


Review Article
Genotypic Performance of Wheat (Triticum aestivum L.) under Contrasting Irrigation Regimes: Implications for Water Use Efficiency and Productivity 

ABSTRACT
This review synthesizes recent research on the effects of contrasting irrigation regimes on the genotypic performance of wheat, with particular emphasis on productivity and water use efficiency (WUE). Adequate irrigation during critical growth stages such as crown root initiation, flowering, and grain filling enhances plant growth, photosynthetic activity, biomass accumulation, and yield components. In contrast, water deficit conditions reduce stomatal conductance, canopy development, and grain formation, ultimately limiting yield potential. However, optimized irrigation strategies, including deficit irrigation and improved irrigation scheduling, can enhance WUE while maintaining acceptable yield levels. The review also highlights the significant role of genotypic variability in determining wheat performance under varying irrigation conditions. Wheat genotypes exhibit considerable variation in morphological and physiological traits such as root architecture, relative water content, chlorophyll stability, and stay-green characteristics, which contribute to improved drought tolerance and water productivity. Furthermore, genotype × environment interactions play a critical role in determining genotype adaptability across different irrigation regimes. Stability analysis methods such as regression models, AMMI analysis, and GGE biplot techniques are widely used to identify stable and high-performing genotypes under diverse environmental conditions. In addition, agronomic strategies including integrated irrigation and nutrient management, conservation agriculture practices, soil moisture conservation techniques, and crop residue management can significantly enhance wheat productivity under limited irrigation conditions. Integrating improved irrigation practices with the development of drought-tolerant wheat varieties will be essential for sustaining crop productivity under water-limited environments. Overall, adopting efficient irrigation management and selecting genotypes with higher water use efficiency are key strategies for achieving sustainable wheat production in the face of increasing water scarcity and climate change.
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1. Introduction
1.1 Global importance of wheat
Wheat (Triticum aestivum L.) is one of the most widely cultivated cereal crops in the world and plays a crucial role in ensuring global food and nutritional security. It is a major staple food for more than 35% of the world’s population and contributes nearly 20% of the total dietary calories and protein consumed globally (FAO, 2023; Reynolds et al., 2012). Due to its adaptability to diverse climatic conditions and its importance in human nutrition, wheat has become a cornerstone of agricultural production systems across temperate, subtropical, and semi-arid regions.
Globally, wheat is cultivated on more than 215 million hectares with an annual production exceeding 780 million tonnes, making it the second most produced cereal crop after maize (FAO, 2023). In India, wheat is the second most important food crop after rice and serves as the primary staple for a large portion of the population. India ranks among the largest wheat producers globally, with production exceeding 110 million tonnes annually from approximately 31 million hectares of cultivated land (Shiferaw et al., 2013). Wheat contributes significantly to national food security and the livelihood of millions of farmers in the Indo-Gangetic Plains and other major wheat-growing regions.
Despite its global significance, wheat productivity is increasingly threatened by environmental stresses, particularly water scarcity and climate variability. Enhancing wheat productivity under changing climatic conditions while ensuring sustainable use of natural resources has therefore become a major priority in modern agricultural research and crop improvement programs.

1.2 Water scarcity and challenges in wheat production
Water scarcity is one of the most critical factors limiting wheat production worldwide. Wheat cultivation often depends on rainfall and irrigation, but in many regions water resources are becoming increasingly limited due to population growth, over-exploitation of groundwater, and climate change. Climate projections indicate that rising temperatures and irregular rainfall patterns are likely to increase the frequency and intensity of drought events in many wheat-growing areas (Lobell et al., 2011).
Water stress during critical growth stages such as tillering, heading, and grain filling can severely affect plant growth and yield formation. Farooq et al. (2014) reported that drought stress during reproductive stages can reduce wheat yield by up to 40–50% depending on the severity and duration of stress. Furthermore, in semi-arid and arid regions where rainfall is limited, irrigation plays a crucial role in sustaining wheat productivity.
Efficient irrigation management is therefore essential for improving crop performance under water-limited environments. Proper irrigation scheduling helps maintain optimal soil moisture conditions, promotes efficient nutrient uptake, and enhances plant growth and grain yield. Zhang et al. (2010) demonstrated that optimized irrigation regimes significantly improve wheat productivity and water use efficiency by maintaining adequate soil moisture during critical developmental stages. Consequently, the development of improved irrigation strategies such as deficit irrigation, supplemental irrigation, and precision irrigation has become an important focus in wheat production research.

1.3 Concept of genotypic performance under water stress
In addition to irrigation management, genetic variability among wheat genotypes plays a vital role in determining crop performance under water-limited conditions. Wheat cultivars differ significantly in their morphological, physiological, and biochemical responses to drought stress (Dey et al., 2025). These differences are largely determined by genetic factors that influence traits such as root architecture, stomatal conductance, osmotic adjustment, and photosynthetic efficiency.
According to Condon et al. (2004), genotypes with improved intrinsic water use efficiency and adaptive physiological traits can maintain higher productivity under water-limited conditions. The identification and utilization of such genotypes are essential for improving wheat adaptation to drought-prone environments.
Another important concept related to genotypic performance is genotype × environment interaction (G×E). The expression of yield and other agronomic traits is often influenced by environmental conditions, including soil moisture availability, temperature, and agronomic management practices. As a result, a genotype that performs well in one environment may not necessarily show the same performance in another environment. Multi-environment trials and stability analysis techniques are therefore widely used to evaluate the adaptability and stability of wheat genotypes across diverse irrigation conditions (Reynolds et al., 2012). Understanding G×E interactions helps breeders identify genotypes with consistent performance under varying environmental conditions and irrigation regimes.

1.4 Importance of water use efficiency in wheat production
Water use efficiency (WUE) has emerged as an important indicator of crop productivity under water-limited conditions. WUE is generally defined as the amount of biomass or grain yield produced per unit of water consumed through evapotranspiration (Passioura, 2012). Improving WUE is essential for increasing crop productivity while conserving limited water resources.
Several studies have demonstrated that irrigation management significantly influences WUE in wheat cultivation. Fang et al. (2020) reported that deficit irrigation strategies can enhance WUE while maintaining relatively stable yields under water-limited environments. Similarly, Si et al. (2023) highlighted that optimized irrigation scheduling improves physiological processes such as photosynthesis and transpiration, thereby enhancing crop water productivity.
The relationship between irrigation and productivity is therefore complex and depends on several interacting factors including irrigation timing, soil properties, climatic conditions, and crop genotype. Integrating efficient irrigation practices with the selection of high-performing wheat genotypes can significantly improve both grain yield and water productivity in wheat-based cropping systems.

1.5 Objectives of the review
Given the increasing challenges of water scarcity and climate variability, there is a growing need to better understand the interaction between irrigation regimes and wheat genotypic performance. Numerous studies have investigated the influence of irrigation management on wheat growth, yield components, and water use efficiency, but the findings are often scattered across different research disciplines.
Therefore, the present review aims to synthesize existing knowledge on the effects of contrasting irrigation regimes on the growth, yield performance, and water use efficiency of wheat genotypes. The review also examines the role of genotype × environment interactions in determining wheat adaptability under varying irrigation conditions. By integrating findings from agronomy, crop physiology, and plant breeding research, this review seeks to provide a comprehensive understanding of how irrigation management and genotypic variation influence wheat productivity. Such insights are essential for developing sustainable wheat production systems that maximize yield while ensuring efficient utilization of limited water resources.

2. Irrigation Regimes in Wheat Production
Water availability is one of the most critical factors influencing wheat productivity worldwide. Wheat is moderately sensitive to soil moisture stress, particularly during reproductive growth stages, and insufficient water supply can significantly reduce grain yield and quality. Irrigation management therefore plays a vital role in stabilizing wheat production, particularly in semi-arid and arid regions where rainfall is limited or erratic. According to Zhang et al. (2010), proper irrigation scheduling not only enhances grain yield but also improves water use efficiency by optimizing soil moisture availability throughout the crop growth period. With increasing pressure on global freshwater resources, developing efficient irrigation regimes has become a major focus of research aimed at improving the sustainability of wheat production systems. (Fig. 1) schematic represent the major irrigation regimes used in wheat cultivation, including full irrigation, deficit irrigation, and supplemental irrigation. These regimes differ in water application levels, soil moisture management, and their influence on crop growth and productivity.
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Fig. 1: Types of irrigation regimes used in wheat cultivation

2.1 Types of irrigation regimes in wheat
Full irrigation
Full irrigation refers to the application of water sufficient to meet the complete evapotranspiration requirement of the wheat crop during the entire growing season. Under this irrigation regime, soil moisture is maintained near field capacity to avoid water stress and ensure optimal crop growth. Full irrigation is typically practiced in regions with abundant water resources or well-developed irrigation infrastructure. Studies have shown that maintaining adequate soil moisture throughout the crop cycle promotes higher rates of photosynthesis, improved nutrient uptake, and greater biomass accumulation, ultimately contributing to higher grain yields (Fang et al., 2020). However, continuous full irrigation may not always be sustainable due to the increasing scarcity of water for irrigation. Excessive irrigation may also lead to problems such as waterlogging, nutrient leaching, and inefficient use of water resources. Therefore, while full irrigation can maximize yield potential, it may not always maximize water productivity under water-limited conditions.
Deficit irrigation
Deficit irrigation is an irrigation strategy in which water is intentionally applied below the crop evapotranspiration requirement during certain stages of crop growth. The objective of this approach is to maximize water productivity rather than achieve the highest possible yield. Under deficit irrigation, mild water stress is allowed during less sensitive growth stages while sufficient irrigation is provided during critical developmental stages such as flowering and grain filling. This strategy helps conserve water while maintaining relatively stable crop yields. A global meta-analysis conducted by Fang et al. (2020) demonstrated that deficit irrigation could improve water use efficiency in wheat by more than 20% compared with full irrigation without significant yield reduction in many environments. Deficit irrigation is therefore considered an effective water management strategy for wheat production in regions experiencing water scarcity.
Supplemental irrigation
Supplemental irrigation is widely practiced in rainfed agricultural systems where rainfall alone cannot meet crop water requirements. In this system, irrigation is applied only during critical growth stages when rainfall is insufficient to support crop development. Supplemental irrigation is particularly important in dryland farming systems where drought stress frequently limits wheat productivity. Oweis and Hachum (2006) reported that supplemental irrigation during key growth stages such as heading and grain filling significantly increased wheat yield and improved water productivity in Mediterranean and semi-arid environments. By providing limited but timely irrigation, this strategy helps stabilize crop production and reduces the risk of yield losses caused by irregular rainfall patterns.
Rainfed vs irrigated systems
Wheat is cultivated under both rainfed and irrigated production systems depending on regional climatic conditions and water availability. Rainfed wheat production relies entirely on natural precipitation, making it highly vulnerable to rainfall variability and drought stress. As a result, yields in rainfed systems are often lower and more variable compared to irrigated systems. In contrast, irrigated wheat production allows better control over soil moisture availability, resulting in more stable yields and improved crop performance. Passioura (2012) highlighted that irrigation significantly enhances wheat productivity in water-limited environments by ensuring adequate moisture supply during critical growth stages. However, irrigated agriculture also requires careful water management to avoid excessive water use and maintain long-term sustainability.

2.2 Critical growth stages requiring irrigation
The water requirements of wheat vary throughout the crop growth cycle, and certain developmental stages are particularly sensitive to moisture stress. Ensuring adequate soil moisture during these critical stages is essential for achieving optimal yield and grain quality.
Crown root initiation (CRI)
The crown root initiation stage occurs approximately 20–25 days after sowing and is widely considered the most critical stage for irrigation in wheat. At this stage, secondary roots develop from the basal nodes of the plant and form the main root system responsible for water and nutrient uptake. Adequate soil moisture during CRI promotes strong root development and enhances tiller formation. Water stress at this stage can severely limit root growth, reduce tiller production, and ultimately decrease yield potential (Reynolds et al., 2012). For this reason, irrigation at the CRI stage is considered essential in wheat cultivation.
Tillering stage
During the tillering stage, wheat plants produce additional shoots that contribute to spike formation and yield. Adequate moisture availability during this stage ensures the survival and development of productive tillers. Water deficit during tillering can reduce the number of effective tillers and limit the crop’s yield potential.
Booting stage
The booting stage represents the transition from vegetative to reproductive growth when the developing spike becomes enclosed within the flag leaf sheath. Adequate irrigation during this stage supports spike development and ensures proper formation of reproductive structures.
Flowering stage
Flowering is one of the most sensitive stages to water stress in wheat. Moisture stress during flowering can interfere with pollination and fertilization processes, leading to reduced grain set and lower yield. Farooq et al. (2014) reported that drought stress during flowering significantly decreases grain number per spike, which is a major determinant of wheat yield.
Grain filling stage
The grain filling stage determines final grain size and weight. Adequate soil moisture during this stage supports the translocation of carbohydrates from leaves and stems to developing grains. Water stress during grain filling reduces grain weight and ultimately decreases overall grain yield.
2.3 Irrigation scheduling methods
Efficient irrigation scheduling ensures that water is applied at the right time and in the right quantity to meet crop requirements. Several irrigation scheduling approaches are commonly used in wheat production.
Soil moisture-based irrigation
Soil moisture-based irrigation scheduling involves monitoring soil water content and applying irrigation when moisture levels fall below a predetermined threshold. Soil moisture sensors, tensiometers, and gravimetric methods are often used to determine soil water status. Maintaining soil moisture within optimal limits helps avoid both water stress and over-irrigation.
Evapotranspiration-based irrigation
Evapotranspiration-based irrigation scheduling estimates crop water requirements based on climatic parameters such as temperature, solar radiation, wind speed, and humidity. Crop evapotranspiration (ETc) is calculated using reference evapotranspiration and crop coefficients. Allen et al. (1998) demonstrated that evapotranspiration-based irrigation scheduling improves irrigation efficiency by accurately estimating crop water demand.
IW/CPE ratio method
The irrigation water to cumulative pan evaporation (IW/CPE) ratio is a widely used irrigation scheduling method in wheat cultivation. In this approach, irrigation is applied when cumulative pan evaporation reaches a predetermined ratio relative to the irrigation water depth. Studies have shown that IW/CPE ratios between 0.8 and 1.0 often produce optimal wheat yields depending on climatic and soil conditions (Zhang et al., 2010).

2.4 Water-saving irrigation techniques
Increasing water scarcity has led to the development of several water-saving irrigation technologies aimed at improving irrigation efficiency and reducing water losses.
Drip irrigation
Drip irrigation delivers water directly to the root zone through a network of pipes and emitters. This method minimizes evaporation losses and ensures efficient use of irrigation water. Studies have shown that drip irrigation can significantly improve water use efficiency and increase crop productivity compared with traditional surface irrigation methods.
Sprinkler irrigation
Sprinkler irrigation distributes water over the crop canopy in the form of artificial rainfall. This system allows uniform water application and is particularly suitable for uneven terrains and light soils.
Alternate furrow irrigation
Alternate furrow irrigation involves irrigating alternate furrows while leaving adjacent furrows dry. This technique reduces irrigation water use while maintaining sufficient moisture in the root zone.
Precision irrigation technologies
Recent advances in digital agriculture have enabled the use of precision irrigation technologies such as soil moisture sensors, remote sensing, and automated irrigation systems. These technologies allow farmers to apply irrigation water according to real-time crop water requirements, thereby improving water productivity and reducing environmental impacts.

3. Physiological Responses of Wheat to Irrigation Regimes
Water availability strongly influences the physiological functioning and growth dynamics of wheat plants. Irrigation regimes regulate several physiological processes including photosynthesis, stomatal conductance, transpiration, root development, and assimilate partitioning, which ultimately determine crop productivity. Wheat plants respond to variations in soil moisture through adjustments in morphological and physiological traits that help maintain metabolic activity and survival under water-limited conditions. According to Blum (2011), plant responses to water deficit involve complex physiological adjustments such as reduced leaf expansion, altered stomatal behavior, and modification of root growth patterns, which collectively influence crop performance under drought conditions. Understanding these physiological responses is essential for designing efficient irrigation strategies and for selecting wheat genotypes with improved adaptability to water-limited environments.

3.1 Effects on plant growth and development
Plant height
Plant height is an important indicator of vegetative growth and reflects the cumulative effects of environmental conditions and crop management practices. Irrigation regimes significantly influence plant height through their effects on cell division, elongation, and nutrient uptake. Adequate irrigation promotes vegetative growth by maintaining favorable soil moisture conditions that support metabolic activity and photosynthetic processes. In contrast, water deficit conditions reduce plant height due to restricted cell expansion and reduced turgor pressure within plant tissues.
Studies have shown that wheat grown under optimal irrigation conditions exhibits significantly greater plant height compared with water-stressed plants. For example, Kirnak et al. (2001) reported that reduced irrigation levels significantly decreased plant height and vegetative growth in wheat due to limited water availability and reduced physiological activity. Similarly, Araus et al. (2002) observed that drought stress during vegetative growth stages leads to shorter plants and reduced canopy development. Reduced plant height under water stress conditions is often associated with decreased internode elongation and limited leaf expansion, which ultimately reduces the plant’s capacity to intercept solar radiation.
Leaf area index
Leaf area index (LAI) is a key parameter describing canopy development and the photosynthetic capacity of crop plants. Irrigation regimes directly influence LAI by affecting leaf expansion, leaf longevity, and overall canopy architecture. Adequate irrigation promotes the development of larger leaves and greater canopy coverage, resulting in higher LAI values and increased interception of photosynthetically active radiation. Higher LAI is generally associated with improved photosynthetic activity and greater biomass production.
Conversely, water deficit conditions often lead to a decline in LAI due to reduced leaf expansion and accelerated senescence of older leaves. Royo et al. (2000) demonstrated that drought stress significantly reduced LAI in wheat by limiting leaf growth and increasing leaf senescence rates. Reduced canopy development under water stress conditions ultimately limits photosynthetic capacity and biomass accumulation. Therefore, maintaining adequate soil moisture during vegetative growth stages is essential for sustaining optimal canopy development and maximizing crop productivity.
Biomass accumulation
Biomass accumulation represents the total dry matter produced by the plant through photosynthesis and is an important determinant of crop productivity. Irrigation regimes strongly influence biomass production by regulating water availability for physiological processes such as photosynthesis, nutrient transport, and metabolic activity. Adequate irrigation generally results in higher biomass accumulation due to improved photosynthetic activity and efficient assimilate translocation.
Water deficit conditions often reduce biomass production due to decreased photosynthetic activity and limited leaf expansion. According to Fischer (2007), drought stress reduces dry matter accumulation in wheat primarily through reduced carbon assimilation and shortened growth duration. Similarly, Angus and van Herwaarden (2001) reported that biomass production in wheat is highly sensitive to soil moisture availability during vegetative growth stages. Reduced biomass accumulation under water stress conditions ultimately limits grain yield potential.

3.2 Photosynthesis and transpiration responses
Stomatal conductance
Stomatal conductance plays a critical role in regulating the exchange of gases between the plant and the atmosphere. Stomata control both the uptake of carbon dioxide required for photosynthesis and the loss of water through transpiration. Under adequate irrigation conditions, stomata remain open to facilitate efficient gas exchange and carbon assimilation. However, under water deficit conditions, stomatal closure occurs as an adaptive response to reduce water loss through transpiration.
Flexas et al. (2004) reported that drought stress significantly reduces stomatal conductance in many crop species, including wheat, leading to reduced photosynthetic activity. Reduced stomatal conductance limits the diffusion of carbon dioxide into the leaf, which subsequently decreases photosynthetic rates. Although stomatal closure helps conserve water, prolonged reductions in stomatal conductance can negatively affect plant growth and productivity.
Photosynthetic efficiency
Photosynthesis is the primary physiological process responsible for biomass production and yield formation in wheat. Irrigation regimes strongly influence photosynthetic efficiency by affecting leaf water status, stomatal behavior, and chlorophyll content. Adequate irrigation maintains optimal leaf hydration and supports efficient functioning of the photosynthetic machinery.
Under drought conditions, photosynthetic efficiency declines due to stomatal limitations as well as non-stomatal factors such as reduced enzyme activity and chlorophyll degradation. Lawlor and Cornic (2002) reported that drought stress decreases photosynthetic capacity in wheat by impairing electron transport and carbon fixation processes. Reduced photosynthesis ultimately leads to lower biomass production and grain yield.
Canopy temperature
Canopy temperature is an important physiological indicator of plant water status and stress tolerance. Under well-irrigated conditions, transpiration provides evaporative cooling that helps maintain lower canopy temperatures. In contrast, under water deficit conditions, reduced transpiration leads to increased canopy temperature due to decreased evaporative cooling.
Reynolds et al. (1994) demonstrated that wheat genotypes with lower canopy temperatures under drought conditions generally exhibit higher transpiration efficiency and better yield performance. Canopy temperature measurements are therefore widely used as a rapid phenotyping tool for identifying drought-tolerant wheat genotypes.
Irrigation regimes strongly influence stomatal conductance, photosynthesis, and canopy temperature in wheat, thereby affecting biomass production and yield under water-limited conditions (Fig. 2).
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Fig. 2: Effect of irrigation regimes on stomatal conductance, photosynthesis, and canopy temperature in wheat.

3.3 Root system architecture and water uptake
Root depth and density
The root system plays a crucial role in determining the capacity of wheat plants to access soil moisture and nutrients. Root depth and density influence the ability of plants to extract water from deeper soil layers during periods of water scarcity. Wheat genotypes often exhibit significant variation in root architecture, which affects their adaptation to drought conditions.
According to Lynch (2013), deeper and more extensive root systems enable plants to access water stored in deeper soil layers, thereby improving drought tolerance and water uptake efficiency. Under water deficit conditions, wheat plants often develop deeper roots as an adaptive response to declining soil moisture in the upper soil layers. This morphological plasticity enhances the plant’s ability to maintain water uptake during drought periods.
Water extraction patterns
Water extraction patterns describe how plant roots utilize soil water from different soil depths. Under well-irrigated conditions, wheat roots primarily extract water from the upper soil layers where moisture is readily available. However, under drought conditions, roots may shift water uptake to deeper soil layers to compensate for reduced surface moisture.
Research by Gregory et al. (2000) showed that wheat plants can extract significant amounts of water from deeper soil layers when surface moisture becomes limited. Understanding these patterns is important for optimizing irrigation scheduling and improving water use efficiency in wheat production systems.

3.4 Impact on yield components
Spike number
Spike number per unit area is one of the major yield components in wheat and is largely determined during the tillering stage. Adequate irrigation during vegetative growth promotes tiller formation and increases the number of productive spikes. Conversely, water deficit conditions often reduce tiller survival and decrease spike density.
Slafer et al. (2009) reported that water stress during early growth stages significantly reduces the number of fertile tillers and spikes, thereby decreasing potential grain yield.
Grain number per spike
Grain number per spike is primarily determined during the reproductive stage, particularly during flowering and early grain development. Water stress during this stage can disrupt pollination and fertilization processes, leading to reduced grain set.
According to Fischer (2011), grain number per spike is one of the most sensitive yield components to drought stress in wheat. Adequate irrigation during reproductive stages is therefore essential for maintaining high grain numbers and maximizing yield.
Thousand kernel weight
Thousand kernel weight (TKW) reflects the final size and weight of grains and is largely determined during the grain filling stage. Adequate irrigation during this stage ensures efficient translocation of assimilates to developing grains.
Water stress during grain filling shortens the duration of grain development and reduces carbohydrate accumulation in kernels. Consequently, reduced kernel weight under drought conditions contributes significantly to yield losses in wheat.
Irrigation regimes significantly influence physiological processes, plant growth, and yield formation in wheat. Under full irrigation conditions, higher photosynthetic activity and biomass accumulation result in improved grain yield, whereas severe water deficit leads to reduced canopy development and yield loss (Table 1).

Table 1. Physiological and yield responses of wheat to different irrigation regimes
	Irrigation regime
	Major physiological response
	Growth effect
	Yield response
	References

	Full irrigation
	High stomatal conductance and photosynthesis
	Increased plant height, LAI, and biomass
	Maximum grain yield and kernel weight
	Zhang et al., 2010; Hatfield & Dold, 2019

	Moderate deficit irrigation
	Improved root development and water use efficiency
	Slight reduction in vegetative growth
	Comparable yield with improved WUE
	Geerts & Raes, 2009

	Severe deficit irrigation
	Reduced stomatal conductance and photosynthesis
	Reduced LAI and biomass accumulation
	Significant reduction in grain yield
	Farooq et al., 2014

	Rainfed conditions
	Limited water availability and increased canopy temperature
	Reduced plant growth and root expansion
	Highly variable yield depending on rainfall
	Passioura, 2012



4. Genotypic Variation in Wheat under Different Irrigation Regimes
Genotypic variation plays a fundamental role in determining the adaptability and productivity of wheat under different irrigation regimes. Wheat genotypes differ significantly in their morphological, physiological, and biochemical responses to water availability, which ultimately influences crop growth, yield stability, and water use efficiency. The existence of substantial genetic variability within wheat germplasm provides opportunities for breeders to develop cultivars with improved drought tolerance and better performance under water-limited environments. According to Tuberosa and Salvi (2006), understanding genetic variation in traits related to water stress adaptation is essential for improving crop productivity under increasingly variable climatic conditions. Consequently, the evaluation of wheat genotypes under contrasting irrigation regimes has become an important approach for identifying drought-tolerant cultivars and improving the efficiency of breeding programs aimed at developing climate-resilient wheat varieties.

4.1 Genetic variability for drought tolerance
Genetic diversity in wheat germplasm
Genetic diversity within wheat germplasm is a critical resource for improving tolerance to abiotic stresses such as drought and heat. Modern wheat breeding programs rely heavily on the availability of diverse genetic materials that possess adaptive traits capable of enhancing crop performance under water-limited environments. Genetic variability among wheat genotypes influences several physiological and morphological characteristics including root architecture, stomatal regulation, osmotic adjustment, and leaf senescence patterns. These traits collectively contribute to drought tolerance and improved water use efficiency.
Research has demonstrated that wheat germplasm collections contain substantial variation in drought tolerance traits. For example, Cattivelli et al. (2008) reported significant genetic variation among wheat genotypes in their ability to maintain growth and yield under water deficit conditions. Similarly, Lopes et al. (2012) observed considerable differences among wheat genotypes in traits such as canopy temperature, biomass production, and grain yield under drought stress. The identification and utilization of such diverse genetic resources provide valuable opportunities for breeding programs aimed at improving drought tolerance in wheat.
Furthermore, advances in molecular breeding and genomics have facilitated the identification of quantitative trait loci (QTLs) associated with drought tolerance. According to Gupta et al. (2020), numerous QTLs controlling traits related to drought tolerance, including root characteristics and osmotic adjustment, have been identified in wheat. These discoveries have enhanced the ability of breeders to develop improved wheat varieties capable of performing well under limited irrigation conditions.

4.2 Genotypic differences in yield performance
High-yielding vs drought tolerant genotypes
Wheat genotypes differ widely in their yield performance under varying irrigation regimes. Some genotypes exhibit high yield potential under optimal irrigation conditions but perform poorly under water stress, while others maintain relatively stable yields under drought conditions due to adaptive physiological traits. This variation highlights the importance of evaluating wheat genotypes across different irrigation environments to identify varieties with superior adaptability.
High-yielding wheat cultivars typically exhibit greater biomass production, larger leaf area, and higher photosynthetic capacity under well-irrigated conditions. However, these genotypes may be more sensitive to drought stress because their growth and productivity rely heavily on adequate water availability. In contrast, drought-tolerant genotypes often possess adaptive traits such as deeper root systems, efficient stomatal regulation, and improved water use efficiency that enable them to maintain productivity under water-limited environments.
According to Blum (2014), drought-tolerant wheat genotypes often sacrifice maximum yield potential under optimal conditions in order to maintain stable performance under stress environments. Therefore, the challenge for plant breeders is to develop wheat varieties that combine high yield potential with improved drought tolerance. Multi-environment trials conducted under different irrigation regimes are commonly used to identify such genotypes.
Several studies have reported significant genotype × irrigation interactions for yield and related traits in wheat. For instance, Pinto et al. (2010) demonstrated that wheat genotypes varied widely in their grain yield response to irrigation levels, indicating the importance of selecting genotypes specifically adapted to water-limited environments.

4.3 Physiological and morphological traits associated with tolerance
Relative water content
Relative water content (RWC) is widely used as an indicator of plant water status and drought tolerance. It reflects the ability of plant tissues to retain water under stress conditions and maintain cellular hydration. Wheat genotypes that maintain higher RWC under water deficit conditions generally exhibit greater drought tolerance and improved physiological stability.
Studies have shown that drought-tolerant wheat genotypes often maintain higher leaf RWC compared with susceptible genotypes. According to Barrs and Weatherley (1962), RWC is closely associated with plant water balance and is considered a reliable indicator of drought tolerance in many crop species. Higher RWC enables plants to maintain turgor pressure, sustain metabolic activity, and continue photosynthesis under limited water availability.
Chlorophyll stability index
Chlorophyll stability index (CSI) is another important physiological parameter associated with drought tolerance in wheat. CSI measures the ability of chlorophyll pigments to remain stable under stress conditions, reflecting the resilience of the photosynthetic apparatus to environmental stress.
Drought stress often leads to chlorophyll degradation and reduced photosynthetic activity. However, tolerant genotypes tend to maintain higher chlorophyll stability under stress conditions. According to Sairam et al. (1997), wheat genotypes with higher CSI values exhibit greater tolerance to drought stress due to their ability to sustain photosynthetic activity under adverse environmental conditions.
Stay-green trait
The stay-green trait refers to the delayed senescence of leaves during the grain filling stage. Wheat genotypes exhibiting the stay-green phenotype maintain green leaf area for a longer period, allowing continued photosynthesis and assimilate production during grain development.
Christopher et al. (2008) reported that the stay-green trait is strongly associated with improved drought tolerance and higher grain yield under water-limited environments. Maintaining active photosynthetic tissues during grain filling allows plants to sustain carbohydrate supply to developing grains, thereby improving yield stability under stress conditions.
Several physiological and morphological traits contribute to drought tolerance and improved water use efficiency in wheat. Traits such as relative water content, stomatal conductance, root depth, and the stay-green phenotype play important roles in maintaining crop productivity under water-limited environments (Table 2).

Table 2. Physiological and morphological traits associated with drought tolerance and water use efficiency in wheat
	Trait
	Physiological role under water deficit
	Effect on wheat productivity
	References

	Relative water content (RWC)
	Maintains cellular hydration and turgor under drought stress
	Higher RWC allows sustained metabolic activity and photosynthesis
	Blum (2011)

	Stomatal conductance
	Regulates CO₂ diffusion and transpiration
	Optimal stomatal regulation improves photosynthesis and water conservation
	Flexas et al. (2004)

	Root depth and density
	Enhances water uptake from deeper soil layers
	Deeper roots improve drought tolerance and yield stability
	Lynch (2013)

	Leaf area index (LAI)
	Determines canopy light interception and transpiration
	Moderate LAI maintains photosynthesis while reducing water loss
	Royo et al. (2000)

	Chlorophyll stability index
	Indicates tolerance of photosynthetic apparatus under stress
	Higher CSI maintains photosynthesis under drought conditions
	Sairam et al. (1997)

	Stay-green trait
	Delayed leaf senescence during grain filling
	Extends photosynthetic duration and improves grain yield
	Christopher et al. (2008)



5. Genotype × Environment Interaction under Irrigation Conditions
Crop performance is influenced by both genetic factors and environmental conditions, and the interaction between these components often determines the stability and adaptability of crop genotypes. In wheat, variations in environmental factors such as water availability, temperature, soil characteristics, and agronomic management practices can significantly affect the expression of yield and related traits. This interaction between genotype and environment, commonly referred to as genotype × environment interaction (GEI), plays a crucial role in determining the performance of wheat cultivars under different irrigation regimes. Understanding GEI is therefore essential for identifying wheat genotypes that combine high productivity with stable performance across diverse environmental conditions. According to Cooper et al. (2014), GEI analysis helps plant breeders evaluate the adaptability of genotypes across environments and identify cultivars suitable for specific production systems. In wheat breeding programs, evaluating GEI under varying irrigation regimes provides valuable insights into genotype performance under both water-sufficient and water-limited conditions.

5.1 Concept of genotype × environment interaction (GEI)
Importance in wheat breeding
Genotype × environment interaction refers to the differential response of genotypes when grown under varying environmental conditions. In other words, the relative performance of different genotypes may change depending on the environment in which they are evaluated. For example, a wheat genotype that performs well under optimal irrigation may not necessarily exhibit the same level of productivity under drought or water-limited conditions. Such variations occur because environmental factors influence the expression of genetic traits responsible for growth, development, and yield formation.
The presence of GEI complicates the process of selecting superior genotypes because the ranking of genotypes may vary across environments. As a result, plant breeders must evaluate genotypes across multiple environments to identify varieties that exhibit both high yield potential and stability. According to Yan and Kang (2003), GEI analysis provides critical information for understanding genotype adaptability and for selecting cultivars suitable for either specific environments or broad adaptation.
In wheat breeding programs, GEI is particularly important when evaluating genotypes under different irrigation regimes. Water availability significantly influences physiological processes such as photosynthesis, transpiration, and nutrient uptake, which ultimately affect grain yield and yield components. Therefore, assessing genotype performance across contrasting irrigation conditions is essential for identifying wheat varieties that can maintain stable productivity under water-limited environments. The analysis of GEI also enables breeders to determine whether certain genotypes are specifically adapted to irrigated systems or to drought-prone environments.

5.2 Multi-environment trials in wheat
Evaluation across irrigation regimes
Multi-environment trials (METs) are widely used in crop breeding programs to evaluate the performance and stability of genotypes across diverse environmental conditions. These trials involve testing a set of genotypes in multiple locations, seasons, or management conditions in order to assess their adaptability and yield stability. In wheat research, METs are frequently conducted under contrasting irrigation regimes to determine the performance of genotypes under both optimal and water-limited environments.
The use of METs allows researchers to quantify the magnitude of genotype × environment interaction and to identify genotypes that exhibit stable performance across different environments. Statistical methods such as additive main effects and multiplicative interaction (AMMI) analysis and genotype plus genotype × environment (GGE) biplot analysis are commonly employed to interpret GEI patterns in MET data. According to Gauch (2013), AMMI analysis combines analysis of variance with principal component analysis to effectively separate genotype, environment, and interaction effects in multi-environment datasets.
Similarly, GGE biplot analysis provides a graphical representation of genotype performance and stability across environments, enabling researchers to identify high-yielding and stable genotypes. Yan et al. (2007) demonstrated that GGE biplot analysis is particularly useful for visualizing genotype performance across diverse environments and identifying genotypes with broad or specific adaptation.
In the context of irrigation studies, METs conducted under varying irrigation levels help determine the stability of wheat genotypes across water regimes. For example, evaluating wheat genotypes under full irrigation, deficit irrigation, and rainfed conditions can reveal differences in drought tolerance and water use efficiency among genotypes. Such information is essential for developing wheat cultivars capable of maintaining productivity under fluctuating water availability.


6. Water Use Efficiency in Wheat
Water use efficiency (WUE) is an important parameter in crop production systems, particularly in regions where water resources are limited. In wheat cultivation, efficient utilization of water plays a critical role in sustaining crop productivity under increasing water scarcity and climate variability. Wheat is grown extensively in both irrigated and rainfed systems, and its productivity is often constrained by insufficient soil moisture during key growth stages. Improving WUE has therefore become a major objective in modern wheat research and breeding programs. According to Hatfield and Dold (2019), enhancing water productivity in agricultural systems is essential for achieving sustainable crop production while conserving limited freshwater resources. WUE reflects the relationship between water consumption and crop productivity and provides a useful indicator for evaluating irrigation management practices and genotype performance under different water regimes.

6.1 Concept and measurement of WUE
Agronomic WUE
Agronomic water use efficiency generally refers to the amount of grain yield produced per unit of water used by the crop. It is typically expressed as the ratio of grain yield to total water input, which includes rainfall and irrigation water. Agronomic WUE provides a practical measure of crop productivity relative to water availability and is widely used in irrigation research and crop management studies.
Several factors influence agronomic WUE in wheat, including irrigation scheduling, soil moisture availability, crop genotype, and environmental conditions. According to Howell (2001), agronomic WUE can be improved through optimized irrigation practices that ensure adequate water supply during critical growth stages while minimizing unnecessary water losses. Improved irrigation management strategies such as deficit irrigation and precise irrigation scheduling have been shown to enhance agronomic WUE by reducing water consumption without significantly affecting yield.
Physiological WUE
Physiological water use efficiency refers to the ratio of carbon assimilation through photosynthesis to water loss through transpiration. It reflects the intrinsic efficiency of plant physiological processes in utilizing water to produce biomass. Physiological WUE is often measured at the leaf level and is influenced by factors such as stomatal conductance, photosynthetic capacity, and environmental conditions.
According to Farquhar and Richards (1984), physiological WUE is closely related to the ratio of internal carbon dioxide concentration to atmospheric carbon dioxide concentration in plant leaves. Genotypes with higher physiological WUE generally exhibit improved drought tolerance because they are able to maintain carbon assimilation while minimizing water loss. This trait is therefore an important target in breeding programs aimed at improving drought tolerance and water productivity in wheat.
Transpiration efficiency
Transpiration efficiency (TE) represents the amount of biomass produced per unit of water transpired by the plant. It is closely related to physiological WUE and reflects the efficiency with which plants convert water into biomass. Higher transpiration efficiency indicates that plants can produce more biomass while losing less water through transpiration.
Condon et al. (2002) reported that genetic variation in transpiration efficiency exists among wheat genotypes and that this trait can be used as a selection criterion for improving drought tolerance. Transpiration efficiency is influenced by several physiological processes including stomatal regulation, leaf anatomy, and carbon assimilation efficiency.

6.2 Influence of irrigation regimes on WUE
Full vs deficit irrigation
Irrigation management plays a significant role in determining water use efficiency in wheat production systems. Different irrigation regimes influence soil moisture availability, plant water status, and physiological processes, all of which affect crop productivity and water consumption. 
Under full irrigation conditions, soil moisture is maintained near field capacity, allowing optimal plant growth and maximum yield potential. However, full irrigation may not always maximize water use efficiency because excessive water application can lead to increased evaporation, deep percolation losses, and inefficient water utilization.
Deficit irrigation, on the other hand, involves supplying water below the crop’s full evapotranspiration requirement. This approach aims to optimize water productivity rather than maximizing yield per unit area. According to Geerts and Raes (2009), deficit irrigation strategies can significantly improve WUE by reducing water input while maintaining acceptable yield levels. Controlled water stress during less sensitive growth stages allows plants to utilize water more efficiently without severely affecting crop productivity. Several studies have demonstrated that moderate deficit irrigation can enhance WUE in wheat by improving root development and reducing non-productive water losses. However, excessive water deficit may lead to severe reductions in photosynthesis, biomass accumulation, and grain yield.
Several studies have demonstrated that moderate deficit irrigation can enhance WUE in wheat by improving root development and reducing non-productive water losses. Reported grain yield and water use efficiency values under different irrigation regimes across various studies are summarized in Table 3.

Table 3. Grain yield and water use efficiency of wheat under different irrigation regimes reported in previous studies
	Irrigation regime
	Grain yield
 (t ha⁻¹)
	Water use efficiency (kg ha⁻¹ mm⁻¹)
	Yield change (%)
	Study
	Reference

	Full irrigation (100% ETc)
	6.5–7.2
	12–14
	Maximum yield
	Winter wheat trials
	Zhang et al., 2010

	Moderate deficit irrigation (75–80% ETc)
	6.0–6.6
	15–18
	−5 to −10
	Global meta-analysis
	Fang et al., 2020

	Severe deficit irrigation (50–60% ETc)
	4.5–5.3
	14–16
	−20 to −30
	Semi-arid environments
	Geerts & Raes, 2009

	Supplemental irrigation
	5.2–6.0
	13–16
	+15–25 vs rainfed
	Mediterranean region
	Oweis & Hachum, 2006

	Rainfed wheat
	3.0–4.2
	8–10
	−35–50
	Dryland systems
	Passioura, 2012



6.3 Genotypic variation in WUE
High WUE genotypes
Genotypic variation in water use efficiency has been widely reported in wheat germplasm. Different wheat genotypes exhibit varying capacities to utilize water efficiently under both irrigated and drought conditions. These differences are often associated with variations in physiological traits such as stomatal conductance, leaf anatomy, root architecture, and carbon assimilation efficiency.
According to Richards et al. (2002), wheat genotypes with higher WUE typically possess adaptive traits such as deeper root systems, efficient stomatal regulation, and improved transpiration efficiency. These traits enable plants to maintain water uptake and carbon assimilation under limited water availability.
Breeding programs increasingly focus on identifying wheat genotypes with improved WUE in order to enhance crop productivity under water-limited environments. Genetic improvement of WUE can contribute significantly to sustainable wheat production in regions facing water scarcity. Furthermore, advances in molecular breeding and phenotyping techniques have facilitated the identification of genetic markers associated with WUE-related traits. These tools enable breeders to select wheat genotypes with improved water productivity more efficiently.

6.4 Relationship between WUE and grain yield
The relationship between water use efficiency and grain yield in wheat is complex and influenced by multiple physiological and environmental factors. In general, improving WUE can contribute to higher crop productivity under water-limited conditions. However, maximizing WUE does not always correspond to maximum yield because excessive water stress may reduce biomass accumulation and grain production.
Blum (2009) emphasized that the relationship between WUE and yield depends on the balance between water availability and plant growth processes. Under moderate water deficit conditions, improved WUE can help maintain yield by enabling plants to use water more efficiently. However, severe drought stress may reduce yield despite high WUE because limited water availability restricts plant growth and reproductive development. 
Effective irrigation management therefore aims to optimize both WUE and yield simultaneously. Integrating improved irrigation practices with the selection of high-WUE wheat genotypes can significantly enhance crop productivity while conserving water resources. Such strategies are particularly important in regions where water availability is limited and agricultural sustainability depends on efficient water management.


7. Agronomic Strategies to Improve Wheat Productivity under Limited Irrigation
Improving wheat productivity under limited irrigation conditions requires the adoption of efficient agronomic practices that enhance water use efficiency and optimize crop growth. Water scarcity has become a major constraint for wheat production in many parts of the world due to increasing competition for water resources, climate variability, and declining groundwater levels. In such conditions, agronomic strategies that improve soil moisture availability, reduce water losses, and enhance nutrient use efficiency play a crucial role in sustaining crop productivity. According to Rockström et al. (2010), improving water productivity in agriculture through better crop and soil management practices is essential for achieving sustainable food production in water-limited environments. Integrated agronomic approaches that combine efficient irrigation management, conservation agriculture, and soil moisture conservation techniques can significantly enhance wheat yield and resource use efficiency.

7.1 Integrated irrigation and nutrient management
Integrated irrigation and nutrient management is a key strategy for improving wheat productivity under limited water availability. Water and nutrient availability are closely interrelated because adequate soil moisture facilitates nutrient uptake and transport within the plant. Efficient management of both water and nutrients ensures optimal crop growth and improves resource use efficiency.
Nitrogen is one of the most important nutrients influencing wheat growth and yield formation. However, nitrogen uptake is strongly dependent on soil moisture availability. Under water-limited conditions, inadequate irrigation may restrict nitrogen uptake and reduce fertilizer efficiency. According to Raun and Johnson (1999), improving nitrogen use efficiency through balanced fertilization and proper irrigation scheduling can significantly enhance crop productivity.
Several studies have demonstrated that combining appropriate irrigation levels with balanced fertilizer application improves both water use efficiency and grain yield in wheat. For example, improved irrigation scheduling combined with optimized nitrogen application can enhance photosynthetic activity, biomass production, and grain formation. Such integrated management practices ensure that both water and nutrients are utilized efficiently, thereby improving crop productivity under limited irrigation conditions.

7.2 Conservation agriculture practices
Conservation agriculture (CA) has emerged as an effective strategy for improving soil health, conserving water resources, and enhancing crop productivity under water-limited environments. Conservation agriculture is based on three core principles: minimal soil disturbance, permanent soil cover, and diversified crop rotations. These practices help improve soil structure, increase soil organic matter content, and enhance soil water retention capacity.
According to Hobbs et al. (2008), conservation agriculture can significantly improve soil moisture availability and crop productivity by reducing soil evaporation and improving water infiltration. Zero tillage or reduced tillage systems minimize soil disturbance and help maintain soil structure, which enhances water retention and reduces runoff.
In wheat-based cropping systems, conservation agriculture practices such as zero tillage have been widely adopted in several regions, including the Indo-Gangetic Plains of South Asia. These practices have been shown to reduce production costs, improve soil health, and increase crop productivity under limited irrigation conditions. In addition, conservation agriculture helps mitigate the effects of climate variability by improving soil resilience and water conservation.

7.3 Soil moisture conservation techniques
Soil moisture conservation is essential for improving crop productivity in water-limited environments. Various agronomic practices can be used to reduce water losses from the soil and enhance the availability of moisture for plant uptake. These practices include contour farming, ridge and furrow systems, deep tillage, and the use of soil amendments that improve soil water-holding capacity.
According to Lal (2004), improving soil organic matter content is one of the most effective ways to enhance soil water retention and improve soil structure. Soils with higher organic matter content have greater water-holding capacity, which allows crops to access water during periods of limited rainfall or irrigation.
In addition, practices such as ridge and furrow planting systems can help conserve soil moisture by improving water infiltration and reducing surface runoff. These systems are particularly effective in semi-arid environments where rainfall is limited and water conservation is critical for crop production.
Furthermore, the use of soil conditioners and organic amendments can improve soil physical properties and enhance water retention capacity. Such practices contribute to improved soil moisture availability and support better crop growth under limited irrigation conditions.

7.4 Crop residue management and mulching
Crop residue management and mulching are widely recognized as effective strategies for conserving soil moisture and improving crop productivity. Mulching involves covering the soil surface with organic or inorganic materials to reduce evaporation losses and improve soil moisture retention.
According to Unger and Parker (1976), mulching reduces soil temperature fluctuations and decreases evaporation from the soil surface, thereby improving soil moisture availability for crops. Organic mulches such as straw, crop residues, and plant biomass are commonly used in agricultural systems because they also contribute to improved soil fertility and organic matter content.  In wheat-based cropping systems, retaining crop residues on the soil surface has been shown to significantly improve soil moisture conservation and crop yield. Residue mulching reduces soil evaporation, improves water infiltration, and suppresses weed growth, which collectively enhances crop productivity under water-limited conditions (Chouhan et al., 2023).

8. Conclusions
Wheat plays a vital role in global food security, yet its productivity is increasingly challenged by water scarcity and climate variability. This review highlights that irrigation regimes significantly influence wheat growth, physiological processes, yield components, and water use efficiency (WUE). Adequate irrigation during critical growth stages enhances plant development, photosynthesis, biomass accumulation, and grain yield. However, excessive water use is not sustainable in many wheat-growing regions. Strategies such as deficit irrigation and optimized irrigation scheduling can improve water productivity by balancing crop water demand with limited water resources. The review also emphasizes the importance of genotypic variation in determining wheat performance under different irrigation regimes. Wheat germplasm exhibits substantial variability in traits associated with drought tolerance, including root architecture, relative water content, chlorophyll stability, and stay-green characteristics. These traits enable certain genotypes to maintain physiological activity and yield stability under water-limited environments. Stability analysis and genotype × environment interaction studies further help identify wheat genotypes that combine high productivity with adaptability across diverse irrigation conditions. Water use efficiency emerges as a key parameter for sustainable wheat production. Integrating efficient irrigation management with improved agronomic practices such as conservation agriculture, residue management, and soil moisture conservation can significantly enhance WUE and crop productivity. Moreover, the development of wheat cultivars with improved drought tolerance and efficient water utilization should be a major focus of future breeding programs.
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Figure 1. Effect of irrigation regimes on stomatal conductance,

photosynthesis and canopy temperature in wheat
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Figure 1. Conceptual diagram illustrating the influence of irrigation regimes on

stomatal conductance, photosynthesis and canopy temperature.





