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Abstract
The widespread use of superabsorbent polymers (SAPs) in arid regions improves the effi-

ciency of local land and water use. However, SAPs’ repeated absorption and release of

water has periodic and unstable effects on both soil’s physical and chemical properties and

on the growth of plant roots, which complicates modeling of water movement in SAP-treated

soils. In this paper, we proposea model of soil water movement for SAP-treated soils. The

residence time of SAP in the soil and the duration of the experiment were considered as the

same parameter t. This simplifies previously proposed models in which the residence time

of SAP in the soil and the experiment’s duration were considered as two independent

parameters. Numerical testing was carried out on the inverse method of estimating the

source/sink term of root water uptake in the model of soil water movement under the effect

of SAP. The test results show that time interval, hydraulic parameters, test error, and instru-

ment precision had a significant influence on the stability of the inverse method, while time

step, layering of soil, and boundary conditions had relatively smaller effects. A comprehen-

sive analysis of the method’s stability, calculation, and accuracy suggests that the proposed

inverse method applies if the following conditions are satisfied: the time interval is between

5 d and 17 d; the time step is between 1000 and 10000; the test error is� 0.9; the instru-

ment precision is� 0.03; and the rate of soil surface evaporation is� 0.6 mm/d.

Introduction
The study on law of soil water movement has great significance in understanding the process
of material transport and energy transfer in Soil-Plant-Atmosphere Continuum (SPAC) sys-
tem, and water uptake by crop roots is one of the most important processes in the transport
and energy transfer of the soil in the farmland. To understand the dynamics of soil water
uptake by roots is very important for the rational development of irrigation system, the
improvement of crop water use efficiency and the guarantee of stable and high yield of crops.
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In general, it is difficult for us to obtain the dynamics of soil water movement, so modeling the
dynamic process of water uptake by plant roots and water movement in soils has become an
important and common research method in the field of irrigation and rain-fed agriculture. So
far, most existing soil water movement models are using the Richards equation to describe the
dynamics of water transport in soil[1–4], and models that take into consideration root water
uptake have been constructed by adding a source/sink term of root water uptake (rate of water
uptake) to the Richards equation[5–7]. However, the rate of root water uptake is not measur-
able under the current technical condition. To address this, a method of obtaining a reliable
“measurement” for root water uptake has been used widely in prior research on water and
nutrient uptake by plant roots. This method measures water uptake using inverse methods of
estimating the water uptake source/sink term added to the Richards equation[8–10], which
makes it possibility to study the relationship between soil moisture and crop water uptake. This
method, proposed by Zuo Q, Shi JC et al[11,12], is based on two continuous soil moisture pro-
files to calculate the root water uptake rate, and has been successfully applied in research into
water uptake by wheat’s roots. Superabsorbent polymers (SAPs) are a type of water-absorbing
polymer, which can be made of starch, chitosan, acrylic, lignin, etc[13–17], widely used in con-
struction field, medical and health, environmental protection and water saving agriculture. For
example, in the field of construction, SAP can enhance the sustainability of concrete and mini-
mize disposal in ready mixed concrete operation[18]; In medical and health, SAP can be used
as drug delivery or flocculant[19]; In environmental protection, SAP was selected as a moder-
ate water shutoff agent for water production control[20]. More commonly, SAP was used as a
water-saving agent in rain-fed agriculture[21]. When absorption and swelling, the three-
dimensional hydrogel network of SAP is wrapped in a membrane structure to hold the water.
The water is retained because of osmotic pressure and molecular forces, and the three-dimen-
sional network unfolds continuously until it reaches equilibrium and stops absorbing water
[22]. Studies have shown that when a SAP is applied to soil around plant roots, the SAP rapidly
absorbs the water in the soil, which reduces deep seepage loss, and then water is gradually
released to the plants. This process improves the efficiency of soil water use[23–25]. However,
some studies have suggested that the repeated water absorption and release mechanism of
SAPs also exerts periodic and unstable influences on the pattern of soil water movement by
affecting the soil’s physical and chemical properties, local microbial communities, and root
growth. This adds to the inherent difficulty and complexity of modeling water movement in
SAP-treated soils[26–29]. Han YG et al [30,31] proposed an analytical solution by establishing
a one-dimensional model of soil water movement under the effect of SAP, however, this model
considers the water movement time and the residence time of SAP in the soil as two indepen-
dent variables and does not provide a solution to the rate of root water uptake. This creates lim-
itations for in-depth research into water management systems using SAP-treated soils.

In this paper, we propose a soil water movement model based on the Richards equation,
and we equate the time of water movement with the residence time of SAP, both designated as
t, and takes into account root water uptake. We then use an inverse iteration method to derive
a numerical solution for the rate of root water uptake in order to provide guidance for further
research on modeling root water uptake in soil under the effect of SAP.

Materials and Methods

Model of Soil Water Movement under Normal Conditions
When considering plant growth and evaporation from the soil surface, measuring one-dimen-
sional vertical movement of water in unsaturated soil is usually described using the Richards
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equation (Eq 1):
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whereD(θ) is the unsaturated diffusivity of soil, K(θ) is the unsaturated hydraulic conductivity of
soil, S(z,t) is the source/sink term of root water uptake, and E(t) is the rate of soil surface evaporation.

Model of Soil Water Movement under the Effect of SAP
Since the SAP’s water retention ability varies over time, the unsaturated diffusivity and unsatu-
rated hydraulic conductivity of SAP-treated soil are functions of both the soil moisture content
θ and time t rather than only the soil moisture content θ. The time-varying functions are
denoted by D(θ,t) and K(θ,t). When root water uptake and soil surface evaporation are consid-
ered, measuring the one-dimensional vertical movement of water in unsaturated soil under the
effect of SAP is described using the equation below:
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where D(θ,t) and K(θ,t) respectively denote time-varying functions for unsaturated diffusivity
and unsaturated hydraulic conductivity; the other parameters are the same as in Eq 1.

Solving the Model of Soil Water Movement under the Effect of SAP
Typically, when analytically solving the equation by means of the Laplace transform and integration
by parts, the unsaturated diffusivityD(θ,t) in the Richards equation is first replaced by the average
diffusivityD. This is because the equation in Eq 2 is a nonlinear equation. However, because the pat-
tern of variation in this hydraulic parameter is an important indicator of the effect of the SAPs, aver-
aging it to simplify the problem can greatly reduce the significance of the proposed model of soil
water movement under the effect of SAP. The implicit differentiation method[32] was used in this
study in order to ensure the model had correct physical significance and to make the equation easier
to solve. This was done because of the great difficulty in analytically solving the Richards equation
with time-varying hydraulic parameters. The implicit differentiation is unconditionally convergent
when used to solve equations and it did not limit the ranges of values in the determination of the
time step and distance step as discussed in the subsequent section describing numerical testing.

Additionally, the modeling of one-dimensional vertical movement of water in unsaturated
soil is based on the following basic assumptions:

1. SAP is applied to a rigid soil whose properties vary over time and the effect from its volu-
metric change is negligible.

2. The soil’s hydraulic parameters don’t change during measurement.
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Solving the Source/Sink Term of Root Water Uptake in the Model of Soil
Water Movement under the Effect of SAP
The inverse iteration method developed by Zuo et al[11,12]. was used to solve the source/sink
term of root water uptake. The two continuous profiles of measured soil moisture are desig-
nated as θ(z, 0) and θ(z, T). The decrease in soil moisture, resulting from root water uptake
over the period from 0 to T at different depths, is represented by Δθ(z, 0~T), in which T is the
time interval between two successive measurements of root water uptake. The average rate of
root water uptake over the period between 0 and T can be expressed as S(z,0~T) = Δθ(z,0~T)/T.

First, let S = 0 and implicitly differentiate the water movement model including time-varying
hydraulic parameters (Eq 5–2) based on initial measurements of soil moisture (t = 0) to obtain the
value of θ(1)(zi,T) when t = T in the first iteration. This first iteration ignores the influence of S by
letting S = 0. Calculate Δθ(1)(zi,0~T) by subtracting θ

(T)(zi,T) from θ(1)(zi,T) and dividing the result-
ing value by T. The result of this division is then input into the original equation as an approxima-
tion of the average rate of water uptake S(1), which is defined by S(1) = Δθ(1)/T, to obtain θ(2)(zi,T)
in the second iteration. The influence of S is considered in the second and subsequent iterations
by letting S 6¼ 0. If the value of Δθ(2)(zi,0~T) is smaller than the error threshold (the mean square
relative error), the iterative process is terminated; otherwise, calculate S(2) using the relationship
S(2) = S(1)+Δθ(2)/T and input the result into the original equation for another iteration. This process
should be repeated until the aforementioned termination criterion is met.

The R language was used to program the inverse method of calculating the source/sink term
of root water uptake.

Plotting and Error Test
Analysis and plotting were performed in Scientific Data Analysis and Visualization (SciDA-
Vis1.D8). The differences between the measured values and the values predicted by the model
were assessed using the root mean square error (RMSE, a measure of dispersion of estimated
values), maximum absolute error (MAE, a measure of maximum deviation of estimated values
from measured values), and overall relative error (ORE, a measure of overall deviation of esti-
mated values from measured values).

RMSE ¼ 1

n

X
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" #1=2

MAE ¼ Max
i¼1;2;3...n

���SðmeasuredÞ � SðestimatedÞ

���

ORE ¼

X
SðmeasuredÞ �

X
SðestimatedÞX

SðmeasuredÞ

���������

���������
� 100%

where Smeasured represents a measured value and Sestimated represents an estimated value.

Stability Analysis of the Inverse Method
In this study we used the theoretical root water uptake model developed by Shao AJ et al.
[33,34] to investigate the relationship between transpiration and root water uptake. This model
is represented by the following equation:

S ¼ ET � A� ½e�BðlnZ�CÞ2 �=Z Eq 3
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where ET represents the rate of evapotranspiration (mm/d); Z is the relative depth and is
defined by Z = z/Lr(t); A, B and C are empirical coefficients, with A being a one-dimensional
coefficient expressed in mm, and B and C are non-dimensional. Lr(t) is the depth of the bottom
of the zone that supplies water to plant roots and can be expressed as:

LrðtÞ ¼ 150ð1� e�1:380813TÞ Eq 4

where T represents relative time and is defined by T = t/M, in whichM is the duration of corn
growth (d), and t is the length of time since the corn seeds were sown into the soil.

The soil’s physical parameters and root parameters presented in previous studies[33,34] are
described here. The soil in the test field is divided into two layers: the upper 70 cm-thick layer
consists of silty soil and the lower layer consists of sandy loam. The unsaturated hydraulic con-
ductivity and soil-water-characteristic curve of the silty soil can be expressed asD = 0.00148e15.99

and θ = 0.48e-0.00143|h| (0� |h|� 129.2), respectively. The unsaturated hydraulic conductivity of
the sandy loam can be described by D = 54.9θ3.614 and its soil-water-characteristic curve can be
described by θ = 0.50e-0.00146|h| (0� |h|� 168.64) or θ = 13.893|h|-0.719 (|h|> 168.64). The
expressions of unsaturated diffusivity of the two soil typeswere derived from the existing soil-
water-characteristic curves in previous studies and the relationship θ = θr + (θs—θr)/[1 + (αh)n]m.
The parameters in the theoretical water uptake model are as follows: A = 8.600827 × 10−4–
1.18926 × 10−3(T-0.591)2, B = 1.662603, C = -1.30806;M = 88 d, ET = 3 mm/d, and the error
threshold for terminating the iterative process is 1×10−5. The test of the stability of the inverse
method described above considers the following factors: time interval and time step, the soil’s
hydraulic parameters, errors in the measured values of soil moisture, instrument precision, layer-
ing of the soil, and boundary conditions. Table 1 shows the values of these parameters. The
numerical testing included the following steps:

Table 1. Selection of parameters for numerical testing.

Numerical testing —————————————————Parameter———————————————

Soil type E D K Θ(z,0) per w

1 Time interval Sandy loam 0.3 0.00148e15.99θ 2.0733θ7.9663 0.3 1 0.01

Time step Sandy loam 0.3 0.00148e15.99θ 2.0733θ7.9663 0.3 1 0.01

2 D Sandy loam 0.3 Experimental
value

2.0733θ7.9663 0.3 1 0.01

K Sandy loam 0.3 0.00148e15.99θ Experimental
value

0.3 1 0.01

3 Test error Sandy loam 0.3 0.00148e15.99θ 2.0733θ7.9663 0.3 Experimental
value

0.01

Instrument precision Sandy loam 0.3 0.00148e15.99θ 2.0733θ7.9663 0.3 1 Experimental
value

4 Layered soil Experimental
value

0.3 Experimental
value

Experimental
value

0.3 1 0.01

Soil surface
evaporation

Sandy loam Experimental
value

0.00148e15.99θ 2.0733θ7.9663 0.3 1 0.01

Table 1 shows the parameters of four numerical tests including main influencing factors: time interval, time step, D, K, test error, instrument precision,

layered soil and soil surface evaporation. The “E” stands for evaporation, The “D” stands for unsaturated diffusivity, The “K” stands for unsaturated hydraulic

conductivity, The “Θ(z,0)” stands for distribution of initial moisture in soil profile, The “per” stands for test errors, The “w” stands for instrument precisions, The

inverse method is used to calculate distribution of moisture and water uptake in soil profile by testing experimental value (from Fig 1 to Fig 8).

doi:10.1371/journal.pone.0159936.t001
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1. The moisture movement parameters and the parameters in the theoretical root water uptake
model were input, and the inverse method’s control conditions (e.g. time step, space step,
instrument precision, and boundary conditions) were determined.

2. The initial soil moisture profile θ(z, 0) and theoretical root water uptake S(z, 0) were input,
and the equation describing soil water movement (Eq 2) was solved using implicit differen-
tiation to obtain the theoretical moisture distribution in the soil profile at t, denoted as θ(z,
t). Since errors might occur when measuring soil moisture, a vector error (VE) with a nor-
mal distribution was used as a disturbance term (indicated by per value in the program) in
order to make the measured values more accurate. This resulted in the equation: θ�(z,t) = θ
(z,t) + VE.

3. The algebraic equation (Eq 5) was used to fit the values of θ�(z, t) obtained in Step (2), yield-
ing a continuous and smooth distribution curve of θ��(z, t):

y��ðz; tÞ ¼ r1 þ r2ðz � ZÞ þ r3ðz � ZÞ2 þ . . .þ rnðz � ZÞn�1 Eq 5

where r1, r2, . . ., rn are fitting parameters and Z is the cumulative average of z1, z2, . . ., zn.
The fitting process started from n = 3 and continued until the MAE of the calculated values
was smaller than the threshold value for instrument precision w for error control.

4. The inverse method described in Section 5.3 was used to infer the average water uptake over
the period from t1 (initial time) to t2 (ending time), denoted as Sestimated(z, t1-t2), from the
distribution curve of θ�(z, t) obtained by Step (3).

5. The average errors between the theoretical and calculated values of the root water uptake
were analyzed using RMSE, MAE, and ORM, in order to examine the accuracy of the
simulation.

Results

(1) Influence of time interval and time step
Fig 1 shows the theoretical soil moisture distribution and the corresponding water uptake dis-
tribution at different times. It is assumed that the initial soil moisture is normally distributed.
Theoretical values of soil moisture in the soil profile at different times (Fig 1A) were calculated
using the water movement equation (Eq 1) and the theoretical water uptake model (Eq 3).
When calculating root water uptake at different time intervals the theoretical value of soil mois-
ture at 3 d was used as the initial value, because the practical distribution of soil moisture is not
uniform. Then, the distribution of soil moisture at different time intervals was calculated using
the inverse method, as shown in Fig 1B. The figure shows that as the time interval increased
from 2 d to 22 d the degree of correlation between the calculated and theoretical values of root
water uptake first increased and then decreased. The results of the error analysis (Table 2)
show that the differences between the theoretical and calculated values reached the lowest lev-
els when the time interval was between 12 d and 14 d, and the corresponding ORE fell in the
range of 3.53% to 5.83%. As the time interval increased from 2 d to 10 d, the RMSE fell between
5.87×10−4 and 8.42×10−4, the MAE fell between 5.18×10−4 and 2.18×10−3, and the ORE, fell
between 6.52 and 12.68%. Based on these results, the theoretical soil moisture distribution at a
time interval of 12 d (i.e. the soil moisture distribution from 3 d to 15 d) was chosen for further
analysis at different time steps.

Fig 2 illustrates the distribution of water uptake calculated at different time steps. The error
analysis demonstrates that the accuracy was high at the time steps of 1000 and 10000; the
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corresponding RMSE, MAE, and ORE between the theoretical and calculated values fell
between 4.51×10−4 and 4.59×10−4, between 7.12×10−4 and 7.50×10−4, and between 1.50% and
2.63%, respectively. When the time step was 10 or 100, the accuracy was relatively lower, with
the corresponding RMSE, MAE, and ORE ranging from 5.16×10−4 to 5.76×10−4, from
9.88×10−4 to 1.07×10−3, and from 3.83% to 5.31%, respectively. However, the differences
between these ranges and the ranges calculated at time steps of 1000 and 10000 were not signif-
icant. It was determined that the inverse method can yield satisfactory results with relatively
small amounts of calculation at a time step of 100 or 1000.

(2) Influence of hydraulic parameters on the results
Fig 3 shows the calculated water uptake distribution in the soil profile at different levels of
unsaturated hydraulic conductivity. As shown in the figure, the correlation between the calcu-
lated values and theoretical values became weaker as the K value increased or decreased, indi-
cating that changes in the value of K had an effect on the stability of the inverse method.
Further, an increase in the K value exerts a greater effect on the results than a decrease in the K
value. Overall, the errors didn’t vary significantly when the K value was between 0.001 K and
10 K, and the corresponding RMSE, MAE, and ORE fell between 4.42×10−4 and 5.97×10−4,
between 7.05×10−4 and 9.95×10−4, and between 2.79% and 5.81%, respectively. At 100 K, the
errors between the calculated and theoretical values were relatively large: the RMSE was
1.87×10−3, the MAE was 4.24×10−3, and the ORE was 28.84%.

Fig 4 illustrates the calculated water uptake distribution in the soil profile at different levels
of unsaturated diffusivity. The figure demonstrates that as the value of D increased or decreased
the correlation between the calculated and theoretical values increased and then decreased,

Fig 1. Theoretical moisture and calculated water uptake distribution in the soil profile at different times. (a)
Theoretical moisture distribution; (b) Calculated water uptake distribution. Use inverse method to calculate
distribution of moisture (apply SAP after 0, 1, 3, 5, 8, 10, 13, 15, 17, 20d) and water uptake (from apply SAP 3d to
5d, 3d to 8d, 3d to 10d, 3d to 13d, 3d to 15d, 3d to 17d, 3d to 20d) in the soil profile at different times. Theoretical
values are calculated from the root water uptake model developed by Shao AJ et al [33,34] (S = ET×A×[e^-B
(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g001
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which is similar to the pattern observed at different levels of unsaturated hydraulic conductiv-
ity. However, variations in D had a smaller influence, comparatively. As the unsaturated

Table 2. Error analysis between theoretical and calculated values.

Numerical testing Factor Level RMSE MAE ORE (%)

Test 1 Time interval 2 d 1.83×10−3 3.07×10−3 22.97

5 d 1.74×10−3 3.02×10−3 23.95

7 d 1.32×10−3 2.32×10−3 18.54

10 d 1.15×10−3 2.07×10−3 16.05

12 d 5.31×10−4 9.88×10−4 5.83

14 d 3.95×10−4 6.97×10−4 3.53

17 d 5.87×10−4 1.21×10−3 6.52

22 d 8.42×10−4 2.18×10−3 12.68

Time step 10 5.76×10−4 1.07×10−3 5.31

100 5.16×10−4 9.88×10−4 3.83

1000 4.51×10−4 7.12×10−4 1.50

10000 4.59×10−4 7.50×10−4 2.63

Test 2 Unsaturated hydraulic conductivity 100 D 1.64×10−3 3.26×10−3 27.75

10 D 5.85×10−4 1.27×10−3 3.01

5 D 5.35×10−4 9.57×10−4 3.17

0.5 D 1.28×10−3 3.00×10−3 19.95

0.1 D 1.14×10−2 2.95×10−2 120.11

Unsaturated diffusivity 100 K 1.87×10−3 4.24×10−3 28.54

10 K 5.52×10−4 9.95×10−4 5.13

5 K 4.47×10−4 8.20×10−4 2.79

0.5 K 4.23×10−4 7.06×10−4 3.21

0.1 K 4.23×10−4 7.05×10−4 3.18

0.01 K 4.23×10−4 7.05×10−4 3.16

0.001 K 5.97×10−4 9.47×10−4 5.81

Test 3 Test error per = 0.95 5.15×10−4 1.15×10−3 0.28

per = 0.9 6.51×10−4 1.49×10−3 0.55

per = 0.85 1.48×10−3 2.56×10−3 21.04

per = 0.8 1.75×10−3 3.03×10−3 25.64

per = 0.7 2.37×10−3 4.12×10−3 38.03

Instrument precision w = 0.01 4.27×10−4 7.12×10−4 3.41

w = 0.03 7.84×10−4 1.68×10−3 7.14

w = 0.05 2.06×10−3 4.05×10−3 23.13

w = 0.1 4.76×10−3 1.01×10−2 44.66

Test 4 Layered soil sandy loam+silty soil 5.86×10−4 1.02×10−3 5.92

Soil surface evaporation E = 0.03 4.90×10−4 8.52×10−4 4.45

E = 0.1 7.41×10−4 1.41×10−3 7.33

E = 0.3 4.27×10−4 7.12×10−4 3.45

E = 0.6 9.68×10−4 1.50×10−3 5.59

Table 2 shows the error analysis between theoretical and calculated values including main influencing factors: time interval, time step, D, K, test error,
instrument precision, layered soil and soil surface evaporation. The “E” stands for evaporation, The “D” stands for unsaturated diffusivity, The “K” stands for

unsaturated hydraulic conductivity, The “per” stands for test errors, The “w” stands for instrument precisions. The “RMSE” stands for the root mean square

error, which is a measure of dispersion of estimated values. The “MAE” stands for maximum absolute error, which is a measure of maximum deviation of

estimated values from measured values. The “ORE” stands for overall relative error, which is a measure of overall deviation of estimated values from

measured values.

doi:10.1371/journal.pone.0159936.t002
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diffusivity increased from 5 D to 10 D, the corresponding RMSE, MAE, and ORE ranged from
5.35×10−4 to 5.84×10−4, from 9.57×10−4 to 1.27×10−3, and from 3.01% to 3.17%, respectively.
The unsaturated diffusivity of 100 D resulted in an RMSE of 1.64×10−3, MAE of 3.26×10−3,
and ORE of 27.75%, indicating a relatively large influence on the calculation results. However,
notable differences were observed between the effects of changes in the two hydraulic parame-
ters. The results of the error analysis suggested that a decrease in D could significantly affect
the stability of the inverse method. As the D value decreased from 0.5 D to 0.1 D, the RMSE,
MAE, and ORE reached very high levels, at 1.28×10−3–1.14×10−2, 3.00×10−3–2.95×10−2, and
19.95–120.11%, respectively. Additionally, the inverse method was unable to give a solution at
0.01 D. These findings demonstrate that variations in unsaturated diffusivity, especially a
decrease in unsaturated diffusivity, had significantly greater effects on the inverse method’s sta-
bility than variations in unsaturated hydraulic conductivity.

(3) Effects of test error and instrument precision
Fig 5 shows the calculated water uptake distribution at different test errors. As the variation
patterns show, the deviations of the calculated values from the theoretical values increased as
the test error increased; when per� 0.9, the RMSE, MAE, and ORE were between 5.15×10−4

and 6.51×10−4, between 1.15×10−3 and 1.49×10−3, and between 0.28% and 0.55%, respectively,
ensuring relatively high accuracy. When 0.7� per� 0.85, the deviations of the calculated

Fig 2. Calculated water uptake distribution in the soil profile at different time steps. Use inverse method to
calculate distribution of water uptake in the soil profile at different time step (10, 100, 1000, 10000). Theoretical
values are calculated from the root water uptake model developed by Shao AJ et al [33,34] (S = ET×A×[e^-B
(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g002
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values from the theoretical values were relatively significant: the RMSE, MAE, and ORE were
high at 1.48×10−3–2.37×10−3, 2.56×10−3–4.12×10−3, and 21.04%-38.03%.

Fig 6 shows the calculated water uptake distribution at different levels of instrument preci-
sion. It was found that the deviations of the calculated values from the theoretical values
increased with decreasing instrument precision; when w� 0.03, the RMSE, MAE, and ORE fell
within the ranges of 4.27×10−4–7.84×10−4, 7.12×10−4–1.68×10−3, and 3.41%-7.14%, respec-
tively, ensuring relatively high accuracy of calculation. When 0.05� w� 0.1, the RMSE, MAE,
and ORE were high at 2.06×10−3–4.76×10−3, 4.05×10−3–1.01×10−2, and 23.13–44.66%,
respectively.

(4) Effect of layered soil and boundary conditions
Fig 7 illustrates the theoretical moisture in layered soil consisting of sandy loam and silty soil
and the corresponding calculated water uptake distribution in the soil profile. The figure dem-
onstrates relatively small differences between the calculated and theoretical values, with a
RMSE of 5.86×10−4, a MAE of 1.02×10−3 and an ORE of 5.92%.

Fig 8 illustrates the theoretical moisture distribution and calculated water uptake distribu-
tion in the soil profile at different rates of soil surface evaporation. It was found that a higher
rate of soil surface evaporation caused greater differences between the calculated and

Fig 3. Calculated water uptake distribution in the soil profile at different levels of unsaturated hydraulic
conductivity. Use inverse method to calculate distribution of water uptake in the soil profile at different unsaturated
hydraulic conductivity (100K, 10K, 5K, 0.5K, 0.1K, 0.01K, 0.001K). 100Kmeans the value of unsaturated hydraulic
conductivity is increased by 100 times than the normal K, and 0.01Kmeans the value of unsaturated hydraulic
conductivity is reduced by 100 times than the normal K, Theoretical values are calculated from the root water
uptake model developed by Shao AJ et al [33,34] (S = ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g003
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theoretical values. Error analysis suggested that as E increased, the errors increased, decreased,
and increased again (Table 2), in a relatively moderate manner, with the RMSE, MAE, and
ORE falling within the ranges of 4.27×10−4 to 9.68×10−4, 8.52×10−4 to 1.50×10−3, and 3.45% to
7.33%, respectively.

Discussion

Model of soil water movement under the effect of SAP
Few studies have been conducted to model soil water movement under the effect of SAP. Han
YG et al[35] have investigated the patterns of dynamic variation in soil’s hydraulic parameters
under the effect of SAP and constructed a model of water movement in bare soil. In this model,
the duration of SAP’s effect on the soil’s hydraulic parameters, T, is a parameter independent
of the duration of water movement time t, with D(θ,T) and K(θ,T) denoting the two hydraulic
parameters. They solved the s equation to obtain an analytical solution based on assumptions
and simplifications (which were achieved by replacing D(θ,T) in the Richards equation with
average diffusivity D as an approximation). This analytical solution was shown to be capable of
reflecting the dynamic effect of SAP on soil water movement. However, as this model mainly
applies to bare soils, it is extremely difficult to analytically solve when root water uptake is con-
sidered, inhibiting further development of the model. The model of soil water movement

Fig 4. Calculated water uptake distribution in the soil profile at different levels of unsaturated diffusivity.
Use inverse method to calculate distribution of water uptake in the soil profile at different unsaturated diffusivity
(100D, 10D, 5D, 0.5D, 0.1D), 100Dmeans the value of unsaturated diffusivity is increased by 100 times than the
normal D, and 0.01Dmeans the value of unsaturated diffusivity is reduced by 100 times than the normal D,
Theoretical values are calculated from the root water uptake model developed by Shao AJ et al [33,34] (S =
ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g004
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under the effect of SAP described in this paper was also constructed based on variation in
hydraulic parameters, but the model used in this paper regards the duration of SAP’s effect on
the soil’s hydraulic parameters and the duration of water movement time as the same parame-
ter t, with the two hydraulic parameters denoted by D(θ,t) and K(θ,t). This model was solved
by differentiation to obtain numerical solutions. The use of mesh generation in the differentia-
tion method avoids the use of average values of hydraulic parameters when obtaining numeri-
cal solutions. In theory, this model is able to reflect, relatively well, the time-varying effects of
SAP on the hydraulic parameters, it can also indicate the effect of soil layering caused by SAP.
Further, the modeling and numerical method proposed in this paper provide a feasible
approach to solving the source/sink term of root water uptake in the Richards equation as well
as a basis for constructing models of soil water movement under the effect of SAP that consider
water uptake by plant roots.

The Inverse Method of Estimating Root Water Uptake and Its Stability
Since the rate of water uptake is not measurable, inverse methods for calculating it are impor-
tant. The theoretical water uptake models in the inverse method of calculating the source/sink
term of root water uptake referred to in this paper were constructed based on root length den-
sity[11,12]. However, considering the potential effect of SAP’s special functional property on
plant roots, it is impossible to determine whether the rate of root water uptake is directly corre-
lated with root length density in the presence of SAP. Therefore, use of the theoretical water

Fig 5. Calculated water uptake distribution in the soil profile at different test errors.Use inverse method to
calculate distribution of water uptake in the soil profile at different test errors (per = 0.95, per = 0.90, per = 0.85,
per = 0.80, per = 0.70), The bigger the value of per, the smaller the test error. Theoretical values are calculated from
the root water uptake model developed by Shao AJ et al[33,34] (S = ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g005
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uptake models constructed based on root length density would have an influence on the accu-
racy of calculated values obtained with the inverse method. In fact, it is unreasonable to use
theoretical water uptake functions that were established based on root development indicators
when the SAP’s effect on roots remains unclear. For this reason, this paper uses a theoretical
water uptake model that was constructed based on the relationship between transpiration and
root water uptake. The depth of the bottom of the zone that supplies water to plant roots is the
only parameter in this model that is correlated with roots, and the correlation between them is
weak. The use of the model in this study can minimize the potential effect of root development,
thus ensuring the objectiveness of this study and accuracy of the results.

All the factors analyzed in the paper were shown to have an effect on the stability of the
inverse method. Test error and instrument precision were found to have greater effects on the
stability of the results of calculation than other factors, therefore, special attention should be
paid to them. Significant test errors can greatly impair the accuracy of the calculated moisture
distribution, which can in turn cause calculation errors due to the high dependence of the
method on the accuracy of the calculated moisture distribution. Since instrument precision
controls the goodness of fit of the moisture distribution, low instrument precision may obstruct
the generation of smooth and accurate moisture distribution profiles that is required by
the iteration method [36], and lead to calculation errors. Boundary conditions exerted a rela-
tively small influence on the stability of the inverse method. The experimental results demon-
strate that the proposed inverse method of calculating root water uptake applies to both

Fig 6. Calculated water uptake distribution in the soil profile at different instrument precisions. Use inverse
method to calculate distribution of water uptake in the soil profile at different instrument precisions (w = 0.01,
w = 0.03,w = 0.05,w = 0.1), The bigger the value ofw, the smaller the instrument precisions. Theoretical values
are calculated from the root water uptake model developed by Shao AJ et al[33,34] (S = ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g006
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Fig 7. Theoretical moisture and calculated water uptake distribution in the profile of layered soil. (a)
Theoretical moisture distribution; (b) Calculated water uptake distribution. Use inverse method to calculate
distribution of water uptake in the profile of layered soil (sandy loam+silty soil), Theoretical distribution of moisture
and water uptake are calculated from the root water uptake model developed by Shao AJ et al [33,34] (S =
ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g007

Fig 8. Theoretical moisture and calculated water uptake distribution in the soil profile at different rates of soil
surface evaporation (a) Theoretical moisture distribution (b) Calculated water uptake distribution. Use inverse
method to calculate distribution of water uptake in the soil profile at different rates of soil surface evaporation
(E = 0.03, E = 0.1, E = 0.3, E = 0.6), The “E” stands for evaporation. All the distribution of water uptake in the soil
profile are calculated from applying SAP 3d to 15d. Theoretical distribution of moisture and water uptake are
calculated from the root water uptake model developed by Shao AJ et al[33,34] (S = ET×A×[e^-B(lnZ-C)2]/Z).

doi:10.1371/journal.pone.0159936.g008
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homogeneous and layered soils. Normally, a soil’s hydraulic parameters are closely related to
its texture; however, the soil’s texture will exert a slight influence on the results of the inverse
iteration as long as the hydraulic parameter determination is sufficiently reliable. When Shi JC
et al[8] applied inverse iteration to estimate nitrogen uptake by wheat roots they found that the
layering of soil didn’t affect the results of the calculation. Additionally, intense evaporation from
the soil surface was found to have an effect on the calculation results, as indicated by the errors in
the calculated water uptake from the surface soil. Therefore, it is necessary to minimize soil sur-
face evaporation during relative experiments in order to obtain more accurate measurements of
root water uptake from surface soil. The analysis of the hydraulic parameters’ influence suggests
that both unsaturated diffusivityD and unsaturated hydraulic conductivity K significantly influ-
enced the stability of the inverse method, and variations inD, especially decreases, can exert
much greater influence than variations in K. The results of error analysis showed that a decrease
from 0.5D to 0.1D in unsaturated diffusivity resulted in great errors in the calculated values, and
no result was yielded at 0.01D. Previous research suggested that the application of SAP resulted
in a significant decrease, at 0.24–0.30 D, in the soil’s unsaturated diffusivity of the treatment
groups as compared to the control groups. Thus, it is reasonable to infer that when using the
inverse method to calculate root water uptake under the effect of SAP, the calculation results will
have high errors if the dynamic variation inD over time is not considered.

Conclusions

1. The unsaturated water diffusivity and unsaturated hydraulic conductivity of soil under the
effect of SAP were expressed as D(θ,t) and K(θ,t), respectively. The residence time of SAP in
the soil and the duration of the experiment were considered as the same parameter t, simpli-
fying the previously proposed model in which the residence time of SAP in the soil and the
duration of the experiment were two independent parameters. This simplification enables
further development of this model. The modeling method and numerical method proposed
here provide a basis for constructing models of soil water movement under the effect of SAP
that consider water uptake by plant roots.

2. An inverse method was proposed for estimating the source/sink term of root water uptake
in the model of soil water movement under the effect of SAP. Numerical testing was con-
ducted to test this method. The test results suggest that time interval, hydraulic parameters,
test error, and instrument precision significantly affected the stability of this inverse
method, while time step, layering of soil, and boundary conditions exerted relatively smaller
effects. A comprehensive analysis of the method’s stability, amount of calculation, and accu-
racy suggests that the proposed inverse method applies if the following conditions are satis-
fied: the time interval is between 5 d and 17 d; the time step is between 1000 and 10000; the
test error is� 0.9; instrument precision is� 0.03; and the rate of soil surface evaporation
is� 0.6 mm/d.

Supporting Information
S1 Appendix. Data for Figs 1–8.
(XLSX)

Acknowledgments
This work was financially supported by the National Natural Science Foundation of China
(51379210), and National Science and Technology Project (2015BAD20B03), and Beijing

An Inverse Method to Estimate the Root Water Uptake Source-Sink Term under the Effect of SAP

PLOSONE | DOI:10.1371/journal.pone.0159936 August 9, 2016 15 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159936.s001


Science and Technology Plan (D151100004115002), and Key Team Project of State Key Labo-
ratory of Simulation and Regulation of Water Cycles in River Basins (2016ZY05,
ID0112B05201600000).

Author Contributions

Conceived and designed the experiments: RL PY SR.

Performed the experiments: RL.

Analyzed the data: RLWW.

Contributed reagents/materials/analysis tools: PY.

Wrote the paper: RL.

References
1. Yuge K, Anan M, Shinogi Y. Effects of the micro-scale advection on the soil water movement in micro-

irrigated fields. Irrigation Science. 2014; 32(2):159–167. doi: 10.1007/s00271-013-0413-1

2. Lekakis EH, Antonopoulos VZ. Modeling the effects of different irrigation water salinity on soil water
movement, uptake and multicomponent solute transport. Journal of Hydrology. 2016; 530:431–446.
doi: 10.1016/j.jhydrol.2015.09.070

3. Williamson TN, Lee BD, Schoeneberger PJ, Owens PR. Simulating Soil-Water Movement Through
Loess-Veneered Landscapes Using Nonconsilient Saturated Hydraulic Conductivity Measurements.
Soil Science Society of America Journal. 2014; 78(4):1320–1331. doi: 10.2136/sssaj2014.01.0045

4. Draye X, Yangmin K, Lobet G, Javaux M, Tardieu F. Model-assisted integration of physiological and
environmental constraints affecting the dynamic and spatial patterns of root water uptake from soils.
Journal of Experimental Botany. 2010; 61(8):2145–2155. doi: 10.1093/jxb/erq077 PMID: 20453027

5. Gardner WR. Modeling water uptake by roots. Irrigation Science. 1991; 12(3):109–114 doi: 10.1007/
BF00192281

6. Javaux M, Schröder T, Vanderborght J, Vereecken H. Use of a three-dimensional detailed modeling
approach for predicting root water uptake. Vadose Zone Journal. 2008; 7(3):1079–1088. doi: 10.2136/
vzj2007.0115

7. Li H, Yi J, Zhang J, Zhao Y, Si BC, Robert LH, et al. Modeling of Soil Water and Salt Dynamics and Its
Effects on Root Water Uptake in Heihe Arid Wetland, Gansu, China. Water. 2015; 7(5):2382–2401.

8. Shi JC, Zuo Q, Zhang RD. An Inverse Method to Estimate the Source-Sink Term in the Nitrate Trans-
port Equation. Soil Science Society of America Journal. 2007; 71(1): 26–34. doi: 10.2136/sssaj2005.
0395

9. Zhu X, Zuo Q, Shi JC. Analyzing soil soluble phosphorus transport with root-phosphorus-uptake apply-
ing an inverse method. Agricultural Water Management. 2010; 97(2): 291–299. doi: 10.1016/j.agwat.
2009.09.020

10. Zhu XM, Zuo Q, Shi JC. Validation of the inverse method for estimating average root phosphorus-
uptake rate and its application to soil column experiment with winter wheat seedlings. Acta Pedologica
Sinica. 2010; 47(5): 913–922.

11. Zuo Q, Zhang R. Estimating root-water-uptake using an inverse method. Soil Science. 2002; 167(9):
561–571.

12. Zuo Q, Meng L, Zhang R. Simulating soil water flow with root-water-uptake applying an inverse method.
Soil Science. 2004; 169(1): 13–24.

13. Mohammad S, Hossein H. Synthesis of starch-poly (sodium acrylate-co-acrylamide) superabsorbent
hydrogel with salt and pH-responsiveness properties as a drug delivery system. Journal of Bioactive
and Compatible Polymers. 2008; 23(4): 381–404. doi: 10.1177/0883911508093504

14. Thakur VK, Thakur MK. Recent Advances in Graft Copolymerization and Applications of Chitosan: A
Review. Acs Sustainable Chemistry & Engineering. 2014; 2(12): 2637–2652. doi: 10.1021/sc500634p

15. Salimi H, Pourjavadi A, Seidi F, Jahromi PE, Soleyman R. New smart carrageenan-based superabsor-
bent hydrogel hybrid: Investigation of swelling rate and environmental responsiveness. Journal of
Applied Polymer Science. 2010; 117(6): 3228–3238.

An Inverse Method to Estimate the Root Water Uptake Source-Sink Term under the Effect of SAP

PLOSONE | DOI:10.1371/journal.pone.0159936 August 9, 2016 16 / 17

http://dx.doi.org/10.1007/s00271-013-0413-1
http://dx.doi.org/10.1016/j.jhydrol.2015.09.070
http://dx.doi.org/10.2136/sssaj2014.01.0045
http://dx.doi.org/10.1093/jxb/erq077
http://www.ncbi.nlm.nih.gov/pubmed/20453027
http://dx.doi.org/10.1007/BF00192281
http://dx.doi.org/10.1007/BF00192281
http://dx.doi.org/10.2136/vzj2007.0115
http://dx.doi.org/10.2136/vzj2007.0115
http://dx.doi.org/10.2136/sssaj2005.0395
http://dx.doi.org/10.2136/sssaj2005.0395
http://dx.doi.org/10.1016/j.agwat.2009.09.020
http://dx.doi.org/10.1016/j.agwat.2009.09.020
http://dx.doi.org/10.1177/0883911508093504
http://dx.doi.org/10.1021/sc500634p


16. Thakur VK, Thakur MK. Recent advances in green hydrogels from lignin: a review. International Journal
of Biological Macromolecules. 2014; 72:834–847. doi: 10.1016/j.ijbiomac.2014.09.044

17. Thakur VK, Thakur MK, Raghavan P, Kessler MR. Progress in Green Polymer Composites from Lignin
for Multifunctional Applications: A Review. ACS Sustainable Chemistry & Engineering. 2014; 2
(5):1072–1092. doi: 10.1021/sc500087z

18. Soliman AM, Nehdi ML. Effect of partially hydrated cementitious materials and superabsorbent polymer
on early-age shrinkage of UHPC. Construction & Building Materials. 2013; 41(41):270–275. doi: 10.
1016/j.conbuildmat.2012.12.008

19. Thakur VK, Thakur MK. Recent trends in hydrogels based on psyllium, polysaccharide: a review. Jour-
nal of Cleaner Production. 2014; 82(22):1–15. doi: 10.1016/j.jclepro.2014.06.066

20. Dai C, Zhao G, You Q, Zhao M. The investigation of a new moderate water shutoff agent: Cationic poly-
mer and anionic polymer. Journal of Applied Polymer Science. 2014; 131(3):1082–1090. doi: 10.1002/
app.39462

21. Liao RK, Yang PL, Ren SM. Review on superabsorbent polymer application for improving fertilizer effi-
ciency and controlling agricultural nonpoint-source pollution. Transactions of CSAE. 2012; 28(17), 1–
10.

22. Mudiyanselage TK, Neckers DC. Highly absorbing superabsorbent polymer. Journal of Polymer Sci-
ence Part A: Polymer Chemistry. 2008; 46(4): 1357–1364. doi: 10.1002/pola.22476

23. Liao RK, Ren SM,Yang PL. Multi-Chemical Regulation Technology Applied to Dryland Maize(Zeamays
L.) Production in Northern China. Transaction of The ASABE. 2015; 58(6): 1535–1546. doi: 10.13031/
trans.58.11144

24. Yang L, Yang Y, Chen Z, Guo C, Li S. Influence of super absorbent polymer on soil water retention,
seed germination and plant survivals for rocky slopes eco-engineering. Ecological Engineering. 2014;
62(1):27–32. doi: 10.1016/j.ecoleng.2013.10.019

25. Yu J, Shi JG, Dang PF, Mamedov AI, Shainberg I, Levy GJ. Soil and Polymer Properties Affecting
Water Retention by Superabsorbent Polymers under Drying Conditions. Soil Science Society of Amer-
ica Journal, 2012, 76(5):1758–1767. doi: 10.2136/sssaj2011.0387

26. Han YG, Yang PL, Luo YP, Ren SM, Zhang LX, Xu L. Porosity changemodel for watered super absor-
bent polymer-treated soil. Environmental Earth Sciences. 2010; 61(6):1197–1205. doi: 10.1007/
s12665-009-0443-4

27. Guilherme MR, Aouada FA, Fajardo AR, Martins AF, Paulino AT, Davi FT, et al. Superabsorbent hydro-
gels based on polysaccharides for application in agriculture as soil conditioner and nutrient carrier: A
review. European Polymer Journal. 2015; 72:365–385. doi: 10.1016/j.eurpolymj.2015.04.017

28. ZhuangW, Feng H, Wu P. Development of super absorbent polymer and its application in agriculture.
Transactions of the CSAE. 2007; 23(6): 265–270.

29. Bai W, Zhang H, Liu B, Wu Y, Song J. Effects of super-absorbent polymers on the physical and chemi-
cal properties of soil following different wetting and drying cycles. Soil Use & Management. 2010; 26
(3):253–260. doi: 10.1111/j.1475-2743.2010.00271.x

30. Han YG, Yu XX, Yang PL, Li B, Xu L, Wang CZ. Dynamic study on water diffusivity of soil with super-
absorbent polymer application. Environmental Earth Sciences. 2012; 69(1): 289–296. doi: 10.1007/
s12665-012-1956-9

31. Han YG, Wu HF, Yang PL, Ding T, Xin XH, Sun M, et al. Dynamic effects of Super Absorbent Polymer
on physical properties and water infiltration of soil. Agricultural Research in the Arid Areas. 2013; 31(5):
161–167.

32. Lei ZD, Yang SX, Xie SC. Soil water dynamics. Beijing: Tsinghua university press, 1988.

33. Shao AJ. Numerical simulation of soil water movement: a case study of water uptake of crop root.
Hydrogeology and Engineering Geology. 1996; 2: 5–8.

34. Shao AJ, Li HC. The determination of crop root uptake model for field condition. Journal of Hydraulic
Engineering. 1997; 2: 68–72.

35. Han YG. The principle of typical chemical water-saving preparation and the research of their integrated
application. China agricultural university, 2007.

36. Zuo Q, Wang D, Luo CS. Accuracy and stability of the inverse method to estimate the average root-
water-uptake rate and its application. Transactions of CSAE. 2003; 19(2): 28–33.

An Inverse Method to Estimate the Root Water Uptake Source-Sink Term under the Effect of SAP

PLOSONE | DOI:10.1371/journal.pone.0159936 August 9, 2016 17 / 17

http://dx.doi.org/10.1016/j.ijbiomac.2014.09.044
http://dx.doi.org/10.1021/sc500087z
http://dx.doi.org/10.1016/j.conbuildmat.2012.12.008
http://dx.doi.org/10.1016/j.conbuildmat.2012.12.008
http://dx.doi.org/10.1016/j.jclepro.2014.06.066
http://dx.doi.org/10.1002/app.39462
http://dx.doi.org/10.1002/app.39462
http://dx.doi.org/10.1002/pola.22476
http://dx.doi.org/10.13031/trans.58.11144
http://dx.doi.org/10.13031/trans.58.11144
http://dx.doi.org/10.1016/j.ecoleng.2013.10.019
http://dx.doi.org/10.2136/sssaj2011.0387
http://dx.doi.org/10.1007/s12665-009-0443-4
http://dx.doi.org/10.1007/s12665-009-0443-4
http://dx.doi.org/10.1016/j.eurpolymj.2015.04.017
http://dx.doi.org/10.1111/j.1475-2743.2010.00271.x
http://dx.doi.org/10.1007/s12665-012-1956-9
http://dx.doi.org/10.1007/s12665-012-1956-9

