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Abstract: The sustainable development of efficient
water-saving agricultural irrigation in Loess Plateau
requires reasonable and quantitative planning, design,
management, and strategies based on crop-water-salt
response relationship. In the present paper, data were
measured by using the soil-water-salt sensor CS655 to
modify the simulation of root uptake in the original Soil
Water Atmosphere Plant (SWAP) model. Spring wheat
field experiment data in the salinized irrigation district of
Fuping County, Shaanxi Province, China were used to
test the feasibility of using the SWAP model in irrigation
districts of Loess Plateau. The comparison of soil
moisture and salt concentration in the root system, along
with simulated and measured values of partial above-
ground biomass showed the following results: the
average relative error and root-square error of soil
moisture in the root layer were close to 0; model R?
tended to be 1; simulation accuracy of water module was
high; salt concentration in the simulation varied, but the
overall simulation consistency was good; crop growth
parameters matched well; and simulated yield was close
to the actual value with a relative error of 3.6%. The
SWAP model can be well applied to simulate soil, water
and salt transfer at field scale in salinized districts of
Loess Plateau.
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INTRODUCTION

Because of poor soil, sparse vegetation, great surface
evaporation, severe water and soil loss, and frequent
drought, the Fuping district of Loess Plateau in Shaanxi
Province is under severe soil salinization. This district is
known for agriculture; hence, the salinity stress on crop
growth has attracted the attention of local and foreign
researchers [10]. Salinity stress is a growth adversity for
crops and most commonly exists under field conditions.
The reasonable adjustment of crops and agricultural
management initially requires an understanding of crops’
responses to such adversity [12]. Salinity stress affects
crops’ internal and external responses physiologically,
biochemically, and morphologically. Many studies have
investigated salinity stress, and Hsiao described salinity
stress in detail [7]. Famous agro-ecological models
around the world that could simulate crop growth include
Dutch World Food Study (WOFOST), Crop and
Environmental Research Synthesis (CERES) series
developed by United States Department of Agriculture,
Root Zone Water Quality, Daisy developed by Denmark
and other countries, and Semiarid Prairie Agricultural
Research Center (SPARC)-Wheat and PARC-Barley
developed by SPARC, which localized CERES [3].

Dutch Soil Water Atmosphere Plant (SWAP) model
simulates water amount and provides many options
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relating to field moisture [2]. This model has definite
physical mechanisms for different districts and conditions
and can predict the changes of soil moisture content.
SWAP can simulate the transfer of field moisture, solute,
and heat quantity between saturated and unsaturated soils
during the entire growth period of crops; with SWAP,
irrigation can be planned according to various standards
[4]. SWAP can be used to solve problems in the study of
agriculture,  water  resource  management, and
environmental  protection.  After  considering the
abovementioned applications of this model, we used
SWAP to study winter wheat growth under salinity stress.

MATERIAL AND METHOD
Study area

Experiments were performed at the Shaanxi Estate
Development Service Corporation and Xi'an University of
Technology, China. The study area is located in Shaanxi
Province, China, as shown in figure 1 (101°21" to
101°26'E, 34°47' to 34°49'N). The regional climate is
semiarid, with a mean annual precipitation of approximately
437 mm and evaporation of 1,000 mm to 1,300 mm; these
values for precipitation and evaporation mostly result in
intense storms from June to September [5]. The mean
annual air temperature is approximately 13.4 °C, with a
pH of 8.3 to 8.6. A salinity level in the range 2.8 g/L to
3.2 g/L was found in the semiarid zone. Corn, wheat, and
cotton are the main crops cultivated in fields in this area.
Fields are irrigated by using ditch systems. The study area
consisted of a number of fields covering a piece of land
40 m long and 10 m wide, with a total area of 400 m?. The
salinity of groundwater affected the distribution and
variability of salinity in the topsoil and was also the main
limiting factor for crops because high salinity resulted in
high mineral concentration in the groundwater.

Model introduction

In salinized farmlands, dissolved salt moved with the
water. The core of SWAP is related to the simulation of
water movement, thereby defining the water source,
destination, and changes in soils. Water mostly came
from rain and artificial irrigation. After canopy
interception, rain reaches the ground. Part of the rain
water becomes runoff, and the rest infiltrates the soil.
Some of the rain water in the soil evaporated and
disappeared, but most of it went back to the air via plant
transpiration; thus, salt is left on the soil surface [8].
Water in soil moved according to the description of the
Richards equation, and key factors influencing the
process include soil property and moisture content.

Fig.1- Channel networks arrangement plan of ditch for water storage.
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Water infiltrating downward turned into deep phreatic
water, and water that moved to the lateral sides would
flow into drainage systems (rivers and drain pipes) [6].
The movement of solute depended on soil property,
whereas crop growth can be considered as dry matter
accumulation determined by radiation and transpiration;
solute was then allocated into different crop tissues in
proportion [11]. Crops consisted of canopy and roots,
which function differently. For winter wheat, development
revolved around canopy growth in general; thus, canopy
dry matter accumulation is an in decreasing function of
time [9]. Root system growth determined the water
uptake of the crops, and gradually reached the maximum
with crop development. In this period, crop growth was
an increasing function of time. Afterward, matter
accumulation decreased because of fading and the
output of dry matter to canopy. Thus, growth became a
decreasing function of time. Therefore, studying the
dynamic changes of crops’ above-ground biomass and
root uptake under water and salinity stress is important [1].

Root water uptake module under water and salinity stress

To calculate water stress in SWAP, the sectional linear
water stress function proposed by Feddes et al. was
used; calculating salinity stress required the
corresponding linear function suggested by Maas and
Hoffman. The function was constructed based on the
relationship between soil saturation extract conductivity
(ECe) and root uptake. Actual root uptake rate S (h, EC,
z) (cm/d) can then be expressed as follow:
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Where, an (h) - the water stress reduction factor (fig.2);
ais (ECe) - the salinity stress reduction factor, as
shown in figure 3;
Spot (2) - the potential root uptake rate, cm/d;
EC - the electrical conductivity (smcm-1);
H - the soil water pressure head (cm).
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Crop growth module

The module used in SWAP to simulate crop growth
was WOFOST 6.0, as shown in Fig.4. WOFOST was
used to determine the radiation absorbed by crop canopy
as a function of incident radiation and leaf area and to
calculate potential photosynthesis with the feature of
photosynthesis in leaves. Potential photosynthesis would
be reduced due to water and salinity stress, and some of
the radiation was used for maintaining respiration. Thus,
the actual photosynthesis is achieved. Furthermore, the
amount of CO, that was assimilated into carbohydrates
CH,O was obtained. After obtaining the amount of
respiration required for growth, the increased amount of
dry matter was determined. The dry matter was allocated
to different tissues in proper proportions, and the amount
that reached the leaves determined leaf growth. The crop
growth model at simplified field scale refers to formula
(2), simple model (field scale), as follows:

Ya
YP

Where: Y, - actual crop yield;
Y, - potential crop yield;
Ta, k - actual transpiration at stage k;
Tp, k - potential transpiration at stage k;
N - number of growth stages.

RESULTS
Model verification and discussion

In the present paper, the field experimental data of
winter wheat irrigated with Yellow River water were
obtained in the salinized irrigation district of Fuping
County, Shaanxi Province in 2014. The field plot area
was 40 m x 10 m = 400 mz, and the soil was mostly
loess. The typical local field irrigation and fertilization
systems were used. Soil moisture content and
conductivity were detected daily by real-time forecast
using the soil-water-salt sensor CS655. During harvest,
a variety study and a yield test were conducted.
Inspection wells were available around experimental
plots for detecting ground water level, and an automatic
water level detector was used to measured groundwater
level once daily. The initial conditions of the model were
determined by measuring groundwater level and salt
concentration. The upper boundary was the flux formed
by rain, interception, evaporation, and transpiration, or
variable waterhead boundary, and the lower boundary
was the variable waterhead boundary defined by
measuring ground water level.

f1;

k=1
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Calibrated values of primary crop biological parameters in SWAP crop growth module Teble
Parameters . 2014
winter wheat
Light use efficiency of crops RUE ([kg hm?].[MIm™2™| 36
Curve shape parameter abl 13.15
Curve shape parameter ab2 62.27
Controlling value of root uptake weakening curve because of the water condition -15
Controlling value of root uptake weakening curve because of the salt condition 6.0
Crop resistance reop 70
Canopy’s rainfall interception coefficient cm 0.25
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Winter wheat was sown and harvested on 20 December
2013 and 30 May 2014, respectively. In Fuping, Shaanxi,
soil is usually thawed by middle January and melted by
late February or early March. Accordingly, the simulation
of winter wheat's growth period considered the sail
thawing process. Table 1 lists the corresponding definite
values of parameters of winter wheat modules. The
comparison of simulated and observed values of soil
moisture in different layers indicated that these values
matched well. The overall the average relative error
(MRE) mﬂrmnawweenm(RMSE tended to be O,
whereas R® was close to 1, as shown in Fig. 5, thereby
proving that the simulated and measured values of soll
moisture matched well. Meanwhile, the sudden increase
of water in the upper soil layer was closely linked with
concentrated rainfall. The lower soil layer had high
moisture content and underwent relatively little changes
because of the effect of shallow groundwater level. Fig. 6
shows the simulated and measured values of water-salt
concentration in root soil, and these values differed
slightly with consistent overall tendency. The statistics of
overall simulated and measured salt concentrations were
MRE = -0.037, RMSE =0.227, and R”=0.806, which
indicated good consistency. The low simulated value R? of
salt concentration may be due to a system error in the soil
water model generalization. For instance, average values
of irrigation and rainfall were obtained in one day. After
irrigation or concentrated rainfall, water salt concentration
in root soil significantly declined, which enhanced crop
growth. Increased water consumption by crops led to the
gradual rise of salinity accumulation and concentration in
the root zone.

Fig. 7 shows that the simulated value was close to the
measured value of above-ground biomass, thereby
indicating the accuracy of simulation results. Nash-
Sutcliffe efficiency was approximately 0.96, but MRE and
RMSE values were large, which may be related to the
small size of measured data. In existing studies, above-
ground biomass of wheat tended to follow a mono-linear
growth trend in the middle and late growth periods. The
measured values of biomass in this research, however,
covered only one growth cycle of wheat. Therefore, we
still adopted SWAP biomass calculation and allocation
formulas, and we will focus on simulation of above-ground
biomass in future studies to further improve the model.
The simulated yield was 0.86 kg/m?, WhICh was slightly
smaller than the observed value of 1 kg/m As the actual
field conditions were complex, crops might be affected by
other factors during growth. For this reason, differences in
simulation of growth parameters were acceptable. The
comparison of soil moisture, soil salinity, simulated
values, and measured values of growth parameters
indicated that SWAP simulated the dynamic changes of
field water and salinity and growth coupling process of
spring wheat in Loess Plateau.

RMSE=0.041354
MSE=-0.05771
R?=0.688639

Soil water content/(cm3/em?)
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Fig. 7 - Above-ground biomass

CONCLUSIONS

Based on SWAP, we used the field data of winter
wheat in the salinized irrigation district of Fuping
Shaanxi to test field applicability and to compare soil
water, soil salinity, and the simulated and measured
values of above-ground biomass. We also analyzed the
parameters based on SWAP. The simulation results
demonstrated the following:

1) Crop growth module of SWAP described the details
of crops’ physiological process and morphology in a
simple manner. Simulation of the growth and distribution
of the root system and the increase of plant height or
group leaf distribution was not achieved using the model.
However, the model was able to simulate the process of
crop growth and yield. Thus, the simulation of the
dynamic changes of soil water salinity and daily crop
growth was still achieved.

2) SWAP required detailed physical processes and
many rare formulas, which resulted in the unreasonable
generalization of the initial growth period of crops. Thus,
distorted simulation was achieved.
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3) MRE and RMSE of soil moisture in winter wheat
experiment were close to 0, and model R? value was
close to 1. Thus, the water module showed high
simulation accuracy. The simulation of salinity
concentration differed slightly, but was generally
consistent.
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