and Central Asia, ES,IT

Mediterranean countries, Macaronesia,

Himalaya, China and Taiwan

Phlomis cashmeriana Benth. G N Herb Central Asia, Afghanistan, Pakistan and T
Kashmir
Prunella vulgaris . Th L Herb Europe, North and South Africa, North PL

America, Asia and Australia
Salvia nubicola Wall.exSweet  Ch Mes Herb Eastern Afghanistan, Pakistan, Kashmir, wT
North India, Nepal, Tibet, Sikkim and Bhutan
24 Leguminosae  Astragalus lentiginosus Hook. Ch L Herb North America, California Coast Ranges, SA
south to Mexico and north to British
Columbia
Bauhinia tomentosa 1. Mp Mes Tree Tropical Africa, India, China, Western PL
Pakistan and in tropics
25 Moraceae Ficus carica L. Np Mes Tree North Africa, Europe, Middle East, India, M, IT, Cau
Pakistan, Afghanistan, Russia and Iran
Morus alba L. Mp Mes Tree North Africa, South and Central Europe, T
China, Malaya, Burma, India and Pakistan
Morus nigra L. Mp Mes Tree North Africa, Central Asia, Central and Pan
Southern Europe, Northern Pakistan,
2 Onagraceae Oenothera macrocarpa Nutt. Th N Herb Southern and central United States -
Ocnothera rosea LHér. ex Aiton.  Th N Herb Central and Southern Texas United State Neo
America, throughout Mexico, Central and

South America

27 Orchidaceae  Dactylorhiza hatagireaD.Don.  Th N Herb Bhutan, Himalaya region from Chitral to IT, Cau
Nepal and Tibet
28 Oxalidaceae Oxalis corniculata 1. G Mic Herb Cosmopolitan cos
29 Papaveraceae  Fumaria indica Hausskn, Th N Herb Central Asia, India, Pakistan and Afghanistan M, IT
Pugsley
Papaver hybridum L. Th Mic Herb Europe, North Africa, South West and Central M, IT, EA

Asia, Afghanistan and West Pakistan
Papaver sommiferum L. Th Mac Herb Asiaand Europe M, IT, EA
30 Pinaceae Cedrus deodara Roxb. Mp L Tree Afghanistan, Pakistan (Kurram eastward) to WH
Kashmir and Western Nepal
Pinus roxburghii Sarg. Mp L Tree Afghanistan, Himalaya from Chitral eastward — WH
to Bhutan, Sikkim.
Pinus wallichiana A. B. Jacks. Mp L Tree Afghanistan, Chitral eastward to West Nepal ~ WH
31 Plantaginaceae  Plantago lanceolata L. Th N Herb Europe, North Africa, South Asia to the ES,IT, M, $§
‘mountains of Tien Shan and introduced all

over the world

Plantago major L. Th Mic Herb ‘Throughout Europe, northern and central scos

Asia, introduced all over the world
32 Platanaceae Platanus mexicana Moric. Mp Mac Tree United State America (Arizona, New Mexico) M, IT
Platanus orientalis L. Mp Mac Tree Central and West Asia, Southern Europe to scos

Turkey, North Iran, Afghanistan, India and
Pakistan
33 Poaceae Arundo donax L. Np Mes Shrub Pakistan (Baluchistan, Punjab, Khyber ES, M, IT
Pakhtunkhwa and Kashmir), Mediterranean
region eastwards to Burma and North Africa
Avena sativa L. Th N Herb Cultivated in non-tropical regions of both PL

hemispheres

Cynodon dactylon (L.) Pers. H L Herb Tropical and warm temperate regions cos
throughout the world

Dichanthium annulatum Ch N Herb Pakistan, Kenya, Tanzania and Senegal SA

(Forssk.) Stapf

Hemarthria compressa (LR, Th L Herb Pakistan, Iraq, Afghanistan India, China, WH

Br. Taiwan and Thailand

Heteropogon contortus (L) H Mic Herb Tropical and warm temperate regions Pan

P.Beauy. generally

Hordeum vulgare 1. Th Mic Herb Cultivated worldwide in all non-tropical ES, M, IT
countries and in montane areas of tropics

Oryza sativa L. Th Mic Herb Africa, Asia, South Europe, South America -
and Australia

Poa annua L. Th L Herb Cosmopolitan scos

Secale cereale L. Th Mic Herb Largely cultivated in Europe as a cereal SCos
forming a staple food

Sorghum halepense (L) Pers. H Mic Herb Mediterranean region and Pakistan PL

Triticum aestivum L. Th Mes Herb Pakistan, India, Nilgiri and Palini cos

Zeamays L. Th Mac Herb Tropical America and cold regions of Pakistan ~ ~

34 Polygonaceac  Bistorta amplexicaulis (D.Don)  Th Mes Herb Afghanistan, Northern Pakistan and Kashmir ~ WH

Greene

Persicaria glabra (Willed.) H N Herb Africa, Tropical Asia, Pakistan, India Pan

M.Gomez extending up to Malaysia and Philippine

Persicaria hydropiper (L) H N Herb North America, Widely distributed inNorth ~ Pan

Delarbre West Africa, Temperate Asia, Pakistan, India

and extending to far east up to Japan

Rumex dentatus L. G Mes Herb East Asia, Afghanistan, Pakistan and India SA,IT

Rumex hastatus D. Don G Mes Herb Northern Pakistan, North Eastern SAIT
Afghanistan and South West China

35 Primulaceac  Myrsine africana L. Np N Shrub Asiaand Africa Eu

36 Ranunculaceae  Clematis graveolens Lindl. Np N Herb Afghanistan, Pakistan, Kashmir eastward to cos
Nepal

37 Rhamnaceae  Ziziphus jujuba Mill Mp N Tree South Europe, South and East Asia, Pal

Mediterranean region, Afghanistan, Iran,
Pakistan, India, Mongolia, Japan, China and
Tibet
38 Rosaceac Cydonia oblonga Mill Np Mac Shrub South America, Mediterranean regions of M,IT

Europe, China and elsewhere

Malus pumila Mill. Mp Mac Tree North West and South West China (Bhutan, ~ Hol
Native to South West Asia and Europe).

Prunus armeniacalL. Mp Mes Tree North America in the western United States,  Hol
mostly in the San Joaquin Valley of California

Prunus domestica L. Mp Mac Tree Widely cultivated in China (native to South Hol

West Asia and Europe).

Rosa brunonii Lindl, Np N Shrub Nepal, India, Afghanistan, Bhutan South West 1T
China and Northern Pakistan
Rosa indica l.. Np Mic Shrub West China, Nepal, India and Pakistan T
39 Rubiaceae Galium tricornutum Dandy Th N Herb Europe, North Africa, Western Asia, Pakistan, ~ WT

Iran, Afghanistan and Caucasia
10 Salicaceae Populus afghanica Aitch Mp Mac Tree Pakistan (Kurram, South Waziristan, Quetta, ~ IT

Kalat); Afghanistan, Tajikistan, Uzbekistan,
Kirgyzstan, Kazakistan, North Africa and east
Mediterranean region

Populus albalL. Mp Mes Tree Europe, North Africa, South West and West ES,IT
Central Asia including Kashmir and Pakistan
(Khyber Pakhtunkhwa, Murree, Baluchistan),

Populus ciliata Wall. ex Royle Mp Mac Tree Pakistan (Chitral) eastwards to Kashmir, along ~ Hol
with Himalayas through India, Nepal, Sikkim,
Bhutan and Myanmar

Populus nigra L. Mp Mac Tree West and Central Asia, Europe and North Hol
Africa, Native to China (Xinjiang), widely
cultivated in Pakistan, Kashmir and China

Salixalba L. Mp Mes Tree Europe, Western and Central Asia, Siberia, ES,M,IT

Mediterranean region
Salix tetrasperma Roxb. Mp Mes Tree Pakistan (Khyber Pakhtunkhwa, Punjab, ES, M, IT
Baluchistan), India, Myanmar, China,
‘Thailand, Indonesia, Malaysia, Philippines
and Vietnam
41 Simaroubaceae  Ailanthus altissima (Mill Np Mic Tree Native to China and cultivated in temperate Pan
Swingle and subtropical regions of the world. Itis
cultivated as a roadside tree in Pakistan
42 Solanaceae Capsicum frutescens L. Th Mic Herb Tropical America Pan
Datura stramonium 1. Th Mac Herb Mostly in temperate and subtropical regions  COS

of both the hemispheres

Lycopersicum esculentum Mill. Th Mic Herb Native to Central and South America -
Solanum melongena L. Np Mes Herb Asia, Africa and America (Native to India) Gc
Solanum nigrum .. Th Mic Herb Cosmopolitan but absent from the arcticand ~ COS

subaretic regions
Solanum tuberosum L. G Mes Herb Native to the mountainous areas of Mexico, G
Chile and Peru (South America), cultivated

throughout the world

43 Thymeleaceae  Daphne mucronata Royle Np Mic Shrub North Africa, South Europe, Afghanistan, west M, MAC
Pakistan and Iran

4 Unticaceae Urtica dioica L. G Mic Herb Widespread in the temperate regions of both ~ PL
hemispheres

45 Verbenaceae Verbena officinalis L. Np N Herb Europe and Asia, North Africa; introduced in PL

North America and South Africa

46 Vibumaceae  Viburmum cotinifoliumD.Don  Np Mes Shrub Afghanistan and Pakistan Himalaya WH
Viburnum grandiflorum Wall. Mp Mac Shrub Himalaya from Swat eastward to Bhutanand ~ Hol
exDC. South Tibet

47 Vitaceae Vitis vinifera L. Np Mac Shrub South Asia, North and South Africa, cultivated  Hol

extensively in Central Europe, Mediterranean

region, Iran, China, Japan, Australia, India,

Afghanistan and Pakistan

Pal, Palacotropical; M, Mediterranean; SA, South Arabian; CA, Central Asi
Sub Cosmopolitan; Cau, Caucasian; W, wide temperate; PL, Pluriregional
; Pan, Pantropical; Neo, Neotropical; Ci

., Circumboreal; IT, Irano-Turanian.
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Tree

1. Shorea robusta 3338 | 36.25 | 12.12 6.14
3, Mallotus philippensis 1335 | 16.14 | 1426 | 8.24
3. Syzygium cumini 14.3 18.12 | 16.12 n/p
4. Butea monosperma 9.538 | 12.06 | 16.28 8.23
5 Aegle marmelos 7.154 14.8 6.21 n/p
Sapling

1. Shorea robusta 37.28 | 3826 | 16.23 | 20.24
2: Mallotus philippensis 37.74 | 39.24 14.25 10.62
3 Ehretia laevis 12.98 | 14.21 4.23 n/p
4. Schleichera oleosa 7.98 6.24 2.15 7.34
5 Cassia fistula 399 16.26 0.67 0.24
Seedling

1. Shorea robusta 59.72 | 52.12 | 16.14 | 18.13
2. Mallotus philippensis 16.56 | 12.26 n/p 32
3 Ehretia laevis 10.88 8.2 8.12 n/p
4. Schleichera oleosa 12.48 | 10.26 n/p n/p

1 Pinus roxburghii 73.68 | 46.18 | 16.12 | 10.26
2. Myrica esculenta 2631 | 2812 | 14.13 | 10.16
Sapling

1. Pinus roxburghii 23.07 | 29.29 | 16.18 6.13

2: Mpyrica esculenta 30.76 | 32.23 | 18.14 12.8

3 Pyrus pashia 46.15 | 16.14 | nl/p n/p

Seedling

1. Pinus roxburghii 49.38 | 38.42 14.4 12.5

2. Myrica esculenta 12.34 | 13.18 10.8 6.18

3 Quercus leucotrichophora 7.4 8.12 n/p n/p

4. Lyonia ovalifolia 24.69 | 14.14 | 10.18 n/p

1 Pinus roxburghii 38.35 | 16.46 8.16 6.1

2. Myrica esculenta 13.69 18.1 6.1 32

3. Quercus leucotrichophora 18.26 | 26.26 | 4.26 n/p
Sapling

1. Pinus roxburghii 2222 | 2813 4.82 6.2

2; Myrica esculenta 24.69 | 26.25 | 10.12 8.23
3. Quercus leucotrichophora 14.81 16.3 6.25 8.63
Seedling

1. Pinus roxburghii 4395 | 20.18 3.12 4.3

2 Myrica esculenta 9.15 10.16 2:23 1.14
3. Quercus leucotrichophora 13.73 8.3 2.63 2.63
4. Rhododendron arboreum 13,73 6.2 4.23 1.44
5 Lyonia ovalifolia 19.41 2.11 4.23 2.44
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Habitats

Shady moist
Rocky
Bouldary
Dry
Riverine
Exposed

Moist

Sites

20
16
2
27
13
17

Altitudinal
range (m)

2,300-2,900
00-3,800
2,500-4,200

2,400-3,600
2,300-3,800
2,300-4,200
2,700-3,200

Total
species %

278
297

341
23
203
134

Native
species %

311
256
351
351
135
195
128

Endemic
species %

419
22
358
444
16.1
296
148

Useful
species %

348
341
385
37.9
27
25
196

Threatened
species %

307
346
326
250
134
230
153

CPI

6
36
8
50
18
2%
18
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Community RS H AR SR% N% EN% US% Th% CPI

Forest communities

Abies pindrow 16 5 2300-3000 468 4054 4074 4620 348 56
Pinus wallichiana 9 4 23002600 289 195 209 354 164 38
Abies pindrow-Pius wallichiana mixed 6 3 2400-2700 275 209 246 329 217 42
Pinus wallichiana-Cedrus deodara mixed 6 3 23502600 220 14.1 209 259 13.1 36
Abies pindrow-Picea smithiana mixed 5 2 2400-2550 247 26 244 259 17.7 0
Aesculus indica-Pinus wallichiana mixed 2 1 2400-2,500 101 101 135 126 78 38
Aesculus indica-Taxus wallichiana mixed 2 2 2,500-2,700 143 94 123 151 1.8 36
Taxus wallichiana-Prunus cornuta-Aesculus indica 5 3 2450-2,600 123 101 123 164 105 28
Abies pindrow-Acer cesium mixed 5 4 2750-2950 250 29 283 21 19.0 38
Betula utilis 7 2 3200-3,500 148 236 22 170 17.7 32
Alpine communities

Viburnum grandiflorum 6 2 3,000-3,200 165 189 143 164 98 2
Salix denticulate 1 1 3,170 88 14.1 135 113 72 40
Rhododendron campanulatum 2 1 3,230 74 121 160 75 85 38
Juniperus squamata 3 1 3,350 10.1 162 197 88 98 36
Juniperus squamata-Rhododendron anthopogon mixed 21 3 3400-3900 234 337 419 13 263 4“
Bistorta affinis- Saussurea acktinsonii- Bergenia stracheyi mixed 13 3 3350-3,700 96 14.1 197 50 78 26
Rhododendron anthopogon 7 2 3800-4,050 7.7 148 22 50 98 28
Bistorta affinis-Swertia petiolata 7 3 3,900-4200 74 8.1 172 37 72 26

hreatened species; CPI, Conservation Priority Index.
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Taxa Nayarand Walter and Molurand Darand Raoetal. Talietal. International Union for Present
Sastry Gillett Walker Nagshi  (2003) (2015)  Conservation of Nature study

(1988) (1998) (1998) (2001) (IUCN) (2022)
Ulmus wallichiana - EN - EN EN - VUL VUL
Berberis lycium - - EN - - - EN
Aconitum heterophyllum - EN CR EN - - EN EN
Aconitum violaceum - - CR - - - vuL vuL
Aquilegia nivalis - EN - VUL EN EN - EN
Atropa acuminata - - CR vuL - EN EN EN
Dioscorea deltoidea VUL - CR - - - EN
Dolomiaca costus EN EN CR VUL EN - CR CR
Acer cesium VUL - - - VUL - - NT
Angelica glauca - EN - - - - EN
Fritillaria roylei - CR R - VUL - CR
Inula racemosa VUL vuL - R - - - vuL
Trillium govanianum - - - - - - EN CR
Eremerus himalaicus R - - - - - - CR
Hyoscyamus niger - - - R - - . vuL
Meconopsis latifolia VUL vuL EN vuL EN
Picrorhiza kurrooa VUL - - EN - - - CR

Rhododendron campanulatum - - - VUL - - - CR
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Score Range of altitude (m) Habitat Use values Population size Native/Endemic Extraction trend

2 >1,000 >3 <3 >250 Ind/>5 Locations Non-native No extraction
6 500-1,000 2-3 3-4 51-250 Ind/5 Locations Native Self-use

10 <1,000 i >4 <50 Ind/2 Locations Native and Endemic Commercial
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Score Sites Altitudinal Habitats* Total Native Endemic Useful Threatened

range (m) species % species % species % species % species %
10 1 <200 1 =35 >35 >35 >35 >35
8 2 200-400 2 30-35 30-35 30-35 30-35 30-35
6 3 400-600 3 25-30 25-30 25-30 25-30 25-30
1 4 600-800 4 20-25 20-25 20-25 20-25 20-25
2 >4 >800 >4 <20 <20 <20 <20 <20

*Not used for CPI calculation of habitats.
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Forest frequency District

class

Almora Haridwar Nainital
High fire 1125 375 164.74
Low fire 93036 351.94 956.88
Moderate fire 341.58 214.64 443,53
No fire 1568.52 1700.93 2362.63
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Satellite Month/Season

Landsat 5 March 2011-February 2013 (winter and summer)

Landsat 7 March 2013-February 2017 (winter and summer)

Landsat 8 March 2017-February 2020 (winter and summer)
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Parameter

Data sources

Price of standing forest stock 191 for Betula platyphylla, 118 for Populus davidiana, 391 for $-m~3 http://www.chinatimber.org/
Fraxinus mandshurica, Juglans mandshurica, Phellodendron
amurense, Tilia amurensis, and Acer pictum, 257 for Quercus
mongolica, 206 for Ulmus davidiana var. Japonica, and 494 for Pinus
koraiensis
Soil erosion modulus for unforested land 12,5 t-(ha=!.y~!) | Classification standard for soil
erosion (SL190-2007)
Soil erosion modulus for forested land 75 t-(ha=!.y~!) | Classification standard for soil
erosion (SL190-2007)
Soil excavation cost 25 $-m=3 http://www.jooxoo.com/
Nitrogen content of diamine phosphate fertilizer 14 % Fertilizer use guide (Wu, 2001)
Phosphorus content of diamine phosphate fertilizer 15
Potassium content of potassium chloride fertilizer 50
Price of organic matter 47 §47! http://www.jgjcndrc.org.cn/
Price of diamine phosphate 353 $41 http://www.jgjcndre.org.cn/
Price of potassium chloride fertilizer 323 §47! http://www.jgjcndre.org.cn/

The exchange rate used in the calculation is 1 RMB yuan = 0.1469 $.
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Class code Fire frequency No. of plots Area selected for No. of individuals (ind. ha=1)
class study (ha)

Tree Sapling Seedling

Sal Forest (SF)

SNF No fire 10 1 620 780 2,120
SLF Low fire 10 1 655 880 2,330
SMF Moderate fire 10 1 560 560 1,810
SHF High fire 10 1 485 430 1,400
Chir-pine forest (C-PF)

C-PNF No fire 10 1 776 480 820
C-PLF Low fire 10 1 837 660 990
C-PMF Moderate fire 10 1 720 420 730
C-PHF High fire 10 1 630 320 650
Mixed Forest (MiF)

MENF No fire 10 1 650 830 1,820
MEFLF Low fire 10 1 720 890 2,200
MFMF Moderate fire 10 1 480 710 1,910
MFHF High Fire 10 1 335 640 1,830

SNE Sal Forest no fire; SLE Sal Forest low fire; SME, Sal moderate fire; SHE Sam High Fire; C-PNF, Chir-pine no fire; C-PLF, Chir-pine low fire; C-PMF, Chir-pine moderate fire; C-PHF,
Chir-pine high fire; MENE Mixed forest no fire; MFLF, Mixed forest low fire; MEME Mixed forest moderate fire; MFHE Mixed forest high fire.
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Description of
bioclimatic variables

Annual mean temperature
(BIO-1)

Mean diurnal range (BO-2)
Isothermality (BIO-3)

Max temperature of warmest
month (BIO-5)

Min temperature of coldest
month (BIO-6)

Mean temperature of wettest
quarter (BIO-8)

Mean temperature of driest
quarter (BIO-9)

Annual mean precipitation
(BIO-12)

Precipitation of driest month
(BIO-14)

Precipitation of coldest
quarter (BIO-19)

Units

Degree Celsius

Degree Celsius

Dimensionless

Degree Celsius

Degree Celsius

Degree Celsius

Degree Celsius

Millimeter

Millimeter

Millimeter

Temporal scale

Annual
Variation
Variation
Month
Month
Quarter
Quarter
Annual

Month

Quarter
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bio_01
bio_02
bio_03
bio_05
bio_06
bio_08
bio_09
bio_12
bio_14
bio_19

GLM

086
013
013
043
0.14
003
012
0.10
002
0.16

GBM

021
0.00
015
002
0.00
0.00
001
002
0.00
001

GAM

0.68
0.08
0.08
0.40
0.10
0.05
0.09
0.08
0.02
0.08

CTA

069
002
028
0.10
0.00
001
012
008
002
001

ANN

041
023
014
025
065
011
034
026
008
025

SRE

035
013
025
023
030
020
033
018
012
014

FDA

059
0.00
o011
0.08
0.02
0.00
0.04
0.06
0.01
0.02

RF

0.13
0.00
0.13
0.05
0.04
0.02
0.04
0.03
0.01
0.01

MAXENT. Phillips

0.19
0.02
031
022
0.06
011
005
0.16
0.14
0.06

Mean

046
007
017
020
015
0.06
013
011
005
008
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Scenario

RCP4.5 2050
RCP4.5 2070
RCP8.5 2050
RCP8.5 2070
RCP4.5 2050
RCP4.5 2070
RCP$.5 2050
RCP$.5 2070

Ensemble type

Committee averaging
Committee averaging
Comnittee averaging
Committee averaging
Weighted mean
Weighted mean
Weighted mean
Weighted mean

Loss

356,499
386,078
398,162
492,706
271,335
298,740
306,776
385,985

Absent

8,087,753
8,080,091
8,072,658
8,062,965
8,282,368
8,278,568
8,272,834
8,269,150

Stable

355,798,
326219
314,135
219,591
271478
244,073
236,037
156,828

Gain

67,883
75,545
82,978
92,671
42,752
46,552
52,286
55,970

Loss (%)

5005
5420
55.90
69.17
49.99
55.04
5652
7111

Gain (%)

953
1061
1165
1301
7.88
8.58
9.63
1031

Range change (%)

—40.52
—43.60
—4425
~56.16
—42.11
—~46.46
—4688
—60.80
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