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ABSTRACT: The present study elucidated the integrated relationships among plant morphology, phytochemical
composition, 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity, soil properties, and climatic drivers
of Aconitum heterophyllum Wall. ex Royle, a critically endangered medicinal plant endemic to the Kashmir Himalaya,
India. Significant site-specific variations were observed in the aboveground morphological traits, with the Langate
Forest Division (LFD) populations exhibiting superior vegetative growth and vigor. Soil parameters, particularly soil
organic carbon and soil potassium, were strongly associated with improved plant morphology and antioxidant activity.
Gas chromatography–mass spectrometry (GC-MS) profiling of volatile and semi-volatile metabolites identified LFD as
the most chemically diverse ecotype, whereas the Jhelum Valley Forest Division (JVFD) revealed a stress-responsive
metabolite signature, and Kamraj Forest Division (KFD) showed constrained metabolic expression under comparatively
less favourable conditions. Multivariate analyses suggested a synergistic influence of soil nutrients and climatic
factors on plant performance and metabolic outcomes. Overall, the superior ecological performance and higher DPPH
radical-scavenging activity of the LFD populations highlight their suitability for germplasm collection, sustainable
utilization, and conservation. These findings provide a robust scientific basis for site-specific conservation planning,
habitat management, and the development of climate-resilient cultivation strategies for this critically endangered
medicinal plant.
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1 Introduction

Medicinal plants are an important source of bioactive compounds and continue to play fundamental
roles in traditional healthcare, pharmaceutical development, biodiversity conservation, and sustainable
livelihood [1–4]. The growing global interest in herbal medicines and plant-derived therapeutic products
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has increased demand for medicinal plant resources [5,6]. This increasing demand has intensified the
exploitation of wild medicinal plant populations, particularly in biodiversity-rich mountain ecosystems,
resulting in overharvesting, habitat degradation, and climate-driven population decline [7]. Himalayan
medicinal plants are particularly vulnerable because of their restricted geographical distribution, slow
growth, and limited regenerative capacity [8]. Consequently, understanding how environmental factors
influence the growth, phytochemical composition, and ecological adaptation of threatened medicinal plants
is essential for developing effective conservation and sustainable utilization strategies [9].

Aconitum heterophyllumWall. ex Royle is a high-value alpinemedicinal herb endemic to theWestern Hi-
malayas and is widely recognized in Ayurvedic and traditional Himalayanmedicine for the treatment of fever,
diarrhoea, dyspepsia, respiratory disorders, diabetes, inflammation, and gastrointestinal ailments [10,11].
In contrast to many other Aconitum species, which contain highly toxic aconitine-type diterpenoid alka-
loids, A. heterophyllum possesses comparatively lower concentrations of toxic alkaloids and is therefore
considered one of the safer medicinal species in the genus [11,12]. Its pharmacological significance is
primarily attributed to norditerpenoid alkaloids, including atisine and heteratisine along with phenolic
compounds, flavonoids, and fatty acids, which exhibit anti-inflammatory, antioxidant, antimicrobial, an-
tidiabetic, hepatoprotective, and immunomodulatory activities [13]. Owing to its high therapeutic value,
the annual demand for A. heterophyllum exceeds 500 metric tonnes, leading to unsustainable harvesting
and an estimated 30–40% decline in natural populations over the past decade [14]. The species naturally
occurs between 2400 and 3600 m elevation [15] and is currently classified as Critically Endangered owing
to excessive exploitation, habitat degradation, poor seed viability, and slow natural regeneration [16].

Beyond its medicinal importance, the distribution, growth, and persistence of A. heterophyllum are
strongly influenced by unique environmental conditions in alpine ecosystems. This species is adapted to
cool, moist habitats characterized by low temperatures, prolonged snow cover, adequate winter chilling, and
sufficient precipitation, all of which regulate its growth, phenology, and habitat suitability [17–19]. Species
distribution modelling has demonstrated that suitable habitats for A. heterophyllum are largely confined
to the higher elevations of Jammu, Kashmir, and Ladakh, whereas future climate projections indicate
substantial reductions in habitat suitability, posing significant challenges to its long-term survival [20].

Environmental conditions also influence the production of bioactive secondary metabolites, which
determine the medicinal quality of the species. Soil physicochemical properties and nutrient availability
affect plant growth andmetabolic processes, whereas climatic variables, including temperature, precipitation,
and solar radiation, regulate the accumulation of pharmacologically important compounds in plants [21].
Transcriptomic studies have revealed that the biosynthesis of norditerpenoid alkaloids is controlled by
complex genetic and metabolic pathways, suggesting that environmental variations may influence the
expression of these pathways and ultimately alter the metabolite composition [21,22]. In addition to
alkaloids, phenolic compounds and flavonoids contribute substantially to the antioxidant potential of A.
heterophyllum, making antioxidant evaluation an important functional indicator of phytochemical variation
among natural populations [23]. Furthermore, gas chromatography–mass spectrometry (GC-MS) provides
an effective analytical platform for characterizing volatile and semi-volatile metabolites that may vary
across environmental gradients and contribute to the medicinal properties of these species. Therefore,
integrating environmental, phytochemical, and functional analyses is essential for understanding the
ecological adaptation and medicinal quality of these plants.

Although considerable research has been conducted on A. heterophyllum, previous investigations
have largely focused on the individual aspects of the species. Morphological studies have documented
variations across altitudinal and geographical gradients [24], phytochemical investigations have primarily
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characterized alkaloid profiles and metabolite composition [25], and ecological studies have described
distribution patterns and conservation status without directly linking environmental variables to plant
functional traits [26]. Similarly, studies on soil characteristics have reported nutrient-associated variations
in Aconitum species but have rarely integrated edaphic factors with morphological and phytochemical
attributes [26,27]. Cultivation research has mainly addressed reproductive limitations, including poor seed
germination and low seedling establishment [13,28]. Consequently, the interactions among climate, soil
properties, plant morphology, metabolite composition, and antioxidant activity remain poorly understood
in natural environmental conditions.

The Kashmir Himalaya exhibits pronounced environmental heterogeneity across relatively short
spatial scales, providing an ideal natural laboratory for investigating how ecological gradients influence
plant performance and secondary metabolism [29,30]. Despite the ecological and medicinal importance
of A. heterophyllum, no previous study has comprehensively integrated morphological characteristics,
soil physicochemical properties, climatic variables, GC–MS-based metabolite profiling, and antioxidant
activity across natural populations in this region to date. Addressing this knowledge gap will improve our
understanding of the ecological drivers of phytochemical variation and medicinal quality, while providing
scientific evidence to support habitat management, sustainable utilization, and conservation planning under
changing environmental conditions. The specific objectives of this study were as follows.

1. To assess the morphological variability of A. heterophyllum populations across ecologically diverse
altitudinal zones.

2. To analyze the phytochemical composition of tuber extracts using GC-MS.
3. To evaluate edaphic factors and their influence on plant growth and antioxidant potential.
4. To integrate morphological, phytochemical, climate, and edaphic variables to identify habitat-specific

traits and determine optimal conditions for the germplasm collection and conservation of Aconitum
heterophyllum Wall. ex Royle.

2 Material and Methods:

2.1 Study Area

This study was conducted at three environmentally distinct sites in the Kashmir Valley: Kamraj Forest
Division (KFD), Langate Forest Division (LFD), and Jhelum Valley Forest Division (JVFD) (Fig. 1). Kamraj
Forest Division (KFD) lies between latitude 34◦34′26′′ N and longitude 74◦17′55′′ E, at an altitude of 3200 to
3500 m. The division covers an area of 71,146 ha and faces the open slopes of northeast Machil. Langate
Forest Division (LFD) lies at latitude 34◦15′22′′ N and longitude 74◦07′52′′ E, with an elevation of 3291 m. It
covers a total area of 36,061 ha and is situated on the northeastern slopes of the Kazinag and Shamsabari
Ranges. The Haril region has mainly east-facing open slopes, with most of its drainage occurring in the
east. The Jhelum Valley Forest Division (JVFD) is located at a latitude of 34◦12′25′′ N and a longitude of
74◦21′26′′ E at an altitude of 3500 m. It covers a total area of 45,906 ha. It has east-west rocky slopes in
Boniyar. This forest division is characterized by mild summers and cold winters, with snowfall occurring
between December and February of the following year. The mean annual temperatures in these upper
Himalayan forest belts generally range between 5 and 12◦C, reflecting strong altitudinal thermal gradients
that influence vegetation patterns [30]. These forests are predominantly composed of broadleaved species
such as Acer caesium (Wall. ex Brandis), Prunus cornuta (Wall. ex Royle) Steud, and Robinia pseudoacacia L.,
alongside conifers like Abies pindrow (Royle ex D. Don), Picea smithiana (Wall.) Boiss, and Cedrus deodara
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(Roxb. ex D. Don) G. Don, and Pinus wallichiana A. B. Jacks. The shrub species in these forests include Rosa
webbiana (Wall. ex Royle), Berberis lycium Royle, and Indigofera heterantha (Wall. ex Brandis) [31].

 

Figure 1: Location map of study sites of Kamraj Forest Division (KFD), Langate Forest Division (LFD) and Jhelum
Valley Forest Division (JVFD).

2.2 Plant Sampling and Morphological Data Collection

Comprehensive field surveys were conducted across the three sites (KFD, LFD, and JVFD) to collect
plant and soil samples in July and August 2021. Morphological variability in Aconitum heterophyllum
Wall. ex Royle populations collected from three ecologically distinct sites (KFD, JVFD, and LFD) were
analyzed to explore site-specific morphological patterns. Qualitative and quantitative data on morphological
characteristics were recorded for 30 randomly selected plants at each site. At each study site, three 10 × 10 m
plots were established for sampling. Within each plot, ten healthy and mature Aconitum heterophyllum
individuals were randomly selected for morphological assessment, resulting in a total of 30 plants at each
site. Eleven quantitative traits were measured for each population: plant height (cm), number of leaves per
plant, leaf length (cm), leaf width (cm), leaf area (cm2), length of floral axis (cm), number of flowers per
plant, number of root hairs per plant, tuber length (cm), root biomass (g), and tuber thickness (cm) [32].
Herbarium sheets were prepared and identified at the Centre for Biodiversity and Taxonomy, Department of
Botany, University of Kashmir, India. The voucher specimen numbers were 3742-ASH for the Langate Forest
Division, 3743-KASH for the Kamraj Forest Division, and 3744-KASH for the Jhelum Valley Forest Division.
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2.3 Phytochemical Screening and Antioxidant Properties:

2.3.1 Preparation of Plant Extract

Thirty healthy Aconitum heterophyllum plants were collected from each study site and equal amounts
of tuberous root material from all individuals within a site were pooled and homogenized to prepare a
representative composite sample for that site. Extraction was performed using a Soxhlet apparatus with
methanol [33]. Methanol was selected as the extraction solvent because the objective of this study was to
characterize methanol-extractable phytochemicals rather than the essential oils. Soxhlet extraction enables
the efficient recovery of a broad spectrum of semi-volatile and thermally stable bioactive metabolites,
including fatty acids, esters, phenolics, and other compounds suitable for GC–MS analysis, whereas hydro
distillation is primarily intended for volatile essential oil constituents. The extracts were filtered through
Whatman No. 1 filter paper and concentrated to dryness using a rotary evaporator at 40◦C. The dried
residues were weighed to determine the percentage yield and stored at 5◦C for future analysis. All dried
extracts were preserved in sterile, screw-capped amber bottles labelled appropriately and kept at 5◦C until
further use [34].

2.3.2 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

GC-MS analysis of the plant extracts was performed to characterize the phytochemical constituents [35].
GC-MS profiling was conducted using representative composite samples prepared from pooled tuberous
root material collected at each study site. Accordingly, the results are presented as comparative site-level
metabolite profiles and were not intended for inferential statistical comparisons among individual plants.
The filtered extract (0.22 µm) was injected into a GC–MS system equipped with an HP-5MS capillary column
(30 m × 0.25 mm i.d., 0.25 µm film thickness). The oven temperature was programmed from 60◦C (held for
2 min) to 280◦C at 10◦C/min, with a final hold of 10 min. Helium was used as the carrier gas at a constant
flow rate of 1.0 mL/min, and the injection volume was 1 µL (split ratio of 10:1). The mass spectrometer
operated in electron ionization mode (70 eV), scanning a mass range of m/z 40–700, in accordance with
the NIST (2020) library recommendations, with similarity >80%. Chemical constituents were identified by
comparing their mass spectra and retention indices with those in the NIST/EPA/NIH Mass Spectral Library
(NIST, 2020) and by cross-referencing published literature [36].

2.3.3 DPPH Radical-Scavenging Assay

The antioxidant activity of the extract was evaluated using the 2,2-diphenyl-1picrylhydrazyl (DPPH)
assay [37]. A 0.1 mM DPPH solution in methanol was freshly prepared and incubated in the dark until it
stabilized. Various concentrations of the extract (50–250 µg/mL) were mixed with the DPPH solution in
equal volumes and incubated at room temperature for 30 min. The decrease in absorbance was recorded at
517 nm using a UV-Vis spectrophotometer, where lower absorbance indicated higher radical neutralization.

Radical scavenging activity was calculated using the following formula Eq. (1).

𝐷𝑃𝑃𝐻 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) =
𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝐴 𝑠𝑎𝑚𝑝𝑙𝑒 × 100

𝐴 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
(1)

IC50 values were determined by plotting inhibition % against concentration using nonlinear regression,
as recommended by [38].
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2.4 Soil Sampling and Analysis

Rhizosphere soil was collected from the active rooting zone (0–15 cm) by gently detaching the soil
adhering to fine roots. Three subsamples per plot were homogenized to obtain a composite sample
representing local edaphic conditions [39], and soil physicochemical parameters were analyzed following
standard protocols, as mentioned in Table 1.

Table 1: Methods used for measuring soil physico-chemical parameters.

Soil Parameter Standard Method Used Reference

Soil pH pH measured in 1:2.5 soil–water suspension using a digital pH meter [40]
Electrical Conductivity (EC) EC determined in soil–water extract (1:2.5) using a conductivity meter [41]
Organic Carbon (OC) Walkley & Black wet oxidation method using chromic acid and titration [42]
Available Nitrogen (N) Alkaline KMnO4 distillation method (Subbiah & Asija method) [43]
Available Phosphorus (P) Olsen’s method (for neutral–alkaline soils) using 0.5 M NaHCO3 extractant [44]
Available Potassium (K) Neutral ammonium acetate (1N NH4OAc) extraction followed by flame photometry [45]

2.5 Weather Parameters

Daily meteorological data for a 3-year duration (2020–2023), considering the gestation period of
the species, were sourced from the Agrometeorological (Agromet) Unit of Sher-e-Kashmir University
of Agricultural Sciences and Technology of Kashmir (SKUAST-K), India. The dataset included routinely
monitored parameters such as maximum and minimum temperatures, total rainfall, and solar radiation,
which were recorded using standard IMD-approved instrumentation.

2.6 Statistical Analysis

Data were examined for normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test).
Box-and-whisker plots were constructed using ggplot2 in R (version 4.3.1), with the sites as categorical
factors. A principal component analysis (PCA) biplot was used to visualize soil parameters across sites, with
95% confidence interval ellipses showing site-wise clustering. PC1 and PC2 loadings identified the major
soil variables contributing to site variation. A Scree plot selected the principal components using the Kaiser
criterion (eigenvalue > 1) and cumulative variance. DPPH antioxidant assays were performed in triplicate,
and the results are expressed as the mean ± standard deviation (SD). IC50 values were estimated using
nonlinear regressionwith a four-parameter logisticmodel in GraphPad Prism version 8. Multivariate analysis
assessed relationships among morphological traits, soil parameters, antioxidant data and climatic variables,
with correlation matrix and scatterplot generated using GGally and ggplot2 in R (version 4.3.1). Daily
climatic data (temperature, precipitation, and solar radiation) were integrated using site-specific Agromet
records, and mean monthly values were plotted to characterize the seasonal environmental gradients.

3 Results

3.1 Morphological Characterization

ANOVA results revealed significant variations among the three Aconitum heterophyllum Wall. ex
Royle populations (JVFD, KFD, and LFD) for most morphological traits (Table 2; Fig. 2). All variables
satisfied the normality assumptions (Shapiro-Wilk p > 0.05), plant height (F = 12.81, p = 0.003), number
of leaves per plant (F = 9.00, p = 0.009), and leaf traits, leaf length (F = 10.96, p = 0.005), width (F = 15.30,
p = 0.002), and area (F = 51.65, p < 0.001). Most morphological traits showed significant interpopulation
differences; LFD generally exhibited higher values for several morphological traits, whereas the relative
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differences between JVFD and KFD varied among traits. For number of leaves per plant and number of
flowers per plant, JVFD was statistically comparable to LFD, while KFD showed significantly lower values.
The length of the floral axis (F = 19.70, p < 0.001), number of flowers (F = 7.22, p = 0.016), and number
of root hairs (F = 5.37, p = 0.033) also differed significantly, with LFD exhibiting the highest values. In
contrast, tuber length (F = 3.28, p = 0.091) and root biomass (F = 1.61, p = 0.258) did not vary significantly
in this study. Therefore, LFD population exhibited higher values for most morphological traits, indicating
potential differences in morphological performance among sites that may be associated with site-specific
environmental conditions.

Figure 2: Morphological traits of Aconitum heterophyllum collected from three forest divisions of the Kashmir
Himalaya: Jhelum Valley Forest Division (JVFD), Kamraj Forest Division (KFD), and Langate Forest Division (LFD).
Bars represent the mean ± standard error (SE) of the measured traits. Different lowercase letters above the bars
indicate significant differences among forest divisions based on one-way analysis of variance (ANOVA) followed by
Fisher’s Least Significant Difference (LSD) test at p < 0.05, whereas bars sharing the same letter are not significantly
different. Traits include leaf area, leaf length, leaf width, floral axis length, number of flowers, number of leaves,
number of root hairs, plant height, root biomass, tuber length, and tuber thickness.
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Table 2: Intra population variation in the different traits of Aconitum heterophyllum Wall. ex Royle at three different sites.

Trait Replication
F-Value (p-Value)

Treatment F-Value
(p-Value) R Square Normality

(Shapiro-Wilk)
Means

Comparison LSD Groups

Plant Height (A1) 1.27 (0.356) 12.81 (0.003) 0.793 Normal (p = 0.998) Different 35.95 LFD (94.6, a) > JVFD (28.2, b) = KFD (24.5, b)
No. of Leaves/Plant (A2) 0.45 (0.772) 9.00 (0.009) 0.712 Normal (p = 0.864) Different 3.92 LFD (10.2, a) = JVFD (7.0, a) > KFD (3.0, b)
Leaf Length (A3) 0.13 (0.969) 10.96 (0.005) 0.737 Normal (p = 0.879) Different 2.31 LFD (8.42, a) > JVFD (4.60, b) = KFD (4.15, b)
Leaf Width (A4) 0.43 (0.784) 15.30 (0.002) 0.802 Normal (p = 0.763) Different 1.99 LFD (7.96, a) > KFD (3.90, b) = JVFD (3.76, b)
Leaf Area (A5) 1.12 (0.413) 51.65 (<0.001) 0.931 Normal (p = 0.476) Different 15.86 LFD (78.02, a) > JVFD (18.40, b) = KFD (16.58, b)
Length of Floral Axis 1.64 (0.255) 19.70 (<0.001) 0.852 Normal (p = 0.216) Different 5.27 LFD (20.96, a) > JVFD (9.50, b) = KFD (7.78, b)
No. of Flowers/Plant 0.17 (0.949) 7.22 (0.016) 0.654 Normal (p = 0.053) Different 2.53 LFD (11, a) = JVFD (10, a) > KFD (7, b)
No. of Root Hairs/Plant 0.92 (0.498) 5.37 (0.033) 0.643 Normal (p = 0.432) Different 3.43 LFD (18.2, a) > KFD (14.2, b) = JVFD (13.8, b)
Tuber Length (A9) 0.74 (0.591) 3.28 (0.091) 0.543 Normal (p = 0.297) Same 1.51 LFD (6.04, a) > KFD (5.90, ab) > JVFD (4.52, b)
Root Biomass (A10) 0.18 (0.942) 1.61 (0.258) 0.330 Normal (p = 0.662) Same 0.77 LFD = JVFD = KFD
Tuber thickness 0.8569 (0.5284) 2.4122 (0.1514) 0.508 Normal (p = 0.4122) 0.862 LFD: (1.90, a); JVFD (1.34, a); KFD (1.10, a)

Note: Different lowercase clearer notation (a, b) indicate significant differences between treatment means (p < 0.05), while means sharing the same letter are not significantly
different. p represents the probability value; p < 0.05 indicates a statistically significant difference, whereas p > 0.05 indicates a non-significant difference.



Phyton-Int J Exp Bot. 2026;95(9):16 9

3.2 Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS profiling of Aconitum heterophyllum Wall. ex Royle root extracts revealed clear site-specific
chemotypic differentiation. LFD exhibited the greatest chemical diversity, characterized by unsaturated fatty
acids, aromatic esters, carbohydrate derivatives, silicon-based cyclic ethers, and nitrogen-rich heterocycles,
indicating a metabolically active profile likely supported by higher organic carbon and nutrient-rich
soil. JVFD showed a contrasting pattern dominated by polyunsaturated fatty acids (PUFA), mainly 9,12-
octadecadienoic acid and its methyl ester, suggesting stress-associated lipid remodelling under fluctuating
temperature and moisture conditions. KFD exhibited the lowest apparent diversity of GC-MS-detectable
compounds. However, the chromatogramwas dominated by diisobutyl phthalate (DIBP), a compoundwidely
recognized as a potential laboratory contaminant rather than an endogenous plant metabolite. Therefore,
DIBP was excluded from biological and ecological interpretation. After excluding DIBP, only palmitic
acid and methyl palmitate were detected in relatively low abundance in the KFD extract (Figs. S1–S4;
Table 3). These findings demonstrate that environmental conditions influence the composition of GC–MS-
detectable volatile and semi-volatile metabolites. However, because GC-MS is not optimal for detecting the
characteristic diterpenoid and norditerpenoid alkaloids of A. heterophyllum, these results should not be
interpreted as representing the complete phytochemical composition of the species.

Table 3: Comparative GC–MS profile of methanolic root extracts of Aconitum heterophyllumWall. ex Royle from
Langate Forest Division (LFD), Jhelum Forest Division (JVFD) and Kamraj Forest Division (KFD).

Peak/Compound Name Langate Forest Division
LFD* (Area%)

Jhelum Valley Forest
Division JVFD (Area%)

Kamraj Forest Division
KFD (Area%)

cis,cis,cis-9,12,15-Octadecatrienoic acid 19.24 ND ND
γ-Aminobutyric acid ester (GABA derivative) 10.97 ND ND
Benzene-1,3-dicarboxylic acid,
5-hydroxymethyl-, diethyl ester 13.72 ND ND

Hexa(trimethylene)-1,3,5,7,9,11-hexasila-
hexaoxacyclododecane 10.01 ND ND

n-Hexadecanoic acid (Palmitic acid) 4.16 12.13 9.67
5-Methyl-1R,3-trans-cyclohexanediol 6.51 ND ND
Hexadecanoic acid, methyl ester (Methyl
palmitate) 4.81 19.74 9.72

1,2,3-Tri-O-acetyl-5-deoxy-β-D-ribofuranose 8.88 ND ND
Carbamic acid pyrimidine derivative 10.38 ND ND
Hexa(methoxymethyl)melamine 11.32 ND ND
9,12-Octadecadienoic acid (Z,Z), methyl ester ND 28.13 12.53
9,12-Octadecadienoic acid (Z,Z) ND 28.81 ND
cis,cis,cis-7,10,13-Hexadecatrienal ND 11.19 ND
1,2-Benzenedicarboxylic acid,
bis(2-methylpropyl) ester (Diisobutyl
phthalate)

ND ND 68.08

LFD* = Langate Forest Division; JVFD = Jhelum Valley Forest Division; KFD = Kamraj Forest Division and ND = Not Detected.
Note: Diisobutyl phthalate (DIBP) is listed as detected in KFD, but was categorized as a non-endogenous procedural artifact and
excluded from biological and ecological interpretations.

3.3 DPPH Radical-Scavenging Activity

The DPPH inhibition response increased progressively with concentration (50–250 µg/mL) for all
Aconitum heterophyllum Wall. ex Royle extracts across the three sites (LFD, KFD, and JVFD). Among
the populations, the LFD extract consistently exhibited the highest DPPH radical-scavenging activity at
every concentration, reaching nearly 65% inhibition at 250 µg/mL, followed by KFD and JVFD (Fig. 3).
Dose-response modelling using a four-parameter logistic regression showed that among the plant ex-
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tracts, the LFD sample showed stronger DPPH radical-scavenging activity (IC50 = 193.38 µg/mL), followed
by KFD (IC50 = 254.91 µg/mL). The JVFD extract failed to reach 50% inhibition within the tested range
(IC50 > 250 µg/mL), indicating a notably weaker radical-scavenging potential.

Figure 3: Concentration-dependent DPPH radical scavenging activity of methanolic extracts of Aconitum hetero-
phyllum collected from Jhelum Valley Forest Division (JVFD), Kamraj Forest Division (KFD), and Langate Forest
Division (LFD) at concentrations of 50, 100, 150, 200, and 250 µg mL−1. Bars represent the mean ± standard error (SE)
of three independent replicates. Different lowercase letters above the bars indicate significant differences among
concentrations within each forest division according to one-way ANOVA followed by Fisher’s Least Significant
Difference (LSD) test at p < 0.05; bars sharing the same letter are not significantly different. The highest DPPH
inhibition was observed at 250 µg mL−1, with the LFD extract exhibiting significantly greater antioxidant activity
than the JVFD and KFD extracts.

3.4 Soil Physicochemical Properties

Physicochemical properties of soil in Aconitum heterophyllum Wall. ex Royle showed clear site-wise
variations (Table 4). The EC was highest in the KFD group, intermediate in the LFD group, and lowest in the
JVFD group. Organic carbon was greatest in the LFD, with lower values in the KFD and JVFD. Phosphorus
levels were highest in the KFD group, followed by the LFD and JVFD groups, forming three distinct groups.
The soil pH was higher in the LFD than in the KFD and JVFD treatments. Nitrogen was highest in JVFD,
whereas LFD and KFD showed similar values. Potassium content was highest in the LFD group, followed
by the JVFD and KFD groups. These patterns reflect distinct nutrient regimes across sites, with LFD being
richer in organic carbon, pH, and potassium, KFD characterized by higher EC and phosphorus, and JVFD
by elevated nitrogen levels (Table 4). PCA revealed clear site-based separation of soil properties, with PC1
(41.7%) driven by phosphorus and EC, while PC2 (25.5%) was influenced by organic carbon and pH. The LFD
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was grouped towards higher pH and OC values, whereas the KFD was aligned with elevated phosphorus
and EC (Fig. 4).

Table 4: Site-wise variation in soil physicochemical properties of Aconitum heterophyllum Wall. ex Royle habitats.

Site EC OC P pH N K

KFD 0.414 ± 0.00474a 1.59333 ± 0.05229b 22.80 ± 0.66395a 5.54667 ± 0.05023b 442.33 ± 8.16b 387.31 ± 0.74c
LFD 0.35742 ± 0.01021b 2.27419 ± 0.06204a 16.70323 ± 0.33288b 5.81935 ± 0.01761a 444.96 ± 6.41b 486.88 ± 0.55a
JVFD 0.33419 ± 0.00859b 1.50645 ± 0.04796b 13.24677 ± 0.33339c 5.11613 ± 0.07761c 473.80 ± 4.39a 479.90 ± 1.30b

Note: Values are presented as mean ± standard deviation (SD). (a, b, c) are significantly different from each other (p < 0.05),
whereas values sharing the same superscript letter are not significantly different. EC: Electrical conductivity, OC: organic carbon,
P: Available phosphorus, N: Available nitrogen, K: Available potassium.

Figure 4: PCA biplot of soil physicochemical parameters across the three study sites. PC1 and PC2 explained 41.7%
and 25.5% of the total variance, respectively. Arrows represent variable loadings, and shaded ellipses indicate 95%
confidence intervals for site clusters.

3.5 Climate Data

The normalized radar plot revealed pronounced differences in the climatic regimes among the three
forest divisions. KFD exhibited the highest solar radiation (SRAD) values across the study period, forming a
distinct peak on the SRAD axis, whereas JVFD recorded the highest maximum and minimum temperatures
(TMAX and TMIN), indicating a comparatively warmer microclimate. In contrast, LFD showed the lowest
SRAD but the highest normalized rainfall (RAIN), suggesting a cooler and moisture-rich environment with
a reduced radiative load. Together, these patterns indicate that the three sites operate under markedly
different thermal and hydrometeorological conditions, which can influence the physiological performance
and phytochemical responses of Aconitum heterophyllum Wall. ex Royle (Fig. 5).
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Year-wise trends further supported site-specific climatic signatures. The SRAD values remained
relatively stable across years at all sites, although KFD showed a slight decline from 2020 to 2023, whereas
LFD maintained consistently higher radiation levels than the JVFD. The maximum temperature (TMAX)
increased marginally at all sites, with JVFD remaining the warmest (~14.6◦C) throughout the study period.
The minimum temperature (TMIN) also showed a gradual upward trend, particularly at JVFD, which
consistently exhibited higher night time temperatures than KFD and LFD. Rainfall exhibited the strongest
inter-annual variability, with LFD showing a sharp increase in 2023, whereas KFD and JVFD displayed only
minor fluctuations, maintaining comparatively higher baseline precipitation (Fig. 5).

Figure 5: Inter-annual variation in SRAD, temperature, and rainfall (2020–2023) across forest divisions.

4 Discussion

4.1 Morphological Differentiation

The distinct morphological differences observed among Aconitum heterophyllum populations in JVFD,
KFD, and LFD highlight the potential influence of site-specific environmental conditions on phenotypic
variation across the diverse environments of the Kashmir Himalaya, India. Variations in microclimate and
soil characteristics are well-documented factors driving intraspecific morphological diversity in alpine
plants [29]. Among the three locations, plants from LFD consistently exhibited higher vegetative and
reproductive trait values, including significantly greater plant height, leaf number and size, floral axis length,
flower production, and root hair development. These differences may be associated with local microclimatic
and soil conditions that promote growth, resource acquisition, and reproductive development. Similar
site-specific enhancements in growth traits of A. heterophyllum and other Himalayan medicinal plants
have been documented in moist, nutrient-rich subalpine habitats of the northwestern Himalaya [46,47].
In the alpine region of the Kashmir Himalaya, environmental heterogeneity has also been reported to
influence plant species richness and growth traits [48]. In contrast, populations from JVFD and KFD showed
lower values for several traits, although their statistical relationships varied among individual traits. These
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differences may reflect the combined effects of microclimatic conditions, soil fertility, and growing-season
characteristics, which are recognized as important factors influencing morphological development in
Himalayan alpine and subalpine ecosystems [49].

The marked differences in integrative traits, such as plant height and leaf area, align with broader
findings that intraspecific trait variation (ITV) is closely linked to environmental diversity and is crucial
for adaptive capacity and population survival in alpine species [50]. Interestingly, despite the significant
variation observed in most aboveground morphological traits, tuber length and root biomass did not differ
significantly among the three populations. As the tuber is the principal medicinal part of A. heterophyllum,
this finding suggests that belowground storage structures may be comparatively less responsive to envi-
ronmental variation than vegetative traits. As a perennial alpine herb, A. heterophyllum depends on its
tubers for nutrient storage, overwintering, and seasonal regeneration. Therefore, maintaining relatively
stable tuber size and biomass across different habitats may represent an adaptive strategy that enhances
survival under harsh alpine conditions, whereas aboveground traits exhibit greater phenotypic plasticity in
response to local environmental conditions.

4.2 Physicochemical Analysis of Soil

The observed variation in soil physicochemical properties among the three forest divisions was closely
associated with differences in the growth and morphological characteristics of Aconitum heterophyllum.
Among the study sites, soils from LFD contained higher organic carbon and potassium contents and
exhibited a moderately acidic pH. Such conditions may influence soil structure, microbial activity, nutrient
cycling, and nutrient availability, thereby contributing to differences in plant growth and development.
Similar relationships between organic matter-rich, moderately acidic to near-neutral soils and enhanced
growth of A. heterophyllum and other Himalayan medicinal plants have been reported from the subalpine
regions of Kashmir and the northwestern Himalaya [51].

In contrast, soils from KFD exhibited comparatively higher electrical conductivity (EC) and available
phosphorus levels, which may reflect differences in parent material, mineral weathering, or nutrient
dynamics. Although elevated EC can indicate increased concentrations of soluble salts, its influence on
plant growth depends on the magnitude of salinity. The relatively higher EC observed at KFD may therefore
have affected soil chemical conditions and nutrient availability rather than directly imposing salinity stress.

Soils from JVFD contained comparatively higher available nitrogen but were more acidic than those
from the other two forest divisions. Although nitrogen is an essential nutrient for plant growth, lower soil
pH may reduce the availability of certain nutrients and alter microbial activity, thereby limiting overall
plant performance despite higher nitrogen levels. Previous studies have similarly demonstrated that soil pH
is a key regulator of nutrient solubility, microbial processes, and plant nutrient uptake, with slightly acidic
to near-neutral soils generally providing favourable conditions for alpine and subalpine plant species [52].

4.3 Variation in DPPH Radical Scavenging Activity across Sites

The DPPH assay revealed clear differences in free radical-scavenging activity among the three A.
heterophyllum populations, with extracts from LFD consistently exhibiting the highest antioxidant activity.
These findings indicate that DPPH radical-scavenging capacity varied among populations growing under
different environmental conditions. However, because antioxidant activity was evaluated solely using
the DPPH assay, the present results represent only one aspect of antioxidant behaviour and should not
be regarded as a comprehensive assessment of antioxidant potential. Additional assays, including ABTS,
FRAP, and ORAC, together with the determination of total phenolic content (TPC) and total flavonoid
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content (TFC), are required to provide a more complete evaluation of antioxidant capacity and to identify
the phytochemical constituents responsible for the observed activity.

The antioxidant activity of A. heterophyllum extracts increased in a concentration-dependent man-
ner, with the LFD population consistently showing the greatest DPPH radical-scavenging activity. At
250 µg mL−1, LFD extracts achieved nearly 65% inhibition and exhibited the lowest IC50 value, indicating
greater antioxidant potency than the KFD and JVFD populations. The superior antioxidant activity observed
in LFD may be associated with differences in the composition or abundance of antioxidant metabolites
among populations. Phenolic compounds and flavonoids are widely recognized as important contributors
to the antioxidant properties of A. heterophyllum and other medicinal plants [53,54]. However, because TPC
and TFC were not determined in the present study, the contribution of these compounds to the observed
antioxidant activity cannot be confirmed.

The comparatively lower DPPH radical-scavenging activity observed in the KFD and JVFD populations
may be associated with differences in soil properties and local environmental conditions, which are known
to influence the biosynthesis and accumulation of secondary metabolites in medicinal plants [55,56]. Similar
geographic variation in antioxidant activity and phytochemical composition has been reported for A.
heterophyllum and related Aconitum species from the Western and Kashmir Himalayas, where differences
have been linked to habitat characteristics, climatic conditions, and edaphic factors [57,58]. Therefore, the
present findings provide preliminary evidence of population-level variation in DPPH radical-scavenging
activity and highlight the need for complementary antioxidant assays and phytochemical analyses to
establish a comprehensive understanding of antioxidant potential.

4.4 GC-MS-Based Chemotypic Differentiation across Forest Divisions

GC-MS analysis revealed site-specific variation in the volatile and semi-volatile metabolite profiles
of Aconitum heterophyllum, suggesting that environmental conditions may influence the composition of
secondary metabolites detectable by GC-MS. However, the principal medicinal constituents of A. heterophyl-
lum are diterpenoid and norditerpenoid alkaloids, which generally require LC-MS/MS, UHPLC-QTOF-MS,
or HPLC-based analytical techniques for comprehensive characterization [59,60]. Therefore, the present
findings should be interpreted as comparative metabolomic fingerprints rather than a comprehensive
characterization of the pharmacologically active alkaloid profile. Future studies integrating advanced
metabolomic approaches are required to elucidate the relationship between environmental variation and
alkaloid biosynthesis and accumulation in this species.

The predominance of diisobutyl phthalate (DIBP; 68.08%) in the KFD chromatogram warrants careful
interpretation. Phthalate esters, including DIBP, are widely recognized as potential laboratory contaminants
that may originate from plastic laboratory consumables, solvent impurities, septa, tubing, or sample
handling during GC-MS analysis [61]. Nevertheless, phthalate derivatives have also been reported in
medicinal plants, fungi, bacteria, and environmental samples, where their occurrence has been attributed to
environmental uptake, microbial biosynthesis, or anthropogenic contamination of surrounding habitats [62].
Because procedural blank analyses were not performed, the origin of DIBP in the present study cannot
be conclusively attributed to endogenous plant metabolism. Consequently, DIBP was excluded from all
biological, ecological, and correlation analyses, and inter-population comparisons were based exclusively on
the remaining confirmed plant-derived metabolites, as phthalate esters are not considered reliable indicators
of endogenous plant metabolism and are widely recognized as potential laboratory and environmental
contaminants [63,64]. Although DIBP is reported in Table 3 as a detected GC-MS peak, it was not considered
a representative plant metabolite for ecological interpretation. Accordingly, all ecological and biological
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inferences presented in this study are based solely on the confirmed plant-derived metabolite classes. Future
studies should incorporate rigorous contamination-control measures, including procedural and field blanks,
glass-only sample preparation, and complementary analytical techniques such as LC-MS/MS, to distinguish
endogenous metabolites from analytical contamination and further validate metabolite identity.

4.5 Correlation Analysis

The correlation analysis demonstrated strong positive relationships between key biochemical compo-
nents (PUFA, nitrogen compounds, and carbohydrates) and soil fertility indicators, particularly OC, N, P,
and K content (r ≈ 0.80–1.00) (Fig. 6). This suggests that soil factors are closely associated with the secondary
metabolite composition of Aconitum heterophyllum [65–67]. The negative correlations between fatty acid
methyl esters and soil nutrients suggest a shift towards simpler or stress-related metabolic pathways under
less favorable conditions. Moderate positive correlations with temperature and solar radiation suggest that
climatic conditions may also be associated with metabolite expression, whereas rainfall showed inconsistent
or negative effects. These findings align with previous studies that underscore soil quality as a more crucial
determinant of phytochemical variability than climatic factors in Himalayan medicinal plants [68–70].

Figure 6: Correlation heatmap illustrating Pearson’s correlation coefficients (r) among biochemical constituents, soil
physico-chemical properties, and climatic variables.

The pairwise correlation matrix in Fig. 7 highlights a strong integration among the primary mor-
phological traits of Aconitum heterophyllum, including plant height (PH), leaf length (LL), leaf area (LFA),
and number of leaves per plant (NL/Plant), across all three forest divisions. Exhibiting very high positive
correlations (r = 0.90–0.97), reproductive traits number of flowers per plant and number of root hairs
per plant (NF/plant and NRH/plant) were also strongly correlated (r = 0.85–0.93). This finding suggests
a coordinated vegetative growth strategy that may reflect shared developmental regulation and carbon
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allocation patterns. Such close trait coupling is characteristic of perennial Himalayan medicinal herbs,
such as those from the Kashmir Himalaya, where synchronized leaf and stem development enhances light
capture and carbon gain during a brief, climatically constrained growing season [71,72]. In contrast, climatic
factors such as temperature, rainfall, and solar radiation exhibit weaker and site-specific correlations with
morphology, suggesting that growth responses may be associated with local topography and microclimatic
diversity typical of the mountainous regions of Kashmir [73–76]. Soil variables showed strong internal
covariance, particularly among organic carbon, nitrogen, phosphorus, potassium, EC, and pH, indicating
tightly linked nutrient cycling processes in the soil (r = 0.70–0.95). Negative correlations between rainfall
and nutrients suggest leaching effects in wetter conditions, which are common in the higher-elevation
areas of Kashmir [77,78].

 

Figure 7: Pairwise correlation matrix of morphological, soil, and climatic variables in Aconitum heterophyllum Wall.
ex Royle across three forest divisions. * = statistically significant at p < 0.05, ** = statistically significant at p < 0.01,
*** = statistically significant at p < 0.001.

The pairwise correlation matrix in Fig. 8 reveals a significant and biologically relevant association
between soil nutrient levels, climatic factors, and DPPH antioxidant activity in Aconitum heterophyllum
across the three forest regions. Strong positive correlations were observed between DPPH inhibition and
essential soil nutrients, particularly organic carbon (SOC), nitrogen (N), phosphorus (P), and potassium (K)
(r ≈ 0.55–0.85). These associations suggest that nutrient-rich soils may be linked to greater antioxidant
potential, possibly through enhanced carbon assimilation and allocation to secondary metabolism [79–81].
The positive associations between DPPH activity, SOC and N further suggest that improved soil fertility
and microbial activity may favour the biosynthesis and accumulation of phenolic and flavonoid compounds,
which are known for their radical-scavenging properties. In contrast, climatic factors such as solar radiation
(SRAD), maximum temperature (Tmax), minimum temperature (Tmin), and rainfall exhibited relatively
weaker and site-specific relationships with both soil chemistry and DPPH activity. These findings suggest
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that climatic variables may be indirectly associated with antioxidant potential, possibly through their
influence on soil moisture dynamics and nutrient availability.

 

Figure 8: Pairwise correlation matrix of soil properties, climate variables, and DPPH antioxidant activity across forest
divisions. * = statistically significant at p < 0.05, ** = statistically significant at p < 0.01, *** = statistically significant at
p < 0.001.

5 Study Limitations

Sampling was restricted to three forest divisions in the Kashmir Himalaya, which may not fully repre-
sent the ecological and phytochemical variability of Aconitum heterophyllum across its natural distribution.
Plant traits were evaluated from a single sampling period, while climatic data represented only the estimated
growth period, limiting assessment of temporal variation. Phytochemical characterization was restricted
to GC–MS analysis of volatile and semi-volatile metabolites, whereas the principal bioactive diterpenoid
and norditerpenoid alkaloids require complementary techniques such as LC-MS/MS, UHPLC-QTOF-MS,
or HPLC for comprehensive characterization. Antioxidant activity was assessed only by the DPPH assay;
complementary analyses, including ABTS, FRAP, ORAC, total phenolic content (TPC), and total flavonoid
content (TFC), were beyond the scope of this study. Future research should incorporate broader geographic
and seasonal sampling, long-term monitoring, advanced metabolomic analyses, multiple antioxidant assays,
and controlled experiments to provide a more comprehensive understanding of environmental influences
on the phytochemistry and biological activity of A. heterophyllum.

6 Conclusion

This study demonstrates that the conservation potential of the critically endangered Himalayan
medicinal plant Aconitum heterophyllum was strongly influenced by integrated soil, climate and plant
interactions. Among the studied sites, the Langate Forest Division (LFD) consistently supported superior
morphological performance, greater diversity of GC-MS-detectable metabolites, and stronger DPPH radical-
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scavenging activity, driven primarily by higher soil organic carbon and potassium availability, optimal
soil pH, and favourable moisture regimes. In contrast, populations from the Kamraj Forest Division
(KFD) and Jhelum Valley Forest Divisions (JVFD) exhibited constrained growth and reduced metabolic
expression under comparatively stressful edaphic and climatic conditions. Multivariate analyses indicated
that soil properties were the environmental factor most strongly associated with plant performance and
the volatile and semi-volatile metabolite profile detected by GC-MS among the variables examined. These
findings suggest that LFD represents a promising site for future conservation planning for in situ protection,
germplasm collection, and climate-resilient cultivation, providing a clear evidence-based framework for
site-specific conservation and sustainable utilization of A. heterophyllum.
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