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Impact of Hysteresis on Saturated Soil Hydraulic Conductivity
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of Jerusalem, Rehovot, Israel

Abstract Models for the effect of salinity and sodicity on saturated soil hydraulic conductivity, K,

have yet to consider hysteresis. Ignoring hysteresis limits our ability to assess the risk posed by irrigation

with saline and sodic water, such as treated wastewater (TWW). We introduce SOTE 2.0, the first model to
consider hysteresis in K, as driven by different climate and irrigation regimes. The new model integrates the
SOTE 1.0 model for salinity and sodicity dynamics with a model for the effect of saline and sodic water on

K that explicitly includes hysteresis. SOTE 2.0 is used to demonstrate how hysteresis significantly alters our
understanding of degradation and rehabilitation. SOTE 2.0 relies on weight functions to highlight soil-specific
differences in degradation and rehabilitation patterns. While TWW irrigation can be crucial to mitigating water
scarcity, simulations show that salinity and sodicity have the potential to irreversibly damage soil structure,

as measured by declines in K. Compared to the McNeal model used by Hydrus and others, SOTE predicts up
to 50% degradation risk in settings where the McNeal model predicts none. The SOTE model also predicts
slower rehabilitation: up to 100 days, compared to 0 days when using the McNeal model. Results highlight the
difference between susceptibility and risk, showing that the probability of degradation is not solely dependent
on initial susceptibility to degradation. To fully characterize a soil, we must also know its propensity to
rehabilitation.

Plain Language Summary Models for the assessment of how irrigation water affects soils have
always assumed that “what goes down must come back up.” While significant research has investigated how
low-quality irrigation water causes soil degradation, almost none has studied the process in reverse: how
easily can a degraded soil be rehabilitated? We use a mathematical model to demonstrate that this question is
crucial to understanding the risk of irrigation with treated wastewater (TWW). TWW irrigation—increasingly
common in water-scarce regions—can cause irreversible damage to soils, if the water is saline and sodic. In
this paper, we model degradation and rehabilitation as separate processes, as experimental evidence indicates
they should be. The mathematical framework introduced here is capable of reflecting the fact that rehabilitation
and degradation likely occur on much different time scales, with changes in soil structure dependent on a soil's
history of degradation and rehabilitation. When using the new model, risk of degradation moves from 0%

to over 50%. Likewise, our model estimates that the cost (time and resources) of rehabilitation are likely to
increase. More accurate models facilitate smarter decision making, giving us the ability to continue irrigation
with TWW in ways that minimize long-term risk of soil degradation.

1. Introduction

Irrigation with treated wastewater (TWW) presents both opportunity and risk. In many cases, using TWW is
an economically advantageous way of sustaining agricultural production in areas where freshwater resources
are limited (Assouline et al., 2015; Bixio et al., 2006; Dery et al., 2019; Jaramillo & Restrepo, 2017; Winpenny
et al., 2010). On the other hand, the salinity and sodicity content of TWW is often higher than that of freshwater,
and this can imperil soils (Assouline et al., 2015; Ben-Gal et al., 2006; Hillel, 2000). Salinity and sodicity induced
land degradation is already an acute concern in arid and semiarid regions (Dregne & Chou, 1992; Pravilie
et al., 2021; Safriel et al., 2005), with growing populations and changing precipitation patterns expected to inten-
sify water scarcity (Assouline et al., 2015; Safriel et al., 2005), which is likely to increase reliance on marginal
quality water sources for agricultural production. Adding to the severity of the issue, land degradation itself can
be a driver of climate change, leading to a net carbon release (Olsson et al., 2019).
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In this article, we focus on relative saturated hydraulic conductivity (relative K) as a lead indicator of land degra-
dation. Relative K compares the present value of soil K| to the original value, and thus represents the degree to
which a soil has experienced a decline in hydraulic conductivity. Because it represents the rate at which the soil
is able to transmit water, K can be considered a proxy for numerous soil characteristics, including soil structure,
porosity, and water retention (Hillel, 1998). Easy movement of water, air, and solutes through the soil is crucial
to healthy plant growth, and therefore declines in relative K are a reliable signal of potential land degradation.

The primary mechanism through which saline and sodic TWW threatens hydraulic conductivity is the breakdown
of soil aggregates (Assouline & Narkis, 2011; McNeal & Coleman, 1966; Shainberg & Singer, 2011; Yaron &
Thomas, 1968). This tends to occur when the relative concentration of sodium ions in a soil's cation exchange
complex is high, but the overall salinity concentration is low (Bresler et al., 1982; Levy et al., 2005; Shainberg &
Letey, 1984, 1992). These conditions—common when irrigation with saline TWW is followed by precipitation—
result in a weakening of the bonds between soil particles, which can cause clay swelling, clay dispersion, and
slaking (Bresler et al., 1982; Levy et al., 2005; Shainberg & Letey, 1984, 1992). When this occurs, the movement
of water and air through the soil is restricted, presenting a direct threat to plant growth and agricultural output
(Assouline & Narkis, 2011, 2013; Bardhan et al., 2016; Lauchli & Grattan, 2011; Shainberg & Singer, 2011).
Rehabilitation of degraded soils, meanwhile, is often technically difficult, resource intensive, and slow, in addi-
tion to being expensive (Gharaibeh et al., 2011; Oster, 1993; Qadir et al., 2001).

This degradation is not always completely reversible, with experimental evidence indicating that changes in
K as a result of salinity are characterized by hysteresis (Adeyemo et al., 2022; Dane & Klute, 1977; Kramer
et al., 2021). That is to say, while K can be expected to decline under saline and sodic conditions, results do not
suggest that an improvement in chemical conditions will cause K| to rise at the same rate that it declined. Rather,
the degree to which changes in K are reversible is likely soil specific, with initial results challenging the expecta-
tion that higher clay contents lead to lower degrees of reversibility (Adeyemo et al., 2022), though the degree to
which this is true can be expected to vary significantly depending on the clay mineralogy of a soil.

Despite the myriad risks that irrigation with saline and sodic TWW pose to sustainable food production, existing
tools for managing these dangers do not account for any hysteresis in K. On the contrary, when predicting K
values, models for the effect of irrigation practices and climate regimes on K (Kramer & Mau, 2020; Simiinek
et al., 2013; van der Zee et al., 2014) rely on experimental knowledge of the degradation process only. Specif-
ically, they integrate empirical models (Ezlit et al., 2013; McNeal, 1968) that were developed based on soil
column experiments in which reductions in K were measured as input water of changing chemical composition
was applied. The dynamic models then assume that there are no differences between the degradation and reha-
bilitation processes, and use the empirical models to predict increases, as well as decreases, in K. In doing so,
these models neglect the fact that rehabilitation and degradation are very different processes and that reversing
the series of chemical conditions that led to a decline in K_ is unlikely to lead to a subsequent and equal rise in K.
Failure to differentiate between the degradation and rehabilitation, therefore, has the potential to introduce signif-
icant error when analyzing the sustainability of irrigation with marginal quality water, such as TWW. Likewise,
this simplification may hinder our ability to estimate the time and resources required for rehabilitation. It is for
these reasons that development of models that can improve the management of saline and sodic water resources
is considered a research priority (Hopmans et al., 2021).

Our objective in this paper is to address this gap, by developing a model for the dynamics of soil salinity and
sodicity, which is explicitly capable of considering hysteresis in K. We begin in Section 2, by integrating SOTE
1.0 (Kramer & Mau, 2020)—a model for the dynamics of soil water content, salinity concentration, and relative
sodicity—with a recently introduced module for irreversible changes in K (Kramer et al., 2021). In contrast to
the models noted earlier, the framework developed by Kramer et al. (2021) is the only one that includes hyster-
esis in K under changing water chemistry. We then use the integrated model, called SOTE 2.0, to highlight the
clear effects that hysteresis has on K dynamics, when modeling both degradation and rehabilitation scenarios
(Section 3). Finally, we perform a sensitivity analysis to identify the parameters that most influence the model’s
output, and to evaluate the robustness of the results under uncertain input conditions.
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2. Modeling Framework

This section introduces SOTE 2.0—a model for how salinity and sodicity, as driven by irrigation practices and
climate conditions, affect soil K, explicitly accounting for both hysteresis and soil-specific differences. We open
with a short discussion of SOTE 2.0's underlying components: SOTE 1.0 and the Preisach framework for changes
in K. This section also discusses the soil-specific parameters used throughout this paper, and comments on the
general framework used in the simulations that follow. To differentiate between SOTE 2.0 and the original SOTE
1.0, we use version numbers where any ambiguity is possible. Any references to SOTE that do not include a
version number refer to SOTE 2.0.

2.1. SOTE 1.0

SOTE 1.0 (Kramer & Mau, 2020) focuses on the dynamics of three state variables: (i) Relative soil water content,
s (dimensionless); (ii) Salinity, that is, the electrolyte concentration of the soil water, C, (mmol_, L='); and (iii)
Sodicity, that is, the fraction of sodium ions in the soil's exchange complex (E,, dimensionless). The system is
driven by irrigation (chemical composition and application rates) and climate (precipitation and evapotranspi-
ration rates). With a focus on ease of analysis over strict precision, the model averages soil properties over both
the horizontal and vertical directions, such that there are no explicit spatial dimensions. Likewise, the chemical
composition of the drainage water is taken to be equal to that of the soil water itself, assuming complete mixing
in the root zone. Finally, SOTE 1.0 focuses on only two cations, Na* and Ca?*. This commonly employed practice
(Bolt, 1967; Bresler et al., 1982; Mau & Porporato, 2015; van der Zee et al., 2014) allows for emphasis on the
differing effects monovalent (associated with degradation) and divalent (associated with aggregate stability) cati-
ons have on soil structure. SOTE 1.0 was successfully evaluated against a 4-year lysimeter experiment (Kramer &
Mau, 2020), driven by varying irrigation water compositions during the summer, and by precipitation during the
winter and against field data from the Sangong River watershed (SRW) of northwestern China (Yin et al., 2021).

The contrasting effects that Na* and Ca?* have on soil structure is a major focus of SOTE 1.0, with changes in the
chemical composition of the soil water causing feedback with saturated soil hydraulic conductivity, K. In SOTE
1.0, this feedback is accounted for by integrating the Ezlit et al. (2013) model for the effect of salinity and sodicity
on K. Similar to earlier models (McNeal, 1968), Ezlit et al. (2013) is based on the results of soil column experi-
ments in which degradation of K was measured following the application of water of varying chemical composi-
tion. The Ezlit et al. (2013) model is an improvement, since it considers soil-specific differences in how salinity
and sodicity affect K. Neither Ezlit et al. (2013) nor McNeal (1968), however, consider the effect of partial
reversibility on changes in K, that is, both assume there are no differences between the process of rehabilitation
and degradation. As such, the dynamics in SOTE 1.0 are also incapable of considering the effects of hysteresis.

2.2. The Preisach Framework for Changes in K|

In SOTE 2.0, the Ezlit et al. (2013) equations are exchanged in favor of a module capable of accounting for hyster-
esis in K. Specifically, SOTE 2.0 integrates the Preisach framework for changes in K, as presented in Kramer
et al. (2021), which is unique in its ability to consider how a soil's history of degradation and rehabilitation will
affect its future state. The Preisach framework is founded on the idea of hysterons, elementary switches that can
be turned “on” and “off” according to predefined thresholds. Kramer et al. (2021) adapted the original framework
so that its inputs are salinity concentration (C) and sodium adsorption ratio (SAR), while K_ is the output. While
SOTE 1.0, like all other existing models, is “memoryless,” that is, future states of the system depend only the
present state, the dynamics prescribed by SOTE 2.0 depend on the whole of salinization and sodification. This is
an important, and as we will show, necessary step toward modeling realism.

A major advantage of the Preisach framework is that it can produce hysteresis curves of any shape. This is
achieved through the use of experimentally determined “weight functions,” which make it possible to account for
soil-specific differences in both the shape of the hysteresis curves, as well as patterns of degradation and rehabil-
itation. Readers unfamiliar with the Preisach framework are encouraged to use the interactive widgets available
at http://github.com/yairmau/hysteresis-python, which demonstrate how changing input values, together with
different weight functions, can produce various types of hysteresis curves. The Preisach framework can also be
easily modified so that the hysteresis curves demonstrate only partial recovery, instead of a full loop.
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Figure 1. Weight functions are the key to producing differently shaped hysteresis curves. Left panel shows weight functions
used in this paper according to their degradation index (susceptibility to degradation) and rehabilitation index (propensity to
rehabilitation). Right column shows K against changing input water quality, which could be either salinity or sodicity. Input
water quality changes such that degradation is more likely (i.e., salinity declines or sodium adsorption ratio (SAR) increases)
as the axis moves to the right. Right column emphasizes how two weight functions can produce same degradation curve,

but different rehabilitation patterns. Values for rehabilitation and degradation indices, respectively: Al = (0.23, 0.15), A2 =

(0.92, 0.15), B1 = (0.54, 0.44), B2 = (0.92, 0.44), C1 = (0.69, 0.68), C2 = (0.93, 0.68).

2.3. Effect of Weight Functions on Hysteresis Curves

The weight functions used in this paper are designed to emphasize contrasts in degradation and rehabilitation
patterns. To facilitate quantitative comparison of soils, Adeyemo et al. (2022) and Kramer et al. (2021) devel-
oped degradation and rehabilitation indices, respectively. The degradation index is zero for no susceptibility to
degradation, and one for maximal susceptibility. The rehabilitation index is zero for soils that show no K reha-
bilitation, and one for soils whose rehabilitation curves are exactly the same as their degradation curves, that is,
when there is no K hysteresis to speak of. The left-hand side of Figure 1 shows representative 2D slices for the
six weight functions used in the simulations that follow, positioned according their degradation and rehabilita-
tion index values. (Note. Complete weight functions consist of two 3D arrays—one for each input variable—as
explained in Text S1 in Supporting Information S1, which also discusses our methodology for developing the
weight functions).

In the Preisach framework, degradation is governed by the horizontal distribution of weights in the weight trian-
gles. In Figure 1, weight functions with high degradation indices (C1, C2) have heavier weights on the right.
Weight functions with lower degradation indices (A1, A2) have heavier weights on the left. The effect of this
contrast is evident in the right-hand column of Figure 1, which shows how K changes with input for each of the
respective weight functions. (Input in this case could be salinity or sodicity, the mechanism is the same.) The
initial slope of the degradation curve is steepest when the degradation index is highest. When the degradation
index is low, K_ is resistant to decline and the initial slope of the degradation curve (dotted lines) is less sharp.
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Weights with the same degradation index produce the same degradation curve because they have the same hori-
zontal weight distribution. While the hysteresis curves in this figure show full rehabilitation, the weight functions
themselves can easily be modified so that only partial recovery is possible.

To underscore the importance of hysteresis, the weight functions were chosen such that they have different reha-
bilitation indices. In the Preisach framework, propensity to rehabilitate is dependent on the vertical distribution
of the weights in the weight triangles. Visually, when the rehabilitation index is high, then the gap between the
rehabilitation and degradation curves (in the right-hand column) is smallest. In Figure 1, the rehabilitation curves,
based on the weight functions with low rehabilitation indices (solid lines) are further from the degradation curves
than the rehabilitation curves based on weights functions with high reversibility indices (dashed lines). Actual
weight functions are likely to depend on numerous soil properties, with clay content and specific clay mineralogy
being particularly important.

At this point it is important to emphasize: while Figure 1 can aid our understanding of the connection between
weight functions and hysteresis curves, weight functions alone tell us nothing about the rate at which K changes.
That is, while weight functions are used to calculate K given a history of salinity and sodicity, the rest of the
SOTE model is necessary in order to calculate these very input values. Understanding how evolving salinity and
sodicity dynamics, as determined by SOTE, interact with the weight functions to drive changes in K, over time,
is our goal in the following sections.

2.4. Remarks on Climate and Soil Parameters

Before moving to the simulations, we briefly discuss the climate and soil parameters required to run SOTE.
The overall framework reflects this paper's goal of demonstrating how hysteresis impacts our assessment of
degradation and rehabilitation patterns when irrigating with saline and sodic TWW. Use of saline and sodic
TWW is especially common in water-scarce areas, where rainfall is typically seasonal. As such, in the simu-
lations that follow, rainfall is restricted to a fraction of the year, with irrigation water applied in the remainder.
Irrigation water is applied at a rate proportional to 110% of the maximal daily evapotranspiration rate (Ben-Gal
et al., 2009; Ben-Gal & Shani, 2002), which is itself designed to vary seasonally according to a sinusoidal curve.
The heights of precipitation events are determined based on a Weibull distribution. The Weibull distribution has
two parameters, 4 and k, which can be fit using rainfall records from a given location. A more detailed overview
of the Weibull distribution is included in Text S2 in Supporting Information S1. We use parameters based on
the Northern Negev region of Israel in our simulations. This area features a typical semiarid climate, receiving
approximately 200 mm rain/year. The length of the average winter rainy season is about 130 days/year, with some
rainfall occurring on approximately 30% of those days. Agriculture production in the surrounding areas, as in
most of Israel, is reliant on TWW and on winter rainfall to leach the accumulated salts.

SOTE also requires a number of parameters related to soil hydraulic, physical, and chemical exchange properties.
The usage of these parameters is unchanged from SOTE 1.0 (Kramer & Mau, 2020). The values that we use are
included in Text S3 in Supporting Information S1.

3. Results and Discussion

3.1. History-Dependent Versus Memoryless K_

To demonstrate how hysteresis can affect our understanding of soil degradation and rehabilitation when irrigat-
ing with TWW, we juxtapose simulations using the six different weight functions (history-dependent) against
simulations without hysteresis (memoryless). To facilitate this comparison, we introduce a modified version of
SOTE, in which changes to K| are determined according to the previously mentioned McNeal (1968) model. The
McNeal model is an apt benchmark because it has been frequently used for studying the effects of water chemis-
try on soils, particularly as the back-end of Hydrus's function for relative K (Siminek et al., 2013). The Hydrus
software package has itself been frequently used as a tool to study the effects of salinity and sodicity, including
reclamation of sodic soils (Reading et al., 2012; Shaygan et al., 2018; Suarez, 2001; Simunek & Suarez, 1997).
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Figure 2. Degree of hysteresis changes the dynamics of soil degradation. Panels highlight 1,000 stochastic runs (thin lines)
for each of the six different weight functions and the McNeal K| function. The thick line in each panel shows the ensemble
mean of the stochastic runs. The axis limits are different for panels (a—f) as compared to panel (g) because of the different
scale of decline in relative K, when using the McNeal function. Irrigation water quality: C;= 15 mmol_ L' and E; = 0.5
(SAR = 3.9). Other parameters listed in Text S4 in Supporting Information S1.
3.1.1. Effect of Hysteresis on Degradation Risk
Focusing first on degradation, Figure 2 exemplifies how history-dependent K functions impact our understand-
ing of the risk posed by a particular irrigation regime. The top six panels show changes in relative K for the six
different weight functions; the bottom panel shows results based on the McNeal function. We define relative K
as the current value of K as a fraction of its original value, with lower values indicating more severe degrada-
tion. The simulations themselves were run for 10.5 years, but we begin by focusing on the first two and a half
years. The thin lines in each panel are the 1,000 stochastic runs used for each K function, each line with different
stochastic precipitation series; the thicker lines are the ensemble means.
In a pattern typical of water-scarce regions, the irrigation water applied during the dry portion of the year (white
shading) is saline (C, = 15 mmol, L~!) and heavily sodic (E = 0.5, SAR = 3.9). During the rainy season (blue
shading), precipitation is assumed to be chemically neutral. This seasonal variation in input water quality leads
to conditions of low salinity, but elevated sodicity, during the latter part of the rainy season (see Text S4 in
KRAMER ET AL. 6 of 14
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Supporting Information S1). When these conditions are particularly extreme and/or the weight function used is
more susceptible to degradation, relative K declines. The degree of degradation corresponds to the distribution
of weights, as discussed in Section 2.3. Weight functions A1 and A2 are highly resistant to declines in relative K,
and therefore we see no serious degradation events in these simulations.

While seasonal degradation in relative K is more evident for weight functions B1, B2, C1, C2, and the McNeal
function, there are major differences in how the runs in each simulation respond afterward. In the McNeal-based
runs, which are not history-dependent, all declines in relative K, are immediately reversed at the start of each
new irrigation season. The hysteresis-based SOTE runs, however, vary in the speed and degree to which relative
K, rises following degradation events. The salinity and sodicity dynamics that drive these changes are consistent
across the different simulations: the reintroduction of TWW at the end of each rainy season leads to sharp rises
in salinity (C,), while the sodicity fraction (E,) changes at a much slower rate (Mau & Porporato, 2015). The
McNeal model responds with immediate increases in relative K, while the other simulations do not, simply
because the McNeal model is memoryless. It knows only that the new values of soil water salinity and sodicity
would not lead to degradation if the soil were in its initial state, and therefore the value of relative K| increases,
regardless of the fact that soil is now starting from a degraded state. The weight functions, by contrast, are explic-
itly constrained by past salinity and sodicity conditions. What's more, the weight functions have built-in knowl-
edge of a particular soil's propensity to rehabilitation, and can therefore require more (or less) sustained changes
in input water chemistry to drive a rise in relative K.

The effect that hysteresis has on the results is more clearly understood by examining the differences between
the SOTE simulations themselves. As described in Section 2.3, the weight functions are grouped in pairs, such
that A1 and A2 have the same susceptibility to degradation, as do B1 and B2, and the same for C1 and C2. And
while the members of each pair indeed exhibit the same initial degradation, their trajectories diverge following
the end of the first rainy season, due to the fact that the weight functions in each pair differ in their propensity to
rehabilitation. Weight functions B1 and C1, have higher rehabilitation indices, making it possible for relative K|
to rise quickly whenever saline TWW is reintroduced. On the other hand, recovery is delayed, or never occurs,
when the simulations are run with weight functions B2 and C2, which have lower rehabilitation indices. The
point here is simple but important: when hysteresis is included, soils will exhibit a range of responses following
degradation events.

Bringing the question back to risk: assessments of the sustainability of irrigation with TWW would reach very
different conclusions, depending on whether they used a history-dependent or memoryless model. Panels (a—c) in
Figure 3 show probability density functions (PDFs) of the K values at the end of the 10.5-year simulation period,
roughly in the middle of the dry season. (Results for weight functions Al and A2 are omitted because no degra-
dation was observed in these runs.) Panel (d) uses the same data to show the fraction of stochastic runs finishing
under a particular K threshold, which we call the risk of long-term soil degradation. Because the McNeal-based
model allows K to easily recover following degradation events, the results of this simulation show zero risk.
Likewise, even though recovery takes slightly longer when using the weight functions with higher rehabilitation
indices (B1 and C1), the PDFs for both are skewed to the right, and no run in these simulations finishes with a
relative K value that is less than 0.95. When using weight functions B2 and C2, however, the situation is quite
different. The PDFs are skewed to the left, and most runs finish with clear declines in relative K. When using
weight function B2, the declines in relative K, are moderate, with 36% of runs finishing with a relative K that is
less than 0.9, but none with a relative K that is less than 0.80. When using weight function C2, more than 50% of
runs finish with a relative K value that is less than 0.8.

These results raise an important point about the difference between risk and susceptibility. When analyzing the
sustainability of TWW irrigation, it is tempting to presume that risk can be predicted based on initial susceptibil-
ity to degradation, that is, by the degradation index. The results presented here, however, make clear that suscep-
tibility to degradation must be considered in tandem with propensity to rehabilitate. Inherent in the assumption
that susceptibility to degradation provides the best indicator of risk is the expectation that soils with higher
degradation indices are likely to have lower rehabilitation indices, and vice versa. Because of this, it is common
to anticipate that soils are more likely to behave like those with weights B1 and C2 and less like B2 and C1.
Lacking experimental evidence, however, this assumption does not have any foundation. In fact, initial experi-
mental results indicate that in some cases soils with higher degradation indices also have higher rehabilitation
indices (Adeyemo et al., 2022). Likewise, these results have shown that soils with lower degradation indices can
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Figure 3. Risk of soil degradation changes based on which K function is used. Panels (a—c) show probability density
functions of the relative K value at the end of the 10.5 years simulation. Panel (d) calculates cumulative distribution functions
(CDFs) showing the fraction of runs finishing with a relative K value below a given threshold.
also be less likely to rehabilitate (Adeyemo et al., 2022). When this is the case, it is possible for soils with higher
degradation indices (such as, C1) to have lower risk of long-term degradation than those with lower degradation
indices (such as B2).
While it is not directly related to hysteresis, it is also important to note that
the McNeal-based simulations are unique in the magnitude of their degrada-
tion events. In the history-dependent runs, relative K never dips below 0.75.
1.0 S T —i’ —————— == When using the McNeal function, however, the minimum observed relative
N QA 7 value is 0.08. That is, when using the McNeal model, it is possible for rela-
3 (@ Lo 1/ K, value is 0.08. That is, wh, g the McNeal model, it is possible for rel
g 09r . N e . tive K to jump almost instantaneously from 1 to O and then back to 1. While
rainfall irrigation ~ 7T~V water quality oS . X
08l ‘ I' improved this strange output is partly the result of the McNeal model being memo-
05 1 Time (years) 2 ryless, it is also due to the McNeal model being sensitive to small changes
in salinity and sodicity. Minute differences in either of these variables can
Lor r P S e cause some runs to experience large declines in K, while others experience
é 0.8 /__/‘/" l," no change. Altogether, this brings into question the suitability of using the
= L S McNeal model to assess the risk of soil degradation.
§ 0.6 /
kS (b) /’
c 0.4+ ol . el .
) e 3.1.2. Effect of Hysteresis on Rehabilitation
o s
0 0.2 -
- e - Inclusion of hysteresis in models likewise influences expectations for the
0 , \ \ \ amount of time and resources required to rehabilitate a degraded soil. This
0 20 40 60 80 100 . . . . .
b o . can be seen in Figure 4, which presents results based on a set of simulations
ays to 95% recovery in K
in which (as in the simulations in the previous section), saline-sodic TWW
B1 weights Cl weights =~ —— McNeal i i i i i i i
o B3 weights .S weights was applied seasonally, with rainfall triggering declines in K. After 2 years,

Figure 4. Estimates of rehabilitation time may be much longer when
hysteresis is considered. Panel a shows ensemble mean based on 1,000

however, the quality of the irrigation water was improved: the relative
concentration of sodium in the irrigation water was significantly lowered, in
order to stimulate rehabilitation of K. As in the previous set of simulations,

stochastic runs for three different K functions. Panel b shows time required for
95% of runs to return to their original K| value, following application of higher
quality irrigation water at the end of year two. Initial irrigation water quality:
C,=15mmol, L~ and E; = 0.5 (SAR = 3.9). New irrigation water quality:

an ensemble of 1,000 stochastic runs was used for each of the K functions.
Figure 4a shows the ensemble mean for weight functions B1, B2, C1, C2,
and the McNeal K, function during the simulation period. Figure 4b gives

C, =10 mmol,  L~' and E, = 0.1 (SAR = 0.5).

the amount of time required after the change in irrigation water chemistry
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Figure 5. Sensitivity analysis demonstrates that drainage parameters accounts for largest proportion of variance in SOTE
output. Figure shows First-order and Total-order Sobol’ Indices for soil parameters used when running SOTE. Height of bars
with white edges corresponds to first-order index. Height of bars with black edges corresponds to total-order index.

for relative K| to return to 95% of its original value. Results from weight functions Al and A2 are not displayed
because of the minimal degradation observed in these simulations.

As in the previous set of simulations, the McNeal-based runs exhibit almost immediate rehabilitation, while
changes in relative K, show more variation for the hysteresis-based simulations. When using weight function Cl1,
for instance, 80% of the runs “rehabilitate” (i.e., return to 95% of the original K value) within 50 days. When
using weight function C2, however, rehabilitation is much slower: over 100 days are required for 80% of runs to
rehabilitate, despite the fact that C1 and C2 undergo the same level of degradation. The contrast is less dramatic
but still clear for weight functions B1 and B2. When using weight function B1, 80% of runs recover within a
single day; for B2, 13 days are required. These differences in time, of course, directly correspond to differences
in resources (i.e., water, chemical amendments) required in order to promote rehabilitation.

3.2. Variance-Based Sensitivity Analysis

In this section, we examine how uncertainty in the input parameters can affect SOTE's output. We do this by
performing a Sobol’ sensitivity analysis (Saltelli, 2002; Saltelli et al., 2010; Sobol, 2001) using SALib, an open-
source Python library (Herman & Usher, 2017). We focus on the 11 parameters related to drainage, chemical
exchange, evapotranspiration, and soil structure, generating 1,000 samples for each, within the bounds listed in
Text S3 in Supporting Information S1 (24,000 total simulations). Parameters related to climate and irrigation were
held constant during the sensitivity analysis, because varying them would have obscured our ability to understand
the role of the soil parameters, about which there is likely to be much greater uncertainty. The results presented
in this section are based on irrigation with saline-sodic water (C; = 20 mmol, L, E;=0.35, SAR =2.7) and the
climate parameters used in Section 2.4. To demonstrate that our results are not specific to these irrigation and
climate parameters, we repeat the sensitivity analysis using different climate and irrigation regimes in Text S5
in Supporting Information S1. The simulations used in the sensitivity analysis followed a framework similar to
that in Section 3.1.1: for each combination of parameters we ran a 1-year SOTE simulation, using 100 stochastic
repetitions. We repeated this process for each of the six weight functions. In the analysis that follows, we focus
on mean relative K as the output variable.

The sensitivity analysis indicates that the drainage and chemical exchange processes exert the most influence over
relative K. SOTE computes drainage with a commonly used power function for unsaturated hydraulic conduc-
tivity, K s, where s is the relative soil moisture content and the exponent ¢ can be linked to Brook and Corey's
pore size distribution index, A (Assouline & Or, 2013). The importance of the drainage parameters is evident in
Figure 5, which shows the First-Order and Total-Order Sobol’ Indices for each parameter. These indices give the
fraction of the total variance accounted for by each parameter, excluding (first-order) and including (total-order)
interactions with all other parameters. The indices show that drainage parameters account for the largest fraction
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Figure 6. Sensitivity analysis results also indicate that drainage parameters
have the most interactions with other parameters. The radius of lightly shaded
circles corresponds to the first-order index, while the radius of the light and
dark circles together corresponds to the total-order index. The difference
between the total- and first- order indices corresponds to interactions between
different parameters, and the width of the lines between parameters represents
the relative size of the second-order interactions between a specific pair of

parameters.

variance. Because these weight functions experience little degradation even
when sodicity conditions are severe, it is understandable that the chemical
exchange processes exert little effect on relative K. Likewise, it makes sense
that the fraction of the variance accounted for by the chemical exchange prop-
erties rises, when we use weight functions B1, B2, C1, and C2. These weight
functions allow for degradation at lower sodicity levels, and therefore the
parameters that control the actual sodicity levels begin to exert more influ-
ence over the results.

These results make clear that practitioners should pay careful attention to
the drainage and chemical exchange properties of soils when using SOTE as
a forecasting tool. Other parameters, it can be noted, account for only mini-
mal levels of variance. Varying the value of the structural parameters and
evapotranspiration parameters leads to minimal changes in SOTE's output,
suggesting that these parameters can be fixed without materially affecting
the model's results.

The results also show that the drainage parameters have the most interactions
with other parameters and that interactions between parameters increase as
susceptibility to degradation increases. This can be seen in Figure 6, in which
radial convergence plots show the pairwise interactions between parameters.
In this figure, the lines connecting the parameters represent interactions, with
the width of the line scaled to reflect the relative fraction of the variance
accounted for by the interaction. When using weights with low degradation
indices (Al, A2), few meaningful pairwise interactions are seen between
the parameters. As initial susceptibility to degradation increases, however,
pairwise interactions become more numerous. The parameters ¢ and then

K, become hubs of interaction, again emphasizing the importance of the drainage process to changes in K.
Compared to weights B1 and C1, we also note that B2 and C2 exhibit more interactions. We believe this reflects
the overall higher level of variation in relative K, when using B2 and C2, and does not offer any worthwhile
insight into the model's behavior. It is also important to note that overall fraction of the variance accounted for by
the interactions is much lower than that accounted for by the first-order indices.

Importantly, the Sobol” analysis can also be used to identify parameter ranges that are most likely to cause signifi-
cant declines in relative K. Figure 7 focuses on the four parameters with the highest Sobol” Indices, mapping how
their variation affects SOTE's output. Taking c as a first example, Figure 7 shows that low values of ¢, which are
associated with higher leakage rates, cause the most variation in relative K. This is consistent with the argument

that declines in relative K are most likely when salinity drops quickly, as can occur when a soil is fast draining.
Likewise, higher values of the Gapon coefficient (K,), which is related to the exchange of cations between soil
particles and the soil water, cause more variation in relative K. It is also clear, however, that the results are highly
dependent on which weight function is used. When using weight functions Al and A2, relative K| is confined to
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Figure 7. Sensitivity analysis results can be used to identify parameter ranges that cause the largest variation in relative K
results. Output for each combination of parameters used in sensitivity analysis is plotted against range of values for a specific
parameter, for all 24,000 simulations.
a very narrow range, regardless of which parameter values are used. When using weight functions C1 and C2, by
contrast, there is much higher degree or variance in relative K, values. Figure 7 thus represents a useful comple-
ment to the results in Figures 5 and 6. While Figures 5 and 6 are helpful in understanding the fraction of variance
accounted for by each parameter, they do not provide any information about how much variance there is in rela-
tive K_ itself. When evaluating the importance of the different parameters, it is important that we consider both of
these factors together. In the future, we can also use this same approach to determine which climate regimes and
irrigation strategies are most likely to cause declines in relative K.
4. Conclusions
This paper's goal was to demonstrate the importance of hysteresis in K, when evaluating the sustainability of
irrigation with saline and sodic treated wastewater. While the examples presented are theoretical, SOTE simu-
lations illustrate that hysteresis is essential to understanding both the degradation and rehabilitation processes.
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When hysteresis is not taken into account, it is likely that models for the effect of irrigation with TWW are overly
optimistic—underestimating the risk of long-term degradation and the cost of rehabilitation. Similar results are
likely to be achieved when modeling irrigation with other marginal quality water resources, such as brackish
groundwater.

Initial experimental results have supported the hypothesis that changes in K| are characterized by hysteresis and
the SOTE simulations presented here underscore the need for additional experimental work on this question. The
weight functions that we used were synthetic—designed to demonstrate a range of possible soil behaviors. Only
with more detailed experimental studies can we increase our understanding of the extent to which different soils
experience actual hysteresis in K. The SOTE simulations do make clear, however, that differences in degree of
hysteresis can have profound effects on degradation risk. That is, when trying to quantify the probability of long-
term degradation, knowledge of a soil's propensity to rehabilitation (as measured by the rehabilitation index) is
just as crucial as knowing its susceptibility to degradation (degradation index).

In this paper, we focused on degradation risk as a result of TWW, but future research should consider degradation
risk in tandem with salinity hazards. The sensitivity analysis emphasized the importance of drainage to degrada-
tion risk, with degradation most likely when soil salinity quickly drops and sodicity remains elevated. Avoiding
degradation at the cost of increasing salinity would miss the point, however, if the salinity level is too high for
plant growth. Likewise, while leaching the root zone can be effective in the short-term, drainage is costly and
potentially harmful, if it causes a rise in the water table or pollutes groundwater resources. In order for irrigation
with marginal quality water to be truly sustainable, we must find strategies that minimize degradation risk while
also addressing these other concerns.

While SOTE's results must make us cautious about the sustainability of TWW irrigation, they also present an
opportunity. That is, increased knowledge of the risk that irrigation with TWW poses does not mean we need
to abandon the practice. Rather, models that better reflect actual risk are considered a priority for research on
salinity because they can allow for more effective management (Hopmans et al., 2021). In other words, better
understanding of the risks associated with TWW can enable more responsible use of saline and sodic waters,
allowing for their continued use in ways that also minimize the probability of long-term damage to soils.

Data Availability Statement
Code used to run the SOTE 2.0 model is available at https://github.com/isaackramer/SOTE-2.0.
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