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ABSTRACT

Agricultural Managed Aquifer Recharge (Ag-MAR) is an emerging MAR technique that uses agricultural fields as
percolation basins to recharge the underlying aquifers. Ag-MAR can be a beneficial solution for storing excess
surface water, however, if not managed properly it can potentially harm the soil and crops planted on the field at
the time of recharge, ultimately leading to yield loss. Root zone residence time (RZRT), defined as the duration
that the root-zone can remain saturated (or nearly saturated) during Ag-MAR without crop damage, is a key
factor in Ag-MAR since extended periods of saturation in the root-zone can damage crops. Here we propose a
simple RZRT model for estimating a safe Ag-MAR flooding duration based on hydraulic parameters deduced from
soil texture, crop tolerance to saturation, effective root depth, and critical soil water content, which is the point
where soil re-aeration occurs during drainage. We tested the model with different hydraulic parameter sets and
compared the results to observed data and HYDRUS simulations. Using fitted and unfitted hydraulic parameters
the average error of the predicted Ag-MAR flooding duration was less than 5 h, and up to a few days, respec-
tively. Consequently, for crops with low flooding-tolerance, the model should be used with caution, but for more
tolerant crops, the model provides reasonable predictions. The model also provides a first approximation of the
possible amount of water that can be applied during an Ag-MAR event. Based on the RZRT model, we evaluated
the Ag-MAR potential of various crops and effective root depths for each of the USDA soil texture classes. A
spreadsheet containing the RZRT model including hydraulic parameters, and crop properties is publicly available
and can be used as a learning tool or to estimate Ag-MAR flooding duration for different soils. The proposed
model can be easily integrated into Ag-MAR assessment tools.

1. Introduction

have been addressed in recent studies of Ag-MAR, including soil suit-
ability guidelines (O’Geen et al., 2015), nitrate leaching to groundwater

Agricultural managed aquifer recharge (Ag-MAR) is a recharge
technique for groundwater replenishment, in which farmland is flooded
during the winter using excess surface water in order to recharge the
underlying aquifer (Bachand et al., 2014; Dahlke et al., 2018b; Kocis and
Dahlke, 2017). In California, for example, Ag-MAR is currently being
implemented as part of the efforts to mitigate California’s chronic
groundwater overdraft (Faunt et al., 2016; Harter, 2015; SGMA, https://
water.ca.gov/programs/groundwater-management/sgma-groundwater
-management).

Ag-MAR poses several risks for agricultural fields and groundwater
that may influence its future adoption. This includes crop tolerance to
flooding, soil aeration, biogeochemical transformations, long-term
impact on soil texture, leaching of pesticides and fertilizers to ground-
water, and potential greenhouse gas emissions. Some of these issues
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(Bachand et al., 2014; Bastani and Harter, 2019; Waterhouse et al.,
2020), crop suitability (Dahlke et al., 2018a) and soil aeration (Bachand
et al., 2019; Ganot and Dahlke, 2021). In the current study, we focused
solely on the question of “how long can water be applied for Ag-MAR
with minimal crop damage?”, while ignoring some of the
above-mentioned challenges involving Ag-MAR implementation.
Preferably, Ag-MAR flooding is done during fallow or dormant pe-
riods, when crop damage is potentially minimal, so agricultural lands
can serve as spreading basins for groundwater recharge. Root zone
residence time (RZRT) is defined as the duration that the root-zone can
remain saturated (or nearly saturated) during Ag-MAR without crop
damage (O’Geen et al., 2015). RZRT is a crucial factor in Ag-MAR, as
long periods of saturated conditions in the root-zone can damage crops
due to oxygen deficiency (hypoxia) or complete depletion of oxygen
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(anoxia), which ultimately may result in yield loss (Kozlowski, 1997).
However, flood tolerance among crops varies considerably due to biotic
and abiotic conditions (Schaffer et al., 1992), therefore only appropriate
crops under specific conditions may be suitable for Ag-MAR application.
For example, Dokoozlian et al. (1987) have found that grapevine during
dormancy can be flooded for 32 days (with an average daily recharge of
8 cm) each year without yield loss. Dahlke et al. (2018a) recently
investigated the effect of different Ag-MAR flooding schemes (max.
average daily recharge of 25 cm) on established alfalfa fields. Results
suggest a minimal effect on yield when dormant alfalfa fields on highly
permeable soils are subject to winter flooding. On the other hand, some
crops are sensitive even to short-period flooding. Kiwi vines for example,
are highly sensitive to root anoxia with reported yield lost and vines
death due to extreme rainfalls and/or shallow groundwater levels
(Smith and Buwalda, 1994). In a study on peach trees, flood cycles of 12
h per day with 5 cm ponding, applied for two months, resulted in
branches with lower diameter and length growth, as well as smaller,
low-quality, fruits, compared to the control trees (Insausti and Gorjon,
2013). The above examples demonstrate the need for an RZRT planning
tool that can estimate Ag-MAR flood duration with minimal crop
damage.
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Zone of
aeration
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Usually, when Ag-MAR water application starts, aeration of the root-
zone will be quickly suppressed by a water-layer covering the soil sur-
face, as it prevents oxygen transport to the root-zone in the gas phase.
When water application ceases, re-aeration of the root-zone will depend
on the soil’s drainage rate that controls the formation of connected air
pores between the root-zone and atmosphere (Fig. 1a). Hence, proper
estimation of the planned flood duration during Ag-MAR requires prior
knowledge of both crop characteristics and soil texture.

Only a few attempts for estimating RZRT during Ag-MAR were made,
as Ag-MAR is a relatively new MAR technique. O’Geen et al. (2015) used
a fuzzy logic approach to rate the RZRT during Ag-MAR, based on the
harmonic mean of the saturated hydraulic conductivity (K;) of all soil
horizons, soil drainage class, and shrink-swell properties. Their RZRT
rating was combined with other factors generating a Soil Agricultural
Groundwater Banking Index (SAGBI, https://casoilresource.lawr.
ucdavis.edu/sagbi/). Flores-Lopez et al. (2019) proposed a root-zone
model that includes crop type, soil properties, and recharge suitability
(based on SAGBI) to estimate water application, flooding duration, and
the interval between water applications. Their model was integrated
with a Groundwater Recharge Assessment Tool (GRAT; https:
//gratviewer.earthgenome.org/) to  optimize Ag-MAR  water
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Fig. 1. (a) Conceptual model of the soil-atmosphere gas exchange during Ag-MAR under ponded conditions; and (b) the corresponding soil oxygen and water content

profiles. The main parameters of the proposed model are also shown.
(modified from Ganot and Dahlke, 2021).
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application.

Here, we propose a simple model to estimate the planned water
application (flooding duration) during Ag-MAR based on the following
parameters: (1) soil texture; (2) crop saturation tolerance; (3) effective
root-zone depth; and (4) critical water content. The concept of critical
water (or air) content was proposed by several authors (Freijer, 1994;
Glinski and Stepniewski, 1985; Hamamoto et al., 2011; Hunt, 2005;
Moldrup et al., 2005; Troeh et al., 1982) as it indicates a percolation
threshold where the gas transport path is blocked by pore-water, which
results in gas diffusivity and permeability of practically zero. Hence,
when the water content is either below or above this threshold, gaseous
oxygen transport into the soil is blocked or opened, respectively
(Fig. 1b). As opposed to the previous Ag-MAR models mentioned above,
our proposed model is physically based and includes explicitly the soil
water content, that is used to infer the soil aeration status. Yet, thanks to
its simplicity, this model can be integrated easily into various existing
Ag-MAR assessment tools such as SAGBI (O’ Geen et al., 2015) or GRAT
(https://www.groundwaterrecharge.org/).

In the following, we first describe the theory of the model and the
methods used to test the model performance. Next, we present the model
predictions and compare them with observations and numerical simu-
lations. Last, we present an example of how to calculate Ag-MAR water
application duration and we discuss the applicability of the model and
its limitations.

2. Methods
2.1. Model

We assume a one-dimensional (1D) ponded infiltration followed by
drainage in a semi-infinite homogenous soil profile with deep ground-
water. Hence, we neglect the presence of impermeable layers or shallow
groundwater that may restrict deep percolation. Ponded infiltration is
expected during Ag-MAR (Bachand et al., 2014; Dahlke et al., 2018a;
Dokoozlian et al., 1987; Ganot and Dahlke, 2021) and the 1D assump-
tion is justified by the relatively large horizontal dimensions of a flooded
agricultural field (Philip, 1992) while the justification of the homoge-
nous soil profile is site-specific. Water application duration (tq), with
minimal crop loss, can be estimated based on crop tolerance to water-
logging (tcrqp), time to saturate the soil (&) up to the critical water
content (0.) that blocks oxygen transport at the effective root-depth, and
time to drain the soil (tgqin) back to 6. to allow re-aeration of the
effective root zone (Fig. 1b):

twap = tsar F Lerop — Larain (@]

Note that it is assumed that the soil’s O storage can support soil
respiration during the infiltration period (tso). This is supported by the
analysis of Cook and Knight (2003) who showed that even under the
extreme case of water saturation, dissolved oxygen in the water phase
can support root respiration for a few hours and up to ~1.5 days,
depending on temperature.

Each component of the proposed model, stated in the right-hand side
of Eq. (1) is calculated separately. The period of ponded infiltration (t;q)
is calculated using the Green and Ampt (1911) model that includes the
following simplified assumptions: constant ponding head, sharp wetting
front with constant capillary pressure and constant (but different) water
content on both sides of the wetting front. While these assumptions are
seldom met in the field, the model has been widely used in hydrology
due to its simplicity and accuracy (Selker and Assouline, 2017).
Considering all of the above, the purpose of using the Green and Ampt
approach here is mainly for estimating tq, i.e., the time to reach satu-
ration at the effective root zone:

(0, — 0 z+d—y,
foar = T) {Z —(d —wy)in {Ty/,f} } 2
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where 6; and 6 are the initial and saturated (or field saturated) volu-
metric water contents (L3 L'3), K; is the saturated hydraulic conductivity
(L T'l), z [L] is the depth of the wetting front below the soil surface at
time tyq, here considered as the effective root depth, wp (L) is the wetting
front capillary head (negative value), and d [L] is the ponding depth. It is
assumed that the soil profile portion that includes the effective root zone
depth, attains field saturation during the Ag-MAR infiltration period.
Hence, according to the sharp wetting front assumption, ¢; turns to 6; at
tsar, SO reaching the critical water content 6. is not defined, and it is
assumed that 6. = 05 during the infiltration period. The parameter y;
was estimated by y; =y, /2 (Bouwer, 1966), where y, is the air entry
value; this estimation was found to be reasonably accurate for the pur-
pose of predicting the wetting front depth (Ma et al., 2010). In this study
we assumed y,, = —1/a where « is a fitting parameter in the soil water
retention curve (SWRC) of van Genuchten (1980), resulting in y; = —
1/(2a). For simplicity (and in some cases lack of data), the ponding
depth was taken as d = 0; i.e,, it is assumed that water supply during
Ag-MAR events will be according to the infiltration capacity of the
specific Ag-MAR site (practically, initial water supply will be some finite
rate higher than K, which eventually will be reduced to Kj). Note that
Eq. (1) is not applicable when the water supply rate is lower than Kj;
however, such low rates are inefficient when it is required to spread
large volumes of water with flood irrigation infrastructure over large
fields, and therefore are less expected during Ag-MAR operation.

A literature review was used to collect data of t.r,p which is based on
controlled studies as well as on growers and specialists’ experience.

The drainage period tgrqin is calculated based on the solution of Sisson
et al. (1980) to the 1D Richards equation assuming gravity is the
dominant driving force (unit gradient) during the drainage phase:
0_ oK __dK(©0) o -
or 0z do oz
where z is the depth (positive downward; soil surface at z = 0), and the
conditions for the drainage period include a zero flux at the soil surface
and an initially saturated soil profile. Note that the assumption of a unit
gradient during drainage is acceptable for uniform soil profiles (Ahuja
et al., 1988; Sisson and Van Genuchten, 1991), which was assumed in
this model. Based on the approach of Lax (1972) the solution for the
characteristic curves of Eq. (3) is given by (Sisson et al., 1980):

_dK  z

=—= 4
d0  tirain “

K'(0)

According to this solution, the drainage “front” (i.e., the boundary
between the saturated profile and the desorption zone above it) ad-

vances at a constant rate ofﬁ—’g (see Fig. 2 in Sisson et al., 1980). This
05
solution is less accurate in shallow depths but was found accurate when
compared with a numerical solution, with a maximum water content
deviation of 0.01 cm®/cm® for z > 25 cm (Sisson et al., 1980). Accord-
ing to Eq. (4), knowing the hydraulic conductivity function K(6) allows
estimation of ¢4, for a given effective root depth, z. For the soil hy-
draulic functions of van Genuchten (1980) and Mualem (1976), Eq. (4)
will take the following form (Sisson and Van Genuchten, 1991):
(1 —Am)(l —AM +4Sl/nzAm—])

K/((‘)) =K, 2(6\ — 9,)\/5: (5)

where S = (0-6,)/(05-0,) is the effective saturation and A = 1-S¥™ where
m = 1-1/n, and n is a shape parameter in the soil water retention curve
(SWRC) of van Genuchten (1980). Eq. (5) can be solved for the drainage
time until a critical water content is reached where re-aeration of the
root zone is achieved:

K (1 —A™)(1 — A" 4 48!/mpm=1)

(6)

Tdrain =
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(a) Hanford fine sandy loam (almond) (b) Yolo silt loam (cover crop)
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Fig. 2. Predicted and observed effective saturation (S). (a) Hanford fine sandy loam; (b) Yolo silt loam; (c) Harkey loam; (d) Stoner gravelly sandy loam. H5w-fit/EH-
fit, H5w, and Hw1 represent different hydraulic parameter sets (see details in Table 1). Soil oxygen or redox potential data are presented in the top plot of each soil.
Data from: Ganot and Dahlke (2021) (a, b); Kallestad et al. (2008a) (c); and Dahlke et al., 2018a (d).
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where S. = (0.-6,)/(05-6;) is the critical effective saturation correspond-
ing to the critical water content (6.) at depth z, and A, = l-S}/ m

2.2. Model testing

Field data of four soils from Ag-MAR and flood irrigation studies
(Dahlke et al., 2018a; Ganot and Dahlke, 2021; Kallestad et al., 2008a)
were used to test the model. Data included volumetric water content and
soil oxygen (or redox potential) that were used to obtain 6, for each soil.
For more details on the adequacy of these measurements to quantify the
soil aeration status under flooded conditions see Mukhtar et al. (1996),
Kallestad et al. (2008b) and Ganot and Dahlke (2021). We defined the
measured 0, as the soil water content value after which soil oxygen re-
covery begins (i.e., when soil respiration ~ oxygen supply; see the
minimum point on the O3 curve in Fig. 1b). The hydraulic parameters of
the model (6, 6, @, n, K;) were calculated using the pedo-transfer
functions (PTF) code Rosetta3 (Zhang and Schaap, 2017), based on
soil properties of the National Cooperative Soil Survey (NCSS, 2020)
obtained through the SoilWeb app (O’Geen et al., 2017). For each soil,
we tested the model with three different sets of hydraulic parameters.
Following the nomenclature of Rosetta3, the three modeling scenarios
are (1) H5w-fit: PTF is based on soil texture, bulk density, and water
content at 330 and 15,000 c¢cm suction; 6;, §; and in some cases n or K are
calibrated to observed data; (2) H5w: PTF is same as H5w-fit, but no
calibration was performed; and (3) Hlw: PTF is based on average hy-
draulic parameters of the USDA textural classes. For the Yolo silt loam
soil, we used hydraulic parameters from Eching and Hopmans (1993),
instead of H5w-fit (labeled as EH-fit) because of its poor performance.
For the hydraulic parameter sets (2) and (3) 6; was assumed to equal
field capacity (0rc), calculated as suggested by Assouline and Or (2014)
using the SWRC hydraulic parameters:

I+ { ("%) o } ] (i> @

The model goal is to estimate flooding duration and therefore we
tested whether the model can accurately predict the time when the
critical water content (0.) is reached, which is the time when re-aeration
of the soil profile started. In addition to the measured 6., we also tested
6, of Freijer (1994) which showed that the van Genuchten (1980)
approximated air-entry value (— 1/a) is a good estimate for evaluating
O.:

0,’ = HFC = 0r+ (0: —9,)
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Eq. (8) is obtained by setting the matric head in van Genuchten
(1980) SWRC equal to — 1/a; hence, it allows estimating 6. based solely
on the SWRC parameters. Another common 6, that was tested is 6, = 05—
0.1 (i.e., assuming a constant critical air content of 0.1 for soil aeration),
which was suggested by several authors (Grable and Siemer, 1968; Silva
et al.,, 1994; Troeh et al., 1982; Wesseling and Van Wijk, 1957). The
percolation threshold of Hunt (2004) can also be used to estimate 6., but
it was not tested here because both Freijer (1994) and measured 6,
values were usually within the range suggested by Hunt (2004). Note
that in order to compare models of the same soil type but with different
0,, the 0. was adjusted according to 0, new = 6, new — (05— 0.); where (05—
0,) is the critical air content. In other words, we assumed that for each
soil texture the critical air content (i.e., the percolation threshold, or the
inactive air-filled pore-space) remains constant (Moldrup et al., 2005).
This excludes the 6, of Freijer (1994) which was determined by the
SWRC parameter m (= 1-1/n). The hydraulic parameters used for
testing the model are summarized in Table 1.

The model was further tested using simulations of the infiltration and
drainage processes. The numerical flow and transport model HYDRUS-
1D (Simiinek et al., 2009) was used to simulate Ag-MAR flooding in
the soils listed in Table 1 (i.e., a total of 12 simulations: 4 soils, each with
3 different sets of hydraulic parameters). Boundary conditions at the soil
surface assumed a constant head (d = 0) during infiltration and zero flux
during drainage; at the bottom of the domain, we assumed a free
drainage boundary (unit gradient). Evaporation and root water uptake
were neglected. A homogenous soil profile of 5 m with (vertical) dis-
cretization of 0.5 cm was used for all simulations. The soil profile depth
was selected to prevent the wetting front from reaching the lower
boundary, but for two cases where K; was very high (and/or flooding
time was long), deeper soil profiles were needed: 7.5 m for the Yolo silt
loam (H5w-fit), and 20 m for the Stoner Gravelly sandy loam (H5w-fit).
The default iteration criteria and time discretization of HYDRUS-1D
were used, except for the smaller initial time step (10 day) to over-
come convergence issues during infiltration.

Since low Kj; layers such as hardpans are quite common features in
agricultural soils, we also tested the insertion of hardpan layer in the
proposed RZRT model. We recognize two cases: (1) when the effective
root depth (2) is deeper than the hardpan layer; and (2) when z is
shallower than the hardpan layer. For case 1 an effective Kj is calculated
using z as the total depth; for case 2 (deeper hardpan) we tested whether
the hardpan layer impacts the drainage in the root zone by calculating
the time it takes for the wetting front to reach the hardpan layer (tparg-
pan) Using the Green and Ampt model with setting z in Eq. (2) as the

0, -6, hardpan layer depth. When thardpan > tsat + terop the effective root depth
0. =6+ o ® is not impacted by the deeper hardpan layer and the original K; is used
Table 1
Hydraulic parameters used in the model.
Soil Crop Hydraulic Z 73 0; 0, 0, 0, o, O a n K
parameters  (cm)  (cm) measured  Freijer 65-0.1 (1/cm) (cm/day)
(1994)
Hanford fine sandy Almond H5w-fit 30 21.05 0.155" 0.330 0.316 0.276 0.042 0.376" 0.0238 1.400 42.6
loam H5w 30 21.05 0.191 0.288 0.282 0.234 0.042 0.334 0.0238 1.400 42.6
Hlw 30 30.48 0.215 0.335 0.318 0.281 0.061 0.381 0.0164 1.457 37.4
Yolo silt loam Cover EH-fit" 30 13.89 0.3027 0.343 0.386 0.347 0.228 0.447% 0.0360 1.905 435
crop H5w 30 81.12 0.287 0.340 0.389 0.301 0.099 0.444 0.0062 1.340 14.6
Hlw 30 145.76 0.236 0.323 0.352 0.327 0.083 0.427 0.0034 1.552 18.5
Harkey loam Pecan H5w-fit 30 58.10  0.227° 0.324 0.341 0.297  0.055  0.397"  0.0086 2.142° 11.1
H5w 30 58.10 0.217 0.283 0.306 0.255 0.055 0.355 0.0086 1.347 11.1
Hlw 30 78.64 0.246 0.330 0.344 0.302 0.090 0.402 0.0064 1.421 13.3
Stoner gravelly sandy Alfalfa H5w-fit 20 63.21 0.212% 0.351 0.379 0.347 0.062 0.447° 0.0079 1.387 242¢
loam H5w 20 63.21 0.256 0.340 0.370 0.336 0.062 0.436 0.0079 1.387 43.7
Hlw 20 30.48 0.215 0.285 0.318 0.281 0.061 0.381 0.0164 1.457 37.4

SWRC parameters were calculated with Rosetta3 (Zhang and Schaap, 2017) based on soil properties from the NCSS database (NCSS, 2020, unless otherwise stated).

2 fitted parameters;

b parameters from FEching and Hopmans (1993);
¢ parameter from SSURGO database.
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for calculations; when thardpan < tsat + terop the effective root depth is
impacted by the hardpan layer and an effective K is calculated using the
bottom depth of the hardpan layer as the total depth. In both cases, the
other SWRC parameters are left unchanged (i.e., equal to the SWRC
parameters of the original layer). For each case, we tested the RZRT
model with the arithmetic and harmonic mean of K;, and compared the
results to the HYDRUS simulation of the Hanford fine sandy loam (H5w-
fit). Overall settings of the simulation domain were similar to the con-
ditions noted above (top: constant ponding head, d = 0; bottom: free
drainage) with the addition of a hardpan layer. The effective root depth
was 30 cm and the hardpan layer thickness was taken as 20 cm with a
hydraulic conductivity of 0.1K.

2.3. Drainage curves

It is clear from Eq. (1) that minimal water application for Ag-MAR
(twap > 0) is attained only when the condition tgrgin < tsar + terop is met.
As a first approximation of Ag-MAR adequacy for different soil textures,
we tested the condition tgrqin < terop by calculating drainage curves
(tdrain) for each USDA soil texture class using Eq. (6). Calculating the
drainage curves using Eq. (6) requires the SWRC hydraulic parameters
(0, 05, n, Ky), the critical water content §,, and the effective root zone
depth z. The hydraulic parameters were estimated based on soil texture
data using PTF of the USDA soil texture classes (H1w in Rosetta3, Zhang
and Schaap, 2017), while 6. was taken as 6, = 6; — 0.1 (a conservative
assumption), and three representative values of z were used (25, 50 and
100 cm).

3. Results and discussion
3.1. Crop parameters
3.1.1. Effective root depth (z)
Root depth varies among crops and fields as it depends on crop type

and age, irrigation method, soil texture, soil layering and restrictive
layers or shallow groundwater (Gilman, 1990). Maximum root depths
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for several crops are given in Table 2 based on the FAO guidelines (Allen
et al., 1998). However, using these maximum root depths values in the
model proposed in this work will give a relatively conservative (i.e.,
short) water application duration for Ag-MAR. Practically, in most or-
chards, the effective root depth (where root activity is highest) is usually
located in the upper 0.5 m of the soil profile (Atkinson, 1983; Gilman,
1990; Lehmann, 2003; Nethsinghe and Broeshart, 1975). Examples of
the effective root depth of several crops obtained from the literature are
also provided in Table 2. Alternatively, the root depth and distribution
can be estimated in-situ based on invasive (Oliveira et al., 2000; van
Noordwijk et al., 2000) and non-invasive techniques (Amato et al.,
2008; Hruska et al., 1999).

3.1.2. Crop tolerance to flooding

Plant tolerance to flooding or the duration of flooding with minimal
crop damage (t;qp) is a very challenging parameter to estimate. A
tremendous diversity of tolerance exists, which depends on several
factors: (1) soil texture and chemistry; (2) degree and duration of hyp-
oxia/anoxia; (3) soil microbe and pathogen status; (4) vapor pressure
deficit (VPD), and root-zone and air temperatures; (5) plant species, age,
stage and season of the year; and (6) plant adaption as a result of prior
climate and soil conditions (Schaffer et al., 1992). An estimate of crop
tolerance to flooding of common perennial crops is provided in Table 3,
which is an extended version of a previous survey (Table 1 in O'Geen
et al., 2015). Annual crops were not included in Table 3 because it was
assumed that these fields usually would be fallow during winter and
spring when excess surface water is available for Ag-MAR (Kocis and
Dahlke, 2017; O’Geen et al., 2015; USDA, 2007, 2010). Waterlogging
tolerance in most fruit trees is mainly determined by the rootstock and
not by the scion (Schaffer et al., 1992), where tolerance is higher during
dormancy, but more prone to damage during bud break and growth
(O’Geen et al.,, 2015). The plant tolerance scales in Table 3 have
different definitions, as some authors use plant survival as the tolerance
criterion, while others consider economical damage (such as growth or
yield reduction) as the tolerance criterion; these differences are indi-
cated in Table 3. We note that the data provided in Table 3 should be

Table 2
Root depth of selected crops.
Crop Maximum root Effective root Roots (% of plant age Soil texture (USDA) Irrigation method Source
depth (m)* depth, z (m)” total) (years)
Alfalfa 1-2 1.36 95 n/a“ n/a“ n/a“ Fan et al. (2016)
Almond 1-2 0.3¢ n/a 6 gravely sandy loam micro-sprinklers Koumanov et al. (2006)
Apple 1-2 0.8 100 10 clay loam drip Sokalska et al. (2009)
Apricot 1-2 0.5 91 18 loam drip Ruiz-Sanchez et al.
(2005)
Avocado 0.5-1 0.5 72 8 loam drip Michelakis et al. (1993)
Blueberry  0.6-1.2 0.5/0.7 100 8/38 sandy loam sprinklers Paltineanu et al. (2018)
Cherry 1-2 0.5 n/a 8 sandy loam drip Paltineanu et al. (2017a)
Citrus 0.8-1.5 0.4¢ n/a 12 clay drip Panigrahi and Srivastava
(2016)
Cranberry  0.6-1.2 0.3 n/a‘ n/a‘ n/a“ sub-irrigation, Sandler et al. (2004)
sprinklers
Grape 1-2 1 100 4 sandy loam micro-sprinklers, Bassoi et al. (2003)
drip
Kiwi 0.7-1.3 0.8 100 7 fine sandy loam, fine sand, mini-sprinklers Green and Clothier
gravelly coarse sand (1995)
Papaya n/a 0.55 100 n/a‘ n/a“ micro-sprinklers, Carr (2014)
drip
Peach 1-2 0.3 90 5 loamy sand drip Lopes et al. (2014)
Pear 1-2 0.8 100 8 silt loam drip Wang et al. (2020)
Plum 1-2 0.9 100 6 sandy loam drip Paltineanu et al. (2017b)
Quince 1-2 0.4° 80 6 clay loam rainfed Machado et al. (2018)
Walnut 1.7-2.4 0.8 100 2 loamy sand flood Duan et al. (2019)
@ FAO guidelines (Allen et al., 1998);
b

obtained by root measurements, unless otherwise stated;
see details in source reference;

based on soil water content analysis;

rootstock for pear.

I}
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Table 3
Crop tolerance to flooding.
crop Rootstock Dormancy saturation tolerance Growth saturation tolerance Source
Alfalfa® n/a 2-3 Barta (1988); Thompson and Fick (1981)
Almond? Peach; peach x almond hybrid 1 1 O’Geen et al. (2015)
Almond® Plum; peach x plum hybrid 2-3 1 O’Geen et al. (2015)
Apple? 4 2 Lasko (1994)
Apricot 1 1 (Schaffer et al., 1992)
Avocado 0 0 (Schaffer et al., 1992); O’Geen et al. (2015)
Blueberry 4 2-4 Davies and Darnell (1994)
Cherry® 1 0 Beckman et al. (1986); O’Geen et al. (2015)
Citrus 0 0 O’Geen et al. (2015)
Citrus rough lemon 2-3 2-3 (Schaffer et al., 1992); Bhusal et al. (2002)
Citrus trifoliate orange 2-3 2-3 (Schaffer et al., 1992); Bhusal et al. (2002)
Cranberry?® 1 1 Davies and Darnell (1994)
Grape® 4 2 Dokoozlian et al. (1987); O’Geen et al. (2015)
Kiwi 0 0 (Schaffer et al., 1992)
Papaya 0 0 (Schaffer et al., 1992)
Peach 1 n/a Chaplin et al. (1974)
Pear” P. betulaefolia 4 4 O’Geen et al. (2015)
Pear® P. communis 4 3 O’Geen et al. (2015)
Pear”® Cydonia oblonga 3-4 2-3 O’Geen et al. (2015)
Pecan 4 2-3 Andersen (1994);Kallestad et al. (2007)
Plum/Prune® Peach 1 1 O’Geen et al. (2015)
Plum/Prune® Plum; peach x plum hybrid 2-3 1 O’Geen et al. (2015)
Quince 4 4 Mitchell et al. (1994)
Walnut 2-4 1 Andersen (1994); O’Geen et al. (2015)

Tolerance scales indicate plant survival unless otherwise stated.

The following scores were used to estimate vulnerability (O’Geen et al., 2015): 0 - No tolerance for standing water; 1 - tolerant of standing water up to 48 h; 2 - tolerant
of standing water up to 1 week; 3 - tolerant of standing water up to 2 weeks; 4 - tolerant of standing water > 2 weeks. *Tolerance indicates economical damage. Data
provided in Table 3 is mainly based on expert opinion and to a lesser extent on controlled experiments.

used with caution because most of it is based on expert opinion or ex-
periments with seedlings, while very few waterlogged experiments were
conducted with bearing fruit trees.

3.2. Model testing

The predicted and observed effective saturation (S) results are pre-
sented in Fig. 2, along with the corresponding soil oxygen or redox
potential that were used to obtain the measured 6, (shown as S, in Fig. 2,
where S. = [0.-0,1/[05-6,]).

The three S, (measured, Freijer, 1994 and 65-0.1) are marked by open

and filled circles for the predicted and observed effective saturation,
respectively. Graphically, when the open and filled circles (S;) of the
same color are closer, the RZRT model predictions are better. As already
motioned, the RZRT model goal is to estimate Ag-MAR water application
duration (t,q), and therefore we tested the time difference between
predicted and observed S.. As expected, the error (e = tyap, predicted - twap,
observed) and mean absolute error (MAE =n"! Y& lei]) are lowest for the
fitted RZRT models (H5w-fit and EH-fit) followed by Hwl and H5w
(Table 4). In all cases, the error is close to zero or positive, i.e., the
predicted t,qp is similar or overestimates the observed t,,, (excluding
one case of underestimation by 1 day). This means that for highly

Table 4
(a) Water application duration error (tyqp, predict - twap, observed) for the tested soils.
Hydraulic 0. measured 0, Freijer (1994) 0. = 05-0.1
Soil parameters Error (days) Error (days) Error (days)
Hanford fine sandy loam H5w-fit 0.12 0.05 0.35
H5w 0.17 0.04 1.52
Hlw 0.10 0.05 0.01
Yolo silt loam EH-fit 0.01 0.01 0.02
H5w 13.48 2.26 11.75
Hlw 2.88 1.31 2.61
Harkey loam H5w-fit 0.00 0.00 -1.08
H5w 6.09 2.04 19.5
Hlw 2.47 1.35 6.41
Stoner gravelly sandy loam H5w-fit 0.20 0.06 0.23
H5w 1.31 0.48 1.48
Hlw 1.37 0.43 1.56
(b) Mean absolute error (MAE) of the different RZRT models and 6.
MAE (days) 0. measured 0, Freijer (1994) 0. = 65-0.1 Avg.
H5w-fit 0.08 0.03 0.42 0.18
H5w 5.26 1.20 8.56 5.01
Hlw 1.70 0.79 2.65 1.71
Avg. 2.35 0.67 3.88




Y. Ganot and H.E. Dahlke

sensitive crops the model should be used with caution. When testing the
MAE of the RZRT models by its 0, the RZRT models with 6, of Freijer
(1994) has the lowest MAE, followed by the measured ¢, and 6;-0.1
(Table 4b). 6. of Freijer (1994) outperforms the measured 6, probably
because its estimated 6. obtained at higher water contents where the
deviations of measured water contents and the RZRT model are
minimal.

The fit between the predicted and observed effective saturation
ranges from poor (e.g., HSw in Fig. 2b) to excellent (e.g., H5w-fit in
Fig. 2a), and generally the fit is better for the RZRT models that un-
derwent calibration (H5w-fit and EH-fit) followed by Hw1l and H5w.

Obviously, a better fit of the predicted and observed water contents
will lead to a more accurate estimation of t,q. Therefore, when possible,
it is recommended to use the proposed RZRT model with site-specific
hydraulic parameters. This is demonstrated in the Yolo silt loam soil,
where a reasonable fit was not feasible without the use of site-specific
hydraulic parameters (EH-fit, Fig. 2b). Note that site-specific parame-
ters can vary considerably for the parameters obtained from the NCSS
database. This is especially notable for the Ks values which can vary by
more than one order of magnitude (e.g., see Yolo and Stoner soils in
Table 1). The reason for this discrepancy is attributed to the low spatial
representation of each soil series in the NCSS database, which is based
on few soil pedons that are not always a good representation of the soil
series where the field data was collected. In some cases, even when the
overall effective saturation fit is poor, it is possible to estimate tyqp
accurately given that the fit is good at the range of S.. This is demon-
strated in the Harkey loam for the H5w-fit (Fig. 2c). Note that for all soils
Hlw performs better than H5w, supposedly not as expected, because
Rosetta3 is a hierarchical PTF where the highest hierarchy (H5w) should
perform better than lower hierarchies (Hlw-H4w, Zhang and Schaap,
2017). As noted above, this is because each of the H5w parameters in
this study was based on only one soil pedon sample from a specific
location (as provided by the NCSS database), which in this study was less
representative compared to the Hwl parameters that are based on
averaging by soil texture a large number of soil samples.

The fit of the effective saturation between the proposed RZRT model
and the numerical model HYDRUS-1D ranges from good to excellent (by
visual inspection; Fig. 2), and in all cases, HYDRUS fits better to the
RZRT model than to the observed data. This indicates that the deviations
between the RZRT model predictions and the observed water content
data are probably due to soil layering, soil heterogeneity, and prefer-
ential flow, which cannot be captured by simplified homogenous one-
dimensional flow models. Another explanation for the observed and
modeled water content deviations could be an inappropriate setting of

Table 5
Total water applied (WAP) estimated by the different models and the relative
error (RE) compared to the observed WAP.

Hydraulic RZRT model HYDRUS Observed
Soil parameters WAP RE WAP RE WAP (m)
(m) (%) (m) (%)
Hanford fine H5w-fit 0.85 12 0.71 -7 0.76
sandy loam
H5w 0.81 7 0.70 -8
Hlw 0.77 1 0.62 -18
Yolo silt loam EH-fit 0.94 130 0.88 115 0.41°
H5w 0.11 -74 0.05 -88
Hlw 0.17 -59 0.11 -73
Harkey loam H5w-fit 0.16 20 0.21 56 0.13
H5w 0.15 12 0.08 -41
Hlw 0.20 46 0.11 -18
Stoner gravelly H5w-fit 8.07 314 7.19 269 1.95
sandy loam
H5w 1.66 -15 1.33 -32
Hlw 1.32 -32 1.15 -41

RE = (WAPpredicted / WAPbserved) — 1;
2 upper bound estimation
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the models’ boundary conditions. This mainly refers to the assumption
of free drainage at the bottom boundary because the top boundary was
controlled during the experiments.

3.3. Total Ag-MAR water application

The proposed model goal is to estimate Ag-MAR duration with
minimal crop damage, but we also tested whether it can be used to es-
timate total water application. We assumed the total water application
equals the cumulative infiltration (I) which can be described by an
explicit solution of the Green and Ampt model (Selker and Assouline,
2017):

tK, 21K

9
v 6. 0) "\ =y, 0,0 ©

I=1K, —y, (0, — 0)n|1+A

where t = t,qp (calculated with Eq. (1)) and A is an empirical factor in
the range of 1/3-1, here taken as 2/3 as proposed by Selker and
Assouline (2017). We compared the total water application predicted by
the RZRT model (Eq. (9)) and HYDRUS with the observed data (Table 5).
Generally, the RZRT model with fitted parameters overestimates the
prediction of HYDRUS and the observed total water application, while
H5w and Hlw shows highly variable estimations. Hence, the large
variability in the model predictions implies it can be used only as a first
approximation for estimating Ag-MAR total water application amounts.

3.4. Hardpan layer

The performance of the RZRT model with a hardpan layer above or
below the effective root zone was compared to HYDURS simulations
with similar settings (Fig. 3). According to our limited test, the RZRT
model with the harmonic mean Kj is preferred during the infiltration
period. During the drainage period the arithmetic or the harmonic mean
K; are preferred when the hardpan layer is above or below the effective
root zone, respectively. As expected, when the hardpan layer is far below
the effective root zone (i.e., when thardpan > tsat + terop) there is no
impact on the effective root zone by the hardpan. The total water
applied calculated with Eq. (9) and the harmonic mean K is almost
identical to the HYDRUS results (Fig. 3). This demonstrates the impact of
a hardpan on deep percolation, as the total water amounts applied were
reduced by more than half when the hardpan layer was close to the root
zone. Based on the preferred effective K, the highest . deviation be-
tween the RZRT model and HYDRUS is one day. While this is a
reasonable error for the hardpan characteristics tested here, it is based
on one limited example and cannot be regarded as representative. Using
effective soil hydraulic parameters to represent highly-contrast layered
soil as a uniform soil profile is a complex problem (Nasta and Romano,
2016) which was beyond the scope of our simplified analysis. Hence, the
hardpan analysis implemented in the RZRT learning tool (see next sec-
tion) can be used as a first approximation only. Obviously, in fields with
a massive hardpan layer, deep percolation is limited, and implementa-
tion of Ag-MAR project is not recommended.

3.5. Example: calculating Ag-MAR flood duration for grapevine in sandy
loam soil using the RZRT learning tool

To demonstrate the applicability of the model, we applied the RZRT
model to the Hanford fine sandy loam (H5w-fit; see Table 1 for hydraulic
parameters), assuming an effective root depth for grapevine of 1 m
(Table 2), and a saturation tolerance of t,o, =7 days (Table 3). We
calculate t;q = 0.33 days (Eq. (2)) and tgrein = 1.34 days (Eq. (6); using
the measured 0. from Table 1). Hence, water application duration for
Ag-MAR based on Eq. (1) is: tygp =tar +toep — tdrain
=0.33 +7-1.34 = 6 days. A first approximation of the total water
applied for 6 days is I = 2.7 m (Eq. (9)). The above example was quickly
calculated using the RZRT learning tool, found in the Supplemental
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Material. The RZRT learning tool is an MS Excel workbook that includes
several worksheets with the equations and tables listed in this paper. The
main worksheet is used for all data inputs and outputs. For calculating
water application duration, the user can select pre-defined (tabulated)
parameters in the worksheet or enter site-specific values. To date, our
database of measured 6, is limited due to the finite number of experi-
mental sites we have collected data from, but the user can also select
between 6, of Freijer (1994), 6. = 65 — 0.1, or some user-defined 6.

3.6. Drainage curves

The drainage curves for all USDA soil texture classes provide an
initial estimation of soil suitability for Ag-MAR (Fig. 4). The crops
almond, walnut, alfalfa, and grape in Fig. 4 with flooding tolerance of 2,
7, 14, and 21 days, respectively, represent the four tolerance classes in
Table 3. Since crops have different flooding tolerances, soil drainage
largely controls the effective flooding duration. The slow drainage rate
combined with the low flooding tolerance that some perennial crops
have, make clayey soils, as expected, unsuitable for Ag-MAR. The clay
loam soil with shallow-rooted high-tolerance crops, might be suitable
for Ag-MAR in terms of drainage duration, however, its ability to
transfer large quantities of water is hindered by its relatively low hy-
draulic conductivity (K; =7 cm day™!) questioning its Ag-MAR suit-
ability. The silty clay loam is an exception of the clayey soils, as it can be
used for Ag-MAR with moderate- and high-tolerance crops. The reason
for this exception is the low sand content combined with the silt and clay
proportions, which results in a higher critical water content (6.) as
aggregated soils have higher 6, (or lower critical air content) compared
to structureless sandy soils (Ben-Noah and Friedman, 2018; Cook et al.,
2013). For the same reason, loam soil with lower 6. can be used only for
Ag-MAR if shallow-rooted moderate- and high-tolerance crops are
considered. According to the drainage curves, silt loam and sandy loam
soils are suitable for all crops, excluding minimal-tolerance crops, while
sand, silt and loamy sand soils are suitable for all crops that have min-
imal flooding tolerance.

3.7. Model limitations

The main model limitations are related to the assumption of 1D flow
in a homogenous soil profile. For most Ag-MAR sites with contrasting
soil layering along the root zone, the model prediction will be less ac-
curate, and a procedure of parameter averaging may be necessary to
improve the model performance. Similar model limitations that are
related to the homogenous soil profile assumption, are expected at sites
with substantial soil heterogeneity, as our results show for the Stoner
gravelly sandy loam (Fig. 2d). A reasonable estimation of the hydraulic
parameters is another limitation that should be considered. For example,
according to the soils tested in this work, when using fitted (H5w-fit/EH-
fit) and average unfitted (Hlw) hydraulic parameters, t,q is over-
estimated by 0.2 and 1.7 days, on average, respectively (Table 4b).

The model assumption of rigid porous media with constant hydraulic
properties poses another difficulty, especially under Ag-MAR conditions
where the soil can be waterlogged for relatively long periods (compared
to conventional agricultural practices). Changes in soil structure and
hydraulic properties during prolonged flooding were reported in paddy
soils due to clay swelling (e.g., Zhang et al., 2013); however,
shrink-swell dynamics are more prominent in clayey soils (Horn et al.,
2014), which are potentially less suitable for Ag-MAR.

The use of hydraulic parameters from a soil database (such as the
NCSS used in this study) can lead to moderate or poor predictions
compared to soil-specific hydraulic parameters. The shape parameter m
and the scale parameters 6,, 0; and K; control the drainage curves (Eq.
(6)) and therefore are the most important parameters in the RZRT
model. For improved accuracy, these parameters should be evaluated in-
situ at the designated Ag-MAR site. 6, and 6; can be estimated by the
gravimetric method (Topp and Ferré, 2002) and K; of the upper soil by
various field infiltration tests (Angulo-Jaramillo et al., 2019; Nimmo
et al., 2009; Reynolds et al., 2002). Estimating m can be attained by
fitting of the SWRC (Dane and Hopmans, 2002) or the particle size
distribution (Lassabatere et al., 2006); however, these methods are
time-consuming, so it is recommended to obtain m from a soil database,
the literature, or to use a pre-defined m based on soil texture.

Lastly, and probably most importantly, the parameter estimation of
0. can change markedly depending on the method it was first evaluated
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Fig. 4. Drainage curves at depths of 25, 50, and 100 cm for the USDA soil texture classes. The colored area represents conditions above the critical water content (6,
= 0;— 0.1) where soil aeration is suppressed. The white area below 6, represents well-aerated root-zone conditions. Almond, walnut, alfalfa, and grape with flooding
tolerance of 2, 7, 14, and 21 days, respectively, represent the four tolerance classes (see Table 3 for more details). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

with (up to 0.054 difference in this study for the same soil and set of
hydraulic parameters; Table 1). Moreover, the concept of a constant 6, is
an oversimplification used in the model, because 6, is a function of biotic
and abiotic parameters, which vary spatially and temporally for a spe-
cific soil texture. Indeed, our data indicate that during intervals of Ag-
MAR flooding and drainage, different 6. can be obtained even for the
same location in the soil (data not shown). This is probably related to
changes in soil respiration after flooding is initiated (Oikawa et al.,
2014; Or et al., 2007) as well as SWRC hysteresis (Beriozkin and Mua-
lem, 2018; Hannes et al., 2016).

4. Conclusions

In this study, a simple root zone residence time (RZRT) model is
proposed to predict water application duration for agricultural managed

10

aquifer recharge (Ag-MAR) using hydraulic parameters deduced from
soil texture, crop tolerance to saturation, effective root depth, and the
critical water content. The results of the RZRT model show that the
average error of Ag-MAR flood duration is less than 5 h and up to a few
days, using fitted and unfitted parameters, respectively. For sensitive
crops, it is recommended to use the model with fitted hydraulic pa-
rameters (obtained from the specific Ag-MAR site), which reduces the
model error. The model can also be used as a first approximation to
determine the total amount of water that could be applied during an Ag-
MAR event. Ag-MAR water application duration can be quickly calcu-
lated using the RZRT learning tool, an MS Excel workbook that includes
the model, hydraulic parameters, and crop properties (see Supplement
Materials). The proposed model can be easily integrated into various Ag-
MAR models and assessment tools.
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