


Review Article
Impact of Climate Change on Vegetable Production and Management Strategies: A Review


ABSTRACT
             Vegetables form a vital component of global food and nutritional security and are particularly vulnerable to climatic fluctuations due to their high perishability and sensitivity to environmental stresses. In India, where vegetables contribute nearly 60% of horticultural production, the projected impacts of climate change poses significant threat to yield, quality and profitability. Rising temperature, erratic rainfall, drought, flooding, salinity and increasing concentrations of CO₂ and ozone impose multiple stresses on vegetable crops, leading to physiological disorders, reduced productivity and altered nutritional quality. Moreover, new disease complexes, pest outbreaks and declining pollinator populations further exacerbate the challenges. Recent research indicates that adoption of climate-resilient varieties, conservation agriculture, protected cultivation, organic amendments, biofertilizers, bio stimulants and efficient irrigation systems would help in reducing vulnerabilities. This review synthesizes findings from Indian and global studies, highlighting crop-specific impacts (cucumber, tomato, capsicum and high-altitude vegetables), seed production challenges, integrated disease and pest management and emerging relevant postharvest technologies. Strategies such as crop modelling, biotechnological interventions and ecosystem-based practices are emphasized to ensure resilience. The paper concludes with future prospects for climate-smart vegetable production systems.
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1.INTRODUCTION
           Vegetables are an indispensable part of human diet, providing essential vitamins, minerals, fiber, antioxidants and phytochemicals. Globally, about 200 vegetable species are cultivated, but only 30 - 40 are widely grown on a commercial scale (Chen et al., 2019). India is the second-largest producer of vegetables after China, with 197.23 million tons produced from 10.97 million hectares, contributing nearly 59.60 % to the total horticultural output (DAFW, 2022). Apart from nutritional importance, vegetable cultivation provides livelihood and income to millions of farmers across prevailing diverse agro-climatic zones.
             However, vegetables are among the most climate-sensitive crops due to their short growth cycles, high water requirement and susceptibility to both abiotic and biotic stresses (Giordano et al., 2021). Climate change is characterized by long-term shifts in temperature, precipitation, relative humidity and atmospheric composition, which directly impact vegetable production and quality (Raza et al., 2019). Studies have reported a 41.00 % reduction in vegetable yields globally over the period from 1965 to 2016 due to warming trends and associated stresses (Scheelbeek et al., 2018).
             In India, erratic monsoons, increased frequency of extreme weather events and declining soil fertility are found to threaten vegetable-based farming systems. Research by Bhardwaj (2012, 2013) emphasized that both plains and high-altitude regions are experiencing yield instability in crops like tomato, capsicum and cucurbits. Similarly, Singh (2017) noted that off-season vegetable cultivation in the northwestern Himalayas is becoming increasingly risky under unpredictable climate. These challenges necessitate climate-smart production practices, integration of technology and resilience-building among farmers. This review  on crop-specific and stress-specific impacts of climate change on vegetable crops, also highlights management and adaptation strategies and discuss the future prospects for sustainable vegetable cultivation.
2.EFFECTS OF ABIOTIC STRESSES ON VEGETABLE CROPS
2.1. HIGH TEMPERATURE STRESS
            Rising global temperature is one of the most direct manifestations of climate change. Since 1850–1900, mean surface temperature have increased by 1.10°C and are projected to exceed 1.5°C in the next two decades (IPCC, 2022). Heat stress impacts all growth stages, but is most detrimental during reproduction. In tomato and chilli, temperatures beyond 37 – 40°C reduce pollen viability, leading to flower and fruit drop (Dahal et al., 2006; Mazzeo et al., 2018). Pepper exhibits pollen abnormalities above 33°C, while peas experiences reduced yields beyond 28°C (Brewster, 2008). In cucurbits, heat stress alters floral sex expression, reducing female flowers and yield (Lai et al., 2018). Moreover, high temperature accelerates premature bolting in spinach and lettuce, deteriorating quality. Oxidative damage, disruption of photosynthesis and loss of membrane stability are common consequences (Laxman et al., 2013; Raza, 2022). Studies by Bhardwaj (2012) also confirmed yield decline in Indian plains, where summer vegetables like cucurbits and okra are found to face severe reproductive failure.
2.2. COLD STRESS
             Vegetables of tropical and subtropical origin are highly sensitive to chilling (0–15°C) and freezing (<0°C) stress (Wang et al., 2016). Low temperature impairs membrane integrity, ion transport and photosynthesis (Wu et al., 2019). Chilling injury is characterized by pitting, water-soaked lesions and surface scald in crops like cucumber, eggplant and okra (Prasad and Chakravorty, 2015).
               Tomato, muskmelon, watermelon and pepper exhibit reduced germination, fruit set and chlorophyll biosynthesis under chilling stress (Bai et al., 2021; Rehman et al., 2021). In chilli, temperatures below 15°C causes poor fruit set and production of malformed fruits (Ou et al., 2015). Singh (2017) highlighted that high-altitude crops like peas and cole crops, though adapted to cooler climates, suffer when sudden frosts occur, resulting in both reduced yield and quality.

Table 1. Vegetable crops sensitive to low temperature stress
	Crop
	Symptoms of chilling injury
	Lowest safe temparature (°C)
	Reference

	Cucumber
	Pitting, water-soaked lesions
	7.0
	Prasad & Chakravorty (2015)

	Eggplant
	Surface scald, seed blackening
	7.0
	Sharma et al. (2019)

	Pepper
	Pitting, Alternaria rot
	7.0
	Sharma et al. (2019)

	Okra
	Discoloration, decay, pitting
	7.0
	Prasad & Chakravorty (2015)

	Tomato (ripe)
	Softening, water-soaking
	7.0-10.0
	Shivashankara et al. (2020)

	Tomato (green)
	Poor color, Alternaria rot
	13.0
	Prasad & Chakravorty (2015)


2.3. WATER STRESS 
           Vegetables, having constituted by 80–90 % water, are extremely sensitive to soil moisture variations. Drought stress alters morphological and physiological processes, reducing seed germination in onion and okra and sprouting of tubers in potato (Arora et al., 2010). Tomato experiences over      50.00 % yield loss due to flower abscission under drought (Bhatt et al., 2009). In bell pepper, drought during fruit set reduces yield by 44.00 % (Candido et al., 2009). Excess water, on the other hand, leads to waterlogging and hypoxia. Tomato and capsicum under waterlogging show reduced photosynthesis and chlorophyll fluorescence (Bhatt et al., 2015). Onion is particularly sensitive and just seven days of waterlogging can reduce bulb yield by 50.00 % due to incidence of purple blotch (Rao et al., 2010).
2.4. SOIL SALINITY
            	It is expected that by 2050, nearly half of India’s arable land may be salt-affected (Jogeswar et al., 2006). Salinity stress reduces uptake of essential nutrients, leading to osmotic imbalance, reduced photosynthesis and upto 50.00 % yield losses in pea and okra even at moderate salinity (Okçu et al., 2005; Minhas and Gupta, 1993). Tomato and chilli had shown poor germination and fruiting under saline conditions (Singh et al., 2012; Balasankar et al., 2017).
2.5. ELEVATED CO₂ AND OZONE LEVELS
              Rising atmospheric CO₂ can enhance photosynthesis (‘carbon fertilization’) but often reduces nutritional quality. In onion, CO₂ enrichment increased bulb yield by 25.00 % but reduced its antioxidant content (Rao et al., 2009). Tomato grown under elevated CO₂ shows higher yields but lower phenols and flavonoids (Khan et al., 2013). Leafy vegetables such as lettuce and spinach show increased sugars and vitamin C, but decreased minerals under high CO₂ (Giri et al., 2016).
             Conversely, ozone (O₃) is harmful, causing oxidative damage, early senescence and yield reduction of up to 25.00 % in sensitive crops like spinach and carrot (Tiwari and Agrawal, 2010; Kumari et al., 2013). Potato yields have been reported to decline by up to 25.00 % under elevated O₃ in high-altitude region (Suganthy and Udayasoorian, 2020).

3. BIOTIC STRESSES UNDER CHANGING CLIMATE
3.1. EMERGING PATHOGENS AND DISEASES
            Climate change alters host–pathogen interactions, leading to new disease outbreaks and shifting disease incidences. Sharma (2014) emphasized that higher humidity, erratic rainfall and warmer winters promote fungal and bacterial pathogens in vegetables. Kansal (2016) noted that solanaceous crops such as tomato and brinjal are increasingly prone to late blight and wilt under fluctuating temperatures. Similarly, in cole crops, integrated disease management is essential to combat black rot and downy mildew under climate change (Dohroo, 2015).
            Gautam (2017) projected that rising CO₂ and temperature will increase the virulence of soil-borne pathogens, aggravating diseases like Fusarium wilt in cucurbits and Sclerotinia rot in beans. Gupta (2019) highlighted eco-friendly management of spice crop diseases using bioagents, which becomes crucial as chemical control efficacy declines under warmer and wetter climates.
3.2. IMPACT ON INSECT PESTS AND POLLINATORS
             Insect pests are highly sensitive to temperature changes. Warmer conditions accelerate pest life cycles, causing multiple generations per season (Sharma, 2014). Insect pests such as fruit borers in tomato, leaf miners in cucurbits and whiteflies are reported to proliferate under warming (Chandel et al., 2016). Equally concerning is the decline in pollinators due to habitat loss, pesticide overuse and climate variability. Thakur et al. (2018) highlighted that vegetable pollination services, especially for cucurbits, depend heavily on bees, whose population dynamics are threatened by heat and erratic flowering.
4. CROP-SPECIFIC IMPACTS OF CLIMATE CHANGE
4.1. CUCUMBER
           Kumar et al. (2018) reported that cucumber cultivation is highly susceptible to temperature fluctuations, which directly influence flowering and fruit set. Optimum growth occurs between 20–30°C, but higher night temperature lead to reduced female flowers and poor yield. Under low temperature, seed germination and early seedling vigor are affected. Adaptation measures such as mulching, shifting sowing dates and use of parthenocarpic hybrids under protected cultivation are recommended.
4.2. TOMATO
             Tomato is one of the most climate-sensitive vegetable crops. Bhardwaj (2012) documented yield decline in open-field tomato in north India due to summer heatwaves. Singh (2017) observed that in the northwestern Himalayas, off-season tomato cultivation faces risks from erratic rainfall, cloudy weather and frost damage, affecting both yield and marketability. Elevated CO₂ enhances yield (Mamatha et al., 2014), but fruit quality (lycopene, vitamin C, minerals) is often reduced. Pollen sterility above 37°C severely limits fruit set (Mazzeo et al., 2018).
4.3. CAPSICUM (BELL PEPPER)
           Kumari (2017) reported that climate change influences capsicum production through temperature stress, leading to pollen abnormalities and reduced fruit quality. Waterlogging in capsicum reduces chlorophyll and increases proline, causing up to 40.00 % yield reduction (Bhatt et al., 2015). Protected cultivation provides a microclimate buffer, enabling stable production and year-round supply.
4.4. CABBAGE
             Cabbage is a cool-season crop and is highly sensitive to elevated temperature and moisture stress. Kuo (1988) reported that temperatures above 25 °C impair head formation, increase loose heads and reduce marketable yield. High temperature accelerates respiration and disrupts carbohydrate accumulation in developing heads. Water stress and excess soil moisture further reduce nutrient uptake and promote physiological disorders such as tip burn and head splitting (Drew, 1997). Elevated CO₂ can increase biomass production in Brassica crops, but quality traits and nutrient balance may be altered under interacting heat stress conditions (Sicher and Bunce, 1999). Climate-resilient strategies include cultivation during cooler seasons, mulching, precision irrigation and adoption of heat-tolerant hybrids under protected structures.
4.5. POTATO
             Potato is extremely vulnerable to rising temperatures because tuberization is inhibited under heat stress. Levy and Veilleux (2007) reported that night temperatures above 20 °C suppress tuber initiation, reduce assimilate partitioning to tubers and increase haulm growth, resulting in yield decline. Hijmans (2003) projected significant reductions in global potato productivity under future climate warming scenarios, particularly in tropical and subtropical regions. High temperature also reduces tuber dry matter, increases physiological defects and shortens dormancy period, affecting storage quality. Elevated CO₂ may partially enhance photosynthesis, but the beneficial effect is often offset by heat-induced reductions in tuber formation. Adaptation measures include shifting planting seasons, adoption of heat-tolerant cultivars, use of mulches and protective irrigation scheduling to reduce canopy and soil temperature.
4.6. ONION
             Onion is highly sensitive to temperature and photoperiod, which regulate bulbing, flowering and yield stability. Brewster (2008) reported that optimum bulb development occurs under moderate temperatures (15–25 °C) combined with appropriate day length, whereas high temperature accelerate maturity, reduce bulb size and increase incidence of bolting and physiological disorders. Exposure to low temperature during early growth promotes premature flowering, negatively affecting bulb yield and quality. Heat stress also increases respiration losses and reduces dry matter accumulation in bulbs. Climate variability therefore alters bulb initiation timing and marketable yield. Adaptation strategies include selection of heat-tolerant cultivars, adjustment of sowing dates, mulching for soil temperature moderation and use of drip irrigation to reduce heat and moisture stress.
4.7. CHILLI
            Chilli is highly sensitive to heat stress and moisture fluctuations, which directly influence flowering, fruit set and capsaicin accumulation. Erickson and Markhart (2002) reported that high temperature reduces pollen germination and increases flower abscission, resulting in poor fruit set.
5.ADAPTIVE VEGETABLE PRODUCTION SYSTEMS IN CHALLENGING ENVIRONMENTS
             Off-season cultivation is widely practiced to fetch premium market prices. However,              Singh (2017) noted that tomato and cucurbits cultivated in northwestern Himalayas during the off-season face frost injury, irregular fruiting and pest outbreaks. Protected structures, mulching and crop modelling are increasingly used to minimize risks.
              Singh (2010) highlighted that high-altitude regions such as Ladakh and Himachal Pradesh are highly climate-sensitive. Short growing seasons and occurrence of frequent frost severely restrict crop duration. Protected cultivation using low-cost polyhouses had shown promise in extending crop duration and stabilizing supply. Rai (2013) also stressed that protected cultivation in plains buffers vegetables against heat stress, showing that climate-controlled systems are essential in both high-altitude and plain regions.



6. SEED PRODUCTION AND QUALITY
6.1. PRE- AND POST-HARVEST FACTORS
             Kanwar and Mehta (2016) reported that vegetable seed quality is affected by both pre- and post-harvest factors such as temperature fluctuations, soil moisture and storage conditions. High temperature during flowering leads to pollen sterility and reduced seed viability. Post-harvest drying under high humidity increases fungal infestation, deteriorating seed quality.
6.2. IMPACT OF CLIMATE CHANGE ON TEMPERATE VEGETABLE SEEDS
             Kumar et al. (2016) demonstrated that seed production of temperate vegetables (cole crops, beans, peas, carrot) is particularly vulnerable to fluctuating temperature and moisture regimes. In Himachal Pradesh, unseasonal rains during flowering reduces seed yield and germination. Vikram (2017) noted that in cold regions, while vegetative growth is enhanced under warming, the quality of seed suffers due to reduced vigor and germination potential.
6.3. ORGANIC SEED PRODUCTION AND BIOFERTILIZERS
             Thakur et al. (2018) emphasized that organic vegetable seed production requires biofertilizer integration to enhance soil fertility and stress tolerance. Rhizobium, Azotobacter and mycorrhizal fungi were noted to enhance nutrient uptake and seedling vigor under stress conditions. Biofertilizers are particularly relevant for climate-smart organic vegetable farming systems.
7. ADAPTATION AND MITIGATION STRATEGIES FOR CLIMATE-SMART VEGETABLE PRODUCTION
7.1. CONSERVATION AGRICULTURE
            Conservation agriculture has been recognized as a sustainable practice for maintaining soil health and reducing the adverse impacts of climate variability. Sharma (2014) stressed that minimum tillage, crop residue retention and crop rotation could enhance soil organic matter and water-holding capacity, which buffers vegetable crops against drought and heat stress. In vegetable systems, residue mulching reduces soil temperature fluctuations and enhances microbial activity, promoting root growth and nutrient cycling.
7.2. PROTECTED CULTIVATION
            Protected cultivation is one of the most promising adaptation strategies. Rai (2013) highlighted the role of polyhouses, net houses and shade structures in stabilizing yields in the Indian plains. Similarly, Kumar (2015) demonstrated that high-value crops such as tomato, capsicum, cucumber and lettuce under greenhouse conditions fetch premium prices due to uniform quality and off-season availability. Singh (2010) showed that in high-altitude areas, low-cost polyhouses extend the crop season by 2–3 months, ensuring resilience against frost and cold winds.
7.3. EFFICIENT IRRIGATION MANAGEMENT                                                                                            
             Vegetables are highly water-sensitive and climate change-induced droughts require precise irrigation. Raina (2016) documented that drip irrigation enhances water-use efficiency in cucurbits, tomato and capsicum by 25 – 40 % compared to flood irrigation. Sprinkler systems are effective in onion, carrot and radish, providing uniform soil moisture, while minimizing waterlogging. Mulching with plastic or organic residues further improves water-use efficiency and reduces evapotranspiration losses.
7.4. CROP MODELING FOR CLIMATE ADAPTATION
             Crop models help predict the impact of climatic variables on crop growth and yield, aiding in decision-making. Spehia (2018) emphasized that simulation models integrate weather forecasts with crop growth parameters, enabling farmers to optimize sowing dates, irrigation schedules and fertilizer application. Modeling has been particularly useful in tomato and cole crops, where shifting sowing dates helps avoid peak heat or frost.
7.5. ORGANIC VEGETABLE PRODUCTION AND BIOFERTILIZERS
            Organic farming offers resilience by improving soil structure and microbial activity.             Thakur et al. (2018) documented that biofertilizers such as Azotobacter, Azospirillum, phosphate-solubilizing bacteria and mycorrhizal fungi enhance vegetable productivity under organic production systems. Their role in mitigating abiotic stress is particularly important under low-input conditions. For instance, biofertilizers improve nutrient uptake and water retention, reducing dependence on chemical fertilizers, which also lowers greenhouse gas emissions.
7.6. GRAFTING AND CLIMATE-RESILIENT VARIETIES
             Grafting of vegetable plants onto tolerant rootstocks has emerged as an effective technology to overcome abiotic stresses. Bhatt et al. (2015) demonstrated that tomato grafted onto brinjal rootstock showed enhanced tolerance to waterlogging. Similarly, cucurbits grafted onto hardy rootstocks exhibited resistance to soil-borne pathogens and salinity. The use of climate-resilient varieties such as Arka Vikas (drought-tolerant tomato), Pusa Sheetal (cold-tolerant tomato), Pusa Sawani (salinity-tolerant okra) and the like becomes vital for ensuring yield stability (Laxman et al., 2024).
Table 2. Examples of climate-resilient vegetable varieties
	Crop
	Variety
	Stress Tolerance

	Tomato
	Arka Vikas
	Drought

	Tomato
	Pusa Sheetal
	Fruit set up to 8°C

	Tomato
	Thar Anant
	Heat tolerance

	Eggplant
	Pragati, Pusa Bindu
	Salinity

	Chilli
	Arka Lohit, G4
	Drought

	Okra
	Pusa Sawani
	Salinity

	Onion
	Arka Kalyan
	Excess moisture tolerance

	Radish
	Pusa Chetki
	High temperature

	Potato
	Kufri Surya
	Heat tolerance


(Source: Laxman et al., 2024)
7.9. INTEGRATED NUTRIENT AND SOIL MANAGEMENT
             Sustainable nutrient management is critical under climate stress. The use of organic manures, compost and crop residues improves soil organic matter, which enhances resilience to drought and heavy rainfall. Foliar sprays of potassium and calcium were found to improve drought and salinity tolerance in chilli and tomato (Mukhtar et al., 2016). Integrated nutrient management combining organic, inorganic and microbial sources is thus recommended for climate-smart vegetable production.
7.10. ECO-FRIENDLY PLANT PROTECTION
             Eco-friendly disease and pest management is increasingly emphasized under climate change. Gupta (2019) demonstrated that the use of Trichoderma, Pseudomonas and Bacillus-based bioagents reduces soil-borne diseases in vegetables. Dohroo (2015) reported that integrated disease management in cole crops combining resistant varieties, crop rotation and biological agents effectively reduces disease incidence under variable climate. Judicious pesticide use, as highlighted by        Chandel et al. (2017), is essential to minimize residues and safeguard pollinators, which are already under stress due to climate variability.
8. EMERGING ISSUES IN VEGETABLE PRODUCTION UNDER CLIMATE CHANGE
8.1. NEW AND INTENSIFYING PATHOLOGICAL THREATS
             Warmer winters, erratic rainfall and prolonged leaf-wetness windows are shifting the disease landscape in vegetables. Sharma (2014) underscored the emergence of new pathological threats and changes in pathogen virulence, with wetter, warmer spells favoring foliar pathogens and soil-borne rots in many vegetables. In cole crops, Dohroo (2015) highlighted  black rot and downy mildew as recurring problems under fluctuating temperatures and humidity, recommending resistant varieties integrated with sanitation and rotation. For solanaceous and leguminous vegetables, Kansal (2016) documented increasing pressure from late blight, Fusarium wilt, Rhizoctonia rot and bacterial diseases, emphasizing need-based sprays, biologicals and multi-tactic IDM. At a system level, Gautam (2017) reported that elevated CO₂ and temperature can amplify the aggressiveness of several pathogens, compress latency periods and expand geographical ranges, making season-long monitoring and predictive warnings crucial. 
8.2. PESTS, POLLINATORS AND RESIDUE STEWARDSHIP
            Temperature-driven acceleration of insect life cycles tends to increase generations per season for key pests (whiteflies, fruit borers, leaf miners). Sharma (2014) argued for IPM foundations-natural enemies, pheromone traps, biopesticides-backed by judicious pesticide use to minimize resistance and residues. Chandel et al., (2017) detailed residue-minimization protocols (label rates, pre harvest intervals, selective chemistries) to align productivity with food safety and export requirements. On pollination, Thakur and Soni (2018) warn that heat spikes and floral asynchrony can depress bee activity and overlap with bloom, urging habitat provisioning, flower strips, IPM-compatible chemistries and twilight spraying to safeguard pollination services.
8.3. PATHOGEN HOST INTERACTION
              Pathogen–host interactions in vegetable crops are inherently dynamic and are strongly regulated by environmental conditions prevailing during crop growth. Climate change introduces variability and extremity into these conditions, reshaping disease ecology by influencing the timing, intensity and predictability of host–pathogen encounters. Rather than acting as a single stressor, climate change operates through multiple interacting pathways that affect pathogen life-history traits and host defense capacity across spatial and temporal scales. Understanding these interaction pathways is essential for interpreting observed changes in disease behavior and for anticipating future risks to vegetable production under changing climatic scenarios (Garrett et al., 2014; Gregory et al., 2009).
Table 3. Impact of climate change on Host pathogen interaction 
	Vegetable crop (host)
	Pathogen
	Climate factor involved
	Documented effect on pathogen–host interaction
	Reference

	Tomato (Solanum lycopersicum)
	Ralstonia solanacearum (bacterial wilt)
	Increased temperature
	Higher soil and air temperatures enhance pathogen multiplication and aggressiveness, resulting in faster wilt development and increased host mortality
	Jiang et al., 2017

	Tomato
	Phytophthora infestans (late blight)
	Temperature and humidity
	Warmer temperatures combined with high relative humidity increase sporulation and infection efficiency, overwhelming host resistance mechanisms
	Garrett et al., 2014

	Brassica vegetables (cabbage, cauliflower)
	Xanthomonas campestris pv. campestris (black rot)
	Increased rainfall
	Heavy rainfall promotes pathogen dissemination through splash dispersal and hydathode infection, intensifying disease severity
	Vicente & Holub, 2013

	Onion (Allium cepa)
	Alternaria porri (purple blotch)
	Rising temperature and leaf wetness
	Elevated temperature shortens latent period, while prolonged leaf wetness enhances penetration and lesion expansion on host tissues
	Suheri & Price, 2000

	Potato (Solanum tuberosum)
	Rhizoctonia solani (black scurf)
	Soil warming
	Higher soil temperatures increase pathogen activity and suppress host defense responses during early growth stages
	Gregory et al., 2009

	Cucurbits (melon, cucumber)
	Podosphaera xanthii (powdery mildew)
	Elevated CO₂ and temperature
	Elevated CO₂ alters host physiology, increasing leaf susceptibility, while higher temperatures favor rapid pathogen colonization
	Kobayashi et al., 2006

	Pepper (Capsicum annuum)
	Phytophthora capsici
	Intense rainfall events
	Climate-induced flooding enhances zoospore movement in soil, increasing infection frequency and severity in host plants
	Ristaino et al., 2021



8.4. PHYSIOLOGICAL DISORDERS: A HIDDEN YIELD SINK
             Kumari (2017) catalogued rising incidence of physiological disorders that mimic or magnify disease/pest losses. In tomato and capsicum, blossom-end rot (Ca imbalance and drought/heat) and sunscald spike under heatwaves; in cucurbits, hollow heart and crooked fruits rise with temperature–moisture swings; in cole crops, tip burn linked to Ca transport under erratic VPD. These disorders often co-occur with abiotic stresses (heat, drought, flooding, salinity, elevated CO₂/O₃) and call for calcium/potassium foliar programs, mulches, precise irrigation and microclimate buffering.
8.5. WEED MANAGEMENT UNDER ELEVATED CO₂ AND WARMING
             Kumar et al., (2017) emphasized that CO₂ enrichment and higher temperatures may favor fast-growing C₃/C₄ weeds, narrow herbicide windows and complicate stale seedbed timing. Their recommendations center on IWM: cover crops, residue mulches, diversified rotations, competitive varieties and herbicide rotation to protect efficacy. Some practices like mulching, minimum tillage, contouring also cut in-field weed pressure while conserving moisture.
8.6. POSTHARVEST: HEAT, CHILLING AND O₃ RISKS
              Sharma et al., (2019) reviewed recent techniques in postharvest management and processing-rapid precooling, hygiene-led packhouses, package ventilation and smart cold chains-to maintain texture and nutrients. Excess soil moisture predisposes onion to purple blotch/twister, with seven days of waterlogging at bulb initiation causing almost 50% bulb-yield loss-a strong case for drainage and raised beds in humid zones. 
8.6.1. GLOBAL PERSPECTIVES AND SYNTHESIZED EVIDENCE
· World overview and breeding/seed systems—Ebert (2018) synthesized climate risks with germplasm deployment, breeding pipelines, seed systems, and protected cultivation to stabilize supplies. 
· Physiology, productivity and quality-Abou-Hussein (2019) and Shivashankara et al. (2020) detailed temperature/CO₂/O₃ effects on nutrient density, antioxidants, sugars and textural traits, aligning with shifts recorded for onion, tomato, lettuce and spinach.
· Meta-reviews on yield and quality risks—Bisbis et al., (2019), Ayyogari et al. (2019), Prasad and Chakravorty (2015) converged on: (i) heat/drought as top yield constraints; (ii) CO₂ trade-offs (yield ↑, some micronutrients ↓); (iii) need for protected cultivation and soil–water–nutrient precision to counter volatility.
· Adaptation and resilience— Arimi (2018) framed farmer-level resilience pathways: diversified income, risk-sharing, climate information services and social capital. Koundinya et al. (2020) spotlight mitigation+adaptation via conservation agriculture, organic inputs and biofertilizers.
9.PROTECTED CULTIVATION AND OFF-SEASON PRODUCTION
9.1. HIGH-ALTITUDE PROTECTED VEGETABLE PRODUCTION
              Singh (2010) emphasized that in high-altitude regions such as Ladakh, Himachal Pradesh and Uttarakhand, the growing season is restricted to 120–150 days due to frost and cold winds. Traditional open-field systems result in low yields and short harvest windows. Low-cost polyhouses, plastic tunnels and walk-in tunnels extend the growing season by 2–3 months, allowing crops like tomato, capsicum and cucumber to be harvested during off-season when prices are higher. Mulching and drip irrigation further enhance performance under protected systems.
9.1.1. OFF-SEASON TOMATO PRODUCTION
              Singh (2017) described off-season tomato cultivation in northwestern Himalayas, which is increasingly popular but highly climate-sensitive. Erratic rains, frost and cloudy spells reduce fruit set and yield stability. Protective structures, mulching and shifting planting dates were found to improve yield by 25–30 per cent. Integrated nutrient management and resistant hybrids further enhance resilience.
9.2. PROTECTED CULTIVATION IN PLAINS
              Rai (2013) highlighted the potential of polyhouses and net houses in the Indian plains, where high summer temperatures limit open-field vegetable cultivation. Capsicum and cucumber under polyhouse conditions achieved 2–3 times higher yields compared to open fields, while tomato and leafy vegetables also fetched premium prices due to quality and uniformity. Protected structures not only buffer against heat stress but also reduce pest pressure by limiting vector entry.



Table 4. Major climate stresses in vegetable crops and adaptive measures 
	Stress factor
	Sensitive crops
	Major impacts
	Adaptive measures
	References

	Heat stress (>35 °C)
	Tomato, capsicum, cucurbits
	Pollen sterility, flower drop
	Heat-tolerant varieties (Thar Anant), shade nets, protected cultivation
	Bhardwaj (2012); Kumari (2017)

	Cold stress (<15 °C)
	Tomato, chili, okra
	Chilling injury, poor germination
	Cold-tolerant varieties (Pusa Sheetal), low-cost polyhouses
	Singh (2010); Rai (2013)

	Drought
	Onion, tomato, potato
	Bulb/tuber shrinkage, flower abortion
	Drip irrigation, mulching, conservation tillage
	Raina (2016)

	Waterlogging
	Onion, tomato, capsicum
	Root hypoxia, 50% yield loss in onion
	Raised beds, tolerant rootstocks
	Sharma (2014)

	Salinity
	Okra, tomato, chili
	Poor germination, yield decline
	Salt-tolerant varieties (Pusa Sawani), gypsum, biofertilizers
	Kumar et al. (2017)

	Elevated CO₂
	Onion, tomato, spinach
	Higher yield but lower quality
	Balanced nutrient management, cultivar screening
	Abou-Hussein (2019); Bisbis et al. (2019)

	Elevated O₃
	Potato, spinach, carrot
	Oxidative injury, 10–25% yield loss
	Antioxidant sprays, tolerant cultivars
	Shivashankara et al. (2020)


9.3. POSTHARVEST HANDLING AND PROCESSING
                   Vegetables, being perishable, are particularly vulnerable to postharvest losses, which can range from 20–40% in India. Sharma et al., (2019) reviewed modern postharvest management techniques including precooling, hygienic packhouse operations, ventilated packaging and smart cold chains. The following are the emerging technologies such as modified atmosphere packaging (MAP), biodegradable films and edible coatings are being tested to prolong shelf life while reducing chemical use (Shivashankara et al., 2020).
10. CONCLUSION AND FUTURE PROSPECTS
             The production of vegetables in India and worldwide is facing unprecedented challenges due to climate change. Abiotic stresses such as heat, cold, drought, flooding, salinity, elevated CO₂ and ozone are already reducing productivity and altering quality. Biotic stresses-new diseases, pest outbreaks, pollinator decline—further complicate production systems. Adaptation strategies including protected cultivation, efficient irrigation, conservation agriculture, biofertilizers, climate-resilient varieties and crop modeling may prove effective. Integration of organic farming principles, eco-friendly disease and pest management and judicious pesticide use is crucial to minimize environmental impact and ensure food safety.
Hence future plans should prioritize:
· Breeding for resilience: climate-smart varieties combining stress tolerance with high quality.
· Digital and AI-enabled agriculture: predictive modeling, precision irrigation and smart packaging.
· Farmer capacity building: knowledge dissemination on climate-resilient practices.
· Policy and institutional support: incentives for protected cultivation, conservation agriculture, and biofertilizer use.
· Postharvest innovation: MAP, edible films, blockchain-enabled cold chains for reducing losses.
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