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Altitudinal gradient drives significant changes in soil physico-chemical and eco-physiological properties of Rhododendron anthopogon: a case study from Himalaya
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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).


[image: image]

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.

[image: Table 1]

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).


[image: image]

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.


[image: image]

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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