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Abstract: A sustainable model of combined organic–inorganic fertilizer application for high maize
yields and environmental health is important for food security. The short-term combined application
of organic and inorganic fertilizers can improve crop yields; however, the effect of different propor-
tions of organic and inorganic fertilizers on the maize yield and nitrogen gas emissions in a long time
series has not been reported. In this study, field experiments and DeNitrification-DeComposition
(DNDC) model simulations were used to study the long-term effects of substituting inorganic fertiliz-
ers with organic fertilizers on crop yields and nitrogen-containing gas emissions. Six treatments were
included: no nitrogen (CK); urea (U1); and 25%, 50%, 75%, and 100% of the urea N substituted by
organic fertilizers (U3O1, U1O1, U1O3, and O1, respectively). The DNDC model was calibrated using
the field data from the U1 treatment from 2018 to 2020 and was validated for the other treatments.
The results showed that this model could effectively simulate crop yields (e.g., nRMSE < 5%), soil
NH3 volatilization, and N2O emissions (nRMSE < 25%). In addition, long-term (26 years) simula-
tion studies found that the U1O1 treatment could considerably increase maize yields and ensure
yield stability, which was 15.69–55.31% higher than that of the U1 treatment. The N2O, NH3, and
NO emissions were in the descending order of U1 > U3O1 > O1 > U1O3 > U1O1, and the total
nitrogen-containing gas emissions from the U1O1 treatment decreased by 53.72% compared with the
U1 treatment (26 years). Overall, substituting 50% of inorganic nitrogen with organic nitrogen could
maintain the high yield of maize and reduce emissions of nitrogen-containing gases, constituting a
good mode for the combined application of organic–inorganic nitrogen in this area.

Keywords: DNDC; nitrogen fertilizer; yield stability; NH3; N2O

1. Introduction

In recent decades, due to the rapid growth of China’s population, high crop yields
have been the primary target of agricultural production [1]. The total maize cultivation
area in China is 35 million hectares, and the production is 216 million tons [2]. Increased
crop production is at the cost of a large amount of nitrogen fertilizer. The annual nitrogen
fertilizer application in China has reached 59.8 million tons [3]. However, the nitrogen
utilization efficiency in China is only around 30%, which is far lower than the global
average [4]. Approximately 15 million tons of nitrogen are lost through leaching, NH3
volatilization, and N2O emissions [5]. Therefore, the rational use of nitrogen fertilizer
resources is important in ensuring food security and environmental security.

Ammonia volatilization is the main route of nitrogen loss [6]. In the atmosphere,
NH3 is easily neutralized by acidic substances in the precursors of sulfur dioxide and
nitrogen oxides, has long been considered as an important factor in forming the sol of
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secondary sulfate and nitrate gas [7], and can also cause acidification and the eutrophication
of water [8]. N2O is naturally produced in the soil through microbial-mediated nitrification
and denitrification processes and is one of the main greenhouse gases that cause global
warming [9]. N2O contributes around 6% of the global greenhouse effect [10]. Agricultural
production is undoubtedly the main source of nitrogen loss, and approximately 47% of
nitrogen enters the atmosphere in the form of NH3 volatilization and N2O emissions [11].
Therefore, in farmland production, reducing nitrogen gas emissions and improving food
production efficiency is an issue that needs to be addressed urgently.

China is a major producer of organic waste in the world. Applying a large amount
of organic waste to the soil as fertilizer after processing is an effective measure for the
sustainable development of agricultural production [12]. The combined application of
organic–inorganic fertilizers has a fast and lasting effect and can improve soil fertility
and alleviate environmental degradation [13]. In recent years, research on the combined
application of organic–inorganic fertilizers has become a rapidly growing field. Based
on previous studies, compared with the single application of chemical fertilizers, the
combined application of organic–inorganic fertilizers can achieve increased or stabilized
yields [14–17]. However, the research conclusions on the main pathways of soil nitrogen
loss under the combined application of organic–inorganic fertilizers, especially the effects
of NH3 volatilization and N2O emissions, are not consistent. Some studies report that the
application of organic fertilizers can increase soil organic acid content and reduce soil pH,
thereby reducing soil NH3 volatilization losses [18]. However, some studies have shown
that the high organic matter content in farmlands where organic fertilizer is applied causes
the soil to have high urease activity, thereby increasing soil NH3 volatilization [19]. In
addition, Li et al. [20] found that the application of organic fertilizers can provide energy for
microbial activities, promote nitrification and denitrification processes, and increase N2O
emissions. It has also been reported that under equal nitrogen content, the N2O emissions
of a single application of chemical fertilizer treatment are significantly higher than under
the treatment of organic–inorganic combined application [21]. The differences in the above
research results may be due to the types of organic fertilizers used, the ratio of applied
organic–inorganic fertilizers, the number of years of fertilizer application, and the climatic
conditions and soil conditions [22–24]. Therefore, according to the soil conditions in the
Hetao Irrigation District, adjusting the ratio of organic fertilizer to chemical fertilizer should
be an effective measure for ensuring crop yields and reducing nitrogen loss.

Maize is one of the main food crops in the Hetao Irrigation District. Short-term experi-
ments show that the combined application of organic–inorganic fertilizers can increase crop
yields and soil fertility. However, after long-term fertilization, soil fertility may no longer
be a factor limiting crop growth, and may lead to a large amount of nitrogen gas emis-
sions [25]. At present, the effects of different ratios of applied organic–inorganic fertilizer
on maize yields and nitrogen-containing gases (N2O, NO, N2, and NH3) on a long-term
scale (such as 26 years) have rarely been reported. This is mainly due to space and time
limitations, especially when more observational indicators and a long experimental period
are required, posing difficulties for field trials. Therefore, predicting production or nitrogen
loss on a larger scale must rely on some mathematical models [26]. The DeNitrification-
DeComposition (DNDC) model is a process-based biogeochemical model that can combine
nitrogen conversion and hydrological processes in detail to simulate crop yields, nitrogen
leaching, and greenhouse gas emissions [27,28]. It is considered to be a useful tool for
evaluating the effects of management and practice on nitrogen loss in agricultural ecosys-
tems and has been applied to different countries and ecosystems around the world [29–31].
Therefore, this study used the DNDC model to quantify the effects of long-term combined
organic–inorganic fertilizer management on crop yields and nitrogen-containing gas emis-
sions, and determine sustainable fertilization management that can improve crop yields
and reduce environmental pollution, which are important for the sustainable development
of organic agriculture.
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Our research team carried out a 3-year field experiment in the Hetao Irrigation District
of Inner Mongolia to study the effects of different ratios of applied organic–inorganic
fertilizers on spring maize yields, NH3 volatilization, N2O emissions, and topsoil nitrate–
nitrogen content. This study integrated the results of field experiments to calibrate the
DNDC model, and meteorological data from 1995 to 2020 in the Jiefangzha irrigation area
of Hetao Irrigation District were used to simulate the responses of spring maize yields and
farmland nitrogen-containing gas emissions under the long-term combined application
of different organic–inorganic fertilizers. The stability of crop yields and environmen-
tal effects under the combined application of different organic–inorganic fertilizers was
comprehensively analyzed.

2. Materials and Methods
2.1. Overview of the Experimental Area and Experimental Design

The experiment was carried out at Shahaoqu Experimental Station in the Jiefangzha
Irrigation Area of Hetao Irrigation District from 2018 to 2020. The experimental area is
cold in winter and receives little snow, and it is hot in summer and experiences high
temperatures. It has a typical temperate continental monsoon climate. The annual average
temperature is 7.7 ◦C, the annual average rainfall is 143 mm, and the frost-free period is
135–150 days. The annual accumulated temperature above 10 ◦C is 3551 ◦C, the annual
average sunshine duration is 3200 h, and the annual freezing and thawing period is around
180 d. There is plenty of sunshine, the annual total solar radiation is around 6000 MJ m−2,
the heat is sufficient, and it has excellent agricultural development conditions. In the
experimental field, the 0–20 cm soil layer was silt loam, the 20–40 cm soil layer was silty
clay loam, the 40–60 cm soil layer was silty loam, and the 60–120 cm soil layer was sandy
loam. The initial soil properties of different soil layers (0–20 cm) are listed in Table 1.

Table 1. Basic properties of the tested soils.

Soil Layer Organic Matter
(g kg−1)

Total N
(g kg−1)

Alkaline Hydrolysis N
(mg kg−1)

Available P
(mg kg−1)

Available K
(mg kg−1) pH

0–20 cm 14.04 1.43 54.68 37.78 199.67 8.2
20–40 cm 5.25 0.36 10.25 6.52 102.25 8.0
40–60 cm 1.52 0.15 8.15 8.15 30.36 7.8
60–100 cm 0.38 0.10 2.53 1.32 10.32 7.6

The tested maize cultivar was ‘Neidan 314′. It was bred by the Inner Mongolia
Academy of Agricultural Sciences and is suitable for local cultivation. The total number
of leaves was 19–21, the plant habit was semi-compact, the plant height was 275 cm, the
ear height was 110 cm, the ear length was 20.5 cm, and the growth period was 135 days.
The three-year sowing dates were 25 and 27 April, and 5 May, and the harvest dates
were 13 September, 13 September, and 19 September. According to the irrigation quota of
the local optimal border irrigation, 750 m3 ha−1 was used as the irrigation amount. The
nitrogen application rate was optimized, and 240 kg ha−1 was set as the total nitrogen
application [32]. The amount of nitrogen applied represented the converted pure nitrogen
amount. Six treatments were included: no nitrogen (CK); urea (U1); and 25%, 50%, 75%,
and 100% of the urea N substituted by organic fertilizers U3O1, U1O1, U1O3, and O1,
respectively. There were three replicates, and a total of 18 plots with a plot area of 30 m2

(6 m × 5 m). There was a 1-m-wide isolation belt and a 15-cm-high ridge between each plot,
and the space between each plot was 1 m. The organic fertilizer was a commercial organic
fertilizer (prepared by spray granulation of maize stalks after decomposing, containing N
2.5%, P2O5 1%, K2O 1%, organic matter mass fraction greater than or equal to 45%, humic
acid mass fraction greater than or equal to 17%, and S mass fraction greater than or equal
to 8%). Organic fertilizer and phosphate fertilizer (amount of applied super phosphoric
acid 50 kg ha−1, and the same amount of phosphate fertilizer applied in each treatment)
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were applied as a base fertilizer once, before tillage (uniform spreading and rotary tillage
20 cm), and urea was applied at a ratio of 1:1 when irrigation was performed during the
maize sowing stage and jointing stage.

2.2. Measurement Items and Methods
2.2.1. Soil Physicochemical Properties and Yield Measurement

Climate variables, such as air temperature and precipitation, were obtained from an
automatic weather station near the experimental site. Soil temperature at 10 cm depth and
soil water content at 20 cm depth (WFPS) were measured at the same time as gas sampling.
Soil nitrate–nitrogen content at 0–20 cm depth was determined every week from each plot.
Fresh soil (10 g) was extracted with KCl solution (40 mL, 1 mol L−1) and analyzed by a
continuous flow analyzer [33]. During maize harvest, 20 m2 (4 m × 5 m) was selected in
each plot for air drying and threshing, and the grain yield was measured.

2.2.2. Measurement of Soil Ammonia Volatilization

The venting method was adopted in the experiment [34]. A venting method device
with a height of 10 cm and an inner diameter of 15 cm, made of a polyvinyl chloride
(PVC) rigid plastic tube, and two sponges with a thickness of 2 cm and a diameter of
16 cm, pre-soaked in 15 mL of glycerol phosphate solution (50 mL H3PO4 + 40 mL C3H8O3,
diluted in water to 1000 mL), were placed in the device. The bottom sponge layer was 5 cm
from the bottom of the tube, and the top sponge layer was level with the top of the tube,
and the device was inserted into the soil to a depth of 1 cm. A rain cover was supported at
20 cm from the top of each device to prevent rain from affecting the device.

Capture of the volatilized ammonia started on the day after fertilizer application. Three
ammonia capture devices were installed on the diagonal of each plot, and the samples were
collected at 8:00 the next morning. The lower layer of the sponge was quickly removed
and placed into a sealed bag. Then, another pre-soaked sponge was placed inside, and
the upper sponge was replaced every 2–4 d. The removed sponge was cut into pieces
and placed into a 500 mL plastic bottle, in which 300 mL of 1.0 mol L−1 KCl solution
was added to completely immerse the sponge. After the system was shaken for 1 h, the
content of ammonium nitrogen in the leaching solution was measured with a continuous
flow analyzer (Aquakem 250). In the first week after fertilizer application, a sample was
collected every day, and then a sample was collected every 2–5 d to monitor the amount of
volatilized ammonia until no ammonia could be detected.

The soil ammonia volatilization rate was calculated by the following equation:

V =
M

A× D
× 10−2 (1)

where V is the ammonia volatilization rate (kg·ha−1 d−1), M is the average (NH3-N, mg)
measured by a single device using the venting method, A is the cross-sectional area of the
capture device (m2), and D is the time (d) of each continuous capture.

2.2.3. Measurement of N2O Emissions

The static dark box method was used for gas collection, and the box size was 0.5 m
× 0.5 m × 0.5 m. The sampling site was set between the maize ridges and was randomly
determined after sowing. The sealing groove of the base of the box was buried in the soil,
and water was added to the sealing groove to prevent the gas in the box from leaking. A
thermometer was placed in the box to measure the temperature level in the box. When
sampling, a three-port valve was used for air intake, and a 100-mL syringe was used to
draw approximately 100 mL of gas from the sampling port of the sampling box for each
sample. The gas collection interval was 10 min, and four samples were collected for each
sampling. The collected gas was measured and analyzed in the laboratory with an Agilent
6820 gas chromatography system (Agilent 6820D, Agilent corporation, Santa Clara, CA,
USA). For the gas collection, continuous sampling was performed after irrigation, fertilizer
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application, and rainfall, and the sampling frequency at other times was roughly once a
week and was appropriately adjusted according to crop growth and seasonal changes.

The N2O gas emission flux was calculated by the following method [35]:

K = ρ× H × dc
dt
× 273

273 + T
(2)

where K is the N2O emission flux (µg (m2 h)−1); ρ is the N2O gas density under standard
conditions, and its value is 1.997 g L−1; H is the static dark box height (cm); dc/dt is
the slope of the N2O concentration change with time during sampling; T is the average
temperature (◦C) in the sampling box; and 273 is the gas equation constant.

The equation for calculating the total N2O gas emissions was as follows [35]:

Kt = ∑
Ki+1 + Ki

2
(Di+1 − Di)× 24× 10−3 (3)

where Kt is the total amount of emitted N2O (mg m−2); Ki and Ki+1 are the N2O emission
fluxes during the ith sampling and i+1th sampling (µg (m2 h)−1), respectively; and Di and
Di+1 are the ith and i+1th sampling times (d), respectively.

2.3. DNDC Model

In this study, the latest version 9.5 of the DNDC model was adopted, and it was
developed by the Institute for the Study of Earth, Oceans and Space, University of New
Hampshire, USA. The model is mainly composed of two parts and six sub-modules: (1) in
the soil climate, crop growth, and soil organic matter decomposition sub-models, various
ecological driving factors (such as soil, climate, vegetation, and human activities) are used
to simulate soil environmental factors (soil temperature, humidity, pH, redox potential, and
various substrate concentrations); (2) the nitrification, denitrification, and fermentation sub-
models are used to simulate the influence of soil environmental factors on microorganisms
and calculate the emissions of CH4, CO2, N2O, NO, NH3, and other greenhouse gases in
the biogeochemical process.

The input parameters needed by the DNDC model include meteorology (average
daily temperature, daily rainfall, wind speed, and humidity), soil (type, soil bulk den-
sity, clay ratio, field water holding rate, porosity, pH value, surface soil nitrate–nitrogen
content, and ammonium nitrogen content), and farmland management (growth, tillage,
fertilizer application, organic fertilizer application, irrigation of planted crops) data. The
model uses a daily time step, and the information is integrated to simulate the interaction
between different environmental conditions, crop growth, and soil chemical changes and
can perform the simulation for one to many years [1]. Model output parameters include
crop indicators (e.g., growth indicators, yield, absorption of water and nutrients), soil
physicochemical indicators (e.g., soil temperature and humidity, soil carbon pool content,
nitrogen pool content and their changes, C and N loss), gas (e.g., NO, N2O, N2, NH3, CH4,
CO2) emissions, and nitrogen leaching amount [2,3].

2.4. Establishment of the DNDC Model Database

The input parameters of the model included the geographical location, climatic con-
ditions, soil indicators, and field management data of the experimental area. The key
parameters were comprehensively determined by various methods, such as experimental
measurement, literature collection, and model default values. The meteorological data were
all from the automatic observation data of the Shahaoqu Meteorological Station (around
500 m from the experimental site), and the soil indicator data were obtained through field
experimental measurement. The field management parameters were obtained based on the
three-year experimental farming situation. The total precipitation during the three-year
growth period of spring maize for 2018, 2019, and 2020 was 111.00 mm, 54.97 mm, and
131.20 mm, respectively. The average daily temperature and rainfall are shown in Figure 1.
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In order to allow the model to more accurately simulate the growth of crops in this
area, the above-mentioned crop parameters were calibrated based on the U1 treatment.
For the initial run of the model, the default model physiological parameters for the crop
(optimal yield, accumulated temperature, C/N ratio of roots, stems, leaves and grains,
water consumption per kilogram of dry matter and N fixation coefficient) were used. Data
of crop yield, soil temperature, soil WFPS, nitrate–nitrogen content, NH3 volatilization,
and N2O emissions observed in the 2018–2020 experiment were used to calibrate the
crop parameters until the simulated crop yield and other indicators showed reasonable
consistency with the measured values. The calibrated crop parameters are shown in Table 2.
Afterward, the calibrated crop parameters were used for the model verification of different
organic–inorganic fertilizer treatments and the control treatment.

Table 2. Crop parameters simulated by the DNDC model.

Parameter Value

Target yield (kg·C−1) 4800
Grains/stems and leaves/roots 0.4/0.42/0.15

Total nitrogen demand (kg ha−1) 220
Accumulated temperature (◦C) 2400

Water requirement (g g−1) 350
Bulk density (g cm3) 1.37

Clay content (%) 9.86
Nitrogen fixation coefficient 1

The statistical methods for evaluating model simulation effects included four indi-
cators: coefficient of determination (R2), mean bias error (MBE), root mean square error
(RMSE), and normalized root mean square error (NRMSE). An R2 value closer to 1 indicates
the better fit of the simulated values to the actual measurements and higher accuracy
of the model. MBE represents the average error between the measured value and the
simulated value, and an MBE greater than 0 means that the simulated value is higher
than the measured value, whereas an MBE less than 0 means that the simulated value is
less than the measured value. RMSE is a commonly used statistic indicator, and a smaller
RMSE indicates a smaller deviation between the simulated and measured data. NRMSE
represents the relative magnitude of the average deviation; an NRMSE less than or equal
to 10% indicates the excellent performance of the model, a value between 10% and 20%
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indicates good performance, a value between 20% and 30% indicates fair performance, and
a value greater than 30% indicates poor performance and poor applicability [36].

R2 =


n
∑

i=1
(Mi −Mm)(Si −Mm)√

n
∑

i=1
(Mi − Si)

2 n
∑

i=1
(Si − Sm)

2

 (4)

MBE =
∑n

i=1 (Si −Mi)

n
(5)

RMSE =

√√√√√ n
∑

i=1
(Mi − Si)

2

n
(6)

NRMSE =

√
n
∑

i=1
(Mi−Si)

2

n

Mm
(7)

2.5. Effects of Long-Term Combined Application of Organic–Inorganic Nitrogen on Crop Yield and
Nitrogen-Containing Gas Emissions

The long-term simulated meteorological data were meteorological data from 1995
to 2020 published by the Jiefangzha Irrigation Area Administration of Hetao Irrigation
District, which is approximately 5 km away from the experimental area. The average
temperature during the spring maize-growing season was between 8.5 ◦C and 28.4 ◦C, and
the average temperature was 17.6 ◦C. The rainfall distribution in the spring maize-growing
season was between 54.26 mm and 191.26 mm, and the average rainfall was 103.59 mm.

The actual field operation time in this area was used as the reference for the sowing
and harvesting times of maize. The sowing time was maintained at the end of April or
the beginning of May each year, and the harvest was in mid-September of that year. The
irrigation times during the maize-growing season were based on the actual conditions of the
farmland operations in this experiment. Three irrigation treatments were designed during
the maize-jointing stage, the big trumpet stage, and the tasseling stage, and the irrigation
volume was maintained at 50 mm each time. The DNDC model was run according to the
preliminarily designed irrigation time and irrigation amount, and then the output of the
model was used to determine if water stress was present during crop growth and to adjust
the irrigation time to reduce the crop yield loss caused by water stress that could affect the
nitrogen application result.

2.6. Statistical Analysis of Data

SPSS 20.0 (IBM Corp., Armonk, NY, USA) and Origin (ver. 9.5; OriginLab Corp.,
Northampton, MA, USA) were used for analysis and chart plotting. Mean comparisons
were performed for significant effects with the least significant difference (LSD) test at
α = 0.05. The differences between the treatments were considered significant at p < 0.05.

3. Results
3.1. Model Evaluation
3.1.1. Yield

The parameters of the DNDC model were calibrated via the U1 treatment. As shown
in Figure 2, under the three consecutive years of the spring maize planting system in
2018–2020, the measured crop yields were consistent with the values simulated by the
model. The simulated statistical analysis of maize yield under this treatment showed that
R2 reached 0.99, MBE was 192.10 kg ha−1, RMSE was 185.47 kg ha−1, and NRMSE was
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2.63% (Table 2). The above statistical analysis results indicated that the parameters of the
DNDC model based on the U1 treatment had been effectively calibrated.

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 22 
 

 

 
Figure 2. The modeled and measured grain yield under different treatments. Bars are the standard 
deviation of the measured values. Different small letters indicate significant differences (p < 0.05) 
between treatments. 

3.1.2. Soil Nitrate–Nitrogen Content 
As shown in Figure 3, the DNDC model could simulate the dynamic change and 

magnitude of nitrate–nitrogen in the surface soil (0–20 cm) during the growth period. 
However, compared with the soil temperature and humidity results, the simulation accu-
racy decreased to some extent, and the model-simulated value of each fertilizer applica-
tion treatment underestimated the soil nitrate–nitrogen content. Statistical analysis 
showed (Table 4) that the R2 values of the different treatments were in the range of 0.69–
0.72; the MBE values were −4.55–1.91 mg kg−1; the RMSE values were in the range of 12.19–
13.80 mg kg−1; the NRMSE values were in the range of 18.82–22.58%; and the performance 
was fair. The above statistical analysis results showed that the performance of the DNDC 
model simulation on the soil nitrate–nitrogen content in the spatial and temporal dimen-
sions was relatively poor. 

 
Figure 3. The modeled and measured soil NO3−-N content (0–20 cm) under different treatments. The 
measured data are the means of three replicates and vertical bars indicate standard errors of repli-
cates. 

  

Figure 2. The modeled and measured grain yield under different treatments. Bars are the standard
deviation of the measured values. Different small letters indicate significant differences (p < 0.05)
between treatments.

The DNDC model simulation effect was verified by comparing the measured and sim-
ulated values of crop yields in other fertilizer application treatments and the CK treatment.
The statistical analysis results showed that the R2 of each treatment was above 0.97, and the
MBE value was within the range of −97.17–352.10 kg ha−1. The RMSE value was within
the range of 289.56–367.53 kg ha−1, and the NRMSE value was below 5% (Table 3). The
variation ranges of the abovementioned evaluation indicators for the simulation effect were
all within the range of good and excellent simulation performance, which also showed that
the model parameter settings were reasonable and could effectively simulate crop yields in
different treatments.

Table 3. Statistical evaluation of the model simulation of grain yield from different treatments in
2018–2020.

Treatment Measured Value
(kg ha−1)

MBE
(kg ha−1)

RMSE
(kg ha−1)

nRMSE
(%) R2

Calibration
U1 10,120.82 ± 506.04 192.1 185.47 2.63 0.99

Validation
CK 7714.69 ± 385.73 133.25 289.56 4.05 0.97

U3O1 10,544.61 ± 527.23 253.63 315.29 3.84 0.98
U1O1 12,133.81 ± 606.69 352.1 300.25 3.12 0.98
U1O3 11,275.39 ± 563.77 −97.17 332.65 2.98 0.97

O1 10,872.25 ± 543.61 −59.63 367.53 3.74 0.98

Note: measured values, mean ± standard deviation.

Both the measured and simulated values of maize yield indicated that fertilizer appli-
cation could considerably increase maize yields (Table 3). The three-year measured average
value of the maize yield of each fertilizer application treatment was 31.19–57.28% higher
than that of the CK treatment, and the simulated average value was 37.42–62.05% higher.
Among the various fertilizer application treatments, the maize yield increased first and then
decreased as the proportion of organic fertilizer increased. The U1O1 treatment showed
the largest yield value, and the measured and simulated average values were 17.92% and
19.89% higher than that of U1, respectively.



Agronomy 2023, 13, 848 9 of 21

3.1.2. Soil Nitrate–Nitrogen Content

As shown in Figure 3, the DNDC model could simulate the dynamic change and
magnitude of nitrate–nitrogen in the surface soil (0–20 cm) during the growth period. How-
ever, compared with the soil temperature and humidity results, the simulation accuracy
decreased to some extent, and the model-simulated value of each fertilizer application treat-
ment underestimated the soil nitrate–nitrogen content. Statistical analysis showed (Table 4)
that the R2 values of the different treatments were in the range of 0.69–0.72; the MBE values
were −4.55–1.91 mg kg−1; the RMSE values were in the range of 12.19–13.80 mg kg−1; the
NRMSE values were in the range of 18.82–22.58%; and the performance was fair. The
above statistical analysis results showed that the performance of the DNDC model sim-
ulation on the soil nitrate–nitrogen content in the spatial and temporal dimensions was
relatively poor.
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Table 4. Statistical evaluation between the modeled and measured daily NO3
−-N content (mg kg−1).

Treatment Measured Value
(kg ha−1)

MBE
(mg kg−1)

RMSE
(mg kg−1)

nRMSE
(%) R2

CK 14.48 ± 1.17 −4.55 12.99 22.58 0.69
U1 41.29 ± 2.54 −3.29 12.19 18.82 0.72

U3O1 40.25 ± 2.53 −3.69 12.59 18.89 0.70
U1O1 43.54 ± 2.68 −2.81 13.36 19.36 0.71
U1O3 40.60 ± 2.41 0.26 13.80 21.05 0.71

O1 37.00 ± 2.30 1.91 12.58 20.57 0.69

Note: measured values, mean ± standard deviation.

Both the simulated value and the actual measured value indicated that after the basal
fertilizer was applied, the NO3

−-N content of each fertilizer application treatment first
decreased and then increased as the proportion of organic nitrogen increased. First, this
is because inorganic nitrogen has quick fertilizer efficiency and can rapidly produce a
large number of inorganic nutrients. Second, the one-off application of organic nitrogen
during the sowing period led to a large amount of mineralization. After topdressing, the
advantages of applying organic nitrogen treatment with a long-lasting fertilizer began to
appear. The content of NO3

−-N was in the descending order of U1O1, U1O3, O1, U3O1,
and U1.
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3.1.3. Soil Ammonia Volatilization

It can be seen from Figure 4 that the DNDC model had a good simulation effect on the
emission flux and cumulative emissions of soil ammonia volatilization, but the simulated
value underestimated the soil ammonia volatilization. Statistical analysis showed (Table 5)
that the emission flux and cumulative emission R2 values of each treatment were in the
ranges of 0.62–0.83 and 0.75–0.91, respectively; the MBE values were in the ranges of
−0.52–0.15 kg ha−1 and −6.42–1.58 kg ha−1, respectively; the RMSE values were in the
ranges of 0.15–0.65 and 1.2–5.15 kg ha−1, respectively; the NRMSE values were in the ranges
of 16.57–20.43% and 10.69–17.33%, respectively; and the model simulation performance
was fair.
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Table 5. Statistical evaluation between the modeled and measured daily NH3 fluxes (kg N ha−1 d−1)
and annual NH3 fluxes (kg N ha−1).

Treatment Measured
Value MBE RMSE nRMSE

(%) R2

Daily NH3
Flux

CK 0.07 ± 0.01 0.15 0.21 16.57 0.62
U1 0.20 ± 0.02 −0.52 0.15 17.26 0.83

U3O1 0.87 ± 0.04 −0.33 0.22 18.01 0.75
U1O1 0.78 ± 0.05 −0.41 0.31 18.25 0.79
U1O3 0.65 ± 0.05 −0.28 0.65 20.43 0.71

O1 0.73 ± 0.07 −0.10 0.25 20.21 0.66

Annual
NH3 Flux

CK 3.45 ± 0.56 1.58 1.20 11.02 0.79
U1 15.54 ± 0.80 −6.42 2.06 10.69 0.91

U3O1 13.85 ± 0.78 −4.59 3.56 13.52 0.83
U1O1 11.66 ± 0.82 −5.16 4.21 13.79 0.75
U1O3 13.03 ± 0.70 −3.29 4.02 17.33 0.77

O1 13.40 ± 0.76 −4.12 5.15 15.89 0.74

Note: measured values, mean ± standard deviation.

From the measured and simulated values (Figure 4a), it can be seen that nitrogen ap-
plication could considerably increase the soil ammonia volatilization, and the soil ammonia
volatilization of each fertilizer application treatment was significantly higher than that of
the CK treatment. From 2018 to 2020, the measured ammonia volatilization rate of each
treatment varied from 0.032 to 1.975 kg ha−1 d−1, and the range of the simulated ammonia
volatilization rate was 0.002–1.756 kg ha−1 d−1. In addition, the model could effectively
capture the emission peak of ammonia volatilization. The emission peaks of each treatment
quickly appeared 1–2 days after the application of the basal fertilizer and topdressing,
and then gradually entered the low volatilization stage. According to the total ammonia
volatilization emissions (Figure 4b), the cumulative ammonia volatilization emissions of
each fertilization treatment increased first and then decreased as the proportion of organic
nitrogen increased. Additionally, the U1O1 treatment always exhibited the lowest value,
and the measured and simulated values of the three-year U1O1 treatment were 8.13–62.12%
and 6.34–90.89% lower than those of the other fertilization treatments, respectively.

3.1.4. Nitrous Oxide Emissions

The N2O emission simulation results of the calibrated DNDC model are shown in
Figure 5. Overall, the model had a good effect on the N2O emissions simulation. Statistical
analysis showed (Table 6) that the R2 values of the N2O emission flux and cumulative
emission of each treatment were in the ranges of 0.64–0.73 and 0.71–0.82, respectively; the
MBE values were in the ranges of −235.39–50.56 µg (m2 h)−1 and −0.69–0.28 kg ha−1,
respectively; the RMSE values were in the ranges of 2.4–65.56 and 0.8–4.33, respectively;
the NRMSE values were in the ranges of 20.41–25.13% and 12.53–15.60%, respectively;
the model simulation of N2O emission performance reached an acceptable level, and the
simulation performance was fair.

Both the measured and simulated values indicated that during the entire maize-
growing season (Figure 5a), there were two large emission peaks of N2O in each fertilizer
application treatment, and they appeared after the application of the basal fertilizer and
topdressing, respectively. The trend of change in emission flux was basically the same; that
is, after the fertilizer was applied for 1–2 d, the emission peak was reached rapidly and
then began to gradually decline. In the rest of the crop growth stage, the N2O emission flux
of each treatment was maintained at a low level. The cumulative amount of N2O decreased
first and then increased as the proportion of applied organic nitrogen increased (Figure 5b).
The U1 treatment showed the largest value, and the three-year measured and simulated
values were in the ranges of 4.97–6.03 kg ha−1 and 5.65–5.84 kg ha−1, respectively. The
U1O1 treatment showed the lowest total N2O emissions, and the three-year measured and
simulated values were in the ranges of 3.72–4.15 kg ha−1 and 3.28–4.36 kg ha−1, respectively.
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The measured value and simulated value of N2O accumulation in the U1O1 treatment
of the three-year period decreased by 12.36%~34.25% and 17.69%~55.62%, respectively,
compared with other fertilization treatments.
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Table 6. Statistical evaluation between the modeled and measured daily N2O fluxes (g N ha−1 d−1)
and annual N2O fluxes (kg N ha−1).

Treatment Measured
Value MBE RMSE nRMSE

(%) R2

Daily N2O Flux

CK 29.61 ± 1.54 50.56 2.40 23.12 0.65
U1 329.19 ± 18.83 −253.59 19.21 20.41 0.73

U3O1 285.55 ± 17.25 −200.98 50.25 24.15 0.71
U1O1 224.35 ± 18.00 −214.25 49.98 25.19 0.68
U1O3 256.53 ± 15.29 −109.65 65.56 23.46 0.64

O1 274.68 ± 14.60 −191.91 56.32 22.41 0.69

Annual N2O
Flux

CK 0.78 ± 0.05 0.28 0.80 12.53 0.72
U1 5.36 ± 0.30 −0.69 1.15 13.25 0.71

U3O1 4.81 ± 0.27 −0.52 2.31 13.58 0.75
U1O1 3.99 ± 0.25 −0.55 3.02 14.59 0.81
U1O3 4.48 ± 0.24 −0.12 3.85 15.00 0.80

O1 4.74 ± 0.24 −0.62 4.33 15.60 0.82

Note: measured values, mean ± standard deviation.

3.2. Maize Yield and Nitrogen-Containing Gas Emissions under Long-Term Combined Application
of Organic–Inorganic Nitrogen
3.2.1. Maize Yield

Through 26 consecutive years of spring maize cultivation, it was found that com-
pared with the CK treatment, nitrogen application could considerably increase the maize
yield (Figure 6). As shown from the dynamic changes in yield, the values of all treat-
ments remained stable during the simulation period. The maize yield of the CK treatment
was in the range of 5182.56–7046.84 kg ha−1. The annual dynamic changes varied across
different nitrogen application treatments, and the maize yield ranged from 8480.64 to
13,063.54 kg ha−1. In general, the 25%, 50%, and 75% organic nitrogen substitution treat-
ments showed a gradual upward trend with increasing years of fertilizer application, while
the yields of the U1 and O1 treatments showed a gradual decline. In addition, this study
also found that the combined application of organic nitrogen could increase the maize yield,
and the yields of all treatments were in the descending order of U1O1 > U1O3 > O1 > U3O1
> U1 during the entire simulation period. The U1O1 treatment considerably increased the
maize yield and ensured yield stability, obtaining values that were 15.69–55.31% higher
than those of the U1 treatment.
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Due to the slow effect of fertilizer application on crop growth, this study used an
approximately five-year cycle and divided 1995–2020 into five periods to analyze yield
changes (Table 7). It was found that the CK treatment could maintain crop yields in
the first and second periods, but dropped to a low level in the subsequent third, fourth,
and fifth periods. Among the various fertilizer application treatments, the yields of the
U1O1 and U1O3 treatments were considerably higher than those of the other treatments
throughout the simulation stage, which was 37.13% and 28.66% higher than that of the
U1 treatment, respectively. The U3O1 treatment remained at basically the same level
during the simulation period, in the range of 9396.81–10,326.48 kg ha−1. The maize yield of
the O1 treatment was significantly higher than that of the U1 treatment in the first three
periods, but both fell to the same level in the fourth and fifth periods. According to the
average yields of many years, the appropriate ratio of organic–inorganic fertilizer nitrogen
application (U1O1 and U1O3) could achieve the effect of increasing and stabilizing the
yield, while the effect of a single application of organic nitrogen was minimal.

Table 7. DNDC model of the multi-year average maize grain yield (kg ha−1) under different fertiliza-
tion treatments.

Treatment 1995–1999 2000–2004 2005–2009 2010–2014 2015–2020 Average

CK 6592.54 ± 45 d 6440.38 ± 31 d 6097.32 ± 24 e 5829.91 ± 19 d 5257.74 e 6013.35 e
U1 9093.02 ± 26 c 9345.82 ± 38 c 9092.784 ± 31 d 8605.20 ± 31 c 8512.68 d 8971.55 d

U3O1 9396.81 ± 45 c 10,091.34 ± 39 b 10,326.48 ± 16 c 10,133.69 ± 40 b 10,096.23 c 10,012.27 c
U1O1 11,322.79 ± 46 a 11,578.47 ± 25 a 12,564.75 ± 41 a 12,996.62 ± 72 a 12,927.54 a 12,303.02 a
U1O3 11,154.61 ± 67 a 11,214.91 ± 55 a 11,622.89 ± 39 ab 11,703.25 ± 43 a 11,939.81 ab 11,542.96 ab

O1 9912.11 ± 55 b 10,014.44 ± 39 b 9468.832 ± 26 c 8777.41 ± 32 c 9101.92 cd 9595.21 cd

Note: different letters in each column indicate a mean significant difference at the 0.05 level.

3.2.2. Emissions of Nitrogen-Containing Gases

The dynamic changes in nitrogen-containing gas (N2O, NH3, NO, and N2) emissions
under different fertilizer application treatments simulated by the DNDC model are shown
in Figure 7. It can be seen that nitrogen application could substantially increase the
emissions of nitrogen-containing gases. N2O, NH3, and NO showed a trend of U1 > U3O1
> O1 > U1O3 > U1O1, and N2 showed an increasing trend as the proportion of organic
nitrogen increased. The total emissions of nitrogen-containing gas from the U1O1 treatment
decreased by 53.72% compared with the U1 treatment (26 years). For the annual variation in
N2O emissions, with increasing years of fertilizer application, the values of the U1 treatment
and U3O1 treatment showed a gradually increasing trend, and the fluctuation range was
large (6.68–14.80 kg ha−1). The values of the other fertilizer application treatments showed
a minor fluctuation in different years, and the variation range was 4.2–6.9 kg ha−1. The
NH3 volatilization of various organic–inorganic nitrogen treatments changed slightly in
different years, but the difference between different fertilizer application treatments was
obvious. Overall, the U1 treatment showed the largest values at 18.22–22.42 kg ha−1,
and the U1O1 treatment showed the smallest values at 11.49–16.97 kg ha−1. The trend of
change in NO was similar to that of N2O. The value of the U1 treatment showed a gradual
upward trend, and the inter-annual fluctuations were large, with the values in the range
of 6.50–16.54 kg ha−1. The values of the organic nitrogen substitution treatments showed
small fluctuations, with values in the range of 4.29–11.09 kg ha−1, and the U1O1 treatment
in particular had the lowest emissions. Among the N2 emissions, the emissions of the
CK treatment were relatively low, ranging from 0.50 to 0.92 kg ha−1. The inter-annual
variability of the fertilizer application treatments was also small, with N2 emission values
in the range of 2.34–6.15 kg ha−1, and the N2 emissions of the treatments showed a trend of
increasing as the proportion of organic nitrogen increased.
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4. Discussion
4.1. Model Performance

The DNDC model is based on the process mechanism and has been verified and
applied in different agricultural ecosystems. For example, the DNDC model can effectively
simulate maize yields and nitrate-nitrogen leaching [37], soil environmental factors under
different management measures [36], and carbon and nitrogen emissions [37,38]. However,
before using the DNDC model, the model needs to be verified. Different planting systems,
due to differences in soil, climate, environment, and crop types, have great differences in
soil nitrogen and carbon cycle parameters and hydrodynamic characteristics. Therefore,
it is necessary to adjust the model parameters according to the characteristics of specific
locations and calibrate and validate the model, thereby improving the accuracy of the model
for the chemical conversion process of soil carbon and nitrogen [39,40]. In this study, U1
treatment data were used to verify the DNDC model. In other studies, most of the models
have also been verified based on the measured data by optimal treatment, which is related
to the model that is originally developed under optimized treatment [41]. The results of this
study showed that the DNDC model had good overall consistency between the measured
and simulated values of crop yield, soil temperature, WFPS, soil nitrate–nitrogen content,
NH3 volatilization, and N2O emissions under different treatments (Figures 2–5, S1 and S2).
However, there were still differences between the daily changes in the simulated values
and measured values (Tables S1 and S2).

In this study, the DNDC model showed poor simulation performance for NO3
−-N

in the soil surface (Figure 3). Overall, the model underestimated the NO3
−-N content

in the 0–20 cm layer in each treatment. The control treatment did not have any nitrogen
replenishment, so the soil nitrate–nitrogen mainly came from the decomposition of crop
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residues and the mineralized nitrogen of the soil itself. The reason for the underestimation
of the measured value by the DNDC model is that this effect is not well predicted [36], and
this is also the reason that the simulated value of fertilizer application treatment was lower
than the measured value.

There is an apparent drive–response relationship of rainfall and fertilizer application
with soil ammonia volatilization and N2O emission peaks, and seasonal changes can
effectively reflect the dynamic change process of ammonia volatilization and N2O emission
flux [42]. This paper used the DNDC model to simulate the ammonia volatilization and
N2O emission fluxes of spring maize in the Hetao Irrigation District. The simulation results
basically captured the large ammonia volatilization and N2O emission peaks caused by
field irrigation/heavy rainfall and nitrogen fertilizer application. Both were relatively
close to the peak value and appearance time of the main soil ammonia volatilization and
N2O emission peaks. The model provided an effective fit for the changes in the field N2O
emission fluxes during the growth period, which is consistent with the results of previous
studies [1,35]. It should be pointed out that although the ammonia volatilization and N2O
emissions from the soil in this area could be simulated accurately in general, the model
still had some deviations. The amounts of simulated soil ammonia volatilization loss
and soil N2O emission were generally low. One possible reason is that the depth of the
groundwater of the Hetao Irrigation District is relatively shallow, and the depth of the
groundwater during the three-year growth period was between 0.52 and 2.41 m. Phreatic
water evaporation creates suitable soil environmental conditions for nitrogen volatilization
and N2O emissions, and the model fails to predict this effect well. In addition, combined
with the results of soil mineralized nitrogen content, it can be seen that the DNDC model
ignored the decomposition effect of crop residues, and, as a result, the simulated total
emissions of each fertilizer application treatment underestimated the measured value.

4.2. Maize Yield under Long-Term Combined Application of Organic–Inorganic Nitrogen

The sustainability of crop yields is an important component of sustainable agricultural
production. Studying the characteristics of changes in crop yields under long-term fertilizer
application can provide theoretical support for the sustainable development of agriculture.
This study showed that the yield of crops without nitrogen application treatment could be
maintained at a high level within 10 years. This is because, under high soil fertility, crop
yields can be maintained at a high level in a short period of time even without fertilizer
application [17], and the subsequent crop yields may be reduced due to insufficient fertility.
Manna et al. [16] found that the yield of a single application of inorganic nitrogen treatment
was considerably higher than that of a single application of organic nitrogen treatment
at the beginning of the experiment. After long-term fertilizer application, the yield of
a single application of organic nitrogen treatment could reach or exceed that of a single
application of inorganic nitrogen treatment [16]. However, this study found that even at
the initial stage of the experiment, the yield of a single application of organic nitrogen
was higher than that of a single application of inorganic nitrogen. The reasons may be as
follows. (1) The background value of soil nitrogen at this experimental site is relatively
high, allowing for the production of a large number of available nutrients. (2) The organic
nitrogen content selected in this study was 10%, and the mineralization process will produce
more inorganic nitrogen for crops to absorb. However, this study also found that with
the extension of the fertilizer application time, the yields of a single application of organic
nitrogen and a single application of inorganic nitrogen showed a downward trend, which
also confirms that the reasonable combined application of organic–inorganic nitrogen can
increase the sustainability of crop yields.

Through 30 consecutive years of the combined application of organic–inorganic fer-
tilizers, Lv et al. [36] showed that a substitution ratio of 25–75% could ensure high crop
yields. Similarly, research by Brilli et al. [29] also showed that the substitution of 25% and
50% of chemical fertilizers by organic fertilizers could ensure high and stable crop yields,
but continuing to increase the substitution ratio would result in reduced production. The
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present study revealed that when the proportion of organic nitrogen was 50%, it was the
most conducive to increasing and stabilizing crop yields. The reason can be attributed to
the fact that in the early stage of maize growth, inorganic fertilizers are needed to supply
appropriate amounts of quick-acting nutrients to meet the growing needs of crops, but the
excessive application of inorganic fertilizer will cause wastage. Therefore, the use of organic
nitrogen to replace part of the inorganic nitrogen can reduce the loss of volatilization and
leaching caused by the excessive accumulation of mineral nitrogen in the early stage. In
the late stage of crop growth, the continuous mineralization of organic fertilizer can stably
release inorganic nitrogen for crop absorption and utilization. The U1O1 treatment could
better regulate and control the soil nitrogen retention and release, and coordinate the soil
nitrogen supply [17], which not only meets the nutrient requirements of the crop growth
period but also maintains soil fertility for a long time. In previous studies, we found
that the U1O1 treatment could better promote the absorption and utilization of nitrogen,
thereby increasing production [43]. The difference in the test results may be related to the
soil fertility status and climatic conditions. Therefore, fertilizer application, especially the
reasonable combined application of organic–inorganic nitrogen, can substantially improve
the sustainability of crop yields [44].

4.3. Emissions of Nitrogen-Containing Gas under Long-Term Combined Application of
Organic–Inorganic Nitrogen

Generally, it is believed that the application of organic fertilizers can improve soil
characteristics as well as adjust the mineralization and fixation of soil nitrogen. These pro-
cesses can change the nitrification and denitrification reaction processes in the soil [45,46].
This study indicated that, compared with the application of inorganic nitrogen alone, the
combined application of organic nitrogen could reduce soil N2O and NO emissions. This is
consistent with the results of other experiments on the effect of the combined application of
organic–inorganic fertilizers on N2O [47,48] and NO [49] emissions. The reason may be that
the application of appropriate amounts of organic fertilizers can improve the physicochem-
ical properties of the soil and promote nitrogen retention by soil microorganisms. In the
middle and late stages of crop growth, the death of microorganisms is accompanied by the
release of nitrogen in the body, which can better meet the nitrogen demand of crops during
the growing season of maize, so that the conversion of nitrogen to N2O can be effectively
reduced under the same nitrogen application rate [50,51]. The present study also indicated
that a single application of organic nitrogen could also considerably reduce the N2O emis-
sions compared with a single application of inorganic nitrogen. First, the application of
organic fertilizer improved the inorganic process of heterotrophic nitrification [52]; second,
the application of organic fertilizer provided energy for denitrifying bacteria and promoted
the reduction of N2O to N2, thereby reducing N2O emissions [53].

N2 is the final product of the denitrification reaction. Due to the high background
value of atmospheric N2 and the high temporal and spatial variability of the denitrification
process itself, the existing techniques to measure N2 are limited. Currently, there is no
report on the N2 emissions of farmland soil under the combined application of organic–
inorganic fertilizers. Via model simulation, this paper found that N2 emissions increased as
the proportion of applied organic nitrogen increased. This may be because the long-term
application of organic fertilizer not only increases the copy numbers of nirS and nosZ genes,
but also has obvious effects in increasing the copy number of nirK genes [54]. Therefore,
increasing the proportion of organic nitrogen will make the denitrification process more
complete, leading to an increase in the amount of final product N2 emitted, which further
proves that the combined application of organic fertilizers can reduce N2O emissions.

The results of this study showed that ammonia volatilization loss from the combined
application of organic–inorganic nitrogen was substantially lower than that of a single
application of inorganic nitrogen, while a single application of organic nitrogen could not
effectively inhibit soil ammonia volatilization. This is mainly due to the different reactions
that urea and organic fertilizers undergo. Under the action of soil urease, urea is hydrolyzed
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to NH4HCO3 and then quickly converted to NH4
+-N, which provides a sufficient substrate

for ammonia volatilization, resulting in the ammonia volatilization loss of pure inorganic
nitrogen treatment being higher than that of other treatments [55]. Meanwhile, during
the decomposition process of the organic matter in the organic fertilizer, a large number
of organic acids are released and humus is formed, which inhibits the increase in soil pH
during the hydrolysis of urea, thereby considerably inhibiting the volatilization of soil
ammonia [56]. In addition, the combined application of organic fertilizers and inorganic
fertilizers can promote soil microbial activities, fix soil inorganic nitrogen in the organic
nitrogen pool, and reduce the amount of inorganic nitrogen that produces ammonia,
thereby reducing the ammonia volatilization loss [57]. Under the single application of
organic nitrogen with an equal amount of nitrogen, various forms of organic nitrogen are
converted into NH4

+-N through mineralization. Except for those being absorbed and used
by crops and adsorbed by soil, most of the remaining NH4

+-N is volatilized in the form of
ammonia [58], which cannot effectively reduce ammonia volatilization loss.

In general, nitrogen-containing gas emissions are not only related to fertilization but
are also affected by general climate trends and inter-annual variability. Previous studies
have shown that increases in temperature lead to an increase in N2O emissions, and rain-fall
patterns also have a significant impact on nitrogen-containing gas emissions [36]. In this
study, the emissions of nitrogen-containing gas changed dynamically with time, and there
was no significant correlation with temperature or rainfall (Figure 7). This was mainly
related to the climatic conditions and soil properties in the study area, as the study area
belongs to an arid area, and the average annual rainfall during the simulation period was
only 103.59 mm. Furthermore, the soil nitrogen was relatively low. Therefore, the water
and nitrogen conditions strongly limited the soil nitrogen emissions (Figures 4 and 5), and
so the impact of temperature and rainfall on nitrogen-containing gas emissions was limited.
Additionally, soil nitrogen gas emissions are affected by the soil pH value, and an alkaline
pH value is more conducive to soil nitrification and denitrification. The soil pH value in
this study area was 8.2, which also led to higher nitrogen gas loss in this study compared
with other acidic pH soils [59].

Although the model fully simulated the emissions of nitrogen-containing gases, the
reliability of the simulated N2 emissions was still uncertain due to the technical limita-
tions of the measurement, which hindered the comprehensive evaluation of the model
performance [30]. Therefore, further research and technological innovation are needed to
obtain more reliable data of N2O, NH3, NO, and N2 to better estimate the loss of nitrogen-
containing gases in the soil. In this study, we only selected the local representative variety
‘Neidan 314′ for the experiment. However, the use of different varieties has played a key
role in improving maize productivity [60]. Currently, many varieties of maize have been
produced, each with specific management practices and climatic requirements that are
needed for them to reach their full genetic potential. Therefore, a comparison of varieties
for growth and nitrogen utilization characteristics under various nutrient management
regimes is necessary [61]. In this study, we only used long-term historical meteorological
data to simulate the yield and nitrogen gas loss under the combined application of organic
and inorganic fertilizers. However, the physiological processes of crops are strongly influ-
enced by environmental changes, and future climate change will bring great challenges to
food security [62]. Therefore, the applicability of organic–inorganic fertilizers in the Hetao
Irrigation District under future climate change should be further studied.

5. Conclusions

The verified DNDC model could be successfully applied to the Hetao Irrigation
Dis-trict to simulate the complex interaction between different processes in the soil–plant–
atmosphere system. Long-term simulations found that 50% substitution of urea fertilizer
with organic fertilizer could maintain high and stable crop yields. In addition, the annual
NH3, N2O, and NO emissions under organic fertilizer substitution were lower than those
under urea fertilization alone during the 26-year simulation period. Based on crop yield
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and nitrogen-containing gas emission parameters, organic nitrogen substitution of 50% urea
nitrogen is reasonable for maize cropping systems under the recommended fertilization
management in the tested environment. This may help the government to set up rational
policies for sustainable crop production in China and other similar regions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13030848/s1, Figure S1: The modeled and measured
soil temperature under different treatments; Figure S2: The modeled and measured soil WFPS under
different treatments; Table S1: Statistical evaluation of model simulation of soil temperature from
different treatments in 2018–2020; Table S2: Statistical evaluation of model simulation of WFPS from
different treatments in 2018–2020.
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