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Water-efficient agronomic strategies for drought-prone regions: A review

Abstract
Drought-prone agroecosystems are defined not only by low rainfall totals but also by high rainfall variability, elevated evaporative demand, and soils and landscapes that promote rapid runoff or unproductive evaporation. In such settings, “more water” is often less attainable than “better water use,” making agronomic strategies that increase the capture, storage, and productive transpiration of limited water central to climate-resilient food systems. This review synthesizes evidence on water-efficient agronomic strategies applicable to rainfed and supplemental-irrigation systems in drought-prone regions. Emphasis is placed on management pathways that shift water from non-productive losses to crop growth: conservation agriculture and residue retention; organic, plastic, and biodegradable mulches; soil physical improvement and amendments such as biochar; crop and cropping-system design including cultivar phenology matching, spatial configuration, and intercropping; and irrigation innovations such as deficit irrigation, partial root-zone techniques, and alternate wetting and drying in rice. The review highlights how agronomic interventions interact across soil–plant–atmosphere processes, why outcomes are context-dependent, and how integrated “stacked” practices can reduce risk while improving water productivity. Remaining knowledge gaps include scaling rules across soil types and drought regimes, the durability of benefits under multi-year drought, and the socio-economic constraints shaping adoption in smallholder and commercial systems.
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1. Introduction
Drought-prone regions are shaped not only by low seasonal rainfall totals but also by high inter- and intra-seasonal variability, frequent dry spells, and elevated atmospheric evaporative demand that can rapidly deplete soil moisture. In these environments, crop failure risk is often driven by the timing of water stress relative to sensitive growth stages rather than by annual precipitation alone. As a result, agronomic water efficiency cannot be treated as a single “water-saving” action; it is a systems outcome emerging from how rainfall and irrigation are captured, stored, and converted into biomass and harvestable yield. The classic framing of crop production under water limitation emphasizes that yield is strongly linked to transpiration and to how effectively plants translate transpired water into biomass and harvest index, while losses through soil evaporation, runoff, and deep drainage represent missed opportunities (Passioura, 2007).
A persistent challenge in drought-prone agriculture is that a large share of incoming precipitation never becomes productive transpiration. Water may be lost quickly from bare soil surfaces, diverted as runoff during high-intensity rainfall events, or stored in portions of the profile that roots cannot reach during critical periods. These losses are magnified in degraded soils with poor structure, surface crusting, low organic matter, or shallow rooting depth. Consequently, water-efficient agronomy is often best understood as deliberate re-partitioning: shifting water away from non-productive pathways and toward crop transpiration at the times when yield formation is most responsive (Passioura, 2007). This framing also helps reconcile an important practical point: improving water productivity does not always require increasing total water input. In many drought-prone systems, meaningful gains can come from improved rainfall-use efficiency—capturing more of what arrives and keeping it available longer in the root zone—rather than relying on expanded irrigation supplies that may be limited or increasingly contested.
The case for prioritizing water-efficient agronomic strategies has strengthened as climate variability intensifies and as competition for freshwater grows across agriculture, cities, and ecosystems. A widely cited perspective on rainfed agriculture argues that meeting food needs under water scarcity requires a “paradigm shift” toward managing rainfall more productively—enhancing infiltration, reducing soil evaporation, and strengthening within-season buffering—particularly in regions where irrigation expansion is constrained (Rockström et al., 2010). From this standpoint, drought-prone regions should be viewed as hydrologically “tight” systems where small improvements in infiltration, soil cover, and root-zone storage can have outsized benefits for yield stability because they reduce exposure to damaging stress during flowering and grain filling.
Where irrigation is present, it frequently functions as supplemental water rather than full supply, and its value depends strongly on timing. This makes irrigation strategy inseparable from agronomy: soil cover and soil physical condition determine how effectively applied water is retained; cultivar phenology and canopy development determine when water demand peaks; and scheduling determines whether scarce water is used to protect yield-critical stages. Deficit irrigation, in particular, has been developed as a purposeful approach to apply less than full crop water requirements while limiting yield penalties through stage-sensitive water allocation, thereby improving water productivity rather than maximizing yield per se (Fereres & Soriano, 2007). Yet even well-designed deficit programs can fail without reliable scheduling information and field-level capacity to implement decisions. Plant-based scheduling methods offer the appeal of responding directly to crop water status, but they also carry pitfalls: thresholds can be difficult to generalize across environments, and measurement can be operationally demanding, especially for farmers managing risk under highly variable conditions (Jones, 2004). These insights highlight why “water-efficient agronomy” must cover both the supply side (how water is delivered and conserved) and the demand side (how crops use water across development).
On the rainfed and soil-management side, conservation agriculture has been widely promoted as a pathway to drought resilience because residue cover and reduced disturbance can reduce evaporation, protect against crusting, and support soil structural stability that enhances infiltration. The broader sustainability rationale emphasizes that conservation agriculture is not merely a set of practices but an approach that can improve resource efficiency and resilience when adapted to local constraints and integrated with appropriate rotations (Hobbs et al., 2008). At the same time, large-scale evidence warns against assuming universal yield benefits; outcomes can vary across climates, soils, and management contexts, with performance shaped by residue availability, weed pressure, and the feasibility of maintaining soil cover (Pittelkow et al., 2015). For drought-prone regions, this variability is especially important because the very resource most needed for soil cover—crop residue—may be scarce or diverted to livestock feed and other competing uses, potentially weakening the effectiveness of conservation-oriented packages.
Mulching illustrates both the promise and complexity of field-scale water conservation. By directly reducing soil evaporation and moderating soil temperature, mulches can extend the availability of water into later growth stages and reduce the intensity of short dry spells, often improving yield stability even when seasonal rainfall is unchanged. Recent syntheses describe advances in mulching materials and methods and emphasize that mulches act through multiple mechanisms, including reduced radiation at the surface, decreased wind speed near the soil, and improved infiltration by limiting crust formation (Kader et al., 2017). Plastic mulches can provide strong evaporation suppression, but they raise disposal and environmental concerns that must be weighed against agronomic benefits; biodegradable options have been developed to address these issues, though performance and practicality can differ across environments (Kasirajan & Ngouajio, 2012). In drought-prone regions, mulch decisions are therefore not purely technical. They intersect with labor, cost, residue availability, and the broader sustainability implications of material choice.
Taken together, these perspectives suggest that water-efficient agronomic strategies for drought-prone regions should be evaluated through three linked questions. First, which water-loss pathways dominate locally—runoff, soil evaporation, deep drainage, or inefficient irrigation—and which management levers most directly address them (Passioura, 2007; Rockström et al., 2010)? Second, how do strategies perform under variability and risk, including the timing of stress and the likelihood of terminal drought? Third, what trade-offs or operational constraints shape adoption, including residue competition, weed management needs, scheduling complexity, and material sustainability (Hobbs et al., 2008; Pittelkow et al., 2015; Jones, 2004; Kasirajan & Ngouajio, 2012; Kader et al., 2017)? Answering these questions requires a review that emphasizes mechanisms and context dependence rather than treating any single practice as a universal solution.
1.1 Scope and objectives
This review synthesizes agronomic strategies that improve water productivity and drought resilience in drought-prone regions across rainfed and supplemental-irrigation systems. It focuses on field- and farm-level management pathways that increase effective rainfall capture, reduce non-productive water losses, enhance root-zone storage, and improve the timing and efficiency of irrigation where available. The objectives are to clarify underlying mechanisms, summarize evidence for major practice categories (including conservation-oriented soil management, mulching, and strategic irrigation), highlight trade-offs and sources of context dependence, and identify practical integration pathways for designing locally coherent water-efficient agronomic packages.

2. Methods for literature selection
A targeted literature search was conducted using Web of Science, Scopus, Google Scholar, and PubMed for the period January 2000 to December 2025. Search strings combined drought and water-efficiency terms with agronomic practices, using Boolean operators and truncations, including: “drought* AND water use efficiency,” “water productivity AND dryland*,” “deficit irrigation AND yield,” “partial root-zone AND irrigation,” “conservation agriculture AND soil water,” “mulch* AND evaporation,” “biochar AND water retention,” “intercropp* AND water,” “cover crop* AND soil water,” and “alternate wetting AND drying AND rice.” Inclusion criteria prioritized peer-reviewed research articles and quantitative syntheses (meta-analyses and systematic reviews) reporting outcomes relevant to water productivity, soil water dynamics, evapotranspiration components, or yield stability in water-limited settings. Exclusion criteria removed studies focused exclusively on controlled-environment physiology without agronomic management relevance, papers lacking sufficient methodological detail, and non-peer-reviewed sources. Reference lists of key syntheses were also screened to capture foundational studies and widely cited management frameworks. 

3. Conceptual foundations for water-efficient agronomy in drought-prone regions
Water-efficient agronomy in drought-prone regions is grounded in a simple but powerful idea: most yield is generated from the portion of available water that passes through plants as transpiration, while much of the water that enters a field can be lost through pathways that do not directly contribute to biomass or grain formation. This framing is central to dryland agronomy because it shifts attention from “how much rain fell” to “how much of that water became productive transpiration at the right time.” The classic conceptualization emphasizes that yield in water-limited environments depends on how effectively crops (i) acquire water, (ii) convert transpired water into biomass, and (iii) partition biomass into harvestable yield, while unproductive evaporation and other losses erode performance and stability (Passioura, 2007).
A practical implication is that water efficiency is rarely a single intervention. It is an emergent property of the soil–plant–atmosphere system and of management decisions that reshape the field water balance and the timing of crop water availability. In drought-prone regions, this timing dimension is often decisive because rainfall is episodic and stress events are stage-specific. Water deficits during establishment can restrict canopy development and rooting, reducing later capacity to exploit soil water; deficits at flowering or grain filling can sharply reduce yield even if total seasonal water use is not extremely low. Therefore, water-efficient agronomy must be understood as a strategy for managing risk and vulnerability to stress windows, not merely for increasing seasonal water capture.
3.1 Water balance thinking and the “productive fraction” of water
At the field scale, incoming water from rainfall or irrigation is partitioned into infiltration and runoff, and infiltrated water is then partitioned into soil storage, deep drainage, soil evaporation, and plant transpiration. In drought-prone regions, the “productive fraction” is the portion of available water that is stored in the root zone and later used as transpiration during yield-sensitive periods. Because soil evaporation often dominates early in the season when canopy cover is low, interventions that accelerate canopy closure or protect the soil surface can raise the productive fraction without increasing total water inputs. Similarly, practices that reduce runoff or crusting increase infiltration and storage, which can be especially valuable when rainfall comes in high-intensity events.
This conceptual framing clarifies why some practices can increase yield stability even when changes in seasonal evapotranspiration are modest. If management reduces early-season soil evaporation, more water remains available later, shifting the within-season pattern of water availability. In drought-prone environments, such a shift can be the difference between mild stress and severe stress during flowering, which often has disproportionately large yield consequences (Passioura, 2007). Thus, the core conceptual goal is not always to minimize total water use, but to improve how water is allocated over time between non-productive losses and productive transpiration.
3.2 Water productivity, drought type, and stage sensitivity
Water productivity concepts are most useful when linked to drought typologies. Intermittent drought involves repeated short stress events punctuating the season, while terminal drought intensifies toward the end of the season, commonly curtailing grain filling. These patterns matter because yield response to water deficit is not uniform across stages. The conceptual foundation, therefore, is a stage-aware perspective: agronomy should protect the stages where yield is most sensitive, while tolerating or strategically managing deficits when yield penalties are smaller.
This is precisely why deficit irrigation is not equivalent to “watering less.” It is a managed allocation strategy designed to maximize productivity per unit water by intentionally imposing deficits in less sensitive periods and prioritizing limited water for critical growth stages. The conceptual basis for this approach includes understanding crop-specific sensitivity, soil buffering capacity, and evaporative demand, because the same deficit can be mild in one environment and severe in another (Fereres & Soriano, 2007). When drought-prone regions rely on supplemental irrigation, deficit principles become a bridge between rainfed and irrigated thinking: the agronomic question becomes how to use limited irrigation to reduce the probability of catastrophic stress during sensitive stages rather than to fully meet seasonal water requirements.
3.3 Soil buffering capacity and the role of root-zone storage
A second conceptual pillar is buffering capacity: the ability of the soil–root system to store water from episodic rainfall or irrigation and make it available to the crop between events. In drought-prone regions, buffering capacity determines whether a short rainfall pulse is “spent” quickly through evaporation and drainage or “banked” as accessible soil water. Agronomic strategies that increase infiltration, reduce surface evaporation, and maintain root-zone structure effectively enlarge this buffer, smoothing water availability across time.
From this perspective, rooting depth and root distribution are not only plant traits but also management outcomes, shaped by soil physical condition, establishment success, and early-season water availability. A crop that develops deeper or more extensive roots can access water stored deeper in the profile, effectively expanding its “available reservoir,” but this benefit depends on whether water was captured and stored there in the first place. The conceptual interplay is thus two-way: soil management influences storage, while crop development influences access. In drought-prone regions, the water-efficient outcome is achieved when storage and access are jointly improved, and when the water accessed is aligned with yield-sensitive stages (Passioura, 2007).
3.4 Irrigation efficiency as an information and control problem
Where irrigation is possible, water-efficient agronomy depends not only on delivery hardware but also on scheduling—deciding when and how much to apply. Scheduling is fundamentally an information-and-control problem: decisions must translate weather variability, soil water dynamics, and crop stage into irrigation timing that avoids unnecessary evaporation and prevents yield-limiting stress. Plant-based scheduling approaches appear attractive because they respond directly to crop status, yet they can be difficult to implement reliably without calibration, robust thresholds, and practical measurement protocols. The conceptual pitfalls include the risk of confusing transient stress signals with sustained deficits, or applying thresholds developed for one environment to another with different evaporative demand or rooting behavior (Jones, 2004).
This reinforces a broader foundation for water-efficient agronomy in drought-prone regions: management must be robust under uncertainty. Deficit irrigation frameworks explicitly recognize uncertainty by focusing on preserving yield-critical stages while accepting controlled stress elsewhere (Fereres & Soriano, 2007). Scheduling approaches, in turn, must balance precision with practicality, because overly complex methods can fail operationally even if they are theoretically optimal (Jones, 2004). Ultimately, the conceptual aim is consistent: improve the productive fraction of water and reduce the probability of damaging stress during sensitive periods, using management strategies that fit local constraints and decision capacity.

4. Soil and surface management to increase infiltration, storage, and reduce evaporation
Soil and surface management strategies are foundational for water-efficient agronomy in drought-prone regions because they target the earliest and often largest “leakage points” in the field water balance: rainfall that fails to infiltrate, infiltrated water that is lost rapidly as soil evaporation, and stored water that becomes inaccessible due to poor structure or restricted rooting. In practical terms, these strategies aim to increase the effective rainfall fraction—water that enters and remains in the root zone long enough to be used as transpiration—while moderating soil microclimate and maintaining a soil physical environment that supports root growth. The conceptual framework linking these outcomes to yield is consistent with the idea that productivity under water limitation depends on both the amount of transpired water and the efficiency with which it is converted into harvestable yield, while non-productive evaporation and runoff reduce the productive fraction (Passioura, 2007).
Drought-prone regions are especially sensitive to soil-surface conditions because rainfall often arrives in short, high-intensity events that can generate runoff when infiltration capacity is limited. Surface crusting, low organic matter, and degraded aggregation can further reduce infiltration, making the first management priority the creation of a surface environment that slows overland flow and protects soil structure. At the same time, high evaporative demand means that moisture near the soil surface can be lost rapidly, particularly early in the season when canopy cover is limited. Consequently, soil and surface management practices have outsized importance in drought-prone systems: they not only increase how much water is stored, but also determine whether stored water remains available long enough to protect the crop during yield-sensitive stages.
4.1 Conservation agriculture as a water-conservation framework
Conservation agriculture is frequently presented as a practical framework to improve soil water dynamics through reduced soil disturbance, soil cover, and diversified rotations. Reduced disturbance can help maintain soil structure and macropores that enhance infiltration and reduce crusting, while surface cover can reduce raindrop impact and suppress evaporation by shading and reducing wind speed at the soil interface. In a broad sustainability framing, conservation agriculture has been argued to contribute to long-term resource efficiency and system resilience, including in water-limited environments where infiltration and soil cover are critical (Hobbs et al., 2008).
However, conservation agriculture is not a guaranteed solution, and its water benefits depend on whether the principles can be implemented fully and consistently. Large-scale evidence indicates that the productivity effects of conservation agriculture vary widely, shaped by climate, soil type, and management factors such as weed control and residue handling (Pittelkow et al., 2015). For drought-prone regions, this variability is not surprising: where residues are scarce or diverted to livestock feed, soil cover targets can be difficult to maintain, weakening evaporation suppression and infiltration protection. Similarly, reduced tillage can shift weed dynamics, and if weed pressure increases, the intended water savings can be offset by greater non-crop transpiration. These realities imply that conservation agriculture should be treated as an adaptable design space rather than a fixed recipe, with careful attention to residue availability, weed management capacity, and rotation choices that support both soil cover and farm livelihoods (Hobbs et al., 2008; Pittelkow et al., 2015).
A key conceptual extension is that conservation agriculture’s water benefits often emerge over time. Soil structure improvements, aggregation, and biological activity can gradually increase infiltration and water retention, but short-term outcomes may be mixed in the transition period. In drought-prone regions, where farmers are risk-sensitive, transitional yield penalties can be a major barrier even if long-term water benefits are plausible. Therefore, implementation pathways that reduce transition risk—such as partial residue retention, strategic tillage where needed, and rotation choices that stabilize residue supply—can be as important as the underlying principles.
4.2 Mulching to suppress evaporation and stabilize the soil microclimate
Mulching provides one of the most direct interventions for reducing soil evaporation, which is typically highest when the soil surface is exposed and temperatures and wind speeds are high. Beyond evaporation suppression, mulches can moderate soil temperature extremes, reduce crusting, and enhance infiltration by protecting soil aggregates from raindrop impact. These mechanisms have been synthesized in reviews emphasizing recent advances in mulching materials and methods, including how mulches reshape the soil environment to improve water availability for crops (Kader et al., 2017). In drought-prone regions, these effects can translate into improved establishment, more stable early-season growth, and a larger “carryover” of moisture into reproductive stages, which can be disproportionately important for yield outcomes under stress (Passioura, 2007; Kader et al., 2017).
Material choice strongly shapes benefits and trade-offs. Organic mulches are often locally available and can contribute to soil organic matter over time, but availability may be limited and competing uses can constrain application rates. Plastic mulches can provide strong evaporation suppression and can modify temperature regimes in ways that benefit early growth, but they raise environmental and end-of-life challenges. A comprehensive review of polyethylene and biodegradable mulches highlights both agronomic advantages and concerns related to persistence and disposal, motivating biodegradable alternatives while recognizing variability in performance and practicality across contexts (Kasirajan & Ngouajio, 2012). In drought-prone regions, where water scarcity can make yield gains particularly valuable, plastic or biodegradable mulches may be attractive for high-value crops, yet their sustainability and waste management requirements demand careful consideration (Kasirajan & Ngouajio, 2012).
Mulching effectiveness is also context-dependent. In coarse-textured soils with rapid infiltration but low water-holding capacity, mulches mainly reduce evaporative loss but may not create large increases in total stored water. In fine-textured soils prone to crusting and runoff, mulches can deliver a dual benefit by improving infiltration and reducing evaporation. These distinctions matter for designing water-efficient packages: mulching should be targeted where the dominant loss pathway is evaporation or infiltration limitation, and it should be paired with practices that address complementary constraints such as rooting depth or nutrient availability.
4.3 Biochar and amendments as tools to modify soil hydrology
Soil amendments can alter pore structure, aggregation, and water retention characteristics, influencing how much water is stored in the root zone and how available that water is during dry spells. Among amendments, biochar has been examined extensively for its potential to improve soil hydrological properties. A meta-analysis quantifying biochar effects reports that biochar can influence soil water retention and related hydraulic properties, though the magnitude and direction of effects can vary depending on feedstock, pyrolysis conditions, soil texture, and application rate (Omondi et al., 2016). A systematic review and meta-analysis focused on soil water retention similarly concludes that biochar can improve water retention in many cases, with particularly notable potential in coarse-textured soils where increases in plant-available water can enhance buffering against drought (Razzaghi et al., 2020).
Experimental work underscores that amendment type matters and that hydrological outcomes can include both benefits and risks. For example, biochar and hydrochar additions have been shown to affect water retention and water repellency in sandy soils, implying that not all carbonized materials behave similarly and that hydrophobicity can be a concern depending on material properties and soil conditions (Abel et al., 2013). In drought-prone regions, these findings point to a practical design principle: biochar should be treated as a targeted amendment whose performance depends on matching material properties to soil constraints, rather than as a universal soil-water remedy.
From a water-efficient agronomic perspective, biochar’s most defensible role is often as part of an integrated strategy. By itself, biochar may improve retention modestly, but when combined with surface-cover practices that reduce evaporation and with management that enhances infiltration, the overall buffering capacity can increase more meaningfully. Such integration aligns with the conceptual emphasis on increasing the productive fraction of water—capturing rainfall, storing it in the accessible root zone, and protecting it from rapid loss—so that it can be used as transpiration when yield is most sensitive (Passioura, 2007). Because biochar benefits may accrue over time and depend on local supply and cost, adoption decisions must balance expected water gains against practical feasibility and long-term soil management goals.

5. Cropping system design for drought adaptation and water productivity
Cropping system design is a central lever for improving water productivity in drought-prone regions because it reshapes when, where, and how crops demand water relative to the timing and depth distribution of water supply. Unlike single-practice interventions that target one component of the water balance, cropping system design integrates choices about crop species, cultivar phenology, spatial arrangement, temporal sequencing, and residue pathways, thereby influencing both the “demand side” of water use and the crop’s capacity to access stored water. Conceptually, these design choices affect the extent to which limited water becomes productive transpiration during yield-sensitive stages, consistent with the idea that yield under water limitation depends on how effectively crops acquire water, convert transpired water into biomass, and partition biomass into harvestable yield (Passioura, 2007). In drought-prone environments, cropping system design is therefore less about maximizing peak yield in favorable years and more about stabilizing production across variable seasons by managing exposure to stress windows and reducing the probability of catastrophic failure.
5.1 Phenology matching and functional trait alignment with drought regimes
A foundational principle in drought-prone regions is to match crop phenology to the dominant drought pattern. In terminal drought environments, earlier-maturing cultivars can reduce exposure to late-season stress by completing grain filling before soil moisture collapses, whereas in intermittent drought regimes, the goal may be to build buffering capacity and maintain flexibility to recover after short dry spells. This is not purely a breeding issue; agronomy shapes the realized value of phenological traits by influencing establishment timing, early vigor, and root development. The conceptual framing emphasizes that water efficiency is improved when transpiration is synchronized with periods of water availability and when stress is minimized during stages with the highest yield sensitivity (Passioura, 2007).
Cropping system decisions also interact with soil and surface management. For example, residue retention or mulching that reduces early-season soil evaporation can support more reliable canopy establishment, potentially enabling cultivars with slightly longer duration where late-season moisture is sometimes available. Conversely, if water capture is limited and evaporation losses are high, an earlier phenology strategy may be the more robust risk-management choice. This coupling underscores why cropping system design should be treated as co-design with soil water conservation rather than an independent decision made solely on variety yield potential.
5.2 Plant density, canopy architecture, and spatial arrangement as water-management tools
Plant population and spatial arrangement influence the partitioning of evapotranspiration between soil evaporation and plant transpiration, primarily through canopy development and shading. Faster canopy closure can reduce soil evaporation by decreasing radiation reaching the soil surface, but higher densities can intensify competition for limited soil moisture later in the season, especially in low-storage soils. In drought-prone systems, “optimal” density often shifts toward risk reduction: densities that moderate late-season depletion may outperform higher densities that maximize early biomass but lead to severe reproductive-stage stress.
Mulching and residue management can shift these density trade-offs by conserving surface moisture and moderating soil temperature. A synthesis of mulching approaches emphasizes that mulches modify the soil environment in ways that often improve moisture availability and stabilize early growth (Kader et al., 2017). In design terms, this implies that canopy management and soil cover can be coordinated: when soil evaporation is reduced through mulches or residue cover, slightly higher densities may be feasible without triggering catastrophic late-season depletion; when soils are bare and evaporative losses are high, lower densities may better preserve water for reproductive stages. While these interactions are site-specific, the key conceptual point is that plant arrangement is not merely a yield optimization parameter—it is also a lever that influences the productive fraction of water and the timing of stress (Passioura, 2007; Kader et al., 2017).
5.3 Intercropping for complementarity in water capture and use
Intercropping can improve water productivity when component crops differ in rooting depth, canopy structure, or phenology such that they exploit water resources more completely or reduce the intensity of direct competition. In water-limited environments, intercropping is often justified on the basis of complementarity: one crop may access deeper moisture while another uses shallow water; one may peak in demand earlier while the other peaks later; or canopy layering may improve microclimate and reduce evaporative losses from the soil. Empirical evidence from maize/pea systems shows that intercropping can provide both yield advantage and water saving under certain conditions, demonstrating that diversified spatial systems can outperform monocultures when designed to enhance complementarity (Mao et al., 2012).
However, intercropping outcomes are not automatically positive, particularly in drought-prone regions. If component crops overlap strongly in peak water demand and draw from the same soil layers, intercropping can accelerate depletion and intensify stress during sensitive stages. This is why design variables—row ratio, strip width, cultivar selection, and nutrient management—are critical. Work on maize/pea intercropping demonstrates that optimizing row ratio and reducing nitrogen fertilizer can enhance both water and nitrogen use efficiency, indicating that intercropping benefits depend on coordinated management of water and fertility rather than spatial configuration alone (Tan et al., 2021). From a conceptual standpoint, intercropping is best seen as a system that can either increase or decrease water productivity depending on whether it improves the alignment between resource capture and crop demand over time and depth.
Intercropping can also function as a risk-management strategy in drought-prone regions by diversifying production and reducing the probability that a single drought pattern eliminates the entire harvest. Even when total water use remains similar, intercropping may improve stability by ensuring that at least one component crop performs acceptably under a given stress pattern. In such cases, the value of intercropping should be assessed not only through mean yield or seasonal water productivity but also through variability metrics and downside risk, consistent with the broader drought-adaptation goal of stabilizing returns (Passioura, 2007; Mao et al., 2012; Tan et al., 2021).
5.4 Cover crops, fallows, and the water trade-off problem
Cover crops are frequently promoted for soil health and long-term sustainability benefits, but in drought-prone regions their water implications are a central design constraint. Cover crops can increase soil cover, reduce erosion, and improve soil structure, potentially enhancing infiltration and reducing evaporation from bare soil. A global synthesis highlights that cover crops contribute multiple ecosystem services, but it also implies that benefits are context-dependent and may involve trade-offs (Daryanto et al., 2018). In water-limited environments, the most direct trade-off is that cover crops transpire water while growing, which can reduce soil water available to the subsequent cash crop, particularly when rainfall is insufficient to recharge the profile after termination.
A meta-analysis specifically addressing soil water storage and subsequent crop performance shows that cover crops can reduce precipitation storage efficiency and profile soil water at planting in some contexts, while also indicating circumstances where cover crops may improve surface-layer storage and, in some cases, enhance the succeeding crop’s water-use efficiency through changes in evapotranspiration dynamics (Wang et al., 2021). These mixed results point to a design principle: the feasibility of cover crops in drought-prone regions depends on timing and termination strategies that minimize water costs while retaining soil-cover benefits. Early termination, low-biomass species, or opportunistic cover cropping during wetter windows may reduce the risk of depleting soil moisture needed for the main crop. Conversely, high-biomass cover crops that persist late into the season can be risky in dry years if they draw down soil water without sufficient replenishment.
Linking cover crop design to mulching concepts is useful. If cover crops are terminated early and residues are retained as surface mulch, the system may shift from transpiration losses during cover crop growth to evaporation savings during the main crop, potentially improving net water outcomes. Reviews of mulching mechanisms emphasize how surface residues can suppress soil evaporation and stabilize the soil environment (Kader et al., 2017). Therefore, a cover-crop strategy that effectively “converts” cover crop biomass into mulch at the right time may be more compatible with drought-prone conditions than a strategy that prioritizes prolonged cover crop growth. The key is that cover crops must be evaluated as part of a full seasonal water budget and drought-risk profile, rather than as universally beneficial soil-health inputs (Daryanto et al., 2018; Wang et al., 2021).
5.5 Cropping intensity and sequence: aligning water demand with rainfall opportunities
Cropping intensity decisions—whether to double-crop, rotate, include fallow phases, or maintain continuous cover—shape how rainfall is used across seasons and how much water is carried over in the soil profile. In some drought-prone regions, strategic fallow can allow soil water accumulation for the next crop, whereas in other regions, the evaporation losses from bare fallow can be large, undermining the intended storage gains. Here, the water-efficient choice depends on the balance between rainfall timing, soil water-holding capacity, and the ability to protect the soil surface. The underlying conceptual guidance remains that system design should increase the proportion of rainfall that becomes accessible water for transpiration during yield-sensitive stages (Passioura, 2007).
Cover crops and intercropping can be seen as alternatives to simple fallow or monocropping strategies, but each comes with water trade-offs that must be managed. The most robust designs in drought-prone regions tend to be those that either (i) use diversification to reduce risk without sharply increasing peak water demand, or (ii) enhance soil cover and infiltration while limiting additional transpiration before the main crop. Across these pathways, success is fundamentally about synchronizing crop water demand with rainfall opportunities and preserving soil water for stages where yield is most responsive.

6. Irrigation and supplemental-water strategies for drought-prone regions
In drought-prone regions, irrigation is often best understood as a risk-management input rather than a pathway to fully eliminate water limitation. Even in irrigated zones, water allocations can be unreliable, pumping costs can be high, and competing demands may restrict how much water can be applied. Consequently, the strategic objective is typically to convert limited irrigation into the largest possible reduction in yield risk, especially by preventing severe stress during the most drought-sensitive developmental stages. This goal aligns with the broader concept of water productivity: maximizing the agronomic return per unit water rather than maximizing yield at any water cost. In practice, irrigation and supplemental-water strategies must be designed around three constraints that are common in drought-prone regions: limited and variable supply, high evaporative demand, and operational limitations in scheduling and delivery.
6.1 Deficit irrigation: strategic allocation under scarcity
Deficit irrigation is a deliberate approach to apply water below full crop evapotranspiration requirements while aiming to minimize yield loss by placing deficits in stages where crops are relatively less sensitive to stress. The conceptual appeal is straightforward: if a small yield reduction allows a large reduction in water applied, then water productivity can improve and scarce water can be spread across a larger area or held for drought years. A foundational synthesis argues that deficit irrigation can be an effective strategy for reducing agricultural water use, but emphasizes that its success depends on understanding crop stage sensitivity and local climate demand, as well as managing the soil’s capacity to buffer short-term deficits (Fereres & Soriano, 2007).
In drought-prone regions, the practical value of deficit irrigation often lies in protecting flowering and early grain filling or equivalent yield-determining phases while allowing mild stress during vegetative stages. However, “mild” is context-dependent: the same irrigation reduction can be benign in a deep soil with good water storage and severe in a shallow or structurally degraded soil. Therefore, deficit irrigation is best implemented in combination with soil and surface management practices that reduce non-productive losses and improve root-zone storage, because such practices increase the system’s buffering capacity and make controlled deficits less risky. Deficit irrigation also benefits from aligning with cultivar phenology and planting dates that reduce exposure to terminal drought, thereby decreasing the magnitude of deficit that must be imposed to save water (Fereres & Soriano, 2007).
6.2 Partial root-zone approaches and regulated stress strategies
Partial root-zone irrigation strategies attempt to conserve water not merely by reducing total applied water, but by changing where water is applied so that part of the root system experiences drying while another part remains sufficiently wet for water uptake. This configuration is intended to trigger physiological signaling that reduces stomatal conductance and transpiration while sustaining growth, thereby improving water-use efficiency under regulated stress. A key synthesis describes the physiological consequences of controlled alternate partial root-zone irrigation and highlights its potential to increase water-use efficiency, while also underscoring that outcomes depend on how alternation is managed and how plants respond to the imposed wet–dry cycles (Kang & Zhang, 2004).
For drought-prone regions, partial root-zone methods are most feasible where irrigation delivery systems can control spatial wetting patterns, such as drip irrigation or alternate-furrow approaches. The main conceptual requirement is maintaining a balance: the dry portion of the root zone must be dry enough to induce signaling, but not so dry that whole-plant stress becomes severe; meanwhile, the wetted zone must supply adequate water for continued uptake. Soil texture and rooting patterns strongly influence this balance. In coarse soils, water redistribution is rapid and the contrast between wet and dry zones may be difficult to maintain; in finer soils, alternation may be more controllable but risks of oxygen limitation or uneven wetting can arise depending on the method. Because of these sensitivities, partial root-zone approaches should be implemented as regulated stress strategies with careful attention to timing and alternation frequency rather than as simple “less water” prescriptions (Kang & Zhang, 2004).
6.3 Scheduling and decision frameworks under variable supply
Scheduling is the decision layer that determines whether irrigation strategies actually produce water productivity gains. In drought-prone environments, scheduling has to cope with rapid swings in evaporative demand, uncertain rainfall events, and the high cost of missing a critical window. Plant-based scheduling has the advantage of reflecting crop water status directly, yet classic evaluations emphasize its pitfalls: plant indicators can be difficult to measure routinely, thresholds can be cultivar- and environment-specific, and responses can be confounded by transient atmospheric conditions that do not necessarily reflect sustained soil-water deficit (Jones, 2004). These limitations matter in drought-prone regions because they can lead to either delayed irrigations that allow severe stress or overly frequent irrigations that waste water through unnecessary evaporation or percolation.
The practical implication is that scheduling must balance accuracy and usability. Many drought-prone regions require decision approaches that are robust and implementable with limited instrumentation. Even when sophisticated plant-based methods are available, they often perform best when combined with simpler soil-water or weather-based information and with clear stage-based priorities consistent with deficit principles. This emphasis on operational robustness is not merely a management convenience; it is a core part of achieving water efficiency because a theoretically optimal strategy that cannot be executed reliably will fail to deliver stable outcomes (Jones, 2004; Fereres & Soriano, 2007).
6.4 Alternate wetting and drying in rice: water savings with yield protection
Rice systems are a special case in drought-prone regions because traditional continuous flooding is highly water intensive, yet rice often remains essential for food security and livelihoods. Alternate wetting and drying (AWD) has gained prominence as a water-saving approach that periodically allows the soil to dry between irrigations while attempting to avoid damaging stress. Meta-analytic evidence shows that AWD can reduce water use while maintaining yields under many conditions, though outcomes depend on how aggressively drying is imposed and on local soils and management (Carrijo et al., 2017).
In drought-prone regions, AWD’s conceptual advantage is that it provides a structured way to stretch limited supplies and to cope with intermittent delivery or pumping constraints, while still protecting yield by preventing excessive drying at sensitive stages. However, AWD requires monitoring—often through field water level indicators—to ensure that drying does not exceed safe thresholds. Without such monitoring, AWD can unintentionally become severe deficit irrigation, with yield penalties that negate water productivity gains. Therefore, AWD should be viewed as an irrigation scheduling regime as much as a water-saving technique, and its success depends on matching drying cycles to soil type, evaporative demand, and crop stage (Carrijo et al., 2017).
6.5 Integrating supplemental irrigation with agronomy for resilience
A key theme across deficit irrigation, partial root-zone approaches, plant-based scheduling, and AWD is that irrigation efficiency in drought-prone regions cannot be separated from field agronomy. The same irrigation volume can perform very differently depending on whether soil evaporation is suppressed, infiltration is adequate, and roots can access stored water. Thus, irrigation strategies should be integrated with soil-cover and structure-enhancing practices that increase the residence time of applied water in the root zone, thereby improving the effectiveness of each unit applied. Likewise, cropping system design—especially phenology alignment—can reduce the amount of irrigation needed to prevent yield loss by reducing exposure to terminal drought and narrowing the window where water is absolutely critical.
Ultimately, irrigation and supplemental-water strategies in drought-prone regions are most effective when they are framed as targeted interventions to stabilize yield rather than as attempts to eliminate water limitation altogether. The strongest evidence supports approaches that explicitly manage scarcity—deficit irrigation and AWD—while recognizing that success depends on reliable scheduling and an understanding of crop stage sensitivity (Fereres & Soriano, 2007; Jones, 2004; Carrijo et al., 2017). Partial root-zone strategies add an additional physiological pathway for water saving, but their feasibility and reliability depend on delivery control and careful management of wet–dry alternation (Kang & Zhang, 2004). When embedded within a broader water-efficient agronomic system, these strategies can convert limited irrigation into meaningful resilience gains in drought-prone agriculture.

7. Integrating soil, crop, and water interventions: why context matters
Water-efficient agronomy in drought-prone regions rarely emerges from a single “best” practice. Instead, it is typically achieved through combinations of soil, crop, and water interventions whose effects interact through the soil–plant–atmosphere system. Integration is essential because drought risk is multi-causal: rainfall may be insufficient or poorly timed, soils may lose water rapidly through evaporation or runoff, crops may be mismatched to drought patterns, and irrigation—when available—may be too limited or too poorly scheduled to protect sensitive stages. A systems view therefore treats water productivity as an emergent outcome of how multiple management choices reshape the field water balance and, critically, the timing of water availability relative to yield formation (Passioura, 2007). This section explains why “context matters” by focusing on interaction effects, trade-offs, and constraints that determine whether integrated packages deliver stable benefits.
7.1 Why stacking practices can be more powerful than single interventions
The logic of stacking practices is that different interventions target different loss pathways, so their combined effect can be greater than the effect of any individual practice. Soil-cover strategies such as mulching and residue retention primarily reduce non-productive soil evaporation and moderate soil temperature regimes, thereby extending moisture availability into reproductive stages. Conservation agriculture frameworks can enhance infiltration and reduce crusting and runoff, improving effective rainfall capture and sustaining soil structure that supports deeper rooting (Hobbs et al., 2008). Irrigation strategies such as deficit irrigation and regulated alternate wetting and drying (AWD) can then use limited applied water more strategically, concentrating irrigation on stages where yield sensitivity is highest rather than attempting to meet full seasonal demand (Fereres & Soriano, 2007; Carrijo et al., 2017). When combined, these approaches can increase the buffering capacity of the system: conserved early-season moisture and improved infiltration reduce the severity of mid-season stress, and targeted irrigation reduces the probability of catastrophic stress during flowering or grain filling.
However, stacked packages are not automatically additive. Interaction effects can be positive, neutral, or negative. For example, conservation agriculture practices may improve water capture over time, but if residue cover is insufficient or weed pressure rises, the intended water benefits may be offset by increased non-crop transpiration or operational difficulties. Large-scale evidence indicates that the productivity outcomes of conservation agriculture principles are highly variable across environments, reinforcing that benefits depend on context and implementation quality rather than on the label “conservation agriculture” itself (Pittelkow et al., 2015). Thus, the practical value of stacking is greatest when each component addresses a clearly diagnosed local constraint and when management capacity is sufficient to maintain performance across seasons.
7.2 Soil context: texture, structure, and baseline organic matter as determinants of response
Soil properties strongly condition the performance of water-efficient interventions. In coarse-textured soils, infiltration is often adequate but plant-available water storage is limited, so strategies that increase retention and reduce evaporation can be especially important. Biochar has been studied as a potential tool to modify soil hydrological properties; meta-analytic evidence suggests that biochar can affect water retention and related hydraulic characteristics, though outcomes vary with biochar type and soil conditions (Omondi et al., 2016). A systematic review and meta-analysis further indicates that biochar can improve soil water retention in many cases, with stronger potential in coarse soils, while still highlighting substantial heterogeneity in effect size (Razzaghi et al., 2020). Experimental work adds nuance by showing that biochar and hydrochar can also influence water repellency in sandy soils, implying that amendment choice and quality control matter in drought-prone settings where reliable water capture is essential (Abel et al., 2013).
In fine-textured soils prone to crusting and runoff, the dominant constraint may be infiltration rather than storage. Here, surface protection through residue cover and mulching can reduce crust formation and improve infiltration, while also suppressing evaporation. Reviews emphasize that mulches modify the soil environment through multiple mechanisms, including reducing radiation and wind at the surface and improving infiltration by limiting raindrop impact (Kader et al., 2017). Yet even mulching is context-dependent: in regions where residues are scarce or have competing uses, the feasible mulch rate may be too low to deliver consistent water benefits. This is precisely why context must be treated as a first-order determinant rather than a secondary consideration.
7.3 Crop context: phenology, system design, and water-demand timing
Cropping system design shapes the “demand curve” for water—when crops need water and how quickly they deplete soil reserves. Intercropping can improve water productivity when component crops are complementary in rooting depth, canopy structure, or phenology, thereby capturing resources more effectively than monocultures. Evidence from maize/pea intercropping demonstrates yield advantage and water saving under certain configurations, suggesting that spatial diversification can improve performance in water-limited systems (Mao et al., 2012). Yet intercropping can also increase competition for limited soil moisture if peak demands overlap, making design and management critical. More recent work shows that optimizing row ratios and reducing nitrogen fertilizer can enhance both water and nitrogen use efficiency in maize/pea intercropping, reinforcing that water outcomes are sensitive to how cropping geometry and fertility management shape competition and complementarity (Tan et al., 2021).
Cover crops illustrate an even sharper context-dependence because they can simultaneously provide soil benefits and consume water. A synthesis of cover crop ecosystem services indicates broad sustainability potential but implies that outcomes vary and trade-offs can occur (Daryanto et al., 2018). A meta-analysis focused on water outcomes finds that cover crops can reduce precipitation storage efficiency and soil water at planting in some cases, while also documenting situations where cover crops may improve water-use efficiency of succeeding crops through changes in evapotranspiration dynamics (Wang et al., 2021). These mixed outcomes mean that cover crops in drought-prone regions should be managed as a timing problem: termination date, biomass targets, and residue handling determine whether cover crops reduce or enhance water availability for the main crop.
7.4 Irrigation context: infrastructure, scheduling capacity, and risk of mis-timed water
Where irrigation is available, the same volumetric water allocation can have very different value depending on delivery reliability and scheduling capacity. Deficit irrigation requires the ability to place water strategically, and its success depends on understanding crop stage sensitivity and soil buffering—otherwise, deficits may fall on sensitive stages and cause disproportionate yield loss (Fereres & Soriano, 2007). Similarly, AWD in rice systems can save water and maintain yields on average, but it requires monitoring to prevent excessive drying that would convert AWD into harmful stress (Carrijo et al., 2017). Operational realities therefore shape whether technically sound strategies deliver real outcomes.
Environmental context also affects the feasibility of certain techniques. For example, plastic mulches can conserve water but introduce disposal and environmental concerns, motivating biodegradable options while acknowledging that practical performance can vary by setting (Kasirajan & Ngouajio, 2012). In drought-prone regions where governance and waste management capacity may be limited, these constraints can be decisive in determining whether mulch-based strategies are sustainable at scale.
7.5 Practical implication: diagnosing constraints and designing locally coherent packages
The integration lesson is that effective drought adaptation requires diagnosing the dominant local constraints and selecting a coherent set of interventions that address them without creating new bottlenecks. Where runoff and crusting are dominant, surface protection and infiltration improvement should be prioritized; where evaporation dominates, mulching and canopy management may yield the greatest gains (Kader et al., 2017). Where root-zone storage is the limiting factor, targeted amendments such as biochar may contribute, but only when matched to soil texture and quality and when risks such as water repellency are considered (Abel et al., 2013; Omondi et al., 2016; Razzaghi et al., 2020). Cropping system choices—intercropping design and cover crop termination—must then be aligned so that water demand does not peak when water is least available (Mao et al., 2012; Tan et al., 2021; Wang et al., 2021; Daryanto et al., 2018). Finally, irrigation—if present—should be used strategically to reduce yield risk, not simply to increase total water use (Fereres & Soriano, 2007; Carrijo et al., 2017).
In sum, context matters because the same practice can act on different constraints—or fail to act on the dominant constraint—depending on soil, climate, cropping system, and operational capacity. Water-efficient agronomy in drought-prone regions is therefore best approached as integrated design: stacking practices that target distinct loss pathways, while explicitly managing trade-offs and ensuring feasibility under real-world constraints (Passioura, 2007; Pittelkow et al., 2015).

8. Toward design principles for drought-prone agronomy
Design principles translate the diverse “menu” of water-efficient practices into locally coherent strategies that can be implemented under real climatic, soil, and operational constraints. In drought-prone regions, design must be explicitly risk-oriented: the goal is not simply to raise average yield, but to increase the probability of acceptable yield under variable rainfall and high evaporative demand. Conceptually, this involves improving the productive fraction of water—maximizing the share of rainfall or irrigation that becomes transpiration during yield-sensitive stages—while reducing non-productive losses through runoff, soil evaporation, and poorly timed irrigation (Passioura, 2007). The design challenge is therefore a problem of diagnosis and integration: identifying the dominant local loss pathways and selecting practice combinations whose mechanisms are complementary rather than redundant or conflicting.
8.1 Diagnose dominant water-loss pathways before selecting interventions
A first design principle is to diagnose which water-loss pathways dominate the local system. In some drought-prone landscapes, rainfall arrives in intense bursts and substantial water is lost as runoff due to crusting or low infiltration; in others, infiltration is adequate but high evaporative demand causes rapid surface drying and large soil evaporation losses early in the season. Still other systems are constrained by low water-holding capacity or shallow rooting depth, limiting the soil’s buffering capacity between rainfall events. The broader argument for rainfed systems emphasizes that meeting food needs under water scarcity requires managing rainfall more productively through improved capture and storage rather than relying on additional water withdrawals, reinforcing the importance of identifying where rainfall is “lost” in the system (Rockström et al., 2010).
Once dominant pathways are identified, intervention selection becomes more disciplined. Where runoff and crusting dominate, surface protection and structural stability that support infiltration are central. Where evaporation dominates, mulching and residue retention become high-leverage options because they suppress non-productive soil evaporation and stabilize soil microclimate (Kader et al., 2017). Where limited storage dominates, strategies that improve water retention or enhance rooting access to stored water are more relevant, though they must be considered carefully in terms of effectiveness and feasibility (Passioura, 2007). This diagnostic orientation helps avoid the common pitfall of adopting “popular” practices that do not address the primary local constraint.
8.2 Prioritize practices that increase buffering capacity and protect sensitive stages
A second principle is to increase buffering capacity: the ability of the soil–root system to store water from episodic rainfall or irrigation and make it available during dry spells. Buffering capacity is particularly valuable because drought damage often occurs when moisture deficits coincide with sensitive developmental stages. The conceptual yield framework emphasizes that yield outcomes are shaped by how water is acquired and used over time, making stage protection a central aim of drought-prone design (Passioura, 2007).
Mulching is often a buffering strategy because it reduces early-season evaporation and can extend moisture availability into reproductive periods, especially where bare-soil evaporation would otherwise dominate (Kader et al., 2017). Conservation agriculture, when effectively implemented, can contribute by stabilizing structure and increasing infiltration, thereby raising the fraction of rainfall that becomes stored soil moisture (Hobbs et al., 2008). Yet the variability in conservation agriculture performance across environments is a reminder that buffering gains depend on feasibility—particularly residue availability and weed management—and on the time needed for soil structural benefits to emerge (Pittelkow et al., 2015). Thus, a robust design principle is to select buffering practices that match local resource constraints and to plan transition pathways that reduce short-term risk.
8.3 Use irrigation as a strategic, stage-focused risk-management tool
Where irrigation is available but limited, a third principle is to use it strategically rather than attempting to meet full seasonal demand. Deficit irrigation is explicitly designed for such conditions: it seeks to reduce water application while minimizing yield loss by prioritizing irrigations at the stages where yield is most sensitive to stress (Fereres & Soriano, 2007). This stage-focused approach aligns well with drought-prone design because it turns scarce irrigation into a tool for preventing catastrophic stress rather than simply increasing total evapotranspiration.
However, strategic irrigation depends on scheduling capacity. Classic assessments of plant-based irrigation scheduling highlight both advantages and pitfalls, underscoring that reliable implementation requires robust indicators and environment-appropriate thresholds (Jones, 2004). In design terms, this implies that irrigation strategies must be matched to the information and operational constraints of the farming system. A theoretically optimal deficit or plant-based strategy may underperform if irrigation delivery is unreliable or if monitoring cannot be maintained. Therefore, drought-prone design should emphasize robust, implementable scheduling approaches that protect critical stages and minimize avoidable losses (Fereres & Soriano, 2007; Jones, 2004).
8.4 Design for feasibility, adoption, and environmental sustainability
A fourth principle is feasibility: practices must be workable under local labor, equipment, residue, and institutional conditions. Plastic and biodegradable mulches illustrate feasibility constraints and sustainability trade-offs. While mulches can deliver strong evaporation suppression and microclimate moderation, polyethylene mulches introduce disposal and environmental concerns, motivating biodegradable alternatives whose suitability varies by context (Kasirajan & Ngouajio, 2012). In drought-prone regions, where resources for waste management may be limited, material choice becomes part of the design principle rather than an afterthought.
Similarly, conservation agriculture adoption depends on the ability to maintain soil cover and manage weeds. The sustainability framing emphasizes potential benefits, but evidence of variable yield outcomes underscores that adoption pathways must be tailored and supported by appropriate complementary practices (Hobbs et al., 2008; Pittelkow et al., 2015). A practical design rule, therefore, is to avoid “one-size-fits-all” prescriptions and instead develop stepwise implementation options that align with local constraints—partial residue retention, targeted tillage, or rotation adjustments that improve residue supply—while maintaining the core goal of improving the productive fraction of water.
8.5 Evaluate designs using stability and risk metrics, not only mean yield
A final principle concerns evaluation. Because drought-prone regions are dominated by variability and downside risk, designs should be assessed on yield stability, probability of failure, and resilience across dry years—not solely on mean yield in average years. The conceptual drought framework emphasizes that agronomic success in dry environments depends on managing the drought environment and its timing effects, which implies that stability metrics are essential for judging whether an intervention truly improves drought adaptation (Passioura, 2007).
In practical terms, this means that integrated packages should be tested under a range of rainfall patterns and management conditions, with attention to whether benefits persist under severe or multi-stage drought. It also means that water productivity should be interpreted carefully: an intervention that increases water productivity by reducing total water use may still be unacceptable if it increases the probability of crop failure. Conversely, an intervention that slightly lowers water productivity in wet years may be valuable if it dramatically reduces the likelihood of very low yields in dry years. Designing for drought-prone agronomy is therefore a balancing act between efficiency and resilience, guided by diagnosis, buffering, strategic stage protection, feasibility, and risk-based evaluation (Rockström et al., 2010; Fereres & Soriano, 2007; Jones, 2004; Kader et al., 2017; Hobbs et al., 2008; Pittelkow et al., 2015; Kasirajan & Ngouajio, 2012; Passioura, 2007).

9. Future research directions
Despite substantial progress, key research gaps remain. First, predictive rules for when mulching, reduced tillage, and biochar will deliver meaningful water productivity gains are still incomplete, particularly across diverse soil textures and rainfall regimes (Omondi et al., 2016; Razzaghi et al., 2020). Second, there is a need to better quantify how integrated practice packages alter the partitioning of evapotranspiration and the timing of stress exposure, especially under increasing evaporative demand. Third, more work is needed on the socio-economic and institutional dimensions of water-efficient irrigation, including how scheduling tools and deficit strategies can be implemented where measurement and delivery control are limited (Fereres & Soriano, 2007; Jones, 2004). Fourth, scaling research should better link plot-scale hydrological outcomes to farm- and watershed-scale impacts, recognizing that water “saved” at plot scale may not translate into basin-scale savings if return flows are reduced or reallocated. Finally, long-term, multi-site experiments and coordinated syntheses should prioritize drought-risk metrics and stability outcomes alongside mean yield responses, reflecting farmer decision contexts in drought-prone regions.

10. Conclusions
Water-efficient agronomy in drought-prone regions is fundamentally about re-partitioning scarce water toward productive transpiration and aligning water availability with yield-sensitive growth stages. Evidence indicates that major opportunity areas include soil-cover strategies that reduce evaporation and improve infiltration, conservation agriculture approaches that stabilize soil structure and water capture when locally adapted, mulching methods that suppress non-productive losses, soil amendments such as biochar that can enhance plant-available water in some contexts, and cropping-system redesign through intercropping and carefully managed cover crops. Where irrigation is available but limited, deficit irrigation, partial root-zone techniques, and alternate wetting and drying offer pathways to extend scarce supplies while maintaining acceptable yields, provided that scheduling and monitoring are adequate. Across these strategies, the most robust outcomes tend to arise from integrated practice packages tailored to local drought regimes, soil constraints, and operational feasibility. Future progress will depend on strengthening context-specific design rules, improving risk-focused evaluation, and building enabling conditions that make water-efficient strategies practical and adoptable at scale.

11. Limitations
This review prioritizes agronomic practices with strong quantitative support and clear relevance to drought-prone farming systems, but it does not exhaustively cover all drought adaptation options, particularly those focused primarily on molecular breeding or controlled-environment interventions that may not translate directly into farm-scale management. Additionally, while the review emphasizes mechanistic pathways and synthesis evidence, the performance of many practices remains highly context-dependent, and local trials are often necessary to confirm suitability. Finally, adoption constraints vary widely across regions, and the review cannot fully represent the diversity of socio-economic conditions, policy environments, and infrastructure limitations that influence real-world implementation.
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