


Climate Extremes and Crop Productivity: Integrating Physiological Mechanisms and Adaptive Traits for Resilience and Yield Stability
Abstract
Climate extremes such as heatwaves, prolonged droughts, soil salinization, and flooding are increasingly threatening global food security by destabilizing crop yields. These stressors disrupt essential physiological processes including photosynthesis, water relations, nutrient uptake, and reproductive development. Plants, however, have evolved a range of adaptive physiological pathways that confer resilience under such conditions. Heat stress triggers thermotolerance mechanisms through heat shock proteins, membrane stabilization, and antioxidant defenses. Drought resilience is mediated by stomatal regulation, osmotic adjustment, root plasticity, and abscisic acid (ABA) signaling. Under salinity, plants maintain ion homeostasis, sequester toxic ions, and accumulate compatible solutes, while flooding tolerance involves hypoxia sensing, aerenchyma formation, ethylene signaling, and metabolic reprogramming. Importantly, many of these responses converge through shared signaling pathways involving reactive oxygen species (ROS), calcium ions, and hormonal crosstalk, resulting in cross-tolerance against multiple stresses. Physiological traits such as stay-green phenotype, water use efficiency (WUE) and radiation use efficiency (RUE), reproductive resilience, and recovery capacity are increasingly recognized as critical determinants of yield stability under climate extremes. Advances in high-throughput phenotyping, omics technologies, and gene editing provide unprecedented opportunities to integrate these traits into breeding programs. This review highlights the physiological basis of crop resilience to climate extremes, discusses strategies for trait deployment in crop improvement, and identifies future directions for linking physiology to climate-smart agriculture. By emphasizing resilience and yield stability, the paper underscores the need to reorient breeding and management strategies toward crops capable of sustaining productivity in an era of climatic uncertainty.
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1. Introduction
Climate change has emerged as one of the most pressing challenges to global agriculture, not only because of gradual shifts in temperature and precipitation but also due to the increasing frequency and intensity of climate extremes such as heatwaves, prolonged droughts, salinization, and flooding events (Yuan et al., 2024; Kumar et al., 2022). These episodic stressors can cause disproportionately large reductions in crop yield compared to moderate shifts in average conditions (Heilemann et al., 2024). For example, the exposure of crops to extreme heat during reproductive stages can severely reduce pollen viability and grain set, while episodic flooding may induce irreversible hypoxia damage to root systems (Chand et al., 2022; Xu et al., 2022; Shenoda et al., 2021).
Global food demand is projected to increase substantially by 2050, yet yield stability is weakening in many regions due to heightened climate variability and extremes (Bahar et al., 2020). Traditional breeding programs have often prioritized yield potential under ideal conditions; however, genotypes with high maximum yield often perform poorly under stress (Li & Wu, 2023). Therefore, the emphasis in crop improvement must shift toward yield stability and resilience which is defined as the ability to maintain productivity across fluctuating environments (Mba et al., 2025; Benitez-Alfonso et al., 2023).
Physiological processes represent the vital link between molecular signaling networks and whole-plant performance under stress (Gusain et al., 2024). Plant responses to climate extremes entail adjustments in photosynthesis, respiration, water relations, ion homeostasis, hormonal signaling, and source–sink dynamics (Crous, 2019). Because stresses rarely occur in isolation drought is frequently accompanied by heat, and salinity or flooding often co-occur in coastal or deltaic zones an integrative view on cross-tolerance mechanisms is essential (Ma et al., 2020). Key shared pathways include reactive oxygen species (ROS) detoxification, calcium signaling, and hormonal crosstalk (Mazars et al., 2010; Ravi et al., 2023 Dadarwal et al., 2025; Yadav et al., 2025).
In this review, we provide a comprehensive synthesis of plant physiological responses to major climate extremes heat, drought, salinity, and flooding and identify key traits underpinning resilience and yield stability. We further examine advances in high-throughput phenotyping, multi-omics, and breeding strategies that facilitate incorporation of these traits into climate-smart crop improvement. Finally, we highlight critical knowledge gaps and propose future directions to strengthen the physiological foundation of crop resilience in an era of climatic uncertainty.
2. Physiological Responses to Climate Extremes
2.1 Heat Stress
High temperatures, especially during flowering and grain filling, are among the most damaging climate extremes for crops, causing irreversible injury to growth and yield (Ullah et al., 2024). Heat stress disrupts membranes, proteins, enzymes, and photosynthetic machinery, with photosystem II and Rubisco being primary targets (Mathur et al., 2014). Excess excitation energy leads to reactive oxygen species (ROS) accumulation, which damages cellular components unless detoxified by enzymatic (SOD, CAT, APX) and non-enzymatic (ascorbate, glutathione, carotenoids) antioxidants (Rao et al., 2025). Plants also synthesize heat shock proteins (HSPs), regulated by heat stress transcription factors (HSFs), to stabilize proteins and maintain cellular function (Bakery et al., 2024). Reproductive stages are particularly sensitive: heat reduces pollen viability, fertilization, and grain set, often leading to sterility in cereals and pod abortion in legumes (Sher et al., 2024). Adaptive traits include leaf rolling, transpiration cooling, membrane lipid remodeling, and stay-green phenotypes that prolong photosynthesis under heat. Importantly, combined heat and drought produce unique responses, such as intensified stomatal closure and oxidative stress, underscoring the need to study heat stress within multifactorial environments (Singhal et al., 2021; Li et al., 2021; Adzigbe et al., 2025).
2.2 Drought Stress
Drought is one of the most widespread climate extremes, reducing growth and yield by limiting water uptake, cell expansion, photosynthesis, and nutrient assimilation (Qiao et al., 2024). The primary response is stomatal closure, mediated by abscisic acid (ABA), which conserves water but restricts CO₂ uptake, reducing carbon assimilation and chlorophyll stability (Bharath et al., 2021). To maintain cell turgor, plants accumulate osmolytes such as proline, glycine betaine, and sugars, while dehydrins and LEA proteins stabilize proteins and membranes (Ghosh et al., 2021). Root system architecture is critical, with deep or proliferative roots enhancing access to soil moisture and transmitting hydraulic and hormonal signals to shoots (Zhang et al., 2024). Drought also triggers oxidative stress through excess ROS, countered by enzymatic and non-enzymatic antioxidant defenses (Rao et al., 2025). The stay-green phenotype contributes to yield stability by prolonging photosynthesis during grain filling. However, combined drought and heat stresses intensify oxidative damage and reproductive failures, emphasizing the need to study drought responses in multi-stress contexts (Kamal et al., 2019; Buraniya et al., 2020;  Abbas et al., 2025).
2.3 Salinity Stress
Salinity affects more than 20% of irrigated land, imposing both osmotic stress, which limits water uptake, and ionic stress from toxic Na⁺ and Cl⁻ accumulation that disrupts photosynthesis and metabolism (Atta et al., 2023). A key tolerance mechanism is maintaining ion homeostasis through the SOS signaling pathway, which regulates Na⁺ extrusion and preserves K⁺/Na⁺ balance, while vacuolar sequestration further reduces cytosolic toxicity (Zhu et al., 2025; Assaha et al., 2017). Plants also accumulate compatible solutes such as proline and glycine betaine to aid osmotic adjustment and stabilize proteins and membranes (Sharma et al., 2019). Antioxidant systems mitigate salinity-induced ROS damage, while chloroplast function and PSII stability are often impaired, reducing carbon fixation. Morphological and anatomical adaptations include reduced leaf expansion, succulence, altered root distribution, and specialized structures like salt glands in halophytes (Hameed et al., 2021). Hormonal crosstalk involving ABA, ethylene, jasmonates, and brassinosteroids further fine-tunes tolerance. Since salinity frequently co-occurs with drought or heat, understanding its combined effects is vital for breeding resilient crops (Riemann et al., 2015; Jaryal et al., 2025).
2.4 Flooding / Waterlogging Stress
Flooding and waterlogging reduce oxygen availability in the rhizosphere, leading to hypoxia or anoxia that disrupts respiration, nutrient uptake, and root growth, severely impacting crop yields (Dadrwal et al., 2020; Manghwar et al., 2024). Plants sense oxygen deprivation via ERF-VII transcription factors, which regulate anaerobic metabolism, enabling survival through glycolysis and fermentation, though at the cost of rapid carbohydrate depletion (Bailey-Serres et al., 2012; Van Veen et al., 2024). Morphological adaptations such as aerenchyma formation and adventitious roots enhance internal oxygen transport, while ethylene and other hormones regulate shoot elongation strategies, as in deepwater rice (escape) or SUB1A-mediated quiescence (Shiono et al., 2008; Shiono et al., 2008). Flooding also alters nutrient availability, often leading to deficiencies of N, P, and K, while excess Fe²⁺ and Mn²⁺ accumulate under reducing soil conditions. Hypoxic stress not only causes structural damage but also alters the regulation of photosynthetic enzymes and activates secondary photosynthetic pathways, thereby disrupts energy metabolism and carbon assimilation (Ma et al., 2022). Tolerance varies among crops, with rice being highly adapted compared to maize and wheat, underscoring the need to transfer physiological insights across species to improve resilience (Hemantaranjan, 2014; Hasanuzzaman et al., 2020).
3. Cross-Tolerance and Shared Pathways
In natural environments, plants rarely experience abiotic stresses in isolation (Jiang et al., 2025). Heat waves often coincide with drought, salinity frequently co-occurs with water scarcity in arid zones, and flooding events can follow storms or coastal salinization (Lorrain-Soligon et al., 2023). Such combined and sequential stresses usually impose greater damage than single stress episodes, because plants face overlapping and sometimes conflicting demands for survival (Anwar et al., 2021). To adapt, plants rely on shared signaling pathways that integrate environmental cues and provide cross-protection against multiple climate extremes (Alptekin & Kunkowska, 2025).
3.1 Reactive Oxygen Species (ROS) and Antioxidant Defense
One of the earliest and most consistent responses to diverse stresses is the burst of reactive oxygen species (ROS), including superoxide, hydrogen peroxide, and hydroxyl radicals (Mandal et al., 2022). While uncontrolled ROS accumulation damages membranes, proteins, and DNA through oxidative stress, regulated ROS production plays a crucial role in stress perception and signaling (Wang et al., 2023). ROS can activate mitogen-activated protein kinase (MAPK) cascades, regulate transcription factors, and induce systemic acquired acclimation, allowing plants to coordinate defense at both local and systemic levels (Ravi et al., 2023).
To maintain ROS homeostasis, plants employ robust antioxidant defense systems. Enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) detoxify excess ROS, while non-enzymatic antioxidants such as ascorbate, glutathione, flavonoids, and carotenoids buffer redox status (Hasanuzzaman et al., 2020; (Dumanović et al., 2021). The balance between ROS generation and scavenging is therefore essential: excessive removal may impair signaling, while insufficient detoxification results in cellular injury. This dual role of ROS as both toxic by-products and essential messengers is central to cross-tolerance mechanisms (Wang et al., 2023; Dadrwal, 2022; Dadrwal et al., 2022; Sood, 2025).
3.2 Calcium and Secondary Messengers
Calcium (Ca²⁺) is a ubiquitous second messenger that integrates signals from multiple stresses. Distinct stress conditions generate unique Ca²⁺ signatures (in terms of amplitude, frequency, and localization) in the cytosol, which are decoded by Ca²⁺-binding proteins such as calmodulins (CaMs), calcineurin B-like proteins (CBLs), and calcium-dependent protein kinases (CDPKs) (Patra et al., 2021). These sensors activate downstream effectors, including CBL-interacting protein kinases (CIPKs), which regulate ion transporters and stress-responsive transcription factors (Naz et al., 2024).
Ca²⁺ signaling often interacts with ROS pathways, forming a ROS Ca²⁺ feedback loop that amplifies and transmits stress signals rapidly through tissues. In addition to calcium, other secondary messengers such as nitric oxide (NO), inositol phosphates, and cyclic nucleotides also participate in stress integration (Ghosh et al., 2022). These molecules fine-tune processes like stomatal closure, antioxidant activation, and hormone sensitivity, ensuring that plants can mount rapid and coordinated responses to fluctuating stress environments (Singh & Pandey, 2020).
3.3 Hormonal Crosstalk
Plant hormones are central regulators of adaptation to multiple stresses. Abscisic acid (ABA) orchestrates drought, salinity, and heat responses by regulating stomatal closure, osmotic adjustment, and the expression of stress-responsive genes (Rai et al., 2024). Ethylene, while classically linked to flooding responses, also contributes to root plasticity, aerenchyma formation, and senescence under drought and salinity (Khan et al., 2020). Jasmonates (JAs) and salicylic acid (SA) are important in balancing growth-defense trade-offs, often enhancing tolerance to oxidative stress and pathogen invasion triggered by abiotic challenges (Zhang et al., 2025). Meanwhile, brassinosteroids (BRs) and strigolactones modulate photosynthetic capacity, carbohydrate partitioning, and shoot–root communication, supporting growth even under stress (Wang et al., 2024).
The crosstalk among hormones enables plants to respond flexibly. For instance, ABA and JA often act synergistically to enhance drought tolerance, while ABA and ethylene may act antagonistically, leading to divergent outcomes in growth regulation. Such interactions form a hormonal network, rather than linear pathways, allowing plants to prioritize either survival or productivity depending on the severity and duration of stress (Khan, 2025; Ding et al., 2025).
3.4 Epigenetic and Stress Memory Mechanisms
Beyond immediate responses, plants exhibit stress memory, enabling them to respond more quickly and strongly upon re-exposure (Ma et al., 2024). This memory is largely mediated by epigenetic regulation, which includes DNA methylation, histone modifications, and non-coding RNAs that alter gene expression without changing the DNA sequence (Karalija et al., 2025).
For example, drought-preconditioned plants often show faster stomatal closure, stronger antioxidant activity, and altered flowering times when subjected to a second drought event (Aswathi et al., 2025). Similar priming effects have been reported for salinity and heat stress, with evidence that some epigenetic marks can be inherited across generations (Ganie et al., 2024). Such epigenetic plasticity provides plants with a long-term adaptive advantage, contributing significantly to cross-tolerance in changing environments (Sahoo et al., 2025).
3.5 Systems Integration of Multi-Stress Responses
Plant responses to combined stresses may be synergistic or antagonistic, with effects stronger or weaker than the sum of individual stresses. For example, combined drought and heat stress in Arabidopsis and wheat triggers a distinct set of transcription factors, antioxidant enzymes, and metabolites that are not induced under either stress alone (Bulut et al., 2025). Systems biology and network modeling approaches are beginning to unravel these complex responses, identifying hub genes and regulatory modules that underlie resilience to multiple stresses (Raza et al., 2022). Coupled with high-throughput phenotyping, these integrative approaches are paving the way to identify physiological markers of multi-stress tolerance, which can be exploited in breeding programs for climate resilience (Liang et al., 2025).
4. Physiological Traits for Yield Stability
The ability of crops to maintain productivity under variable and extreme environments depends on specific physiological traits that buffer yield losses (Cossani & Reynolds, 2012). Unlike yield potential, which reflects maximum productivity under optimal conditions, yield stability is determined by how well a genotype performs across stress and non-stress environments (Goa et al., 2022). Several physiological traits have been identified as key contributors to resilience, and their integration into breeding programs is essential for climate-smart agriculture (Mba et al., 2025b).
4.1 Stay-Green Phenotype
The stay-green trait refers to the delayed senescence of leaves, allowing plants to maintain photosynthetic activity longer during stress episodes (Kamal et al., 2019). In crops such as sorghum, maize, and wheat, stay-green genotypes sustain chlorophyll levels, retain photosynthetic capacity, and continue assimilating carbon even under drought or heat stress (Thomas & Ougham, 2014). This trait is particularly beneficial during grain filling, ensuring a steady supply of assimilates to reproductive tissues and stabilizing yield. Physiologically, stay-green is associated with improved nitrogen remobilization, enhanced antioxidant activity, and reduced ROS-induced leaf damage (Abbas et al., 2025). Breeding programs are increasingly incorporating stay-green as a target trait because of its strong correlation with stress resilience and yield stability (Chibane et al., 2021).
4.2 Water Use Efficiency (WUE)
Water use efficiency (WUE), defined as the ratio of biomass or grain yield to water consumed, is a critical trait for crops facing drought and heat stress. WUE is influenced by stomatal regulation, mesophyll conductance, and biochemical efficiency of photosynthesis (Hatfield & Dold, 2019). Genotypes with higher intrinsic WUE often display optimized stomatal responses that balance carbon uptake with transpiration loss. At the whole-plant level, deep rooting and efficient soil water extraction further enhance WUE (Santos et al., 2022). Advances in isotope discrimination techniques (e.g., carbon isotope δ¹³C) provide useful screening tools for selecting WUE-efficient genotypes. However, it is important to recognize that high WUE may sometimes come at the expense of absolute yield under favorable conditions, highlighting the need for balanced breeding strategies (De Ollas et al., 2023).
4.3 Radiation Use Efficiency (RUE)
Radiation use efficiency (RUE) reflects the plant’s capacity to convert intercepted light into biomass (Choudhury, 2000). Under stress conditions, RUE declines due to reduced chlorophyll content, impaired electron transport, and damage to photosystem II. Improving RUE under stress involves maintaining canopy structure, optimizing leaf angle distribution, and protecting photosynthetic machinery through antioxidant defenses. In stay-green genotypes, sustained photosynthesis contributes to higher RUE under drought or heat (Zheng et al., 2022). Enhanced RUE is directly linked with yield stability as it ensures efficient biomass accumulation even under limited resources; however, this improvement must be integrated with efficient water and nutrient use to achieve higher productivity under stress conditions (Chavez et al., 2022).
4.4 Reproductive Resilience
Reproductive stages are the most vulnerable to climate extremes. High temperature during anthesis reduces pollen viability and stigma receptivity, while drought and salinity impair ovule fertilization and grain set (Zenda et al., 2022). Reproductive resilience refers to the ability of plants to maintain reproductive success under stress (Rose et al., 2023). Key traits include stable pollen development, viable seed set, synchronization of flowering, and extended grain-filling duration (Hebbar et al., 2020). Physiological mechanisms such as protective accumulation of osmolytes in reproductive tissues, heat shock protein expression in anthers, and maintenance of hormonal balance (particularly auxins and gibberellins) support reproductive resilience (Djanaguiraman et al., 2017). Improving this trait is essential because even small reproductive failures can translate into large yield reductions (Mahajan et al., 2025).
4.5 Root System Architecture and Function
The root system serves as the primary interface with the soil, playing a decisive role in resilience to drought, salinity, and flooding (Sánchez-Blanco et al., 2014). Deep and prolific roots allow access to subsoil water, while lateral root proliferation enhances topsoil water uptake after rainfall events (Khan et al., 2016). Under salinity, roots with selective ion transporters exclude Na⁺ while maintaining K⁺ uptake, preserving ionic balance. In flooding conditions, the development of aerenchyma and adventitious roots enhances oxygen diffusion to submerged tissues (Assaha et al., 2017). Thus, a flexible and efficient root system architecture underpins yield stability across multiple stresses. High-throughput root phenotyping technologies are now enabling breeders to target root traits more effectively (Saqib et al., 2005; Lal et al., 2021). 
5. Advances in Crop Improvement for Stress Resilience
5.1 Phenotyping and Trait Discovery
Identifying and quantifying physiological traits that confer resilience is the first step in crop improvement. Conventional field screening for drought or salinity tolerance is time-consuming and often unreliable due to environmental variability (Khadka et al., 2020). Recent advances in high-throughput phenotyping allow precise and rapid measurement of traits such as canopy temperature, stomatal conductance, chlorophyll fluorescence, and root architecture using imaging, drones, and spectral sensors (Gill et al., 2022). For example, hyperspectral imaging can detect early stress signatures before visual symptoms appear, while root imaging technologies (e.g., shovelomics, rhizotrons, X-ray CT scanning) provide valuable insights into below-ground traits (Angidi et al., 2025). These innovations help breeders select genotypes with traits like stay-green, high WUE, or deep rooting, accelerating progress in breeding for climate resilience (Deery & Jones, 2021).
5.2 Genomic Tools and Trait Introgression
The integration of physiology with genomics and molecular breeding has revolutionized trait introgression (Mir et al., 2012). Genome-wide association studies (GWAS) and quantitative trait loci (QTL) mapping identify genomic regions controlling physiological traits such as WUE, salinity tolerance, or heat resilience (Mondal et al., 2023). Once identified, these loci can be introgressed into elite cultivars using marker-assisted selection (MAS) or genomic selection (GS). Modern gene-editing tools, especially CRISPR/Cas9, have further expanded possibilities by enabling precise modification of stress-responsive genes (Singh et al., 2025). For instance, CRISPR-mediated editing of ABA biosynthetic and signaling components has been used to fine-tune stomatal responses, while editing of ion transporter genes has improved Na⁺ exclusion under salinity (Hasan et al., 2021). The integration of pan-genomics and pangenome-wide association studies (PGWAS) is providing new opportunities to capture genetic diversity for resilience traits across wild relatives and landraces (Ćeran et al., 2024).
5.3 Breeding Approaches
Breeding for climate resilience involves combining yield potential with stress tolerance traits (Singh et al., 2025b). Traditional breeding methods, while effective, often fail to capture complex physiological traits due to low heritability and environmental interactions (Najeeb et al., 2021). The use of marker-assisted backcrossing (MABC) has facilitated the transfer of major QTLs for drought tolerance in rice and wheat (Thingujam et al., 2025). More recently, genomic selection (GS) has emerged as a powerful tool, enabling prediction of performance across multiple environments based on genome-wide markers, with genotype × environment (G×E) interactions being central as they determine trait stability under varying conditions (Krishnappa et al., 2021). Multi-environment trials remain critical to assess yield stability, since stress responses are context-dependent (Budhlakoti et al., 2022). Breeding programs are also emphasizing ideotype development, where specific combinations of traits (e.g., deep roots, high WUE, stay-green) are stacked to optimize resilience (Escamilla et al., 2025). The challenge is to balance stress tolerance with yield potential under favorable conditions, ensuring cultivars are competitive across diverse environments (Alemu et al., 2024).
5.4 Supplementary Interventions
In addition to genetic improvement, agronomic and biotechnological interventions can enhance physiological resilience (Asif et al., 2023). Biostimulants such as seaweed extracts, amino acid formulations, and microbial inoculants (PGPR, mycorrhizae) improve stress tolerance by modulating antioxidant activity, osmotic adjustment, and hormone signaling (Khoulati et al., 2025). Nanotechnology-based interventions, including nano-fertilizers, nano-encapsulated hormones, and nano-biochar, are emerging tools that improve nutrient uptake efficiency, enhance ROS scavenging, and stabilize membranes under abiotic stress; however, their effectiveness strongly depends on chemical composition and precise dosage, as inappropriate application may cause toxic effects on plants or soil (Di Sario et al., 2025). Exogenous application of osmoprotectants (e.g., glycine betaine, proline), hormones (ABA analogs, brassinosteroids), and antioxidants provides temporary protection during critical stress phases (De Vasconcelos & Chaves, 2019). While these approaches are not substitutes for genetic resilience, they serve as complementary strategies, especially in vulnerable agro-ecological regions (Agrawal et al., 2025).
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Figure 1. Schematic representation of plant responses to abiotic stresses and the integration of biotechnological tools for stress-resilient crop improvement (Imran et al., 2021)
6. Future Perspectives
Despite progress in understanding plant responses to climate extremes, several challenges remain in translating physiological knowledge into yield stability. A key issue is the complexity of multi-stress environments, as crops in the field often encounter simultaneous or sequential stresses like heat with drought or salinity with flooding, yet most research still focuses on single-stress studies. Future efforts must prioritize multi-stress experiments and identify core resilience traits such as stay-green, water use efficiency, and root plasticity, while overcoming challenges of low heritability and large-scale phenotyping through high-throughput platforms and machine learning. Epigenetic memory and transgenerational plasticity offer new frontiers, but the stability and heritability of these marks under fluctuating environments need clarification. Integrating omics with physiology through systems biology and crop models could enable in silico ideotype design and predictive breeding. Finally, linking physiology with climate-smart agronomic practices including optimized irrigation, soil amendments, biostimulants, nanofertilizers, microbial consortia, and digital decision-support tools will be essential to bridge laboratory insights with field-level resilience.
7. Conclusion
Climate extremes such as heat, drought, salinity, and flooding threaten global food security by disrupting key physiological processes and destabilizing yields. Plants respond through stress-specific mechanisms like osmotic adjustment, ion homeostasis, and aerenchyma formation as well as shared pathways involving ROS signaling, calcium dynamics, hormonal crosstalk, and epigenetic memory. Physiological traits such as stay-green, water and radiation use efficiency, reproductive resilience, robust root systems, and recovery capacity are central to yield stability, and advances in high-throughput phenotyping, omics and crop modeling now provide tools to identify and integrate these traits into breeding pipelines. Complementary agronomic interventions, including biostimulants, nanotechnology, and climate-smart practices, further strengthen resilience at the farm level. Moving forward, holistic strategies that combine physiology, genomics, and sustainable management are essential to develop climate-resilient crops capable of sustaining productivity under escalating environmental extremes.
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