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Evaluating the effects of layered soils on water flow, solute transport,
and crop growth with a coupled agro-eco-hydrological model
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Abstract
Purpose Soil salinization and degradation in the arid and semiarid areas are a worldwide phenomenon. Soil capping with
capillary barriers is a potential practice to hydraulically isolate contaminated soils, which may improve the soil environment
for plant growth. This study aims to investigate the influences of soil capping on crop growth and soil salinization control in the
arid area with shallow groundwater tables.
Materials and methods A one-dimensional agro-eco-hydrological model, LAWSTAC, capable of simulating water and solute
transport in layered soil coupled with crop growth, was applied for simulating sunflower growth under field condition in Arid
Northwest China. The model was calibrated and validated with the experimental data of 2012 and 2013 crop seasons. The
calibrated model was then used to explore how the soil capping consisting of combinations of fine soil (10, 15, 17, 19, and 20 cm
thick) and coarse sand (10, 5, 3, 1, and 0 cm thick correspondingly) would influence the soil water and salt dynamics, and seed
yield.
Results and discussion Simulation results by LAWSTAC compared well with the observed soil water content, salt concentration,
leaf area index, and seed yield. Further scenario simulations showed that a sand layer in the soil capping could greatly affect the
water and salt distribution in the soil above and below the sand layer. Though soil capping could decrease the water storage (WS)
in the root zone, it caused no obvious increase in water stress to root uptake for sand thickness of 1–3 cm and also considerably
reduced the root zone salt content (SC) in crop season compared with that without soil capping. The average WS during the crop
season showed a negative correlation with the thickness of sand layer in the soil capping. The average SC from planting to harvest
was significantly lower for thicker sand in the soil capping. To soils with high background salinization, the increase of sand
thickness would be helpful for enhancing seed yield, until it reached a critical value.
Conclusions Coarse soil layer in the soil capping could prevent salt moving into the root zone, while fine soil could supply water
to plant once water in coarse soil was low. Thus, in a long run, the soil capping consisting of combinations of fine and coarse soils
with certain thicknesses would be an alternative practice for saline soil reclamation and improving crop production in arid area
with shallow groundwater tables and soil salinization.
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1 Introduction

Water shortage and soil salinity are major concerns for agri-
cultural development in the arid and semiarid regions of the
world (Askri et al. 2014; Ghamarnia and Jalili 2014). High
evaporation and shortage of freshwater resources exacerbate
soil salinization in these areas (Xu et al. 2013; Mora et al.
2017). On average, more than 30% of the irrigation lands in
the arid and semiarid regions are affected by salts (Asfaw et al.
2018), resulting in reduction of the crop production and eco-
nomic income. Furthermore, salinity triggers the processes of
soil particle dispersion and nutrient lose, which could turn the
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farmland to barren land. With the increasing population pres-
sure and food demand, it is necessary to reclaim the salinized/
barren land to farmland for agricultural production under the
background of water shortage (Metternicht and Zinck 2003).

Water and solute transport in layered soil greatly differs
from the homogeneous one. Besides, research results showed
that the textures, thicknesses, and locations of soil layers in
vertical profile have distinct effects on water and salt dynam-
ics in the crop root zone, and consequently on the crop pro-
ductivity (He et al. 2013; Predelus et al. 2015). This influence
not only presents on water flow but also on the soil water and
salt storage (Ityel et al. 2011; Liu et al. 2019). Taking advan-
tage of the different properties of soil layers, the technique of
layering soil has been used in the crop root zone to save agri-
cultural irrigation water and to alleviate soil salinization con-
dition (Wehr et al. 2005; Ityel et al. 2012).

Field and lab experiments were conducted to show the
effect of texturally distinct soil on water and solute dynamics,
and crop production (Zettl et al. 2011; Cheng et al. 2013). The
mechanisms can be attributed to the textural properties of the
soil. When the water content is high, coarse-textured soils
offer lower resistance to water and solute transport than fine-
textured soils. However, with soil drying, unsaturated hydrau-
lic conductivity as well as hydraulic connectivity of coarse-
textured soils decreases sharply turning it into a capillary bar-
rier (Si et al. 2011). As a result, the presence of a fine-textured
soil layer overlying a coarse-textured soil layer will improve
the soil water storage in the upper soil due to the capillary
barrier effect (Huang et al. 2011; Ityel et al. 2012), and the
coarse interlayer soil could prevent upward salt migration into
the topsoil (Rooney et al. 1998). Layering coarse- over fine-
textured soils can also in , crease the water storage when the
hydraulic conductivity of the fine-textured soil is less than that
of the overlying coarse soil. Therefore, the layered soil could
favor vegetation establishment and increase crop yield under
high evaporation and soil salinization condition (Ren and
Huang 2016). However, field experiments reported so far
were conducted under different experimental conditions, and
reported results are hard to be generalized based on differ-
ences in texture, thickness, and location of soil horizons.

Numerical simulation can depict the detailed physical pro-
cess and improve our understanding of the influence of soil
layers on water and solute transport as well as the crop growth
and yield (Chen et al. 2015; Lekakis and Antonopoulos 2015).
Among the hydrologic models, HYDRUS (Simunek et al.
2005) and SWAP (van Dam et al. 1997) are two widely used
models and have been applied to the arid area worldwide
(Zhou et al. 2012; Xu et al. 2013), which could enhance the
insights gained from the experimental studies. HYDRUS can-
not evaluate crop yield response to agricultural managements.
SWAP can simulate the crop growth, but due to the explicit
central difference scheme, it cannot simulate solute transport
well in some cases. To better understand water flow, solute

transport, and crop response in farmlands, many studies have
coupled the hydrologic and crop growth models. For example,
Wang et al. (2017) coupled the HYDRUS-1D with the growth
module of EPIC (Williams et al. 1989) to investigate the salt
and water movement, and crop response to water deficit and
salinity. Xu et al. (2018) developed an integrated numerical
model (AHC) for simulating the soil water and solute dynam-
ics, heat transport, and crop growth and yield for Northwest
China. Despite the previous efforts of investigating the effect
of agricultural managements on soil water and salt dynamics,
and crop yields, few have investigated the influence of soil
layer on retaining water while alleviating salinization for en-
suring stable crop yields in arid region with shallow ground-
water table and high evaporative demand. Besides, the influ-
ence of salt on soil evaporation is ignored in the agro-
ecosystem process simulations. Typically, the Richards
equation-based models usually adopt the arithmetic averaging
method to calculate the internodal conductivities for solving
the Richards equation (Simunek et al. 2005), but few studies
had used geometric mean with more accuracy and stability of
calculated water flux into the cropland with salinization. For
layered soil, only a limited number of studies had discussed
the effect of different averaging methods on water flow under
soil column condition (Brunone et al. 2003; Szymkiewicz and
Helmig 2011).

The objectives of this study were (a) to calibrate and vali-
date the agro-eco-hydrological model LAWSTAC with data
on soil water and salt, as well as sunflower growth in Arid
Northwest China with a shallow groundwater table, and (b) to
evaluate the effects of soil capping consisting of a fine soil
overlying a coarse soil on simulated water storage and salt
accumulation in root zone and corresponding crop yield.
Results aimed to provide an improved knowledge on practices
for saline soil reclamation and agricultural production in the
salinized/barren land of the arid area.

2 Materials and methods

2.1 Field experiment

2.1.1 The study area

The experiment was conducted at the Jiefangzha Irrigation
Scheme (JFIS; 40° 48′ N, 107° 05′ E) of the Hetao Irrigation
District (HID), InnerMongolia Autonomous Region of China.
The study area, JFIS, is the second largest irrigation scheme in
the HID. The site has a typical arid and semiarid continental
climate. The annual average temperature is 8.2 °C with sun-
shine hours per year ranging from 3100 to 3300. The soil
freezing period lasts for 180 days from November to late
May. Mean annual precipitation and pan evaporation are 160
and 2240 mm, respectively. The depth to groundwater table
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varies from 0.5 to 3.0 m. Soils in the HID are mainly formed
from alluvial deposits and have silt loam to sandy loam tex-
tures (US soil taxonomy). Soil types are classified as fluvo-
aquic soils, meadow soils, bog soils, solonetz, and eolian
sandy soils, according to the Genetic Soil Classification of
China (Shi et al. 2004).

The agricultural fields are irrigated using surface flood ir-
rigation with water diverted from the Yellow River. The ex-
perimental area is flat with shallow groundwater table due to
the seepage from canals and deep percolation from croplands.
High evaporative demand has led to salt accumulation in the
surface soil and root zone, and has caused severe secondary
soil salinization (Xu et al. 2015). The common practice to
alleviate salts in the root zone was to leach during fallow
season. However, due to the decreasing allocation of water
resources for agricultural production in the arid area, leaching
with large amounts of irrigation water is no longer viable and
new strategies need to be explored.

2.1.2 Experimental design

Field experiment was conducted in Yangchang canal com-
mand area of JFIS during 2012 and 2013 (Ren et al. 2016).
The sunflower was cultivated in a 0.4-ha experimental plot.
The sowing and harvesting dates were 31 May and 20
September in 2012, and 3 June and 21 September in 2013,
respectively. Surface flood irrigation was applied to the field
two to three times during the season and a trapezoidal thin-
wall weir was used to measure the volume (Table 1). Before
sowing, about 200 mm of irrigation was applied to the sun-
flower field to leach salts below the root zone. The total dis-
solved solid concentration of the irrigation water was
0.5 g L−1. Meteorological data collected from the nearby
Linhe weather station (41° 46′N, 107° 24′ E) include sunshine
hours, maximum and minimum air temperature, precipitation,
wind speed, and relative humidity.

To characterize the soil physical properties, soil samples
were collected from the surface to the depth of 3.0 m. Using
undisturbed soil samples of 100 cm3, the saturated hydraulic
conductivity was determined using constant-head
permeameter (Wit 1967), and the saturated soil water content
and the dry bulk density were obtained by oven dryingmethod
(Grossman and Reinsch 2002). The disturbed soil samples
were used to determine the percentages of sand, silt, and clay

using laser particle size analyzer (MalvernMS2000, UK). The
soil profile was classified into four horizons according to the
soil physical properties (Table 2). Although soil textures in the
profile was silt loam (US soil taxonomy), the soil particle size
distributions, bulk densities (Table 2), and the corresponding
hydraulic characteristics (Table 3) changed with soil depth.
Soil samples were also collected every 7 to 15-day interval
to monitor soil water and salt contents from the sampling
depths of 0–10, 10–20, 20–40, 40–60, 60–80, and 80–
100 cm. Soil salt content (SSC, g kg−1) was first empirically
obtained from the electrical conductivity of the 1:5 soil water
extract, and then, the salt concentration (Csw, g L−1) was cal-
culated by using soil water content (θ, cm3 cm−3), SSC, and
bulk density (ρ, g cm−3; kg L−1), i.e.,Csw = SSC·ρ / θ (Xu et al.
2013). The groundwater levels in the different observation
wells were measured by a water level logger (HOBO-U20,
USA), and the average groundwater depth were 1.3 and
1.4 m for 2012 and 2013 crop seasons, respectively. The
groundwater electrical conductivity (ECw, mS cm−1) was mea-
sured every 10 days and converted to salt concentration (Cw,
g L−1) using the empirical relationship Cw = 0.69ECw (Ren
et al. 2016).

Meanwhile, the crop height data were collected every 10–
15 days using a tape, and leaf area index (LAI) was measured
every 15 days using ACCUPAR-LP80 (Decagon Devices,
USA). When sunflower was ripe, 3 representative sampling
locations were determined in the experimental field and 10
plants were continuously selected at each location in the di-
rection of the crop row. The selected plants at each sampling
location were harvested together manually. After drying the
water content of seeds to 5%, seed yield per plant was obtain-
ed by averaging the 10 plant yields for each sampling location.
In total, 3 replicates of seed yield per plant were calculated.
Based on the planting density of sunflower, the seed yields per
plant were converted to seed yields per hectare. The mean
value and standard deviation of the seed yield were calculated
based on the 3 replicates.

2.2 Model description

A one-dimensional (1D) agro-eco-hydrological model
LAWSTAC (Fig. 1) is used in this study (Chen et al. 2019).
LAWSTAC model integrates processes such as evapotranspi-
ration, water flow, solute transport, root water uptake, and

Table 1 Irrigation schedule of sunflower in 2012 and 2013

Year Date Irrigation depth (mm) Year Date Irrigation depth (mm)

2012 June 22 90 2013 June 27 103

August 2 92 July 17 106

August 8 90
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crop growth. In this model, the potential crop evapotranspira-
tion is calculated using Penman-Monteith method (Allen et al.
1998) and partitioned into potential soil evaporation and po-
tential crop transpiration based on LAI. The soil water flow in
vertical direction is described by the Richards equation with
root water uptake as a sink term. The van Genuchten-Mualem
model (VG-M) (Mualem 1976; van Genuchten 1980) de-
scribed the soil hydraulic properties. For simulating solute
transport, the 1D convective-dispersive equation was applied.
Because selective uptake may occur for ions in the root zone,
the solute uptake was regarded as a source/sink term. Since
salt uptake rate was relatively small (Munns et al. 2006), the
salt uptake by plant was not considered. For the root water
uptake, Feddes et al. (1978) function calculated the water
stress factor with value range from 0 to 1 (no stress), and
Maas and Hoffman (1977) described the salinity stress factor.
The evaporation rate was controlled by surface soil water con-
tent and salt concentration. The crop growth was based on the
EPIC crop growth model (Williams et al. 1989), which con-
siders leaf area and root development, interception of solar
radiation by the crop canopy, conversion of energy to bio-
mass, and calculation of yield from biomass together with
the effects of water, solute, and temperature stress. Biomass
is computed from the photosynthetic active radiation
intercepted by the crop leaf area using the plant radiation use
efficiency. Belowground biomass (root weight) was
partitioned from total biomass with fraction decreasing linear-
ly from emergence to maturity. The LAI is divided into a

growth stage and a senescence stage and computed as a func-
tion of heat units and crop stress. The crop height and root
depth were estimated as functions of their maximum values
and heat units. The vertical root distribution along its depth is
treated as a linear function of the root depth (Shang et al.
2009). Crop yield is estimated from the aboveground biomass
by using the harvest index, and the aboveground biomass is
equal to total biomass minus root weight.

Implicit finite difference method was used for solving the
Richards and convective-dispersive equations. For simulation
with layered soil, 8 different averaging methods for estimating
hydraulic conductivity in the middle of two adjacent nodes
were considered in the model. In this study, geometric mean
method was selected to calculate the hydraulic conductivity
on the half nodes.

2.3 Calibration and validation methods

The simulation area from ground surface to the depth of
300 cm was composed of 4 layers (Table 2). For numerical
simulation, the 4 layers were further discretized into 301
nodes with uniform spacing of 1 cm.

The initial values of soil water content and salt concentra-
tion along the simulation domain were determined at the be-
ginning of the sunflower growth seasons. For the soil water
simulation, an atmospheric boundary condition was used as
the upper boundary, which was governed by irrigation, pre-
cipitation, and evaporation. Due to the high groundwater

Table 3 Calibrated soil hydraulic
and salt transport parameters Depth (cm) θr

(cm3 cm−3)
θs
(cm3 cm−3)

α
(cm−1)

n
(−)

Ks

(cm day−1)
l
(−)

DL

(cm)
D0

(cm2 day−1)

0–40 (SL1) 0.05 0.42 0.010 1.5 13.0 0.5 20 10
40–170
(SL2)

0.04 0.47 0.012 1.5 18.4 0.5 20

170–250
(SL3)

0.08 0.51 0.007 1.2 4.8 0.5 20

250–300
(SL4)

0.06 0.44 0.012 1.7 22.2 0.5 20

SL is a shortened form of silty loam, θr and θs are the residual and saturated soil water content respectively,α is the
air-entry parameter, n is the pore size distribution parameter, l is the pore connectivity parameter, Ks is the
saturated hydraulic conductivity, DL is the longitudinal dispersivity, and D0 is the molecular diffusion coefficient
in free water

Table 2 Soil physical properties
at the experimental site Depth

(cm)
Textural fractions (%) Soil

texture
Bulk density
(g cm−3)

Sand (2.0–
0.05 mm)

Silt (0.05–
0.002 mm)

Clay
(< 0.002 mm)

0–40 25.7 63.8 10.5 Silt loam 1.51

40–170 32.4 61.2 6.4 Silt loam 1.44

170–250 2.1 72.6 25.3 Silt loam 1.51

250–300 20.1 67.5 12.4 Silt loam 1.44
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table, a variable pressure head boundary condition was spec-
ified at the bottom, which was determined by the observed
groundwater level. For the solute transport, the upper bound-
ary condition was defined as a flux type and the lower bound-
ary as a concentration type.

The input parameters related with soil hydraulic property,
solute transport, and crop growth were initially specified be-
fore simulation and adjusted based on the measured data in the
calibration stage. The soil hydraulic characteristics θr, θs, α, n,
l, and Ks in Table 3 were predicted by Rosetta pedotransfer
functions (Schaap et al. 2001) using measured soil particle
size fractions and bulk density (see Table 2). The values of
solute transport parameters (DL and D0 listed in Table 3) and
root water uptake parameters (h0, h1, h2h, h2l, and h3 listed in
Table 4) were obtained from Wesseling et al. (1991). The
initial sunflower growth parameters (see Table 4) were from
Williams et al. (1989), and initial evaporation stress parame-
ters (θ1, θ2, and kp listed in Table 4) were determined accord-
ing to Chen et al. (2019).

The measured data of soil moisture, salt content, and
sunflower physiological index/yield during growth sea-
sons were used to calibrate and validate the LAWSTAC
model. Because there were more measurements in 2013
than 2012, the LAWSTAC was calibrated using experi-
mental data of 2013, and was validated with the 2012
data. During calibration, a trial-and-error method was
used to obtain a good agreement between the simulated
and the observed data. In addition, the model perfor-
mance was evaluated by statistical indicators (Moriasi
et al. 2007), including the root mean square error
(RMSE), the index of agreement (d), the Nash and
Sutcliffe model efficiency (NSE), the coefficient of deter-
mination (R2), and the percent bias (PBIAS) as shown in
Eqs. (1–5).
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where Pk and Ok (k = 1,2,……, n) are, respectively, the simu-
lated and observed values, P and O are, respectively, the av-
erage simulated and observed values, and n is the number of
observations. The value of RMSE and PBIAS approach 0.0,
and d, NSE, and R2 values are close to 1.0 for a good model
performance.

To understand the influence of model parameter uncer-
tainties on the simulation results, uncertainty analysis was
conducted for the calibrated model. For a physically based
agro-hydrological model based on the Richards equation for

Soil Data
GW Data
Crop parameter
Irrigation Data

LAWSTAC

Soil water flow

Solute transport

Crop growth module

Climatic Data
-Sunshine hours

-Temperature

-Wind speed

-Air humidity

-Vapor pressure

ETpCrop height

Root depth

LAI

Crop yield

Ep & Tp

Ea & Ta

WS=Ta/Tp

Temperature

stress

Kc

f1=f( c
f2=f( c

Fig. 1 The framework of the
LAWSTAC model. ETp is the
potential evapotranspiration
(cm day−1); Ep and Tp are,
respectively, the potential soil
evaporation and crop
transpiration (cm day−1); Ea and
Ta are the actual soil evaporation
and crop transpiration (cm day−1),
respectively; f1 and f2 are the
water and salinity stress response
functions for calculating Ea and
Ta, respectively; θ is the surface
soil water content (cm3 cm−3); c is
the surface salt concentration
(g L−1); Kc is the crop coefficient
under optimal environmental
conditions; LAI is the leaf area
index; GW represents
groundwater, andWS is the water
stress
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water flow, advective-dispersive equation for solute transport,
and EPIC crop growth module, Xu et al. (2016) used a global
method for parameter sensitivity analysis and found that the
highly sensitive parameters included soil hydraulic parameters
(θs, α, n, and Ks), salt transport and salt stress parameters (DL,
ECmax, and ECslop), and crop growth parameters (Tb, LAImax,
Lr, HUI0, and PHU). In the uncertainty analysis, the calibrated
values of the highly sensitive parameters were treated as ref-
erence values, and the variation range of these parameters
were set ± 10 ~ 50% of the reference values (Table 5), assum-
ing that the selected parameters followed uniform distribution.
Random values of the 16 parameters are generated within the
range, with each parameter to be sampled only once for one
group, and totally 50 groups of parameters were generated to
drive the model simulation for each crop season.

2.4 Scenario analysis

Previous research showed that a coarse sand layer underlying
fine textured soils can reduce infiltration rate (Miller and
Gardner 1962), and depress water and solute transport during
evaporation for a deep groundwater table (Shi et al. 2005). In
this research, we used a series of scenarios to investigate how
soil capping with a fine layer overlying a coarse layer

Table 4 Calibrated values of crop
and soil parameters in crop
growth model, root water uptake
model, and evaporation stress
model

Parameters Values

Base temperature for crop growth, Tb (°C) 6.0

Optimal temperature for crop growth, T0 (°C) 24.0

Maximum crop height, Hmax (cm) 177.0

Maximum root depth, RDmax (cm) 90.0

Maximum potential leaf area index, LAImax (m
2 m−2) 5.0

Maximum leaf area index under crop stress factor, LAI0 (m
2 m−2) 4.6

Leaf area index decline rate, Lr (−) 0.6

Parameter for converting energy to biomass, BE (kg m2 ha−1 MJ−1) 40.0

Point in the growth season when leaf area begins to decline, HUI0 (−) 0.56

Extinction coefficient, β (−) 0.55

Harvest index, HI (−) 0.25

Total potential heat units required for crop maturation, PHU (°C) 2000.0

Ratio of root water uptake in the upper half of root zone to the total water uptake, mr (−) 0.70

h below which roots start to extract water, h0 (cm) − 0.1
h below which optimal roots uptake water starts, h1 (cm) − 5
h below which water uptake water reduction starts at high atmospheric demand, h2h (cm) − 300
h below which water uptake water reduction starts at low atmospheric demand, h2l (cm) − 400
h below which water uptake is zero, h3 (cm) − 10,000
Salinity threshold below which no salt stress, ECmax (dS m−1) 4.0

Decline rate of root water uptake, ECslop (% m dS−1) 6.4

Threshold value below which the actual evaporation rate becomes 0, θ1 (cm
3 cm−3) 0.07

Threshold value above which the actual evaporation rate becomes potential value, θ2
(cm3 cm−3)

0.26

Parameter for salt stress on evaporation, kp (−) 0.0001

h is the pressure head

Table 5 Variation range of the highly sensitive parameters in the
uncertainty analysis

Parameter Range

θs1 0.378–0.462

θs2 0.423–0.517

α1 0.006–0.014

α2 0.007–0.017

n1 1.2–1.8

n2 1.2–1.8

Ks1 6.5–19.5

Ks2 9.2–27.6

DL 10.0–30.0

ECmax 3.6–4.4

ECslop 5.76–7.4

Tb 5.4–6.6

LAImax 4.0–6.0

Lr 0.48–0.72

HUI0 0.504–0.616

PHU 1850.0–2150.0

Subscripts 1 and 2 represent the first and the second soil layer,
respectively
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influences water and salt movement as well as the crop yield
(Fig. 2). The fine soil in the capping layer acted as a water
reservoir, while the coarse layer as a capillary barrier. The fine
soil material used in the capping layer was the native silt loam
soil (SL1). The coarse soil material in the capping layer was a
sand consisting of 87% of sand particles, 10% of silt particles,
and 3% of clay particles, with the θr = 0.04 cm3 cm−3, θs =
0.4 cm3 cm−3, α = 0.04 cm−1, n = 2.06, Ks = 150 cm day−1,
DL = 20 cm, and D0 = 10 cm2 day−1 (Gao et al. 2017).

The designed thickness of the capping layer was 20 cm
overlaying the ground surface. Therefore, the soil layer (20–
320-cm depth from the elevated ground surface) in the soil
profile A (Fig. 2) denoted the existing soil without soil cap-
ping in the experimental site, and SL1, SL2, SL3, and SL4
were the original soil textures in the experiment site (Table 3).
The scenario simulations included one control treatment (B in
Fig. 2) and four treatments (C to F in Fig. 2) with different soil
capping sequences. The detailed soil capping sequences in the
scenarios B to F are listed in Table 6.

Various groundwater depth scenarios were designed for
scenarios C and D, and simulated using the LAWSTAC.
Scenario analysis was conducted to investigate the effect of
possibly variation of groundwater depth on water and salt
dynamic in the root zone, and crop yield under soil capping
condition. The present groundwater depth for scenarios C and
Dwas the reference value, written as R + 0. For scenarios of R
− 10, R − 20, R + 10, and R + 20, the reference groundwater
depth would be 10 or 20 cm less, and 10 or 20 cm more from
capping surface, respectively.

3 Results and discussion

3.1 Calibration process

3.1.1 Soil water content and salt concentration

Simulated and observed soil water contents at different
soil depths are presented in Fig. 3 (left) . The
LAWSTAC could capture both the trend and values of
measured soil water content in the field with RMSE of
0.02 cm3 cm−3, R2 of 0.86, NSE of 0.79, and PBIAS of
2.93%. The fluctuations were more apparent at soil
layers near the ground surface, while for deeper soil
layers, only the fluctuations caused by three large irri-
gation events were visible. The average soil moisture at
deeper soil layers was generally higher than the upper
layers due to the capillary rise from shallow groundwa-
ter table.

The observed and simulated salt concentrations at dif-
ferent soil depths are shown in Fig. 3 (right). The fluctu-
ations of salt concentrations were in the opposite direction
than those of the soil water contents indicating dilution
with irrigation. The comparison between observed and
simulated sal t concentrat ion showed a RMSE =
0.74 g L−1, a d = 0.78, a NSE = 0.40, and a PBIAS =
2.49%, which demonstrated a good prediction by the
model. In addition, Fig. 3 shows that the model predicted
uncertainty bands for soil moisture and salt concentration
covered most of the observations, which indicated a reli-
able simulation of soil water and salt dynamics under the
impacts of the parameter uncertainties.

3.1.2 Crop height and seed yield

The results of LAI and sunflower height showed a close
match between the observed and simulated values (Fig. 4).
The deviation of crop height in the late growth stage was
due to crop bending caused by the increasing weight of
sunflower heads. The values of RMSE, NSE, and R2 were
0.28 m2 m−2, 0.97, and 0.98 for LAI, respectively. For the
crop height, the NSE was 0.93 with an R2 of 0.94. In ad-
dition, most of measured LAI values located in the simu-
lated uncertainty bands.

As shown in Table 7, the simulated crop yield was
4352 kg ha−1 slightly greater than the observed yield.
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Table 6 Soil capping sequences and corresponding thicknesses in the scenarios B to F

Profile B C D E F

Sequence and
thickness

SL1 (20 cm) overlying
sand (0 cm)

SL1 (19 cm) overlying
sand (1 cm)

SL1 (17 cm) overlying
sand (3 cm)

SL1 (15 cm) overlying
sand (5 cm)

SL1 (10 cm) overlying
sand (10 cm)
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However, simulated yield was within a standard deviation of
the observed and also within the range of simulated yield
uncertainty. All these results confirmed the good performance
of the LAWSTAC to simulate crop growth.

3.2 Validation process

3.2.1 Soil water content and salt concentration

As shown in Fig. 5, the simulated soil water content and salt
concentration were in agreement with the measured values for
various soil layers during validationwith data of 2012with the
d of 0.90 and R2 of 0.72 for both soil water content and salt
concentration. The RMSE, NSE, and PBIAS were
0.03 cm3 cm−3, 0.53, and 3.01% for soil water content,
0.66 g L−1, 0.55, and − 2.11% for salt concentration, respec-
tively. Figure 5 also demonstrates that most of the measured
soil water content and salt concentration were within the pre-
dicted uncertainty bands. The results confirmed that
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Table 7 Observed and simulated crop yields in 2012 and 2013

Year Yield (kg ha−1)
Measured Simulated Uncertainty

2012 4300 ± 500 4197 3452–4552

2013 4100 ± 400 4352 3577–4591

The figures after the “±” sign correspond to the standard deviation
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LAWSTAC was reliable to simulate water and salt dynamics
in response to the parameter uncertainties under field
condition.

3.3 LAI, crop height, and seed yield

The simulation results by LAWSTAC in validation showed
good agreements with the measured data of LAI and crop
height (Fig. 6). The values of d, NSE and R2 (Fig. 6) for LAI
and the crop height also confirmed the model performances.
As shown in Table 7, the simulated sunflower yield was less
than the measured crop yield, but it was within a standard
deviation of the observed results. In addition, the simulated
uncertainty range for LAI and crop yield covered the mea-
sured data. The results indicated that LAWSTAC was reliable
and could be used to simulate crop growth and seed yield.

3.4 Water and salt balance in the root zone
for the original soil profile

The simulation results of soil water and salt components in the
root zone during the crop growth seasons of 2012 and 2013
were analyzed for profile A. As shown in Table 8, actual
evapotranspiration was above 400 mm with Ta accounting
for about 70% of ETa. The soil water content in the root zone
in 2012 (averaged 0.35 cm3 cm−3) and 2013 (averaged
0.33 cm3 cm−3) crop seasons was all relatively high.
Therefore, the higher root zone salt concentration in 2012
(averaged 4.48 g L−1) resulted in more stress on root water
uptake than that in 2013 (averaged salt concentration
3.84 g L−1) (Fig. 7).

Deep percolation mainly occurred after large irrigation,
with the cumulative depth of 140 and 117 mm in 2012 and
2013, respectively (Table 8). The simulated total amounts of
salt leaching were 645 and 533 g m−2 for 2012 and 2013,
respectively. Despite the large irrigation depth, water from
capillary rise played an important role for crop growth since
the time interval between irrigations was large and evapotrans-
piration demand was high. Accompanied with the capillary
rise of soil water, the salt underneath was brought into the
upper soil and accumulated in the soil surface and the root
zone. The higher water table in 2012, consequently higher

capillary rise, resulted in greater salt accumulation (475 and
350 g m−2 for 2012 and 2013, respectively) in the root zone.

Salt storage in the root zone during the growth seasons
slightly decreased in 2012 and 2013. Initial salt storage in
the root zone was less in 2013 than 2012, mainly because of
the leaching during fallow season between 2012 and 2013. It
indicates that the negative balance of salt storage was largely
due to the leaching during the fallow season for the original
soil profile, which may not be sustainable due to the scarce
agricultural water resources in arid areas.

3.5 Soil water and salt distribution in the soil profile
with a soil capping

In order to understand the impact of an embedded sand layer
in the soil capping on the soil water and salt distribution, we
compared the simulated soil water storage and salt content for
scenarios B to F in the soil above (0–10-cm depth) and below
(20–90-cm depth) the sand layer during the crop season
(Figs. 8 and 9). As shown in Fig. 8, the scenario with a thicker
sand layer showed a slightly higher water storage in 0–10-cm
soil layer after each irrigation (e.g., scenario F), and then, it
dropped rapidly, turning to have a much lower water storage
before the next irrigation. It is because the upper fine soil
could draw water from the lower sand layer due to the high
suction of the fine soil, while the upward flow reduced when
the sand layer lost too much water and turned into a capillary
barrier with the rapid decrease of unsaturated hydraulic con-
ductivity (Fig. 10) (Huang et al. 2013). With the thicker sand
layer, the more prominent this phenomenon could be. As to
the water storage in 20–90-cm soil layer, with a thicker upper
sand layer, the decrease of soil water storage was more mildly
because it tended to keep more water (i.e., prevented the up-
ward flow) in this layer. It is especially obvious at the late crop
growth stage when the groundwater table was relatively deep.
As to the water storage during the irrigation and rainfall event,
less water was infiltrated into the 20–90-cm soil with a sand
layer above it (as shown in Fig. 8). It is mainly because the
sand layer intercepted more water during infiltration process
and thus spared less water for the lower layer.

As shown in Fig. 9, the salt content in 0–10-cm soil layer
with a sand layer below was lower than that for scenario B
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(without sand layer below) after an irrigation event, and the
reduction was more obvious in scenarios with a thicker sand
layer. This is because more salt in the upper soil was leached
down with a sand layer below after a large amount of irriga-
tion. In the soil water decreasing period, the sand layer acted
as a capillary barrier (as mentioned above) and tended to take
less salt upward into the 0–10-cm soil layer. As to the salt
content in the 20–90-cm soil layer, it was lower with sand
layer above (scenarios C to F) compared with that without
the sand layer (scenario B) before the late crop growth stage,
but inversely higher in the late crop growth stage. The reason
is discussed below. Before the late crop growth stage, during
the irrigation and rain, the salt in the 0–10-cm soil was leached
downward and parts of them were intercepted by the sand
layer. Therefore, less salt migrated into the 20–90-cm soil with
a thicker upper sand layer. The capillary rise into the crop root
zone was also lower for scenarios C to F (85–104 mm and 64–
82 mm in 2012 and 2013 crop season, respectively) than that
for scenario B (106 mm in 2012 and 86 mm in 2013).
Therefore, less salt from the deep soil was brought into the
root zone through capillary rise for C to F. As a result, the salt
content in the 20–90-cm soil layer was lower for scenarios
with an upper sand layer in this period. In the late crop growth

stage without irrigation, the soil water content in the upper soil
layer decreased greatly and a large amount of capillary rise
occurred that brought more salt into the root zone. While at
this stage the sand layer with low water content acted as a
capillary barrier and inhibited the salt migration into the upper
soil which left more salt in the 20–90-cm soil layer.

3.6 Impacts of soil capping on water and salt storage
in the root zone and crop yield

By comparing the simulation results for scenarios B to F with
the original soil profile A, we investigated the effects of soil
capping with increased sand layer thickness on the water stor-
age and salt content in the root zone, and crop yield. Note that
the groundwater depth increased for scenarios B to F com-
pared with A, because of soil capping.

Figure 11a and b give the water storage (the average
value of the whole growing season) in the root zone with
and without soil capping in 2012 and 2013, respectively.
Obviously soil capping reduced the soil water storage in
the root zone. It is because soil capping increased the
groundwater depth and reduced the capillary rise. As
shown from the simulation, the capillary rise into the root
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transpiration (Ta, Tp), actual and
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Table 8 Water and salt balance in
the root zone for the original soil
(A) during the simulation period
from May 31 to September 20 in
2012 and from June 3 to
September 21 in 2013

2012 2013

Water (mm) Salt (g m−2) Water (mm) Salt (g m−2)

Season irrigation 182 91 299 150

Season rainfall 161 0 87 0

Initial storage 374 1577 351 1305

Final storage 276 1498 257 1272

Percolation 140 645 117 533

Capillary rise 126 475 96 350

Actual transpiration, Ta 295 0 323 0

Actual evaporation, Ea 132 0 136 0
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zone for scenarios B to F in 2012 season (85–106 mm)
and 2013 season (64–86 mm) were all lower compared
with treatment A (126 and 96 mm for 2012 and 2013,
respectively), and the thicker sand layer in the soil cap-
ping induced less capillary rise into the root zone.
Besides, the sand in the root zone usually showed a lower
soil water content than the fine soil (Jury and Horton
2004). Though, as sand thickness increased in the soil
capping, the average water storage in the root zone de-
creased compared with the treatment A without soil cap-
ping, the soil water stress to root water uptake changed
little for scenarios B to D (averaged stress factor ranged

0.988–0.999 for the two crop seasons) compared with A
(averaged stress factor was 0.998 for 2012 and 0.995 for
2013).

The average salt content (the average value of the whole
growing season) in the root zone with and without soil cap-
ping are shown in Fig. 11c and d. Results show that the soil
capping can reduce the average salt content in the root zone,
and thicker sand layer showed better performance on
preventing salt accumulation in the root zone. It is because
the capillary rise into the root zone was less under soil capping
with thicker sand layer condition, and the salt transported into
the root zone through capillary rise was less. The less water
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storage of the sand layer when there was no irrigation or rain
also contributed to the less salt content in the root zone. As the
sand thickness increased from 0 to 10 cm, the average salt
content in the root zone decreased by 7.8–14.9% for 2012
season and by 3.8%–11.9% for 2013 season, respectively,
compared with the treatment A without soil capping, and the
soil salt stress to root water uptake for scenarios B to F (aver-
aged stress factor ranged 0.94–0.95 for 2012 season and 0.97–
0.98 for 2013 season) was also reduced compared with A
(averaged stress factor was 0.92 for 2012 and 0.97 for 2013).

As shown in Fig. 11e and f, the percentage change of crop
yield for scenarios B to F was + 1.9%, + 2.0%, + 2.2%, +
2.3% and + 0.4% for 2012 and + 0.6%, + 0.8%, + 0.3%, −

0.3%, and − 2.5% for 2013, compared with the yields without
soil capping (A), respectively. It demonstrated that the crop
yields generally increased with the soil capping than that with-
out capping (except scenario E and F in 2013). The highest
yield appeared in scenario E (soil capping with sand layer
thickness 5 cm) in 2012 and scenario C (soil capping with
sand layer thickness 1 cm) in 2013. The critical thickness of
sand layer (i.e., the thickness with highest crop yield) varied in
2012 and 2013. It is because crop yield was affected by both
the water availability and salt stress in the root zone, while the
salt stress condition is different in these 2 years. In 2012, the
salt content in the root zone was relatively high and tended to
be the crucial restricting factor on crop yield compared with
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soil water availability (Fig. 11c and d). Therefore, although a
thicker sand layer reduced the soil water storage in the root
zone, it also effectively alleviated the salt accumulation in the
root zone. As the sand thickness increased from 0 cm to the
critical value (i.e., 5 cm), the decreased osmotic stress
outcompeted the increased water stress and resulted in an in-
crease of actual transpiration (302–304 mm) and crop yield.
However, if the sand thickness was larger than the critical
value (i.e., scenario F), the negative effect of the water stress
began playing the dominant role and resulted in the decrease
of actual transpiration (296 mm) and crop yield. While in
2013, the salt stress was not so prominent compared with that
in 2012 (Fig. 11c and d). Therefore the critical sand thickness
was only 1 cm in 2013. It also indicated that that the practice
of soil capping with sand layer could workwell in the soil with
serious salinization problem.

Based on the above analysis, the soil capping with a
thicker sand layer was more efficient for salt control in
the root zone when salinization problem was serious.
However, the sand layer could cause water stress to root
uptake when its thickness was larger than a critical value.
Therefore, the sand thickness in the soil capping should
be within a range (e.g., 1–3 cm in HID) for increasing
crop yield in saline regions with high groundwater tables.

This practice of soil capping could be a promising tech-
nique for the reclamation of salinized/barren land in the
arid area with shallow groundwater tables.

3.7 Groundwater depth on water and salt dynamics,
and crop yield under soil capping

The average water storage and salt content in the root
zone from planting to harvest decreased as the ground-
water depth became deeper (Fig. 12). It is because less
capillary water moved upwards when the groundwater
table was deeper, and the accumulation of salt in the root
zone decreased under this condition. The crop yields in-
creased with the increase of groundwater depth for sce-
nario C both in 2012 and 2013 and for scenario D in
2012 (Fig. 12e and f), which indicated that the soil salt
had a larger impact on crop growth. For scenario D in
2013, the crop yields increased then decreased with the
groundwater depth. The increase was due to the reduced
salt stress, and the decrease was a result of increased
water stress for less water storage (Fig. 12). Compared
with treatment A, the soil capping with sand layer of 1–
3 cm thick (the thickness of above fine soil layer 19–
17 cm correspondingly) was effective in salt alleviation
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under various groundwater depth
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and crop production when groundwater depth varies − 10
~ + 20 cm relative to the reference value. Therefore, this
practice can be generalized to the similar saline area with
groundwater table fluctuation within the range of the re-
search results.

4 Conclusions

A coupled agro-eco-hydrological model, LAWSTAC, based
on Richards equation, advection-dispersion equation, and
crop growth mechanism, was applied to assess the soil water
dynamics, soil salinity accumulation, and crop yield responses
relative to different soil capping in an arid area with shallow
saline groundwater. Themodel calibration and validationwere
conducted based on experimental data of 2013 and 2012, re-
spectively. Simulation results of soil water content, salt con-
centration, leaf area index, crop height, and crop yield com-
pared well with the experimental data. The assessment of soil
capping with sand layer was carried out with the verified
model based on the field experiment.

Simulation results indicated that for the whole root zone,
the soil capping with a sand layer in the reconstructed soil
could effectively reduce the salt content in the root zone, al-
though it would also decrease the water storage compared
with that in the original soil. For sand thickness of 1–3 cm
in the soil capping, the decreased salt content in the root zone
reduced salt stress to root water uptake, while the decreased
water storage caused no obvious increase in water stress to
root uptake, and thus, crop yield level was increased. In a long
run, the soil capping of combinations of fine soil and coarse
sand with certain thicknesses would be an alternative practice
for saline soil reclamation and increasing crop yield in similar
regions with high groundwater table and soil salinization
problems.

Our study indicated that a sand layer in soil capping could
reduce salt content in the root zone and create a low-salinity
soil environment for the crop production, and meanwhile keep
sufficient water storage, beneficial for crop production and
cutting down the irrigation water for leaching the salt out of
the crop root zone. This conclusion can provide guidance for
optimizing the soil structure in greenhouse design or tackling
heavy salinity soil reclamation in arid area with shallow
groundwater tables. In a long run, such technique could be
cost-effective compared with the benefit it produced.
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