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Abstract: Soybean is one of the major crops that is widely cultivated in Northwest China due to
its high nutritional and economic value. However, drought has recently become an important
factor restricting the growth of soybeans in the arid region of Northwest China and the selection
of drought-resistant soybean is of importance for cooperating with drought and improving yield.
In this study, three-year soybean field experiments were conducted to test the effects of different
water treatments on the soil moisture status and the yield of two varieties of soybeans (Longhuang1
(LH1), Longahuang3 (LH3)). Based on the field data, the soil water content, biomass, LAI, and
yield were calibrated and evaluated using the soil-crop system model WHCNS (soil Water Heat
Carbon Nitrogen Simulator). The results showed that the nRMSE, NSE, IA, and R2 of the soil water
content from two types of soybean, i.e., LH1 (LH3) were 10.98% (9.79%), 0.86 (0.90), 0.96 (0.97), 0.87
(0.90), respectively. The nRMSE, NSE, IA and R2 of the yield of LH1 (LH3) were 19.12% (4.41%), 0.87
(0.99), 0.97 (1.00), 0.98 (0.99), respectively. Scenario simulations of yield and other indicators in two
soybean varieties under different irrigation schedules in different hydrological years showed that the
maximum yield and II of LH3 are lower than those of LH1, but the higher yield and II of LH1 comes
from a larger irrigation amount. Appropriately reducing the number of irrigations in the branching
period will not reduce crop yield and may oppositely lead to a small increase in yield and income;
reducing the number of irrigations at the end of grouting has no significant impact on yield and
income.

Keywords: irrigation schedules; soybean; water balance; WHCNS model

1. Introduction

Soybean is an important crop with high nutritional value and economic benefits. Main-
taining the stability of soybean production and market supply has become an important
aspect to maintain food security [1]. Improving domestic production capacity will be more
required under the increasing import risk. Northwest China not only has vast land but also
has a long sunshine duration and a large temperature difference between day and night.
These factors are conducive to the synthesis of soybean protein. However, the agriculture
in arid areas of Northwest China is greatly limited by the shortage of water resources.
Therefore, it is very important to formulate a reasonable irrigation schedule and to obtain
the highest output through the least water input for the sustainable development of agri-
culture and economy [2–5], and it is very meaningful to study the response of soybean
with different water management.

In order to improve grain yield and water use efficiency (WUE), a lot of research has
been conducted on the optimization of irrigation schedule in arid regions, and it has been
found that deficit irrigation is an effective way to increase WUE without reducing yield.
Thelen et al. [6] set up five irrigation schedules based on soybean growth stage and soil
moisture deficiency to study the impact of irrigation schedules on soybean growth and
yield. Based on three years of data, it appears that maximizing soybean yield is dependent
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on maintaining adequate soil moisture beginning at full boom or beginning pod, provided
that the soil water deficit does not exceed 75% prior to that growth stage. Lia et al. [7]
compared the effects of different irrigation schedules (rain-fed, complete irrigation and
supplementary irrigation) on soybean yield in the semi-arid area of western Jilin Province,
China. Compared with rain-fed control, full irrigation and average supplemental irrigation
treatments increased soybean yield by 41.0% and 34.7%, respectively. Wood et al. [8] used
sensors to study whether soybean irrigation schedules can reduce water consumption while
increasing yield and profits. The data showed that the irrigation threshold for maintaining
a season was −85 cbar to optimize the yield, with returns above irrigation costs, and
irrigation water use efficiency (IWUE) efficiency while reducing withdrawal for soybean
irrigation up to 49% relative to the −50 cbar producer standard.

Previous studies on soybean irrigation schedules were mainly based on experiments
and observations. These methods are time-consuming and expensive, which is not suitable
to guide the production practice of local agricultural producers [9]. Soil-crop system
models can be used to quantify the impact of crop water requirements and deficit irrigation
on yield, and calculate water productivity. Based on these calculations, an economic
analysis of water input and crop yield can be made [10]. However, previous studies on
crop models mainly focus on the comparison between models [11,12], the evaluation of
model simulation [9,13–18], model construction and improvement [10] and applications
on regional scales [19,20]. Previous studies on irrigation schedules with soil-crop system
models were mostly concentrated in North America. What is more, different varieties
of soybeans were rarely used as the main research objects. More research on irrigation
schedules suitable for different varieties of soybeans in Northwest China is required.

The objectives of this study were to: (1) validate the capability of the WHCNS (soil
Water Heat Carbon Nitrogen Simulator) model to simulate soil moisture, dry matter
accumulation, leaf area index (LAI) and yield of two soybean varieties under different
irrigation schedules; (2) perform regression analysis between irrigation (as an independent
variable) and various drought indicators, e.g., evapotranspiration (ET), evaporation (E),
transpiration (T), E

ET , T
ET , yield and WUE of two soybean varieties; (3) study the effects

of less frequent irrigation on the agronomic and economic consequences on these two
soybean varieties, in order to provide management guidance for farmers in the arid regions
in Northwest China.

2. Materials and Methods
2.1. Experimental Site

In 2017, 2018 and 2020, a three-year field experiment was conducted at Shiyang River
Experimental Station for Water-saving in Agriculture and Ecology of China Agricultural
University located in Wuwei City, Gansu Province of northwest China (37◦520′ N, 102◦50′ E,
altitude 1581 m). The study area has a continental temperate arid climate, with an average
annual temperature of 8 ◦C, and annual precipitation of 164 mm. The mean annual pan
evaporation in this area is approximately 2000 mm. The groundwater depth ranges from 40
to 50 m. The soil parent material comes from the depression of the Shiyang River alluvial
fan, and soil properties show a high degree of spatial heterogeneity. The physical and
chemical properties of the soil are available in the literature [21–24].

2.2. Experimental Design

The object of our research is soybeans, the varieties are Longhuang1 (LH1) and
Longhuang3 (LH3). The two soybean varieties were introduced by the Dry Land Agricul-
ture Research Institute of Gansu Academy of Agricultural Sciences. The male parents of
the two varieties were hefendou 56 and Jindou 42, and the female parents were Fendou 62
and Ludou 4. After years of breeding, the new conventional soybean varieties are suitable
for planting in the Gansu Province of China. Two varieties of soybeans were planted on
2 May 2017; 2 May 2018 and 5 May 2020, respectively, with a density of 130,000 plants ha−1,
row spacing of 50 cm and plant spacing of 15 cm. They were harvested on 27 September,
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26 September and 25 September, respectively. In the three-year field experiment, we
adopted the irrigation method of film-mulching drip irrigation. The irrigation system
uses a 50 mm PVC pipe to connect with the water outlet, the main pipe is 32 mm PVC
pipe, the branch pipe is 32 mm PE pipe, the capillary is drip tape, the diameter of drip
tape is 16mm, the flow rate of the dripper is 1.38 L/h, the distance between drippers is
300 mm, drip irrigation The belt spacing is 1 m. There is a drip irrigation belt and two
rows of soybeans under each film, and the two rows of soybeans are distributed on both
sides of the drip irrigation belt. After soybean sowing, all treatments were irrigated to
make the soybean sprout and ensure a consistent emergence rate. After soybean emerging,
four water treatments were set up, including one rain-fed treatment and three irrigation
treatments (2017: 350 mm, 260 mm, 170 mm; 2018: 305 mm, 155 mm, 75 mm; 2020: 250 mm,
125 mm, 100 mm), as shown in Table 1. Each treatment had three replicates randomly
arranged, and the plot was 24 m2.

Table 1. Irrigation schedules of different treatments in 2017, 2018 and 2020.

Year Treatment
Irrigation Date Irrigation Amount per Time

(M-D) (mm)

2017
I350-9 06-05, 06-17, 06-27, 07-07, 07-17, 07-28, 08-07, 08-28, 09-12 34 (45)
I260-9 06-05, 06-17, 06-27, 07-07, 07-17, 07-28, 08-07, 08-28, 09-12 25 (33)
I170-9 06-05, 06-17, 06-27, 07-07, 07-17, 07-28, 08-07, 08-28, 09-12 16 (21)

2018
I305-8 06-07, 06-18, 06-29, 07-10, 07-21, 08-01, 08-15, 08-27 34 (45)
I155-8 06-07, 06-18, 06-29, 07-10, 07-21, 08-01, 08-15, 08-27 17 (23)
I75-8 06-07, 06-18, 06-29, 07-10, 07-21, 08-01, 08-15, 08-27 8 (11)

2020
I250-6 06-15, 07-10, 07-25, 08-09, 08-25, 09-05 50 (25)
I125-6 06-15, 07-10, 07-25, 08-09, 08-25, 09-05 25 (12.5)
I100-5 07-10, 07-25, 08-09, 08-25, 09-05 25 (12.5)

Note: The underlined irrigation date indicates that the irrigation amount in brackets is used for irrigation.

In 2017, the irrigation frequency and irrigation amount of I350-9 were in line with
the local standards, while the irrigation amounts of other treatments were reduced in
proportion under the same irrigation frequency. In 2018, the irrigation times in the late
stage of grouting were reduced. In 2020, I250-6 reduced the irrigation times at the branching
stage; I125-6 reduced irrigation amount in equal proportion to I250-6, I100-5 continued to
reduce irrigation times at the branching stage on the basis of I125-6. It is worth noting that
serious lodging occurred in the three plots of I350-9 and I305-8 for LH1, while no serious
lodging occurred in other irrigation treatments of LH1 and all irrigation treatments of LH3.

Before sowing, 225 kg·ha−1 of diammonium phosphate (46% P, 18% N) and 225 kg·ha−1

of compound fertilizer (N:P:K = 1:1:1) were applied as base fertilizer. Plant samples were
taken to measure leaf area index (LAI), the plant dry matter accumulation at key develop-
ment stages and yield was measured at harvest. Soil samples were taken to measure soil
water content. Meteorological data were obtained from a weather station located at the
experimental site, including daily rainfall, temperature, relative humidity, solar radiation
and average daily wind speed.

2.3. WHCNS Model

WHCNS (water heat carbon and nitrogen simulator) is a systematic model combining
soil moisture, soil heat, soil C, soil N and crop growth. The model runs in daily time
step, driven by meteorological and biological variables as well as agricultural manage-
ment. The Penman–Monteith method from the FAO is used to calculate the reference crop
evapotranspiration [25]. Soil water infiltration and redistribution processes are described
by Green-Ampt [26] and Richard’s equations, respectively [27]. The improved version
of the PS123 model [28] is applied to simulate the crop development stage, dry matter
accumulation and crop yield. A detailed model description is available in the literature [29].
The model can quantitatively describe soil water dynamics, carbon and nitrogen cycle
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process and crop growth law in farmland ecosystem, which is of great significance for
efficient utilization of water and nitrogen resources, decision-making in crop production
and environmental protection.

2.4. Model Evaluation Statistics

Four statistical indices including normalized root mean square error (nRMSE), index
of agreement (IA), coefficient of determination (R2) and Nash–Sutcliffe efficiency (NSE)
were used to evaluate model performance, please refer to the relevant literature for the
calculation method of each statistical parameter [5,30].

Previous studies believe that nRMSE < 10%, denotes the simulation is very good,
10% < nRMSE < 20% denotes the simulation is good, 20% < nRMSE < 30% denotes the
simulation is qualified, and nRMSE > 30% denotes the simulation is unqualified [31]. The
range of NSE is −∞ to 1, the closer NSE is to 1, the closer the simulated value is to the
measured value, and the better the simulation effect is. The model has a good simulation
effect on soil water content when IA ≥ 0.75 [32]; IA ≥ 0.9 means that there is a good
consistency between the measured and simulated values for dry matter and physiological
indexes of various parts of crops; and 0.8 < IA < 0.9 mean the simulation effect of dry
matter and physical indexes is qualified [33]. The closer R2 is to 1, the better the fit between
the simulated value and the measured value is.

2.5. Integrated Index Method

The integrated index was used to quantitatively analyze the model outputs, including
yield and WUE. In this study, the agronomy factor (AF) and economy factor (the value to
cost ratio, VCR) were computed to evaluate each management strategy, and their weights
were both 0.5. AF was calculated with normalized yield and WUE weighted by coefficients
of +0.6 and +0.4, respectively. The AF, VCR were calculated using Equations (1) and (2):

AF =
Y

Ymax
× 0.6 +

WUE
WUEmax

× 0.4 (1)

VCR =
Y · YP

W ·WP + E · EP + F · FP
(2)

I = 0.5 × AF + 0.5 × VCR (3)

where Y is the grain yield (kg·ha−1), YP is the grain price (¥·kg−1). W is the irrigation
amount (mm) and WP is the water price (¥·m−3). F is the N fertilizer rate (kg), and FP is
the fertilizer price (¥·kg−1). E is the electricity consumption (KW·h−1), EP is the electricity
price (¥·h·KW−1). The prices of water, fertilizer, electric and soybean were assumed to be
0.35 ¥·m−3, 5 ¥·kg−1 and 2 ¥·kg−1, 0.45 ¥·m−3, respectively. For the description of the unit,
please refer to the literature [34,35].

Finally, the integrated index (II) in Equation (3) was calculated by the values of the
two factors and their corresponding weights. The higher the integrated index, the better
the management practice.

2.6. Simulation Scenarios

In order to explore the relationship between agronomic factors (AF), economic factors
(VCR) and irrigation schedules of two soybean varieties, we introduced integrated index
(II). We set up four schemes: the S1 and S2 schemes with the irrigation frequencies in 2017
and 2018, and I250-6 and I100-5 will be set as S3 and S4 in 2020. In each scheme, the amount
of irrigation ranged from 25 to 600 mm.

To consider the weather conditions in different years, the WHCNS model was run in
2017, 2018 and 2020 to obtain the simulated crop yield, WUE and II for each scenario. A
total of 576 water scenarios were simulated.
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3. Results and Discussion
3.1. Model Calibration and Validation

The measured data of soil water content, dry matter weight, LAI and yield from the
I250-6 in 2020 were used to calibrate the model and the measurements in other treatments
in 2020 were used to evaluate the model. Finally, the model was calibrated using soil
moisture and yield data for all treatment groups in 2017 and 2018. Model input parameters
were adjusted by trial-and-error until the simulated values agreed well with the measured
data [35].

Figure 1 illustrates the measured and simulated soil water storage of all treatments
in 2020. The comparisons of measured and simulated LAI and dry matter weight of
LH1 and LH3 soybean varieties are shown in Figures 2 and 3, respectively. The results in
Tables 2 and 3 show the evaluation indexes of the simulation effect of soil moisture and
crop growth.

As is shown in Table 2, the R2 between the measured and simulated soil water storage
of the two varieties under four irrigation treatments ranges from 0.73 to 0.96. The nRMSE,
NSE and IA of simulated soil water storage were 4.70–10.71%, 0.67–0.93 and 0.91–0.99,
respectively. For crop growth simulation, the nRMSE of DM were 6.66–12.99%, NSE > 0.65
and IA > 0.9.

It should be observed that the simulation effect of DM-leaf and LAI is significantly
worse than that of other indicators in Table 3, and most of them are unqualified. There
may be two reasons for the result. First, the soybean leaves rot and fall off in the mature
period, which brings about the sampling error. If we consider this factor and delete the
sampling error segment, the result is shown in Table 4. Secondly, in the late growth stage
of soybean, the nutrients produced by photosynthesis of leaves are lower than the total
nutrients consumed from leaves to fruits and by leaf respiration due to the aging and
yellowing of leaves, which leads to the decline of dry matter quality of leaves. Since the
WHCNS model does not consider these influential factors, the simulation error is caused.
Concluding from the four evaluation indices of the simulation effect, the simulation value
is basically consistent with the measured value, which indicates that the model can well
simulate the growth and development of LH1 and LH3 soybean crops and the dynamics of
soil moisture.
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Figure 1. Comparison of the measured and simulated soil water storage in 0–100 cm soil profile
under different irrigation schedules for LH1 and LH3 in 2020.
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Figure 2. Comparison of measured and simulated values of LAI, DM (the dry matter weight of root, stem and grain) and
DM-leaf (the dry matter weight of leaf) under different irrigation schedules of LH1 in 2020.
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Figure 3. Comparison of measured and simulated values of LAI, DM (the dry matter weight of root, stem and grain) and
DM-leaf (the dry matter weight of leaf) under different irrigation schedules of LH3 in 2020.

Table 2. Statistical criteria for simulation of soil water storage LH1 and LH3 in 2020.

Varieties Treatments nRMSE (%) NSE IA R2

LH1

I250-6 6.72 0.67 0.91 0.82
I125-6 7.84 0.80 0.96 0.87
I100-5 5.08 0.93 0.98 0.94
I0-0 10.71 0.91 0.98 0.91

LH3

I250-6 6.41 0.85 0.96 0.91
I125-6 4.70 0.91 0.98 0.94
I100-5 7.58 0.72 0.93 0.73
I0-0 10.18 0.93 0.99 0.96
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Table 3. Statistical criteria for simulation of LAI, DM (the dry matter weight of root, stem and grain)
and DM-leaf (the dry matter weight of leaf) under different irrigation schedules of LH1 and LH3
in 2020.

Varieties Items Treatments nRMSE
(%) NSE IA R2

LH1

DM

I250-6 12.65 0.94 0.99 0.99
I125-6 9.89 0.95 0.99 0.96
I100-5 12.99 0.90 0.98 0.95
I0-0 6.66 0.95 0.99 0.99

DM-leaf

I250-6 85.81 −0.39 0.60 0.08
I125-6 89.20 −0.92 0.57 0.06
I100-5 99.86 −1.53 0.50 0.02
I0-0 134.05 −1.72 0.47 0.00

LAI

I250-6 36.66 0.70 0.89 0.73
I125-6 38.29 0.64 0.89 0.72
I100-5 35.31 0.70 0.90 0.72
I0-0 37.90 0.79 0.94 0.93

LH3

DM

I250-6 11.66 0.96 0.99 0.99
I125-6 11.99 0.95 0.99 0.99
I100-5 7.82 0.98 0.99 0.99
I0-0 12.22 0.86 0.97 0.98

DM-leaf

I250-6 89.59 −1.18 0.62 0.10
I125-6 82.73 −0.40 0.63 0.08
I100-5 98.23 −0.94 0.62 0.08
I0-0 95.93 −0.96 0.50 0.01

LAI

I250-6 63.51 −0.11 0.71 0.23
I125-6 59.92 0.11 0.69 0.23
I100-5 65.05 −0.14 0.67 0.17
I0-0 58.57 0.21 0.72 0.35

Table 4. Statistical criteria for simulation of LAI and DM-leaf (the dry matter weight of leaf) consider-
ing sampling error caused by defoliation.

Varieties Items Treatments nRMSE
(%) NSE IA R2

LH1

DM-leaf

I250-6 24.76 0.79 0.94 0.87
I125-6 11.94 0.92 0.98 0.94
I100-5 14.15 0.85 0.97 0.96
I0-0 15.12 0.71 0.95 0.94

LAI

I250-6 14.14 0.87 0.97 0.89
I125-6 17.64 0.76 0.95 0.85
I100-5 19.13 0.73 0.94 0.81
I0-0 19.27 0.89 0.97 0.95

LH3

DM-leaf

I250-6 24.66 0.66 0.95 0.98
I125-6 20.25 0.78 0.96 0.99
I100-5 17.74 0.84 0.97 0.99
I0-0 20.78 0.76 0.95 0.93

LAI

I250-6 22.40 0.77 0.95 0.99
I125-6 18.30 0.73 0.95 0.99
I100-5 17.65 0.68 0.95 0.98
I0-0 19.79 0.67 0.92 0.72

Figure 4 shows the comparison between the simulated values and the measured
values of soil water content and yield in three years. The IA of soil water content and yield
of LH1 and LH3 are more than 0.9, which indicates that the simulated values are in good
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agreement with the measured values. The nRMSE of soil water content and yield of LH3
under all water treatments were 9.79% and 4.41%, respectively. The nRMSE of LH1 soil
water content was 10.98%. For the simulation of LH1 yield, if the I350-9 in 2017 and I305-8
in 2018 are not considered, the nRMSE of yield is 9.96%. Otherwise, the nRMSE of the
yield increases to 19.12% due to the overestimation of I350-9 and I305-8 in Figure 4. In the
field experiment, I350-9 and I305-8 treatments generate higher soil moisture conditions at
the flowering and pod stage of LH1, leading to serious lodging [36], which causes a large
reduction in yield. The result is similar to previous studies [37,38].
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Figure 4. Comparison of measured and simulated values of soil moisture and LH1 and LH3 produc-
tion under different irrigation schedules in 2017, 2018 and 2020.

Balboa et al. [18] used APSIM to simulate the maize-soybean rotation system in the
western United States, and found that the nRMSE of soybean biomass and yield were 21%
and 31%, NSE were 0.81 and 0.53, R2 were 0.94 and 0.75, respectively. Sciarresi et al. [39]
simulated soybean yield with DSSAT-CROPGRO model, and found that 6.5% ≤ nRMSE ≤
13.7%, 0.68 ≤ NSE ≤ 0.81. Liang et al. [40] coupled DRAINMOD with WHCNS to simulate
soybean growth and soil water dynamics in artificial drainage farmland and found that
nRMSE of soil water storage, aboveground dry matter mass and yield were 5.8–9.0%,
6.5–28.4% and 6.9%, respectively. The IA was 0.56–0.86, 0.97–0.99 and 0.99, respectively.
NSE was −0.91–0.32, 0.84–0.97 and 0.98, respectively. Compared with previous studies,
WHCNS can be well-simulated soil moisture and yield factors of soybean under different
irrigation systems of LH1 and LH3 in Northwest China.

3.2. Water Consumption and Water Use Efficiency

The simulated water balance and water use efficiency of two soybean varieties in
0–100 cm soil profile under different water treatments are summarized in Table 5. The
experimental plot is located in the typical arid area of Northwest China where the rainfall
is deficient and cannot meet the requirements of soybean emergence and normal growth.
Therefore, the water input was composed of irrigation (I) and precipitation (P). Due to a
lack of rivers around the experimental plot, the groundwater was pumped for irrigation.
As the rainfall is small; and the drip irrigation method is used, there is no runoff produced.
The water output is composed of evapotranspiration (ET) and drainage (D) in the study.
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Table 5. Water balance of 0–100 cm of the soil profile and water use efficiency of LH1 and LH3 in 2017, 2018 and 2020
simulated by WHCNS.

Variety Year Treatments
I P E T ET D Wbal Yield WUE

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (kg·ha−1) (kg·mm−1·ha−1)

LH1

2017

I350-9 416 133 168 334 502 0 47 3001 (2335) 5.97
I260-9 326 133 192 239 431 0 28 2058 (1925) 4.77
I170-9 236 133 212 148 360 0 9 1052 (1133) 2.93
I0-0 66 133 117 63 181 0 18 319 (314) 1.76

2018

I305-8 358 169 143 274 417 5 105 2420 (2045) 5.80
I155-8 208 169 171 146 318 1 59 1136 (1045) 3.58
I75-8 128 169 145 109 254 1 43 790 (706) 3.11
I0-0 53 169 117 71 188 1 34 466 (462) 2.48

2020

I250-6 310 132 106 264 370 0 72 2244 (1987) 6.06
I125-6 188 132 104 204 308 2 10 1455 (1420) 4.57
I100-5 166 132 105 181 286 1 10 1063 (1105) 3.71
I0-0 60 132 82 108 190 39 −37 492 (554) 2.60

LH3

2017

I350-9 416 133 137 329 466 31 51 2251 (2212) 4.83
I260-9 326 133 124 325 449 4 6 2098 (2121) 4.68
I170-9 236 133 131 245 376 3 −10 1467 (1498) 3.90
I0-0 66 133 90 113 203 6 −10 430 (469) 2.19

2018

I305-8 358 169 102 314 415 34 78 2116 (2241) 5.09
I155-8 208 169 110 248 357 6 14 1754 (1598) 4.91
I75-8 128 169 100 187 288 7 3 1287 (1307) 4.48
I0-0 53 169 85 128 213 8 1 777 (721) 3.64

2020

I250-6 310 132 83 304 388 8 46 2313 (2270) 5.96
I125-6 188 132 92 197 289 5 26 1469 (1490) 4.83
I100-5 166 132 88 177 265 6 27 1066 (1093) 4.02
I0-0 60 132 135 89 224 8 −40 561 (565) 2.51

Figure 5 shows the ET, yield and WUE of LH1 and LH3 under different water treat-
ments in the three years of the field experiment. Linear regression analysis was conducted
on them, and the size and proportion of E and T in ET under various treatments were
analyzed. The results showed that ET, yield and WUE of LH1 and LH3 increased linearly
with irrigation amount (I) (see Table 6). When I < IEquation, LH3 > LH1; when I > IEquation,
the results were opposite. The IEquation of ET, yield and WUE were 314 mm, 263 mm and
287 mm, respectively. The results also showed that T of LH1 and LH3 increased linearly
with I; LH3 was greater than LH1 in most experimental irrigation, and the variation ranges
of LH1 and LH3 were 50–350 and 100–400 mm, respectively; E increased nonlinearly with
I, and the variation ranges of LH1 and LH3 were 82–212 and 82–137, respectively. Except
for the rain-fed treatment in 2020, E in the other treatments shows LH1 > LH3.

E
ET of LH1 and LH3 showed a downward trend with the increase in I, and it presented

as LH1 > LH3 in all treatments except the rain-fed one in 2020. E
ET of LH1 and LH3

showed an upward trend with the increase in I, and it presented as LH1 < LH3 in all
treatments except the one in 2020. E

T of LH1 and LH3 showed a downward trend with
the increase in I, and it presented as LH1>LH3 in all treatments except the rain-fed one in
2020. By analyzing the relationship between E

T and I, the conclusion can be drawn: The
field water consumption of LH3 was mainly dominated by plant transpiration in almost all
cases. However, for LH1, when I is greater than 194 mm, the field water consumption is
dominated by plant transpiration. Otherwise, it is dominated by soil evaporation (see the
E
T of Figure 5).
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Figure 5. Comparison of simulated values of evapotranspiration (ET), transpiration (T), evaporation (E), E
ET , T

ET , yield and
water use efficiency (WUE) under different irrigation schedules of LH1 and LH3 in 2017, 2018 and 2020.

Table 6. Statistical indices for simulated Evapotranspiration (ET), Transpiration (T), Evaporation (E), E
ET , T

ET , E
T , yield and

WUE for different irrigation schedules of LH1 and LH3 in 2017, 2018 and 2020.

Variety Items Regression Equation R2 Variety Items Regression Equation R2

LH1

ET y = 0.8379x + 140.64 0.9766 **

LH3

ET y = 0.7285x + 175.01 0.9331 **

T y = 0.6722x + 37.78 0.8985 ** T y = 0.6762x + 80.42 0.9421 **

E y = 0.1656x + 102.86 0.2467 E y = 0.0523x + 94.59 0.0911
T

ET y = 0.0685x + 39.83 0.4051 T
ET y = 0.0651x + 52.20 0.5780 **

E
ET y = −0.0685x + 60.17 0.4051 E

ET y = −0.0651x + 47.80 0.5780 **
E
T y = −0.268x + 151.96 0.4142 E

T y = −0.1848x + 95.44 0.4538

yield y = 6.8963x − 84.24 0.9459 ** yield y = 5.0851x + 391.48 0.8949 **

WUE y = 0.0109x + 1.63 0.8284 ** WUE y = 0.0067x + 2.84 0.5745 **

Note: ** significant at 0.01 probability level.

3.3. Scenario Analysis

As shown in Figure 6, the indexes of LH1 and LH3 showed the same regularity with
the increase in irrigation amount under different schemes. That is, the yield and WUE
increased first and then kept a constant with the increase in irrigation amount, and the II
increased first and then decreased with the increase in irrigation amount.

The annual rainfall in 2020 decreased by 9.31% and 71.01%, respectively, compared
with that in 2017 and 2018, and mainly concentrated in the later stage of the soybean (see
Figure 7). As is shown in Figure 6, the differences among the four schemes in 2020 were
more obvious than in 2017 and 2018. For LH1, with the increase in irrigation amount, the
corresponding indicators of different schemes tend to be equal. Under the meteorological
conditions in 2017, when the irrigation amount is small, the indicators of different schemes
are S1 ≈ S2 < S3 ≈ S4. However, when the irrigation amount increased to a relatively
stable yield, the yield and II of different schemes showed S4 < S3 < S2 < S1, but the WUE of
different schemes are similar, which indicated that S3 and S4 can achieve the purpose of
increasing yield and income, but have little effect on improving crop water use efficiency.



Atmosphere 2021, 12, 824 11 of 14

Under the meteorological conditions in 2018, when I < 100 mm, the indicators of S3 and S4
are relatively close. When 100 mm < I < 300 mm, the indicators are S3 > S4, and with the
increase in I, the difference between S3 and S4 gradually increases. Until I > 300 mm, it
decreases gradually. Meanwhile, when I < 275 mm, the indicators are S1 < S2, and they
have no significant difference when I > 275 mm. Under the meteorological conditions in
2020, the indexes are S1 < S2 < S3 < S4, and the indexes tend to be equal to the increase in
irrigation amount. For LH3, when the irrigation amount is less than 200 mm, each index is
S1 < S2 < S3 < S4, and with the increase in irrigation amount, the difference between the
schemes decreases.
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Figure 6. Comparison of the four plans and two varieties of soybean yield, water use efficiency (WUE), integrated index (II)
in 2017, 2018 and 2020.
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As shown in Table 7, When the irrigation amount is about 380 mm. the II of LH1
reaches the highest value, and the corresponding irrigation amount of LH3 is 260 mm.
The maximum values of each index of LH3 were less than that of LH1, and the maximum
values of yield, WUE and II of LH1 were 45.12%, 24.67% and 4.11%, respectively, which
were higher than those of LH3 but accompanied by 45.60% more water input. It is worth
noting that all these simulations are based on the assumption that LH1 and LH3 soybeans
do not have serious lodging. However, in the actual field experiment, it is found that LH1
is easier to appear lodging than LH3. Therefore, if the lodging effect is considered, the
increase here may be overestimated.

Table 7. The maximum yield, WUE and II of different Irrigation schedules for LH1 and LH3 under
corresponding hydrological conditions.

Year Treatment Variety Imax Yield WUE
II(mm) (kg·ha−1) (kg·mm−1·ha−1)

2017

S1 LH1 425 3665 6.57 1.67
S2 LH1 425 3501 6.61 1.62
S3 LH1 350 3360 6.93 1.74
S4 LH1 275 3151 6.74 1.57
S1 LH3 300 2352 5.03 1.47
S2 LH3 275 2384 5.20 1.49
S3 LH3 250 2305 5.49 1.57
S4 LH3 225 2288 5.70 1.63

2018

S1 LH1 450 3362 6.85 1.49
S2 LH1 425 3333 6.91 1.54
S3 LH1 300 3031 6.85 1.62
S4 LH1 225 2824 6.85 1.38
S1 LH3 250 2304 5.13 1.52
S2 LH3 225 2293 5.39 1.54
S3 LH3 200 2159 5.53 1.64
S4 LH3 175 2106 5.66 1.65

2020

S1 LH1 475 3846 7.21 1.60
S2 LH1 450 3900 7.42 1.66
S3 LH1 375 3735 7.81 1.78
S4 LH1 375 3909 8.09 1.81
S1 LH3 350 2626 5.81 1.47
S2 LH3 325 2681 6.05 1.54
S3 LH3 275 2558 6.39 1.62
S4 LH3 275 2623 6.67 1.58

Note: Imax is the irrigation amount corresponding to the maximum II.

4. Conclusions

Using field experiment data in 2017, 2018, and 2020, the feasibility of using the
WHCNS model to simulate soybean crop yield and soil moisture dynamics in the north-
western region was verified. Regression analysis was carried out between the drought
index and the amount of irrigation water of the two varieties of soybean. By using the
model’s scenario module, the impact of different irrigation schemes on soybean yield,
WUE, and II is analyzed. The following conclusions can be drawn:

(1) The WHCNS model can simulate the soil moisture dynamics, dry matter accumula-
tion, and LAI changes of LH1 and LH3 soybean varieties under different irrigation
schemes in Northwest China, and can simulate the yield of the two soybean vari-
eties well.

(2) Under deficit irrigation, the yield, ET and WUE increase linearly with irrigation
amount. As the amount of irrigation increases, the proportion of E in ET decreases,
while the proportion of T in ET increases.

(3) Compared with LH3, the yield and WUE of LH1 are higher, caused by more irrigation
water input. Considering economic and agronomic factors, there is no significant
difference between LH1 and LH3 (the comparison of II between LH1 and LH3 is
4.11% < 5%). LH1 is more suitable for planting in the area which can provide more
agricultural water resources, while LH3 is suitable for planting in the arid area.
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(4) Reducing the irrigation times in the branching period will not reduce the yield of
crops, and may even lead to a small increase in yield and income; reducing the
irrigation time at the end of the grouting period has no significant effect on yield
and income.
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