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Abstract

This study investigates the impact of climate change on the phytochemical
composition of endangered medicinal plants, focusing on temperature, water stress,
atmospheric CO2, and UV radiation. The research was conducted using Podophyllum
hexandrum, Rauvolfia serpentina, and Artemisia annua, analyzing key secondary
metabolites, including alkaloids, flavonoids, terpenoids, and phenolic acids. The
results showed that elevated temperatures significantly reduced the concentration of
these compounds, while increased CO: enhanced their production in certain species.
Water stress had a moderate effect, with minimal changes in phytochemical levels.
High UV radiation also influenced compound synthesis, though to a lesser extent. The
findings highlight the vulnerability of endangered medicinal plants to climate change,
with implications for their conservation and sustainable use. This study underscores
the importance of developing climate-resilient cultivation and conservation strategies
to preserve both plant species and their medicinal properties.

Keywords: Climate change, phytochemical composition, medicinal plants,
endangered species, secondary metabolites, integrative conservation

1. Introduction

Medicinal plants have been an essential part of human culture and healthcare for
millennia. They provide an array of bioactive compounds with therapeutic properties,
serving as the foundation for many modern drugs and traditional healing practices.
However, these plants face growing threats from environmental changes, particularly
climate change. Climate change, driven by global warming, altered precipitation

patterns, and more extreme weather events, is affecting ecosystems worldwide,
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including those that harbor medicinal plants. The impact of climate change on these
plants is multifaceted, influencing their growth, distribution, and the concentration of
valuable phytochemicals. Phytochemicals, the bioactive compounds produced by
plants, are central to their medicinal properties. These compounds, which include
alkaloids, flavonoids, terpenoids, and phenolic acids, are produced by plants as
secondary metabolites and play crucial roles in defense against herbivores, pathogens,
and environmental stressors. In the context of human health, many of these
compounds have anti-inflammatory, antioxidant, anticancer, and antimicrobial
properties, making them integral to modern medicine. However, the levels and types
of phytochemicals present in a plant can vary significantly based on environmental
factors, particularly climate. Endangered medicinal plants, which are at risk of
extinction due to overharvesting, habitat loss, and climate change, are of particular
concern. As these plants are often sought after for their medicinal properties, any
decline in their phytochemical content could not only threaten their survival but also
jeopardize the availability of these valuable therapeutic agents. Given the urgent need
to protect these species, understanding how climate factors such as temperature,
rainfall, and atmospheric CO2 concentrations influence the production of
phytochemicals is critical. This paper aims to explore the impact of climate change on
the phytochemical composition of endangered medicinal plants. It will examine the
underlying mechanisms by which climate factors influence secondary metabolism in
plants, particularly in relation to the production of key bioactive compounds. Through
a comprehensive review of current research, this study will identify how climate
change is affecting the chemical profiles of endangered plants and propose strategies
for mitigating these effects through conservation efforts and sustainable harvesting
practices. The central goal of this research is to highlight the intersection of
environmental change, plant conservation, and pharmaceutical development. By
assessing the potential effects of climate change on the medicinal properties of
endangered plants, this paper will contribute to the broader conversation on how

climate change affects biodiversity and human health. It will also emphasize the need
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for integrated conservation strategies that address the preservation of both plant
species and the valuable phytochemicals they produce.

Climate Change and Its Impact on Plant Secondary Metabolism

The production of phytochemicals is intricately linked to a plant’s environment, with
climate conditions acting as a major determinant of secondary metabolism. Plants
respond to environmental stimuli such as light, temperature, soil nutrients, and water
availability by adjusting their metabolic processes. Climate change is expected to alter
these environmental conditions in ways that can directly impact the quantity and
quality of phytochemicals produced.

Temperature and Phytochemical Production

Temperature is one of the most significant climate variables affecting plant growth
and metabolism. Higher temperatures can alter enzyme activity and the rate of
biochemical reactions, including those involved in secondary metabolism. Studies
have shown that elevated temperatures can increase the production of certain
phytochemicals, such as terpenoids, which are associated with plant defense
mechanisms (Jaleel et al., 2009). However, excessive heat stress can also lead to a
decline in phytochemical content, especially in plants that are adapted to cooler
climates. For example, studies on Ginseng (Panax ginseng) have shown that increased
temperatures can reduce the concentration of ginsenosides, the primary active
compounds in the plant (Tian et al., 2008).

Water Availability and Phytochemical Synthesis

Water stress, either from drought or inconsistent rainfall, is another key factor that
influences secondary metabolite production. Under drought conditions, many plants
increase the synthesis of protective compounds such as flavonoids and phenolic acids,
which help mitigate oxidative stress (Aziz et al., 2018). However, prolonged water
scarcity can also inhibit overall plant growth and reduce the production of essential
phytochemicals. For endangered medicinal plants, especially those that thrive in
specific hydrological conditions, the loss of suitable water regimes due to climate
change can result in a significant decrease in phytochemical yields. For example,

Artemisia annua, the source of the potent antimalarial compound artemisinin, has
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been shown to produce lower levels of this compound under water stress (Ganguly et
al., 2011).

Atmospheric CO2 and Phytochemical Profiles

The increasing concentration of atmospheric CO2 is another climate change factor
that can influence plant secondary metabolism. Higher CO2 levels can alter plant
physiology, including changes in photosynthesis and nutrient uptake. In some plants,
elevated CO2 has been linked to increased biomass production, which may or may not
correspond to an increase in phytochemical concentration (Ainsworth & Long, 2005).
The effects of elevated CO2 on phytochemicals are complex, as it can lead to both
increased production of certain metabolites and reduced production of others,
depending on the plant species and its specific metabolic pathways.

UV Radiation and Phytochemical Production

Another aspect of climate change that influences plant metabolism is the alteration in
UV radiation levels, due to thinning ozone layers. UV radiation has been shown to
increase the synthesis of certain secondary metabolites, particularly phenolic
compounds, which act as UV protectants for the plant. However, prolonged exposure
to high levels of UV radiation can lead to damage in plant tissues, reducing overall
metabolic activity and potentially lowering the concentration of key phytochemicals
(Wahid et al., 2007). This is a particular concern for endangered medicinal plants
growing in regions where ozone depletion is most pronounced.

Endangered Medicinal Plants and the Threat of Climate Change

The impact of climate change on phytochemical composition is particularly
concerning for endangered medicinal plants. These plants are already at risk due to
overharvesting, habitat destruction, and the introduction of invasive species. The
added stress of climate change may exacerbate these threats, further endangering the
survival of these plants and their valuable phytochemicals. For example, plants like
Rauvolfia serpentina (Indian snakeroot), which is the source of the antihypertensive
alkaloid reserpine, face threats from deforestation and habitat loss. Climate-induced
changes in temperature and water availability may reduce the yield of reserpine,

further jeopardizing its availability for medicinal use (Gupta et al., 2015). In addition
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to the direct impact of climate on the plants themselves, changes in climate may also
affect the geographic distribution of medicinal plants. As temperatures rise and
precipitation patterns shift, certain plant species may be unable to survive in their
current habitats, potentially leading to shifts in medicinal plant availability and access.
These changes are particularly troubling in regions where traditional knowledge of
medicinal plant use is closely tied to specific environmental conditions. This paper
explores the impact of climate change on the phytochemical composition of
endangered medicinal plants, with a focus on understanding how climate variables
such as temperature, water availability, atmospheric CO2, and UV radiation affect
secondary metabolism. By examining current research on the biochemical responses
of plants to climate stressors, this paper will provide valuable insights into the
challenges faced by both the plants and the pharmaceutical industry in maintaining a
steady supply of these essential resources. The findings will emphasize the need for
conservation efforts that consider not only the protection of plant species but also the
preservation of their medicinal properties, which are increasingly threatened by a
changing climate. Furthermore, this study will highlight the potential for climate-
resilient cultivation practices and the sustainable use of medicinal plants to ensure that

these valuable resources remain available for future generations.

2. Literature Review

Medicinal plants are invaluable natural resources, supplying a vast array of
phytochemicals that serve as therapeutic agents in traditional and modern medicine.
These phytochemicals, including alkaloids, flavonoids, terpenoids, and phenolic
compounds, are secondary metabolites produced by plants that confer protection
against stress, pathogens, and environmental challenges (Aziz et al., 2018). Yet,
global climate change poses a significant threat to the production, concentration, and
stability of these compounds, particularly in endangered medicinal species already
facing habitat loss, overexploitation, and ecosystem degradation. This review
synthesizes current research on how climate variables such as temperature, water

availability, atmospheric CO2, and UV radiation affect the phytochemical profiles of
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endangered medicinal plants, the ecological mechanisms underlying these changes,
and the broader implications for conservation and pharmacological sustainability.

1. Climate Change and Plant Secondary Metabolism

Plant secondary metabolites arise from complex biosynthetic pathways that are highly
sensitive to environmental conditions. Unlike primary metabolites necessary for
growth and development, secondary metabolites are produced in response to biotic
and abiotic stressors (Wahid et al., 2007). Climate change alters key environmental
cues, disrupting the cellular processes responsible for synthesizing these compounds.
1.1 Temperature Stress and Phytochemical Variation

Temperature profoundly impacts enzyme kinetics and metabolic fluxes in plants.
Elevated temperatures can enhance or inhibit secondary metabolite synthesis
depending on the plant species and compound class (Jaleel et al., 2009). For example,
heat stress in some medicinal plants increases the production of heat-shock proteins
and flavonoids, which serve as thermoprotective antioxidants (Chaves et al., 2003).
However, excessive heat can damage cellular machinery and reduce overall
phytochemical yield. In Panax ginseng is a medicinal species prized for its
ginsenosides—higher growth temperatures were correlated with a decline in these
triterpenoid saponins, which are critically linked to the plant’s therapeutic value (Tian
et al., 2008). Elevated temperatures also affect essential oil profiles in aromatic plants
like Mentha piperita (peppermint) and Ocimum basilicum (basil), often increasing
monoterpene production while reducing other bioactive constituents (Ramalho et al.,
2013). These shifts not only change the medicinal efficacy of the plant but may also
influence pharmacological consistency and safety. A meta-analysis by Ainsworth and
Long (2005) reported that long-term increases in ambient temperature often led to
elevated respiration rates and altered photosynthetic efficiency, indirectly influencing
the allocation of carbon skeletons to secondary metabolite pathways. Particularly in
endangered species, which have narrow climatic optima, even minor temperature
fluctuations can result in disproportionate changes in phytochemical profiles. This

sensitivity underscores the vulnerability of such plants to global warming.
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1.2 Water Availability and Secondary Metabolite Production

Water availability is another critical factor shaped by climate change. Drought
conditions and irregular rainfall patterns induce water stress, which often triggers
defensive metabolic responses in plants (Aziz et al., 2018). For many species, drought
stress increases the synthesis of phenolic compounds and flavonoids, which act as
antioxidants to neutralize reactive oxygen species generated under stress conditions
(Gamborg & DePeters, 1997). This drought-induced metabolic shift can temporarily
enhance phytochemical concentrations, as observed in Salvia officinalis (sage) and
Hypericum perforatum (St. John’s wort) (Dudek et al., 2015). However, prolonged or
severe water deficits also reduce biomass and plant health, which can ultimately lower
the total yield of desired phytochemicals. In Artemisia annua—the source of the
antimalarial compound artemisinin—drought stress initially induced artemisinin
synthesis but severely restricted plant growth, resulting in reduced overall yields
(Ganguly et al.,, 2011). The balance between stress-induced phytochemical
enhancement and growth inhibition is delicate and species-specific, creating
challenges for conservationists and cultivators seeking stable yields of medicinal
compounds. Endangered medicinal plants that occupy narrow ecological niches—
such as Podophyllum hexandrum, known for its podophyllotoxin—may be unable to
tolerate prolonged drought or altered precipitation regimes. This sensitivity
jeopardizes both conservation efforts and the consistent availability of therapeutically
important compounds (Singh et al., 2008).

1.3 Elevated CO: and Phytochemical Responses

Atmospheric CO: concentration has risen dramatically over the past century from
approximately 280 ppm to over 415 ppm today, a trend projected to continue (IPCC,
2019). Elevated CO- can stimulate photosynthesis in Cs plants by increasing carbon
assimilation. However, the resultant effects on secondary metabolism are complex
and compound-specific. Some studies indicate that elevated CO: increases the
production of carbon-based secondary metabolites, such as phenolics and tannins, due
to increased availability of carbon precursors (Ainsworth & Long, 2005). In contrast,

nitrogen-based metabolites, such as alkaloids, may decline as increased carbon-to-
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nitrogen ratios shift plant metabolic priorities. For example, Echinacea purpurea, a
medicinal species valued for its immune-modulating phenolic compounds—showed
enhanced phenolic production under elevated CO: in controlled experiments (Reddy
et al., 2010). Conversely, certain alkaloid-rich plants, such as Rauvolfia serpentina,
exhibited decreased alkaloid concentrations at higher CO: levels, raising concerns
about the reliability of these plants as pharmacological resources under future climate
scenarios (Verma et al., 2014). These findings suggest that climate change may shift
not only the quantity but also the quality of phytochemicals in medicinal plants.
Endangered species that produce rare or unique compounds may be particularly at risk
if their secondary metabolite pathways are downregulated under elevated CO..

1.4 UV Radiation and Secondary Metabolites

Climate change indirectly influences levels of ultraviolet (UV) radiation experienced
by plants, particularly in regions affected by ozone depletion. UV-B radiation (280—
315 nm) can stimulate the synthesis of protective secondary metabolites, such as
flavonoids and phenolic acids, which absorb UV radiation and mitigate DNA damage
(Wahid et al., 2007). For example, increased UV exposure has been linked to elevated
flavonoid concentrations in Hypericum perforatum and in crops like Vitis vinifera
(grapevine), indicating a generalizable protective response (Kolb et al., 2001).
However, prolonged UV stress can cause cellular damage, reduce photosynthetic
capacity, and negatively affect growth and development—outcomes that may
outweigh any benefits of increased phytochemical production. UV-induced stress
responses also vary between plant species and developmental stages, making
predictions about UV effects on endangered medicinal plants difficult without
species-specific data.

2. Ecological and Conservation Implications

The phytochemical responses of medicinal plants to climate factors have profound
ecological and conservation consequences. Changes in secondary metabolite profiles
can influence plant—pollinator interactions, herbivory, and competitive dynamics
within ecosystems (Zust & Agrawal, 2017). For example, shifts in volatile organic

compound (VOC) emissions due to temperature or CO: changes can alter pollinator
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attraction, potentially affecting reproduction and population stability of endangered

species. Furthermore, changes in phytochemical profiles may affect the cultural and

economic value of medicinal plants. Indigenous communities and traditional medical

systems that rely on specific plant constituents for therapeutic use may find that

climate-altered phytochemical profiles reduce herbal efficacy or produce

unpredictable outcomes. In cases where endangered plants yield reduced quantities of

key compounds, pharmaceutical industries may need to adjust cultivation practices or

explore synthetic alternatives. Efforts to conserve medicinal plant diversity must

therefore incorporate climate resilience strategies. In situ conservation—protecting

species within their native habitats—requires an understanding of how climate

variables affect local microclimates and plant physiology. For species with limited

geographic ranges, assisted migration or ex situ conservation (e.g., botanical gardens,

seed banks) may be essential to prevent extinction and preserve genetic diversity

(Guerrant et al., 2004).

3. Climate Resilience and Sustainable Utilization

Strategies to counter the adverse effects of climate change on the phytochemical

composition of medicinal plants are critical. Climate-resilient cultivation practices

may include:

® Controlled Environment Agriculture (CEA) — Utilizing greenhouses, shade
houses, or regulated field plots to manage temperature, light, and water
conditions, ensuring stable phytochemical yields.

® Sclective Breeding and Genetic Selection — Identifying and propagating
genotypes that exhibit stable phytochemical production across variable climate
conditions.

® Agroforestry and Intercropping — Integrating medicinal plants into diversified
cropping systems to reduce stress, improve soil moisture, and buffer temperature
extremes.

® Ex Situ Conservation — Establishing seed banks and living collections of
endangered species to safeguard genetic material and maintain phytochemical

diversity.
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® Ethnobotanical Knowledge Integration — Collaborating with indigenous and local
communities to document climate-adaptive practices and traditional uses for plant
compounds, ensuring culturally relevant conservation strategies.

4. Research Gaps and Future Directions

Although research has demonstrated climate effects on plant secondary metabolism,

significant gaps remain, especially regarding endangered medicinal species. Most

studies have focused on model plants or economically important crops, leaving many

high-value medicinal plants underrepresented in climate—phytochemical research. Key

areas for future study include:

® Species-Specific Climate Responses — Investigating how individual endangered
medicinal plants respond to climate variables at molecular, biochemical, and
ecological levels.

® [ong-Term Field Studies — Conducting multi-year experiments to capture the
effects of climate extremes and seasonal variability on phytochemical profiles.

® Genomics and Metabolomics — Employing advanced -omics approaches to
identify regulatory networks linking climate stress to phytochemical synthesis.

® (limate Interaction Models — Developing predictive models that integrate climate
projections with plant metabolic pathways to forecast changes in phytochemical
composition.

® Socioeconomic Impact Studies — Evaluating the implications of climate-induced
phytochemical changes for medicinal plant markets, traditional practices, and

public health.

3. Methodology

This study aims to investigate the impact of climate change on the phytochemical
composition of endangered medicinal plants by analyzing the effects of key climate
variables—temperature, water availability, atmospheric CO-, and UV radiation—on
secondary metabolite production. The study combines both field-based observations

and controlled laboratory experiments, employing quantitative methods to assess the

10
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changes in phytochemical profiles under different climate conditions. The following
sections outline the methodology used to collect, analyze, and interpret the data.

1. Plant Selection and Climate Conditions

The study focused on three endangered medicinal plants with significant
pharmacological value: Podophyllum hexandrum (Indian mayapple), Rauvolfia
serpentina (Indian snakeroot), and Artemisia annua (sweet wormwood). These plants
were selected based on their status as endangered species, their known medicinal
properties, and their use in modern pharmacology. All selected plants were grown
under controlled conditions in the experimental field and greenhouse setups to
simulate projected climate change scenarios. Climate conditions, including
temperature, water availability, and CO: levels, were manipulated according to
projections from the Intergovernmental Panel on Climate Change (IPCC). These
conditions are expected to be relevant for the next 50 years, representing a moderate
climate change scenario. In addition, UV radiation levels were adjusted to reflect
current and predicted increases in UV-B exposure due to ozone depletion.

2. Experimental Design and Climate Simulation

The study was conducted in both field and greenhouse settings. The field study was
located in the natural habitat of the selected medicinal plants, where baseline data on
phytochemical content were collected. The greenhouse study was designed to
simulate future climate conditions, using the following controlled environmental
variables:

Temperature: Three temperature treatments were applied—current ambient
temperature (28°C), elevated temperature (+3°C, 31°C), and high-temperature stress
(+6°C, 34°C). These temperatures represent average and extreme conditions expected
under climate change projections.

Water Availability: Water stress was simulated using two levels—adequate
irrigation (100% of plant water requirements) and water stress (50% of plant water
requirements). Water stress treatments were intended to simulate drought conditions.
Atmospheric CO:: Two levels of CO: were used—current atmospheric concentration

(400 ppm) and future concentration (600 ppm) based on IPCC projections.

11
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UV Radiation: UV-B radiation levels were adjusted by using UV-B lamps, creating
two treatments: current UV levels (moderate exposure) and increased UV levels
(intensified exposure).

Each climate treatment was replicated three times, with 10 plants per replicate,
resulting in a total of 60 plants for each species across the experimental setup.

3. Phytochemical Extraction and Analysis

Phytochemical extraction was performed according to established protocols. Fresh
plant material from each treatment group was harvested at the flowering stage, the
point of peak secondary metabolite production for most medicinal plants. The plant
tissues were washed, dried, and powdered before extraction with a mixture of ethanol
and methanol (80:20 v/v). The resulting extracts were concentrated using a rotary
evaporator and stored at -20°C until further analysis.

The phytochemicals of interest—alkaloids, flavonoids, terpenoids, and phenolic
compounds—were quantified using high-performance liquid chromatography (HPLC)
and gas chromatography-mass spectrometry (GC-MS). Standard calibration curves for
each compound were prepared, and the concentrations of phytochemicals in each
sample were calculated based on the area under the curve (AUC) from the
chromatographic profiles.

4. Quantitative Data Collection

The primary quantitative measures for assessing the effects of climate on
phytochemical composition included:

Phytochemical Content (mg/g): The concentration of each phytochemical class was
measured in milligrams per gram of dried plant material. For example, alkaloid
content was determined by measuring the absorbance at 340 nm, and flavonoids were
quantified by the aluminum chloride colorimetric method (Marinova et al., 2005).
Statistical Data: Data from the HPLC and GC-MS analyses were expressed as mean
+ standard deviation (SD) for each phytochemical class. Statistical comparisons
between treatments were performed using one-way analysis of variance (ANOVA),
followed by post-hoc Tukey's test for multiple comparisons. A p-value of < 0.05 was

considered statistically significant.

12
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5. Statistical Analysis and Mathematical Modeling

Statistical analysis was performed to compare the differences in phytochemical
content across the different climate treatment groups for each plant species. One-way
ANOVA was used to determine whether climate variables (temperature, water
availability, CO2, UV radiation) had a significant effect on the concentration of each
phytochemical. For example, the statistical model for alkaloid concentration in
Podophyllum hexandrum can be represented as:

Yij=ptai+fjtyk+eijk

Where:

Yij= is the alkaloid concentration in the i-th temperature, j-th water availability, and
k-th UV radiation treatment.

p= is the overall mean concentration.

ai= is the effect of the i-th temperature level.

Bj= is the effect of the j-th water availability level.

vk= 1s the effect of the kkk-th UV radiation level.

eijk= is the random error associated with each measurement.

The ANOVA model was extended to include interactions between factors. For
example, interaction terms like temperature X water availability and CO. x UV
radiation were included to determine whether the effects of one climate variable were
modified by the presence of another. Regression analysis was also used to model the
relationship between climate variables and phytochemical content. The model was
specified as:

C=BotP1(T)+P2(W)+B3(CO?)+Ba(UV)+e

Where:

C is the concentration of a given phytochemical (e.g., alkaloid or flavonoid).

T, W, CO? and UV are the independent variables representing temperature, water
availability, CO: concentration, and UV radiation, respectively.

B0 is the intercept term, and P1,B2,B3,P4 are the regression coefficients for each climate
factor.

€ 1s the error term.

13
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6. Ethical Considerations

This study adhered to ethical standards for plant research. The plants used in the field
and greenhouse studies were obtained from certified botanical suppliers or cultivated
under controlled conditions to avoid the exploitation of wild populations. Ethical
approval for conducting research with endangered plant species was obtained from

the ethics committee of the university.

4. Results

The results of this study provide insights into how climate variables such as
temperature, water availability, atmospheric CO2, and UV radiation influence the
phytochemical composition of three endangered medicinal plants: Podophyllum
hexandrum (Indian mayapple), Rauvolfia serpentina (Indian snakeroot), and
Artemisia annua (sweet wormwood). Data were collected from both controlled
greenhouse experiments and field-based studies. The primary focus was on the
concentration of key secondary metabolites (alkaloids, flavonoids, terpenoids, and
phenolic acids) and how these were affected by the different climate treatments.

1. Phytochemical Analysis: Concentrations of Key Secondary Metabolites

The concentration of four key phytochemicals—alkaloids, flavonoids, terpenoids, and
phenolic acids—was measured in the plant samples harvested from the different
climate treatment groups. The data show significant variations in the concentrations of
these compounds based on the climate variables tested.

1.1. Alkaloid Concentration

Alkaloids are a significant class of secondary metabolites in Podophyllum hexandrum
and Rauvolfia serpentina, with compounds such as podophyllotoxin and reserpine
being of major pharmacological interest. The results for alkaloid concentrations in the

plants subjected to different climate treatments are summarized in Table 1.
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Podophyllum Rauvolfia Artemisia

Climate Treatment hexandrum (mg/g) serpentina (mg/g) annua (mg/g)

Control (ambient

ro 105+ 12 6.7+ 0.8 83+1.0
conditions)
Temperature  +3°C o 5 | | 5.540.7 714009
(elevated)
Temperature  +6°C ., 1 ¢ 4.0+ 0.6 6.0+ 0.8
(high stress)

1)
Water Stress (50% of .| g 53407 74410
requirements)
High CO: (600 ppm) 9.3 = 1.0 6.0+ 0.8 8.0+0.9
High UV Radiation g ¢, 584009 75409
(intensified)

Table 1: Alkaloid concentrations in endangered medicinal plants under different
climate treatments.

The data show that alkaloid concentrations were highest in the control group (ambient
conditions), with Podophyllum hexandrum producing 10.5 mg/g of alkaloids.
Elevated temperatures, particularly the high-temperature stress treatment (+6°C), led
to a significant reduction in alkaloid content across all species. Similarly, water stress
also reduced alkaloid concentrations, although the decrease was less pronounced. The
increase in CO: levels did not significantly affect alkaloid production, while UV
radiation had a moderate effect on alkaloid concentration. A one-way ANOVA
revealed significant differences in alkaloid concentrations across the climate
treatments for all three plants (F(5, 24) = 8.3, p < 0.01 for P. hexandrum; F(5, 24) =
7.1, p < 0.01 for R. serpentina; F(5, 24) = 6.5, p < 0.01 for A. annua). Post-hoc
Tukey’s test confirmed that the high-temperature stress treatment resulted in

significantly lower alkaloid concentrations compared to the control (p < 0.05).
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1.2. Flavonoid Concentration
Flavonoids are important antioxidants that play a role in plant defense mechanisms.

The flavonoid concentrations for the three plant species are presented in Table 2.

Podophyllum Rauvolfia Artemisia

Climate Treatment hexandrum (mg/g) serpentina (mg/g) annua (mg/g)

Control (ambient

ro 183 +2.0 152+1.5 20.6+2.4
conditions)
Temperature 3°C 170+18 145+14 193+2.1
(elevated)
Temperature  +6°C 13 5, | 5 11.8+13 16.1+1.7
(high stress)

0
Water Stress (50% of |, ¢ 126+12 17.0£1.9
requirements)
High CO- (600 ppm)  18.5+ 1.9 158+ 1.6 21.0+2.3
High UV~ Radiation |, ¢, - 153414 19.542.0
(intensified)

Table 2: Flavonoid concentrations in endangered medicinal plants under different
climate treatments.

Flavonoid levels were highest in Artemisia annua, followed by Podophyllum
hexandrum and Rauvolfia serpentina. The data indicate that temperature increases led
to a decrease in flavonoid content, with the greatest reduction occurring at the +6°C
treatment. However, water stress and high CO: conditions had a more moderate
impact on flavonoid concentrations. UV radiation slightly enhanced flavonoid content,
although the effect was not as pronounced as in other treatments. One-way ANOVA
results showed significant differences in flavonoid concentrations across climate
treatments (F(5, 24) = 6.9, p < 0.01 for P. hexandrum; F(5, 24) = 5.3, p < 0.01 for R.
serpentina; F(5, 24) = 8.2, p < 0.01 for A. annua). Post-hoc tests revealed that the
high-temperature stress treatment reduced flavonoid levels significantly compared to
the control group (p < 0.05).

1.3. Terpenoid and Phenolic Acid Concentration

The terpenoid and phenolic acid concentrations, which contribute to the aromatic and
medicinal properties of these plants, were also quantified. The results for these

compounds are shown in Table 3.
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Podophyllum Rauvolfia Artemisia

Climate Treatment hexandrum (mg/g) serpentina (mg/g) annua (mg/g)

Control (ambient

ro 123414 98+12 18.2+2.0
conditions)
Temperature  +3°C ) 5 5 8.9+ 1.1 175+1.8
(elevated)
Temperature  +6°Cy | 74409 152416
(high stress)

1)
Water Stress (50% of ;5 4 82+ 1.0 16.1+1.7
requirements)
High CO- (600 ppm)  12.5+ 1.3 102+ 1.2 18.8 +2.1
High UV~ Radiation ;, ¢, ;4 95+1.0 174+ 1.8
(intensified)

Table 3: Terpenoid and phenolic acid concentrations in endangered medicinal plants
under different climate treatments.

The data show that high-temperature stress reduced terpenoid and phenolic acid
concentrations in all plant species. Artemisia annua showed the highest concentrations
of both terpenoids and phenolic acids, while Rauvolfia serpentina exhibited the lowest
values. Water stress did not significantly affect the levels of terpenoids and phenolic
acids, but CO: enrichment resulted in increased concentrations of both compounds,
particularly in Podophyllum hexandrum and Artemisia annua. Statistical analysis
using one-way ANOVA indicated significant differences in terpenoid and phenolic
acid concentrations across the treatments (F(5, 24) = 7.2, p < 0.01 for P. hexandrum,;
F(5, 24) = 6.0, p < 0.01 for R. serpentina; F(5, 24) = 8.3, p <0.01 for A. annua). Post-
hoc Tukey’s test revealed significant reductions in terpenoid and phenolic acid
concentrations at +6°C compared to the control group (p < 0.05).

2. Multivariate Analysis: Climate Impact on Overall Phytochemical Composition
To assess the overall impact of climate variables on the phytochemical profiles of the
plants, multivariate statistical techniques were applied. A principal component
analysis (PCA) was conducted to reduce the dimensionality of the data and visualize
the relationships between climate treatments and phytochemical composition. The
first two principal components (PC1 and PC2) explained 75% of the variance in the

data. The PCA biplot showed that temperature stress treatments (+3°C and +6°C)
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caused a distinct shift in the phytochemical profiles of the plants, with a marked
reduction in the concentrations of alkaloids, flavonoids, terpenoids, and phenolic
acids. Water stress treatments clustered closely with the control group, indicating
minimal effect on overall phytochemical composition. High CO: treatments showed a
positive shift in phytochemical concentrations, particularly in Artemisia annua and
Podophyllum hexandrum. The results of this study demonstrate that climate variables,
particularly temperature, significantly influence the phytochemical composition of
endangered medicinal plants. While elevated CO: levels and moderate water stress
can enhance phytochemical production, extreme temperature stress leads to a
reduction in the concentration of key medicinal compounds. The findings underscore
the importance of addressing climate change in the conservation and sustainable use
of medicinal plant species. Further studies are needed to explore the long-term
impacts of climate change on the viability and pharmacological properties of these

plants.

5. Conclusion

This study highlights the significant impact of climate change on the phytochemical
composition of endangered medicinal plants. The results demonstrate that key climate
variables, such as elevated temperature, water stress, increased atmospheric CO-, and
UV radiation, influence the production and concentration of secondary metabolites in
medicinal plants. Plants such as Podophyllum hexandrum, Rauvolfia serpentina, and
Artemisia annua were used as case studies to explore these effects, and the findings
underscore the vulnerability of these species to climate-related changes. Temperature
stress, particularly at +6°C, resulted in a significant reduction in the concentration of
alkaloids, flavonoids, terpenoids, and phenolic acids. These findings suggest that
extreme heat may reduce the ability of plants to produce essential bioactive
compounds, which could affect their medicinal efficacy. On the other hand, elevated
CO: levels tended to enhance the production of certain phytochemicals, particularly in
Artemisia annua and Podophyllum hexandrum. Interestingly, water stress had a more

moderate effect, with some species showing little change in phytochemical
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composition, indicating that they may be better adapted to changes in water
availability. These findings have important implications for the conservation of
endangered medicinal plants. The reduction in the availability of key medicinal
compounds due to climate stress could significantly impact their use in traditional and
modern medicine. Therefore, climate resilience strategies, such as controlled
cultivation, conservation efforts, and sustainable harvesting practices, are essential to
mitigate the negative effects of climate change on these valuable plant species.

Further research is needed to explore the long-term effects of climate change on plant
secondary metabolism, especially in natural populations. This study emphasizes the
need for an integrated approach to plant conservation that considers both ecological

factors and the preservation of the therapeutic potential of medicinal plants.
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