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Abstract: Mulched drip irrigation for maize cultivation has been widely implemented in the Xiliao
River Plain in Northeast China in recent years. However, the effects of the change in irrigation method
on soil water content and groundwater recharge in this area still remains uncertain. In this study,
soil water content under mulched drip irrigation and flood irrigation was measured through field
experiments. Soil water movement in the entire growing season under the two irrigation methods was
simulated for the quantitative analysis of groundwater recharge by the Hydrus-2D model. Results
showed that soil water content under mulched drip irrigation was generally larger than that of
flood irrigation in the initial growth stage. However, an opposite trend was observed in the main
growth stage. The simulated results indicated that the cumulative water fluxes of flood irrigation
were greater than the values of mulched drip irrigation. Moreover, while infiltration depth under
flood irrigation reached the maximum simulated depth (400 cm), infiltration depth under mulched
drip irrigation was only 325 cm. The results of this study showed that mulched drip irrigation
reduced the infiltration depth and groundwater recharge to some extent in the Xiliao River Plain.
Such results are helpful in determining the influence of mulched drip irrigation on groundwater and
can be a reference for the maintenance of the sustainability of regional groundwater in the large-scale
promotion of mulched drip irrigation.
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1. Introduction

Water resource shortage poses a problem for agricultural development in arid and semiarid
regions. Mulched drip irrigation, which not only effectively relieves water paucity but also increases
crop yield, has been widely used in such regions in recent years [1]. In China, mulched drip irrigation
is widely used in cotton planting in the arid regions of Northwest China [2]. From 2012 to 2015,
the “Water-saving and grain-increasing action” was implemented in Northeast China to encourage
efficient water-saving irrigation. The area of cultivated land converted from the traditional irrigation
method to mulched drip irrigation has reached 1.35 million hm2 [3]. This technology will provide
an important guarantee for improving water use efficiency, ensuring food security, and realizing
agricultural modernization [4].

Mulched drip irrigation technologies adopt the advantages of drip irrigation and film mulch,
thus creating appropriate crop growth conditions in arable soil layers [5]. Film mulching efficiently
reduces soil evaporation and increases the top soil temperature, thus maintaining suitable soil
hydrothermal conditions [6,7]. On the other hand, the implementation of drip irrigation is often based
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on the actual growth status of crops, and fertilizer can be dissolved in water by drip irrigation systems.
An appropriate irrigation schedule and effective fertilization method ensure that a small amount
of water and fertilizer—through the mulched drip irrigation system in a steady flow—is delivered
directly to the crop root zone in time. Therefore, mulched drip irrigation not only improves water
and nutrient use efficiency, but also increases crop yield potential [8–10]. Moreover, this technology
prevents soil deterioration due to salt accumulation in the surface soil and root zone during the growth
period of crops, thereby creating a suitable environment for plant growth [9,11].

The effects of mulched drip irrigation on economic crops have been investigated by many
scientists [12–14] where their results generally indicate that mulched drip irrigation changes soil water
content in the field, thus creating suitable water, fertilizer, gas, and heat conditions that are beneficial
to crop growth and development [15,16]. Technical parameters of mulched drip irrigation such as
the layout of plastic film and tube, dripper discharge, dripper spacing, frequency of drip irrigation,
and irrigation amount have also been widely studied to ensure that the mulched drip irrigation
system provides a good guarantee for crop growth. After the implementation of the “Water-saving
and grain-increasing action”, the effects of mulched drip irrigation on grain crops (mainly maize)
have gradually attracted the interest of scientists. For instance, Qin et al. [4] investigated the effect
of drip irrigation on soil water and crop evapotranspiration during 2014–2015 in Northwest China.
Their results indicated that this technology reduced the total maize evapotranspiration over the
entire growth period by less than 10%. Zhang et al. [3] analyzed the effects of film mulching on
field evapotranspiration, crop yield, and water use efficiency in a three-year field experiment in
Northeastern China. They found that the total evapotranspiration under film mulching was 2.8–5.2%
lower than without mulching, and the yield and water use efficiency separately increased by 5.9–8.8%
and 10.7–13.1% in the field with film mulching.

In summary, whether for economic or food crops, most studies on mulched drip irrigation
have usually been concerned with water use efficiency, yield, salinity, fertilizer, and technical
parameters and are committed to the formulation of optimal irrigation schedules for increased yields.
New characteristics of soil water movements may occur after the large-scale implementation of
mulched drip irrigation. Moreover, regional groundwater recharges are expected to change, especially
in semiarid areas dominated by the hydrologic cycle of rainfall–infiltration–evaporation. Unfortunately,
previous studies have paid minimal attention to this aspect.

The current study investigated the spatial distribution of soil water in the soil profile under
mulched drip irrigation and flood irrigation in the Xiliao River Plain in Northeast China. We simulated
the soil water movement under the above two irrigation methods during the entire growth period
of maize with the consideration of rainfall, irrigation, and evapotranspiration. We used water flux
and infiltration depth as the basis for the comparison between the two irrigation methods with
respect to infiltration and deep percolation fluxes. The main objectives of this study were to (1)
describe the different distribution characteristics of soil water associated with mulched drip irrigation
and flood irrigation, and (2) investigate the effects of mulched drip irrigation on infiltration and
groundwater recharge.

2. Materials and Methods

2.1. Experimental Site

The field experiments were conducted in Kailu County, which is one of the main promotion
areas for mulched drip irrigation. The station is located in the Xiliao River Plain in Northern China
(E 121◦23′, N 43◦37′) and has an elevation of 231 m. The average annual rainfall is between 350
and 400 mm, approximately 70% of which falls between July and August. Rainfall is an important
source of groundwater recharge in the study area. The annual potential evaporation is between 1800
and 2000 mm, which is mainly concentrated in the same period. The average annual temperature
is 5.7 ◦C. The average annual groundwater table at the station is 6.1 m below the ground surface.
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The experimental crop was maize; maize seeds (Zheng-dan 958, Henan Academy of Agricultural
Sciences, Zhengzhou, China) were sown at the beginning of May and harvested at the end of September
each year, and the roots were distributed within 50 cm below the surface. The soil texture is presented
in Table 1. Flood irrigation is the traditional irrigation method in the Xiliao River Plain. Thus, irrigation
return flow is another important source of groundwater recharge. However, the irrigation method
in some major grain-producing areas has been converted into mulched drip irrigation with the
implementation of the “Water-saving and grain-increasing action”.

Table 1. Soil texture of the experimental field.

Depth (cm) Particles Size Distribution (%)
Soil

Sand Silt Clay

0–40 53.1 36.4 10.5 Loam
40–80 60.9 32.5 6.6 Sandy loam

80–150 73.4 20.9 5.7 Sandy loam
150–200 67.6 25.3 7.1 Sandy loam

>200 85.5 8.9 5.6 Loamy sand

2.2. Design and Measurement

The experiment was conducted in two separate plots belonging to the same village from the
beginning of May 2016 to the end of September 2016. Plot I represented the flood irrigation area,
which was approximately 86 hectares in size, and Plot II represented the mulched drip irrigation area,
which was approximately 71 hectares in size. The distance between the two plots was less than 1 km.
The observation sites were set at the center of the two plots to ensure that the surrounding fields had
the same irrigation conditions. Thus, the measurements could represent the two irrigation methods in
this region. Time-domain reflectometry (TDR), which is based on measuring the dielectric constant
of soil from the propagation velocity of a pulse traveling along an electromagnetic transmission line
embedded in the soil [17], is an effective monitoring tool for soil water content [18,19]. Therefore,
soil water content in both plots was measured by TDR probes (TRIME-PICO-IPH, IMKO, Ettlingen,
Germany) during the maize growth period.

Three replications were adopted for each plot. In Plot I, each replication contained one soil
profile located in the middle of the two rows of maize, and the spacing between two rows of maize
was 60 cm. In Plot II, the technology of “drip irrigation + ridge planting + plastic mulching” with
maize planting in double rows at one width ridge was implemented, and each replication consisted
of three soil profiles, namely, the middle position of ridge tillage (MRT), edge of plastic film (EPF),
and middle position of bare furrow (MBF) (Figure 1). The spacing between two rows of maize was
40 cm, and the three soil profiles were 30 cm apart from one another. Soil water content was measured
at an interval of 10 cm in the vertical direction for each soil profile, and the maximum monitoring depth
was 150 cm. The cropping patterns and observation profiles under the two irrigation methods are
shown in Figure 1. Soil water content in each soil profile was measured approximately every 10 days.
One further measurement was added in the case of rainfall or irrigation events. At the start of the
growing season, soil samples from the two plots were collected by auger in the vertical direction along
the 4 m soil profiles with intervals of 10 cm at 0–2 m and 20 cm at 2–4 m. The gravimetric soil water
content of each soil sample was measured through the oven-dry method, and the measured value was
converted into the volumetric soil water content by multiplying it with soil bulk density, which was
determined by dividing the soil dry mass in the sampling ring with the sampling ring volume.
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Figure 1. Schematic of the cropping patterns and observation profiles of soil water content. 
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Figure 1. Schematic of the cropping patterns and observation profiles of soil water content.

Meteorological data were also indispensable for this study. Rainfall, temperature, humidity, wind
speed, and solar net radiation were measured during the experimental period by an automatic weather
station, which was located near the two experimental plots. The irrigation amounts and intervals
under the two irrigation methods were based on the local practices. The irrigation levels were 228 and
381 mm for mulched drip irrigation and flood irrigation, respectively. The information of the irrigation
events is given in Table 2.

Table 2. Schedule of irrigation events and amounts under mulched drip irrigation and flood irrigation.

Irrigation Method Mulched Drip Irrigation Flood Irrigation

Schedule and
Amount

Date Amount (mm) Date Amount (mm)
2016/5/6 19 2016/5/6 31
2016/5/28 43 2016/5/28 72
2016/6/17 43 2016/6/17 72
2016/7/10 43 2016/7/10 72
2016/7/30 40 2016/7/30 67
2016/8/8 40 2016/8/8 67

2.3. Establishment of Soil Water Flow Model

In the soil water movement simulation, the amounts and distributions of rainfall, irrigation, and
evapotranspiration were all considered during the entire growing season. Then, the difference in
infiltration and groundwater recharge between the two irrigation methods was analyzed, along with
the effects of mulched drip irrigation on groundwater recharge.

The Hydrus-2D model was used for the simulation of the soil water flow of the two irrigation
methods under field conditions. The governing equation was a 2D version of the Richard equation for
water flow [20], given as:

∂θ

∂t
=

∂

∂x

[
K(h)× ∂h

∂x

]
+

∂

∂z

[
K(h)× ∂h

∂z

]
+

∂K(h)
∂z

− S (1)

where θ is the volumetric water content (cm3/cm3); h is the pressure head (cm); K(h) is the unsaturated
hydraulic conductivity (cm·day−1); t is the time (day); x and z are the horizontal and vertical
coordinates (cm), respectively; and S is the sink term (day−1).

The sink term S, representing the volume of water removed per unit time from a unit volume of
soil due to plant water uptake, was calculated as follows [21]:

S(h, hϕ, x, z) = α(h, hϕ, x, z)× b(x, z)StTp (2)

where α(h, hϕ, x, z) is a dimensionless function of the soil water (h) and osmotic (hϕ) pressure head
(0 ≤ α ≤ 1) with the default setting; St is the width of the soil surface associated with transpiration (cm);



Water 2018, 10, 1755 5 of 18

Tp is the potential evapotranspiration (cm·day−1 ); and b(x, z) is the root water uptake distribution
function, which was calculated as follows [22]:

b(x, z) =
(

1− x
Xm

)
×(1 − z

Zm

)
× e−(

Px
Xm ×|x

∗−x|+ Pz
Zm ×|z

∗−z|) (3)

where Xm is the maximum distance of root distribution in the horizontal direction, which was set to
20 cm; Zm is the maximum depth of root distribution in the vertical direction and was set to 50 cm, x∗

and z∗ describe the locations of the maximum water uptake in the horizontal and vertical directions
(cm), which were set to 0 and 10, respectively; and Px and Pz are the empirical parameters of root
asymmetry, which is normally set to 1.0.

The domain geometry was defined as 180 cm in width and 400 cm in depth. The grid size of
the simulation domain was 5 cm in the horizontal and vertical directions. For flood irrigation, the
upper boundary condition was set as the atmospheric boundary (rainfall and evaporation), and free
drainage was set as the bottom boundary. For mulched drip irrigation, the upper boundary condition
was changed into a combination of atmospheric and variable flux boundary (rainfall, evaporation,
and irrigation), and the irrigation was defined as the time-variable flux boundary to represent drip
irrigation. The bottom boundary condition was the same as that in flood irrigation. The left and right
boundary conditions for the two irrigation methods were set as no flux boundary.

Daily reference evapotranspiration (ET0) was calculated according to the Penman–Monteith
model recommended by the Food and Agriculture Organization of the United Nations [23] as follows:

ET0 =
0.408∆× (Rn − G) + γ× 900

Tmean+273 × u2 × (es − ea)

∆ + γ× (1 + 0.34u2)
(4)

where ET0 is the reference evapotranspiration (mmd−1); Rn is the net radiation (MJ m−2); G is the
soil heat flux (MJ m−2 day−1); γ is the psychometric constant (kPa ◦C−1); Tmean is the daily mean
air temperature; u2 is the average wind speed at the height of 2 m (m s−1); es is the saturation
vapor pressure (kPa); ea is the actual vapor pressure (kPa); and ∆ is the slope of the saturation vapor
pressure–temperature curve (kPa ◦C−1).

Potential evaporation and transpiration are required as inputs in Hydrus-2D. These were
calculated according to the measured leaf area index (LAI) and crop coefficient of maize (kc, as shown
in Figure 2), as follows:

ETc = kc × ET0 (5)

Tp = ETc × (1− e−kLAI) (6)

Ep = ETc × e−kLAI (7)

where ETc is the evapotranspiration of the crop; Tp is the potential transpiration; Ep is the potential
evaporation; and k is the attenuation coefficient of canopy radiation.
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Soil hydraulic properties were described by the van Genuchten-Mualem model at the experimental
site [24,25]. The inverse module was used for the optimization of soil hydraulic parameters according to
the measured soil water content at different depths [10]. Calibration and validation are two important
processes for the use of Hydrus-2D. The calibration process was carried out using measured soil water
content under flood irrigation. Then, under mulched drip irrigation, the model was validated using
the calibrated soil hydraulic parameters.

In the simulation of soil water movement in each irrigation method during the growing season,
the initial conditions of soil water content were defined according to the values of the measured data
at the start of the growing season.

2.4. Data Analysis

In both irrigation methods, the value of the soil water content was the average of three
corresponding replication data. For mulched drip irrigation, the values of soil water content for
each replication were averaged by the three soil profile data, and the values of soil water content for
each soil profile (MRT, EPF, and MBF) were averaged by the three corresponding replication data.
For the purpose of comparing the difference in soil water content at different depths in the vertical
direction under the two irrigation methods, soil water content in the soil profile was divided into three
zones for statistics in the vertical direction according to the measurements obtained from the in situ
experiment. The zones were designated as follows: the direct-influence zone of maize roots (0, 50 cm)
where maize roots directly absorb soil moisture to supply their own growth; the indirect-influence zone
of maize roots (50, 100 cm) where soil water movement is affected by the water potential difference
caused by the water consumption of the upper layer; and the subtle-influence zone of maize roots
(100, 150 cm) where maize roots do not considerably deplete soil moisture.

Infiltration depth and soil water flux are important indicators for illustrating the status of
infiltration and potential groundwater recharge. In this study, infiltration depth at a certain time
was defined based on the difference between the soil water content at a certain time and the initial soil
water content of the soil profile. When the difference in soil water content between the two moments
was nearly zero, the corresponding depth was considered the infiltration depth. Soil water flux at
different depths could be obtained through the Hydrus-2D simulation by setting mesh lines.



Water 2018, 10, 1755 7 of 18

The agreement between the simulated and measured data was evaluated by mean absolute error
(MAE), normalized root mean square error (NRMSE), and the Nash–Sutcliffe model efficiency (NSE)
as follows:

MAE =

N
∑

i=1
|Mi − Si

∣∣∣∣
N

(8)

NRMSE =

√
1
N

N
∑

i=1
(Mi − Si)

2

M
(9)

NSE= 1−

N
∑

i=1
(Mi − Si)

2

N
∑

i=1
(Mi −M)2

(10)

where Mi and Si are the ith measured and model simulated values for soil water content, respectively;
N is the number of observations; and M is the mean values of the measured values.

3. Results

3.1. Variations in Measured Soil Water Content

Soil water content is an important factor that affects plant growth and is a critical factor that
affects infiltration. Based on the field experiment results, we obtained the variations in soil water
content under mulched drip irrigation and flood irrigation during the growing season of maize, which
was divided into the initial growth stage (early May to late June) and the main growth stage (early July
to late August). These two stages corresponded to the period before and after the elongation stage
of maize.

The soil water content under the two irrigation methods are shown in Figure 3. In the initial
growth stage, the difference in soil water content between mulched drip irrigation and flood irrigation
was mainly within a depth of 1 m. The soil water content under mulched drip irrigation was greater
than that of flood irrigation, and the relative difference between the two irrigation methods was 7.9%
within 1 m. In particular, within 50 cm, the relative difference between the two irrigation methods
was 9.9%. At depths of 50–100 cm and 100–150 cm, the relative difference between the two irrigation
methods were 5.9% and 3.5%, respectively. In the main growth stage, the soil water content along the
150 cm soil profile under mulched drip irrigation was smaller than the value under flood irrigation.
Specifically, the relative difference between the two irrigation methods were 6.5%, 7.3%, and 13.1% at
depths of 0–50 cm, 50–100 cm, and 100–150 cm, respectively. In short, the soil water content under
mulched drip irrigation was generally greater than that of flood irrigation in the initial growth stage.
However, an opposite trend was observed in the main growth stage.
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Figure 3. Comparison of soil water content between mulched drip irrigation and flood irrigation.

3.2. Model Calibration and Validation

The measured soil water content under flood irrigation was used for calibration and that under
mulched drip irrigation was used for validation. Based on the model calibration results, the optimized
soil hydraulic parameters are summarized in Table 3. The simulated and measured values for soil water
content under the two irrigation methods at different soil depths are shown in Figure 4. The simulated
soil water content had the same trend as the measured one. The statistical evaluation results for model
performance in MAE, NRMSE, and NSE are summarized in Table 4. For the calibration analysis,
the MAE and NRMSE values for soil water content were between 0.009 and 0.022 cm3/cm3 and
between 0.048 and 0.089, respectively. For the validation analysis, the MAE and NRMSE values in
MRT were between 0.008 and 0.018 cm3/cm3 and between 0.046 and 0.085, respectively, and the MAE
and NRMSE values in MBF were between 0.009 and 0.019 cm3/cm3 and between 0.047 and 0.074,
respectively. The NSE values were in the range of 0.58 to 0.86 for flood irrigation, and 0.35 to 0.76
for mulched drip irrigation. The average values of MAE, NRMSE, and NSE for flood irrigation,
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MRT, and MBF were 0.014, 0.013, and 0.012 cm3/cm3, 0.061, 0.059, and 0.055, and 0.753, 0.614, 0.653,
respectively. From the graphical and statistical results, the simulated and measured soil water content
showed good agreement.

Table 3. The optimized soil hydraulic parameters used for the Hydrus-2D.

Depth
(cm)

θr
(cm3·cm−3)

θs
(cm3·cm−3)

α
(cm−1) n

Ks
(cm·day−1) l

0–40 0.051 0.410 0.009 1.35 14.8 0.5
40–80 0.049 0.387 0.011 1.28 15.9 0.5
80–150 0.045 0.331 0.015 1.31 25.7 0.5

150–200 0.044 0.333 0.02 1.31 23.4 0.5
>200 0.041 0.342 0.017 1.36 27.3 0.5

Note: Saturated hydraulic conductivity (Ks) and saturated water content (θs) were measured values, whereas n, α,
and θr were estimated values through inverse simulation, l is a pore connectivity parameter which is normally set
to 0.5.

Water 2018, 10, x FOR PEER REVIEW  9 of 18 

 

NRMSE  values in MRT were between 0.008 and 0.018 cm3/cm3 and between 0.046 and 0.085, 
respectively, and the MAE  and NRMSE  values in MBF were between 0.009 and 0.019 cm3/cm3 
and between 0.047 and 0.074, respectively. The NSE  values were in the range of 0.58 to 0.86 for 
flood irrigation, and 0.35 to 0.76 for mulched drip irrigation. The average values of MAE , NRMSE
, and NSE  for flood irrigation, MRT, and MBF were 0.014, 0.013, and 0.012 cm3/cm3 , 0.061, 0.059, 
and 0.055, and 0.753, 0.614, 0.653, respectively. From the graphical and statistical results, the 
simulated and measured soil water content showed good agreement. 

Table 3. The optimized soil hydraulic parameters used for the Hydrus-2D. 

Depth 
(cm) 

r  
（cm3·cm−3） 

s  
(cm3·cm−3) 

  
(cm−1) 

n  sK  
(cm·day−1) 

l  

0–40 0.051 0.410 0.009 1.35 14.8 0.5 
40–80 0.049 0.387 0.011 1.28 15.9 0.5 

80–150 0.045 0.331 0.015 1.31 25.7 0.5 
150–200 0.044 0.333 0.02 1.31 23.4 0.5 

>200 0.041 0.342 0.017 1.36 27.3 0.5 
Note: Saturated hydraulic conductivity (

sK ) and saturated water content ( s ) were measured 

values, whereas n ,  , and r  were estimated values through inverse simulation, l  is a pore 

connectivity parameter which is normally set to 0.5. 

 

 
Figure 4. Cont.



Water 2018, 10, 1755 10 of 18
Water 2018, 10, x FOR PEER REVIEW  10 of 18 

 

 

 

 
Figure 4. Cont.



Water 2018, 10, 1755 11 of 18
Water 2018, 10, x FOR PEER REVIEW  11 of 18 

 

 

 

 
Figure 4. Cont.



Water 2018, 10, 1755 12 of 18
Water 2018, 10, x FOR PEER REVIEW  12 of 18 

 

 
Figure 4. Simulated and measured soil water content at different soil depths under the two irrigation 
methods. (a)–(c): Soil water content under flood irrigation at 10, 30, 60, 90, 120, 150 cm, respectively; 
(d)–(f): Soil water content of MRT under mulched drip irrigation at 10, 30, 60, 90, 120, 150 cm, 
respectively; (g)–(i): Soil water content of MBF under mulched drip irrigation at 10, 30, 60, 90, 120, 150 
cm, respectively. 

Table 4. MAE , NRMSE , and NSE  between the simulated and measured soil water content 
at different soil depths. 

Soil 
Depth 
(cm) 

Flood Irrigation 
Mulched Drip Irrigation 

MRT MBF 
MAE  

(cm3/cm3) 
NRMSE NSE MAE  

(cm3/cm3) 
NRMSE  NSE MAE  

(cm3/cm3) 
NRMSE  NSE 

10 0.022 0.089 0.58 0.017 0.085 0.59 0.019 0.074 0.65 
30 0.015 0.056 0.83 0.018 0.071 0.35 0.012 0.050 0.76 
60 0.014 0.058 0.71 0.014 0.054 0.67 0.013 0.052 0.60 
90 0.010 0.052 0.81 0.008 0.047 0.67 0.009 0.050 0.65 

120 0.009 0.048 0.86 0.010 0.052 0.66 0.011 0.057 0.50 
150 0.012 0.062 0.72 0.008 0.046 0.75 0.009 0.047 0.76 

3.3. Water Balance under Different Irrigation Methods 

The water balance of the simulation for flood irrigation and mulched drip irrigation is presented 
in Table 5. Compared with flood irrigation, the root water uptake under mulched drip irrigation was 
increased by approximately 6.1 mm, whereas evaporation was significantly reduced by 70.4 mm. 
There was also a significant difference between the drainage (bottom boundary), and the value of 
drainage under mulched drip irrigation was about 2.7 times that under flood irrigation. In general, it 
can be concluded that evaporation under mulched drip irrigation was obviously reduced, and the 
irrigation use efficiency could be effectively improved. 

Table 5. Simulated water balance under flood irrigation and mulched drip irrigation. 

Water Balance Component (mm) Flood Irrigation Mulched Drip Irrigation 
Root water uptake 359.8 365.9 

Evaporation 130.6 60.2 
Drainage 55.8 20.4 

Storage Change 128.1 75.3 
Irrigation 381 228 
Rainfall 297.7 297.7 

Figure 4. Simulated and measured soil water content at different soil depths under the two irrigation
methods. (a–c): Soil water content under flood irrigation at 10, 30, 60, 90, 120, 150 cm, respectively; (d–f):
Soil water content of MRT under mulched drip irrigation at 10, 30, 60, 90, 120, 150 cm, respectively;
(g–i): Soil water content of MBF under mulched drip irrigation at 10, 30, 60, 90, 120, 150 cm, respectively.

Table 4. MAE, NRMSE, and NSE between the simulated and measured soil water content at different
soil depths.

Soil
Depth
(cm)

Flood Irrigation Mulched Drip Irrigation

MRT MBF

MAE
(cm3/cm3) NRMSE NSE MAE

(cm3/cm3) NRMSE NSE MAE
(cm3/cm3) NRMSE NSE

10 0.022 0.089 0.58 0.017 0.085 0.59 0.019 0.074 0.65
30 0.015 0.056 0.83 0.018 0.071 0.35 0.012 0.050 0.76
60 0.014 0.058 0.71 0.014 0.054 0.67 0.013 0.052 0.60
90 0.010 0.052 0.81 0.008 0.047 0.67 0.009 0.050 0.65

120 0.009 0.048 0.86 0.010 0.052 0.66 0.011 0.057 0.50
150 0.012 0.062 0.72 0.008 0.046 0.75 0.009 0.047 0.76

3.3. Water Balance under Different Irrigation Methods

The water balance of the simulation for flood irrigation and mulched drip irrigation is presented
in Table 5. Compared with flood irrigation, the root water uptake under mulched drip irrigation
was increased by approximately 6.1 mm, whereas evaporation was significantly reduced by 70.4 mm.
There was also a significant difference between the drainage (bottom boundary), and the value of
drainage under mulched drip irrigation was about 2.7 times that under flood irrigation. In general,
it can be concluded that evaporation under mulched drip irrigation was obviously reduced, and the
irrigation use efficiency could be effectively improved.

Table 5. Simulated water balance under flood irrigation and mulched drip irrigation.

Water Balance Component (mm) Flood Irrigation Mulched Drip Irrigation

Root water uptake 359.8 365.9
Evaporation 130.6 60.2

Drainage 55.8 20.4
Storage Change 128.1 75.3

Irrigation 381 228
Rainfall 297.7 297.7
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3.4. Soil Water Movement Simulation during the Growing Season

3.4.1. Variations in Water Fluxes

At the end of the simulation, the cumulative water fluxes were calculated at depths of 1.5, 2.0, 2.5,
3.0, 3.5, and 4.0 m. The results are summarized in Figure 5. The cumulative water flux values under
flood irrigation at these depths were 17.6, 15.7, 13.2, 10.6, 8.0, and 5.6 cm, respectively; the cumulative
water flux values under mulched drip irrigation were 9.6, 7.8, 5.8, 4.0, 2.7, and 2.0 cm, respectively.
At the depth of 1.5 m, the cumulative water flux of flood irrigation was 1.8 times the value of mulched
drip irrigation; at the depth of 3.0 m, the cumulative water flux value of flood irrigation was 2.7 times
the value of mulched drip irrigation. The results indicated that the cumulative water fluxes under
mulched drip irrigation and flood irrigation decreased as depth increased, and the values of flood
irrigation were obviously greater than the values of mulched drip irrigation.

In this study, the simulation period was from maize planting to maize harvesting. The above data
were the results of the end of the simulation. After the maize was harvested, soil water movement did
not stop immediately. Soil water continued to move downwards under the water potential difference.
However, irrigation ceased and precipitation decreased after the harvest of the maize, and the recharge
of soil moisture from outside water was obviously reduced. Therefore, after harvesting, the difference
in water fluxes between the two irrigation methods still showed the existing trend, that is, the values
of the cumulative water flux under mulched drip irrigation were smaller than those of flood irrigation.
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Figure 5. Cumulative water fluxes at different depths under mulched drip irrigation and
flood irrigation.

3.4.2. Variations in Infiltration Depth

Different results of infiltration depth over time under mulched drip irrigation and flood irrigation
are shown in Figure 6. On the 122nd day of the simulation, the infiltration depth under flood
irrigation reached the maximum simulated depth (400 cm). At the same time, the infiltration depth
under mulched drip irrigation was 325 cm, which was 75 cm smaller than the infiltration depth
under flood irrigation. According to the differences in infiltration depth under the two irrigation
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methods, the infiltration process throughout the entire growing season could be generally divided into
two stages.

Stage with no Significant Difference

This period started in May and ended in June. During this period, the infiltration depth under
mulched drip irrigation and flood irrigation reached 155 and 150 cm, respectively. The infiltration
depths under the two irrigation methods were almost the same. For this stage, the soil water content
under flood irrigation was less than the value under mulched drip irrigation. Compared with mulched
drip irrigation, flood irrigation required more water to supplement the soil water deficit. Therefore,
although the amount of irrigation under flood irrigation was larger than that of mulched drip irrigation,
the difference of the water that continued to infiltrate under the two irrigation methods was small.
Consequently, no obvious difference existed in the infiltration depths under the two irrigation methods.

Stage with Significant Difference

This period started in July and ended in September. During this period, the infiltration depth
under mulched drip irrigation was obviously less than the value under flood irrigation. From 29 June
to 1 September, the infiltration depth under mulched drip irrigation changed from 155 cm to 325 cm,
an increase of 170 cm. The infiltration depth under flood irrigation changed from 150 cm to 400 cm,
which was an increase of 250 cm. The increases in infiltration depth under the two irrigation methods
were greater than those in the first stage. For this stage, the soil water content under mulched drip
irrigation was less than the value under flood irrigation. Compared with flood irrigation, mulched drip
irrigation needed more water to compensate for the soil water deficit. The amount of irrigation under
mulched drip irrigation was also less than that of flood irrigation. Thus, the difference in infiltration
depth under the two irrigation methods was considerable.
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4. Discussion

4.1. Effects of Mulched Drip Irrigation

A relatively closed space was formed between the plastic film and the surface soil under mulched
drip irrigation. The space changed the path of the water movement between the atmosphere and the
soil. Film mulching influences the soil micro-environment by increasing soil heat flux in soil moisture
dynamics [26,27]. Our results indicated that the effect of mulched drip irrigation on soil water content
varied with the different growth stages of maize. In the initial growth stage, soil water content under
mulched drip irrigation was larger than that of flood irrigation, indicating that the plastic film retained
moisture [28], especially in the direct-influence zone of maize roots; that is, plastic films facilitated
the conservation of soil water content, thereby enhancing the emergence rate and promoting seedling
growth. However, in the main growth stage, the comparison between the soil water contents of the
two irrigation methods showed the reverse. A similar phenomenon was also seen in the cultivation of
potatoes with plastic film mulching, which showed a relatively low level of soil water content during
the later growing season [29].

Mulched drip irrigation is a partial irrigation method that controls the irrigation amount, thereby
preventing deep percolation [4]. Therefore, the irrigation return flow under mulched drip irrigation is
reduced. Hu et al. [30] noted that, with the intensification of mulched drip irrigation, irrigation return
flow dropped from 594.01 mm in the 1990s to 164.62 mm in the 2010s. The reduction in irrigation
return flow indicates a reduction in potential groundwater recharge, which leads to a decline in
the groundwater table. The groundwater table declined by 0.54 m in a cotton field under mulched
drip irrigation from 2012 to 2013 in the Kaidu-Kongqi River Basin [31]. Ming et al. [32] noted that
the groundwater under mulched irrigation decreased from 2–3 to 5–6 m in a cotton field with the
mulched drip irrigation method in Korla, Xinjiang from 2012 to 2016. The results of our study were
in line with the above studies. In this study, the groundwater recharge was reflected by the water
flux and infiltration depth. In the simulation results, the cumulative water fluxes at different depths
and the final infiltration depths under mulched drip irrigation were less than those of flood irrigation.
The groundwater recharge was reduced under mulched drip irrigation, and the groundwater table
decreased accordingly.

4.2. Implication for the Change in Irrigation Method

To meet the challenges of water scarcity, irrigation methods have gradually changed from
low-efficiency flood irrigation to high-efficiency irrigation technologies in the process of agricultural
development [30]. Mulched drip irrigation has been promoted concentratedly in the Xiliao River Plain,
replacing the traditional flood irrigation method. Given the improvement in irrigation efficiency and
the increase in grain production, the implementation area of mulched drip irrigation has tended to
increase gradually.

In the Xiliao River Plain, rivers have lost their capability to recharge groundwater due to
interruption for many years [33]. Rainfall and irrigation return flow have become important sources
of groundwater recharge. However, the results of our study indicated that mulched drip irrigation
reduced rainfall infiltration depth and the groundwater recharge in irrigation areas to some extent.
This phenomenon eventually lowers the groundwater table, thus threatening the stability of regional
groundwater. The declining groundwater table is the limiting factor of sustainable agricultural
development in the Xiliao River Plain. In addition, it should also be noted that the decline in the
groundwater table will aggravate ecosystem degradation in the natural vegetation around the irrigated
area [34], and increase the risk of land desertification.

5. Conclusions

This study investigated the variations in soil water content in an in situ experiment with mulched
drip irrigation and flood irrigation in the Xiliao River Plain. Soil water movement in the entire growing
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season under the two irrigation methods was simulated by the Hydrus-2D model. The effect of
mulched drip irrigation on soil water content varied with the different growth stages of maize. In the
initial growth stage, the average soil water content under mulched drip irrigation was 2.03% larger
than that of flood irrigation within 1 m; at a depth of 100–150 cm, the soil water content under the
two irrigation methods tended to be consistent. However, in the main growth stage, the soil water
content along the 150 cm soil profile under mulched drip irrigation was lower than that under flood
irrigation. The simulated results indicated that the cumulative water fluxes of flood irrigation were
greater than the values of mulched drip irrigation. While the infiltration depth under flood irrigation
reached the maximum simulated depth (400 cm), the infiltration depth under mulched drip irrigation
was only 325 cm. These results indicated that mulched drip irrigation reduced infiltration depth and
the groundwater recharge to some extent in the Xiliao River Plain. Therefore, the implementation
of mulched drip irrigation with maize should be rationally planned to preserve the stability of
regional groundwater.
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