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Rainfed agriculture supports nearly 80% of the world's cultivated land and contributes
significantly to global food production, particularly in developing countries. However,
increasing temperature variability associated with climate change poses a major threat to the
sustainability and productivity of rainfed farming systems. Temperature stress, including both
heat stress and cold stress, adversely affects plant growth, physiological processes,
reproductive development, yield formation, and crop quality. In rainfed regions, the impacts of
temperature stress are often intensified by limited soil moisture availability, resulting in
compounded effects on crop productivity. Rising global temperatures, frequent heat waves,
altered seasonal patterns, and unpredictable climatic conditions have increased the
vulnerability of rainfed agriculture. Temperature stress disrupts photosynthesis, respiration,
water relations, nutrient uptake, and hormonal balance in plants, ultimately leading to reduced
biomass accumulation and grain yield. Various crops respond differently to temperature
extremes depending on their genetic makeup, developmental stage, and environmental
conditions. Recent advances in plant physiology, molecular biology, breeding, and climate-
smart agriculture have provided opportunities to enhance crop resilience against temperature
stress. Adaptation measures such as the development of stress-tolerant cultivars, improved
agronomic practices, conservation agriculture, efficient water management, and the integration
of climate forecasting tools are increasingly important for sustaining rainfed production
systems. This review examines the causes, mechanisms, impacts, and management strategies
related to temperature stress in rainfed agriculture and highlights future research priorities for
improving agricultural resilience under changing climatic conditions.

Keywords: Temperature stress, rainfed agriculture, climate change, heat stress, crop
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Introduction

Rainfed agriculture represents one of the most important agricultural production systems
worldwide, accounting for approximately 60% of global food production and supporting the
livelihoods of billions of people. In many developing countries, particularly in Asia and Africa,
rainfed farming serves as the primary source of food security, employment, and income
generation. Unlike irrigated agriculture, rainfed systems depend entirely on precipitation for
crop growth and development, making them highly susceptible to climatic variability. Among
various climatic factors, temperature is a critical environmental determinant influencing crop
performance and agricultural productivity. The increasing frequency and intensity of
temperature extremes due to global climate change have emerged as significant challenges for
sustainable crop production. Global surface temperatures have risen considerably during the
past century, and climate models predict further increases in average temperatures and greater
occurrences of extreme weather events. Elevated temperatures can negatively affect crop
growth by disrupting physiological and biochemical processes, accelerating phenological
development, reducing photosynthetic efficiency, and impairing reproductive success. In
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rainfed agriculture, temperature stress often interacts with water stress, creating complex
challenges for crop survival and yield stability. The vulnerability of rainfed systems is
particularly pronounced because farmers have limited control over environmental conditions
and often lack access to irrigation facilities and advanced agricultural technologies.

Temperature stress encompasses both high-temperature stress and low-temperature
stress, each capable of causing substantial damage to crops. Heat stress occurs when
temperatures exceed the optimal threshold required for normal plant growth and development.
Conversely, cold stress occurs when temperatures fall below the critical levels necessary for
physiological functioning. Both forms of stress can impair cellular structures, enzyme
activities, membrane stability, and metabolic pathways. The extent of damage depends on the
intensity, duration, and timing of exposure, as well as crop species and developmental stage.
Understanding the mechanisms underlying temperature stress responses and identifying
effective adaptation strategies are essential for enhancing resilience in rainfed agriculture.
Lobell and Gourdji (2012) or Wheeler and von Braun (2013), but IPCC (2023)

Concept of Temperature Stress in Rainfed Agriculture

Temperature stress refers to any deviation from the optimal temperature range required for
normal plant growth and development. Crops have specific temperature requirements for
germination, vegetative growth, flowering, pollination, grain filling, and maturity. When
temperatures exceed or fall below these optimal ranges, physiological and metabolic
disruptions occur, resulting in stress conditions. In rainfed agricultural systems, temperature
stress is often exacerbated by inadequate soil moisture, creating synergistic effects that further
reduce crop performance. Heat stress has become increasingly prevalent due to global warming
and climate variability. Elevated temperatures can shorten crop growth duration, accelerate
phenological stages, and reduce biomass accumulation. High temperatures increase
evapotranspiration rates, leading to rapid depletion of soil moisture reserves and intensifying
drought conditions. Consequently, rainfed crops experience simultaneous heat and moisture
stress, significantly affecting productivity. Similarly, cold stress can delay germination, inhibit
root development, impair nutrient uptake, and reduce photosynthetic efficiency, particularly in
temperate and high-altitude rainfed regions. The impact of temperature stress varies according
to crop species, genotype, developmental stage, and environmental conditions. Reproductive
stages are generally more sensitive than vegetative stages because temperature extremes can
directly affect pollen viability, fertilization, grain formation, and seed development. Therefore,
understanding crop-specific temperature thresholds is essential for developing effective
management strategies.

Physiological Effects of Temperature Stress on Crops

Temperature stress influences multiple physiological processes that determine plant growth
and productivity. One of the primary effects is the disruption of photosynthesis, which serves
as the foundation of plant energy production. High temperatures can damage chloroplast
structures, reduce chlorophyll content, and impair the functioning of photosystem II, resulting
in decreased photosynthetic rates. Simultaneously, respiration rates increase under elevated
temperatures, causing excessive consumption of assimilated carbohydrates and reducing net
biomass accumulation. Water relations within plants are also significantly affected by
temperature stress. High temperatures increase transpiration rates and create greater
evaporative demand from the atmosphere. Under rainfed conditions, limited soil moisture
availability restricts water uptake by roots, leading to reduced leaf water potential and stomatal
closure. Although stomatal closure helps conserve water, it also limits carbon dioxide uptake,
further reducing photosynthesis and growth. Temperature stress alters nutrient uptake and
transport mechanisms. Root growth may be inhibited under extreme temperatures, reducing the
absorption of essential nutrients such as nitrogen, phosphorus, potassium, and micronutrients.
Nutrient deficiencies further exacerbate stress symptoms and limit crop productivity.
Additionally, temperature extremes affect hormone regulation, including the synthesis and
signaling of abscisic acid, ethylene, cytokinins, gibberellins, and auxins. These hormonal
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changes influence plant growth, stress responses, and developmental processes. Cell membrane
stability is another critical factor affected by temperature stress. High temperatures increase
membrane fluidity and permeability, leading to electrolyte leakage and cellular damage. Cold
temperatures can cause membrane rigidification and impair transport processes. Both
conditions disrupt cellular homeostasis and reduce plant vitality.

Biochemical and Molecular Responses to Temperature Stress

Plants possess sophisticated defense mechanisms that enable them to respond to temperature
stress at biochemical and molecular levels. Exposure to extreme temperatures often results in
the excessive production of reactive oxygen species such as superoxide radicals, hydrogen
peroxide, and hydroxyl radicals. These molecules can damage proteins, lipids, nucleic acids,
and cellular membranes if not adequately controlled. To counteract oxidative damage, plants
activate antioxidant defense systems comprising enzymatic antioxidants such as superoxide
dismutase, catalase, peroxidase, and ascorbate peroxidase, as well as non-enzymatic
antioxidants including ascorbic acid, glutathione, carotenoids, and phenolic compounds. These
antioxidants help maintain cellular integrity and enhance stress tolerance.

Heat shock proteins play a crucial role in protecting plants against heat stress. These
proteins function as molecular chaperones that stabilize cellular proteins, prevent protein
aggregation, and facilitate protein folding under stressful conditions. Similarly, cold-
responsive genes regulate the synthesis of protective proteins and metabolites that enhance
tolerance to low temperatures. Temperature stress also induces the accumulation of compatible
solutes such as proline, glycine betaine, soluble sugars, and polyols. These compounds
contribute to osmotic adjustment, membrane stabilization, and protection of cellular structures.
Advances in molecular biology have identified numerous stress-responsive genes, transcription
factors, and signaling pathways involved in temperature tolerance, providing valuable
opportunities for crop improvement through breeding and biotechnology.

Impact of Temperature Stress on Crop Yield

Temperature stress significantly affects crop yield and quality across diverse agricultural
systems. High temperatures during flowering can reduce pollen viability, impair fertilization,
and increase flower abortion, leading to substantial yield losses. In cereal crops such as wheat,
rice, maize, and sorghum, heat stress during reproductive stages can reduce grain number, grain
size, and grain weight. Similarly, legumes experience reduced pod formation and seed
development under elevated temperatures. Heat stress accelerates crop maturation, shortening
grain-filling periods and reducing assimilate accumulation. Consequently, final yields decline
due to lower biomass production and reduced harvest index. Quality attributes such as protein
content, starch composition, oil concentration, and nutritional value may also be adversely
affected. Cold stress can delay germination, reduce seedling establishment, and impair
reproductive development. Frost events may cause severe damage to flowers, fruits, and young
tissues, resulting in significant yield reductions. The combined effects of temperature extremes
and water limitations create additional challenges for rainfed agriculture, particularly in regions
already experiencing climatic vulnerability.

Adaptation and Management Strategies

Enhancing resilience to temperature stress requires integrated approaches involving genetic
improvement, agronomic management, and policy interventions. The development of heat-
tolerant and cold-tolerant crop varieties remains one of the most effective adaptation strategies.
Modern breeding techniques, including marker-assisted selection, genomic selection, and gene
editing technologies, have accelerated the identification and incorporation of stress-tolerance
traits into crop cultivars. Agronomic practices such as conservation agriculture, residue
retention, minimum tillage, and crop diversification improve soil moisture conservation and
buffer crops against temperature fluctuations. Adjusting planting dates enables crops to avoid
critical growth stages during periods of extreme temperature. The use of drought-resilient
cropping systems and climate-smart agricultural practices further enhances adaptive capacity.
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Improved soil health management contributes significantly to stress mitigation. Organic matter
additions enhance soil water-holding capacity, nutrient availability, and microbial activity,
thereby supporting crop resilience. Agroforestry systems provide shade, reduce microclimatic
temperatures, and improve overall system stability. Climate information services and early
warning systems assist farmers in making informed management decisions and reducing
climate-related risks.

Conclusion

Temperature stress has emerged as one of the most significant constraints to sustainable rainfed
agriculture under changing climatic conditions. Both heat and cold stress adversely affect crop
physiology, biochemistry, growth, and yield, particularly when combined with water
limitations. The increasing frequency of temperature extremes threatens food security, farmer
livelihoods, and agricultural sustainability worldwide. Understanding the mechanisms of
temperature stress responses and implementing integrated adaptation strategies are essential
for improving resilience in rainfed farming systems. Future research should focus on
developing climate-resilient crop varieties, enhancing stress prediction systems, improving
agronomic practices, and strengthening policy support for climate adaptation. A
multidisciplinary approach combining plant science, climate science, agronomy,
biotechnology, and socio-economic considerations will be crucial for ensuring sustainable
agricultural production in the face of ongoing climate change.
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