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Deficit irrigation and root zone soil thermal regimes in water limited agriculture: a review



Abstract
Soil thermal properties strongly influence root-zone temperature and crop performance under deficit irrigation, but are rarely considered in irrigation design for water-scarce regions. This systematic review synthesizes studies (2020 onwards) on how deficit irrigation and water-saving practices modify soil thermal properties and coupled soil water–heat dynamics in irrigated agroecosystems. Eligible field and modelling studies on irrigated crops in arid and semi-arid regions were identified in major databases using predefined search terms for deficit irrigation, soil temperature, and soil thermal properties, and were screened using explicit inclusion criteria. The evidence shows that deficit irrigation typically lowers soil moisture, reduces thermal conductivity and heat capacity, and increases diurnal soil temperature ranges, with effects shaped by soil texture, irrigation method, and emitter placement. Localized and subsurface irrigation, mulches, organic amendments, and pre-season irrigation can create deeper, moist, thermally buffered root zones that sustain water productivity under moderate deficits, especially when combined with coupled water–heat modelling and thermal sensing for scheduling. These findings highlight the need to explicitly incorporate root-zone hydro-thermal behavior into deficit irrigation design for water-scarce regions.​
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1. Introduction
Global freshwater scarcity has become one of the most significant constraints on sustainable food production. Agriculture remains the largest consumer of freshwater and is a dominant driver of blue water scarcity across many basins worldwide (Rosa et al., 2020; Mekonnen and Gerbens-Leenes, 2020). Recent assessments show that about half of this century’s expansion of irrigated land has occurred in regions that were already water stressed, which has deepened competition for limited water resources and raised concerns about the long-term sustainability of existing irrigation practices (Mehta et al., 2024). The combined influence of population growth, shifts in diets, and increasing climate variability is expected to further intensify pressure on water systems. These trends highlight the growing need to improve water productivity in order to sustain global food security (Mekonnen and Gerbens-Leenes, 2020; Ungureanu et al., 2020). Many water scarce regions continue to promote irrigation as an adaptation response to climate stress, yet this approach will only remain viable if each unit of water produces more food and generates fewer environmental impacts (Rosa et al., 2020; Zisopoulou and Panagoulia, 2021).
Within this broader context, deficit irrigation has gained prominence as a deliberate approach that applies less water than full crop evapotranspiration while still maintaining acceptable yields and improving water use efficiency (Tura and Tolossa, 2020; Yu et al., 2020). A growing set of field experiments and modeling studies across cereals, root crops, forages, and industrial crops has supported the use of deficit irrigation over the past decade. Many studies show that moderate deficits, commonly set at 60 to 80 percent of full ETc, can improve water productivity when applied outside the most sensitive developmental stages and when paired with drip or subsurface drip systems. Under these conditions, yield losses often remain within 5 to 15 percent, while water savings typically range between 20 and 40 percent (Yang et al., 2020; Zhou et al., 2020; Montazar et al., 2020; Adu et al., 2018).
At the same time, emerging frameworks for sustainable irrigation increasingly position deficit irrigation within broader strategies of strong or weak sustainability. These frameworks emphasize that water-saving irrigation should be evaluated not only in terms of immediate productivity gains but also with respect to long-term impacts on soil health, ecosystem functioning, and socio-economic resilience (Borsato et al., 2020; Zhang et al., 2021). This perspective highlights a need to understand how deficit irrigation affects the entire soil–plant–atmosphere system, rather than focusing solely on yield and water use efficiency.
Despite the rapid growth of research on deficit irrigation, most studies still emphasize crop physiology, yield responses, and irrigation efficiency. Much less attention has been given to the accompanying changes in soil hydro thermal behavior within the root zone (Tura and Tolossa, 2020; Jovanovic et al., 2020). Soil thermal properties, including thermal conductivity, volumetric heat capacity, and thermal diffusivity, influence how heat moves through the profile and how energy is stored. These processes shape root zone temperature, control phase changes involving soil water, and regulate energy exchanges between the soil and the atmosphere (Al-Lame et al., 2020; Oyeyemi et al., 2018). Because these thermal properties are strongly affected by soil moisture, texture, structure, and management practices, any intentional reduction or redistribution of irrigation water is likely to alter soil temperature dynamics. These changes can have important consequences for root growth, water and nutrient uptake, and microbial activity (Sanuade et al., 2020; Su et al., 2022).
New experimental and modeling research has begun to examine how irrigation method, application depth, and surface management interact to shape coupled water and heat transport under reduced irrigation. However, this evidence remains scattered across crops, climates, and soil types (Al-Lame et al., 2020; Su et al., 2022). Studies in different production systems have shown that practices such as mulching, subsurface drip placement, and water storage pits can buffer extreme soil temperatures or alter diurnal temperature patterns, yet these insights are rarely brought together in the context of deficit irrigation planning and scheduling (Al-Lame et al., 2020; Li et al., 2024). As a result, deficit irrigation guidelines for water scarce regions often rely mainly on hydrological or physiological criteria and give limited attention to the thermal behavior of the root zone (Jovanovic et al., 2020; Zhang et al., 2021).
The present review addresses this gap by synthesizing research from 2020 onward on soil thermal property dynamics under deficit irrigation and related water saving practices, with a focus on root zone management in water limited regions (Tura and Tolossa, 2020; Al-Lame et al., 2020). The review has three main objectives. First, it outlines fundamental soil thermal properties and describes how they interact with soil moisture under different irrigation conditions. Second, it compiles experimental and modeling evidence on how deficit irrigation alters soil temperature profiles and overall thermal behavior. Third, it examines how these thermal responses influence root functioning, crop performance, and water productivity in arid and semi arid agroecosystems (Sanuade et al., 2020; Su et al., 2022; Yang et al., 2020). By identifying key knowledge gaps and emerging management opportunities, the review aims to support the development of deficit irrigation strategies that explicitly consider soil thermal behavior and that contribute to stronger water productivity and resilience in increasingly water scarce environments (Rosa et al., 2020; Ungureanu et al., 2020).

2. Methods
This review followed a structured, transparent procedure to identify, screen, and synthesize recent evidence on soil thermal properties and coupled soil water–heat dynamics under deficit irrigation and related water‑saving practices in irrigated agriculture. The methods were guided by general principles from systematic review reporting frameworks such as PRISMA (Page et al., 2021), but were adapted to the specific scope of soil hydro‑thermal processes in arid and semi‑arid cropping systems.​
2.1 Review scope and research questions
The review focused on field and modelling studies that examined how deficit irrigation and water‑saving irrigation practices modify soil thermal properties, soil temperature profiles, or coupled soil water–heat behaviour in the root zone of irrigated crops. In line with the objectives set out in the introduction, the review addressed three main questions: (i) how fundamental soil thermal properties and their relationships with soil water respond to reduced or redistributed irrigation; (ii) how different deficit irrigation strategies, irrigation methods, and surface management practices reshape soil water–heat dynamics across major cropping systems; and (iii) what implications these hydro‑thermal responses have for root‑zone management, irrigation design, and monitoring in water‑scarce regions.​
2.2 Search strategy and information sources
A structured literature search was conducted in major bibliographic databases commonly used for agricultural water management and soil science, including Web of Science Core Collection, Scopus, ScienceDirect, and Google Scholar. Search strings combined terms related to deficit irrigation and water‑saving practices (e.g. “deficit irrigation”, “regulated deficit irrigation”, “partial root‑zone drying”, “subsurface drip”, “mulching”), soil temperature and thermal behaviour (e.g. “soil temperature”, “soil thermal conductivity”, “volumetric heat capacity”, “thermal diffusivity”, “hydro‑thermal”), and coupled water–heat modelling or sensing (e.g. “water–heat coupling”, “soil water–heat model”, “thermal inertia”, “thermal remote sensing”).​
The time window was restricted to January 2020 onwards to capture recent advances and to align the evidence base with contemporary climate, technology, and management contexts, while allowing inclusion of a small number of pre‑2020 benchmark or methodological papers where needed for background on soil thermal properties. Only peer‑reviewed journal articles and high‑quality conference papers written in English were considered; theses, reports, and grey literature were not systematically included.​
2.3 Eligibility criteria and study selection
Studies were eligible if they met all of the following criteria: (i) involved irrigated crops in arid, semi‑arid, or otherwise water‑limited environments; (ii) applied some form of deficit irrigation or water‑saving practice (e.g. regulated deficit irrigation, partial root‑zone drying, subsurface drip, alternate deficit drip, water storage pits, mulching, biochar or soil conditioners under reduced irrigation); and (iii) reported quantitative information on at least one of the following: soil thermal properties (conductivity, heat capacity, diffusivity), soil temperature dynamics at one or more depths, or explicitly coupled soil water–heat processes in the root zone. Both field experiments and numerical modelling studies were included, provided that the modelling work was grounded in agricultural applications rather than purely theoretical analysis.​
Studies were excluded if they dealt solely with crop yield or water use efficiency under deficit irrigation without any information on soil thermal behaviour, if they focused on non‑agricultural soils (e.g. construction or geotechnical materials) without a crop component, or if irrigation did not differ from full ETc replacement. Titles and abstracts retrieved from the database search were first screened against the eligibility criteria, followed by full‑text assessment for potentially relevant articles. Duplicates across databases were removed at the screening stage.​
2.4 Data extraction and classification
For each included study, key information was extracted into a structured spreadsheet including: location and climate; soil type and main physical properties; crop species and growth stage; irrigation system and scheduling strategy; deficit intensity or irrigation quota; presence and type of mulches, organic amendments, or soil conditioners; and any pre‑season or off‑season water applications. Hydro‑thermal information captured included measured or modelled soil temperature at multiple depths and times, reported thermal properties (conductivity, volumetric heat capacity, diffusivity), and any quantitative indicators of coupled water–heat behaviour such as thermal inertia, phase change effects, or shifts in diurnal temperature amplitudes under different irrigation regimes.​
Studies were then grouped into thematic categories that reflect the structure of the results sections: (i) fundamental soil thermal property relationships with moisture, structure, and management; (ii) soil water–heat responses to deficit irrigation across major cropping systems; (iii) effects of irrigation method and emitter placement on root‑zone hydro‑thermal patterns; (iv) roles of mulching, residues, soil amendments, and pre‑season water in buffering thermal stress; and (v) advances in coupled water–heat modelling and in remote and proximal sensing for hydro‑thermal monitoring. Within each category, evidence was further organized by crop type, climate zone, and irrigation strategy to highlight consistent patterns and context‑specific responses.​
2.5 Synthesis approach
Given the diversity of crops, climates, experimental designs, and reported variables, a quantitative meta‑analysis of effect sizes for soil temperature or thermal properties was not feasible. Instead, a narrative synthesis was conducted, emphasizing mechanistic links between soil moisture, thermal properties, and observed or simulated temperature dynamics under different deficit irrigation and management scenarios. Where multiple studies reported comparable indicators (e.g. changes in soil temperature amplitudes, shifts in wetting depth, or water productivity under similar deficit levels), these were qualitatively compared to identify robust trends and thresholds. Findings from experimental and modelling studies were integrated to connect field‑scale observations with process‑based understanding and to derive practical implications for root‑zone management and irrigation design in water‑scarce regions

3. Soil Thermal Properties and Their Coupling with Soil Water Under Deficit Irrigation
3.1 Fundamental soil thermal properties and their interrelationships
Soil thermal behavior is governed by three closely linked properties that together determine how heat is transferred and stored in the vadose zone: thermal conductivity, volumetric heat capacity, and thermal diffusivity. These properties interact to shape how soil temperatures respond to daily and seasonal atmospheric forcing as well as to irrigation events.
Thermal conductivity describes how efficiently heat moves through the soil when temperature gradients exist. Reported values range from roughly 0.2 W m⁻¹ K⁻¹ in dry, sandy materials to more than 2.5 W m⁻¹ K⁻¹ in saturated clay soils (Oyeyemi et al., 2018; Fu et al., 2024). Higher conductivity promotes faster temperature equilibration among soil layers and between the soil and the atmosphere, while low conductivity allows temperature stratification and creates an insulating effect that slows heat transfer (Oyeyemi et al., 2018; Al Shammary et al., 2025).
Volumetric heat capacity expresses how much thermal energy is required to raise the temperature of a unit volume of soil by one degree Celsius. This property reflects the soil’s thermal inertia and its ability to buffer fluctuations in temperature (Haque et al., 2024). Soils with high heat capacity change temperature more slowly, which helps maintain stable thermal conditions around plant roots during daily heating and cooling cycles and across broader seasonal shifts (Liu et al., 2020; Al Shammary et al., 2025).
Thermal diffusivity, which is the ratio of conductivity to heat capacity, indicates how quickly temperature changes travel downward through the soil. High diffusivity allows the surface temperature signal to penetrate rapidly into the profile, while low diffusivity causes surface heating and cooling to remain concentrated in shallow layers (Oyeyemi et al., 2018; Zhang et al., 2022; Al Shammary et al., 2025).
Because these properties are interdependent, any process that alters soil conductivity or heat capacity will also modify thermal diffusivity. Soil water content is often the most important factor governing these relationships. Soil structure, texture, and management practices further shape how water and heat interact. Consequently, root zone temperature patterns emerge from the combined influence of these thermal properties and the timing and magnitude of atmospheric inputs and irrigation. These temperature patterns strongly affect root activity, nutrient uptake, microbial processes, organic matter turnover, and crop responses to both heat and water stress (Al Shammary et al., 2025; Wang et al., 2025).
3.2 Dependence on moisture, structure, and management
A growing body of recent research demonstrates that soil water content is usually the dominant control on thermal conductivity. Conductivity increases sharply as water replaces air in pore spaces and reduces air-filled porosity (Liu et al., 2020; Ngaram, 2020). New machine learning models, which rely on basic soil measurements such as moisture, porosity, and bulk density, now outperform many traditional empirical equations, reinforcing the close link between soil moisture and heat transfer behavior (Liu et al., 2020).
Studies focusing on organic amendments and compost indicate that higher water content and more compacted structure led to greater thermal conductivity. Increased air content and lighter structure, by contrast, create stronger insulation and slow heat transfer. These findings are particularly relevant where mulches or organic materials are used in conjunction with water saving irrigation practices (Khdair et al., 2020).
Surface and management conditions also play a decisive role because they influence how radiation, evaporation, and heat are exchanged at the soil surface (Zhang et al., 2022). Field experiments by Al-Lame et al. (2020) that compared irrigation systems and mulch types show that mulches reduce daytime temperature peaks, slow the downward penetration of thermal waves, and alter near-surface moisture conditions. These changes affect the effective thermal properties in the upper root zone. Under different irrigation amounts and emitter placements, localized zones of high moisture form around irrigation sources. These zones create both lateral and vertical gradients in soil water content and thermal conductivity, which in turn influence the preferred pathways of heat flow through the profile (Su et al., 2022).
3.3 Coupled water–heat transport
In unsaturated soils, water and heat transport are tightly interconnected. Soil water content shapes thermal conductivity and heat capacity, while temperature gradients and phase changes directly affect water movement and evaporation (Zhang et al., 2022). Recent soil water–heat coupling models created by Zhang et al. (2022) incorporate solar radiation, soil evaporation, liquid water flow, and conductive heat transfer to simulate how moisture and temperature evolve together. Their findings show that even small changes in soil water content can meaningfully alter temperature profiles and daily temperature amplitudes.
Three-dimensional simulations by Su et al. (2022) in orchard systems using water storage pit irrigation provide further insight into this coupling. Increasing irrigation volumes expanded the high moisture zone surrounding pits, reduced both average and maximum soil temperatures, and altered the shape of the thermal field around each pit. These results illustrate how deliberate water redistribution directly modifies the thermal environment that roots experience.
Coupled hydro thermal studies also identify meaningful time lags between atmospheric temperature and soil temperature responses. These lags depend on moisture controlled thermal diffusivity and the depth at which temperatures are measured (Su et al., 2022). In irrigated landscapes, Liu et al. (2020) showed that satellite based thermal inertia models, refined to distinguish between bare soil, vegetated surfaces, and shaded areas, significantly improved estimation of soil moisture under heterogeneous canopies. This reinforces the idea that remotely sensed thermal signals represent a combined expression of both moisture and surface cover. Such tools are becoming increasingly important for diagnosing spatial variation in hydro thermal conditions under variable rate and deficit irrigation strategies (Serrano et al., 2020).
3.4 Hydro-thermal behaviour under deficit irrigation
Deficit irrigation, by design, reduces water inputs and usually lowers soil moisture in part of the root zone. This decrease in water content tends to reduce thermal conductivity and heat capacity while increasing diurnal temperature range, particularly within the drier upper layers (Ngaram, 2020; Oyeyemi et al., 2018). Coupled water–heat models and field studies by Zhang et al. (2022) and Su et al. (2022) suggest that, compared with full irrigation, reduced moisture can lead to hotter daytime conditions near the surface, cooler nighttime conditions within the profile, and stronger vertical temperature gradients. The degree of these changes depends on soil texture, soil structure, and the spatial distribution of remaining moisture.
In practical settings, deficit irrigation strategies that apply water at deeper layers, such as subsurface drip systems or water storage pits, often create cooler and more thermally stable zones around emitters. Meanwhile, the upper layers remain drier and more variable in temperature. These patterns can affect how roots are distributed and can influence the effective rooting depth under water limited conditions (Su et al., 2022).
Surface mulches, crop residues, and organic amendments can partially moderate the link between moisture reduction and temperature extremes. These materials reduce evaporative losses and shade the soil, which helps maintain more stable temperatures even when overall moisture content is lower than under full irrigation (Al-Lame et al., 2020; Khdair et al., 2020). As a result, the thermal outcomes of deficit irrigation cannot be predicted from water balance data alone. Instead, they arise through interactions among soil hydraulic properties, thermal properties, irrigation systems, application depth, and surface cover, all of which combine to determine the thermal environment of the root zone (Al-Lame et al., 2020; Serrano et al., 2020). A deeper understanding of these combined processes is essential for designing deficit irrigation strategies that conserve water while preserving favorable root zone temperatures (Zhang et al., 2022; Su et al., 2022).

4. Soil Water–Heat Dynamics Under Deficit Irrigation: Evidence from Experiments and Modelling
Research from 2020 to 2025 shows that deficit irrigation not only reduces available soil water but also reshapes how heat moves through the root zone. As irrigation inputs decline, soil moisture becomes more uneven in space and more variable in time, and these moisture changes alter how soil stores and transfers heat. Together, these processes create a coupled hydro-thermal environment that affects root activity, canopy behavior, and ultimately crop performance. Earlier deficit irrigation studies focused mainly on water balance, evapotranspiration, and yield. Recent work increasingly examines how reduced irrigation affects soil temperature regimes and how these thermal responses interact with crop physiology (Zhao et al., 2020; Zhang et al., 2022; Wang et al., 2024). This shift reflects a growing recognition that soil temperature is not merely a background variable but an active mediator of crop responses to water stress.
4.1 Hydro-thermal responses across major cropping systems
4.1.1 Cereal and field crop responses to ET-based deficit regimes
Studies across wheat, maize, soybean, and other field crops report similar patterns. Moderate deficit irrigation tends to shift moisture toward deeper soil layers while leaving the topsoil drier and more prone to daily heating and cooling cycles (Zhou, 2020; Wang et al., 2024). In spring wheat, irrigation at 80 percent of ETc helped maintain sufficient moisture between 20 and 60 cm with only small yield losses. More severe deficits, such as 60 percent of ETc, caused strong drying near the surface and larger yield declines (Zhou, 2020). This pattern arises because reduced transpiration diminishes latent heat cooling, while drier soil exhibits lower thermal conductivity and heat capacity, leading to more rapid and extreme temperature fluctuations in the root zone.
Modeling studies using the SWAP framework show related trends. Wang et al. (2020) found that reducing irrigation mainly limits transpiration and deep percolation. Soil evaporation and very shallow moisture content change less than expected. This suggests that temperature effects are more strongly driven by conditions in the deeper root zone where plants extract most of their water, highlighting the importance of rooting depth and water extraction patterns in determining thermal outcomes.
Recent multi-year experiments with maize and soybean reinforce this understanding. Both continuous and growth stage–specific deficits reduce evapotranspiration and increase canopy temperature, revealing tighter links between water scarcity and heat stress (Lopes et al., 2023; Almeida et al., 2024). Similar conclusions appear in sugarcane systems, where long-term deficits decrease yield and water productivity and generate strong interactions between moisture availability and thermal stress in the root zone (Elbasheir et al., 2023). Taken together, these studies confirm that any change in soil moisture due to deficit irrigation also alters soil thermal behavior, and the scale of these changes depends on deficit intensity, soil properties, and the depth at which roots concentrate their water uptake.
4.1.2 Horticultural and specialty crop systems
In perennial systems, regulated deficit irrigation produces characteristic hydro-thermal patterns that depend on canopy architecture, root distribution, and seasonal water needs (Sapkota et al., 2023; Ribera et al., 2023; Mohammed et al., 2021). Work in grapevines, date palms, and groundcover crops shows that RDI influences canopy temperature and the crop water stress index while reshaping soil moisture profiles. The extent of evaporative cooling and the soil’s ability to buffer temperature swings differ strongly among species and canopy structures.
Apple orchard experiments illustrate this clearly. Ananthakrishnan et al. (2025) reported that soil temperature responded non-linearly to combinations of deficit severity and mulch use. Intermediate deficits combined with organic mulches provided a useful balance between conserving water and maintaining suitable root-zone temperatures.
In subsurface drip-irrigated pear orchards under arid conditions, Wang et al. (2025) demonstrated through systematic manipulation of lateral depth (20–40 cm) and irrigation quotas over 2021–2023 that intermediate lateral depths (approximately 30 cm) effectively mitigated excessive soil temperature fluctuations while maintaining adequate moisture availability, resulting in enhanced fruit quality and water use efficiency compared to shallower or deeper placements. These findings emphasize that orchard and vineyard systems require deficit strategies explicitly tailored to the three-dimensional root architecture and the unique seasonal patterns of water and thermal stress sensitivity characteristic of woody perennials.
4.2 Pre-season and off-season water management effects on hydro-thermal legacies
Emerging evidence from salinized and moisture-limited environments indicates that pre-season or off-season irrigation can establish persistent hydro-thermal "legacy effects" that condition the root-zone environment for subsequent in-season deficit regimes (Li et al., 2020). In salinized cotton fields of northern Xinjiang, Li et al. (2020) found through controlled winter irrigation experiments that elevated off-season irrigation volumes significantly increased soil water storage reserves, reduced soil salinity concentrations, and moderated in-season soil temperature dynamics, particularly within salt-affected horizons. These legacy effects on both moisture availability and temperature profiles were shown to strongly influence early-season root proliferation and subsequent crop responsiveness to in-season deficit irrigation strategies, suggesting that annual water budgets should consider the coupled hydro-thermal effects of both growing-season and dormant-season applications.
Complementary greenhouse experiments by Abdelraouf et al. (2020) and Chand et al. (2020) with cucumber and tomato under stepwise deficit treatments confirm that maintaining soil moisture near 80% of field capacity provides favorable root-zone moisture and microclimate conditions, whereas more severe deficits amplify plant stress and likely exacerbate diurnal soil temperature oscillations, even when soil temperature monitoring is not the primary experimental focus. Recent model validation studies by Eid & Fathy (2023) and Muroyiwa et al. (2022) using SALTMED and AquaCrop frameworks for faba bean and tomato production demonstrate that contemporary simulation platforms can reliably reproduce soil moisture dynamics, irrigation application efficiency, and yield responses across multiple deficit intensities, thereby offering validated computational infrastructure for integrating soil temperature and explicit hydro-thermal feedbacks in next-generation decision support tools.
4.3 Irrigation Method and emitter placement as modulators of hydro-thermal patterns
The choice of irrigation system and emitter configuration exerts profound control over the spatial geometry and temporal persistence of soil moisture patterns under deficit conditions, which in turn directly shapes the three-dimensional thermal field within the rooted soil volume (Dewedar et al., 2021; Yang et al., 2020). Field and modeling investigations by Dewedar et al. (2021) with common beans under surface versus subsurface drip irrigation at 100%, 80%, and 60% ETc document that subsurface drip systems retain a larger fraction of applied water within the active root zone and minimize surface evaporation, thereby creating cooler, more consistently moist zones surrounding emitters with potentially reduced soil temperature amplitudes compared to surface drip at equivalent deficit levels.
In winter wheat systems, Yang et al. (2020) demonstrated that deficit subsurface drip irrigation stimulated enhanced subsoil water extraction and improved water use efficiency relative to fully irrigated controls, implying that strategic concentration of irrigation water in deeper profile layers can align root proliferation with thermally buffered soil domains and reduce root exposure to hot, desiccated surface horizons. Recent research by Yu et al. (2022) on aerated irrigation in maize indicates that deliberate modification of root-zone oxygen and moisture conditions can influence soil temperature and respiration rates, underscoring that irrigation innovations which alter soil air–water regimes will inevitably interact with heat transfer processes through changes in phase composition and thermal properties.
Comparative studies by Chen et al. (2025) of different irrigation methods on soil temperature distribution in maize reveal that drip irrigation produces distinct vertical and lateral temperature gradients compared to flood or furrow systems, with soil temperature near the root zone remaining slightly elevated under drip configurations due to reduced evaporative cooling from dry inter-row zones. Subsurface drip fertigation experiments by Zhao et al. (2024) in potato demonstrate that the combination of precise water and nutrient placement at depth enhances root-zone moisture retention, and regulates temperature fluctuations, particularly when dripline depth and irrigation frequency are optimized for soil texture and crop rooting patterns.
4.4 Surface mulching, residue management, and soil amendments as thermal buffers
Surface management practices exert critical control over the expression of soil water–heat dynamics under deficit irrigation by modifying surface energy balance, evaporative demand, and the near-surface distribution of thermal properties (Zhao et al., 2020; Al-Lame et al., 2020). Field investigations by Zhao et al. (2020) on seed maize in Northwest China, integrating drip irrigation with plastic film mulching, demonstrate that film cover elevates early-season soil temperature, suppresses evaporation, and enhances leaf area development and biomass accumulation, particularly when paired with moderate water deficits rather than full irrigation. Modeling with modified SWAP frameworks in the same study successfully reproduced observed soil water storage, multi-depth soil temperature profiles, and crop phenology, identifying mulched, moderately deficit treatments as optimal compromises between yield maintenance and water use efficiency.
Recent three-year field trials (2021–2023) comparing biodegradable versus polyethylene mulch films under varying irrigation quotas in oasis cotton production systems reveal that polyethylene mulching maintains higher soil moisture and thermal conductivity in the root zone compared to biodegradable alternatives, though biodegradable films offer environmental advantages with acceptable yield trade-offs under moderate deficit scenarios (Zhang et al., 2025). Additional experiments on maize under plastic mulching and deficit irrigation report concurrent measurements of soil temperature, water productivity, and yield, confirming that mulches can partially decouple irrigation reduction from extreme surface heating by simultaneously shading and thermally insulating the soil surface (Absy et al., 2020; Al-Lame et al., 2020).
Contemporary studies (2021–2023) by Abdrabbo et al. (2023) and Alhashimi et al. (2023) on hot pepper and mango production demonstrate that diverse soil cover materials—including polyethylene, straw, date palm fiber, and layered organic mulches—applied under 50–75% of full water requirements substantially modify near-surface soil temperature regimes, reduce plant water stress indices, and improve both yield and water productivity relative to bare soil controls at equivalent deficit intensities. A comprehensive 2024 review by Ramos et al. (2024) synthesizing mulching effects across global irrigation experiments confirms that different mulch types alter soil evaporation rates, crop evapotranspiration partitioning, and crop coefficients in ways that necessitate adjusted irrigation scheduling to fully capture water-saving and thermal-buffering benefits.
Organic mulches and soil amendments deployed in conjunction with deficit irrigation influence hydro-thermal behavior through modifications to surface energy balance and intrinsic soil physical properties, as shown by Farah et al. (2021) and Ding et al. (2020). Studies by Farah et al. (2021) combining partial root-zone drying with straw mulching in arid vegetable production systems demonstrate that mulches maintain elevated active root-zone moisture, improve water use efficiency, and likely buffer root-zone temperatures, although detailed vertical thermal profiles are not consistently reported across experiments. Field trials by Ding et al. (2020) integrating deficit irrigation, organic amendments (compost, manure), and phosphorus fertilization in semi-arid wheat systems document improvements in soil aggregation and hydraulic properties that indirectly modify thermal conductivity and volumetric heat capacity, thereby affecting soil temperature responses to reduced irrigation inputs.
Recent investigations by Ding et al. (2024) and Wan et al. (2025) on biochar incorporation under deficit irrigation reveal complex interactions: biochar amendments can increase soil water retention capacity and modify thermal properties, but effects on temperature dynamics depend on application rate, biochar type, and interaction with irrigation frequency. Multi-year studies by Ding et al. (2025) demonstrate that biochar-amended soils under alternate partial root-zone drying exhibit altered moisture distribution patterns and potentially modified thermal regimes in wetted versus dried root compartments, though quantitative thermal profiling remains limited. A 2024 systematic review by Abdelfattah & Mostafa (2024) on soil conditioners under deficit irrigation emphasizes that the combined application of mulches, biochar, and super-absorbent polymers can significantly mitigate moisture stress, but their collective impacts on soil thermal regimes require more systematic characterization.
Together, these studies establish unequivocally that the thermal consequences of deficit irrigation cannot be evaluated independently of mulching, amendment, and surface management practices, as these interventions fundamentally alter the coupling between soil water content and soil thermal behavior (Al-Lame et al., 2020; Zhao et al., 2020; Zhang et al., 2025).
4.5 Advances in coupled water–heat transport modeling
Recent numerical modeling efforts have substantially advanced mechanistic understanding of coupled water–heat transport processes under deficit irrigation by explicitly representing interdependent soil hydro-thermal mechanisms (Zhang et al., 2022; Su et al., 2022). A soil water–heat coupling model developed by Zhang et al. (2022) from extensive field observations in northern China integrates modules for solar radiation partitioning, soil evaporation, unsaturated liquid water flow (Richard’s equation), and conductive–convective heat transfer, enabling dynamic estimation of how temporal changes in soil moisture content affect soil temperature profiles across multiple depths and seasonal cycles. Simulation results demonstrate that decreases in volumetric water content directly reduce soil volumetric heat capacity and thermal conductivity, resulting in larger diurnal temperature ranges and deeper penetration of surface temperature waves, with effects most pronounced in coarse-textured, sandy soils exhibiting low water retention.
In orchard irrigation systems, three-dimensional finite-element models of soil water and heat transfer under water storage pit irrigation by Su et al. (2022) demonstrate that increasing irrigation application volumes systematically enlarge a moist, thermally moderated ellipsoidal zone surrounding each pit, reduce both average and maximum soil temperatures within this zone, and alter the spatial distribution and accessibility of favorable hydro-thermal conditions for root proliferation. These spatially explicit simulations enable optimization of pit geometry, spacing, and irrigation volumes to engineer overlapping favorable hydro-thermal niches under water scarcity constraints.
Emerging integrated modeling approaches by Chen et al. (2025) couple two-dimensional Richards-equation-based water flow with multi-component solute transport and dynamic root spatial distribution algorithms, accounting for film mulch effects on boundary conditions and spatial heterogeneity in root water uptake. Validation against 2023–2024 field experiments confirms that these integrated frameworks can reproduce observed patterns of soil moisture, salinity, and crop growth under deficit drip irrigation, laying groundwork for incorporating explicit thermal modules to fully represent hydro-thermal-chemical-biological interactions in the rhizosphere. To visualize the interconnected feedbacks between deficit irrigation, soil hydro-thermal properties, and plant performance, a conceptual model is presented in Figure 1. This model illustrates how reduced irrigation influences soil moisture and temperature, which in turn affect root-zone processes, crop physiology, and ultimately water productivity and yield outcomes.
[image: C:\Users\TIMOTHY\Downloads\deepseek_mermaid_20251208_e99211.png]Figure 1: Conceptual model of how deficit irrigation modifies the soil hydro-thermal regime and its feedbacks on root-zone processes and crop performance.
4.6 Remote Sensing and Proximal Sensing Integration for Hydro-thermal Monitoring
Coupled water–heat models are increasingly being integrated with remote sensing platforms and variable-rate irrigation technologies to infer spatial patterns of root-zone moisture and temperature under spatially heterogeneous or deficit irrigation regimes (Liu et al., 2020; Serrano et al., 2020). Refined thermal inertia models that account for fractional vegetation cover and dynamic surface conditions, as developed by Liu et al. (2020), have improved soil moisture estimation from land surface temperature time series acquired by thermal infrared sensors, providing a critical observational bridge between remotely sensed thermal signals and subsurface water status (Liu et al., 2020; Corbari et al., 2025).
Recent applications in Moroccan irrigation districts by Corbari et al. (2025) demonstrate that assimilation of satellite land surface temperature and soil moisture products into energy-water balance models enables spatially distributed estimation of irrigation water use and supports evaluation of water-saving techniques including deficit irrigation, with explicit consideration of surface energy partitioning and thermal feedbacks. Management zone delineation based on apparent soil electrical conductivity and multispectral remote sensing, as explored by Serrano et al. (2020), facilitates implementation of variable-rate irrigation strategies, indirectly shaping hydro-thermal patterns by spatially aligning water applications with intrinsic soil variability in texture, water retention, and thermal properties.
At the field scale, deployment of low-cost image-based thermal sensors in orchards under regulated deficit irrigation by Giménez-Gallego et al. (2023) and Blanco et al. (2023) demonstrates that continuous canopy temperature monitoring can track plant water status dynamics and enable real-time adjustment of irrigation schedules, providing a complementary plant-centric thermal perspective to soil-based hydro-thermal monitoring. A 2025 comprehensive review by Saad et al. (2025) and Cline (2024) on remote sensing applications in irrigation scheduling emphasizes that thermal remote sensing—whether satellite, airborne, or ground-based—is increasingly integrated with multispectral and LiDAR data streams to derive spatially explicit crop water stress indices (CWSI, Water Deficit Index) that inform both conventional and deficit irrigation decisions.
Innovative research by Dash et al. (2025) integrating UAV-based thermal infrared imagery with in-situ soil moisture sensors over agricultural hotspots in India demonstrates high-resolution mapping of crop water stress–soil moisture dynamics, revealing fine-scale spatial patterns of hydro-thermal coupling that are undetectable with conventional satellite platforms. Similarly, satellite-based monitoring of vegetation indices (NDVI, EVI) combined with soil moisture indices in semi-arid apple orchards by Altıkat (2025) enables early detection of water stress and supports precision deficit irrigation planning, illustrating the operational feasibility of multi-sensor thermal-optical monitoring frameworks for water-scarce regions.
Collectively, these experimental, modeling, and sensing advances converge toward integrated soil–plant–atmosphere monitoring frameworks in which soil water–heat dynamics under deficit irrigation are explicitly measured, numerically simulated, and actively managed to optimize root-zone conditions and enhance water productivity in water-scarce agroecosystems (Borsato et al., 2020; Zhang et al., 2022; Saad et al., 2025). The synthesis of field-scale observations, mechanistic modeling, and multi-platform remote sensing is creating unprecedented opportunities for adaptive, spatially precise deficit irrigation management that explicitly accounts for coupled hydro-thermal processes as fundamental determinants of crop performance and resource use efficiency.
5. Implications for Root Zone Management and Irrigation Design in Water-Scarce Regions
Deficit irrigation reshapes the spatial and temporal patterns of water and heat that roots encounter, so both irrigation design and root zone management need to deliberately use these modified hydro thermal conditions rather than treat them as unintended outcomes (Zhao et al., 2020; Zhang et al., 2022). The main challenge in water scarce regions is to align root system architecture, soil wetting patterns, and thermal conditions in ways that support efficient uptake of water and nutrients while minimizing harmful temperature extremes or salinity accumulation in the root zone (Yang et al., 2020; Borsato et al., 2020).
5.1 Shaping root systems to match hydro thermal niches
Recent studies show that irrigation strategies can be designed to guide root growth into moist and thermally moderated zones where water extraction remains efficient even when inputs are reduced. In winter wheat, Yang et al. (2020) found that deficit subsurface drip irrigation encouraged deeper root growth and enhanced subsoil water extraction. This response stabilized yields and increased water use efficiency compared with fully irrigated controls, illustrating how concentrating water at depth can shift roots toward cooler and less evaporative soil layers. Similar patterns appear in field and modelling studies by Dewedar et al. (2021) in beans, where subsurface drip under moderate deficit maintained moisture longer in the active root zone than surface drip, slightly improving both yield and water productivity by reducing surface evaporation and aligning root growth with the subsurface wet bulb.
Subsurface drip and other localized irrigation methods also reshape rhizosphere interactions and microbial processes that regulate nutrient availability under deficit conditions. In organic tomato production, Li et al. (2020) reported that water saving subsurface drip irrigation concentrated roots and microbial activity around the driplines, altering enzyme activities and nitrogen cycling genes in ways that differed markedly from furrow irrigation. Although yields were somewhat lower, irrigation water productivity improved, indicating that designing the root zone in water scarce environments should account not only for water extraction patterns but also for how spatial variations in moisture and temperature influence rhizosphere functioning (Li et al., 2020).
5.2 Using mulches, amendments, and pre-season water to buffer root zone temperatures
Surface and soil management practices can substantially reduce the thermal stress associated with reduced irrigation, especially in hot or arid climates. Experiments with seed maize by Zhao et al. (2020) show that plastic film mulch under deficit drip irrigation raises early season soil temperatures, reduces evaporative losses, and improves biomass and water use efficiency compared with non-mulched deficit treatments, although risks of excessive warming must be weighed. Additional work on maize by Absy et al. (2020) and Al Lame et al. (2020) under plastic mulch and deficit irrigation indicates that mulching slightly increases mean soil temperatures but reduces daily extremes and preserves near surface moisture, leading to more stable root zone conditions and improved water productivity.
Organic mulches and soil amendments provide similar buffering while enhancing soil structure and water retention. In arid squash production, Farah et al. (2021) found that combining partial root zone drying with straw mulch increased both water use efficiency and yield relative to unmulched deficit treatments, suggesting that mulches help maintain a more stable, and moist root zone when water is limited. In semi-arid wheat systems, Ding et al. (2020) observed that integrating deficit irrigation with organic amendments and phosphorus fertilization improved soil aggregation and hydraulic properties. These changes indirectly influenced thermal conductivity and heat capacity, smoothing temperature fluctuations around the roots. In saline cotton fields, Li et al. (2020) showed that higher winter irrigation volumes increased water storage, reduced salinity, and moderated in season temperature patterns, indicating that pre-season water applications can prepare the soil’s hydro thermal and chemical environment before deficit irrigation begins.
5.3 Designing irrigation systems and schedules for coupled water and heat performance
The choice of irrigation system, dripline depth, and scheduling strategy determines how deficit irrigation shapes the hydro thermal environment of the root zone. Modelling and field studies of subsurface drip irrigation for rice by Arbat et al. (2020) indicate that an intermediate dripline depth near 0.15 m combined with one or two irrigations per day maximizes root water extraction and minimizes deep percolation. This configuration creates a shallow and stable wet layer that matches the primary rooting zone. Three dimensional modelling of water storage pit irrigation by Su et al. (2022) shows that larger irrigation volumes expand a cool and moist zone around pits and reduce maximum soil temperatures, suggesting that pit depth, spacing, and irrigation volume can be managed to create overlapping hydro thermal niches for deep roots under water scarcity.
Deficit oriented system design must be paired with scheduling that responds to plant and soil signals rather than rigid calendars. Farag (2020) and Çolak et al. (2021) used the crop water stress index and leaf water potential to manage deficit irrigation in potato and quinoa under surface and subsurface drip. Their findings show that intermediate deficits near 80 percent of full irrigation maintain high yields and water use efficiency while keeping crop water stress within acceptable bounds, implying that root zone temperatures likely remain tolerable. Coupled water and heat models by Zhang et al. (2022) highlight that reductions in soil moisture increase diurnal temperature ranges and modify the depth of thermal wave penetration. These findings suggest that irrigation timing such as night or early morning application and irrigation frequency can be strategically selected to limit overlap between high atmospheric demand and vulnerable soil temperature profiles. In practice, shorter and more frequent irrigations are often beneficial in drip and subsurface systems under high evaporative demand, especially in coarse textured soils that have low heat capacity (Dewedar et al., 2021; Arbat et al., 2020).
5.4 Monitoring and decision support for hydro thermal management
Effective root zone management in water scarce regions increasingly depends on coordinated monitoring of soil moisture, soil temperature, and plant water status. Remote sensing approaches that use thermal inertia, calibrated for vegetation and surface cover, provide spatial estimates of soil moisture from land surface temperature. Liu et al. (2020) demonstrated that this approach helps identify areas where low moisture and high thermal stress coincide. Serrano et al. (2020) used soil apparent electrical conductivity and multispectral imagery to map management zones for variable rate irrigation. These maps help match irrigation volumes to spatial differences in soil properties and reduce the occurrence of dry and overheated root zone areas.
At the plant scale, affordable thermal imaging sensors mounted in orchards under net houses can track canopy temperature in real time, providing continuous information on crop water status and improving the control of regulated deficit irrigation (Giménez Gallego et al., 2023). Crop and soil models such as SALTMED, SWAP, HYDRUS 2D, and three dimensional water and heat simulators have demonstrated strong capacity to reproduce soil moisture, temperature, and crop responses under deficit irrigation. These models support irrigation design decisions on emitter configuration, irrigation depth, and scheduling by predicting how different strategies will influence hydro thermal conditions in the root zone (Dewedar et al., 2021; Wang et al., 2020; Zhao et al., 2020; Su et al., 2022). For smallholder farmers, simplified decision tools that combine affordable soil moisture and temperature sensors with occasional canopy temperature or crop water stress index measurements offer a practical route to hydro thermal informed deficit irrigation (Farag, 2020; Giménez-Gallego et al., 2023).

6. Practical guidelines for water-scarce regions
Evidence from recent field and modelling studies points to several practical design principles that can help farmers and irrigation planners manage water scarcity while maintaining suitable root zone conditions. The first principle is to prioritize irrigation methods that deliver water directly to the root zone while limiting losses through surface evaporation. Approaches such as subsurface drip irrigation, partial root zone drying, or water storage pits create concentrated wetting zones that enhance water use efficiency. Adjusting emitter depth and spacing within these systems allows the formation of moist and thermally buffered domains that align with the active root system and support stable crop performance under deficit conditions (Yang et al., 2020; Al Omran et al., 2020; Arbat et al., 2020; Su et al., 2022).
A second principle is to combine moderate, rather than severe, irrigation deficits with surface mulches or residue cover. Deficit levels near 70 to 80 percent of full irrigation often balance water savings with acceptable yield reductions, while mulches help protect upper soil layers from overheating and excessive drying. These materials provide shade, reduce evaporative demand, and stabilize the hydro thermal environment at the soil surface, which is particularly valuable in hot and windy climates (Zhao et al., 2020; Farah et al., 2021; Li et al., 2020).
A third principle involves integrating simple sensing tools and, where possible, model based decision support to refine irrigation timing and frequency. Instruments that measure soil moisture, soil temperature, canopy temperature, or the crop water stress index provide real time information that helps producers respond to both water status and thermal conditions. This approach improves upon traditional scheduling based on fixed percentages of crop evapotranspiration by incorporating the dynamic hydro thermal environment of the root zone (Zhang et al., 2022; Farag, 2020; Liu et al., 2020).
A final principle is to situate these technical choices within broader sustainability frameworks that consider environmental flow requirements, long term soil health, and the resilience of agroecosystems. Managing water and heat in the root zone should reinforce, rather than compromise, the ecological functioning of water scarce landscapes. Practices that enhance soil structure, maintain organic matter, or protect water resources contribute to long term sustainability while supporting the effectiveness of deficit irrigation (Borsato et al., 2020; Ding et al., 2020).
As summarized in Table 1, pairing deficit irrigation with complementary practices such as mulching or subsurface drip irrigation can shift thermal outcomes from potentially harmful to beneficial, creating root zone environments that support efficient water use and stable crop performance even under limited water supply.

Table 1. Synthesis of how key management practices interact with deficit irrigation to modify soil hydro-thermal properties and influence crop outcomes.
	Practice
	Mechanism of Action on Hydro-Thermal Regime
	Effect on Soil Thermal Properties & Temperature
	Typical Impact on Crop Outcomes under Deficit Irrigation
	Key References from Review

	Subsurface Drip Irrigation (SDI)
	Localizes water in root zone; minimizes surface evaporation.
	Creates a cooler, moist "wet bulb" around emitters. 
Reduces diurnal temperature amplitude in wetted zone. Upper soil layers remain drier & hotter.
	↑ Water Use Efficiency (WUE). Encourages deeper rooting into buffered zone. Can stabilize yield.
	Yang et al., 2020; Dewedar et al., 2021; Wang et al., 2025

	Plastic Film Mulch
	Blocks soil-atmosphere vapor exchange; alters surface radiation balance.
	↑ Mean soil temperature (esp. early season). ↓ Diurnal temperature extremes. Conserves near-surface moisture.
	↑ Early growth & biomass. ↑ WUE. Risk of excessive heat if not managed. Can allow greater water savings.
	Zhao et al., 2020; Al-Lame et al., 2020; Zhang et al., 2025

	Organic Mulch/ Residues
	Shades soil surface; reduces wind speed & evaporation; improves infiltration.
	↓ Max daytime temperature. ↑ Thermal buffering. Moderates diurnal swings. Improves moisture retention.
	Reduces plant water stress. ↑ Yield & WUE under deficit. Adds soil organic matter.
	Farah et al., 2021; Alhashimi et al., 2023

	Biochar Amendment
	Increases soil water retention capacity; alters pore structure & albedo.
	Complex effects: Can modify thermal conductivity (λ) and heat capacity (C), often increasing water-holding capacity which buffers temperature.
	Mitigates moisture stress. Effects on yield/WUE depend on biochar type, rate, and irrigation synergy.
	Ding et al., 2024, 2025; Abdelfattah & Mostafa, 2024

	Pre-season/ Winter Irrigation
	Recharges deep soil moisture profile; leaches salts.
	Increases volumetric heat capacity (C) of the profile. Moderates in-season temperature fluctuations due to higher baseline moisture.
	Conditions root zone for stress. ↑ Resilience to in-season deficits. Supports early root growth.
	Li et al., 2020

	Water Storage Pits
	Concentrates water in deep, localized reservoirs.
	Creates ellipsoidal cool, moist zones. Reduces max soil temps in pit vicinity.
	Provides hydro-thermal refugia for deep roots during drought. Can improve fruit tree productivity.
	Su et al., 2022



7. Conclusion
This review synthesizes evidence from 2020 onward to establish that deficit irrigation is not merely a hydrological intervention but a hydro-thermal one. Reducing irrigation inputs consistently alters soil thermal properties which leads to amplified diurnal temperature ranges and modified thermal profiles within the root zone. The key finding is that these thermal outcomes are not inevitable negatives; they can be actively managed. The integration of localized irrigation methods (e.g., subsurface drip, water storage pits) with surface modifications (e.g., mulches, amendments) and strategic scheduling can create thermally buffered, moist niches that promote root growth and sustain crop productivity under water scarcity. Advances in coupled water–heat modeling and thermal remote sensing are transforming our ability to monitor and predict these complex interactions, paving the way for adaptive, precision deficit irrigation. Moving forward, deficit irrigation strategies in water-scarce regions must explicitly account for coupled soil water–heat dynamics. The research trajectory points toward integrated soil–plant–atmosphere management frameworks, where irrigation design and scheduling are informed by real-time hydro-thermal feedbacks to optimize both water productivity and crop resilience in a changing climate.
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