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Abstract Soil salinity and sodicity are major concerns in agricultural systems, threatening plant growth

in the short term and soil health in the long term. Despite these risks, use of marginal quality water with high
salt concentrations is often essential to maintaining food production, especially in arid and semi-arid regions.
Leveraging our understanding of basic soil processes and feedbacks is essential for ensuring sustainable use of
marginal quality water and land. Models are an important component in effective management, since they allow
us to investigate large numbers of potential future scenarios, augmenting our ability to predict the consequences
of agricultural practices. In this review, we examine the most advanced models for studying the effects of
salinity and sodicity on plant health and soil structure. We place special emphasis on the integration of these
frameworks into dynamical models, which can be used to examine how changing climate and irrigation
conditions lead to evolving plant and soil responses over time. We highlight important differences in existing
modeling frameworks, especially with regard to their relative complexity and suitability for integration into
larger climate models. We overview important applications of these models, including studies of localized
leaching of salts, complex ion chemistry, the dynamics in layered profiles, and the risk of long-term soil
degradation as a result of particular irrigation practices.

1. Introduction

In the face of rising water scarcity, spurred by growing human populations and climate change, policy makers
and farmers are increasingly reliant on treated wastewater and brackish water as critical sources for irrigation
(Assouline et al., 2015; Bixio et al., 2006; Levy, 2011; Oster, 1994). While integration of these and other marginal
quality water sources can help maintain food production under conditions of growing demand, it also introduces
its own set of environmental hazards. Marginal quality water resources often have higher salinity concentrations
than freshwater (Assouline & Narkis, 2013; Levy, 2011; Schacht & Marschner, 2015). When not managed prop-
erly, salinity can lead to declining plant yields and irreversible damage to soils (Assouline & Narkis, 2011, 2013;
Bardhan et al., 2016; Hillel, 2000; Lauchli & Grattan, 2011; Levy, 2011; Mandal et al., 2008; Schacht &
Marschner, 2015; Shainberg & Singer, 2011). Because of this, salinity and sodicity are considered major drivers
of land degradation—affecting as much as 50% of irrigated land, leading to billions of dollars in economic losses,
and threatening global food security (Daliakopoulos et al., 2016; FAO & ITPS, 2015; Ghassemi et al., 1995;
Howitt et al., 2009; Pravilie et al., 2021; Qadir et al., 2014; Wallender & Tanji, 2011; Wicke et al., 2011).
The extent of global salinity is presented in Figure 1, which relies on data compiled by the FAO's Global Map
of Salt-Affected Soils (FAO, 2023), an ongoing initiative to survey salinity distribution across all countries.
Although the data are incomplete, it is clear that arid regions are amongst the most affected by soil salinity. Many
of these areas are key to world agricultural productivity and also home to rapidly growing populations.

Compounding the dangers posed by salinity and sodicity is the fact that over the long term, unaddressed land
degradation can lead to a net increase in carbon emissions, and therefore a negative feedback on climate (Olsson
etal., 2019). Given the potential benefits and dangers of dependence on saline waters, effective models are essen-
tial to facilitating sustainable management (Assouline et al., 2015; Hopmans et al., 2021; Oster, 1994; Vereecken
et al., 2016). Such models can be used to analyze the complex interactions between soil and plant systems, and
the main drivers of their dynamics, namely climate and irrigation. As pressures on global food supplies rise under
growing populations, efficient management of marginal quality land and water resources will become increas-
ingly important to ensuring reliable and secure agricultural output.
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Figure 1. Major agricultural producing regions across the world are the most affected by surface level salinity, according to FAO effort to map salinity issues among
UN member states. Data collection from members states is ongoing and regularly updated on the FAO's website (FAO, 2023). Figure reprinted with permission from
FAO and Christian Omuto (Global Salt-Affected Soils Map, v2.0, 2023).

The aim of this review is to compare the most important modeling frameworks developed for studying salinity
and sodicity in agricultural systems. We begin by briefly outlining how salinity and sodicity affect agricultural
systems (Section 2) and then discuss models that have been developed for the study of their effects on soil struc-
ture (Section 3) and plant functioning (Section 4). In Section 5, we examine dynamical models, which facilitate
the study of how soil salinity and sodicity conditions evolve over time, and how these changes affect soil structure
and plant output. We then overview some of the most significant applications of these models—studies that simu-
late expected plant yields in conditions of changing salinity, soil degradation risk over time, and the effectiveness
of specific rehabilitation methodologies (Section 7). Finally, we discuss the most pressing gaps in present mode-
ling capabilities and priorities for future research (Section 8).

2. Effects of Salinity and Sodicity on Plants and Soils
2.1. Soil Salinity

Soil salinity refers to the concentration of various electrolytic mineral solutes—most commonly sodium,
calcium, magnesium, chloride, and sulfate ions; less commonly nitrate and potassium—in the soil solution
(Bernstein, 1975; McGeorge, 1954). Salinity can be measured as the electrolyte concentration in the soil solution
(mmol L), It is more common, however, to use electrical conductivity (dS m™!) as a proxy for salinity, due to its
ease of measurement, with the rule-of-thumb conversion: 1 mmol L~! »~ 10 dSm~! (McGeorge, 1954).

As the osmotic pressure of the soil solution rises, it becomes increasingly difficult for plants to extract water from
the root zone (Bernstein, 1975; Maas & Grattan, 1999; Munns, 2002; Tanji & Kielen, 2002). Plants in highly
saline conditions, therefore, often experience stresses similar to those of plants facing drought (Bernstein, 1975;
Maas & Grattan, 1999; Munns, 2002; Tanji & Kielen, 2002). Certain crops, for example, corn and potatoes,
are extremely sensitive to saline conditions, with yields beginning to decline at concentrations as low as 20
mmol, L~ (Maas & Grattan, 1999). Other species, including barley and cotton, are comparatively resilient, with
yields declining only when concentrations approach 80 mmol L~! (Maas & Grattan, 1999).
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The input of salts to soils can occur from both primary (erosion of rocks with high salinity content, ocean spray,
or seawater intrusion) and secondary (human) sources. This review focuses on models used to study secondary
salinity in agricultural systems, most commonly resulting from irrigation with marginal quality waters that are
high in salt content, or irrigation practices and land-use changes that cause a rise in saline groundwater.

2.2. Soil Sodicity

Soil sodicity refers specifically to the relative concentration of sodium bonded to exchange sites on the surface
of clay and organic matter, called the exchange complex. As water of varying chemical composition enters and
exits the root zone, exchange between the soil water and soil surface affects the distribution of cations adsorbed
to the exchange complex. The relative fraction of sodium ions in the exchange complex is important because
high concentrations of monovalent cations are known to cause the breakdown of bonds between soil particles,
resulting in the dissolution of soil aggregates (Bardhan et al., 2016; Levy, 2011; McGeorge, 1954). Damage to
soil aggregates inhibits the easy movement of water and air in a soil's root zone, thereby threatening plant growth
(Bardhan et al., 2016; Levy, 2011; Mandal et al., 2008; McGeorge, 1954).

The relative fraction of sodium ions in the exchange complex is typically referred to as the Exchangeable Sodium
Percentage (ESP). When the exchange complex is in chemical equilibrium with soil water, the Sodium Adsorp-
tion Ratio (SAR) is a useful measure of sodicity (McGeorge, 1954). The commonly used Gapon Equation is
based on exchange isotherm considerations, and it relates the SAR and ESP (Sposito, 1981). Most experimen-
tal and modeling studies have focused on the role of sodium in causing aggregate breakdowns, since it is the
most common monovalent cation in soils. Recent works, however, have attempted to integrate the effects of less
common monovalent cations. Notably, the CROSS ratio considers the effects of both Na and K cations on clay
dispersion and Ca and Mg cations on clay flocculation (Bennett et al., 2016; Rengasamy & Marchuk, 2011).

2.3. Saturated Hydraulic Conductivity

The effect of changing chemical conditions on soil structure can be analyzed through changes in saturated hydrau-
lic conductivity, K, (mm/day). Abundant field and laboratory experiments have demonstrated that while moder-
ately sodic conditions may cause small declines in K| via the temporary swelling of clay particles, more extreme
inputs can cause an actual breakdown of the bonds between soil particles, leading to irreversible dispersal of clay
particles and long-term destruction of soil aggregates (Bhardwaj et al., 2008; Dang et al., 2018, 2018a, 2018b;
Levy etal., 2005; McNeal et al., 1968; Menezes et al., 2014; Oster & Schroer, 1979; Shabtai et al., 2014). The exact
thresholds at which this transition from reversible to irreversible damage occurs is highly soil specific, dependent
on clay mineralogy, and other factors (Bennett et al., 2019; Dang et al., 2018, 2018a, 2018b; Frenkel et al., 1978;
Levy et al., 2005; McNeal et al., 1968; Menezes et al., 2014; Quirk & Schofield, 1955; Y. Zhu et al., 2019). The
USDA initially identified ESPs above 15 as dangerous for soils (McGeorge, 1954), while other experimental work
has demonstrated that ESPs as low as five can cause serious soil damage (McIntyre, 1979; Oster & Schroer, 1979).

3. Modeling the Effect of Soil Salinity and Sodicity on Soil Structure

Given the threat of damage to K, models that can offer insight into how soil structure will respond to changing
chemical conditions are critical. Declines in K are most likely to occur when there is a precipitous drop in overall
salinity concentration, but the relative fraction of sodium ions bonded to the soil's surface remains high (Adeyemo
et al., 2022; McNeal & Coleman, 1966; Shainberg & Letey, 1984; Shainberg & Singer, 2011). In arid and semi-
arid regions, these conditions are common when irrigation with saline water is followed by rainfall-induced
leaching. Intense precipitation events can lead to large declines in the salinity concentration of the soil solution,
while the ESP remains high, since changes to the soil exchange complex occur on a slower time scale (Kramer &
Mau, 2020; Mau & Porporato, 2015; Shainberg & Shalhevet, 1984; van der Zee et al., 2014). In what follows, we
overview models for the effect of salinity and sodicity on K| that were developed based on data from soil column
experiments that replicate this change in chemical conditions. Additionally, several mechanistic models have
been developed by incorporating theoretical knowledge of the soil electric double layer.

3.1. Empirical Models

The framework developed by McNeal (1968) exemplifies the empirical approach to modeling the effect of chem-
ical composition on K. The model itself is based on the results of experiments (McNeal & Coleman, 1966) in
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which declines in K were measured as water of progressively lower EC was applied to soil columns, while SAR
was held constant. The experiments were repeated for several SAR values and the collected data was used to fit
a model (an algebraic equation) for the fractional reduction in K, given two inputs: salinity concentration and
soil ESP. While the McNeal model includes soil-specific parameters, such as the fraction of montmorillonite clay
and the ESP at which declines in relative K_ first begin, applications have nearly always relied on the original
values assumed by McNeal. This simplification eliminates the possibility of comparing between soils, but it has
arguably been a major factor in the wide incorporation of the McNeal model into dynamical models (Section 5).

An incremental improvement on McNeal, presented by Ezlit et al. (2013), addresses some of the former's limi-
tations with regards to soil-specific differences. Beginning with the same experimental framework used by
McNeal, Ezlit et al. seeks to clarify the soil-specific boundary between clay flocculation (largely reversible) and
the disaggregation of soil aggregates (irreversible). In effect, Ezlit's model reparametrizes McNeal's model so that
it can be used to calculate relative K| for given salinity and sodicity values on a soil-specific basis.

The McNeal and Ezlit models share an important assumption: they are based on experiments in which EC only
declines, despite the fact that EC and SAR regularly increase and decrease in agricultural systems, in response to
changes in root zone inputs and outputs. Fluctuations in salinity and sodicity have been shown to cause hyster-
esis in relative K, (Adeyemo et al., 2022; Dane & Klute, 1977), but neither Ezlit nor McNeal can capture this
phenomenon. Instead, both models implicitly predict increases in relative K, will occur as if any prior decline was
completely reversible in nature. When integrated into dynamic models (Section 5), this can produce misleading
results, wherein relative K| rapidly jumps when the chemical composition of the input water improves, despite
ample field evidence that declines in relative K following the application of high-SAR water are often irreversi-
ble (Assouline & Narkis, 2011; Bhardwaj et al., 2008; Schacht & Marschner, 2015).

Kramer et al. (2021) targets the issue of hysteresis, presenting a model for the effect of salinity and sodic-
ity on relative K that explicitly accounts for irreversible declines in relative K. The Kramer model considers
soil-specific differences in hysteresis patterns, both with respect to susceptibility to degradation and propen-
sity to rehabilitation. The Kramer model achieves this flexibility by adapting the Preisach model for hysteresis
(Mayergoyz, 1986). Parameterizing the Kramer model requires a set of experiments that begins similarly to those
utilized by McNeal and Ezlit. In contrast, Kramer requires that K also be measured as water of increasing quality
is applied to the soil, following its initial decline (Adeyemo et al., 2022; Kramer et al., 2021). While validation has
shown that the Kramer model can successfully capture observed hysteresis trends in soils (Adeyemo et al., 2022),
the experiments required to parameterize it are significantly more demanding than those needed for the Ezlit
or McNeal models, both with respect to time and labor. Their difficulty is a limiting factor in the wide-scale
application and validation of the Kramer model. Likewise, the computational and programming requirements
to implement the Kramer model are significantly higher than those of the McNeal or Ezlit models. In situations
with limited computer capacity or expertise, users are likely to find the Ezlit or McNeal models more accessible.

3.2. Theoretical (Mechanistic) Models

Another set of models for the effect of salinity and sodicity on K are theoretical models, notably those developed
by Russo (Russo, 1988; Russo & Bresler, 1977) and Lagerwerft et al. (1969). These models are based on diffuse
double layer theory and incorporate earlier works linking water flow rates to soil porosity (Childs et al., 1950;
Marshall, 1958; Millington & Quirk, 1959). A significant advantage of these models is that they capture the
state of knowledge around the relationship with actual soil properties. This frees them from the constraints of
soil-specific experiments, and allows users to efficiently explore the models' sensitivity to various parameters.
In other respects, however, these models are less flexible than their empirical counterparts. In particular, the
mechanistic models are dependent on imperfect double layer theory and ionic functions to explain the swelling
processes in soils (Ezlit et al., 2013; Lagerwerff et al., 1969). In focusing on explaining swelling processes, these
models do not take into account changes in K| that might result from dispersion of clay particles. Dispersion
of clay particles is a key element in the breakdown of soil aggregates, which can cause the type of irreversible
declines in K discussed in Section 2.3 (Russo & Bresler, 1977). Finally, while parameterization of these models
is not dependent on experimental work, it does still require extensive knowledge of soil properties. The Russo
model, for instance, requires measurements of the specific surface area of the soil and water content-pressure
relationships, and should be used only when montmorillonite is the dominant clay (Russo & Bresler, 1977). It is
also sensitive to accurate estimation of the number of platelets per clay particle (Russo & Bresler, 1977).
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4. Modeling the Effects of Salinity on Plant Functioning

Models for the effects of salinity on plant functioning are used to predict how varying salinity concentrations will
affect transpiration and, ultimately, yield. Such models have been extensively reviewed (Minhas et al., 2020), and
so we present only a short summary here.

For the most part, models for plant response to salinity consider steady-state conditions in which salinity concen-
tration and soil water content remain constant. The most basic steady-state models use simple linear functions
in which declines in yield are based on a particular plant's sensitivity thresholds (Ayers & Westcot, 1985; Maas
& Hoffman, 1977). The FAO's guidelines for computing crop water requirements adopt this approach, linking
salinity concentrations to changes in expected evapotranspiration (Allan et al., 1998). The FAO model considers
the threshold EC at which a specific crop begins to experience decreases in yield and the rate of decline there-
after (Allan et al., 1998). This approach is implemented in the AquaCrop model (Salman et al., 2021), which is
designed to study the effects of water shortages on crop productivity.

More complex mechanistic models include Shani et al. (2007) and Skaggs et al. (2014). Shani et al. develop a
mechanistic model that can be used to analytically solve for the effect of root zone salinity and water status on
plant transpiration, which serves as a proxy for total yield. The model is capable of considering various plant
species, climates conditions, soil characteristics, and irrigation practices. The Skaggs et al. model takes a similar
approach, but uses explicit equations that do not require an iterative approximation to solve (Minhas et al., 2020;
Skaggs et al., 2014). The Skaggs et al. model also considers two alternative mechanisms for reduced plant water
uptake (Skaggs et al., 2014). Numerous experimental works have supported the overall effectiveness of the
Skaggs and Shani models (Karlberg et al., 2006; Shani et al., 2007; Skaggs et al., 2014).

Perri, Entekhabi, and Molini (2018) and Perri et al. (2019) developed plant osmoregulation models that explain
the different transpiration profiles of glycophytes and halophytes as a function of soil salinity. These models
assume a storage compartment in the plant, that helps regulate water fluxes and internal salt concentration.
This storage module is then coupled with other modules for stomatal regulation, xylem vulnerability curve, root
filtration, and carbohydrates production and transport, into a coherent soil-plant-atmosphere continuum (SPAC)
model. Perri assumes short time scales of minutes to hours, where salt-stress is mostly due to osmotic effects,
while longer ionic stress (toxicity) effects are neglected. Nevertheless, the models offer an elegant minimalistic
account of the emergent behavior of salt tolerance.

5. Dynamical Models

In regions where annual precipitation is above 500 mm, rainfall is generally a sufficient control on the ill effects
of irrigating with high salinity water (Lado et al., 2012). In arid and semi-arid regions, however, active manage-
ment is often necessary to prevent dangerous salinity and sodicity buildup. Historically, the primary mechanism
for lowering salinity levels in agricultural systems has been through leaching, that is, the application of more
water than required for plant and evaporative demands. Leaching stimulates the downward movement of water,
and with it suspended solutes, out of the soil's root zone. The simplest models for calculating a soil's leaching
requirements are based on steady-state systems, with constant input conditions. Such models have been reviewed
extensively (Corwin et al., 2007; Corwin & Grattan, 2018; Hoffman, 1985; Letey et al., 2011; Oster, 1994;
Rhoades, 1968; Van Hoorn, 1981; Visconti et al., 2012).

Here, we focus on more sophisticated models, which allow for the study of how salinity and sodicity dynamics
evolve over time, as driven by irrigation, climate conditions, and soil properties. At a minimum, these models
feature equations for water flow through the root zone and transport of solutes under conditions of variable
saturation. They differ with regards to their treatment of water infiltration and drainage, feedback on K, and
methods for determining rainfall inputs, among other features. Such models have a number of advantages over
basic models for calculating leaching requirements. Leaching, by definition, leads to wasted resources. When
leached water contains salts and other solutes, it can also constitute a significant source of pollution, endan-
gering the quality of groundwater, streams, rivers, or other bodies to which the drainage flows (Assouline &
Shavit, 2004; Schoups et al., 2005). Likewise, leaching focuses primarily on salinity hazards, while ignoring the
equally important risk of soil degradation posed by high sodicity. Dynamical models can effectively address each
of these issues.
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5.1. Soil, Plant, and Atmospheric Dynamics Using the Richards Equation

The most common method for modeling salinity in soils has been to combine the Richards equation for unsatu-
rated water flow and some form of the advection-diffusion equations for solute transport. Models that rely on
this approach include Hydrus (gimﬁnek et al., 2013; Simfinek & Suarez, 1994), SWAP (Kroes et al., 2017),
RZWQM2 (Maet al., 2012), WAVES (L. Zhang et al., 1999a), LEACHC (Hutson & Wagenet, 1995), SALTMED
(Ragab, 2002), SWS (Suarez, 2011), and the Russo model (Russo, 1984, 1988, 2013; Russo et al., 2004).

A major advantage of the Richards and advection-diffusion approach is that together the equations can accurately
model solute and water dynamics at both high spatial and temporal resolutions. This makes it possible to use
these models to study questions related to the localized leaching of salts, the effects of a single irrigation event,
complex ion chemistry, or the dynamics in layered profiles, where soil physical and chemical properties are
spatially variable (Section 7). Less advantageous, it has been argued that the Richards equation can be compu-
tationally expensive for simulations with small time steps (Kramer & Mau, 2020; Mau & Porporato, 2015; van
der Zee et al., 2014). The Richards Equation has also been shown to fail under certain conditions, such as a fast
wetting rate (Farthing & Ogden, 2017; Short et al., 1995; Tocci et al., 1997) and preferential flow (Brindt &
Wallach, 2017, 2020), which is common in saline conditions (Brindt et al., 2019). This can be an obstacle to the
study of questions related to climate, for example, where a user might want to examine thousands of different
parameters at once, on sub-daily time scales (Kramer & Mau, 2020; Mau & Porporato, 2015).

Hydrus, SWAP, and RZWQM2 are the most widely used models of this category, and the only ones for which
regularly maintained software is available. All three are extensive applications, which can be used to study a
range of processes in the vadose zone—not just those related to salinity dynamics. Hydrus, in particular, has been
widely applied to the study of salinity and sodicity in one-, two-, and three-dimensional environments (Section 7).
Chemical exchange in Hydrus is determined using the UNSATCHEM module, which can account for equilibrium
chemical reactions, including cation exchange and precipitation-dissolution (Siminek et al., 1996). (The SWS
model also uses a modified version of UNSATCHEM).

SWAP (Soil, Water, Atmosphere, Plant) and RZWQM?2 (Root Zone Water Quality Model) likewise, focus on the
transport and exchange of salts and other solutes, albeit for 1D profiles only. While the extensive nature of SWAP,
RZWQM2, and Hydrus can allow for the simultaneous study of several complex environmental processes, it is
worth noting that they require users to have a minimal understanding of an entire suite of soil processes before
operating the software, thus imposing an entry barrier for novice users interested in studying a single process.
Earlier reviews cover some of the primary differences in software requirements, relative strengths, and weak-
nesses of these models (Corp., 2003; Ditthakit, 2011; Goel & Tiwari, 2013; Nolan et al., 2005).

5.2. Other Richards Equation-Based Models

The model developed by Russo likewise relies on the Richards and advection-diffusion equations, focusing exclu-
sively on the movement and exchange of calcium and sodium cations in 1D or 3D soil profiles. Focusing on
Ca®* and Na* is common when the user wants to study salinity apart from other soil chemical processes, since it
emphasizes the contrasting effect of monovalent and divalent cations on soil structure, and because sodium is far
more common than other monovalent cations (Bernstein, 1975; McGeorge, 1954). The most distinctive aspect of
the Russo model is its consideration of a spatially heterogeneous soil profile, achieved through stochastic distri-
butions of soil parameters. While similar examinations of heterogeneous soil profiles can be handled by many
of the modeling frameworks discussed here, doing so requires pre-programming of inputs and post-processing
of results.

WAVES, SALTMED, and LEACHC offer the most narrow applications of the Richards and advection-diffusion
equations approach. LEACHC, part of the LEACHM suite of models, focuses on the movement of water and
solutes in a 1D layered soil profile, with modules for crop growth and solute exchange. WAVES and SALTMED
take simplified approaches to solute transport, leaving aside exchange between the solution and soil matrix, which
is crucial for understanding the effects of soil sodicity.

Friedman and Gamliel (2021) applies the DIDAS model (Friedman et al., 2016) to study salinity management
for systems using drip irrigation. The model can account for seasonal salt accumulation under changing climate
and irrigation conditions, with an evolving root-zone and under differently arranged driplines and drippers. The
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DIDAS model, it is important to note, focuses only on changes in salt mass balance and does not consider chem-
ical exchange or precipitation.

5.3. Non-Richards Equation-Based Models

An alternative approach, which eschews reliance on the Richards and advection dispersion equations alto-
gether, is offered by SOTE (Kramer et al., 2022; Kramer & Mau, 2020) and its earlier versions (Mau &
Porporato, 2015, 2016), and a series of models developed by van der Zee et al. (S. H. Shah et al., 2011; van
der Zee et al., 2010, 2014). These models favor mathematical and computational simplicity over precision,
and focus exclusively on salinity and sodicity dynamics. While this limits users interested in the additional soil
processes included in Hydrus and SWAP, for instance, it reduces the processing power and time needed to run
these programs, making them more amenable, for example, to coupling with climate models. The simplicity of
these models is also, arguably, an advantage in terms of analysis, allowing for more accessible insights into the
connection between input conditions and simulation results.

SOTE and the van der Zee models are similar in structure, with each featuring three differential equations, one
each for water, salinity, and sodicity dynamics. In both models, drainage and evaporation are determined using
well-known ecohydrological and pedotransfer functions (Laio et al., 2001; Rodriguez-Iturbe & Porporato, 2005),
thus forgoing the complexity of the Richards equation. Most importantly, neither of these models have a spatial
component, averaging the variables in the root zone using a bucket-model approach. As in the Russo model,
chemical exchange is restricted to Ca>* and Na*, to emphasize the difference between monovalent and diva-
lent cations, which is critical to understanding degradation risk. Both models also use the Gapon equation for
chemical exchange between the soil solution and soil surface. A major area of difference between the two models
is their focus on the source of salts. The van der Zee models prioritizes input of salts from groundwater. While
SOTE can accommodate groundwater inputs, it has mainly been used to study the input of salts from irrigation.

Shah et al. modify the well-known DNDC model to include the effects of salinity on soil water (Hussain Shah
et al., 2021, 2022; S. H. H. Shah et al., 2022). Originally developed to predict carbon and nitrogen dynamics in
agricultural systems, the DNDC model (C. Li et al., 1992) connects soil water dynamics with plant growth, nutri-
ent cycles, and carbon and nitrogen emissions. Shah et al. adapt this framework so that it includes salt transport
equations, which allow for the study of the effects of salinity on soil water movement and vegetation growth on a
daily time scale. The Shah et al. model does not explicitly consider sodicity changes.

Finally, SaltMod (Mao et al., 2017; Oosterbaan, 2001) is another program that strives to be a simple tool for
salinity management. Like SOTE and van der Zee, SaltMod avoids the Richards equation in favor of a simpler
description of water flow dynamics. SaltMod, however, is designed to analyze salinity levels on a seasonal
basis, and cannot accommodate the analysis of input or output on smaller time resolutions. SahysMod expands
upon the Saltmod framework for analysis of larger spaces (Inam, Adamowski, Prasher, & Albano, 2017; Inam,
Adamowski, Prasher, Halbe, et al., 2017; Singh & Panda, 2012).

5.4. Hydraulic Conductivity Feedback

A major area of difference between the discussed models is their consideration of how changing chemical condi-
tions affect K. Hydrus (éimﬁnek et al., 2013) and van der Zee (van der Zee et al., 2014) implement versions
of the McNeal (1968) model to calculate relative K_ at particular salinity and sodicity levels, with Hydrus also
considering pH. Likewise, the dynamical Russo model integrates Russo's mechanistic framework for declines in
K, (Russo & Bresler, 1977). As discussed in Section 3, neither the McNeal nor the Russo frameworks include
the effects of hysteresis on K. Furthermore, the McNeal model, as implemented by Hydrus, does not consider
soil-specific differences in susceptibility to degradation. Dynamical models that integrate the McNeal and Russo
frameworks are therefore limited in their ability to quantify realistic changes in K as chemical conditions evolve.
When used to forecast the risk of longterm soil degradation they are likely to provide unrealistically low proba-
bilities of declines in K (Kramer et al., 2022).

SOTE (Kramer et al., 2022), by contrast, incorporates the Preisach-based framework developed by Kramer
(Kramer et al., 2021). SOTE's hysteresis-based K| function can be computationally demanding if the user runs
thousands of stochastic simulations (Kramer et al., 2022). Running a smaller number of simulations, however, is
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unlikely to significantly affect the model's run time and enables users to study how soils with varying suscepti-
bilities to degradation and propensities to rehabilitation will respond to evolving input-water conditions. Aside
from the models discussed in this subsection, all other dynamical models ignore any effect of changing chemical
conditions on K, precluding their use as tools to study sodicity as a cause of soil degradation.

5.5. Feedbacks on Plant Growth

Several of the models introduced in Section 5 can model the effects of changing salinity on plant output, in vari-
ous capacities. In Hydrus, root water uptake can be limited by osmotic stress, with changes in crop yield repre-
sented through actual and potential crop evapotranspiration (Karandish & Siminek, 2019). Likewise, SALTMED
also connects root water uptake to salt concentrations, but can simulate actual crop yields during the growing
cycles (Karandish & Siminek, 2019). Invidual studies have attempted to couple the dynamic models with crop
growth modules, including the pairing of the EPIC model and Hydrus (Feng et al., 2021). SWAP simulates plant
growth through the integration of the WOFOST cropping model (de Wit et al., 2019; Kroes et al., 2017; Kroes
& Supit, 2011). WOFOST does not, however, explicitly consider the effects of salinity as a limitation on plant
growth, thereby limiting the integrated models ability to predict the effects of changing salinity on plant health (J.
Zhu et al., 2018). Likewise, RZWQM?2 integrates the DSSAT model for plant growth, but the version of DSSAT
used by RZWQM2 does not include the effects of salinity (Jones et al., 2003). WAVES considers the effects of
salinity on carbon assimilation by plants and water availability, and has been shown to effectively model declines
in yield due to severe salinity stress (Yu et al., 2021; L. Zhang et al., 1999b). Finally, SALTMED also includes
equations for crop water uptake and relative yield, in which higher osmotic pressure can result in reduced water
uptake by plants (Alkhasha & Al-Omran, 2019; Chauhdary et al., 2020; Silva et al., 2012). A detailed exami-
nation of the different plant models used by dynamical models for salinity, including comparisons of expected
effects on yield is presented by Oster et al. (2012).

6. Other Models of Note

The dynamical models discussed so far focus on field-level analysis of secondary salinity, which is crucial for the
effective management of salinity and sodicity in agricultural areas. We note, however, several recent models that
are slightly outside of this scope, yet still might be of interest to policy makers and the wider soil science commu-
nity. Hassani et al. utilize machine-learning techniques and available soil and climate data to develop a model
capable of predicting regions in which salinity levels are most likely to be affected by climate change (Hassani
et al., 2020, 2021). Perri et al. use simple stochastic models to study how primary soil salinity limits plant uptake
of water, thereby acting as a form of aridity in many landscapes (Perri, Suweis, et al., 2018; Perri et al., 2020). On
aregional level, Bailey et al. (2019) present a version of the SWAT model which can be used to study salt trans-
port on the watershed scale. Finally, Vermeulen and Niekerk (2017) use machine learning techniques to identify
areas most at risk to soil salinization based on geomorphic features, including topography.

7. Applications

Of all the dynamical models reviewed in Section 5, Hydrus has been the most widely applied to study the effects
of salinity and sodicity on soils and rehabilitation techniques. Over 100 published papers have used Hydrus to
investigate questions related to salinity and sodicity. While an overview of all of these papers is outside the scope
of this article, in this section we highlight some of the most important research trends involving Hydrus and the
other models covered in this review.

As noted in Section 5, Hydrus is particularly well suited to the study of field-scale conditions. One of the most
common applications of Hydrus has been to compare simulated results to outcomes from field experiments.
Multiple studies (Gongalves et al., 2006; Ramos et al., 2011) have shown that Hydrus is able to satisfactorily
track soil water content, salinity concentration, soil ESP, and other solute concentrations in simulations that
replicate several-year field and lysimeter experiments using standard irrigation practices. Likewise, it has been
demonstrated that Hydrus can be used to compare the effects of different irrigation practices, involving water of
changing chemical compositions (Mallants, §imﬁnek, & Torkzaban, 2017; Mallants, §im1°mek, van Genuchten, &
Jacques, 2017; Phogat et al., 2018), responses to deficit irrigation conditions (Ramos et al., 2019), and different
mulching techniques (Chen et al., 2022; Selim et al., 2013).
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Hydrus simulations have also been widely used to study leaching efficiency. Shaygan et al. (2018) analyze
Hydrus simulations against leaching experiments in which soils were treated with various physical amendments,
while Berezniak et al. (2018) studied the effect of modifications to textural distributions in the soil profile on
leaching of salts using both experimental lysimeters and Hydrus simulations. In this study, both Hydrus and
the experimental results demonstrated that the introduction of a volume of coarse soil, located under a drip
irrigation emitter, surrounded by finer texture soil increased leaching efficiency in the area around the dripper
(Berezniak et al., 2018). Simulations by Yang et al. (2019), however, found that removal of salts from the root
zone was more pronounced with sprinkler irrigation than with drip irrigation. Y. Zhang et al. (2021) study the
efficacy of surface water leaching at various stages of growth and find that earlier leaching applications can
reduce exposure to salt stress. Siyal et al. (2010) used Hydrus and experimental results to demonstrate the poten-
tial water savings from using partial ponding to leach salts from the root zone. Finally, Hydrus has also been
used to study the effect of different climate conditions on leaching of salt-affected soils in Australia (Shaygan &
Baumgartl, 2020), with results indicating that a greater number of individual rain events was most effective in
removing salts from the root zone.

Yet another common application of Hydrus has been used to model the effects of different irrigation techniques,
such as drip, sprinkler, and subsurface irrigation. Hanson et al. (2008, 2009) and Roberts et al. (2009) show that
subsurface drip irrigation can enable greater salinity control, providing farmers a profitable and less wasteful
alternative to flood irrigation.

In addition to questions related solely to salinity, Hydrus has also been used to study the effects of sodicity on
soils, including rehabilitation efforts. Simanek and Suarez (1997) and Suarez (2001) compare UNSATCHEM
simulations to a field study in which gypsum was applied to stimulate rehabilitation in a heavily sodic
and saline soil. Their results show that UNSATCHEM satisfactorily predicted the actual EC and SAR values
following rehabilitation treatment. A study published by Reading et al. (2012) compares Hydrus simulations
to soil column experiments examining declines in K as water of varying chemical composition is applied to
the soil. The general trends observed in the laboratory experiments were able to be simulated using HYDRUS.
Differences between measured and simulated results were attributed to the limited flexibility of the function that
represents chemistry-dependent hydraulic conductivity in HYDRUS. Recovery of K in Hydrus was faster than in
experimental conditions, which can be expected given that the K function in Hydrus does not include hysteresis.

A sensitivity analysis conducted by Schoups et al. (2006) of the UNSATCHEM model investigated the effect of
the removal of processes on the accuracy of the model's salinity predictions. Their findings suggest that major
simplifications—including the removal of preferential flow, transport through soil macropores, hysteresis in soil
wetting and drying, and non-equilibrium reactions between the solid phase and the soil solution—did not lead
to significant changes in results. Schoups et al. (2006) conclude that their results support the use of simplified
models when reducing computer processing time is a priority.

The SWAP model has likewise been widely used to study questions related to salinity, with a particular emphasis
on understanding the effects of saline water on expected yield. P. Li and Ren (2021) use the coupled SWAP and
WOFOST models to examine how irrigation with water of varying salinity levels affects wheat output and leach-
ing levels under different rainfall regimes. A similar study conducted by Kumar et al. (2015) found that SWAP
was able to effectively model salinity levels in the rootzone, and that the model was better able to predict changes
in yield for salt-resistant wheat varieties as compared to salt-sensitive varieties. Ben-Asher et al. (2006) demon-
strated that SWAP was able to effectively model the effects of irrigation with saline water on grapevine growth.
Hassanli et al. (2016) compare SWAP's ability to simulate maize yields under saline conditions to results from
the SALTMED and Aquacrop models. Their results suggest that SALTMED was the strongest of the evaluated
models for predicting changes in maize yield. Jiang et al. (2011) use SWAP to simulate higher salt concentrations
and lower soil water contents under deficit irrigation conditions. Finally, Eberhard et al. (2020) used SWAP to
analyze the long-term impact of infiltration of saline groundwater. They find that rainfall can mitigate the accu-
mulation of salts in the upper soil profile, even when salinity levels in the lower soil layers rise steadily.

A combination of the Hydrus and SWAP models, HZDSWAP, was introduced by Liu et al. (2022) for the study of
maize yield under saline conditions. Their results suggest that the combined model is significantly more accurate
for predicting soil water content and salt concentrations, with the model also able to satisfactorily match experi-
mental results for yield and Leaf Area Index.
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Application of the SOTE, Russo, and Van der Zee models has primarily focused on analyzing the effects of
irrigation with saline and sodic water on soil hydraulic conductivity, with particular attention to the effects of
irrigation with treated wastewater. SOTE (Kramer et al., 2022; Kramer & Mau, 2020; Yin et al., 2021) and Van
der Zee (van der Zee et al., 2014) have demonstrated that changes in overall salinity concentration generally occur
much quicker than changes in the relative amount of sodium bonded to the soil's exchange layer. In arid regions
with seasonal rainfall, SOTE, Russo, and Van der Zee have shown that leaching of salts due to precipitation
can increase the risk of soil degradation (Kramer et al., 2022; Kramer & Mau, 2020; Russo, 2013; van der Zee
etal., 2014; Yin et al., 2021). SOTE and the Russo model have likewise been used to study the effects of longterm
irrigation with treated wastewater, with simulations showing increased probability of degradation to hydraulic
conductivity (Bardhan et al., 2016; Russo et al., 2015). The SOTE model, in particular, has been used to examine
how hysteresis might affect our understanding of the risk of soil degradation (Kramer et al., 2022; Kramer &
Mau, 2020). Inclusion of hysteresis when modeling changes in hydraulic conductivity has been shown to greatly
increase the expected risk of degradation, with results being highly soil specific. An adapted version of the SOTE
model has also been used to examine plant responses to salinity and sodicity (Yin et al., 2021) and how varia-
tions in plant tolerance to salinity levels effect overall water dynamics in agroecosystems (Yin et al., 2023). The
Russo framework has been used to study how alternating between irrigation with treated wastewater and desal-
inated water can improve water uptake in orchards, as compared to irrigation with freshwater alone (Assouline
et al., 2020; Russo, 2016; Russo et al., 2015, 2020).

8. Priorities for Future Research

While significant progress has been made in understanding salinity and sodicity dynamics and their effects on
agricultural systems, a number of important gaps remain. In this section, we highlight some of the most important
priorities for future research on salinity and sodicity in agricultural systems.

To date, there has been limited exploration of the expected effects of climate change on salinity and sodic-
ity dynamics, despite ample opportunity for such studies. While the machine-learning approach developed by
Hassani et al. (2020); Hassani et al. (2021) explores this question from the perspective of primary soil salinity,
we are unaware of any study that analyzes how changing rainfall, temperature, and other climate variables are
likely to affect salinity and sodicity levels in irrigated areas. Rising temperatures are likely to increase evaporative
demand, which has the potential to aggravate the probability of rising salinity concentrations in soil systems.
Rainfall patterns are crucial to the leaching of salts and the risk of soil degradation. The effect of changing rainfall
patterns on salinity and sodicity patterns deserves special attention because the specific nature of the change—
for example, an increase or decrease in extreme events, a shorter or longer rainfall season, more or less annual
rainfall—has the potential to lead to markedly different results. Meteorological variables (e.g., evapotranspiration
and precipitation) are inputs to many of the models discussed here and have been regularly used in studies not
focused on salinity and sodicity. Explicit studies of how climate variables are likely to affect salinity and sodicity
should therefore be easily achievable. Such studies are likely to become increasingly important as farmers and
policy makers will have to develop irrigation strategies that can be used to mitigate the effects of climate change.

We are also unaware of any integration between the salinity and sodicity models reviewed here and general circu-
lation models (GCMs) and Earth Systems Models used to study weather and climate on a global scale. Research
has suggested that consideration of soil structure can have an important effect on Earth System Models (Fatichi
et al., 2020). Future research should therefore consider not only how climate changes might affect salinity and
sodicity dynamics, but also how resulting changes in soil structure might induce a feedback on other physical,
chemical, and biological processes.

Application of machine-learning principles and statistics to the challenges posed by salinity and sodicity has
remained limited up to now, despite the ample opportunity offered by such tools (Razavi et al., 2022). The
approach introduced by Vermeulen and Niekerk (2017) should be modified to investigate regions that are particu-
larly at risk of irrigation or groundwater-induced salinity, sodicity-driven soil degradation, or even easy targets
for rehabilitative efforts. Machine learning and statistical analysis may also have great potential in increasing
our ability to forecast the effect of irrigation patterns on plant output. Likewise, the predictive abilities offered
by these tools could prove an asset in improving our ability to model hysteresis behaviors, if they can be used to
identify clear patterns following variable changes in input and output.

KRAMER AND MAU

10 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR 034750

Acknowledgments

‘We would like to thank the three review-
ers that provided us invaluable feedback,
especially Jirka Simiinek and R. W.
Vervoort. We would also like to thank the
Hebrew University's Research Center for
Agriculture, Environment and Natural
Resources for its continuing support.

There is also a need to further integrate the best models for plant response to salinity with the leading models
for salinity and sodicity dynamics. While some of the dynamical models include the effects of changing osmotic
potential on plant water uptake (Section 5.5), these models lag behind the best models developed for the effects of
salinity on plant growth. Likewise, the leading models for the effect of saline water on plant growth are restricted
to the study of static water-input conditions (Section 4). The integration of such models is critical to increasing
our understanding of how and if marginal quality water resources can be used strategically, so that damage to
plants and soils is minimized while savings in freshwater are maximized. For instance, it may be possible to
identify specific points in the growing season during which high-salinity water has a minimal effect on plant
yield. It is equally critical to be aware of periods when damage to plant growth resulting from the application of
saline irrigation.

The ability to analyze the effects of salinity and sodicity on relative K also remains limited, despite ample poten-
tial for improvement. While the development and integration of a module for how hysteresis affects changes in
K is an important step (Kramer et al., 2021, 2022), the hysteresis module should be available in more software
programs, such as Hydrus or SWAP. Integrating a hysteresis module into dynamical modeling frameworks should
actually be relatively simple, especially for the existing Python implementation of Hydrus, Phydrus (Collenteur
et al., 2021). Such integration would allow a wider set of users to explore the effects of changing K in tandem
with other soil and plant processes. It is worth noting that while inclusion of hysteresis in SOTE has at times been
computationally expensive, this is largely because of applications that have focused on stochastic ensembles of
hundreds or thousands of instances. However, each simulation instance is independent from the others (this class
of problem is nicknamed embarrassingly parallel problem), and readily available cloud-computing services or
multi-core processor servers would eliminate this obstacle. Furthermore, if used to study a single instance, the
hysteresis module presented in Kramer et al. (2021) should not be regarded as computationally demanding.

Future developments in modeling capabilities can also be pushed forward with more focused experimental stud-
ies. Our ability to accurate characterize degradation risk and hysteresis patterns, for instance, is constrained by a
relatively narrow body of experimental work. Additional lab and field experiments are critical to fully parame-
terize the Kramer et al. (2021) hysteresis module, which would in turn allow for more accurate modeling assess-
ments. Long-term field studies monitoring how changes in salinity and sodicity affect increases and decreases in
hydraulic conductivity, and other key soil variables, are particularly lacking and essential for better evaluation of
existing models and development of new modeling frameworks.

Finally, better integration of dynamical models for the effects of salinity and sodicity with economic models is
imperative. While the economic impact of salinity has been widely studied, most research has focused on under-
standing the issue from a regional or national perspective (Kan & Rapaport-Rom, 2012; Reznik et al., 2017;
Schwabe et al., 2006; Slater et al., 2020). Studies that focus on the farm-level, meanwhile, have generally consid-
ered static input conditions (Baum et al., 2016; Ben-Gal et al., 2013; Kan, 2003, 2007; Kaner et al., 2017). We are
not aware of any study that attempts to quantify the economic impact of soil degradation resulting from changing
saline and sodic input conditions at the farm level. By integrating economic and dynamical models, policy makers
will have better tools for analyzing the short- and long-term costs of different water management strategies, the
profitability of certain crops, the actual cost of long-term damage to soil structure, and subsequent rehabilitation.

Data Availability Statement
An updated version of the map presented in Figure 1 can be found on FAO's website (FAO, 2023).

References

Adeyemo, T., Kramer, I., Levy, G. J., & Mau, Y. (2022). Salinity and sodicity can cause hysteresis in soil hydraulic conductivity. Geoderma, 413,
115765. https://doi.org/10.1016/j.geoderma.2022.115765

Alkhasha, A., & Al-Omran, A. (2019). Simulated tomato yield, soil moisture, and salinity using fresh and saline water: Experimental and mode-
ling study using the SALTMED model. Irrigation Science, 37(5), 637-655. https://doi.org/10.1007/s00271-019-00639-1

Allan, R., Pereira, L., & Smith, M. (1998). Crop evapotranspiration-guidelines for computing crop water requirements-FAO irrigation and drain-
age (Vol. 56).

Assouline, S., Kamai, T., Simiinek, ., Narkis, K., & Silber, A. (2020). Mitigating the impact of irrigation with effluent water: Mixing with fresh-
water and/or adjusting irrigation management and design. Water Resources Research, 56(9). https://doi.org/10.1029/2020wr027781

Assouline, S., & Narkis, K. (2011). Effects of long-term irrigation with treated wastewater on the hydraulic properties of a clayey soil. Water
Resources Research, 47(8), 1-12. https://doi.org/10.1029/2011WR010498

KRAMER AND MAU

11 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.1016/j.geoderma.2022.115765
https://doi.org/10.1007/s00271-019-00639-1
https://doi.org/10.1029/2020wr027781
https://doi.org/10.1029/2011WR010498

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR034750

Assouline, S., & Narkis, K. (2013). Effect of long-term irrigation with treated wastewater on the root zone environment. Vadose Zone Journal,
12(2). https://doi.org/10.2136/vzj2012.0216

Assouline, S., Russo, D., Silber, A., & Or, D. (2015). Balancing water scarcity and quality for sustainable irrigated agriculture. Water Resources
Research, 51(5), 3419-3436. https://doi.org/10.1002/2015WR017071

Assouline, S., & Shavit, U. (2004). Effects of management policies, including artificial recharge, on salinization in a sloping aquifer: The Israeli
coastal aquifer case. Water Resources Research, 40(4). https://doi.org/10.1029/2003WR002290

Ayers, R., & Westcot, D. (1985). Irrigation and drainage paper 29. FAO.

Bailey, R. T., Tavakoli-Kivi, S., & Wei, X. (2019). A salinity module for SWAT to simulate salt ion fate and transport at the watershed scale.
Hydrology and Earth System Sciences, 23(7), 3155-3174. https://doi.org/10.5194/hess-23-3155-2019

Bardhan, G., Russo, D., Goldstein, D., & Levy, G. J. (2016). Changes in the hydraulic properties of a clay soil under long-term irrigation with
treated wastewater. Geoderma, 264, 1-9. https://doi.org/10.1016/j.geoderma.2015.10.004

Baum, Z., Palatnik, R. R., Kan, I., & Rapaport-Rom, M. (2016). Economic impacts of water scarcity under diverse water salinities. Water
Economics and Policy, 02(01), 1550013. https://doi.org/10.1142/s2382624x15500137

Ben-Asher, J., van Dam, J., Feddes, R., & Jhorar, R. (2006). Irrigation of grapevines with saline water: Ii. mathematical simulation of vine growth
and yield. Agricultural Water Management, 83(1), 22-29. https://doi.org/10.1016/j.agwat.2005.11.006

Ben-Gal, A., Weikard, H.-P., Shah, S. H. H., & van der Zee, S. E. A. T. M. (2013). A coupled agronomic-economic model to consider allocation
of brackish irrigation water. Water Resources Research, 49(5), 2861-2871. https://doi.org/10.1002/wrcr.20258

Bennett, J. M., Marchuk, A., & Marchuk, S. (2016). An alternative index to the exchangeable sodium percentage for an explanation of dispersion
occurring in soils. Soil Research, 54(8), 949-957. https://doi.org/10.1071/SR15281

Bennett, J. M., Marchuk, A., Marchuk, S., & Raine, S. R. (2019). Towards predicting the soil-specific threshold electrolyte concentration of soil
as a reduction in saturated hydraulic conductivity: The role of clay net negative charge. Geoderma, 337, 122-131. https://doi.org/10.1016/j.
geoderma.2018.08.030

Berezniak, A., Ben-Gal, A., Mishael, Y., & Nachshon, U. (2018). Manipulation of soil texture to remove salts from a drip-irrigated root zone.
Vadose Zone Journal, 17(1), 1-11. https://doi.org/10.2136/vzj2017.01.0019

Bernstein, L. (1975). Effects of salinity and sodicity on plant growth. Annual Review of Phytopathology, 13(1), 295-312. https://doi.org/10.1146/
annurev.py.13.090175.001455

Bhardwaj, A. K., Mandal, U. K., Bar-Tal, A., Gilboa, A., & Levy, G. J. (2008). Replacing saline-sodic irrigation water with treated waste-
water: Effects on saturated hydraulic conductivity, slaking, and swelling. Irrigation Science, 26(2), 139-146. https://doi.org/10.1007/
s00271-007-0080-1

Bixio, D., Thoeye, C., Koning, J. D., Joksimovic, D., Savic, D., Wintgens, T., & Melin, T. (2006). Wastewater reuse in Europe. Desalination,
187(1-3), 89-101. https://doi.org/10.1016/j.desal.2005.04.070

Brindt, N., Rahav, M., & Wallach, R. (2019). ERT and salinity — A method to determine whether ERT-detected preferential pathways in brackish
water-irrigated soils are water-induced or an artifact of salinity. Journal of Hydrology, 574, 35—45. https://doi.org/10.1016/j.jhydrol.2019.04.029

Brindt, N., & Wallach, R. (2017). The moving-boundary approach for modeling gravity-driven stable and unstable flow in soils. Water Resources
Research, 53(1), 344-360. https://doi.org/10.1002/2016WR019252

Brindt, N., & Wallach, R. (2020). The moving-boundary approach for modeling 2-d gravity-driven stable and unstable flow in partially wettable
soils. Water Resources Research, 56(5), e€2019WR025772. https://doi.org/10.1029/2019WR025772

Chauhdary, J. N, Bakhsh, A., Ragab, R., Khaliqg, A., Engel, B. A., Rizwan, M., et al. (2020). Modeling corn growth and root zone salinity dynam-
ics to improve irrigation and fertigation management under semi-arid conditions. Agricultural Water Management, 230, 105952. https://doi.
org/10.1016/j.agwat.2019.105952

Chen, N, Li, X., §imﬁnek, J., Zhang, Y., Shi, H., Hu, Q., & Xin, M. (2022). Evaluating soil salts dynamics under biodegradable film mulching
with different disintegration rates in an arid region with shallow and saline groundwater: Experimental and modeling study. Geoderma, 423,
115969. https://doi.org/10.1016/j.geoderma.2022.115969

Childs, E. C., Collis-George, N., & Taylor, G. I. (1950). The permeability of porous materials. Proceedings of the Royal Society of London, Series
A: Mathematical and Physical Sciences, 201(1066), 392—405. https://doi.org/10.1098/rspa.1950.0068

Collenteur, R., Brunetti, G., & Vremec, M. (2021). Phydrus: Python implementation of the HYDRUS-1D unsaturated zone model. Retrieved from
https://github.com/phydrus/phydrus

Corp, M. E. S. (2003). Evaluation of computer models for predicting the fate and transport of salt in soil and groundwater: Phase I report.
Retrieved from http://www3.gov.ab.ca/env/protent/soilgrndwater

Corwin, D. L., & Grattan, S. R. (2018). Are existing irrigation salinity leaching requirement guidelines overly conservative or obsolete? Journal
of Irrigation and Drainage Engineering, 144(8), 02518001. https://doi.org/10.1061/(ASCE)IR.1943-4774.0001319

Corwin, D. L., Rhoades, J. D., & Siminek, J. (2007). Leaching requirement for soil salinity control: Steady-state versus transient models. Agri-
cultural Water Management, 90(3), 165-180. https://doi.org/10.1016/j.agwat.2007.02.007

Daliakopoulos, I., Tsanis, I., Koutroulis, A., Kourgialas, N., Varouchakis, A., Karatzas, G., & Ritsema, C. (2016). The threat of soil salinity: A
European scale review. Science of the Total Environment, 573, 727-739. https://doi.org/10.1016/j.scitotenv.2016.08.177

Dane, J. H., & Klute, A. (1977). Salt effects on the hydraulic properties of a swelling soil. Soil Science Society of America Journal, 41(6),
1043-1049. https://doi.org/10.2136/sssaj1977.03615995004100060005x

Dang, A., Bennett, J. M., Marchuk, A., Biggs, A., & Raine, S. (2018a). Evaluating dispersive potential to identify the threshold electrolyte concen-
tration in non-dispersive soils. Soil Research, 56(6), 549-559. https://doi.org/10.1071/SR17304

Dang, A., Bennett, J. M., Marchuk, A., Biggs, A., & Raine, S. (2018b). Quantifying the aggregation-dispersion boundary condition in terms of
saturated hydraulic conductivity reduction and the threshold electrolyte concentration. Agricultural Water Management, 203, 172—178. https://
doi.org/10.1016/j.agwat.2018.03.005

Dang, A., Bennett, J. M., Marchuk, A., Marchuk, S., Biggs, A., & Raine, S. (2018). Validating laboratory assessment of threshold electro-
lyte concentration for fields irrigated with marginal quality saline-sodic water. Agricultural Water Management, 205, 21-29. https://doi.
org/10.1016/J.AGWAT.2018.04.037

de Wit, A., Boogaard, H., Fumagalli, D., Janssen, S., Knapen, R., van Kraalingen, D., et al. (2019). 25 years of the wofost cropping systems model.
Agricultural Systems, 168, 154-167. https://doi.org/10.1016/j.agsy.2018.06.018

Ditthakit, P. (2011). Computer software applications for salinity management: A review. Australian Journal of Basic and Applied Sciences, 5,
1050-1059.

Eberhard, J., van Schaik, N. L. M., Schibalski, A., & Griff, T. (2020). Simulating future salinity dynamics in a coastal marshland under different
climate scenarios. Vadose Zone Journal, 19(1), e20008.

KRAMER AND MAU

12 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.2136/vzj2012.0216
https://doi.org/10.1002/2015WR017071
https://doi.org/10.1029/2003WR002290
https://doi.org/10.5194/hess-23-3155-2019
https://doi.org/10.1016/j.geoderma.2015.10.004
https://doi.org/10.1142/s2382624x15500137
https://doi.org/10.1016/j.agwat.2005.11.006
https://doi.org/10.1002/wrcr.20258
https://doi.org/10.1071/SR15281
https://doi.org/10.1016/j.geoderma.2018.08.030
https://doi.org/10.1016/j.geoderma.2018.08.030
https://doi.org/10.2136/vzj2017.01.0019
https://doi.org/10.1146/annurev.py.13.090175.001455
https://doi.org/10.1146/annurev.py.13.090175.001455
https://doi.org/10.1007/s00271-007-0080-1
https://doi.org/10.1007/s00271-007-0080-1
https://doi.org/10.1016/j.desal.2005.04.070
https://doi.org/10.1016/j.jhydrol.2019.04.029
https://doi.org/10.1002/2016WR019252
https://doi.org/10.1029/2019WR025772
https://doi.org/10.1016/j.agwat.2019.105952
https://doi.org/10.1016/j.agwat.2019.105952
https://doi.org/10.1016/j.geoderma.2022.115969
https://doi.org/10.1098/rspa.1950.0068
https://github.com/phydrus/phydrus
http://www3.gov.ab.ca/env/protenf/soilgrndwater
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001319
https://doi.org/10.1016/j.agwat.2007.02.007
https://doi.org/10.1016/j.scitotenv.2016.08.177
https://doi.org/10.2136/sssaj1977.03615995004100060005x
https://doi.org/10.1071/SR17304
https://doi.org/10.1016/j.agwat.2018.03.005
https://doi.org/10.1016/j.agwat.2018.03.005
https://doi.org/10.1016/J.AGWAT.2018.04.037
https://doi.org/10.1016/J.AGWAT.2018.04.037
https://doi.org/10.1016/j.agsy.2018.06.018

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR 034750

Ezlit, Y. D., Bennett, J. M., Raine, S. R., & Smith, R. J. (2013). Modification of the McNeal clay swelling model improves prediction of satu-
rated hydraulic conductivity as a function of applied water quality. Soil Science Society of America Journal, 77(6), 2149-2156. https://doi.
org/10.2136/sss2j2013.03.0097

FAO. (2023). Global salt-affected soils map (v2.0). FAO. Retrieved from https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/
global-map-of-salt-affected-soils/en/

FAOITPS. (2015). Status of the world’s soil resources. Food and Agriculture Organization of the United Nations and Intergovernmental Technical
Panel on Soils.

Farthing, M. W., & Ogden, F. L. (2017). Numerical solution of Richards’ equation: A review of advances and challenges. Soil Science Society of
America Journal, 81(6), 1257-1269. https://doi.org/10.2136/ss52j2017.02.0058

Fatichi, S., Or, D., Walko, R., Vereecken, H., Young, M. H., Ghezzehei, T. A., et al. (2020). Soil structure is an important omission in Earth system
models. Nature Communications, 11(1), 522. https://doi.org/10.1038/s41467-020-14411-z

Feng, G., Zhu, C., Wu, Q., Wang, C., Zhang, Z., Mwiya, R. M., & Zhang, L. (2021). Evaluating the impacts of saline water irrigation on soil
water-salt and summer maize yield in subsurface drainage condition using coupled HYDRUS and epic model. Agricultural Water Manage-
ment, 258, 107175. https://doi.org/10.1016/j.agwat.2021.107175

Frenkel, H., Goertzen, J. O., & Rhoades, J. D. (1978). Effects of clay type and content, exchangeable sodium percentage, and electrolyte concen-
tration on clay dispersion and soil hydraulic conductivity. Soil Science Society of America Journal, 42(1), 32-29. https://doi.org/10.2136/
$s82j1978.03615995004200010008x

Friedman, S. P., Communar, G., & Gamliel, A. (2016). DIDAS — User-friendly software package for assisting drip irrigation design and schedul-
ing. Computers and Electronics in Agriculture, 120, 36-52. https://doi.org/10.1016/j.compag.2015.11.007

Friedman, S. P., & Gamliel, A. (2021). A modelling approach and module for salinity management in drip irrigation. Biosystems Engineering,
207, 141-161. https://doi.org/10.1016/j.biosystemseng.2021.03.019

Ghassemi, F., Jakeman, A. J., & Nix, H. A. (1995). Avoiding disasters: The role of systems analysis and an integrated approach in water resources
development. Geojournal, 35(1), 49-51. https://doi.org/10.1007/BF00812624

Goel, A., & Tiwari, P. (2013). Review of computer based software tools for salinity management in agricultural lands. Journal of Indian Water
Resources Society, 33, 24-32.

Gongalves, M. C., Simiinek, J., Ramos, T. B., Martins, J. C., Neves, M. J., & Pires, F. P. (2006). Multicomponent solute transport in soil lysimeters
irrigated with waters of different quality. Water Resources Research, 42(8), 1-17. https://doi.org/10.1029/2005WR004802

Hanson, B., Hopmans, J. W., & Siméinek, J. (2008). Leaching with subsurface drip irrigation under saline, shallow groundwater conditions.
Vadose Zone Journal, 7(2), 810-818. https://doi.org/10.2136/vzj2007.0053

Hanson, B., May, D., Simunek, J., JiriHopmans, J., & Hutmacher, R. (2009). Drip irrigation provides the salinity control needed for profitable
irrigation of tomatoes in the San Joaquin valley. California Agriculture, 63(3), 131-136. https://doi.org/10.3733/ca.v063n03p131

Hassani, A., Azapagic, A., & Shokri, N. (2020). Predicting long-term dynamics of soil salinity and sodicity on a global scale. Proceedings of the
National Academy of Sciences, 117(52), 33017-33027. https://doi.org/10.1073/pnas.2013771117

Hassani, A., Azapagic, A., & Shokri, N. (2021). Global predictions of primary soil salinization under changing climate in the 21st century. Nature
Communications, 12, 1-17. https://doi.org/10.1038/s41467-021-26907-3

Hassanli, M., Ebrahimian, H., Mohammadi, E., Rahimi, A., & Shokouhi, A. (2016). Simulating maize yields when irrigating with saline water,
using the aquacrop, saltmed, and swap models. Agricultural Water Management, 176, 91-99. https://doi.org/10.1016/j.agwat.2016.05.003

Hillel, D. (2000). Salinity management for sustainable irrigation: Integrating science, environment, and economics. The World Bank.

Hoffman, G. J. (1985). Drainage required to manage salinity. Journal of Irrigation and Drainage Engineering, 111(3), 199-206. https://doi.
org/10.1061/(ASCE)0733-9437(1985)111:3(199)

Hopmans, J. W., Qureshi, A. S., Kisekka, I., Munns, R., Grattan, S. R., Rengasamy, P., et al. (2021). Critical knowledge gaps and research prior-
ities in global soil salinity. Advances in Agronomy, 169, 1-191. https://doi.org/10.1016/bs.agron.2021.03.001

Howitt, R. E., Kaplan, J., Larson, D., MacEwan, D., Medellin-Azuara, J., Horner, G., & Lee, N. S. (2009). The economic impacts of central
valley salinity.

Hussain Shah, S. H., Wang, J., Hao, X., & Thomas, B. W. (2021). Modeling the effect of salt-affected soil on water balance fluxes and nitrous
oxide emission using modified DNDC. Journal of Environmental Management, 280, 111678. https://doi.org/10.1016/j.jenvman.2020.111678

Hussain Shah, S. H., Wang, J., Hao, X., & Thomas, B. W. (2022). Modelling soil salinity effects on salt water uptake and crop growth using a
modified denitrification-decomposition model: A phytoremediation approach. Journal of Environmental Management, 301, 113820. https://
doi.org/10.1016/j.jenvman.2021.113820

Hutson, J. L., & Wagenet, R. J. (1995). An overview of LEACHM: A process based model of water and solute movement, transformations, plant
uptake and chemical reactions in the unsaturated zone. In Chemical equilibrium and reaction models (pp. 409—422). John Wiley and Sons,
Ltd. https://doi.org/10.2136/sssaspecpub42.c19

Inam, A., Adamowski, J., Prasher, S., & Albano, R. (2017). Parameter estimation and uncertainty analysis of the spatial agro hydro salinity
model (SAHYSMOD) in the semi-arid climate of Rechna Doab, Pakistan. Environmental Modelling & Software, 94, 186-211. https://doi.
org/10.1016/j.envsoft.2017.04.002

Inam, A., Adamowski, J., Prasher, S., Halbe, J., Malard, J., & Albano, R. (2017). Coupling of a distributed stakeholder-built system dynam-
ics socio-economic model with SAHYSMOD for sustainable soil salinity management. Part 2: Model coupling and application. Journal of
Hydrology, 551, 278-299. https://doi.org/10.1016/j.jhydrol.2017.03.040

Jiang, J., Feng, S., Huo, Z., Zhao, Z., & Jia, B. (2011). Application of the swap model to simulate water—salt transport under deficit irrigation with
saline water. Mathematical and Computer Modelling, 54(3), 902-911. https://doi.org/10.1016/j.mcm.2010.11.014

Jones, J., Hoogenboom, G., Porter, C., Boote, K., Batchelor, W., Hunt, L., et al. (2003). The DSSAT cropping system model. European Journal
of Agronomy, 18(3), 235-265. https://doi.org/10.1016/S1161-0301(02)00107-7

Kan, I. (2003). Effects of drainage salinity evolution on irrigation management. Water Resources Research, 39(12). https://doi.
0rg/10.1029/2003wr002252

Kan, I. (2007). Yield quality and irrigation with saline water under environmental limitations: The case of processing tomatoes in California.
Agricultural Economics, 38(1), 57-66. https://doi.org/10.1111/j.1574-0862.2007.00281.x

Kan, I., & Rapaport-Rom, M. (2012). Regional blending of fresh and saline irrigation water: Is it efficient? Water Resources Research, 48(7).
https://doi.org/10.1029/2011wr011285

Kaner, A., Tripler, E., Hadas, E., & Ben-Gal, A. (2017). Feasibility of desalination as an alternative to irrigation with water high in salts. Desal-
ination, 416, 122-128. https://doi.org/10.1016/j.desal.2017.05.002

KRAMER AND MAU

13 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.2136/sssaj2013.03.0097
https://doi.org/10.2136/sssaj2013.03.0097
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/global-map-of-salt-affected-soils/en/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/global-map-of-salt-affected-soils/en/
https://doi.org/10.2136/sssaj2017.02.0058
https://doi.org/10.1038/s41467-020-14411-z
https://doi.org/10.1016/j.agwat.2021.107175
https://doi.org/10.2136/sssaj1978.03615995004200010008x
https://doi.org/10.2136/sssaj1978.03615995004200010008x
https://doi.org/10.1016/j.compag.2015.11.007
https://doi.org/10.1016/j.biosystemseng.2021.03.019
https://doi.org/10.1007/BF00812624
https://doi.org/10.1029/2005WR004802
https://doi.org/10.2136/vzj2007.0053
https://doi.org/10.3733/ca.v063n03p131
https://doi.org/10.1073/pnas.2013771117
https://doi.org/10.1038/s41467-021-26907-3
https://doi.org/10.1016/j.agwat.2016.05.003
https://doi.org/10.1061/(ASCE)0733-9437(1985)111:3(199)
https://doi.org/10.1061/(ASCE)0733-9437(1985)111:3(199)
https://doi.org/10.1016/bs.agron.2021.03.001
https://doi.org/10.1016/j.jenvman.2020.111678
https://doi.org/10.1016/j.jenvman.2021.113820
https://doi.org/10.1016/j.jenvman.2021.113820
https://doi.org/10.2136/sssaspecpub42.c19
https://doi.org/10.1016/j.envsoft.2017.04.002
https://doi.org/10.1016/j.envsoft.2017.04.002
https://doi.org/10.1016/j.jhydrol.2017.03.040
https://doi.org/10.1016/j.mcm.2010.11.014
https://doi.org/10.1016/S1161-0301(02)00107-7
https://doi.org/10.1029/2003wr002252
https://doi.org/10.1029/2003wr002252
https://doi.org/10.1111/j.1574-0862.2007.00281.x
https://doi.org/10.1029/2011wr011285
https://doi.org/10.1016/j.desal.2017.05.002

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR034750

Karandish, F., & Simiinek, J. (2019). A comparison of the HYDRUS (2D/3D) and saltmed models to investigate the influence of various
water-saving irrigation strategies on the maize water footprint. Agricultural Water Management, 213, 809-820. https://doi.org/10.1016/j.
agwat.2018.11.023

Karlberg, L., Ben-Gal, A., Jansson, P.-E., & Shani, U. (2006). Modelling transpiration and growth in salinity-stressed tomato under different
climatic conditions. Ecological Modelling, 190(1-2), 15—40. https://doi.org/10.1016/j.ecolmodel.2005.04.015

Kramer, I., Bayer, Y., Adeyemo, T., & Mau, Y. (2021). Hysteresis in soil hydraulic conductivity as driven by salinity and sodicity — A modeling
framework. Hydrology and Earth System Sciences, 25(4), 1993-2008. https://doi.org/10.5194/hess-25-1993-2021

Kramer, I., Bayer, Y., & Mau, Y. (2022). The sustainability of treated wastewater irrigation: The impact of hysteresis on saturated soil hydraulic
conductivity. Water Resources Research, 58(3), 1-14. https://doi.org/10.1029/2021wr031307

Kramer, I., & Mau, Y. (2020). Soil degradation risks assessed by the SOTE model for salinity and sodicity. Water Resources Research, 56(10).
https://doi.org/10.1029/2020WR027456

Kroes, J., & Supit, I. (2011). Impact analysis of drought, water excess and salinity on grass production in The Netherlands using historical and
future climate data. Agriculture, Ecosystems and Environment, 144(1), 370-381. https://doi.org/10.1016/j.agee.2011.09.008

Kroes, J., van Dam, J., Bartholomeus, R., Groenendijk, P., Heinen, M., Hendriks, R., et al. (2017). Swap version 4.

Kumar, P., Sarangi, A., Singh, D., Parihar, S., & Sahoo, R. (2015). Simulation of salt dynamics in the root zone and yield of wheat crop under
irrigated saline regimes using swap model. Agricultural Water Management, 148, 72—-83. https://doi.org/10.1016/j.agwat.2014.09.014

Lado, M., Bar-Tal, A., Azenkot, A., Assouline, S., Ravina, 1., Erner, Y., et al. (2012). Changes in chemical properties of semiarid soils under
long-term secondary treated wastewater irrigation. Soil Science Society of America Journal, 76(4), 1358-1369. https://doi.org/10.2136/
$s52j2011.0230

Lagerwerff, J., Nakayama, F., & Frere, M. (1969). Hydraulic conductivity related to porosity and swelling of soil. Soil Science Society of America
Journal, 33(1), 3—11. https://doi.org/10.2136/ss52j1969.03615995003300010008x

Laio, F., Porporato, A., Fernandez-Illescas, C., & Rodriguez-Iturbe, I. (2001). Plants in water-controlled ecosystems: Active role in hydrologic
processes and response to water stress. Advances in Water Resources, 24(7), 745-762. https://doi.org/10.1016/S0309-1708(01)00007-0

Liuchli, A., & Grattan, S. R. (2011). Plant responses to saline and sodic conditions. In W. W. Wallender & K. K. Tanji (Eds.), (pp. 169-205).
American Society of Civil Engineers. https://doi.org/10.1061/9780784411698.ch06

Letey, J., Hoffman, G., Hopmans, J., Grattan, S., Suarez, D. L., Corwin, D., et al. (2011). Evaluation of soil salinity leaching requirement guide-
lines. Agricultural Water Management, 98(4), 502-506. https://doi.org/10.1016/j.agwat.2010.08.009

Levy, G. J. (2011). Impact of long-term irrigation with treated wastewater on soil-structure stability—The israeli experience. Israel Journal of

Plant Sciences, 59(2), 95-104. https://doi.org/10.1560/1JPS.59.2-4.95

Levy, G. J., Goldstein, D., & Mamedov, A. I. (2005). Saturated hydraulic conductivity of semiarid soils: Combined effects of salinity, sodicity,
and rate of wetting. Soil Science Society of America Journal, 69(3), 653—662. https://doi.org/10.2136/ss52j2004.0232

Li, C., Frolking, S., & Frolking, T. A. (1992). A model of nitrous oxide evolution from soil driven by rainfall events: 1. Model structure and
sensitivity. Journal of Geophysical Research, 97(D9), 9759-9776. https://doi.org/10.1029/92JD00509

Li, P., & Ren, L. (2021). Evaluating the saline water irrigation schemes using a distributed agro-hydrological model. Journal of Hydrology, 594,
125688. https://doi.org/10.1016/j.jhydrol.2020.125688

Liu, Y., Zeng, W., Ao, C., Lei, G., Wu, J., Huang, J., et al. (2022). Optimization of winter irrigation management for salinized farmland using a
coupled model of soil water flow and crop growth. Agricultural Water Management, 270, 107747. https://doi.org/10.1016/j.agwat.2022.107747

Ma, L., Ahuja, L., Nolan, B. T., Malone, R., Trout, T., & Qi, Z. (2012). Root zone water quality model (rzwqm2): Model use, calibration and
validation. Transactions of the ASABE, 55(4), 1425-1446. https://doi.org/10.13031/2013.42252

Maas, E. V., & Grattan, S. R. (1999). Crop yields as affected by salinity. Agronomy Monographs, 55-108. https://doi.org/10.2134/agronmon-
ogr38.c3

Maas, E. V., & Hoffman, G. (1977). Crop salt tolerance—current assessment. Journal of the Irrigation and Drainage Division, 103(2), 115-134.
https://doi.org/10.1061/JRCEA4.0001137

Mallants, D., Siméinek, J., & Torkzaban, S. (2017). Determining water quality requirements of coal seam gas produced water for sustainable
irrigation. Agricultural Water Management, 189, 52—69. https://doi.org/10.1016/J. AGWAT.2017.04.011

Mallants, D., Simiinek, J., van Genuchten, M. T., & Jacques, D. (2017). Simulating the fate and transport of coal seam gas chemicals in
variably-saturated soils using HYDRUS. Water, 9(6), 385. https://doi.org/10.3390/w9060385

Mandal, U. K., Bhardwaj, A. K., Warrington, D. N., Goldstein, D., Bar-Tal, A., & Levy, G. J. (2008). Changes in soil hydraulic conductivity,
runoff, and soil loss due to irrigation with different types of saline-sodic water. Geoderma, 144(3—-4), 509-516. https://doi.org/10.1016/j.
geoderma.2008.01.005

Mao, W., Yang, J., Zhu, Y., Ye, M., & Wu, J. (2017). Loosely coupled saltmod for simulating groundwater and salt dynamics under well-canal
conjunctive irrigation in semi-arid areas. Agricultural Water Management, 192, 209-220. https://doi.org/10.1016/j.agwat.2017.07.012

Marshall, T. J. (1958). A relation between permeability and size distribution of pores. Journal of Soil Science, 9(1), 1-8. https://doi.
org/10.1111/j.1365-2389.1958.tb01892.x

Mau, Y., & Porporato, A. (2015). A dynamical system approach to soil salinity and sodicity. Advances in Water Resources, 83, 68-76. https://doi.
org/10.1016/j.advwatres.2015.05.010

Mau, Y., & Porporato, A. (2016). Optimal control solutions to sodic soil reclamation. Advances in Water Resources, 91, 37-45. https://doi.
org/10.1016/j.advwatres.2016.02.014

Mayergoyz, 1. D. (1986). Mathematical models of hysteresis. Physical Review Letters, 56(15), 1518-1521. https://doi.org/10.1103/
PhysRevLett.56.1518

McGeorge, W. T. (1954). Diagnosis and improvement of saline and alkaline soils. Soil Science Society of America Journal, 18(3), 348. https://
doi.org/10.2136/ss52j1954.03615995001800030032x

Mclntyre, D. (1979). Exchangeable sodium, subplasticity and hydraulic conductivity of some Australian soils. Soil Research, 17(1), 115. https://
doi.org/10.1071/SR9790115

McNeal, B. L. (1968). Prediction of the effect of mixed-salt solutions on soil hydraulic conductivity. Soil Science Society of America Journal,
32(2), 190-193. https://doi.org/10.2136/sss2j1968.03615995003200020013x

McNeal, B. L., & Coleman, N. T. (1966). Effect of solution composition on soil hydraulic conductivity. Soil Science Society of America Journal,
30(3), 308-312. https://doi.org/10.2136/ss52j1966.03615995003000030007x

McNeal, B. L., Layfield, D. A., Norvell, W. A., & Rhoades, J. D. (1968). Factors influencing hydraulic conductivity of soils in the presence of
mixed-salt solutions. Soil Science Society of America Journal, 32(2), 187-190. https://doi.org/10.2136/ss52j1968.03615995003200020012x

KRAMER AND MAU

14 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.1016/j.agwat.2018.11.023
https://doi.org/10.1016/j.agwat.2018.11.023
https://doi.org/10.1016/j.ecolmodel.2005.04.015
https://doi.org/10.5194/hess-25-1993-2021
https://doi.org/10.1029/2021wr031307
https://doi.org/10.1029/2020WR027456
https://doi.org/10.1016/j.agee.2011.09.008
https://doi.org/10.1016/j.agwat.2014.09.014
https://doi.org/10.2136/sssaj2011.0230
https://doi.org/10.2136/sssaj2011.0230
https://doi.org/10.2136/sssaj1969.03615995003300010008x
https://doi.org/10.1016/S0309-1708(01)00007-0
https://doi.org/10.1061/9780784411698.ch06
https://doi.org/10.1016/j.agwat.2010.08.009
https://doi.org/10.1560/IJPS.59.2-4.95
https://doi.org/10.2136/sssaj2004.0232
https://doi.org/10.1029/92JD00509
https://doi.org/10.1016/j.jhydrol.2020.125688
https://doi.org/10.1016/j.agwat.2022.107747
https://doi.org/10.13031/2013.42252
https://doi.org/10.2134/agronmonogr38.c3
https://doi.org/10.2134/agronmonogr38.c3
https://doi.org/10.1061/JRCEA4.0001137
https://doi.org/10.1016/J.AGWAT.2017.04.011
https://doi.org/10.3390/w9060385
https://doi.org/10.1016/j.geoderma.2008.01.005
https://doi.org/10.1016/j.geoderma.2008.01.005
https://doi.org/10.1016/j.agwat.2017.07.012
https://doi.org/10.1111/j.1365-2389.1958.tb01892.x
https://doi.org/10.1111/j.1365-2389.1958.tb01892.x
https://doi.org/10.1016/j.advwatres.2015.05.010
https://doi.org/10.1016/j.advwatres.2015.05.010
https://doi.org/10.1016/j.advwatres.2016.02.014
https://doi.org/10.1016/j.advwatres.2016.02.014
https://doi.org/10.1103/PhysRevLett.56.1518
https://doi.org/10.1103/PhysRevLett.56.1518
https://doi.org/10.2136/sssaj1954.03615995001800030032x
https://doi.org/10.2136/sssaj1954.03615995001800030032x
https://doi.org/10.1071/SR9790115
https://doi.org/10.1071/SR9790115
https://doi.org/10.2136/sssaj1968.03615995003200020013x
https://doi.org/10.2136/sssaj1966.03615995003000030007x
https://doi.org/10.2136/sssaj1968.03615995003200020012x

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR 034750

Menezes, H. R. D., Almeida, B. G. D., Almeida, C. D. G. C. D., Bennett, J. M., Silva, E. M. D., & dos S. Freirer, M. B. G. (2014). Use of thresh-
old electrolyte concentration analysis to determine salinity and sodicity limit of irrigation water. Revista Brasileira de Engenharia Agricola e
Ambiental, 18(suppl), s53—s58. https://doi.org/10.1590/1807-1929/agriambi.v18nsupps53-s58

Millington, R. J., & Quirk, J. P. (1959). Permeability of porous media. Nature, 183(4658), 387-388. https://doi.org/10.1038/183387a0

Minhas, P. S., Ramos, T. B., Ben-Gal, A., & Pereira, L. S. (2020). Coping with salinity in irrigated agriculture: Crop evapotranspiration and water
management issues. Agricultural Water Management, 227, 105832. https://doi.org/10.1016/j.agwat.2019.105832

Munns, R. (2002). Comparative physiology of salt and water stress. Plant, Cell and Environment, 25(2), 239-250. https:/doi.
org/10.1046/j.0016-8025.2001.00808.x

Nolan, B. T., Bayless, E. R., Green, C. T., Garg, S., Voss, F. D., Lampe, D. C., et al. (2005). Evaluation of unsaturated-zone solute-transport
models for studies of agricultural chemicals (Vol. 16). U.S. Geological Survey Open-File Report.

Olsson, L., Barbosa, H., Bhadwal, S., Cowie, A., Delusca, K., Flores-Renteria, D., et al. (Eds.). In Climate change and land: An IPCC special
report on climate change, desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terres-
trial ecosystems (pp. 345-436). IPCC.

Oosterbaan, R. (2001). Saltmod; description of principles, user manual, and examples of application, version 1.1 (p. 80). ILRIL.

Oster,J.D.(1994).Irrigationwithpoorquality water. Agricultural Water Management,25(3),271-297 .https://doi.org/10.1016/0378-3774(94)90064-7

Oster, J. D., Letey, J., Vaughan, P., Wu, L., & Qadir, M. (2012). Comparison of transient state models that include salinity and matric stress effects
on plant yield. Agricultural Water Management, 103, 167-175. https://doi.org/10.1016/j.agwat.2011.11.011

Oster, J. D., & Schroer, F. W. (1979). Infiltration as influenced by irrigation water quality. Soil Science Society of America Journal, 43(3),
444-447. https://doi.org/10.2136/sss2j1979.03615995004300030004x

Perri, S., Entekhabi, D., & Molini, A. (2018). Plant osmoregulation as an emergent water-saving adaptation. Water Resources Research, 54(4),
2781-2798. https://doi.org/10.1002/2017wr022319

Perri, S., Katul, G. G., & Molini, A. (2019). Xylem—phloem hydraulic coupling explains multiple osmoregulatory responses to salt stress. New
Phytologist, 224(2), 644-662. https://doi.org/10.1111/nph.16072

Perri, S., Suweis, S., Entekhabi, D., & Molini, A. (2018). Vegetation controls on dryland salinity. Geophysical Research Letters, 45(21), 11669—
11682. https://doi.org/10.1029/2018GL0O79766

Perri, S., Suweis, S., Holmes, A., Marpu, P. R., Entekhabi, D., & Molini, A. (2020). River basin salinization as a form of aridity. Proceedings of
the National Academy of Sciences of the United States of America, 117(30), 17635-17642. https://doi.org/10.1073/pnas.2005925117

Phogat, V., Pitt, T., Cox, J., Siméinek, J., & Skewes, M. (2018). Soil water and salinity dynamics under sprinkler irrigated almond exposed to
a varied salinity stress at different growth stages. Agricultural Water Management, 201, 70-82. https://doi.org/10.1016/j.agwat.2018.01.018

Pravilie, R., Patriche, C., Borrelli, P., Panagos, P., Rosca, B., Dumitrascu, M., et al. (2021). Arable lands under the pressure of multiple land
degradation processes. A global perspective. Environmental Research, 194, 110697. https://doi.org/10.1016/j.envres.2020.110697

Qadir, M., Quillérou, E., Nangia, V., Murtaza, G., Singh, M., Thomas, R. J., et al. (2014). Economics of salt-induced land degradation and resto-
ration. Natural Resources Forum, 38(4), 282-295. https://doi.org/10.1111/1477-8947.12054

Quirk, J., & Schofield, R. (1955). The effect of electrolyte concentration on soil permeability. Journal of Soil Science, 6(2), 163—178. https://doi.
org/10.1111/j.1365-2389.1955.tb00841.x

Ragab, R. (2002). A holistic generic integrated approach for irrigation, crop and field management: The saltmed model. Environmental Modelling
and Software, 17(4), 345-361. https://doi.org/10.1016/S1364-8152(01)00079-2

Ramos, T. B., Darouich, H., §imﬁnek, J., Gongalves, M. C., & Martins, J. C. (2019). Soil salinization in very high-density olive orchards
grown in southern Portugal: Current risks and possible trends. Agricultural Water Management, 217, 265-281. https://doi.org/10.1016/j.
agwat.2019.02.047

Ramos, T. B., gimﬁnek, J., Gongalves, M. C., Martins, J. C., Prazeres, A., Castanheira, N. L., & Pereira, L. S. (2011). Field evaluation of a multi-
component solute transport model in soils irrigated with saline waters. Journal of Hydrology, 407(1-4), 129—-144. https://doi.org/10.1016/j.
jhydrol.2011.07.016

Razavi, S., Hannah, D. M., Elshorbagy, A., Kumar, S., Marshall, L., Solomatine, D. P., et al. (2022). Coevolution of machine learning and
process-based modelling to revolutionize Earth and environmental sciences: A perspective. Hydrological Processes, 36(6). https://doi.
org/10.1002/hyp.14596

Reading, L. P., Baumgartl, T., Bristow, K. L., & Lockington, D. A. (2012). Applying hydrus to flow in a sodic clay soil with solution composition—
dependent hydraulic conductivity. Vadose Zone Journal, 11(2). https://doi.org/10.2136/vzj2011.0137

Rengasamy, P., & Marchuk, A. (2011). Cation ratio of soil structural stability (cross). Soil Research, 49(3), 280-285. https://doi.org/10.1071/
SR10105

Reznik, A., Feinerman, E., Finkelshtain, I., Fisher, F., Huber-Lee, A., Joyce, B., & Kan, I. (2017). Economic implications of agricultural
reuse of treated wastewater in Israel: A statewide long-term perspective. Ecological Economics, 135, 222-233. https://doi.org/10.1016/j.
ecolecon.2017.01.013

Rhoades, J. D. (1968). Leaching requirement for exchangeable-sodium control. Soil Science Society of America Journal, 32(5), 652—656. https://
doi.org/10.2136/sssaj1968.03615995003200050022x

Roberts, T., Lazarovitch, N., Warrick, A. W., & Thompson, T. L. (2009). Modeling salt accumulation with subsurface drip irrigation using
HYDRUS-2D. Soil Science Society of America Journal, 73(1), 233-240. https://doi.org/10.2136/sssaj2008.0033

Rodriguez-Iturbe, 1., & Porporato, A. (2005). In 1. Rodriguez-Iturbe & A. Porporato (Eds.), Ecohydrology of water-controlled ecosystems.
Cambridge University Press. https://doi.org/10.1017/CBO9780511535727

Russo, D. (1984). A geostatistical approach to solute transport in heterogeneous fields and its applications to salinity management. Water
Resources Research, 20(9), 1260-1270. https://doi.org/10.1029/WR020i009p01260

Russo, D. (1988). Numerical analysis of the nonsteady transport of interacting solutes through unsaturated soil: 1. Homogeneous systems. Water
Resources Research, 24(2), 271-284. https://doi.org/10.1029/WR024i002p00271

Russo, D. (2013). Consequences of salinity-induced-time-dependent soil hydraulic properties on flow and transport in salt-affected soils. Proce-
dia Environmental Sciences, 19, 623—-632. https://doi.org/10.1016/j.proenv.2013.06.071

Russo, D. (2016). Alternating irrigation water quality as a method to control solute concentrations and mass fluxes below irrigated fields: A
numerical study. Water Resources Research, 52(5), 3440-3456. https://doi.org/10.1002/2015wr018287

Russo, D., & Bresler, E. (1977). Analysis of the saturated-unsaturated hydraulic conductivity in a mixed sodium-calcium soil system. Soil Science
Society of America Journal, 41(4), 706-710. https://doi.org/10.2136/ss5aj1977.03615995004100040017x

Russo, D., Laufer, A., Bardhan, G., & Levy, G. J. (2015). Salinity control in a clay soil beneath an orchard irrigated with treated waste water in
the presence of a high water table: A numerical study. Journal of Hydrology, 531, 198-213. https://doi.org/10.1016/j.jhydrol.2015.04.013

KRAMER AND MAU

15 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.1590/1807-1929/agriambi.v18nsupps53-s58
https://doi.org/10.1038/183387a0
https://doi.org/10.1016/j.agwat.2019.105832
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1046/j.0016-8025.2001.00808.x
https://doi.org/10.1016/0378-3774(94)90064-7
https://doi.org/10.1016/j.agwat.2011.11.011
https://doi.org/10.2136/sssaj1979.03615995004300030004x
https://doi.org/10.1002/2017wr022319
https://doi.org/10.1111/nph.16072
https://doi.org/10.1029/2018GL079766
https://doi.org/10.1073/pnas.2005925117
https://doi.org/10.1016/j.agwat.2018.01.018
https://doi.org/10.1016/j.envres.2020.110697
https://doi.org/10.1111/1477-8947.12054
https://doi.org/10.1111/j.1365-2389.1955.tb00841.x
https://doi.org/10.1111/j.1365-2389.1955.tb00841.x
https://doi.org/10.1016/S1364-8152(01)00079-2
https://doi.org/10.1016/j.agwat.2019.02.047
https://doi.org/10.1016/j.agwat.2019.02.047
https://doi.org/10.1016/j.jhydrol.2011.07.016
https://doi.org/10.1016/j.jhydrol.2011.07.016
https://doi.org/10.1002/hyp.14596
https://doi.org/10.1002/hyp.14596
https://doi.org/10.2136/vzj2011.0137
https://doi.org/10.1071/SR10105
https://doi.org/10.1071/SR10105
https://doi.org/10.1016/j.ecolecon.2017.01.013
https://doi.org/10.1016/j.ecolecon.2017.01.013
https://doi.org/10.2136/sssaj1968.03615995003200050022x
https://doi.org/10.2136/sssaj1968.03615995003200050022x
https://doi.org/10.2136/sssaj2008.0033
https://doi.org/10.1017/CBO9780511535727
https://doi.org/10.1029/WR020i009p01260
https://doi.org/10.1029/WR024i002p00271
https://doi.org/10.1016/j.proenv.2013.06.071
https://doi.org/10.1002/2015wr018287
https://doi.org/10.2136/sssaj1977.03615995004100040017x
https://doi.org/10.1016/j.jhydrol.2015.04.013

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR034750

Russo, D., Laufer, A., & Bar-Tal, A. (2020). Improving water uptake by trees planted on a clayey soil and irrigated with low-quality water by
various management means: A numerical study. Agricultural Water Management, 229, 105891. https://doi.org/10.1016/j.agwat.2019.105891

Russo, D., Zaidel, J., & Laufer, A. (2004). Numerical analysis of transport of interacting solutes in a three-dimensional unsaturated heterogeneous
soil. Vadose Zone Journal, 3(4), 1286-1299. https://doi.org/10.2136/vzj2004.1286

Salman, M., Garcia-Vila, M., Fereres, E., Raes, D., & Steduto, P. (2021). The AquaCrop model — Enhancing crop water productivity. FAO. https://
doi.org/10.4060/cb7392en

Schacht, K., & Marschner, B. (2015). Treated wastewater irrigation effects on soil hydraulic conductivity and aggregate stability of loamy soils
in Israel. Journal of Hydrology and Hydromechanics, 63(1), 47-54. https://doi.org/10.1515/johh-2015-0010

Schoups, G., Hopmans, J. W., & Tanji, K. K. (2006). Evaluation of model complexity and space—time resolution on the prediction of long-term
soil salinity dynamics, Western San Joaquin Valley, California. Hydrological Processes, 20(13), 2647-2668. https://doi.org/10.1002/hyp.6082

Schoups, G., Hopmans, J. W., Young, C. A., Vrugt, J. A., Wallender, W. W., Tanji, K. K., & Panday, S. (2005). Sustainability of irrigated agri-
culture in the San Joaquin Valley, California. Proceedings of the National Academy of Sciences of the United States of America, 102(43),
15352-15356. https://doi.org/10.1073/pnas.0507723102

Schwabe, K. A., Kan, I., & Knapp, K. C. (2006). Drainwater management for salinity mitigation in irrigated agriculture. American Journal of

Agricultural Economics, 88(1), 133-149. https://doi.org/10.1111/j.1467-8276.2006.00843.x

Selim, T., Bouksila, F., Berndtsson, R., & Persson, M. (2013). Soil water and salinity distribution under different treatments of drip irrigation. Soil
Science Society of America Journal, 77(4), 1144—1156. https://doi.org/10.2136/sss2j2012.0304

Shabtai, I. A., Shenker, M., Edeto, W. L., Warburg, A., & Ben-Hur, M. (2014). Effects of land use on structure and hydraulic properties of
vertisols containing a sodic horizon in northern Ethiopia. Soil and Tillage Research, 136, 19-27. https://doi.org/10.1016/j.still.2013.09.007

Shah, S. H., Vervoort, R. W., Suweis, S., Guswa, A. J., Rinaldo, A., & Zee, S. E. V. D. (2011). Stochastic modeling of salt accumulation in the
root zone due to capillary flux from brackish groundwater. Water Resources Research, 47(9), 1-17. https://doi.org/10.1029/2010WR009790

Shah, S. H. H., Wang, J., Hao, X., & Thomas, B. W. (2022). Modeling the effect of wastewater irrigation on soil salinity using a salt-DNDC
model. Land Degradation and Development, 33(1), 55-67. https://doi.org/10.1002/1dr.4128

Shainberg, I., & Letey, J. (1984). Response of soils to sodic and saline conditions (Vol. 52). University of California Division of Agriculture and
Natural Resources.

Shainberg, I. & Shalhevet, J. (Eds.) (1984), Soil salinity under irrigation: Processes and management. Springer-Verlag. https://doi.
0rg/10.1007/978-3-642-69836-1

Shainberg, 1., & Singer, M. J. (2011). Soil response to saline and sodic conditions. In W. W. Wallender & K. K. Tanji (Eds.), (pp. 139-167).
American Society of Civil Engineers. https://doi.org/10.1061/9780784411698.ch05

Shani, U., Ben-Gal, A., Tripler, E., & Dudley, L. M. (2007). Plant response to the soil environment: An analytical model integrating yield, water,
soil type, and salinity. Water Resources Research, 43(8), 1-12. https://doi.org/10.1029/2006 WR005313

Shaygan, M., & Baumgartl, T. (2020). Simulation of the effect of climate variability on reclamation success of brine-affected soil in semi-arid
environments. Sustainability, 12(1), 371. https://doi.org/10.3390/su12010371

Shaygan, M., Baumgartl, T., Arnold, S., & Reading, L. P. (2018). The effect of soil physical amendments on reclamation of a saline-sodic soil:
Simulation of salt leaching using HYDRUS-1D. Soil Research, 56(8), 829-845. https://doi.org/10.1071/SR18047

Short, D., Dawes, W. R., & White, I. (1995). The practicability of using Richards’ equation for general purpose soil-water dynamics models.
Environment International, 21(5), 723-730. https://doi.org/10.1016/0160-4120(95)00065-S

Silva, L. L., Ragab, R., Duarte, I., Lourenco, E., Simdes, N., & Chaves, M. M. (2012). Calibration and validation of SALTMED model under
dry and wet year conditions using chickpea field data from southern Portugal. Irrigation Science, 31(4), 651-659. https://doi.org/10.1007/
s00271-012-0341-5

gimﬁnek, J., Sakai, M., Genuchten, M. V., Saito, H., & Sejna, M. (2013). The HYDRUS-1D software package for simulating the one-dimensional
movement of water, heat, and multiple solutes in variably-saturated media.

Siminek, J., & Suarez, D. L. (1994). Two-dimensional transport model for variably saturated porous media with major ion chemistry. Water
Resources Research, 30(4), 1115-1133. https://doi.org/10.1029/93WR03347

Siminek, J., & Suarez, D. L. (1997). Sodic soil reclamation using multicomponent transport modeling. Journal of Irrigation and Drainage Engi-
neering, 123(5), 367-376. https://doi.org/10.1061/(ASCE)0733-9437(1997)123:5(367)

Siminek, J., Suarez, D. L., & Sejna, M. (1996). The unsatchem software package for simulating the one-dimensional variably saturated water
flow, heat transport, carbon dioxide production and transport, and multicomponent solute transport with major ion equilibrium and kinetic
chemistry, version 2.0.

Singh, A., & Panda, S. N. (2012). Integrated salt and water balance modeling for the management of waterlogging and salinization. II: Application
of SAHYSMOD. Journal of Irrigation and Drainage Engineering, 138(11), 964-971. https://doi.org/10.1061/(asce)ir.1943-4774.0000510
Siyal, A., Skaggs, T., & van Genuchten, M. (2010). Reclamation of saline soils by partial ponding: Simulations for different soils. Vadose Zone

Journal, 9(2), 486—495. https://doi.org/10.2136/vzj2009.0129

Skaggs, T. H., Anderson, R. G., Corwin, D. L., & Suarez, D. L. (2014). Analytical steady-state solutions for water-limited cropping systems using
saline irrigation water. Water Resources Research, 50(12), 9656-9674. https://doi.org/10.1002/2014WR016058

Slater, Y., Finkelshtain, I., Reznik, A., & Kan, I. (2020). Large-scale desalination and the external impact on irrigation-water salinity: Economic
analysis for the case of Israel. Water Resources Research, 56(9). https://doi.org/10.1029/2019wr025657

Sposito, G. (1981). The thermodynamics of soil solutions. Oxford University Press.

Suarez, D. L. (2001). Sodic soil reclamation: Modelling and field study. Australian Journal of Soil Research, 39(6), 1225-1246. https://doi.
org/10.1071/SR00094

Suarez, D. L. (2011). Modeling transient rootzone salinity (SWS model). Agricultural Salinity Assessment and Management, 71, 855-897. https://
doi.org/10.1061/9780784411698.ch28

Tanji, K. K., & Kielen, N. C. (2002). Agricultural drainage water management in arid and semi-arid areas.

Tocci, M. D., Kelley, C. T., & Miller, C. T. (1997). Accurate and economical solution of the pressure-head form of richards’ equation by the
method of lines. Advances in Water Resources, 20, 1-14. https://doi.org/10.1016/S0309-1708(96)00008-5

van der Zee, S., Shah, S., & Vervoort, R. (2014). Root zone salinity and sodicity under seasonal rainfall due to feedback of decreasing hydraulic
conductivity. Water Resources Research, 50(12), 9432-9446. https://doi.org/10.1002/2013WR015208

van der Zee, S., Shah, S. H., van Uffelen, C. G., Raats, P. A., & dal Ferro, N. (2010). Soil sodicity as a result of periodical drought. Agricultural
Water Management, 97(1), 41-49. https://doi.org/10.1016/j.agwat.2009.08.009

Van Hoorn, J. (1981). Salt movement, leaching efficiency, and leaching requirement. Agricultural Water Management, 4(4), 409—428. https://doi.
org/10.1016/0378-3774(81)90030-5

KRAMER AND MAU

16 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.1016/j.agwat.2019.105891
https://doi.org/10.2136/vzj2004.1286
https://doi.org/10.4060/cb7392en
https://doi.org/10.4060/cb7392en
https://doi.org/10.1515/johh-2015-0010
https://doi.org/10.1002/hyp.6082
https://doi.org/10.1073/pnas.0507723102
https://doi.org/10.1111/j.1467-8276.2006.00843.x
https://doi.org/10.2136/sssaj2012.0304
https://doi.org/10.1016/j.still.2013.09.007
https://doi.org/10.1029/2010WR009790
https://doi.org/10.1002/ldr.4128
https://doi.org/10.1007/978-3-642-69836-1
https://doi.org/10.1007/978-3-642-69836-1
https://doi.org/10.1061/9780784411698.ch05
https://doi.org/10.1029/2006WR005313
https://doi.org/10.3390/su12010371
https://doi.org/10.1071/SR18047
https://doi.org/10.1016/0160-4120(95)00065-S
https://doi.org/10.1007/s00271-012-0341-5
https://doi.org/10.1007/s00271-012-0341-5
https://doi.org/10.1029/93WR03347
https://doi.org/10.1061/(ASCE)0733-9437(1997)123:5(367)
https://doi.org/10.1061/(asce)ir.1943-4774.0000510
https://doi.org/10.2136/vzj2009.0129
https://doi.org/10.1002/2014WR016058
https://doi.org/10.1029/2019wr025657
https://doi.org/10.1071/SR00094
https://doi.org/10.1071/SR00094
https://doi.org/10.1061/9780784411698.ch28
https://doi.org/10.1061/9780784411698.ch28
https://doi.org/10.1016/S0309-1708(96)00008-5
https://doi.org/10.1002/2013WR015208
https://doi.org/10.1016/j.agwat.2009.08.009
https://doi.org/10.1016/0378-3774(81)90030-5
https://doi.org/10.1016/0378-3774(81)90030-5

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2023WR 034750

Vereecken, H., Schnepf, A., Hopmans, J., Javaux, M., Or, D., Roose, T., et al. (2016). Modeling soil processes: Review, key challenges, and new
perspectives. Vadose Zone Journal, 15(5). https://doi.org/10.2136/vzj2015.09.0131

Vermeulen, D., & Niekerk, A. V. (2017). Machine learning performance for predicting soil salinity using different combinations of geomorpho-
metric covariates. Geoderma, 299, 1-12. https://doi.org/10.1016/j.geoderma.2017.03.013

Visconti, F., de Paz, J. M., Rubio, J. L., & Sénchez, S. (2012). Comparison of four steady-state models of increasing complexity for assessing the
leaching requirement in agricultural salt-threatened soils. Spanish Journal of Agricultural Research, 10(1), 222-237. https://doi.org/10.5424/
sjar/2012101-086-11

Wallender, W. W. & Tanji, K. K. (Eds.) (2011)., Agricultural salinity assessment and management (2nd ed.). American Society of Civil Engi-
neers. https://doi.org/10.1061/9780784411698

Wicke, B., Smeets, E., Dornburg, V., Vashev, B., Gaiser, T., Turkenburg, W., & Faaij, A. (2011). The global technical and economic potential of
bioenergy from salt-affected soils. Energy & Environmental Science, 4(8), 2669-2681. https://doi.org/10.1039/c1ee01029h

Yang, T, gimﬁnek, J., Mo, M., Mccullough-Sanden, B., Shahrokhnia, H., Cherchian, S., & Wu, L. (2019). Assessing salinity leaching efficiency
in three soils by the HYDRUS-1D and -2D simulations. Soil and Tillage Research, 194, 104342. https://doi.org/10.1016/j.stil.2019.104342

Yin, X., Feng, Q., Li, Y., Liu, W.,, Zhu, M., Xu, G., et al. (2021). Induced soil degradation risks and plant responses by salinity and sodic-
ity in intensive irrigated agro-ecosystems of seasonally-frozen arid regions. Journal of Hydrology, 603, 127036. https://doi.org/10.1016/j.
jhydrol.2021.127036

Yin, X., Feng, Q., Liu, W., Zhu, M., Zhang, J., Li, Y., et al. (2023). Assessment and mechanism analysis of plant salt tolerance regulates soil
moisture dynamics and controls root zone salinity and sodicity in seasonally irrigated agroecosystems. Journal of Hydrology, 617, 129138.
https://doi.org/10.1016/j.jhydrol.2023.129138

Yu, Q., Kang, S., Hu, S., Zhang, L., & Zhang, X. (2021). Modeling soil water-salt dynamics and crop response under severely saline condition
using waves: Searching for a target irrigation volume for saline water irrigation. Agricultural Water Management, 256, 107100. https://doi.
org/10.1016/j.agwat.2021.107100

Zhang, L., Dawes, W., Slavich, P., Meyer, W., Thorburn, P., Smith, D., & Walker, G. (1999a). Growth and ground water uptake responses of
lucerne to changes in groundwater levels and salinity: Lysimeter, isotope and modelling studies. Agricultural Water Management, 39(2),
265-282. https://doi.org/10.1016/S0378-3774(98)00082-1

Zhang, L., Dawes, W., Slavich, P., Meyer, W., Thorburn, P., Smith, D., & Walker, G. (1999b). Growth and ground water uptake responses of
lucerne to changes in groundwater levels and salinity: Lysimeter, isotope and modelling studies. Agricultural Water Management, 39(2),
265-282. https://doi.org/10.1016/S0378-3774(98)00082-1

Zhang, Y., Li, X, §imﬁnek, J., Shi, H., Chen, N., Hu, Q., & Tian, T. (2021). Evaluating soil salt dynamics in a field drip-irrigated with brackish
water and leached with freshwater during different crop growth stages. Agricultural Water Management, 244, 106601. https://doi.org/10.1016/j.
agwat.2020.106601

Zhu,J., Zeng, W., Ma, T., Lei, G., Zha, Y., Fang, Y., et al. (2018). Testing and improving the WOFOST model for sunflower simulation on saline
soils of inner Mongolia, China. Agronomy, 8(9), 172. https://doi.org/10.3390/agronomy8090172

Zhu, Y., Bennett, J. M., & Marchuk, A. (2019). Reduction of hydraulic conductivity and loss of organic carbon in non-dispersive soils of differ-
ent clay mineralogy is related to magnesium induced disaggregation. Geoderma, 349, 1-10. https://doi.org/10.1016/j.geoderma.2019.04.019

KRAMER AND MAU

17 of 17

85U8017 SUOWWOD SAIERID 3(edl|dde auy Aq peusenob afe sapiie O ‘8sn Jo ss|n. Joy Akeiq18ul|UO AB|IA UO (SUOTIPUOD-pUR-SWB) 0" A3 1M ARIq Ul |UO//StIY) SUORIPUOD PUe SWiB | 38U} 89S *[£202/90/.2] U0 ArigIT8UlUO A8|IM ‘Weesnier JO AISIBAIN MBIRH AQ 0S.7E0HMEZ0Z/62Z0T OT/I0p/wod" A3 |1m AseiqiputjuosgndnBe//sdny Wwoij papeojumoq ‘9 ‘€202 ‘€L6L7Y6T


https://doi.org/10.2136/vzj2015.09.0131
https://doi.org/10.1016/j.geoderma.2017.03.013
https://doi.org/10.5424/sjar/2012101-086-11
https://doi.org/10.5424/sjar/2012101-086-11
https://doi.org/10.1061/9780784411698
https://doi.org/10.1039/c1ee01029h
https://doi.org/10.1016/j.still.2019.104342
https://doi.org/10.1016/j.jhydrol.2021.127036
https://doi.org/10.1016/j.jhydrol.2021.127036
https://doi.org/10.1016/j.jhydrol.2023.129138
https://doi.org/10.1016/j.agwat.2021.107100
https://doi.org/10.1016/j.agwat.2021.107100
https://doi.org/10.1016/S0378-3774(98)00082-1
https://doi.org/10.1016/S0378-3774(98)00082-1
https://doi.org/10.1016/j.agwat.2020.106601
https://doi.org/10.1016/j.agwat.2020.106601
https://doi.org/10.3390/agronomy8090172
https://doi.org/10.1016/j.geoderma.2019.04.019

	Review: Modeling the Effects of Salinity and Sodicity in Agricultural Systems
	Abstract
	1. Introduction
	2. Effects of Salinity and Sodicity on Plants and Soils
	2.1. Soil Salinity
	2.2. Soil Sodicity
	2.3. Saturated Hydraulic Conductivity

	3. Modeling the Effect of Soil Salinity and Sodicity on Soil Structure
	3.1. Empirical Models
	3.2. Theoretical (Mechanistic) Models

	4. Modeling the Effects of Salinity on Plant Functioning
	5. Dynamical Models
	5.1. Soil, Plant, and Atmospheric Dynamics Using the Richards Equation
	5.2. Other Richards Equation-Based Models
	5.3. 
          Non-Richards Equation-Based Models
	5.4. Hydraulic Conductivity Feedback
	5.5. Feedbacks on Plant Growth

	6. Other Models of Note
	7. Applications
	8. Priorities for Future Research
	Data Availability Statement
	References


