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Abstract: Soil water and nitrogen are two important factors in the agro-ecosystem of the Loess
Plateau, China. The ridge-furrow maize system with plastic mulch (RFPM) is a widely used measure
to increase crop yield in the Loess Plateau area. The purpose of this study was to investigate the
effect of the RFPM on soil water and inorganic nitrogen (N) distribution, especially with regard to
the risk and dynamic of nitrogen losses, by using Hydrus-2D. The study was conducted over two
consecutive years and consisted of two treatments: (i) the RFPM with the split application of nitrogen
in 2013 (160 + 60 kg N ha−1, sowing and jointing stage) and (ii) the RFPM with a one-time fertilizer in
2014 (220 kg N ha−1, sowing stage). The results showed that the dynamic of soil water and nitrogen
was clearly illustrated by Hydrus-2D, especially with regard to the nitrogen losses and utilization.
The RFPM improved soil water consumption in both the ridge and the furrow; the soil water content
was obviously fluctuating during the maize growing season, and the degree of fluctuation decreased
as the depth increased. The soil NH+

4 -N concentration was mainly accumulated in the surface soil
layer +15–10 cm; the highest NH+

4 -N concentrations were 69.12 and 104.62 mg·kg−1 in 2013 and 2014,
respectively. The highest NO−3 -N concentrations were 130.86 and 198.20 mg·kg−1 in 2013 and 2014,
respectively. There was an exchange of NO−3 -N between the ridge and the furrow when urea was
applied in the furrow. The one-time fertilizer caused a high risk of NH3 volatilization; they were
20.40 and 27.41 kg N ha−1 in 2013 and 2014, respectively, which accounted for 9.27% and 12.46% of
the N fertilizer inputs in 2013 and 2014, respectively. The rate of nitrite leaching was higher in the
furrow than the ridge. However, a proper ratio of the split application of nitrogen would contribute
to the NO−3 -N leaching reduction; the NO−3 -N leaching amounts were 18.13 and 31.26 kg N ha−1,
which accounted for 8.24% and 14.21% of the N fertilizer inputs in 2013 and 2014, respectively. Our
study indicates, therefore, that the RFPM with a split application of nitrogen would be more effective
for the nitrogen losses; the RFPM is a suitable system for agriculture in the rain-fed area of the Loess
Plateau, with the benefits of water-use efficiency and non-point source pollution reduction.

Keywords: Loess Plateau; soil water; ridge-furrow maize system; film mulch; nitrogen losses;
Hydrus-2D

1. Introduction

Soil water and nitrogen movement in the agro-ecosystem is always a hot research
area; it is known that crop yield is mainly affected by the availability of soil water and
nitrogen, especially in arid and semi-arid areas [1]. With the development of rain-fed
agriculture in the Loess Plateau, China, the soil water and nitrogen dynamic under different
land use, tillage, and mulching measures are strongly affecting the agricultural production
in this area [2]; it was found that water and nitrogen are the most important inputs for
high grain yields in maize production in this area. Specifically, it is noted that high soil
evaporation, limited and variable precipitation, and single excessive fertilization are three
important factors which can result in low crop yields [3]. Knowledge of soil water and
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nitrogen contents and their distribution in the soil profile during the growing seasons is
necessary in order to improve fertilizer management in agricultural fields and decrease
environmental pollution [4], as well as to gain a better understanding of climate change
and its feedback [5]; thus, a reasonable performance evaluation of the tillage and mulching
measures can be provided.

Soil water content was always considered as a main factor in the work on the nitrogen
losses and initial soil moisture conditions that could cause a high risk of NH3 volatilization
in north China [6]. Precipitation is limited for the agricultural production; as the main
water source for agriculture in this region [7], it determines the distribution of soil water
content [8] and affects the NH3 volatilization and nitrite leaching [9]. Soil water stress
would affect the NH3 volatilization; this was related to the evaporation; the soil water
decreased with the increasing soil evaporation, which then enhanced the rate of diffusion of
NH3 from the soil solution to the atmosphere [10]. NO−3 -N movement in the soil profile is
mainly affected by the fertilization method and soil water infiltration. There are many other
factors, such as soil structure, tillage measure, and amount and intensity of precipitation;
these all have an effect on it [6]. In fact, a high risk of nitrate leaching was found under
the effect of heavy rainfall as the soil water infiltration was the main driver of the nitrate
leaching [11]. In order to improve water and nitrogenous fertilizer use efficiency, film
mulch was developed and applied in the Loess Plateau, China [1–3]. It was found that
mulching could improve the soil’s physical properties and protect the topsoil stability [12],
resulting in increased absorption of NO−3 -N [13]; in addition, the mulching limits the
vertical infiltration of precipitation, reducing the NO−3 -N leaching to the deeper layers [14].
The former study indicated that nitrate leaching in this area has been underestimated for
many years with regard to the limited precipitation and thick soil layer [15]. A study
has already found NO−3 -N accumulation in the vadose zone and groundwater in this
area [6,16]. Therefore, nitrate leaching in north China cannot be ignored, and it could
account for about 11% of the applied N, which results in a high risk of pollution of the deep
soil layer and groundwater.

In the Loess Plateau, China, plastic film mulching is a common practice that is widely
used in maize production [8]. Many studies have confirmed its’ effect on soil water
retention [17], soil temperature increase, and crop growth enhancement [18], especially in
arid and semi-arid areas. Theoretically, as film mulch increases crop growth, nitrogen-use
efficiency is improved by the film mulch system. However, only film mulch was not
sufficient due to its limited effect on soil water conversation and yield increase [3]. The
ridge-furrow system with plastic mulch could increase soil water content and effective
rainfall residence time; there is an appreciable effect on rain collection, and the degree
increases with the amount of rainfall [3], thereby increasing crop yield and water-use
efficiency, especially in arid and semi-arid areas [19]. So, it was highly recommended for
maize cultivation in the Loess Plateau, China [2], but we should note that a full account
needs to be taken of the environmental impact relating to nitrogen losses, in order to
evaluate the sustainability of the ridge-furrow system with plastic mulch in this area.

In this study, a two-year experiment was conducted to study the soil water dynamic,
the soil nitrogen transport, the transformation, and the losses under the ridge-furrow
system with plastic film mulch. The modeling method was used for its benefit on the
detailed information demonstration. Hydrus-2D was chosen due to its adaptability to
various atmospheric boundary conditions, which were caused by the ridge-furrow system
and film mulch. Soil water and nitrogen can be accurately simulate by this model, and there
were successful application cases which were conducted in the Loess Plateau, China [20].
The objective was to assess the dynamic of the soil water and nitrogen and quantify the
risk of nitrogen losses under the ridge-furrow system with plastic film mulch.
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2. Materials and Methods
2.1. Study Area

Field experiments were conducted from 2013–2014 at the Changwu Agricultural and
Ecological Experimental Station (35◦12′ N, 107◦40′ E, 940–1220 m asl) on the Loess Plateau
of northwestern, China. It is a warm, temperate, semi-humid, continental monsoon climate.
The average annual precipitation and temperature are 582 mm and 9.7 ◦C, respectively [20],
and almost 73% of precipitation is concentrated from May to October. The rainfall levels
during the maize growing season were 400.40 and 333.20 mm in 2013 and 2014, respectively
(Figure 1).
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Figure 1. Demonstration of model domain for simulation of soil water and heat flow in ridge
cultivation system with plastic film mulching. (Different colors refer to different soil layers).

2.2. Field Experiment and Monitoring

The recommended fertilizer rate was as follows: nitrogen fertilizer, 220 kg N ha−1. In
2013, 160 kg N ha−1 was applied in the ridge at the sowing stage; 60 kg N ha−1 was applied
in the furrow at the jointing stage. In 2014, there was only a one-time fertilizing with urea,
which was applied in both the ridge and the furrow. A total of 60 kg P ha−1 as calcium
superphosphate (12% P2O5) and 75 kg K ha−1 as potassium sulfate (45% K2O) were applied
simultaneously with the basal N fertilizer. A high-yielding maize hybrid (Pioneer 335) was
selected for this study. The maize was planted at the end of April and harvested at the end
of September. There was no irrigation during the maize growing season.

In 2013, the soil water content was measured at 1-day intervals using an ECH2O
system (Decagon Devices); the sensors were installed at soil depths of 10, 30, 60, 100, and
160 cm. In 2014, the neutron moisture meter (CNC503DR) was used to measure the soil
water content (for the accidental damage to the ECH2O system) every 20 days. Soil NO−3 -N
and NH+

4 -N concentrations were determined by sampling from depths of 10, 30, 60, 100,
and 160 cm. Nitrogen concentrations were measured using a Cleverchem Anna random
access analyser (DeChem-Tech. GmbH Hamburg, Germany) after KCl extraction.

The partial soil hydraulic parameters were measured before the experiment, and
there were five typical layers with +15–10, 10–30, 30–60, 60–100, and 100–160 cm. Soil
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bulk density, texture, and saturated hydraulic conductivity (Ks) were measured by the
oven drying method, the pipette sampling method [21], and the falling-head method [22],
respectively. The saturated water content (qs) was calculated by multiplying the saturated
mass-based soil water content by the bulk density, and the saturated mass-based soil water
content was measured by the oven drying method. Root depth and leaf area index were
measured at the different maize growing stages; root depth was measured by dig methods
from up to down; leaf area index was measured using an ACCUPAR LP-80 ceptometer
(METER Group, Pullman, WA, USA); crop yields were calculated after the harvest stage.

2.3. Soil Water, Nitrogen Transport, Transformation and Loss Calculations

The Hydrus-2D was applied to calculate soil water, nitrogen transport, and transforma-
tion. Root water uptake and evapotranspiration were also considered in the calculation of
the model as they could affect N leaching and NH3 volatilization. The N leaching and NH3
volatilization were calculated by using the boundary flux of the model. More information
about the model follows.

2.3.1. Water Flow

The flow equation is given by the following modified form of the Richards’ equation:

∂θ

∂t
=

∂

∂x

[
K(h)

∂h
∂x

]
+

∂

∂z

[
K(h)

∂h
∂z

]
+

∂K(h)
∂x

− S (1)

where θ is the volumetric water content (cm3·cm−3), t is the time (d), x is the horizontal axis
(cm), K(h) is the hydraulic conductivity (cm·d−1), h is the pressure head (cm), and z is the
vertical coordinate (cm).

S is the sink term of the water uptake by the maize roots; it was introduced by Feddes
et al. [23]:

S = α(h)β(z, t)Tp (2)

α(h) is water stress, which was described by Feddes et al. [23]:

α(h) =


0 h ≥ h1 or h ≤ h4

h−h1
h2−h1

h2 ≤ h ≤ h1

1 h3 ≤ h ≤ h2
h−h4
h3−h4

h4 ≤ h ≤ h3

(3)

where hi is the threshold parameters; they were adjusted from the model internal database
(i.e., h1 = −10 cm, h2 = −25 cm, h3 = −200 cm, and h4 = −10,000 cm).

β(z, t) is the root density distribution function:

β(z, t) =
[

1− z
Zm

][
1− x

Xm

]
e−(

Pz
Zm |z

∗−z|+ Px
xm |x

∗−x|) (4)

where Xm is the maximum horizontal distance of the root distribution, Zm is the maximum
depth of the root distribution which is set according to field observations, x* is the horizontal
coordinates of the maximum root density (30 cm in this study), z* is the vertical coordinate
of the maximum root density (25 cm in this study), and Pz and Px are empirical parameters
of the root asymmetry, which are normally set to 1.0.

Tp is the potential transpiration rate (cm·d−1), which is given below:

ETp =
1
λ

[
∆(Rn − G)

∆ + γ(1 + rs/rα)
+

ρcp (eα − ed)/rα

∆ + γ(1 + rs/rα)

]
(5)

Tp = ETp

(
1− e−k·LAI

)
(6)

Ep = ETp·e−k·LAI (7)
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where ETp is potential evapotranspiration, cm·d−1; λ is the vaporization heat from steam,
MJ·kg−1; Rn is net radiation, MJ·m−2·d−1; G is the soil heat flux, MJ·m−2·d−1; ρ is atmo-
spheric density, kg·m−3; cp is air specific heat capacity at constant pressure, J·kg−1·◦C−1; ea
and ed are saturated vapor pressure and the actual water vapor pressure, kPa; rs is surface
impedance; it is the impedance when the steam overcomes the evaporation from the soil
surface and vegetation transpiration, s·m−1; ra is the aero-dynamic impedance; it is the
impedance when the steam from the evaporation interfaces to the top air of the canopy,
s·m−1; ∆ is the gradient of the function between saturation vapor pressure and temperature,
kPa·◦C−1; and γ is the moisture meter constant, kPa·◦C−1. Ep is the potential evaporation
fluxes, mm·d−1; LAI is the leaf area index, and k is a constant governing the radiation
extinction (0.6 in this study).

Ta is the actual transpiration rate, which is related to the root domain.

Ta =
∫

Lr
Sdz = Tp

∫
Lr

α(h)β(z, t)dz (8)

where Lr is the root depth, which is set according to the field observations.

2.3.2. Nitrogen Transport and Transformations

The partial differential equations governing the two-dimensional non-equilibrium
chemical transport of solutes involved in a sequential first-order decay chain during tran-
sient water flow in a variably saturated rigid porous medium are taken as:

Urea:
∂θcw,1

∂t
=

∂

∂x

(
θD1

∂cw,1

∂z

)
− ∂qcw,1

∂z
− µ′w,1θcw,1 (9)

NH+
4 -N (ammonium nitrogen):

β
∂θcw,2

∂t
+ ρ

∂cs,2

∂t
=

∂

∂z

(
θD2

∂cw,2

∂z

)
− ∂qcw,2

∂z
+ µ′w,1θcw,1 −

(
µw,2 + µ′w,2

)
θcw,2 −

(
µs,2 + µ′s,2

)
ρcs,2 + γw,2θ + γs,2ρ− S(Z, t)cwr,2 (10)

NO−3 -N (nitrate nitrogen):

∂θcw,3

∂t
=

∂

∂z

(
θD3

∂cw,3

∂z

)
− ∂qcw,3

∂z
+ µ′w,2θcw,2 + µ′s,2ρcs,2 − (µw,3 + µs,3)ρcw,3 − S(Z, t)cwr,3 (11)

where subscript number 1, 2, and 3 represent urea, ammonium nitrogen and nitrate nitrogen,
respectively; w is the liquid, s is the solid phase, c is the nitrogen concentration (µg·cm−3), ρ
is the soil bulk density (g·cm−3), D is the nitrogen dispersion coefficient (cm2·d−1), q is the
volumetric water flux (cm·d−1), µ and µ′ represent the first-order nitrogen transformation
rate constant, γ is the zero-order nitrogen transformation rate constant (µg·cm−3·d−1).

cwr is the nitrogen concentration taken up by maize roots, which is associated with
root water uptake:

cwr(z, t) = min[c(z, t), cmax] (12)

where cmax is the defined maximum concentration of the root uptake. Considering only
the passive uptake will likely underestimate the total nitrogen uptake. By integrating
the passive nutrient uptake over the root domain, Pa, the passive root nitrogen uptake
(µg·cm−2·d−1) is given as [24]:

Pa(t) = Tp

∫
Lr

α(h)β(z, t)min[c(z, t), cmax]dz (13)

2.3.3. Model Parameters

The soil hydraulic parameters (θs, θr, Alpha, n) were optimized through inverse
solutions by using the measured data of 2013. The original soil hydraulic parameters used
in Hydrus-2D were measured or estimated from the soil texture and bulk density before
sowing. The calibrated parameters are shown in Table 1.
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Table 1. Soil hydraulic parameters of different soil layers.

Soil Layer θr (cm3·cm−3) θs (cm3·cm−3) Alpha (cm−1) n Ks (cm·d−1) l

+15–10 cm 0.0891 0.4933 0.00628 2.50 46 0.5
10–30 cm 0.0759 0.3932 0.00341 2.50 22 0.5
30–60 cm 0.0826 0.4395 0.00595 1.96 76 0.5

60–100 cm 0.0934 0.51 0.01634 1.62 250 0.5
100–160

cm 0.0685 0.4042 0.00534 2.02 70 0.5

Note: θr is residual water content, θs is saturated water content, Alpha is reciprocal value of air-entry pressure, n
is the smoothness of pore size distribution, Ks is saturated hydraulic conductivity, l is the tortuosity parameter in
the conductivity function.

The nitrogen transport and transformation parameters are shown in Table 2. They
refer to those formerly studied [25–27], which confirms their accuracy and reliability. The
observed data of 2014 were used to validate the model performance without changing the
calibrated parameters.

Table 2. Nitrogen transport and transformation parameters for different layers.

Soil Layer DL DT Kd µ′w,1 µw,2 µ′w,2 µ′s,2 µw,3 µs,3 γw,2 γs,2

+15–10 cm 10 7 3.5 0.70 0.05 0.35 0.35 0.02 0.02 0.04 0.04
10–30 cm 5 3 3.5 0.70 0.05 0.35 0.35 0.02 0.02 0.04 0.04
30–60 cm 6.2 4 3.5 0.50 0.05 0.25 0.25 0.01 0.01 0.04 0.04

60–100 cm 11 7 3.5 0.40 0.05 0.42 0.42 0.01 0.01 0.04 0.04
100–160 cm 6.5 5 3.5 0.40 0.05 0.14 0.14 0.01 0.01 0.04 0.04

Note: Kd is ammonium distribution coefficient, µ′w,1 is hydrolysis coefficient, µw,2 is volatilization coefficient, µ′w,2
and µ′s,2 are nitrification coefficients, µw,3 and µs,3 are denitrification coefficients, γw,2 and γs,2 are comprehensive
production rate of mineralization and immobilization, w and s are liquid phase and solid phase, respectively, DL
and DT are longitudinal dispersivity and transverse dispersivity, respectively.

2.4. Initial Conditions and Time-Variable Boundary Conditions

A two-dimension symmetric vertical soil profile was simulated in this study, and it was
classified into five layers according to soil characteristics. The initial soil water content and
nitrogen concentration of the soil profile were determined before maize planting in every
growing season. At the furrow soil surface, the upper boundary condition was imposed
using the atmospheric data of precipitation, soil evaporation, and plant transpiration; the
ridge soil surface was set as no flux for the ridge-furrow system with plastic mulch. At
the bottom of the domain, a free drainage condition was used at the bottom of the domain
as the groundwater level (>60 m depth) was located far below the simulated soil profile.
Figure 1 demonstrates the model domain for the simulation of soil water and nitrogen flow
in the ridge-furrow maize system with plastic mulch.

2.5. Statistical Analysis

The data were analyzed using Microsoft Excel 2019. Origin (Version 9.0; Origin Lab
Corporation, Northampton, MA, USA) was used to generate the graphs.

The available measured data were used in the calibration and evaluation processes,
and Hydrus-2D was conducted for the entire of the two growing seasons. Optimizing
efficiency or model efficiency was evaluated by the root mean square errors (RMSEs) and
Nash–Sutcliffe modeling efficiency (NSE):

RMSE =

√
1
n ∑n

i=1(Si −Mi)
2 (14)

NSE = 1−∑n
i=1(Mi − Si)

2/ ∑n
i=1(Mi −M)2 (15)
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where n is the number of measured data; Si and Mi are simulated and measured values,
respectively; and M is the average value of the measured data. The closer the RMSE is to 0
and the closer the NSE is to 1, the more accurate the simulations.

3. Results
3.1. Dynamic Change of Soil Water Content under the Effect of Film Mulch
3.1.1. Precipitation and Evapotranspiration during the Two Growing Seasons

Precipitation and evapotranspiration are highly related to soil water and nitrogen flux
in this area (Figure 2); these data indicated that the soil water and plant growth conditions
were different in the two growing seasons. In this study, the precipitation levels were 400.40
and 333.20 mm in 2013 and 2014, respectively, and there was an obvious heavy rainfall in
2013 with 120.80 mm (Figure 2). The precipitation can be divided into three different stages
according to its characteristics in both 2013 and 2014. The first stage was 0 to 30 days after
sowing; the rainfall in 2014 was higher than that in 2013 during this period; then, 30 days
to 90 days after sowing, the precipitation increased and was stable in 2013. The effective
rainfall frequency decreased in 2014. The last stage was 90 days to harvest; the precipitation
was obviously higher in 2013 than in 2014, especially in the early days during this stage.
The filling stage also happened in this period, when the maize consumed large amounts
of water.

Land 2022, 11, x FOR PEER REVIEW 7 of 19 
 

soil profile. Figure 1 demonstrates the model domain for the simulation of soil water and 

nitrogen flow in the ridge-furrow maize system with plastic mulch. 

2.5. Statistical Analysis 

The data were analyzed using Microsoft Excel 2019. Origin (Version 9.0; Origin Lab 

Corporation, Northampton, MA, USA) was used to generate the graphs. 

The available measured data were used in the calibration and evaluation processes, 

and Hydrus-2D was conducted for the entire of the two growing seasons. Optimizing ef-

ficiency or model efficiency was evaluated by the root mean square errors (RMSEs) and 

Nash–Sutcliffe modeling efficiency (NSE): 

���� = �
1

�
� (�� − ��)�

�

���
 (14)

��� = 1 − � (�� − ��)�
�

���
� (�� − �)�

�

���
�  (15)

where n is the number of measured data; Si and Mi are simulated and measured values, 

respectively; and M is the average value of the measured data. The closer the RMSE is to 

0 and the closer the NSE is to 1, the more accurate the simulations. 

3. Results 

3.1. Dynamic Change of Soil Water Content under the Effect of Film Mulch 

3.1.1. Precipitation and Evapotranspiration during the Two Growing Seasons 

Precipitation and evapotranspiration are highly related to soil water and nitrogen 

flux in this area (Figure 2); these data indicated that the soil water and plant growth con-

ditions were different in the two growing seasons. In this study, the precipitation levels 

were 400.40 and 333.20 mm in 2013 and 2014, respectively, and there was an obvious 

heavy rainfall in 2013 with 120.80 mm (Figure 2). The precipitation can be divided into 

three different stages according to its characteristics in both 2013 and 2014. The first stage 

was 0 to 30 days after sowing; the rainfall in 2014 was higher than that in 2013 during this 

period; then, 30 days to 90 days after sowing, the precipitation increased and was stable 

in 2013. The effective rainfall frequency decreased in 2014. The last stage was 90 days to 

harvest; the precipitation was obviously higher in 2013 than in 2014, especially in the early 

days during this stage. The filling stage also happened in this period, when the maize 

consumed large amounts of water. 

 

Figure 2. Precipitation and evapotranspiration distribution during two growing seasons. Figure 2. Precipitation and evapotranspiration distribution during two growing seasons.

The evapotranspiration was also separated into three stages according to the pre-
cipitation characteristics. In the first stage, it consisted by soil evaporation and plant
transpiration; they were 54.10 and 46.17 mm in 2013, respectively (Figure 2a); they were
49.29 and 37.33 mm in 2014, respectively (Figure 1). In the second period, it mainly con-
sisted of plant transpiration; the plant transpiration was higher in 2013 than in 2014; the
plant transpirations were 229.17 and 186.08 mm in 2013 and 2014, respectively; the soil
evaporation levels were 34.25 and 56.34 mm, respectively (Figure 2). Similarly, in the last
stage, the higher plant transpiration, the lower the soil evaporation; the plant transpirations
were 305.07 and 230.05 mm in 2013 and 2014, respectively; the soil evaporations were 38.98
and 25.73 mm, respectively (Figure 2).

3.1.2. Soil Water Content in Soil Profile

Figures 3 and 4 show the comparison of the measured water contents and the water
content derived from Hydrus-2D. The results show that soil water content was not constant
and obviously fluctuated, and the degree of fluctuation decreased as the depth increased.
The dynamics of the soil water within a +15–160 cm soil layer depth differed during the
two growing seasons.
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In 2013, the fluctuation was more obviously presented in the furrow than the ridge,
this was caused by film mulch. There was also a significant soil water peak in both the ridge
and the furrow, and the simulated highest soil water content in the top layer was higher
than the measured value; the simulated highest soil water contents were 0.3954, 0.4075, and
0.3782 cm3·cm−3 in the ridge at +15, 10, and 30 cm, respectively, and they were 0.4350 and
0.3798 cm3·cm−3 in the furrow at 10 and 30 cm, respectively (Figure 3a–e). However, there
was no significant difference in the soil water content between the ridge and the furrow in
the same soil layer. This may indicate that soil water consumption was occurring in both
the ridge and the furrow.

In 2014, there was no significant increment of soil water content compared with 2013,
and the peak value of the soil water content was lower than that in 2013. However, the
soil water increment also happened under the effect of rainfall, and the simulated highest
soil water contents were 0.2557, 0.2777, and 0.3091 cm3·cm−3 in the ridge at +15, 10, and
30 cm, respectively; they were 0.3223 and 0.3325 cm3·cm−3 in the furrow at 10 and 30 cm,
respectively, and there was also no significant difference between the ridge and the furrow
in the same soil layer (Figure 4a–e). The soil water content consumption was obviously in
whole layer, especially in the early period, and this phenomenon occurred after every soil
water supply.

3.2. Dynamic Change of Soil Nitrogen Concentration under the Effect of Film Mulch

Figures 5–7 show the comparison of the simulated and the measured nitrogen con-
centrations derived from Hydrus-2D. Figure 5 shows the spatial and temporal distribution
of the soil NH+

4 -N concentration. The change of NH+
4 -N mainly happened after the N

fertilizer application, and it mainly accumulated in the surface soil layer. In 2013, four
peaks occurred in the ridge and furrow, respectively; this was caused by the divided N
fertilizer application, and it could not affect the change of NH+

4 -N in the ridge when the N
fertilizer was applied in the furrow. The maximum soil NH+

4 -N concentrations were 69.12,
49.01 mg·kg−1 in the ridge at +15 cm and 10 cm, respectively (Figure 5a,c), and they were
29.37, 3.20 mg·kg−1 in the furrow at 10 cm and 30 cm, respectively (Figure 5b,d). In 2014,
the change of NH+

4 -N was accumulated in the +15–10 cm soil depth. Three peaks occurred
in the ridge and furrow, and there was only one peak in the furrow, which lagged behind
the peak in the ridge. The peak values were 104.62 and 9.85 mg·kg−1 in the ridge at +15 cm
and 10 cm, respectively (Figure 5e,g), and the peak value was 81.25 mg·kg−1 in the furrow
at 10 cm (Figure 5f); it happened about three days later than in the ridge.

Figures 6 and 7 were the spatial and temporal heterogeneity of NO−3 -N retention
in the soil profile, which occurred in 2013 and 2014, respectively. In 2013, the NO−3 -N
concentration peaked quickly, within ten days after fertilizer application, with 130.86
and 46.03 mg·kg−1 in the ridge at +15 cm and 10 cm, respectively (Figure 6a,c). The
peak value was 19.51 mg·kg−1 in the furrow at 10 cm (Figure 6b), which occurred after
the topdressing. The peak of the deep soil obviously lagged behind the surface soil; they
depended on the transport of NO−3 -N, and it decreased with soil depth. In 2014, fertilization
occurred only once at the beginning of sowing, as in previous growing season; the NO−3 -N
concentration peaked quickly within thirteen days after the fertilizer application, with
198.20 and 68.63 mg·kg−1 in the ridge at +15 cm and 10 cm, respectively (Figure 7a,c), and
then, it decreased under the effects of the root uptake and leaching. The peak values also
decreased with soil depth; however, the average NO−3 -N concentration in the 60–160 cm
layer was higher than in 2013; this reflected a higher risk of NO−3 -N leaching in 2014 than
in 2013.
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3.3. Dynamic Change of NH+
4 -N Processes

Ammonia volatilization, NH+
4 -N leaching, and root uptake were the main considera-

tions of the NH+
4 -N processes, which are showed in Figure 8 with the cumulative and daily

flux. The ammonia volatilization was one of the main NH+
4 -N losses, and it occurred after

the topdressing in 2013; however, it was concentrated in the first 20 days after the fertilizer
in 2014 (Figure 8a,b). The cumulative flux of ammonia volatilization in 2014 was obviously
higher than that in 2013; however, there were two increments of ammonia volatilization
in 2013, which was different to that in 2014 as there were two fertilizations during the
growing season in 2013. The cumulative fluxes of ammonia volatilization were 20.40 and
27.41 kg·N·ha−1 in 2013 and 2014, respectively (Figure 8a); the maximum daily fluxes
of ammonia volatilization were 2.67 and 5.85 kg·N·ha−1 in 2013 and 2014, respectively
(Figure 8b).

The NH+
4 -N leaching and the NH+

4 -N root uptake flux occupied a small part of the
proportion of the NH+

4 -N processes. In 2013, the NH+
4 -N leaching mainly occurred during

the topdressing in the furrow; however, in 2014, it was mainly concentrated in the first
20 days after the fertilizer. The cumulative fluxes of NH+

4 -N leaching were 0.78 and
0.99 kg·N·ha−1 in 2013 and 2014, respectively (Figure 8c); the maximum daily fluxes of
NH+

4 -N leaching were 0.02 and 0.04 kg·N·ha−1 in 2013 and 2014, respectively (Figure 8d).
As with the NH+

4 -N leaching process, the NH+
4 -N root uptake occurred after topdressing

in 2013, and it was concentrated in the first 20 days in 2014; however, the maximum daily
flux was higher in 2013 than in 2014. The cumulative fluxes of NH+

4 -N root uptake were
1.79 and 2.53 kg·N·ha−1 in 2013 and 2014, respectively (Figure 8e); the maximum daily
fluxes of NH+

4 -N root uptake were 0.13 and 0.09 kg·N·ha−1 in 2013 and 2014, respectively
(Figure 8f).
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3.4. Dynamic Change of NO−3 -N Processes

NO−3 -N leaching, denitrification, and root uptake were the main considerations of
the NO−3 -N processes, which are shown in Figure 9 with the cumulative and daily flux.
NO−3 -N leaching was the most important part of the nitrate losses, and it happened during
the whole growing season, especially in the first days after the fertilizer; it mainly occurred
after the topdressing in 2013 and the first 20 days after fertilizer in 2014 (Figure 9a,b).
The cumulative flux of NO−3 -N leaching in 2014 was obviously higher than that in 2013;
they were 18.13 and 31.26 kg·N·ha−1 in 2013 and 2014, respectively (Figure 9a), and the
maximum daily fluxes of NO−3 -N leaching were 0.91 and 1.15 kg·N·ha−1 in 2013 and 2014,
respectively (Figure 9b).

NO−3 -N denitrification was another means of nitrate loss, which was different to the
change of NO−3 -N leaching. There was no significant difference in the NO−3 -N denitrifi-
cation between 2013 and 2014, and the cumulative fluxes of NO−3 -N denitrification were
12.08 and 11.65 kg·N·ha−1 in 2013 and 2014, respectively (Figure 9c); the maximum daily
fluxes of NO−3 -N leaching were 0.17 and 0.20 kg·N·ha−1 in 2013 and 2014, respectively
(Figure 9d).

The NO−3 -N root uptake flux occupied a large part of the proportion of the NO−3 -N
processes. It increased with the crop growth, and it was different to the NO−3 -N leaching
and denitrification. The cumulative flux of the NO−3 -N root uptake was higher in 2013 than
in 2014. The cumulative fluxes of the NO−3 -N root uptake were 217.52 and 194.46 kg·N·ha−1

in 2013 and 2014, respectively (Figure 9e); the maximum daily fluxes of the NO−3 -N root
uptake were 3.40 and 5.49 kg·N·ha−1 in 2013 and 2014, respectively (Figure 9f).
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4. Discussion
4.1. Simulation of Soil Moisture and Solute Transport

Adequate agreement was achieved between the measured and the simulated soil
water contents during the two growing seasons (Table 3). Similarly, many studies have
confirmed the precision of Hydrus-2D on the soil water and nitrogen dynamic [28–31],
and it was confirmed that Hydurs-2D could be effectively used in the Loess Plateau. Soil
water and heat flow were simulated in the ridge cultivation with plastic mulching [20].
The soil water content fluctuated regularly with the precipitation, the evaporation, and the
root water uptake [32]; evaporation and transpiration were two important soil water sink
items. Soil water in the deep soil layer could move up to the upper layer under the effect
of evaporation and transpiration (Figure 2); this would result in soil water change in the
surface layer (Figures 3 and 4). The results showed that there was obvious deep soil water
consumption in 2014 (Figure 4h–j) as there was higher evaporation in 2014 from 30 days to
the harvest days after sowing (Figure 2b), which could be explained by the lower leaf area
index and longer root depth (Figure 10). However, there were no differences between the
ridge and the furrow in the two growing seasons as the water consumption happened in
both the ridge and the furrow [3], which was caused by the film mulch system. Comparing
the soil water dynamic in 2013 and 2014, the soil water content kept stable in general in
2013, except for the noticeable rise in the middle stage about 90 days after sowing (Figure 3).
However, there were three soil water decrease stages in 2014; the first stage lasted about
60 days; the second stage happened from 60 days to 100 days after sowing; and the third
stage was 100 days to 120 days after sowing (Figure 4). They indicated water stress during
these decrease stages, especially in the first one, which would result in inhibited crop
growth; therefore, this influenced the nutrient utilization and yield (Table 4). In fact, the
soil evaporation was higher than in 2013 during this period (Figure 2) due to the lower
leaf area index in 2014 (Figure 10a). It was found that film mulch could improve soil water
content and raise deep soil water to the crop available [33], which was similar to that which
happened in 2014 (Figure 3). It reflected the surface soil water stress that occurred in three
stages. Thus, it was not obvious in 2013 for the different rainfall events (Figure 3). On the
whole, Hydrus-2D is an acceptable model for soil water dynamic simulation in a rain-fed
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ridge-furrow maize system with plastic mulch, and film mulch may lead to sustainable
improvements in the efficient use of water in the ridge, furrow, and deep soil layer.

Table 3. Comparison between the simulated and measured values at different depths.

Ridge Furrow

Depth/cm +15 10 30 60 100 10 30 60 100 160

Soil water content (cm3·cm−3)
2013 RMSE 0.026 0.030 0.026 0.024 0.018 0.045 0.032 0.021 0.015 0.024

NSE 0.243 0.238 0.771 0.383 0.596 0.435 0.680 0.633 0.755 −0.295
2014 RMSE 0.022 0.015 0.032 0.031 0.023 0.017 0.025 0.038 0.018 0.025

NSE 0.430 0.834 0.424 0.501 0.535 0.880 0.730 0.142 0.690 0.482
NH+

4 -N (mg·kg−1)
2013 RMSE 2.129 2.182 —— —— —— 3.631 0.545 —— —— ——

NSE 0.519 0.473 —— —— —— 0.382 0.841 —— —— ——
2014 RMSE 0.604 1.642 —— —— —— 1.637 1.651 —— —— ——

NSE 1.000 0.990 —— —— —— 0.936 0.971 —— —— ——
NO−3 -N (mg·kg−1)

2013 RMSE 5.746 3.054 2.048 1.337 0.887 2.502 2.373 2.027 1.809 1.086
NSE 0.975 0.922 0.838 0.599 0.535 0.879 −0.163 0.385 0.009 −0.697

2014 RMSE 4.469 4.855 3.320 5.645 3.283 4.600 3.113 3.033 4.444 2.795
NSE 0.990 0.906 0.880 0.279 0.826 0.605 0.655 0.591 0.288 0.290

Table 4. Nitrogen flux during two growing seasons.

Unit (kg·N·ha−1) 2013 2014

Input 160 + 60 220
N mineralization 91.67 84.82
N denitrification 12.08 11.65

Ammonia volatilization 20.40 27.41
Nitrate leaching 18.13 31.26

Plant uptake N (NO−3 -N/NH+
4 -N) 219.31 (217.52/1.79) 196.99 (194.46/2.53)

Yield (kg·ha−1) 13,800 12,116
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Thus, the simulation of the spatial and temporal changes of NH+
4 -N is fairly acceptable.

The variations of the surface soil NH+
4 -N concentrations mainly changed with the fertilizer

application, and they were largely concentrated in the soil upper layer, where the fertilizer
application and the detailed information were caught by the calibrated model, whether
it was on the ridge or the furrow. The NH+

4 -N concentration was mainly changed in the
place where the fertilizer was applied; as for the immobility behavior of ammonium in
soil [4], it was also properly simulated. Urea was enzymatically hydrolyzed to NH+

4 -N
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within the first days after the application [34]; the change of soil NH+
4 -N concentration was

well simulated under the urea application, as shown in Figure 5. In this study, it was found
that the NH+

4 -N concentration increased quickly three days after fertilization, and then,
it decreased within about 10 days due to the nitrification process [4]. It was also found
that the NH+

4 -N concentration was increased about 5 days after fertilization [35], which
was different in this study, and it could be explained by the difference in the soil enzyme
activities [36]. Spatial and temporal changes of NO−3 -N under furrows and ridges were
also logically simulated by Hydrus-2D. The NO−3 -N concentrations of surface soil were
increased quickly after fertilization within 10 days (Figures 6 and 7), then they gradually
declined for the root uptake and leaching [37]; the soil water actually mobilized the NO−3 -N
in the soil [4]. The distribution of NO−3 -N in the deep soil was mainly caused by the water
infiltration [38]. The increment of NO−3 -N was explained by the nitrification process [39],
and it was mainly accumulated in the layer where the urea was applied. However, there
was a rise in the ridge after the urea was applied in the furrow during 2013 (Figure 6b,e,g,i).
There was an exchange of NO−3 -N between the ridge and the furrow, which was different to
2014, and this would contribute to the nitrite leaching reduction as the soil water infiltration
was limited by the film mulch [40]. The NO−3 -N concentrations in the deep soil layer were
higher in 2014 than in 2013; it also reflected a high risk of nitrite leaching in 2014. This
may be related to the higher rainfall in the first 30 days after sowing (Figure 2). One-time
fertilization caused the retention of NO−3 -N in the soil, which was then transported to the
deep soil.

4.2. Dynamic of Nitrogen Losses

Based on the above contents, plastic film mulch improved the soil water retention
and reduced the water losses by evaporation restraining [1], thus improving nutrient
balances and their availability [4]; however, NH3 volatilization and nitrate leaching also
occurred during the crop growing season (Figures 8 and 9). Different water management
and different amounts and models of fertilizer would contribute to different nitrogen losses.

NH3 volatilization was an important means of nitrogen losses [41]; it was also a major
part of the NH+

4 -N processes. NH3 volatilization accounted for 9.27% and 12.46% of the N
fertilizer inputs in 2013 and 2014, respectively (Table 4). There was little correlation between
the soil water change and the NH3 volatilization (Figures 3, 4 and 8a,b), but the soil water
content would affect the flux of the NH3 volatilization [9]. The cumulative fluxes of NH+

4 -N
leaching and root uptake were less than 1 and 3 kg·N·ha−1, respectively (Figure 8c,e). It
was found that the ammonia volatilization fluxes peaked during the first 10 days after
fertilization, and they were mainly concentrated in the soil upper layer, where there was
fertilizer application in this area [42]. In this study, it was six days earlier than in 2013 and
three days earlier than in 2014. The conservation tillage practices in their study were the
main reason for the difference, which caused different soil aeration, different soil water
content, urea hydrolysis, and nitrification, and the soil microbial biological activities may
also cause this difference. There were two stages of NH3 volatilization in 2013 (Figure 8a,b).
The first one was happened after the first fertilization; however, the daily flux of NH3
volatilization was obviously lower than in 2014. The second increment occurred at the
second fertilization, and the amount of fertilizer was lower than in the first period, but the
second cumulative flux of NH3 volatilization was similar to the first period (Figure 8a). The
changed weather conditions [42] and soil water content [9] would result in a similar flux of
ammonia volatilization during the two periods. In 2014, there was a significant ammonia
volatilization for the one-time fertilizer, although the soil water content was high during
the ammonia volatilization process (Figures 4 and 8); urea is a key driving force in soil
ammonia volatilization [42]. These findings indicated that the risk of ammonia loss may
increase in conjunction with a higher air temperature, low precipitation, and low soil water
content following fertilizer.

The base values of NO−3 -N in the soil and the quantity of N fertilization determined
the cumulative flux of NO−3 -N leaching [43]; in this study, the cumulative fluxes of NO−3 -N
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leaching were 18.13 and 31.26 kg·N·ha−1 in 2013 and 2014, respectively (Table 4). It has
already been found that water stress and soil water infiltration were the main drivers
of NH3 volatilization and nitrogen leaching [11]. In this study, higher soil evaporation
and lower plant transpiration in 2014 than in 2013 (Figure 2) resulted in higher nitrogen
leaching in 2014 than in 2013 (Table 4). There were two stages of NO−3 -N leaching in
2013 (Figure 9a,b). The first one was happened after the first fertilization; however, the
flux of NO−3 -N leaching was limited under the film mulch on the ridge. Then, a rapid
increment occurred after the second fertilization, which was caused by the preferential
flow that happened in the furrow [44], where the urea was applied. Even so, the highest
daily flux of NO−3 -N in 2013 was lower than that in 2014. This could be explained by the
developed root system and a small amount of urea application in 2013 (Figure 10b) and
low soil evaporation (Figure 2). The ratio of root NO−3 -N uptake rate and soil NO−3 -N
concentration caused a different flux of nitrogen leaching (Figure 9f), and the different soil
water condition in 2013 and 2014 also contributed to the difference in NO−3 -N leaching,
which was previously discussed (Figures 3 and 4). A high risk of nitrite leaching was found
in 2014 (Figure 9a); for the one-time fertilization and water stress that happened during
the three soil water decrease stages, especially the early stage of the growth (Figure 4), a
low daily flux of NO−3 -N root uptake would also contribute to the high NO−3 -N leaching
(Figure 9f). In conclusion, film mulch contributed to the reduction in NO−3 -N leaching;
the urea application site would also affect NO−3 -N leaching. The NO−3 -N leaching was
improved in the furrow; water stress would also affect NO−3 -N leaching.

NO−3 -N denitrification was another important means of N losses; the maximum flux
of NO−3 -N denitrification in 2014 was higher than that in 2013 (Figure 9d) due to the high
rate of fertilizer application in 2014. However, there was no significant difference between
2013 and 2014 in the cumulative flux of NO−3 -N denitrification (Figure 9c), and they mainly
occurred at the early stage of growth. It was found that NO−3 -N denitrification was closely
related to below-ground microbial processes [45]. It only worked within limits; there was
no or low gaseous nitrogen emission when the substrate concentration was lower or higher
than a qualified value [46]. According to the result, we further report that within the limits
of concentration, the denitrification rate in related to the substrate concentration.

5. Conclusions

Soil water and nitrogen are two important contributing factors in the agricultural
ecological system of the Loess Plateau, China. Their dynamic characters were clearly
explained by Hydrus-2D, especially the losses and utilization of nitrogen. The ridge-furrow
system with plastic mulch effectively improved the water consumption of the ridge and the
furrow, indicating an improvement in the soil water lateral transfer under this system. It
led to sustainable improvement in the efficient use of water in the ridge, furrow, and deep
soil layer. The NH+

4 -N and NO−3 -N concentrations were mainly affected by the amount
of fertilizer; NH+

4 -N was accumulated in the surface layer where there was the fertilizer
application. There was an exchange of NO−3 -N between the ridge and the furrow when the
fertilizer was applied in the furrow, and this process made a relative contribution to the
nitrite leaching reduction.

One-time fertilizer could significantly aggrandize the cumulative and daily fluxes of
NH3 volatilization. The amount of one-time fertilizer is the determining factor of the NH3
volatilization in this study. A higher soil evaporation, low precipitation, and low soil water
content would also contribute to the cumulative flux of ammonia volatilization. Similarly,
the cumulative flux of the NO−3 -N leaching was consistent with the amount of one-time
fertilizer. However, when the fertilizer was applied in the furrow, the rate of nitrite leaching
was higher than that applied in the ridge; film mulch and fertilizer on the ridge could
contribute to the reduction in NO−3 -N leaching. The denitrification rate corresponded with
the substrate concentration, within the limits of consistency. There would be no or low
gaseous nitrogen emission, when the substrate concentration was beyond a certain range.
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27. Karandisha, F.; Šimůnek, J. Two-dimensional modeling of nitrogen and water dynamics for various N-managed water-saving

irrigation strategies using HYDRUS. Agric. Water Manag. 2017, 193, 174–190. [CrossRef]
28. Siyal, A.A.; Skaggs, T.H. Measured and simulated soil wetting patterns under porous clay pipe sub-surface irrigation. Agric.

Water Manag. 2009, 96, 893–904. [CrossRef]
29. Wang, Y.; Zhang, B.; Lin, L.; Hazald, Z. Agroforestry system reduces subsurface lateral flow and nitrate loss in Jiangxi Province,

China. Agric. Ecosyst. Environ. 2011, 140, 441–453. [CrossRef]
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