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ABSTRACT

The geoclimatic conditions of Himalayas, attributing steep altitudinal variations and multitude of
ecological zones, make it home of a wide range of highly valuable bioactive medicinal plants. In this study,
we investigated the effects of soil physicochemical properties and altitudinal gradient on the early growth
performance of some Himalayan medicinal plants. It points out that altitude-related environmental
conditions (e.g. temperature, humidity, light intensity and atmospheric pressure) affect germination,
seedling growth and physiological adjustment. Also, soil characteristics such as pH, nutrient level, moisture
availability, and organic matter composition are observed to affect early plant establishment and biomass
accumulation. Our results suggest that plants in higher-elevation with slower growth trend grew under
specialized morphological and biochemical syndromes including antioxidant accumulation, compact
growth and efficient resource use strategy to acclimate to the nature of stress of abiotic stress. The
knowledge of these interactions is required for sustainable management, to elaborate conservation

measures and for improvement of pharmacological quality of altitude specific medicinal plants.
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1. INTRODUCTION

The high Himalayas, known as the “Third Pole,” is among the most ecologically diverse and
environmentally fragile regions in the world. Spanning many climatic zones and altitudinal belts, this range
represents a huge treasure of plant diversity with a wide range of medicinal plants that have been historically
used in Ayurveda, Tibetan and folk medicine systems. These medicinal spp. are mostly endemic and of
great pharmaceutical importance and considered as an important component of rural health care, cultural

and livelihood practices.

The early stages of growth for these plants— from germination, to seedling establishment, to initial biomass

accumulation — are an important predictor of their survival, ecological success and ultimately beneficial
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medicinal value. These stages are especially affected by abiotic factors like soil features and altitude, which
are vastly different in the Himalayan ecosystem. Soil physicochemical properties which include pH, textural
classes, organic matter content, nutrient holding and moisture retention capacity also have direct a le “effets
on the root development, nutrient mobilization and overal plant vigor. Moreover, changes in temperature,
atmospheric pressure, solar light intensity, air humidity, and the photoperiod with elevation also add a layer
of complexity, all these factors focusing to the physiological and biochemical traits required to grow in

different environments.

Although soil and elevation have been proved to be crucial in determining plant ecology, little is known
about the interplay on the early growth pattern of medicinal plants in mountainous areas. Such knowledge
is becoming more urgent given the risks of climate change, loss of habitat and overfishing. Investigation of
these interactions will not only promote the elucidation of ecology, altitude adaption strategies for
cultivation of these valuable resources, and the conservation principles, contributing to the sustainable

development and rational utilization, and medicinal effective of valuable species.

The present study, thus, aims at understanding the interactive effects of soil properties and altitudinal
variation on the germination, seedling growth and early physiological response of some selected vital
medicinal plants of the Himalayas. The study will provide guidelines to the ecological restoration,
sustainable utilization, and highland medicinal herbs culture in the area through the understanding of the

dominating environment factors and their role on the plant responses in various altitudes/soil parameters.
2. LITERATURE REVIEW

Magray et al. (2021) studied growth economy of Bergenia ciliata in different altitudinal zones of Kashmir
Himalaya and indicated the significance of habitat variability on morphological and physiological
parameters80. Their results indicated that changes in the environment related to elevation had induced
different growth patterns, indicating the significance of altitude characteristics in contribution to the

adaptability of species.

Mangral et al. (2023) analysed the effect of altitude on soil physicochemical characteristics and eco-
physiological traits of Rhododendron anthopogon. Altitudinal gradients are also responsible for strong
variations in soil nutrient composition, pH and moisture that affect the physiological performance of
species, as reported by these authors. Their case study stressed the intricate relationship among soil and

altitude factors in deciding plant vitality and ecosystem processes.

Hamid et al. (2021) investigated the synergistic effects of elevation and aspect on soil properties and plant

species diversity on Himalayan Mountain peaks. Their study of soil texture, nutrient content, and plant
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diversity in relation to the elevation and slope aspects revealed that micro-environmental variables link with

altitude in the determination of ecological patterns in mountain environments.

Choudhury et al. (2021) studied the effect of land-use changes over an altitudinal gradient on soil
micronutrients in the Eastern Himalaya. They found that anthrpogenic land use change affected soil nutrient
adjustment at different elevaiotns, and thus nutrient availability of important micronutrients such as ZN and
CU. This study pointed to sensitivity of soils and vegetation on mountains in response to anthropogenic

interference especially along the elevational transects we examined here.

Maletha et al. (2022) concentrated on undisturbed vegetation dynamics and soil nutrient status in temperate
forest of the NDBR. They discovered a strong gradient of soil nutrient element and vegetation composition
along the elevation gradient, inferring potential joint influences of biotic and abiotic factors on ecosystem
structure. Their results supported the hypothesis that the nutrient content of soil at altitude play a critical

role in shaping the plant community dynamics in Himalayan forests.

3. INFLUENCE OF SOIL PHYSICOCHEMICAL PROPERTIES ON EARLY GROWTH OF
MEDICINAL PLANTS

Soil is an essential part of the terrestrial ecosystem and it is of key importance for plant growth, and in
particular in the establishment phase such as germination, seedling establishment etc. In addition, the
physicochemical properties of soil have a direct impact on the physiological and morphological traits of
medicinal plants, such as pH, texture, nutrient availability, moisture content, and organic matter. In the
region of the Himalayas, various soil characteristics also significantly differ because of complex topography
and climate, so the role of these factors is bound to be more severe for conservation and cultivation of useful

medicinal species.
3.1. Soil pH and Nutrient Availability

Soil pH is one of the most important factors in controlling nutrient availability and microbial activity. Many
herbs do the best in a slightly acid to a pH around 7.5. Himalayan soil pH can be highly variable with
altitude as well as parent rock source material. Acidic soils can be deficient in some essential elements,
such as phosphorus, calcium, and magnesium, which can lead to root development and early plant vigor
problems. On the contrary, too alkaline soil may cause micronutrient deficiency (such as iron and zinc) of

chlorosis and retarded growth.

3.2. Soil Texture and Root Penetration
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Soil texture, or relative amounts of sand, silt and clay particles, influences water retention, aeration and
root penetration. Loams, having intermediate degrees of texture, are the best for the germination of plants,
as they retain moisture and yet allow air to penetrate. Heavy clays, however, also may restrict root elongation
through compaction and poor drainage, and sandy soils especially on steep eroded Himalayan slopes — may

not retain enough moisture and nutrients.
3.3. Organic Matter and Microbial Activity

Soils are of agricultural importance and have a complex system of organic matter, which increases soil
fertility through the improvement of structure and water retaining capacity, as well as functioning as nutrient
reservoir. Decomposition of organic matter decomposes nutrients, such as nitrogen, phosphorus, and sulfur,
which are all critical for early seedling growth. Furthermore, friable soils contain beneficial
microorganisms (e.g., mycorrhizal fungi and nitrogen fixing bacteria) that promote nutrient absorption and

stimulate vegetative growth-promoting hormones in plants.
3.4. Moisture Content and Water Availability

Soil water is a key determinant of germination rate and seedling growth. Moderately moist soils can
facilitate an efficient cell elongation along with a high rate of metabolic activity due to rapid enzymatic
activation of seeds. But, on the other hand, the ability of soil to retain water is solely based on its texture
and organic matter content. In high Himalayan altitude, rapid drainage in sandy or rocky soils, and rainfall

variability, can be the cause of moisture stress and low germination success and initial growth.
3.5. Electrical Conductivity and Salinity

Soluble salt concentration in the soil is expressed in terms of electrical conductivity (EC). High EC values
are associated with salinity, which in turn may influence both seed germination and root growth via osmotic
stress and ion toxicity. Although soils tend to have low or moderate salinity in this region, local farming
activities, irrigation with water containing relatively high nutrient contents, and natural weathering will

cause EC to be increased, and to create an impediment for young plants to take root and grow.
3.6. Soil Nutrient Composition

Primary macronutrients (N, P, K) and micronutrients (Fe, Zn, Mn, Cu, B) are necessary to the vital
metabolism of plants. Nitrogen is essential for protein formation and chlorophyll synthesis, phosphorus for
energy transduction and root growth, and potassium for osmoregulation and stress resistance. An insufficient
or imbalanced supply of these elements at the initial growth period may greatly lower the biomass and the

quality of the medicine.
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In conclusion, the physicochemical properties of soil are crucial to the early growth performance of
medicinal plants, particularly in the ecologically fragile and topographically variable Himalayan region.
Knowledge on these soil parameters could be used by scientist, phytochemists and cultivators for finding
out the probable suitable sites and soil management practices, for the conservation, domestication and

sustainable use of some of the important Himalayan medicinal plant species.

4. IMPACT OF ALTITUDINAL VARIATION ON GROWTH DYNAMICS AND ADAPTATION
STRATEGIES

Altitude is one of the most important natural gradients affecting plant life in montane ecosystems, especially
in ecologically diverse and climatically sensitive regions such as the Himalayas. The different altitudes are
all corresponding to their own complex of abiotic factors— temperature, atmospheric pressure, light
strength, humidity, and soil— impacting plant physiology, development, and morphology directly as well
as indirectly. The very early developmental phases of medicinal plants, i.e., germination and seedling

establishment, are very sensitive to these cues of the environment.

The Himalayas are a large, diverse system of habitats hosting a variety of medicinal plants, including alpine
plants, which have adapted to a range of altitudinal conditions. It is essential to understand how the
altitudinal variation affects their early growth dynamics and how they adapt to it, which in turn is crucial

for their sustainable propagation, conservation policy and commercial exploitation.
4.1. Temperature Regimes and Metabolic Activity

Temperature is one of the most striking modifications with altitude gradients. The average temperature
decreases about 6.5°C for each 1000 m increment in altitude, which affects enzymatic activities, the rate of
cellular metabolism and, generally, energy production in plants. Most medicinal plants have faster
germination in general, as well as rapid shoot and root elongation, and more biomass accumulation, at lower
altitude (500—-1000 m) of elevation in comparison to higher, due to optimum metabolic rates associated
with higher temperature. At above 2500 m, however, many species experience temperatures that are too

extreme, and delayed germination and suppressed seedling growth are common.

However, there are high-altitude medicinal plants, which have developed some strategies to adapt in the
cold. These comprise cryoprotective solute synthesis (such as proline and sugars) and complete antifreeze
proteins to stabilize membranes during freeze. For example, Picrorhizakurroa, a naturally grown plant at a

high of 3000 m made a good germination performance under low temperature based on those adaptations.

4.2. Atmospheric Pressure and Oxygen Limitation
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At the same time, in the upper levels, atmospheric pressure falls, which reduces oxygen supply and makes
gaseous exchange in plants tougher. This can suppress aerobic respiration a major process for energy
generation during early seedling stages of growth. Plants originating from high altitude areas counteract this
by improving mitochondrial efficiency, enlargement of the stomatal surface or changes in tissue to optimize
O diffusion. These physiological changes allow continued growth and respiration despite chronic

hypobaria.
4.3. Light Intensity and Ultraviolet Radiation

Higher altitude, thinner air as you climb, the atmosphere becomes less dense demanding denser layers of
sunscreen, due to higher solar radiation, especially ultraviolet-B (UV-B) radiation. Although greater light
levels can increase photosynthetic performance, prolonged exposure to UV-B radiation can also induce
DNA damage, block the photosynthetic apparatus and generate oxidative stress. Creosote are plants which
inhabit altitudes over 3000 meters are what are called as phytoadaptogens and have been adapted to produce
fairly complex secondary metabolites (e.g., flavonoids, phenolics) that serve as natural sunscreens and
natural anti-oxidants. They not only preserve the cellular elements, but also increase the therapeutic efficacy

of the plants as they have pharmacological constituents.

In addition, certain plants exhibit structural characteristics, including increased cuticle thickness, higher

trichome density, and reflecting leaf surfaces that protect against high irradiance and UV light as well.
4.4. Water Availability, Humidity, and Drought Stress

The wind helps reduce water availability and promote evapotranspiration, while a relatively dry
environment caused by lower humidity results from the less stable weather, the lower water content of
precipitation, and lower pressure at higher altitudes. Overall, in these scenarios, water is a limiting factor at
germination and early seedling emergence/concession. Consequently, high elevation medicinal plants have
evolved among other morphological characteristics, lower leaf surface area, sclerophylly and deeper root
system for better capability of water absorption and conservation. Some species also have a high root-to-

shoot ratio that may aid them extract water and nutrients from other layers of soil.

Furthermore, the capacity of accumulat-ing osmolytes, such as proline and glycine betaine, is critical for

the plant to retain cell turgor and enzyme activity under stress.
4.5. Short Growing Seasons and Phenological Adjustments

These high-altitude (Himalayan) habitats with an average growing season of 3-4 months, delayed snow-

melt and extended winter negate the benefit of early snowmelt. To cope with such harsh conditions, most
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medicinal plants possess rapid life cycle with early germination, early flowering and short interval from

flowering to fruiting so that they can complete their life cycle in this short duration. Song et al., 2003).

This however is usually imposed by either photoperiod sensitivity or internal hormone control to align

growth patterns with environmental cues.

Table 1: Influence of Altitude on Environmental Conditions and Early Growth Traits of Selected

Medicinal Plants
Altitude | Avg. UV Relative Plant Growth | Examples of Medicinal
Range Temperature | Radiation | Humidity | Behavior Plants
(m) ©0) Level (%)
500— 18-25 Low 65-80 Fast germination, | Ocimum sanctum,
1000 high biomass, long | Withania somnifera
roots
1000— 15-20 Moderate | 55-70 Moderate Valeriana Jjatamansi,
2000 germination, Rheum emodi
strong root
development,
moderate leaf
expansion
2000— 10-15 High 45-60 Delayed Picrorhizakurroa,
3000 germination, Angelica glauca
higher antioxidant
activity, compact
growth
3000- 5-10 Very High | 35-50 Very slow | Nardostachysjatamansi,
4000 germination, UV | Saussurea obvallata
protection  traits,
thick leaves

4.6. Key Adaptation Strategies Observed in High-Altitude Medicinal Plants
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Plants with medicinal potential naturally occurring in high-altitude regions possess a combination of

physical and biochemical features to guarantee survival under harsh abiotic stress:

» Synthesis of secondary metabolites (as terpenoids, flavonoids and alkaloids) to protect the plant not
only against radiation and pathogens (also including animals) but additionally for medical purposes.

* Morphological changes—small leaf size, abundant leaf hairs, short plant height—to counteract
wind dessication and limiting heat loss.

» Efficient by using water more with deeper root systems, stomatal control, and osmoprotectant
accumulation.

* Cold and UV resistance through improved antioxidant enzyme systems (SOD, catalase, and

peroxidase) and stress proteins.

There are different agroclimatic zones in the Himalayas because of the altitudinal variation, and the
diversity of microclimates rooted with this elevation and spaced pattern has a great impact on the early
growth dynamics and adaptation mechanisms of medicinal plants. Seed germination rates, seedling
morphological structures, and physiological characteristics of plants are all changed in response to
differences in temperature, humidity, light intensity, and atmospheric pressure. Nevertheless, medicinal
plants from these highland environments do offer a high degree of acclimation by their strong biochemical

and structure adaptations that allow their survival and performance under stress.

Knowledge of such adaptation of plant species would be critical for ecological as well as conservation point
of view and towards devising site specific cultivation practices so that yield and medicinal quality gets

heightened in the Himalayan region..
5. CONCLUSION

In conclusion, altitudinal gradient in the Himalayas significantly influences the early growth pattern of
medicinal plants due to alteration of important edaphic factors temperature, humidity, solar radiation and air
pressure. Such changes also have effects on germination, seedling vigor, and physiological processes, thus
driving plants to develop diverse structural, biochemical and phenological manifestation to survive. High
mountain species frequently suffer slow growth but compensate for this by increasing their tolerance to
stress, by producing antioxidants, having a compact morphology, and through wise water use. Knowledge
of such adaptive responses will be useful in devising region-fixed cultivation aspects, characterise altitude

sensitive species and identifying such potential species for optimal use of medicinal resources of Himalaya.
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