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                                                          Abstract
Climate change has become a significant issue for India's tea industry, impacting quality and output in a variety of agroclimatic zones. This paper, which is based on review of existing knowledge, with an emphasis on the Kangra Valley, summarizes recent data on the effects of changing climatic parameters on tea production in India, namely temperature rise, rainfall variability, humidity changes, and the rising frequency of extreme weather events. Higher maximum temperatures, unpredictable precipitation, and variable sunshine duration have a substantial impact on tea yield, phenological stages, and biochemical composition, the data shows. The study finds that whereas minimum temperature has a negative link with tea production, maximum temperature and rainfall have a positive correlation with tea production, according to a correlation-based analysis of yield and climate data. Furthermore, diseases and pest infestations are made worse by climate change, which causes quality degradation and financial losses for smallholder farmers. Production difficulties are made worse by structural and socioeconomic limitations such a lack of working capital, a lack of land, and poor infrastructure. The necessity for climate-resilient agricultural techniques, such as pest control, shade regulation, adaptive irrigation management, and the introduction of heat-tolerant cultivars, is emphasized in the research. To guarantee the long-term sustainability and competitiveness of India's tea industry, policy interventions that support institutional support, research cooperation, and sustainable practices are crucial.
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Introduction
The tea plant, known as Camellia sinensis, is categorized primarily into two varieties: Camellia sinensis var. assamica and Camellia sinensis var. sinensis. These varieties undergo distinct processing methods to transform their fresh leaves into tea (Abdel et al., 2020). The introduction of tea to India was significantly influenced by the British East India Company. In the early 19th century, the British aimed to break China's tea production monopoly by creating tea plantations in different regions of India and Robert Bruce investigated the feasibility of growing tea in the Indian subcontinent (Cooper, 2012; Htet 2023). The British actively searched for suitable regions to cultivate tea in India. Camellia sinensis L. O. Kuntze, is an evergreen tree or shrub that grows to a height of 10 to 15 meters in the wild and 0.6 to 1.5 meters in cultivation. It is a native of China and member of Theaceae family. (Cooper, 2012; Htet 2023).  “The shrub bears large number of branches on which leaves appear glossy dark green, elongate ovate, roughly serrate, coriaceous, alternate and short-petiolate, while young leaves appear silver because they bear downy hairs on the surface” (Gruenwald, 2007).

“With the increasing evidence of biological functions and health benefits, the consumption and production of tea have dramatically increased in recent years” (Sharma, 2018). The tea plant is now widely cultivated in many regions, especially in Asian and African countries, such as China, India, Kenya, Sri Lanka and Vietnam, and the tea production makes a great contribution to the economy of these countries (Hajiboland, 2017). It is the second most consumed beverage after water (Paiva et al., 2020).  As of 2021, India was the second largest tea producer in the world with a production of 1,283.03 million kgs (Statista, 2022a).  Among the major Tea producing states India West Bengal (25.61 million kg) followed by Assam (20.05 million kg), Tamil Nadu (13.47 million kg), Kerala (5.63 million kg) and Karnataka (0.48 million kg) (Statista, 2022b). “Tea is cultivated over 2,312 hectares on the foothills of the Dhauladhar mountain ranges. Of the total area under tea gardens, Palampur tehsil alone accounts for the highest share (61.22 %). Also, it has the largest proportion (56.45 %) of total tea growers in the state” (Kanwar, 2017).

“Increasing trend in temperature and decreasing trend in precipitation have been found in the Lancang River basin, China in a 40-year period” (Yunling and Yipping, 2005). Scientific evidences show that there is a changing pattern of monsoonal period in India, and in present scenario it is difficult to predict the exact monsoon season (Auffhammer et al., 2006). Together with implication of rise in global surface temperatures (IPCC, 2007) and variability in precipitation due to climate change and anthropogenic causes, the need to study spatial and temporal variability in rainfall series in more detail cannot be over emphasised. Basistha et.al. (2008) conclude from their study on Uttarakhand state that the rainfall has decreased in this Himalayan state during the last century and the shift is sudden rather than gradual.

[bookmark: _Hlk152671529]According to research of warming trends in the Himalayan region, temperature increase is stronger at higher altitudes than in the plains. Brohan et al. (2012) the temperature in the Tibetan Plateau and Himalayan regions has been rising at a quicker rate than the preceding century. In comparison to 1901–1960, there was an increase of 0.5 °C in average maximum temperature (Tmax) from 1901 to 2005. Dash et al. (2007) reported that 0.9 °C average increase in the western Indian Himalayas had between 1901 to 2003. It was discovered that much of the data part can be attributed to rising temperatures after 1972. Dimri and Dash (2012) identified a temperature increase over the western Indian Himalayas, with the increase in temperature maximum between 1.1 to 2.5 °C. Shekhar et al. (2010) also examined the temperature and snowfall extremes in different parts of western Himalayas from the last several decades.

This paper highlights how climate variability has become a defining factor influencing the sustainability of tea cultivation in India. It scientifically explains how fluctuations in temperature, rainfall, and humidity affect tea growth, yield, and quality, particularly in the Kangra Valley. The analysis demonstrates that even minor climatic shifts can alter the plant’s physiological processes, leading to reduced productivity and increased vulnerability to pests and diseases. By correlating climatic data with production trends, the paper establishes a clear connection between environmental change and yield performance. It further emphasizes the need for adaptive, science-based solutions such as improved irrigation systems, shade management, and the development of resilient tea cultivars. Overall, this work helps to understanding the biophysical and socio-economic problems facing India’s tea sector and provides solutions to strengthen its resilience under changing climate circumstances
Methodology
This study examines the effects of climate change on tea production in India, with a particular emphasis on the Kangra Valley, utilizing a review-based analytical approach. The peer-reviewed studies (1990–2023) and secondary data from the India Meteorological Department (IMD), Tea Board of India, and FAO were examined. Using Pearson's correlation analysis, tea yield data were linked to climatic factors like temperature, rainfall, and sunshine hours. The findings showed that while rainfall and the highest temperature have a beneficial impact on tea output, the lowest temperature has a negative one. The analysis was further reinforced by a thematic evaluation that addressed the occurrence of pest diseases, heat stress, and changed precipitation. India's tea industry requires integrated, climate-smart solutions, according to a qualitative assessment of policies and adaption tactics like irrigation control, shade regulation, and climate-resilient cultivars.
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Fig.1 Tea Garden located in Dhauladhar
Findings
Climatic requirement for tea production
The major tea-producing nations, such as China, India, Sri Lanka, and Kenya, have seen substantial climate change in recent decades. Han et.al (2016) assessed climatic change in representative Chinese tea-growing towns at different latitudes, such as Jinan, Haikou, Kunming, and Hangzhou. According to the findings, throughout the previous 50 years, there has been an increase of 1.0–1.6°C in the annual mean temperature and 2.1–3.8°C in the extreme temperature. Even though Hangzhou city had a notably higher number of hot days with temperatures above 35°C, the peak temperature did not vary significantly. 
The annual precipitation showed no observable fluctuation. The number of wet days (>0.1 mm) and the atmospheric relative humidity, on the other hand, both declined by 6.7-13.2 days and 3.3-9.4%, respectively, over the same time frame. Sunlight hours decreased as well, from 207.1 hours and 56.3% of the year in 1950 to 158.0 hours and 42.9 percent in 2010.
Stephens et al. (1992) identified several environmental factors, including temperature, air moisture levels, plant and soil water availability, rainfall, and evaporation, as key influencers of tea shoot growth. The challenge of climate change is exacerbated by lesser research resources dedicated to understanding its impacts.
 Impact of climate change on Tea cultivation
To maintain the sustainability of this well-known tea variety, attention must be paid to the substantial effects of climate change on Kangra tea production. According to studies, the Kangra Valley's tea industry faces difficulties due to shifting weather patterns, such as changes in temperature, rainfall patterns, and the rise in pests and diseases. While changes in precipitation patterns can upset the water availability and nutrient balance, higher temperatures can cause heat stress and impact the physiological functions of tea plants. The yield, quality, and flavour of tea may suffer as a result of these modifications. Additionally, the increased prevalence of pests and diseases under changing climatic conditions further threatens the productivity and profitability of Kangra tea. It is essential to address these impacts through adaptive measures and sustainable practices to maintain the resilience and long-term viability of Kangra tea production. Verma et al. (2016) examined the effects of climate change on the production of tea by analyzing 20 years of climate data from Kangra and comparing it to the production of tea and the results revealed that there is a great variability in climate.
i. Altered precipitation patterns and water availability
 The changes in water availability and precipitation patterns may have a major effect on kangra tea production. Changes in rainfall patterns, such as shifts in the timing, intensity, and distribution of precipitation, may have an effect on tea production in the Kangra Valley. The health, yield, and growth of tea plants can be impacted by either too little or too much rainfall during critical growth stages. Water management and availability are critical to the production of tea. Changes in precipitation patterns can affect the water supply, causing water stress and irrigation problems. In order to develop suitable water management strategies and irrigation techniques to ensure sustainable tea cultivation in the face of changing climate conditions, it is imperative to research the effects of altered precipitation patterns on Kangra tea production (Bacharwar et al. 2015).

ii. Rising temperatures and heat stress on tea plant
Rising temperatures and heat stress can have significant impacts on Kangra tea plants. As temperatures increase, tea plants become susceptible to various physiological and metabolic changes that can negatively affect their growth and development. High temperatures can lead to heat stress, causing reduced photosynthetic activity, impaired nutrient uptake, and increased water loss through transpiration. These factors can result in decreased tea yield and compromised quality. Studies have highlighted the importance of understanding the impacts of rising temperatures on Kangra tea plants and developing strategies to mitigate heat stress, such as implementing shade management techniques, optimizing irrigation practices, and selecting heat-tolerant tea cultivars (Bhattacharya and Basu, 2019).
iii. Increased pest and disease pressure
     The production of Kangra tea faces many challenges due to insect and disease pressures. Climate change can affect the prevalence, distribution, and intensity of pests and diseases, which can have an effect on the health and productivity of tea plants. Increased humidity, shifting rainfall patterns, and rising temperatures can all contribute to the spread of pests and illnesses. Common pests and diseases that can harm tea crops include blister blight and grey blight as well as the tea mosquito insect, red spider mite, and tea green leafhopper. It is crucial to study the impacts of climate change on pest and disease dynamics in Kangra tea production to develop effective integrated pest management strategies, disease control measures, and cultivar selection for enhanced resilience (Bhardwaj et al. 2010).
The variability in tea production due to climate change can lead to market volatility. Prices may fluctuate as a result of reduced yields or quality, affecting the income of tea producers and the stability of the tea industry. Tea production is a major source of livelihood for many communities, especially in developing countries. Climate causing disruptions in tea production can have social and economic consequences, including job losses and reduced income for tea workers.          
Table 1. Impact of climatic parameters on tea production of Kangra valley
	Parameters
	Max Temp.
(ºC)
	Min Temp. (ºC)
	Rainfall
(mm)
	Sunshine hours
(hrs/day
	 Tea 
Production (Kg/ha)

	Max temp.
(ºC)
	1
	 
	 
	 
	 

	Min Temp. 
(ºC)
	-0.24
	1
	 
	 
	 

	Rainfall
(mm)
	-0.77
	-0.18
	1
	 
	 

	Sunshine hours
	0.17
	0.35
	-0.63**
 
	1
	 

	Tea production
	0.49**
 
	-0.24
	0.30
	0.001
	1

	**Correlation is significant at the 0.01 level (2-tailed)


It is evident from the Table 1 that temperature and rainfall widely influence the growth and development of tea crop. Sudden rise in temperature or rainfall affects the production of tea crop. The Pearson correlation analysis showed that maximum temperature (0.01 level), rainfall (0.30) and sunshine hours (0.001) had a positive relationship with tea production. Minimum temperature had negative relationship with tea production. These factors collectively contribute in fluctuations in production and quality of tea, affecting farmer’s income and economic outcomes. The results are in confirmation with the observations of Verma et al. (2016) who also recorded an increasing trend of maximum temperature and rainfall due to which tea production, phenophases of crop, quality also get affected (Vidya et al. 2015). 
iv. Other constraints in Kangra tea
1. Climate Variability: Kangra Valley experiences unpredictable weather patterns, including heavy rainfall during the monsoon season and cold winters. Sudden temperature drops or excess moisture can damage tea bushes and affect tea quality.
2. Limited Land Availability: The Kangra Valley has limited land suitable for tea cultivation, and this can restrict the expansion of tea estates and production capacity.
3. Labour Shortages: Tea cultivation and processing require a significant amount of manual labour, especially during plucking seasons. Labour shortages can lead to delays in plucking and processing, which can impact the quality of the tea.
4. Infrastructure and Technology: Lack of modern infrastructure and technology can hinder efficient tea processing and storage, leading to quality degradation.
5. Market Access: Access to markets, both domestic and international, can be a challenge for Kangra tea producers. Marketing and distribution networks may be limited, affecting the reach and profitability of the tea.
6. Price Volatility: Tea prices can be highly volatile, and fluctuations in prices can affect the profitability of tea production. Producers may struggle to secure stable and fair prices for their tea leaves.
7. Competition: Kangra tea faces competition from other tea-producing regions in India and other countries. Maintaining a competitive edge in terms of quality and branding can be challenging.
8. Environmental Concerns: Sustainable and organic tea production is becoming increasingly important. Balancing productivity with environmental sustainability can be a constraint for some tea producers.
9. Regulatory Issues: Adherence to quality standards, labour laws, and environmental regulations can pose challenges for tea producers. Meeting these standards while remaining economically viable can be a constraint.
10. Economic Factors: The economic conditions of tea workers and small-scale tea growers can be a constraint, as they may lack access to credit and resources needed for investment in their tea gardens.
To address these constraints and ensure the sustainability of Kangra tea production, stakeholders, including government bodies, tea associations, and individual tea estates, may need to collaborate on initiatives related to research and development, infrastructure improvement, pest and disease management, and marketing strategies. Additionally, adopting sustainable and environmentally friendly practices can help mitigate some of the challenges associated with Kangra tea production.
Conclusion
The future of Kangra tea production faces significant challenges due to climate change, including rising temperatures, altered precipitation patterns, and changing pest and disease dynamics. To ensure its resilience and sustainability, adaptation strategies are crucial. These strategies encompass cultivar selection and breeding for climate resilience, agronomic practices to enhance plant health and productivity, irrigation management techniques for water-stressed conditions, shade management to mitigate heat stress, and integrated pest and disease management approaches. Ongoing research and innovation play a key role in developing climate-resilient tea varieties and improving cultivation techniques. Policy support and collaboration among stakeholders are essential for promoting sustainable tea production through climate-smart policies, research and development initiatives, and knowledge-sharing efforts. Despite the challenges, Kangra tea has opportunities for market differentiation and geographic branding, capitalizing on its unique flavor profile and Geographical Indication status. By implementing these strategies and seizing market opportunities, Kangra tea can navigate the evolving environmental uncertainties and secure a sustainable future.
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