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Abstract 14 

As blue water resources become increasingly scarce with more frequent droughts and overuse, irrigated 15 

agriculture faces significant challenges to reduce its water footprint while maintaining high levels of crop 16 

production. Building soil health has been touted as an important means of enhancing the resilience of 17 

agroecosystems to drought, mainly with a focus in rainfed systems reliant on green water through increases 18 

in infiltration and soil water storage. Yet, green water often contributes only a small fraction of the total 19 

crop water budget in irrigated agricultural regions. To scope the potential for how soil health management 20 

could impact water resources in irrigated systems, we review how soil health affects soil water flows, plant-21 

soil-microbe interactions, and plant water capture and productive use. We assess how these effects could 22 

interact with irrigation management to help make green and blue water use more sustainable. We show how 23 

soil health management could: 1) optimize green water availability (e.g., by increasing infiltration and soil 24 

water storage), 2) maximize productive water flows (e.g., by reducing evaporation and supporting crop 25 

growth), and 3) reduce blue water withdrawals (e.g., by minimizing impacts of water stress on crop 26 

productivity). Quantifying the potential of soil health to improve water resource management will require 27 

research that focuses on outcomes for green and blue water provisioning and crop production under 28 
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different irrigation and crop management strategies. Such information could be used to improve and 29 

parameterize finer scale crop, soil, and hydraulic models, which in turn must be linked with larger scale 30 

hydrologic models to address critical water-resources management questions at watershed or regional 31 

scales. While integrated soil health-water management strategies have considerable potential to conserve 32 

water — especially compared to irrigation technologies that enhance field-level water use efficiency but 33 

often increase regional water use — transitions to these strategies will depend on more than technical 34 

understanding and must include addressing interrelated structural and institutional barriers. By scoping a 35 

range of ways enhancing soil health could improve resilience to water limitations and identifying key 36 

research directions, we inform research and policy priorities aimed at adapting irrigated agriculture to an 37 

increasingly challenging future. 38 

Introduction 39 

Irrigated agriculture faces the dual challenge of adapting to a hotter, more drought-prone climate with higher 40 

evaporative demand while also reducing its water footprint. Rising temperatures and increases in heat waves 41 

and the intensity and frequency of droughts due to climate change (Hatfield et al., 2011; Trenberth et al., 42 

2014) will likely worsen water limitations on crop productivity (Quinteiro et al., 2018). Multi-year droughts 43 

reduce water available for irrigation, cause agricultural sector job losses, reduce agricultural output (Howitt 44 

et al., 2015), and increase groundwater consumption, accelerating groundwater overdraft and land 45 

subsidence (Faunt et al., 2016). Climate change-driven reductions in the snowpack that often provides 46 

irrigation water and recharges groundwater exacerbate these overdraws worldwide, particularly important 47 

in the Western U.S. (López-Moreno et al., 2017; Pathak et al., 2018) 48 

Current withdrawals of blue water—water in streams, rivers, lakes, reservoirs, and groundwater aquifers—49 

for agriculture already exceed planetary environmental boundaries (Sposito, 2013; Steffen et al., 2015). 50 

World-wide, irrigated agriculture consumes about 70 - 90% of blue water used by humans (Ward and 51 

Pulido-Velazquez, 2008), which impacts non-agricultural ecosystems (Rost et al., 2008) and competes with 52 

growing demand from other human uses like drinking water and industry. Groundwater provides 43% of 53 

total consumptive irrigation water used globally, and reliance on groundwater for irrigation is increasing 54 

(Siebert et al., 2010), despite 6-20% of global groundwater wells already at risk of running dry (Jasechko 55 

and Perrone, 2021). Irrigated areas constitute 20% of the total area and 40% of total agricultural production; 56 

their continuing expansion in area dominates global crop blue water consumption, which is expected to 57 

increase 70% by 2071–2099 compared to 1971–2000 (Huang et al., 2019). Higher blue water consumption 58 
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coupled with lower blue water availability due to climate change will lead to ~60% of the world population 59 

likely experiencing blue water shortages by 2050 (Rockström et al., 2009). Increasing blue water 60 

withdrawals to intensify or expand irrigated agriculture thus poses major risks for humans and the 61 

nonhuman biosphere (Sposito, 2013).  62 

Alternative sources of irrigation water, such as recycled water (i.e. greywater) or desalinated water, present 63 

modest opportunities to reduce blue water use (Assouline et al., 2015). While recycled water from both 64 

municipal and industrial origins irrigates approximately 20M ha globally (~5% of global irrigated land; 65 

Jimenez and Asano 2008; Meier et al. 2018), strategies to deal with tradeoffs, such as salinization in arid 66 

and semi-arid regions, are needed to make these alternative irrigation water sources more widely viable 67 

(Assouline et al 2015; Hamilton et al 2007). 68 

Green water may provide underappreciated opportunities to alleviate pressure on blue water withdrawals 69 

in irrigated systems. Green water is rainfall that infiltrates in the upper unsaturated soil layers and flows 70 

back to the atmosphere through evapotranspiration, i.e. it is the water retained in soil after deep percolation 71 

and runoff (Falkenmark and Rockström, 2010). Green water accounts for 90% of cropland water 72 

consumption globally, including both rainfed and irrigated agriculture (Rost et al., 2008; Sposito, 2013). 73 

Even in areas where irrigated agriculture relies largely on blue water, such as Mediterranean regions like 74 

California, USA, green water still accounts for 6-35% of total crop evapotranspiration (ET) (Fig. 1; 75 

Chiarelli et al., 2020; Devine and O’Geen, 2019). Green water has not received much attention from water 76 

resources management and planning agencies in irrigated regions in part due to the challenge of quantifying 77 

its consumption on a landscape scale, and the difficulty in differentiating between green and blue water 78 

flows (Jewitt, 2006). Meeting the global challenge of adapting irrigated agriculture to water limitations will 79 

involve: 1) reducing the consumption of blue water for irrigation to achieve sustainable levels of 80 

withdrawal; 2) optimizing green water availability to crops; and 3) maximizing productive consumption of 81 

water from all sources, that is, water that flows as transpiration through plants rather than soil evaporation, 82 

all while maintaining crop production. 83 

Soil characteristics are a major mediator of both green and blue water flows, alongside factors like 84 

topography and land use (Quinteiro et al., 2018). Inherent soil characteristics like texture strongly govern 85 

physical properties important for soil hydrologic functioning, such as saturated hydraulic conductivity, 86 

water storage capacity, and soil structural stability (Bünemann et al., 2018), thus impacting not only the 87 

capture and storage of green water, but also green and blue water flows such as runoff and percolation. 88 
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Dynamic soil properties like soil structure, that is, those influenced by management on relatively short 89 

seasonal to decadal time scales, also affect water flows (Schwen et al., 2011). 90 

With growing multi-sector interest, soil health is a concept focused on managing  dynamic soil properties 91 

like soil organic matter (SOM), soil structure, and soil organisms to support soil ecosystem functioning and 92 

provide multiple ecosystem services beyond just the provisioning of food, fiber and fuel, including water 93 

provisioning and effective use of water resources (de Groot et al., 2010). Managing soil health is based on 94 

several well-defined principles — reducing soil disturbance, keeping the soil covered, increasing plant 95 

diversity, and keeping living roots in the ground — that manifest as practices such as reduced/no till, cover 96 

cropping, organic matter amendments, crop rotation diversification, and strategic integration of perennial 97 

plants into key landscape positions. These practices change the dynamic biological, chemical, and physical 98 

properties that underlie healthy soils, which affect water provisioning and effective use in multiple ways. 99 

There is a widespread perception among stakeholders such as farmers, government and academic scientists, 100 

and policy advocates that building healthier soils could play a large role in adapting to reduced and volatile 101 

water availability, due to its potential for increasing water provisioning (Cano et al., 2018; Wade et al., 102 

2021). Based on studies predominantly in rainfed agriculture, proponents most often argue that soil health-103 

promoting management that increases SOM and improves soil structure will increase soil water holding 104 

capacity and infiltration (Gaudin et al., 2015; Lotter et al., 2003; Williams et al., 2016), leading to higher 105 

capture and storage of green water available for plants, while also reducing harmful runoff. For instance, 106 

an informational campaign from the U.S. Natural Resources Conservation Service asserted in an 107 

infographic that “For each 1% increase in organic matter, U.S. cropland could store the amount of water 108 

that flows over Niagara Falls in 150 days” (Nichols, 2015). In irrigated agriculture, California’s Fourth 109 

Climate Assessment notes benefits of increasing SOM on hydrological flows in croplands, including 110 

capturing and storing more water and thus mitigating impacts of water deficits (Flint et al., 2018).  111 

While infiltration and water storage capacity are crucial, understanding the full potential for healthy soils 112 

to promote effective use of water resources requires going beyond just water storage and capture, especially 113 

in irrigated agriculture. Since green water accounts for a relatively small proportion of crop water use in 114 

irrigated Mediterranean systems (Devine and O’Geen, 2019), it is unclear how important increasing green 115 

water availability is relative to other mechanisms by which soil health could impact water provisioning and 116 

sustainable water use. How soil health practices impact the soil water balance in such systems must also be 117 

considered, for instance, whether evapotranspiration from cover cropping depletes green water for 118 

subsequent crops (DeVincentis et al. 2022). With climate change expected to bring even starker contrasts 119 
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between wet and dry seasons in Mediterranean regions (Nunes et al., 2019), and urbanization and 120 

population growth increasing competition for blue water supplies (Nouri et al., 2019) scoping the role of 121 

soil health management for water conservation is essential for policy making. 122 

Here we assess how healthy soils could affect both green and blue water availability and its productive use 123 

for crop production, focusing in particular on the complex case of irrigated cropping systems. We first 124 

review how healthy soils affect hydrologic processes and soil hydraulic properties, plant-soil-microbe 125 

interactions, and plant water demand and uptake in annual and perennial croplands. We include studies 126 

conducted in both irrigated and rainfed systems to draw from a wide range of research. We then focus on 127 

irrigated systems specifically by  proposing strategies for integrated soil health and water management to 128 

conserve water resources, as well as tradeoffs and social-ecological challenges for making this transition. 129 

We highlight examples and lessons from California, where we have experience, with applicability to other 130 

irrigated regions. Finally, to assess our current potential for quantitative scenario analysis and planning, we 131 

also consider key knowledge gaps and priority areas for future research. In particular, we focus on the extent 132 

to which predominant agro-hydrological models adequately capture both impacts of management on water-133 

related soil properties and processes, and if these changes in turn impact water resources across scales. By 134 

doing so, we aim to inform discussions, improve current knowledge, and suggest ways forward for how to 135 

meet the global agricultural water challenge, particularly in ways that could lead to the well-characterized 136 

co-benefits of soil health management. 137 

Healthy soils and water provisioning 138 

Soil water flows and storage 139 

Ideally, a healthy soil increases the capture, retention, and provisioning of both green and blue water and 140 

thereby enhances crop growth (Fig. 2). The partitioning of green and blue water is governed by the balance 141 

between runoff versus infiltration, percolation, evaporation, and soil water storage (Hoekstra, 2019). 142 

Infiltration rates dictate how fast water penetrates the soil surface and thus plays a key role in determining 143 

the amount of green water stored in the soil after rains and made available to plants and how much blue 144 

water can be applied in an irrigation before runoff occurs. Deep infiltration or percolation contributes to 145 

blue water reservoirs by recharging underlying groundwater (O’Geen et al., 2015). Infiltration is controlled 146 

by soil pore size distribution and geometry (Pahlavan-Rad et al., 2020), and soil structure (the way in which 147 

soil particles are grouped together into aggregates bound together by physical, chemical and biological 148 

processes which dictate the pore space of the soil system) (Fischer et al., 2015).  149 
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Several soil health practices—including cover cropping, reducing tillage, organic amendments, crop residue 150 

retention, and cropping system diversification—affect one or more soil physical properties related to 151 

infiltration (Bagnall et al., 2022). For example, continuous living cover through perennial herbaceous and 152 

woody crops and cover crops consistently and strongly promotes higher infiltration rates compared to bare 153 

fallow (Alvarez et al., 2017; Basche and DeLonge, 2019). Plant roots strongly influence the interrelated 154 

biological, chemical and physical processes that increase porosity and aggregation (Meurer et al., 2020). 155 

For instance, based on a global meta-analysis, perennials increased infiltration rates by 59.2% on average 156 

over annuals, with cover crops having the second largest effect size at 34.8% over bare fallow (Basche and 157 

DeLonge, 2019). Reducing soil disturbance through no-till may increase or decrease infiltration; a global 158 

quantitative synthesis reported no net effect with a wide range of positive and negative outcomes (Basche 159 

and DeLonge, 2019). While more consistently positive effects would be expected with the improvement 160 

and preservation of soil structure with reduced/no-till, negative outcomes may be due to comparisons being 161 

made soon after tillage. In the short term, tillage can temporarily increase infiltration by promoting 162 

macropores and reducing soil bulk density (Alegre et al., 1991; Martínez et al., 2008), especially compared 163 

to no-till systems that have not been in place for long enough to re-establish highly interconnected pores 164 

(Martínez et al., 2008; Strudley et al., 2008). The interaction of soil health practices differentially affects 165 

infiltration rates. For example, a meta-analysis found that while no-till in combination with residue retention 166 

improves infiltration, tillage in combination with cover cropping does not affect infiltration (Basche and 167 

DeLonge, 2019). Organic matter amendments, such as crop residues, straw, biochar, and manure (from 168 

integrated crop-livestock systems), often improve soil structure and infiltration (Dong et al., 2022) but 169 

effects vary with the sources and degree of decomposition of its components as well as factors like the rate 170 

and duration of application and amended soil types (Kranz et al., 2020, Dong et al., 2022). Integrated crop-171 

livestock systems can affect soil structure both positively and negatively (Franzluebbers 2007, Peterson et 172 

al., 2019). High stocking rates and/or poorly timed grazing compacts soil and decreases infiltration but 173 

careful grazing management, especially in perennial pastures, can increase SOM and promote continuous 174 

biopores (Franzluebbers 2007, Peterson et al., 2019). Diversified crop rotations can improve soil structure 175 

and infiltration by including crops with deep and shallow roots and by increasing soil cover and root 176 

presence in the topsoil (Alhameid et al., 2020). 177 

At the field scale, leveraging soil health management practices to increase infiltration could increase green 178 

water storage in the soil during rain events that could be used to delay irrigation during the spring and 179 

reduce the amount of runoff from flood irrigation events during the growing season. At the landscape scale, 180 

such practices could improve deep percolation and increase blue water in Mediterranean regions via 181 
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groundwater recharge during winter rains. Percolation, the movement of water through soil by gravity and 182 

capillary forces, is an important soil property for conveying water beyond the influence of 183 

evapotranspiration and eventually recharging groundwater. Percolation occurs mainly through 184 

interconnected macropores; thus, the texture and structure of a soil, which dictates a soil’s pore size 185 

distribution and pore connectivity, will strongly control the rate of percolation. Percolation is also 186 

influenced by water storage since water potential (the sum of gravitational, osmotic, and matric potentials), 187 

and thus water flow, is a function of soil water content (Richards, 1931). Percolation proceeds after soil has 188 

reached field capacity and moves toward saturated conditions. Soil health practices that influence SOM, 189 

soil structure, and porosity will affect percolation (Basche and DeLonge, 2019; Dahlke et al., 2018). For 190 

instance, with higher SOM, clay-organic matter interactions reduce dispersibility of clays and help improve 191 

and preserve soil structure, increasing the resilience of aggregates to disturbance, such as runoff, and 192 

improving infiltration (and thus, eventually, percolation). Improved soil structure also creates a “sponge-193 

like” pore system, where pore-size is more evenly distributed across micro to meso to macro pore sizes  (de 194 

Jonge et al., 2009). This type of pore system can improve the soil’s capacity to retain water, as well as 195 

percolate water once field capacity is reached. The “sponge-like” hydrological behavior depends on SOM 196 

and clay content, and changes in soil management could cause changes in the hydrological services 197 

provided (Mosquera et al., 2020). Degraded soils—with poor structure, high macroporosity and “downpipe-198 

like” pore systems—may contribute to groundwater recharge, and thus blue water reservoirs, via 199 

preferential flow. But such soils can also have a large proportion of “dead-end” pore spaces within the 200 

broader soil matrix that reduce the capacity of a soil to store green water for plant uptake and can accelerate 201 

the movement of contaminants toward aquifers (de Jonge et al., 2009). In certain contexts, soil health 202 

practices could also reduce percolation. A meta-analysis found that cover-cropping reduced percolation by 203 

27 mm on average in temperate systems compared to bare-fallow plots (Meyer et al., 2019). Overall, 204 

however, few studies specifically measure soil health management impacts on percolation, highlighting a 205 

knowledge gap concerning the link between soil health and blue water resources. 206 

Since soil evaporation is part of non-productive vertical fluxes (sometimes referred to as “white water”; 207 

Jewitt, 2006) reducing soil evaporation relative to crop transpiration promotes productive water flow, and 208 

increases the percentage of water recharged via percolation when transpiration is low. Plant biomass 209 

residues left on the soil surface reduce soil evaporation and increase soil water content and plant available 210 

water in drought-prone areas (Turmel et al., 2015). Also, residues can be an effective weed control method 211 

(Nichols et al., 2015). However, when precipitation is light and infrequent, surface residues can intercept 212 

precipitation and increase subsequent evaporation (Turmel et al., 2015). No-till systems in semi-arid areas 213 
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sometimes reduce evaporation (Jokela and Nair, 2016; Schwartz et al., 2010; Soane et al., 2012; Strudley 214 

et al., 2008), but the magnitude and direction of the effect depends on tillage type, when tillage occurred, 215 

the timing of precipitation following tillage, and the length of the monitoring period of the study (Schwartz 216 

et al., 2010; Strudley et al., 2008; Sun et al., 2018). Decreased evaporation under no-till has been attributed 217 

to surface residue retention (Sun et al., 2018); however, other physical changes, such as surface roughness 218 

and soil porosity, may be partly responsible (O’Brien and Daigh, 2019). Cover crops similarly reduce 219 

evaporation (i.e., via increased surface residues, changes to surface roughness, and soil porosity). But most 220 

studies on cover crops and their effects on the soil water balance have been conducted in humid regions 221 

(Daryanto et al., 2018). In semi-arid regions, where evapotranspiration can be a large part of the water 222 

balance, more research is needed on how cover cropping and other soil health practices affect productive 223 

versus nonproductive water flows.  224 

Increases in SOM and subsequent improvements to soil aggregation, pore space distribution, and soil water 225 

retention have been a focal point of how soil management can influence soil water storage (Rawls et al., 226 

2003). Yet, recently the axiom “more SOM equals more plant available water” has been questioned 227 

(Minasny and McBratney, 2018). In general, positive relationships between SOM and plant available water 228 

are strongest in soils with lower SOM and coarse textures (Gupta et al., 2020; Hudson, 1984; Rawls et al., 229 

2003; Villamil et al., 2006). Using a large dataset, Minasny and McBratney (2018) reported that the 230 

relationship between SOM and plant available water is overall weak, mainly observed near field capacity 231 

in sandy soils and negligible in finer soil textures. Similar results have been found in soils from 232 

Mediterranean Europe, where higher SOM did not raise plant available water (Bonfante et al., 2020). Higher 233 

SOM not translating into higher plant available water could be due to simultaneous increases in water 234 

retained at field capacity and permanent wilting point (Renwick et al., 2021). 235 

Soil texture plays a mediating role in the magnitude and direction of soil health practices, namely no-till, 236 

continuous living cover, and cover cropping, and their effect on plant available water. Effects of no-till on 237 

plant available water were negative in clayey soils, negligible in fine-textured soils with high SOM, and 238 

marginally positive in silt loam soils (Kinoshita et al., 2017). Continuous living cover (cover crops, 239 

perennial grasses, agroforestry, and managed forestry) showed similarly mixed outcomes on plant available 240 

water as with no-till, where no significant effect on plant available water was found for soils containing 241 

>25% silt or >30% clay (Basche and DeLonge, 2017). However, for lighter textured soils, a 9.3% increase 242 

in water retained at field capacity was found when continuous cover was implemented (Basche and 243 

DeLonge, 2017). 244 
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Soil health management variably affects soil hydrologic functioning, and more local research is necessary 245 

to create regional and site-specific soil health recommendations to improve water provisioning (Devine and 246 

O’Geen, 2019). New methods are needed to quantify the partitioning between productive (transpiration) 247 

and non-productive (evaporation) flow, such as assessing the components of the surface energy balance and 248 

how varying soil health management practices partition water fluxes into evaporation vs. transpiration 249 

(O’Brien and Daigh, 2019). Studies are also needed on the potential trade-offs of cover cropping and its 250 

effect on the water balance in semi-arid regions (Mitchell et al., 2015). For example, some studies have 251 

found that both percolation and water storage were reduced under cover cropping (Gabriel et al., 2012; 252 

Meyer et al., 2019; Mitchell et al., 2015; Ward et al., 2012) while others show no or little effect 253 

(DeVincentis et al., 2022). Several factors will influence outcomes for the water balance, such as the 254 

termination timing of the cover crop prior to the cash crop growing season (Alonso-Ayuso et al., 2018), the 255 

type of cover crop (or mixture of cover crops) (Nielsen and Vigil, 2005), the balance between cover crop 256 

transpiration vs. improvements to soil physical properties that increase water capture and then provisioning 257 

during the cash crop season, and weather (Jones et al., 2020; Mitchell et al., 2015). For instance, cover 258 

crops could increase soil moisture after their termination if there is sufficient post-termination rainfall, 259 

despite transpiring water during cover crop growth (Burke et al., 2021; Carlson and Stockwell, 2013; Unger 260 

and Vigil, 1998). Multiyear studies are needed to identify the local management and weather conditions 261 

that favor positive outcomes for water under cover cropping in semi-arid regions.  262 

Plant-soil-microbe interactions 263 

Soil health management strongly affects plant-soil-microbe interactions (Bender et al., 2016; Dias et al., 264 

2015; Mariotte et al., 2018) and as such, impacts the effective use of water. Specifically, practices like 265 

conservation tillage, cover cropping, organic matter amendments, and diversification of crops typically 266 

enhance microbial biomass relative to conventional practices (Kallenbach et al., 2011; McDaniel et al., 267 

2016; Paustian et al., 1997; Poeplau and Don, 2015) and sometimes increase microbial richness and 268 

diversity (Bowles et al., 2017; Guzman et al., 2021; Oehl et al., 2004; Van Geel et al., 2017). Further, soil 269 

health management practices impact diversity and density of soil macrofauna such as earthworms (Ernst & 270 

Emmerling 2009) and positively affect the biological suppression of soil pathogens (Larkin 2015; Abawi 271 

& Widmer 2000). In turn, these changes can promote productive water use through general impacts of soil 272 

microbes on soil structure and biogeochemical processes, as well as through specific plant-microbe 273 

interactions (Zheng et al., 2018), particularly those mediated by arbuscular mycorrhizal (AM) fungi and 274 

plant growth promoting rhizobacteria (PGPR).  275 
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The soil microbial community as a whole has mainly indirect effects on productive green water flow and 276 

blue water conservation. By driving nutrient cycling and increasing plant nutrient availability (Williams 277 

and Vries, 2020), soil microbes - with the exception of soilborne pathogens - help remove limitations to 278 

plant growth and allow plants to take full advantage of available water. Greater plant productivity, 279 

specifically increased canopy cover, mediated by plant-soil-microbe interactions further reduces 280 

evaporation and increases productive green water flow (Nziguheba et al., 2010; Rockström et al., 2009; 281 

Sánchez, 2010). Moreover, soil microbes are critical for soil structure formation: soil microbial 282 

decomposition processes drive aggregate formation and aggregate turn-over which dictates soil structure 283 

(Rillig and Mummey, 2006; Six et al., 1999). Since soil structure affects soil microbial activity by altering 284 

soil water retention (Moreno-Espíndola et al., 2018; Schjønning et al., 2011) and soil management affects 285 

both structure and microbial activity, complex feedbacks exist among soil microbial activity, soil structure, 286 

soil management and green and blue water. 287 

AM fungi are ubiquitous root symbionts that require plant carbohydrates and in return benefit their hosts 288 

via various mechanisms such as enhanced access to nutrients and water (Smith and Read, 2010). Intensive 289 

agricultural management strategies, such as frequent chemical and physical disturbance, alter soil nutrients 290 

and crop diversity, effecting AM fungal abundance, diversity, and community composition, specifically the 291 

relative abundance of AM fungal functional groups (Chagnon et al., 2013; Guzman et al., 2021; Oehl et al., 292 

2004; Van Geel et al., 2017). Reduced tillage and winter cover cropping increase AM fungi root 293 

colonization of annual cash crops by about 30% on average, while reduced tillage can increase richness of 294 

AM fungal taxa by 11% (Bowles et al., 2017). 295 

There are both indirect and direct mechanisms through which AM fungi affect productive green water flow 296 

and blue water conservation. AM fungi play an important role in enhancing soil structure (Rillig and 297 

Mummey, 2006) through extraradical hyphae that physically enmesh aggregates (Mardhiah et al., 2016). 298 

Arbuscular mycorrhizal fungi can enhance plants’ drought tolerance by improving access to nutrients and 299 

maintaining physiological performance. This in turn, increases plant growth (Smith and Read, 2010), 300 

strengthens plants’ ability to recover and/or prevents severe root and photosynthetic apparatus damage 301 

(Augé, 2001). Further, AM fungi affect plant water relations, such as stomatal regulation (Augé et al., 2015; 302 

Duan et al., 1996; Lazcano et al., 2014) in ways that may optimize responsiveness to low or variable soil 303 

moisture. AM fungi stimulate antioxidant enzyme activity which alleviates damage caused by reactive 304 

oxygen species under drought stress and improves water use efficiency and greater recovery of plants post 305 

drought (Chang et al., 2018; Duc et al., 2018; Li et al., 2019; Pedranzani et al., 2016; Thirkell et al., 2017). 306 

Lastly, recent findings show that AM fungal hyphae can transport water but relative to the plants’ 307 
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transpiration demand the AM fungal-mediated water transfer appears to be low (Püschel et al., 2020). Yet, 308 

despite this evidence on how AM fungi influence soils and plant performance during water stress, we still 309 

lack a robust understanding of how soil health management can achieve optimized AM functioning with 310 

respect to enhancing nutrient and water access to crops in real agricultural settings.  311 

Plant growth promoting rhizobacteria (PGPR) are root-colonizing bacteria that enhance plants’ ability to 312 

withstand biotic and abiotic stresses via the production of a wide range of enzymes and metabolites 313 

(Chauhan et al., 2015; Glick et al., 2007; Kim et al., 2009; Mayak et al., 2004). Knowledge on the effect of 314 

soil health management on PGPR is scarce but studies suggest PGPR inoculation success may be affected 315 

by soil type, temperature, nitrogen content, salt concentration, and moisture content (Adesemoye and 316 

Egamberdieva, 2013). PGPR have been shown to enhance plants’ ability to tolerate drought stress via 317 

various mechanisms (Ngumbi and Kloepper, 2016; Rubin et al., 2017; Vurukonda et al., 2016). PGPR 318 

enhances growth promoting and suppresses growth inhibiting phytohormones (Belimov et al., 2009; 319 

Bresson et al., 2014; Cohen et al., 2009; Dodd et al., 2010; Figueiredo et al., 2008; Glick et al., 1998) and 320 

hence, increase root growth (Somers et al., 2004; Timmusk et al., 2014) and shoot growth (Timmusk et al., 321 

2014; Vardharajula et al., 2011). Further, relative water content in plants is increased with PGPR which is 322 

important for metabolic activity in plant tissue (Bano et al., 2013; Grover et al., 2014; Naseem and Bano, 323 

2014; Naveed et al., 2014; Vardharajula et al., 2011). Finally, PGPR induces over-production of 324 

antioxidants and thus enhances plants’ drought tolerance (Ngumbi and Kloepper, 2016). However, as for 325 

AM fungi, work remains to translate the possible effects of PGPR on plant drought tolerance to actionable 326 

management information for agricultural systems. 327 

Macrofauna e.g., earthworms and ants also impact soil water dynamics through the galleries and chambers 328 

they create and that facilitate enhanced infiltration (Sofo et al., 2020). Further, by redistributing and 329 

stabilizing organic matter, macrofauna also contributes to soil aggregation and as such further enhances soil 330 

nutrient retention (Sofo et al., 2020; Fonte & Six 2010). Consequently, macrofauna may also improve 331 

productive water flow through supporting enhanced plant growth.  332 

Plant water capture and productive use 333 

Soil health management that impacts below- and above-ground plant traits can shift both the plant’s ability 334 

to access and take up soil water and its transpiration demand. Water movement through the soil-plant-335 

atmosphere continuum is a process driven by water potential gradients and affected by the conductivity or 336 

resistance of the pathway, such as soil and root hydraulic conductivity and stomatal conductance (Steudle, 337 

2001). Transpiration generates high water potential gradients through the soil-plant-atmosphere continuum 338 
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and may increase with greater canopy cover and environmental evaporative demand, a function of air 339 

temperature, humidity, radiation, and wind speed. To what extent plant canopies meet this atmospheric 340 

evaporative demand varies with root system architecture, depth, root length density, and other root 341 

physiological traits such as hydraulic conductivity (Barrios-Masias et al., 2019). It is likely that for many 342 

crops, modern breeding, and selection mainly for aboveground traits in nutrient and water-rich 343 

environments have resulted in smaller root systems unable to explore a larger soil volume, diminishing the 344 

capacity of crops to respond to water deficit and increasing the dependency on irrigation (Bishopp and 345 

Lynch, 2015; Jackson and Koch, 1997). Irrigation management itself influences roots, such as concentration 346 

of roots around subsurface drip irrigation lines, and may interact with crop genotype to promote or hinder 347 

root proliferation (Li et al., 2010). Root systems have been understudied, and root system architecture and 348 

growth habit are important determinants for water uptake. For instance, a three-year old plum tree (Prunus 349 

persica L.) can occupy a 50 m3 of soil with a root system composed of woody and fine roots, which actively 350 

respond to the soil environment (Vercambre et al., 2003), and annual crops tend to increase their resource 351 

uptake at deeper soil profiles when reaching maturity (Weaver and Bruner, 1928). Thus, understanding root 352 

proliferation and its plasticity in a heterogeneous soil profile, including abiotic and biotic interactions as 353 

influenced by soil health management, could result in more effective use of water. 354 

Soil health management can create conditions favorable to root growth such as increasing soil 355 

macroporosity, reducing penetration resistance, and maintaining soil moisture, which facilitate root 356 

elongation, oxygen diffusivity, and heat transport (Nunes et al., 2019). A generalized framework across 357 

management practices is that higher SOM due to soil health management tends to increase aggregation and 358 

promote growth and maintenance of roots by alleviating negative impacts on roots from both compaction 359 

in drying soils and poor aeration in waterlogged soils (King et al., 2020). Soil health management practices 360 

that include deep-rooted crops and continuous living soil cover for most of the year, such as cover crops, 361 

perennial forage and grain crops, can further alleviate negative impacts of compaction by creating root 362 

channels, or biopores, that subsequent crop roots use at lower metabolic cost to the plant (E. Han et al., 363 

2015; McCallum et al., 2004; Perkons et al., 2014; Williams and Weil, 2004). Soil organic matter derived 364 

from living roots in soils are more efficiently stabilized by microbes and more persistent in soil than inputs 365 

of shoot residues (Kong and Six, 2010). This may create positive feedbacks over years to decades between 366 

greater root growth, belowground carbon input, SOM accrual, microbial activity, and improved soil 367 

aggregation and hydraulic properties (see previous sections) (Austin et al., 2017). Tradeoffs for soil health 368 

management practices must be considered. For instance, no-till practices can reduce root penetration in the 369 

topsoil even as it alleviates subsoil compaction (Munkholm et al., 2013) and negatively impact root 370 
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architecture and growth of the main root axes (taproot), limiting the capacity for root exploration and water 371 

uptake (Martínez et al., 2008). 372 

Root interactions with rhizosphere microbial communities, particularly AM fungi, may impact not only 373 

root water and nutrient access and uptake but also potentially root-to-shoot signaling that influences canopy 374 

plant-water relations and helps maintain canopy transpiration in drying soils (see previous section on plant-375 

soil-microbe interactions). Root traits that favor desirable root-microbe interactions may have been lost 376 

during selection for increased yields under high input systems, which hinders the positive effect of increased 377 

soil health (Barrios-Masias et al., 2019; Schmidt and Gaudin, 2017). Intensive agricultural systems tend to 378 

select for high-yielding crops, without regard for robust root systems and soil-plant communities (Pretty 379 

and Bharucha, 2014). Selecting adaptive root responses to water availability by breeding have rarely been 380 

applied to irrigated systems (Schmidt and Gaudin, 2017). Greater nutrient uptake is usually associated with 381 

increased root length density.  382 

Soil health practices such as crop rotation diversification and organic management favor disease-383 

suppressive and pest-suppressive soils, and facilitate rhizosphere soil-microbe-plant interactions, which 384 

could help limit yield reductions due to pests and disease (Blundell et al., 2020; Peralta et al., 2018). Soil 385 

health management also boosts nutrient cycling by soil microbes and nutrient availability to plants, 386 

including nitrogen, which has been shown to improve the water use efficiency of crops such as wheat under 387 

low water availability (Cousins et al., 2020) (see previous section on plant-soil-microbe interactions). 388 

Higher soil biological health has been shown to increase maize yield even in intensively managed systems 389 

(Wade et al., 2020). If soil health management alleviates yield-limiting factors and thus increases crop 390 

growth and canopy cover (e.g., percent soil canopy cover), it may increase productive water flow.  391 

Leveraging soil health benefits in irrigated systems 392 

Soil health and water conservation in irrigated systems 393 

Shifting irrigation strategies is essential to realizing potential benefits of building healthy soils for blue 394 

water conservation in irrigated cropping systems, especially when blue water is a substantial portion of the 395 

crop water budget. If soil health management results in capturing and storing more green water, but 396 

managers do not reduce blue water inputs, then greater blue water conservation will not be achieved. 397 

Similarly, storage of green water may not be utilized by a crop if the root system cannot access it (e.g., 398 

shallow rooted crops). Since irrigation managers must recognize and react to changes in soil health that 399 
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affect water dynamics in order to conserve blue water, realizing the full benefits of soil health management 400 

is more complex in irrigated systems compared to rainfed systems that only rely on green water. We 401 

consider how several irrigation strategies could interact with healthy soils to support water conservation 402 

and reduce vulnerability to droughts or policy interventions that impact blue water supplies, which we term 403 

“integrated soil health-water management”, revealing many research gaps (Table 1). We focus on regions 404 

with Mediterranean-type climates that have distinct wet and dry seasons (e.g. California, Chile, 405 

Mediterranean Europe / North Africa, the Middle East, and parts of Western and South Australia).  406 

First, increasing the proportion of precipitation captured and stored as green water during the rainy season 407 

could allow for a delay in the onset of irrigation, in turn saving blue water (Devine and O’Geen, 2019). 408 

Irrigation can be delayed until just before the onset of plant water stress, which broadly speaking occurs 409 

when about half of plant available water in the soil has been consumed, a proportion known as allowable 410 

depletion (Devine and O’Geen, 2019; Hanson et al., 2000). For instance, in California, processing tomato 411 

fields may not be irrigated for the initial two to three weeks after transplanting in early spring as seedlings 412 

establish with stored green water. Increasing the quantity of plant available water and delaying irrigation 413 

initiation would allow for stored green water to contribute relatively more to the crop water budget. Roots 414 

would also grow more deeply if seedlings are not established with abundant surface water. 415 

Reducing non-productive evaporative losses of water (green or blue) and/or increasing green water capture 416 

could also result in less irrigation water applied. When irrigation is applied on the surface or overhead, 417 

substantial reductions in evaporation result from reduced tillage and residue retention (Klocke et al., 2009; 418 

Peng et al., 2020). For instance, wheat production under semi-arid conditions under no-till and mulching 419 

increased yields by over 40% and precipitation use efficiency by at least 39% (Peng et al., 2020). In 420 

tomatoes, no-till and residue retention resulted in an estimated 5–10 cm of reduced evaporation in California 421 

annual cropping systems (Mitchell et al., 2012), which accounts for ~10 % of crop ET. Since residues also 422 

reduce surface runoff (Smith, 2016), they can enable less frequent, deeper irrigations, which maximize 423 

benefits of reduced evaporation (Mitchell et al., 2012). Cover crops are highly effective at increasing 424 

infiltration of winter rainfall and could act in concert with soil management that increases soil water storage 425 

to increase overall green water availability for crops. Yet, perceptions that cover crops can result in a net 426 

reduction in water availability for cash crops is a key barrier to cover crop adoption in arid environments 427 

(Carlisle, 2016). Net impacts of cover crops in irrigated systems must be carefully considered, i.e. the 428 

balance between increasing the capture of precipitation via increased infiltration and reductions in 429 

evaporation vs. increases in transpiration and reduction in percolation (Meyer et al., 2019). Careful 430 

management for the timing of establishment, termination, and species selection is key to realizing net 431 
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benefits. In areas with very low winter rainfall, crop residues are an alternative to cover crops for increasing 432 

infiltration and reducing evaporation, since there is no risk of competition with cash crops for stored green 433 

water (Downer and Hodel, 2001; Iqbal et al., 2019). However, unlike cover crops, crop residues would not 434 

increase infiltration at depth or leave beneficial biopores (see below).  435 

In Mediterranean-type systems with a long dry season, increasing green water capture and storage through 436 

soil health management may only be able to play a relatively minor role in reducing irrigation needs. This 437 

is because the soil profile can only store so much water and it can be rapidly depleted after rains stop and 438 

evapotranspiration increases dramatically, especially in shallow-rooted crops. In such areas, we suggest 439 

that other potential benefits of healthy soils for enabling irrigation management that conserves water may 440 

be similarly or relatively more important. First, if soil health management promotes plant-microbe 441 

interactions and greater root proliferation/penetration, then it may be possible to use various irrigation 442 

strategies such as deficit and partial root zone drying (Box 1; Barrios-Masias and Jackson, 2016) that reduce 443 

blue water consumption while minimizing impacts on crop productivity. Soil health management that 444 

enables deficit irrigation may be particularly important in perennial crops (e.g. nut trees) that require 445 

significant capital investment to establish and cannot be fallowed during times of water scarcity. Composted 446 

manure application in an almond orchard in California increased soil volumetric water content in the top 447 

1.5 m by 22% during the driest part of the study year (Lepsch et al., 2019), suggesting organic matter-448 

building strategies could be used to reduce impacts of deficit irrigation on tree water status.  449 

Soil health management could also help different types of root systems adapt to irrigation management and 450 

improve the effective use of water. With irrigation, crops often invest preferentially in shallow roots, 451 

especially with drip or microsprinkler systems in which applied water is more localized and does not 452 

penetrate deeply into the soil profile (Li et al., 2020). Well-structured soils with low resistance to root 453 

proliferation could help crops rapidly develop shallow axial roots with extensive lateral branching that 454 

would enable exploitation of water and nutrient resources concentrated near the soil surface (Schmidt and 455 

Gaudin 2017). Yet this could also limit root access to water (and nutrients) available deeper in the full soil 456 

profile (Barrios-Masias et al., 2019). Biopores, such as those formed from roots or earthworms and 457 

preserved when soil is not disturbed, enable steeper-angled axial roots to penetrate deeper (Stirzaker et al. 458 

1996; Xiong et al. 2022). Selection of cover crops or preceding cash crops that promote biopores help 459 

subsequent cash crops develop deeper roots (Huang et al. 2020; Zhang et al. 2022). In turn, this would 460 

support  reducing applied water, such as through partial root drying (Barrios-Masias and Jackson, 2016) or 461 

with less frequent irrigations at drier soil moisture thresholds (Devine and O’Geen, 2019). With careful 462 

crop and cultivar selection, promoting deep rooted crops can allow for more consistent access to soil 463 
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moisture without a rapid onset of drought stress and even allow for dry farming (Leap et al 2017; Garrett 464 

2019), a strategy involving almost complete reliance on green water during seasons without rainfall and 465 

long practiced by desert farmers and Indigenous peoples around the world (Nabhan 2013).   466 

Over larger areas and longer time scales, managing groundwater recharge through enhanced percolation 467 

will also be essential to “bank” water available during wet years for drier years. As finite surface water 468 

allocations decline in the future, demands on groundwater will continue to increase (Massoud et al., 2018). 469 

Could building soil health improve regional water balances by enhancing deep percolation? In California, 470 

groundwater overdraft has occurred at a rate of 2.5 billion cubic meter per year since 1960 due to pumping 471 

for irrigation and increased reliance on groundwater during times of drought (PPIC, 2018). Recognizing 472 

the potential for depleted aquifers to store 44-80 cubic kilometers of water, or three times that of surface 473 

water reservoirs, the state’s water managers have accelerated the pursuit of managed aquifer recharge on 474 

working landscapes, including croplands (Dahlke et al., 2018). In years with high magnitude stream-flows, 475 

above the required environmental flows and surface water allocations, excess water can be diverted onto 476 

agricultural fields to recharge underlying aquifers (Kocis and Dahlke, 2017). A field site’s ability to quickly 477 

infiltrate and accommodate deep percolation of water below the root zone to groundwater is essential for 478 

increasing the recharge capacity of a site and to avoid negative effects on perennial crop physiology 479 

(O’Geen et al., 2015). While areas suitable for groundwater recharge are mainly influenced by subsurface 480 

soil properties, topography, and crop type (O’Geen et al., 2015), soil health management could help increase 481 

percolation below the root zone and reduce potential negative consequences of aquifer recharge. For 482 

instance, nitrate pollution of groundwater could occur if significant residual nitrate exists in the soil profile, 483 

exacerbating pollution that has already contaminated drinking water wells in many areas of California 484 

(Balazs et al., 2011; Bastani and Harter, 2019; Waterhouse et al., 2020). Cover crops could help reduce 485 

nitrate levels while also increasing infiltration during managed aquifer recharge. 486 

Tradeoffs and contradictions with irrigation efficiency technologies 487 

Irrigation technologies that increase crop yield per unit of water applied can also reduce pressure on blue 488 

water resources. Subsurface drip irrigation, soil water monitoring and other efficiency technologies can 489 

lead to significant reductions in water applied with similar or higher levels of productivity.  490 

When benefits outweigh the capital investments required, irrigation efficiency technologies spread rapidly, 491 

such as the widespread shift from furrow irrigation to drip and microsprinkler irrigation in California 492 

(Taylor and Zilberman 2017). Yet, tradeoffs also must be considered. For instance, subsurface drip 493 

irrigation reduces percolation during the summer when irrigation occurs, limiting the ability to store water 494 
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during wet years when surface water is more abundant (Niswonger et al., 2017; O’Geen et al., 2015; Perry, 495 

2007; Scanlon et al., 2015). Another major issue occurs when increases in irrigation efficiency at the field 496 

scale lead to expansion of irrigated acreage or higher-value but more water-intensive crops, thus actually 497 

increasing total blue water use at the regional scale (Alcott, 2005; Sears et al., 2018). This is one example 498 

of a widely recognized environmental challenge, called Jevon’s paradox, that limits the utility of 499 

interventions aimed at increasing resource use efficiency at a small scale without effective governance and 500 

policies at broader scales. 501 

There are also possible tradeoffs with soil health. In a comparison of furrow irrigation, which wets a greater 502 

volume of soil less frequently, and subsurface drip irrigation, which wets a smaller volume of soil more 503 

frequently, Schmidt et. al (2018) found that subsurface drip reduced the soil’s C sequestration potential. 504 

Specifically, furrow irrigation had larger soil aggregates in the upper 10 cm of the soil, a greater proportion 505 

of C in macroaggregates, and a lower proportion of C in the unprotected silt and clay fraction compared to 506 

subsurface drip irrigation after just two years. While the drip system had higher blue water productivity 507 

(i.e. more crop per drop) than furrow, declining aggregation in the drip irrigated system could affect 508 

infiltration and percolation during the rainy season and thus potentially green water storage and blue water 509 

recharge (Schmidt et al. 2018). Different soil wetting patterns with subsurface drip irrigation also affects 510 

soil bacterial and fungal community composition, though functional implications are not clear (Quach et al 511 

2022). While limited research exists currently, these studies suggest that different wetting patterns of 512 

subsurface drip or microsprinklers may impact soil health.  513 

Transitions to integrated soil health-water management 514 

Developing strategies for integrated soil health and water management and quantifying outcomes are 515 

important steps to leverage more green water and reduce applied irrigation water, toward a larger goal of 516 

sustainable water resource management in irrigated regions. But such knowledge will not be sufficient to 517 

actually make the shift (Chartzoulakis and Bertaki 2015; Iwanaga et al 2020). With changes in decision 518 

making required across multiple, interacting levels, from individual farms to irrigation water management 519 

districts to regional policymaking, driving change in both soil health systems and water resources 520 

management is complex and social-ecological in nature. For example, structural factors like the degree of 521 

land tenure, access to values-based markets, and public and private policy all influence farmers’ adoption 522 

of soil health practices (Esquivel and Carlisle et al 2022; Carlisle 2016), with motivation and other personal 523 

characteristics playing an important mediating role (Prokopy et al 2019). Shifting to various deficit 524 

irrigation management strategies or less water-intensive alternative crops will likely be by necessity only, 525 
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such as when water for irrigation is less available and/or becomes more expensive (Trout and Manning, 526 

2019). Deficit irrigation involves more risks for crop productivity, and alternative crops may generate lower 527 

returns, which is an issue when the highest value cropping systems in a region drive land values. While 528 

some exceptions exist, such as when deficit irrigation leads to profitable increases in crop quality despite 529 

lower yields (e.g. with dry farmed tomatoes or winegrapes; Acevedo-Opazo et al 2010), motivation to 530 

reduce water inputs will need hard climate or regulatory realities. Yet such realities may actually be a 531 

window of opportunity for farmers to try soil health management as a strategy for reducing the negative 532 

impacts of less water available. Times of crisis can spur farmers to reevaluate their systems, consider new 533 

possibilities, and experiment in novel ways (Folke et al. 2010; Darnhofer 2014). Innovations could spread 534 

when farmers that pioneer integration of soil health and irrigation management and find new ways of 535 

thriving with reduced blue water availability share their experiences and knowledge through farmer-to-536 

farmer networks.   537 

At broader levels, policies must address common pool resource problems (Ostrom, 1990), or problems in 538 

which action at the individual level does not produce optimal outcomes for all users. Participatory policy 539 

processes are essential, not only to consider the wide array of values, knowledge and perspectives that 540 

farmers, water managers, and other stakeholders bring, but also to increase the scope of possible solutions 541 

and generate momentum for collective action (von Korff et al. 2012).  As an example, groundwater use in 542 

California has resulted in a quintessential common pool resource problem and extreme levels of 543 

groundwater overdraft (Faunt et al. 2016). To address this, in 2014 the California legislature enacted the 544 

Sustainable Groundwater Management Act (SGMA) which established new basin-level management 545 

institutions, Groundwater Sustainability Agencies (GSA), tasked with developing locally-relevant 546 

Groundwater Sustainability Plans (GSPs). As a form of collaborative governance, SGMA mandates that all 547 

interested water users, and specifically disadvantaged communities, be involved in the process (Lubell et 548 

al 2020). GSPs must chart how the basin will achieve groundwater sustainability via several approaches, 549 

including voluntary, incentive-based water saving approaches, implementing on farm managed aquifer 550 

recharge, and control policies such as implementing pumping quotas (Niles and Hammond Wagner, 2019). 551 

Pumping quotas could result in fallowed fields and negative consequences for the agricultural industry. If 552 

incentive programs for soil health management were coupled with regulations for water resources like 553 

SGMA, then some negative impacts could be avoided. In other words, providing support for soil health 554 

practices could also help farmers adapt to regulatory and climate realities of water limitations. Following 555 

the California example, the state-level Healthy Soils Program (HSP) currently provides grants for soil health 556 

practices and recognizes the many co-benefits of building soil health (CDFA, 2022), but synergies between 557 
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HSP and SGMA remain undeveloped. GSAs could engage with technical assistance providers to support 558 

farmers’ transitions to soil health management in concert with water-saving irrigation practices (Table 1), 559 

building on lessons learned from pioneering farmers, much like a regional model for developing 560 

conservative agriculture (Mitchell et al 2016). In turn, modelers could quantify how integrated soil health 561 

and water management at the field scale affects the regional water balance. For example, could adoption of 562 

soil health practices and changes in irrigation strategies, such as deficit irrigation or changes in the timing 563 

and duration of irrigation events (Table 1), if broadly incentivized and adopted, be impactful components 564 

of GSA Groundwater Sustainability Plans? How could building soil health on low permeability soils 565 

improve infiltration and a farmer’s ability to participate in managed aquifer recharge programs, expanding 566 

beyond only sites with soils already capable of high infiltration rates (O’Geen et al. 2015)? In sum, 567 

regulatory intervention and governance is necessary to move water resource use toward sustainability, while 568 

incentives and technical assistance for soil health management could help farmers adapt to new realities 569 

with fewer negative consequences. Doing so will require the active commitment and collaboration of 570 

farmers, policymakers, and other stakeholders. 571 

Quantifying outcomes: opportunities and knowledge gaps 572 

Water resource managers, farmers and other stakeholders require quantitative information on the potentials 573 

and limits of integrated soil health-water management to increase productive green water flows, resilience 574 

to blue water shortages, and conservation or even regeneration of blue water resources. Most reports on soil 575 

health response to management quantify soil physical, chemical, and more rarely, biological indicators of 576 

soil health, as we have reviewed here. While such approaches are crucial for establishing linkages between 577 

management and these dynamic properties, understanding the impact of such changes on plant-water 578 

relations, crop productivity during drought or deficit irrigation, or on green and blue water flows at scales 579 

beyond the plot or field is much more challenging. To move beyond optimistic guesses to actionable 580 

information, research and development in several areas are needed.  581 

Rather than focus mainly on soil health indicators, field-scale trials must be able to demonstrate outcomes 582 

of soil health management for hydrological processes, plant water status, crop production during water 583 

limitation, and blue water savings. Doing so may require new experimental approaches (Gilbert and 584 

Medina, 2016). For instance, recent field trials have linked organic matter additions in the form of compost 585 

and chipped woody biomass to higher soil moisture and measurable mitigation of tree water stress including 586 

under deficit irrigation (Jahanzad et al., 2020; Lepsch et al., 2019). When possible, we recommend 587 
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experimental designs with a gradient of irrigation water inputs, such as 25%, 50%, 75%, and 100% of crop 588 

evapotranspiration, to determine if thresholds in terms of crop stress or yield response to deficit irrigation 589 

differ between soil health management treatments and controls. However, standardizing irrigation volume 590 

in soil health treatments and controls limits inference about mechanisms other than higher soil moisture. 591 

Rather than standardizing by irrigation volume, standardizing soil moisture between soil health treatments 592 

and controls would allow testing for soil health management-induced shifts in dynamic soil biological and 593 

physical properties, plant-soil microbe interactions, root water acquisition, and plant water status, rather 594 

than only soil moisture per se. For example, a deficit irrigation experiment with no difference in soil 595 

moisture between treatments with and without symbiosis with AM fungi showed that AM fungi alleviate 596 

plant water stress under deficit irrigation when soil moisture is similar between treatments with and without 597 

AM symbiosis (Bowles et al., 2016). Soil sampling or preferably soil sensors that are used for irrigation 598 

management could monitor soil moisture in a treatment or experimental unit and then variable irrigation 599 

volumes could be applied to standardize soil moisture between soil health treatments and controls. Another 600 

option that could be more feasible than standardizing by soil moisture, and helps avoid challenges of soil 601 

heterogeneity and sensor measurement area, is standardizing by plant water status through direct 602 

measurement or proximal or remote sensing at the plant, plot, or field scale, which would allow the blue 603 

water savings that are hypothetically possible through soil health management to be quantified, regardless 604 

of whether higher soil moisture, plant water status, or other mechanisms are responsible. Future 605 

manipulative and observational studies could generate insight into the relative importance of key pathways 606 

(abiotic and biotic paths) through which soil health management protects plants in water-limited conditions, 607 

such as impacts on the soil water balance, soil nutrient cycling, and plant water and nutrient uptake and 608 

status with or without the contribution of soil microbes, and target management accordingly. 609 

In regions with irrigated landscapes and large water conveyance systems, scaling up the impacts of soil 610 

health management beyond the plot or field scale is essential to quantify potential blue water conservation 611 

through increasing green water availability, irrigation savings, and/or aquifer recharge. Quantification is 612 

essential for assessing the relative costs and benefits of different interventions (Hoekstra, 2019). For 613 

example, in California, ~3.5M ha of irrigated croplands consume 36-46 cubic kilometers of blue water 614 

annually (Cooley, 2020). Yet, availability of surface water resources is increasingly volatile as climate 615 

change progresses, leading to groundwater overuse and subsequent policies to implement state-mandated 616 

Groundwater Sustainability Plans (GSP) (Harter, 2015). Given the uncertainty in surface water availability, 617 

reduced pumping likely will have to be included in GSPs to bring groundwater basins back into sustainable 618 

use (Escriva-Bou et al., 2020). In an analysis by Devine and O’Geen (2019) based on inherent soil 619 



21 

 

properties, deficit irrigation (down to 1 meter deep and 50% allowable depletion) in perennial cropland 620 

across California could produce blue water savings equal to 30 cubic kilometers and increase green water 621 

use by 7 cubic kilometers over 13 years. This is equivalent to filling the largest surface reservoir in the state, 622 

Shasta Lake, 6.6 times over.  623 

To what extent could adoption of soil health management increase green water availability and reduce 624 

demand for blue water for irrigation? Would incentivizing adoption of such practices at scale be more cost 625 

effective than alternatives like increasing surface reservoir capacity, and with more co-benefits? To what 626 

extent could soil health management also increase aquifer recharge through enhanced percolation or 627 

reduced groundwater withdrawals, thus forming part of GSPs in California or analogous policies 628 

elsewhere? Such questions will require interdisciplinary research that supports agro-hydrological modeling 629 

across scales. We identify several challenge areas where modeling development is needed. 630 

Capturing agroecosystem changes due to soil health by modeling 631 

The answer to the key question of how building healthy soils impacts the use of water resources in irrigated 632 

agriculture depends on interactions among multiple spatial and temporal scales, and ultimately on water 633 

resources management itself. For instance, at the plant canopy to field scale, models must be able to capture 634 

how agricultural management, including practices to increase soil health and irrigation, affect soil hydraulic 635 

properties and hydrologic flows. Beyond the field, at a basin scale, hydrologic and water resource models 636 

must be able to capture how these changes in turn affect green and blue water flows and reservoirs. For 637 

instance, changes in infiltration and soil water storage at the field scale could affect runoff and percolation, 638 

and thereby blue water flows to surface and groundwater (Flint et al., 2013, Lei et al., 2021). Such coupled 639 

models could in turn be used to assess different climate change scenarios, including drought, and reduced 640 

blue water supply.    641 

Recent work has focused on how to capture the effect of soil health practices in hydrologic models (Evenson 642 

et al., 2022, Maharjan et al., 2018). With this work as a starting point, we selected four representative and 643 

widely-used models that simulate the movement of water at different scales. We highlight strengths, 644 

weaknesses and opportunities for capturing impacts of soil health management on green and blue water 645 

flows (Table 2). We consider both approaches for estimation of water savings: less drop per crop (water 646 

management strategies) or more crop per drop (closing yield gap at constant water use) (Bao, 2020; Blum, 647 

2009) 648 
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At the global scale, the Lund-Potsdam-Jena managed Land (LPJmL [Rost et al., 2008]) model evaluates 649 

global blue-green water patterns. LPJmL is a dynamic global vegetation and hydrologic model, which 650 

models coupled carbon, nitrogen, and water fluxes, crop growth and yields. Improvements to LPJmL, 651 

including irrigation schemes (Rost et al., 2008) and reservoir management, assess the changing role of 652 

reservoirs in sustaining water supply for irrigation in agroecosystems (Biemans et al., 2011). Additionally, 653 

LPJmL 5.0 takes into account impacts of tillage by focusing on changes in SOM pools and bulk density 654 

(Lutz et al., 2019), making LPJmL potentially capable of assessing how tillage affects irrigation demand 655 

and crop yields.  656 

At a watershed to basin scale, the Soil & Water Assessment Tool (SWAT [Arnold et al., 1998]) model 657 

predicts the impacts of land management practices on water and sediment flow, including crop yield and 658 

crop water productivity, and can incorporate irrigation scheduling (Sun and Ren, 2014). The SWAT model 659 

has been used to estimate green and blue consumption at basin scale, allowing efficient water and soil 660 

management (Msigwa et al., 2022). However, SWAT cannot estimate water losses to evaporation from 661 

water reservoirs, channels and after irrigation water application (Luan et al., 2018), limiting blue water 662 

flows estimation. SWAT becomes inaccurate at modeling streamflow during drought periods (Veettil and 663 

Mishra, 2016), a disadvantage in running climate change scenarios. However, a calibrated SWAT version 664 

was developed validating input parameters for wet and dry seasons (Zhang et al., 2015). 665 

At the field scale, the Food and Agriculture Organization (FAO) model AquaCrop estimates green-blue 666 

water balance and plant growth, and can incorporate management impacts on blue water, such as using drip 667 

irrigation and soil management techniques like mulching (Chukalla et al., 2015; H. Nouri et al., 2019). 668 

Currently, AquaCrop does not simulate lateral water flows, fertilization, or nutrient dynamics (Chukalla et 669 

al., 2015). AquaCrop describes soil water stress in more detail than SWAT, but SWAT is more detailed for 670 

soil fertilization (Van Gaelen, 2016). AquaCrop may perform better for soil water balance and crop growth 671 

processes than SWAT (Hunink et al., 2011), and is better able to parameterize irrigation management. In 672 

the comparison of these two models, if ‘less drop per crop’ (decreasing water use at stable yield) is more 673 

important than ‘more crop per drop’ (closing yield gap at constant water use), AquaCrop would be more 674 

suitable. 675 

In contrast to larger scale models, physical models focused on finer scales like HYDRUS 1D (Šimůnek and 676 

Genuchten, 2008) better capture soil hydraulic properties. Capturing how soil health management affects 677 

soil hydraulic parameters in process-based models is one limitation in accurately estimating water resources 678 

across scales (Dang et al., 2020). For instance, while LPJmL, AquaCrop and SWAT use total porosity as 679 
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an input of a unimodal pore size distribution, HYDRUS 1D accounts for dual-porosity, i.e., inter-aggregate 680 

pores and intra-aggregate pores with contrasting sizes, and hysteresis in the water flow calculation 681 

(Šimůnek et al., 2016). Not considering bimodality in topsoils due to soil management derived from tillage 682 

may compromise the accuracy of soil-water modeling (Acevedo et al., 2020; Jensen et al., 2019). A 683 

HYDRUS 1D module can incorporate the effect of tillage, homogenizing the soil water content and liquid 684 

phase concentration in the topsoil layers, although it does not incorporate changes in soil hydraulic 685 

properties with tillage (Mallmann et al., 2014). 686 

To realistically capture outcomes for water provisioning, agro-hydrological models must be able to—687 

directly or indirectly via connection to another model—simulate how soil health management affects the 688 

dynamic soil properties that influence hydrologic processes and hydraulic properties, shifts in plant growth 689 

that influence water access and demand, and eventually, plant-microbe interactions that influence plant 690 

responses to water stress. Overall, the agro-hydrological models reviewed here incorporating soil health 691 

management have largely focused on reduced or no tillage. Using field data to validate model parameters, 692 

other soil health management such as cover crops or organic matter amendments could be directly 693 

incorporated or, as a starting point, represented through their impacts on SOM. Realistic representation of 694 

soil health management and soil-water processes in hydrological models requires targeted data collection 695 

and validation for dynamic soil property inputs (Gómez et al., 2020). SOM dynamics are some of the most 696 

important soil health management-induced changes in agroecosystems (Bolinder et al., 2020) and accurate 697 

modeling of hydrological outcomes of soil health management thus require comprehensive integration of 698 

SOM processes over time (Kemanian et al., 2011). In LPJmL5, all organic matter pools (vegetation, litter, 699 

and soil) are subject to decomposition. The decay of organic residues cannot be simulated by standard 700 

versions of AquaCrop, HYDRUS-1D or SWAT, but all of these have been coupled to submodels to address 701 

this need. In models where SOM pools are subject to decomposition, hydraulic parameters can be 702 

dynamically estimated at different depths based on pedotransfer functions using SOM as an input (Lutz et 703 

al., 2019), allowing modeling of soil health practices that affect SOM.  704 

Accurate data on soil physical properties can lead to a better understanding of the state of soil health at local 705 

and landscape scales (Keesstra et al., 2021), but some assumptions about soil hydraulic properties can 706 

oversimplify their effect on models. First, most hydrological models assume that soil hydraulic properties 707 

are constant over time, hampering efforts to capture how management practices temporally affect key 708 

properties like soil structure and pore size distribution (Chandrasekhar et al., 2019). For example, soil health 709 

management can boost pore connectivity (Galdos et al., 2019); however, temporal changes in soil structure 710 

are still in early stages of development (Chandrasekhar et al., 2019; Vereecken et al., 2016). Second, another 711 
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assumption is that at different starting soil conditions, properties are arbitrarily changed after management, 712 

commonly as correction factors. An example is the bulk density after tillage. The intensity and type of 713 

tillage can be represented in simulation models as a mixing efficiency parameter (mE, from 0 to 1) 714 

corresponding to the fraction of change in bulk density after tillage (White et al., 2010). Third, most process-715 

based models use pedotransfer functions (PTFs), which establish an empirical relationship between easily 716 

measurable properties and soil hydraulic parameters, may be a source of uncertainty in the estimation of 717 

agroecosystem changes due to soil health. AquaCrop, SWAT and LPJmL 5.0 use the Saxton and Rawls, 718 

2006 PTF for water characteristics for water potential and hydraulic conductivity by default and HYDRUS-719 

1D uses Rosetta, both developed with US soil databases. This could bias models towards soil types and 720 

climate conditions found in this geographic area. Management-induced changes in soil hydraulic properties 721 

are also not necessarily consistent across different locations, soils, and experiment designs (Schwen et al., 722 

2011), hampering the use of default parameters in accurate modeling runs. PTF can aid in quantifying 723 

benefits of soil management and can be used to model the effect of changes in management on drought 724 

resilience (Bagnall et al., 2022). As Cueff et al. (2021) found, available PTFs applied equally to soils under 725 

conservation or conventional agriculture have shown poor accuracy results. 726 

Green water is stored in the vadose zone, which is the subsurface unsaturated zone between the topsoil 727 

surface and the saturated zone below the water table. Modeling unsaturated soil flow properly is thus 728 

mandatory for estimating green water use and storage. Favorable soil properties related to water flow in 729 

unsaturated, drying soil, including high porosity and a higher fraction of large capillary pores and a lower 730 

fraction of gravitational pores (Kodešová et al., 2009), should be incorporated ideally using real 731 

measurements. For example, Maharjan et al. (2018) reviewed 16 hydrological models able to integrate 732 

tillage effects and concluded that simulating this management requires site-specific empirical measurement 733 

of changes in bulk density after tillage. Notably, hydraulic conductivity at varying water contents is not 734 

commonly reported in soil health management studies, which tend to focus on soil physical properties that 735 

are relatively easily measurable, such as infiltration or saturated hydraulic conductivity. 736 

Agro-hydrological models could better incorporate and enhance flexibility regarding the biotic components 737 

of the soil environment. Across agro-hydrological models generally, changes in the root zone by crops 738 

(and/or cover crops) must be properly represented to calculate ET accurately. HYDRUS-1D can simulate 739 

crop growth status and water uptake by plants (Karandish and Šimůnek, 2019; Šimůnek et al., 2016) but 740 

the root system is considered as a static component (without feedback between the root system and the soil 741 

conditions), limiting ability to simulate agroecosystems under different soil health management practices 742 

(Parihar et al., 2019). Largely due to a lack of data and uncertainty about representation in models, 743 
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hydrologic and crop models do not currently explicitly account for soil biology impacts on plant water 744 

uptake, status, and transpiration. Quantifying the effect of soil-plant-microbe interactions on model-relevant 745 

inputs such as actual evapotranspiration would enable their incorporation into models and, ultimately, more 746 

accurate estimation of the outcomes of building soil health not only for soil physical properties but also 747 

crop resilience under various climate change and irrigation scenarios.  748 

However, models must be simple to ensure their operability. Thus, the challenge to integrate soil health 749 

into agroecosystem and landscape hydrology increases the need for calibration data and coupled models. 750 

For example, AquaCrop has been coupled to HYDRUS-1D and 2D to describe water flow and retention 751 

within the soil profile to validate optimum management practices for increased water storage capacity 752 

(Gómez et al., 2020). In a similar approach HYDRUS-1D has been coupled with SWAT for quantifying 753 

the capillary rise from groundwater contribution to crop transpiration (Han et al., 2015). To sum up, none 754 

of the reviewed models can alone incorporate interactions between soil health and irrigation management, 755 

and then impacts on green water and blue water reservoirs. Additional development will be needed to 756 

incorporate soil health into agroecosystem and landscape hydrology at different scales. 757 

Our analysis indicates that current knowledge of soil health and water is robust on soil moisture, infiltration, 758 

and retention (Morris and Bucini, 2016), but to the best of our knowledge it does not yet capture soil health’s 759 

effect on whole-system hydrologic functioning via modeling. Modeling is a promising avenue for 760 

quantifying the magnitude of soil health-induced gains in water savings and drought resilience in irrigated 761 

agricultural landscapes. However, current models neither capture the full effect of soil health practices on 762 

soil hydraulic parameters nor the influence of soil, plant, and microbial processes and interactions on water 763 

cycling 764 

Conclusions 765 

We show several pathways through which soil health management could synergize with irrigation and crop 766 

management to increase effective use of green and blue water resources in irrigated cropping systems. 767 

Widely cited benefits of soil health management in rainfed agriculture, namely higher infiltration rates and 768 

soil water storage, are an important way to increase green water availability. Yet, greater beneficial plant-769 

microbe interactions, root water capture, and reducing plant water stress are at least as important for 770 

maintaining productivity in irrigated contexts that depend more on blue water than green water, especially 771 

in Mediterranean climate regions dominated by perennial crops that cannot be fallowed during periods of 772 

water scarcity. We provide a roadmap for how soil health management can enhance the effectiveness and 773 
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suitability of irrigation and water resource management strategies that conserve water resources, such as 774 

deficit irrigation or agricultural managed aquifer recharge, and related uncertainties and challenges yet to 775 

be resolved. Future research priorities include: 1) promising agro-hydrological modeling strategies and gaps 776 

for quantitative scenario analysis and 2) planning to discern possible gains in water conservation and 777 

drought resilience through integrated soil health-water management. Impacts on water resources, especially 778 

increases in aquifer recharge through enhanced percolation or reduced groundwater withdrawals, are 779 

important to evaluate. For quantitative information on how soil health management affects water resources 780 

at scales relevant to water resource managers, soil, crop, and hydrological models must be better integrated 781 

and expanded, including potential physical and biological changes in the soil. Challenges, trade-offs, and 782 

unintended consequences of soil health management for water conservation are also possible, for instance 783 

if blue water conservation through soil health management at the field scale enables expansion of irrigated 784 

acreage. Changes in irrigation and water resource management must accompany and complement soil 785 

health management for blue water savings to be realized. A suite of agroecological and technical research 786 

approaches may resolve how building healthy soils impacts the effective use of water resources, specifically 787 

in irrigated systems, and help meet the global agricultural water challenge. 788 

  789 
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Figures 1557 

 1558 

 1559 

Figure 1. Annual precipitation data of California and estimated water requirements (2016).  1560 

A: Total annual precipitation (cm). B: Modeled annual ET fraction derived from green water (%) in irrigated 1561 

systems. Green crop water requirements represent the amount of ET met by precipitation. Blue water 1562 

requirements represent the amount of irrigation required to make up the difference between ET and the 1563 

green crop water requirement, although this may overestimate blue water since in practice the full amount 1564 

of water required to replace ET is sometimes not provided (e.g., with deficit irrigation). Areas 1565 

corresponding to Prime Farmlands and Farmland of Statewide Importance were derived from census-based 1566 

inventories as reported in Portmann et al. (2010) and the Farming Mapping and Monitoring Program (2021). 1567 

Based on the dataset by Chiarelli et al. (2020) and gridMET (Abatzoglou, 2021, 2013) 1568 

 1569 

 1570 
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 1571 

 1572 

Figure 2. Conceptual framework for outcomes of soil health management for water resources.  1573 

Hydrologic processes (orange circles) and plant-soil-microbe interactions below (green circles) and 1574 

aboveground (pink circles) affecting blue and green water use in irrigated systems. Soil health management 1575 

practices are represented in circles on the left side. Blue arrows indicate blue water flows, and green arrows 1576 

indicate green water flows. Arrows with both colors represent mixed blue and green water components. 1577 

Arrow size does not represent the flow magnitude. Original artwork by Elena Harley (www.elabarts.com) 1578 
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Tables 1580 

Table 1. Irrigation water management strategies and how they interact with soil health management to 1581 

decrease use of blue water, increase green water availability and/or increase the productive flow of water, 1582 

i.e. integrate soil health-irrigation management.  1583 

Water management 
strategy 

Interaction with soil health 
management 

Key research questions 

Delaying onset of 
irrigation until a 
benchmark level of 
allowable depletion has 
occurred (Zhang et al., 
2021) 

Depends on increases in green water 
availability via greater soil water capture 
and storage 

What are levels of allowable soil 
water depletion for specific 
crops?  

How would delaying onset of 
irrigation affect direct seeded or 
transplanted annuals? 

Applying fewer, deeper 
irrigations with 
reduced total water 
applied (Waqas et al., 
2021) 

Reducing evaporation and increasing 
rainfall infiltration by cover cropping, 
crop residues, mulching, and/or no-till 
results in less blue water needed to meet 
crop water demand 

How can cover crops be managed 
across varying agro-climatic 
contexts to optimize impacts on 
soil water content for subsequent 
cash crops?  

Could this be implemented with 
drip irrigation systems? 

Deficit irrigation or 
partial root-zone drying 
(Barrios-Masias and 
Jackson 2016, Lipan et 
al., 2019) 

Greater plant-microbe interactions and 
root proliferation and penetration could 
reduce impacts on crop production 

To what extent will soil health 
management maintain or enhance 
crop productivity from varying 
levels and approaches to deficit 
irrigation or partial root zone 
drying? 

Matching irrigation 
strategy with root 
system traits (García-
Tejera et al., 2018, 
Vincent et al., 2020) 

Root proliferation in well-structured 
topsoil could maximize capture of 
shallow irrigation while deep root 
penetration could maximize deep stored 
water from higher infiltration 

Is the root system architecture of 
crops and varieties suited to 
access stored soil water at 
different depths?  

How could breeding programs 
help match crops with patterns of 
water availability? 
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Adaptively design 
cropping patterns to 
optimize water use 
(Chen et al., 2022) 

Planning and adaptively managing crop 
rotations, fallowing, and/or 
intercropping to facilitate 
complementariness in water use in space 
and time could enhance green water 
availability 

How could interspecific 
interactions in intercropping 
enhance water use efficiency? 

Do crop rotations based on 
rooting depth differences increase 
the efficient use of stored water? 

Managed groundwater 
recharge (Meyer et al., 
2019) 

Cover cropping could facilitate 
groundwater recharge by maintaining 
soil structure and reducing nutrient 
loading to groundwater  

How does the timing of flood 
flow applications and cover crop 
establishment interact to affect 
nutrient retention and deep 
percolation?  

When should a cover crop be 
terminated to reduce non-
productive water flow? 

Irrigation efficiency 
technologies (Dumont 
et al., 2013) 

Smaller, more frequent, and more 
localized irrigation could reduce other 
benefits from soil health improvements 
if only a very small portion of the soil 
profile is moist during the growing 
season 

How can effective water 
governance policies be designed 
to minimize the potential for 
Jevon’s paradox due to increases 
in water use efficiency at the field 
scale? 

What are the tradeoffs between 
irrigation technologies and soil 
health benefits based on water 
distribution in the soil profile? 

 1584 

 1585 
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Table 2. Model summary of selected models used in the comparison of both soil health management and 1588 

green-blue water balance.  1589 

Model Model 
type 

Focal scale  ‘Less drop per crop’ and ‘more crop per 
drop’ examples related to soil health and 
green-blue water balance 

LPJmL Process 

based 

Global  - Effects of tillage in crop productivity (Lutz et 
al., 2019) 

- Mulching and conservation tillage in irrigated 
systems (Jägermeyr et al., 2016) 

- Combined effect of reservoir operation and 

irrigation extractions (Biemans et al., 2011) 

SWAT  Physical 
based 

Hydrologic and erosion 
model at the basin scale 

- Importance of capillary rise (Kroes et al., 
2017) 

- Irrigation and reservoir storage (Jouma and 
Dadaser-Celik, 2021) 

- Crop yield and irrigation optimization (Sun 
and Ren, 2014) 

AquaCrop Process 

based  

Crop simulation at field 
scale 

- Irrigation and capillary rise in crop 
productivity (Khan et al., 2021) 

- Deficit irrigation and mulching in crop 
productivity and water savings (Bao, 2020) 

- Water saving effect of mulching and drip 
irrigation (Nouri et al., 2019) 

HYDRUS  

1-D 

Physical 
based 

Water flow and solute 
transport through the soil 
profile 

- HYDRUS-1D coupled with a crop growth 
model: impact of groundwater in productivity 
(M. Han et al., 2015) 

- Water dynamics in irrigated conservation 
agriculture (Bekele et al., 2020)  

- Water balance under no tillage and SOM 
incorporation (Aggarwal et al., 2017) 
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 1591 

Boxes 1592 

Box 1: Irrigation management strategies to reduce blue water inputs 1593 

Deficit irrigation implies reductions in the amount of water provided to a crop compared to a fully irrigated 1594 

crop based on the total crop evapotranspiration. A fully irrigated crop would receive blue water equivalent 1595 

to crop evapotranspiration. Two approaches for reducing the amount of blue water applied are a controlled 1596 

deficit irrigation and partial root zone drying. The former is applied during certain crop stages when drought 1597 

has less impact on yield (e.g., fruit ripening in tomatoes). Partial root zone drying integrates plant 1598 

physiological responses to drought (e.g., tighter regulation of transpiration rates) by wetting only part of 1599 

the root system (e.g., 50%), which is alternated in each irrigation. Partial root zone drying can be applied 1600 

during most of the growing season. However, not all crops or cultivars may respond well to these irrigation 1601 

strategies. 1602 

 1603 


