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Abstract: The use of blended controlled-release urea (CRU) with normal urea has appeared to
effectively improve grain yield and nitrogen use efficiency in summer maize systems. Nevertheless,
the environmental impacts based on a life cycle assessment (LCA) and the ecosystem economic
benefits with different maize varieties and ratios of CRU and urea remain unclear. In our study,
a consecutive two-year field experiment was designed in the North China Plain (NCP) using two
nitrogen (N) rates (0 and 180 kg N ha−1), four N resources (urea-N, CRU-N:urea-N = 1:2, CRU-
N:urea-N = 2:1 and CRU-N), and two maize varieties (ZD958 and YH988) in 2019 and 2020. The
results showed that a once-off application of basal fertilizer in N180C2 (CRU-N:urea-N = 2:1) and
N180C1 (CRU-N:urea-N = 1:2) achieved high grain yields in ZD958 and YH988 (11.0–13.5 Mg ha−1

and 11.3–13.2 Mg ha−1), respectively. Compared to treatment N180U, treatment N180C2 reduced
reactive N losses through N leaching (−34.6%), ammonia volatilization (−17.1%), and nitrous oxide
emissions (−42.0%) in variety ZD958, whereas treatment N180C1 reduced reactive N losses through
N leaching (−20.3%), ammonia volatilization (−13.2%), and nitrous oxide emission (−24.2%) in
variety YH988. The N180C2 and N180C1 treatments achieved the lowest C footprint (267.4 and
267.9 kg CO2 eq Mg−1) for ZD958 and YH988, respectively. Furthermore, N180C2 and N180C1
achieved the highest ecosystem economic benefits for ZD958 and YH988 of 831 and 1101 $ ha−1,
respectively. In summary, the application of the mixture of controlled release urea and standard urea
at appropriate N rates not only achieved a high grain yield but also enhanced the ecological economic
benefits while mitigating the negative environmental impacts. To sum up, using the correct CRU-N
management practices coordinated with suitable genetic varieties is an effective way of achieving
sustainable and environmentally friendly maize production in a high-yielding summer maize system.

Keywords: controlled release urea; maize varieties; high yield; ecological economic benefit; environ-
mental impact

1. Introduction

Maize is one of China’s most important staple grain crops, providing starch and
protein for many people. The North China Plain (NCP) produces about 31% of the total
maize yield, and accounts for 31% of the total maize cultivation area in China [1]. Nitrogen
(N) figures prominently for improving crop productivity and ensuring food security [2];
however, there are adverse environmental and human health impacts resulting from the
release of mineral nitrogen from farmland soils, especially in the NCP. These include
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underground water pollution, water eutrophication, and greenhouse gas emissions, which
are worse in some developing countries, such as China [3,4]. One way to achieve greater
nitrogen use efficiency (NUE) and less reactive N losses is the implementation of science-
based fertilizer-use practices, called the “4R” principle [5,6]: right time (fertilization time),
right amount (application rate), right placement (e.g., deep application of fertilizer), and
right resource (e.g., urea, ammonia, or nitrate). Another approach is the use of enhanced
efficiency N fertilizers (EEFs) (e.g., controlled-release nitrogen, CRU) [7].

Nitrogen supply and crop N demand can be synchronized to reduce the environmental
risks using CRU [8,9]. This strategy is expected to increase nitrogen use efficiency and
reduce N loss to the environment in crop systems [10], whereas the single application
of CRU could reduce labor costs compared to normal urea in many areas [11]. As the
cost of CRU is high, a mixture of CRU and normal urea is most appropriate for realizing
economic and ecological benefits [12]. Researches have reported that the mixture of CRU
and normal urea can both increase grain yield and NUE, along with a net benefit in wheat
production [13], but the N sources in these studies were not specified [14]. As more precise
N regulation should aim to match the nitrogen rate and resources [15], the present study
focused on determining whether the use of blended urea with controlled release nitrogen
and normal urea could achieve high maize yields along with optimized N rate and sources.

Differences in varieties can also influence crop growth, grain yield, and N uptake under
the stress of heat [16] and nutrient deficiency [17] in rice and maize. One main difficulty for
plant breeders is the selection of suitable varieties with a high NUE and reduced N loss,
in order to achieve higher yield [18]. To address this problem, an understanding of the
available genetic variation in the N response is imperative. The N uptake, utilization, and
transportation of different genotypic varieties can be evaluated through field and controlled
environment approaches [19]. Some studies have demonstrated the environmental impact
of nitrogen application while ignoring the influence of crop varieties [20]. Based on this,
the profitability and integrated eco-economic benefits of the interaction between different
maize varieties and nitrogen sources (different rates of CRU and urea) require further study.

A consecutive two-year field experiment in the North China Plain (NCP) was designed
herein and included two nitrogen sources (CRU and urea), two N application rates (0 and
180 kg N ha−1), and two maize varieties. The aims were: (1) to demonstrate how the
interaction between different maize varieties and N sources affects agronomic factors
(grain yield, NUE and aboveground N uptake); (2) to qualify the environmental impacts
(reactive nitrogen [Nr] losses, greenhouse gas [GHG] emissions, and N and C footprints),
and economic benefits; and (3) to construct the best N management system with suitable
varieties in a summer maize system in the NCP. Our hypothesis was that matching the
maize varieties with a suitable ratio of CRU and urea would increase grain yield and
economic benefits while reducing the environmental impact. The research conclusions
provide a new approach for matching the N strategy and suitable varieties for high-yielding
summer maize systems in the future.

2. Materials and Methods
2.1. Site Description

The experiment was conducted at the experimental station of Henan Agricultural
University, Yuanyang county (34◦55′ N, 113◦36′ E), located in the north of Henan Province in
NCP, which is the main wheat–maize rotation area in China [21]. The study was conducted
over two maize seasons from 2019 and 2020, forming part of a long-term experiment that
started in 2017. The average temperature was 26.5 and 25.1 ◦C and the total rainfall was
434.4 and 424.4 mm in the 2019 and 2020 maize growing seasons, respectively (Figure 1).
Each irrigation application was approximately 100 mm in both 2019 and 2020, and the
irrigation was applied in the silking period (VT) (Figure 1). The soil was fluvo-aquic soil
(USDA) (19.6% clay, 25.1% silt and 55.3% sand), and the soil properties (0–30 cm) were as
follows: bulk density 1.2 g cm−3, pH (soil:water 1:2.5) 7.0, organic matter 10.2 g kg−1, total
N 1.15 g kg−1, Olsen-P 80.3 mg kg−1, and NH4OAc-K 129.5 mg kg−1.
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Figure 1. The daily precipitation and average temperature for the 2019–2020 summer maize growth
period (May–September) in Yuanyang county (34◦55′ N, 113◦36′ E), Xinxiang city, Henan Province.

2.2. Experimental Materials and Design

Experiments were designed as a split-plot design with three replications. The main
plots included two N rates (0 and 180 kg N ha−1), and the subplots were N resources
(CRU and normal urea) and maize varieties (Zhengdan 958 and Yuhe 988). The main
plots were 46-m2 (4.8 m × 9.6 m). The N rate treatments were as follows: N0 (control, no
nitrogen) and N180 (180 kg N ha−1, optimal N rate in the NCP). The details of nitrogen
application are shown in Table 1. The two nitrogen sources included urea (46%-N), which
was applied before seeding and at the six-leaf (V6) stage, and a once-off application of
a blend of controlled-release urea and normal urea. The controlled release urea was a
polymer-coated urea (45.2%) consisting of 2.56% polyurethane coating material. The CRU
was manufactured based on MOITH New fertilizer Co., Ltd. (Chizhou, China), which has a
60-day release period by the static water (25 ◦C) releasing test in the laboratory (Figure S3).
The urea was provided by Xinlianxin Co., Ltd. (Xinxiang, China) (Table 1).

Table 1. Experimental design in 2019–2020 at the station of Yuanyang county (34◦55′ N, 113◦36′ E) in
Xinxiang city, Henan Province, China.

Varieties N Treatment Total N Rate
Basal N Rate Topdressing N Rate (V6)

Urea-N CRU-N Urea-N

(kg N ha−1)

ZD958

N0 0 0 0 0
N180U 180 72 0 108
N180C1 180 120 60 0
N180C2 180 60 120 0
N180C 180 0 180 0

YH988

N0 0 0 0 0
N180U 180 72 0 108
N180C1 180 120 60 0
N180C2 180 60 120 0
N180C 180 0 180 0

N0, no N; 180, 180 kg N ha−1; U, solely urea; C1, ratio of controlled-release nitrogen to urea nitrogen is 1:2; C2,
ratio of controlled release nitrogen to urea nitrogen is 2:1; C, all CRU.

The maize varieties (‘Zhengdan 958-ZD958’ and ‘Yuhe 988-YH988’) used in the study
are local varieties in the NCP and particularly in Henan Province. ZD958 is a stay-green
variety with high N efficiency, whereas YH988 is a density resistant variety. Summer
maize was sowed on 6 June and 9 June in 2019 and 2020, respectively, and harvested on
25 September and 26 September in 2019 and 2020, respectively. The maize had a planting
density of 67.500 plants ha−1, with a row spacing of 60 cm. Pesticides and herbicides were
applied as required in both years.
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2.3. Analysis of Aboveground Biomass Samples and Evaluation Index
2.3.1. Aboveground Biomass Sampling and Nitrogen Analysis

Three adjacent maize plants were selected randomly in each plot at the silking (VT)
and harvest stage (R6), and were separated into grain and straw. The samples were oven-
dried to a stable weight at 80 ◦C. Standard grain yield has a reported moisture factor of
15.5%. The NUE was calculated as the difference in N aboveground uptake between the N
treatments and the control treatment and was divided by nitrogen application rate [22,23].

2.3.2. Reactive N Losses and GHG Emissions

Reactive N losses and environmental impacts were calculated by the life cycle assess-
ment (LCA) methodology according to ISO standards 14040 and 14044 [24,25]. The system
boundaries were from cradle to farm gate (Figure 2). The reactive N losses (kg N ha−1)
originate from three processes: the first one is the nitrogen application, the second one is
the nitrogen production and transportation, and the last one is other agricultural materials
inputs. The reactive N losses were calculated as follows:

Nr losses = ∑m
i=1Ratei × Fi + N2Odirect−N + Nleaching−N+

NH3volatilization−N.
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In the equation, i means the agricultural material input, Fi means the reactive nitrogen
emission from the production and transportation of agricultural input, and Fi and Ratei
were used in Figure S1 and Table S1. The direct N2O emission, NO3-leaching, and NH3
volatilization are in the form of N2O-N, NO3-N, and NH3-N, respectively.

During the nitrogen application period, we referred to all the related published papers
to construct the empirical model. The reactive nitrogen losses models resulted from the
publications according to the NCP by the empirical models (Figure S4).

The reactive nitrogen losses were counted as follows:

NH3-Nurea = 0.11×Nurearate + 3.54,

NH3-NCRU = 0.036×NCRUrate + 3.12,

N2Odirect-Nurea = 0.72× e0.0034×Nurearate,

N2Odirect-NCRU = 0.56× e0.0040×NCRUrate,

NH3-Nurea means the volatilized NH3-N loss from urea, whereas NH3-NCRU represents
that from CRU. N2Odirect-Nurea means direct cumulative N2O-N losses from urea whereas
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N2Odirect-NCRU represents that from CRU. The NO3-leaching factors were supposed to be
27.0% and 17.0% for normal urea and CRU, respectively [26].

The GHG emissions were calculated as follows:

GHG emission = ∑m
i=1Ratei ×Gi + 298×N2Otatal −N× 44/28

N2Ototal-N = N2Odirect −N + 1%×NH3 −N + 0.75%×NO3 −N,

Gi means the greenhouse gas emissions from the production and transportation of
agricultural inputs. Ratei means the application rate of agricultural inputs (Table S1). The
global warming potential of N2O is 298 times of that of CO2 [15]. The C footprint and N
footprint were expressed in the terms of grain yield in CO2-eq Mg−1 grain.

2.3.3. Nitrogen-Derived Ecosystem Economic Benefits

The nitrogen-derived yield benefits (BY), private profitability (Bp), and EEB were
counted as follows:

BY = (Y − Y0) ×Mprice,

Bp = BY − Ncost − Lcost,

EEB = Bp − Ecost − Hcost,

In the equation, BY means the N-derived yield benefits, and Y and Y0 mean the maize
yield with and without nitrogen application, respectively.

Mprice means the price of maize (USD 0.43 kg−1). The Ncost represents nitrogen
costs and Lcost represents labor costs. EEB means the ecosystem economic benefit. Ecost
represents climate change caused by GHG emissions, eutrophication of water bodies, and
soil acidification. Hcost means the costs of reactive nitrogen losses in terms of human health.
The Ncost and Lcost mean the fertilizer or labor costs. In the research, the normal urea costs
USD 0.62 kg−1, whereas CRU costs USD 0.79 kg−1. The labor cost for once-off nitrogen
application was USD 45.0 ha−1.

The calculation method of Ecost and Hcost was follows [27]:

Ecost = CGHG + Ceu + Cacid
= (CO2 × 0.0204) + (1.12×NO3 −N + 0.24×NH3 −N + 0.0018×N) + (1.87×NH3 −N + 0.021×N)

Hcost = (0.30×N2Ototal −N + 0.20×NO3 −N + 3.30×NH3 −N)

In the equation, CGHG represents GHG emission, Ceu represents eutrophication of
water bodies, and Cacid means soil acidification hazard [28]. The CO2 price was USD
0.0204 kg−1 [29]. The eutrophication costs for NO3-N and NH3-N were USD 1.12 and
0.24 kg−1, respectively [30]. The soil acidification cost for NH3-N was USD 1.87 kg−1 [31,32],
and USD 0.0018 and 0.021 kg−1 per nitrogen production were the eutrophication and soil
acidification costs [30]. The human health costs were USD 0.30, 0.20, and 3.30 kg−1 [32] of
N2O total-N, NO3-N, and NH3-N per unit, respectively.

2.4. Data Analysis

Two-way analysis of variance (ANOVA) was used to test the main and interactive
effects of N level (df = 1), N sources (df = 3) and maize varieties (df = 1) on grain yield,
carbon footprint, and nitrogen footprint. Means of the treatments were tested using the
least-significant difference (LSD) test at the 0.05 significance level with SAS (9.3, SAS
institute, Cary, NC, USA).

3. Results
3.1. Grain Yield and Aboveground N Uptake

In the growing seasons (2019–2020), the grain yield was significantly increased in the
Nopt treatment (180 kg N ha−1) compared to the N0 treatment (Figure 3). The grain yield
among the four N sources (N180U, N180C1, N180C, and N180C) for ZD958 and YH988
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was not significantly different in the year 2019, whereas the grain yield peaked around
13.5 Mg ha−1 in treatment N180C1 and N180C2 for ZD958 and YH988 in 2020, respectively.
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Crop aboveground N uptake increased significantly with the increase in nitrogen rate
(0–180 kg N ha−1 from the average 122.3 kg ha−1 in N0 to 219.3 kg ha−1 in all 180 kg N ha−1

treatments; Table 2).

Table 2. Maize aboveground N uptake and N use efficiency (NUE) in 2019 and 2020.

Varieties N Rate
2019 2020

N Uptake (kg N ha−1) NUE (%) N Uptake (kg N ha−1) NUE (%)

ZD958

N0 147.6 c —— 131.6 d ——
N180U 221.6 b 43.1 b 219.9 bc 49.1 bc
N180C1 219.8 b 47.2 b 228.3 b 53.7 b
N180C2 244.9 a 62.2 a 249.1 a 65.3 a
N180C 228.1 b 51.7 b 214.3 c 45.9 c

YH988

N0 136.1 c —— 131.2 d ——
N180U 213.6 b 43.1 b 214.1 c 46.1 b
N180C1 239.7 a 57.6 a 239.8 a 60.3 a
N180C2 223.1 b 48.4 bc 229.6 ab 54.7 ab
N180C 223.4 b 48.5 b 222.9 bc 51.0 b

N0, no N; 180, 180 kg N ha−1; U, solely urea; C1, ratio of controlled-release nitrogen to urea nitrogen is 1:2; C2,
ratio of controlled release nitrogen to urea nitrogen is 2:1; C, all CRU. Mean values followed by different letters
are significantly different at 0.05.

For variety ZD958, aboveground N uptake in treatment N180C2 was significantly
higher than in treatments N180U, N180C1, and N180C in 2019–2020 (Table 2), whereas for
variety YH988, aboveground N uptake in treatments N180C1 and N180C2 was significantly
higher than in N180U and N180C in 2019–2020 (Table 2).

The aboveground N uptake after anthesis for treatments N180U, N180C1, N180C2,
and N180C was significantly higher than the N0 treatment (Figure S1). The aboveground
N uptake after anthesis in N180C2 and N180C1 was significantly higher than in N180U
for ZD958 and YH988 in both years (Figure S1), the values of which were 33.2–35.2% and
36.2–37.8%, respectively (Figure S2).
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3.2. Nr Losses and N Footprint

The Nr losses and N footprint increased with an increased N rate for both maize
varieties, with Nr losses from 4.79 to 78.7 kg N ha−1, whereas the N footprint was 0.6 to
7.4 kg N ha−1 for ZD958 and 0.7–7.1 kg N ha−1 for YH988 (Figure 4). The N footprint was
significantly affected by N levels, N resources, and their interaction during the growing
stages, and there was no significant effect detected between the maize varieties (Table S2).
Compared to 180U, the Nr losses were significantly reduced by 13.5%, 26.8%, and 40.0%
for treatment N180C1, N180C2, and N180C (Figure 4), respectively. Compared to 180U, the
N footprint was significantly reduced by 17.4%, 36.0%, and 41.3% for treatment N180C1,
N180C2, and N180C for variety ZD958, respectively, whereas these values were 24.3%,
32.4%, and 39.3% for variety YH988, respectively (Figure 5). The greatest reduction in N
footprint in the CRU treatments was due to the reactive nitrogen losses decreasing and the
maize grain yield increasing, which are shown in Figures 4 and 6. In all the treatments,
96.2–97.6% of the reactive nitrogen losses and the N footprint originated from the nitrogen
application, with NO3 leaching contributing the largest proportion (61.5–64.4%), followed
by NH3 volatilization (27.8–33.6%) (Figures 4 and 6).
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Compared to the N180U treatment, N180C1, N180C2, and N180C reduced N leaching
by 16.8%, 34.6%, and 38.9% for variety ZD958, and by 20.3%, 27.8%, and 34.0% for variety
YH988, respectively (Figure 5). Compared to the N180U treatment, N180C1, N180C2,
and N180C reduced NH3 volatilization by 9.1%, 17.1%, and 3.1% for variety ZD958, and
13.2%, 8.8%, and 4.3% for variety YH988, respectively (Figure 5). Compared to the N180U
treatment, N180C1, N180C2, and N180C reduced N2O emissions by 20.5%, 42.0%, and
51.5% for variety ZD958, and 24.2%, 36.1%, and 47.8% for variety YH988, respectively
(Figure 5). Agricultural inputs production and transportation, along with field operation
consumption, took up only 2.4–3.8% (Figure 5).

3.3. GHG Emission and C Footprint

The GHG emissions in the life cycle increased with the N rate, being 964.5 and
3395.3 kg CO2 eq ha−1 in treatment N0 and N180U (Figure 6), respectively. Compared with
treatment N180U, the treatments N180C1, N180C2, and N180C increased GHG emissions
from the production and transportation of nitrogen by 2.9%, 5.8%, and 8.7%, respectively.
Conversely, treatments N180C1, N180C2, and N180C decreased GHG emissions from
nitrogen application by 7.2%, 11.2%, and 11.3%, respectively (Figure 6). For the whole life
cycle process, in comparison to the N180U1 treatment, treatments N180C1, N180C2, and
N180C had 4.6%, 4.6%, and 3.4% lower GHG emissions, respectively. The C footprint was
significantly affected by N sources in both years (Table S2).

For the C footprint, treatment N180U achieved the highest value (320.7 kg CO2 eq Mg−1)
for ZD958, and N180C had the highest value (312.9 kg CO2 eq Mg−1) for YH988, whereas
N180C2 and N180C1 had the lowest value (267.4 and 267.9 kg CO2 eq Mg−1) for ZD958
and YH988, respectively.

3.4. Ecosystem Economic Benefits

During the two growing seasons, treatments N180C2 and N180C1 achieved the highest
N-derived grain benefits for ZD958 and YH988, respectively (Table 3). Although the cost of
nitrogen was three times higher for CRU than for urea, CRU saved nearly 50% of the labor
costs (USD 116 ha−1). Finally, as observed for N-derived grain, N180C2 and N180C1 had
greater private profitability (USD 1000 ha−1 and USD 1304 ha−1) than the other treatments
for ZD958 and YH988, respectively (Table 3).

Compared with N180U, N180C1, N180C2, and N180C reduced the ecological costs by
4.8%, 18.3%, and 42.1% for both varieties, respectively. N180C2 and N180C1 achieved the
highest ecosystem economic benefits for ZD958 and YH988, which were USD 831 ha−1 and
USD 1101 ha−1, respectively (Table 3).
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Table 3. Ecosystem economic benefits of summer maize under different N t treatments and maize
verities across 2019–2020.

Varieties N Rate
N-Derived

Grain Benefits
N

Costs
Labor
Costs

Ecological
Costs

Health
Costs

Private
Profitability

Ecosystem
Economic Benefits

(USD ha−1)

ZD598

N180U 985 ab 57 231 126 87 697 ab 484 b
N180C1 975 b 112 115 120 82 748 ab 546 ab
N180C2 1282 a 167 115 103 66 1000 a 831 a
N180C 875 b 222 115 73 38 538 b 427 b

YH988

N180U 1188 ab 57 231 126 87 900 ab 686 ab
N180C1 1531 a 112 115 120 82 1304 a 1101 a
N180C2 1330 ab 167 115 103 66 1048 ab 879 ab
N180C 1013 b 222 115 73 38 676 b 565 b

180, 180 kg N ha−1; U, solely urea; C1, ratio of controlled-release nitrogen to urea nitrogen is 1:2; C2, ratio of
controlled release nitrogen to urea nitrogen is 2:1; C, all CRU. Mean values by different letters are significantly
different in 0.05.

4. Discussion
4.1. Effects of Different Combinations of CRU and Urea on the Yield and Aboveground N Uptake of
Two Maize Varieties

The optimal N application is 180 kg N ha−1 for summer maize systems in the NCP [33],
which is determined by the nitrogen in-season root-zone management to satisfy the N
demand. In our study, we selected four N sources (I-all urea, II-CRU-N:urea-N = 1:2,
III-CRU-N:urea-N = 2:1, and All CRU) at 180 kg N ha−1, and the two main varieties ZD958
and YH988, which are widely planted in the region and have been found to achieve high
yields in the NCP. According to the results, the optimal N sources in our study were
CRU-N:urea = 2:1 and 1:2 for variety ZD958 and YH988 in both years, respectively. The
mixture of CRU and urea achieved the maximal grain yield of 11.02–13.51 Mg ha−1 for
ZD958 in 2019 and 2020, and 11.33–13.18 Mg ha−1 for YH988 in 2019 and 2020, respectively
(Figure 3), the NUE values of which were 62.2–65.3% and 57.6–60.3% at the optimal N
rate (Table 2). These values are higher than those reported in other studies, which were
typically conducted in a better growth environment. For instance, the NUE of an integrated
soil-crop management system was around 40% in North-Central USA [34], as it was based
on the optimized N management for high-yield maize [10]. Under the current conditions,
the mixture of CRU and urea of CRU-N:urea-N = 2:1 and 1:2 for ZD958 and YH988,
respectively, achieved high grain yield under 180 kg N ha−1, which was mainly attributed
to the following two reasons. The first was the significant increase in grain numbers per ear
and hundred-grain weights for ZD958 and YH988, respectively (Table S3), and the second
was the greater N uptake after silking for the two treatments (Figures S1 and S2), which
was proved to increase the percentage of N transformation to grain part [35]. Based on this,
higher grain yield and N uptake can be achieved through the rational combination of CRU
and normal urea to provide more N at the post-silking growth stages for varieties ZD958
and YH988.

According to an earlier study [36], ZD958 is a stay-green variety with high N-efficiency
that requires more N uptake after silking to maintain high rates of photosynthesis and grain-
filling. In our study, for variety ZD958, the significant increase in grain composition was
the hundred-grain weight, as the blend of CRU-N:urea-N = 2:1 supplied more N after the
silking stage, which benefitted milk-filling (Table S2). Variety YH988, is adapted for high-
density (erectophile-type), and has green leaves throughout the grain-filling period, though
some of its leaves senesce quickly near the mature stage. According to our result, significant
increases were observed for both grain numbers per ear and hundred-grain weight, which
suggests that the combination of CRU-N:urea-N = 1:2 benefitted the growth and develop-
ment of the silks and ears, which are influenced by N supply and source, ultimately affect
the grain numbers per ear and hundred-grain weight (Table S2). Therefore, the optimal
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mixture of CRU-N:urea-N for achieving high grain yield and aboveground N accumulation
in the different varieties was determined by better matching nitrogen application.

4.2. Effects of the Combination of CRU and Urea on Nr Losses and N Footprint of Two
Maize Varieties

Reducing reactive nitrogen losses is the key to mitigating negative environmental
problems [37,38]. There has been little research focus on integrated reactive nitrogen losses
(N leaching, N2O emissions, and NH3 volatilization) among mixtures of CRU and urea
with different maize varieties in a high-yielding summer maize system. We quantified the
reactive nitrogen losses using empirical models for both CRU and normal urea with the
two maize varieties (ZD958 and YH988).

In our study, NH3 volatilization increased linearly, whereas the N2O emissions in-
creased exponentially for both CRU and normal urea (Figure S4). A similar result was also
reported for a wheat system in the NCP [39]. Few studies have focused on N leaching
between different N sources and maize varieties. The results showed that, compared
with normal urea, a mixture of CRU and urea significantly reduced the Nr losses by
13.5–40.0% and the N footprint for the two varieties ZD958 and YH988 by 17.4–41.3% and
24.3–39.3%, respectively (Figure 5). The decrease was mainly attributed to N leaching and
NH3 volatilization (Figure 4). The greater the ratio of controlled-release nitrogen, the lower
the potential for the reduction of Nr losses and N footprints for both varieties. The release
of CRU-N could be better synchronized with the summer maize demand in our study and
could significantly reduce the mineral N concentration in the field and delay the N2O and
NH3 emissions.

According to Ding’s study [40], the low and high greenhouse gas-emitting rice varieties
root exudates had different types of secondary metabolites, which increased expression of
mcrA and AOA genes, leading to increased CH4 and N2O emissions. For our study, more
detailed experiments should be arranged about the N2O emissions with different maize
varieties in future, in order to cooperate with the results of the model data.

4.3. Effects of the Combination of CRU and Urea on GHG Emissions and the C Footprint of Two
Maize Varieties

Compared with the two N resources, the blended N emitted slightly more GHGs
than standard urea during N production and transportation, as the production of 1 kg
N of CRU emits 0.72 kg CO2-eq more GHG [8]. Nevertheless, in our study, treatments
N180C2 and N180C1 exhibited reduced N2O emissions and resulted in 7.8–12.8% lower
GHG emissions than normal urea (Figure 4). Above all, the mixture of CRU and urea
had lower life-cycle GHG emissions than standard urea (Figure 4). In addition, because
the higher grain yield was achieved in the mixed treatments, it reduced the C footprint
(Figure 6). The lowest C footprint was achieved in treatments N180C2 and N180C1 for
ZD958 and YH988, respectively (Figure 6), which was similar to the results for grain yield
and aboveground N uptake.

Across 5406 farms in China, Wu [33] reported a mean maize grain of 7.56 Mg ha−1, with
an average of 220 kg N ha−1, and a GHG emission intensity average of 482 kg CO2 eq Mg−1

grain (155, 242, and 85 kg CO2 eq Mg−1 grain from nitrogen application, nitrogen product,
and other sources, respectively). The NCP is a typical wheat–maize system, in which
the maize grain yield averages 7.42 Mg ha−1 and C footprint averages 487 CO2 eq Mg−1

grain [32]. In our study, for varieties ZD958 and YH988, the highest grain yield averaged
11.0–13.5 and 11.3–13.2 Mg ha−1, and the optimal N rate and source were N180C2 (CRU-
N:urea-N = 2:1) and N180C1 (CRU-N:urea-N = 1:2), calculated at 267.4 and 267.9 CO2 eq Mg−1

grain, respectively (Figure 6). In other high-yield and N-efficiency maize systems, the C
footprint averaged 231 kg CO2 eq Mg−1 with a grain yield of 13.2 Mg ha−1 in Nebraska in
USA, with an N rate of 183 kg ha−1 [41], and the C footprint averaged 287 kg CO2 eq Mg−1

with a grain yield 9.9 Mg ha−1 in southern Canada, with an N rate of 130 kg ha−1 [42].
For both the ZD958 and YH988 varieties, the N application, electricity, and diesel fuel

were the most crucial components for GHG emissions, and N180U required top-dressing
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fertilizer for N180U, and thus more diesel oil, electric power, and extra labor were needed.
With the current accelerated urbanization and political system in China, farmers have
been encouraged to take jobs in big cities. It follows that the ownership of farmland has
become less of priority to some individuals and companies, causing the emergence of many
large-scale farms in the NCP [43]. In this situation, large-scale farms have been encouraged
to use the energy and cost saving strategy, including the use of high-yield varieties, less
labor and fertilizer input, and greater mechanization [44]. In our study, the use of a suitable
blend of CRU and urea in a once-off application together with a suitable variety reduced
the C footprint in the summer maize system, supporting large-scale agricultural production
in future.

4.4. Effect of the Combination of CRU and Urea on Socioeconomic and Ecosystem
Economic Benefits

For varieties ZD958 and YH988, the N180C2 and N180C1 treatments achieved higher
economic profits due to higher grain yield, agricultural input costs, and ecological costs
compared with the common urea treatment (Table 3). As mentioned earlier, the topdressing
application has higher labor costs and is inconvenient during the later stage of crop growth.
With rapid urbanization and an aging population in China aging rapidly [45], labor short-
ages are becoming more prominent and labor costs are increasing rapidly, particularly in the
NCP. Owing to the once-off application of fertilizer, the labor costs of treatments N180C2
and N180C1 increased by USD 110 and 55 ha−1, whereas ZD958 and YH988 reduced costs
by USD 116 and 116 ha−1 (Table 3).

Additionally, the highest EEB was achieved in treatments N180C2 and N180C1 for
varieties ZD958 and YH988. Thus, optimizing the proportions of CRU and urea in combi-
nation with appropriate varieties could be a positive strategy for both farmers and society.
As China’s Ministry of Agriculture announced that to achieve zero growth in the use of
chemical fertilizer by 2020 and peak carbon dioxide emission and carbon neutrality by 2030
and 2060, respectively, improving fertilizer efficiency is necessary, especially if sustainable
resource and environmental development with no yield penalty is to be achieved. Our
result provides an example by which cleaner crop production can be achieved in the future.

4.5. Comprehensive Analysis and Potential Limitations

Under the current situation in China, especially in the NCP, the overuse of N, low NUE,
and high GHG emissions constitute severe problems [39]. The use of CRU can reduce N
application, increase NUE, and decrease GHG emissions without a yield penalty; however,
the cost of fertilizer is high [11]. In our study, treatments N180C2 (CRU-N:urea-N = 2:1)
and N180C1 (CRU-N:urea-N = 1:2), with a once-off application of basal fertilizer, achieved
the best results for varieties ZD958 and YH988, respectively (Figure 7). Although the N
footprint and Nr loss did not obtain the best values, our comprehensive analysis still found
that treatments N180C2 and N180C1 had the largest area in the radar chart for varieties
ZD958 and YH988 (Figure 7). To promote cleaner summer maize production, the use of
different varieties, yield, NUE, environmental parameters, and cost parameters, reflecting
the “4R” components, should be considered. This approach was superior in terms of
agronomic and environmental impacts, thus providing a rational framework for combining
optimal N management strategies and appropriate maize varieties.

A favorable maize system should comprise a genotype (G) developed in an appropriate
environment (E) with suitable nutrient resources, a pest- and disease-free environment,
and the best management practices (M) for the adaptive varieties, weather, soil, and
management conditions [46]. As the aboveground N uptake for different varieties and
release rules of CRU differs in different soil types [22], and several typical toil types
exist in the NCP, future studies should focus on long-term research on G (genotype) × E
(environment) ×M (management) interactions in this region.
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Figure 7. A radar char visualization of yield, NUE, environmental parameters (carbon footprint,
nitrogen footprint, GHG emissions, reactive nitrogen loss), and cost parameters (private profitability
and ecosystem economic benefits).

5. Conclusions

The results showed that one basal application of N180C2 (CRU-N:urea-N = 2:1) and
N180C1 (CRU-N:urea-N = 1:2) produced high grain yields and aboveground N uptake for
ZD958 and YH988, respectively. Furthermore, reductions in Nr losses (N leaching, NH3
volatilization, and N2O emissions) were achieved in treatment N180C2 and N180C1 for
varieties ZD958 and YH988, respectively. Further evaluation was performed using the
LCA approach, which indicated that N180C2 and N180C1 effectively reduced the GHG
emissions and the C and N footprints of varieties ZD958 and YH988, respectively. In
brief, the correct CRU-N management (M-right rate× source) coordinated with appropriate
genetic varieties (G) constitutes an effective strategy for achieving sustainable and cleaner
maize production in a summer maize system in NCP. More studies should focus on the
G ×M × E interaction in various cropping systems and regions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture12081247/s1, Figure S1. Aboveground N uptake before
and after anthesis under different N rates and resources for varieties ZD958 and YH988 in 2019 and
2020. N0, no N; 180, 180 kg N ha−1; U, solely urea; C1, ratio of controlled-release nitrogen to urea
nitrogen is 1:2; C2, ratio of controlled re-lease nitrogen to urea nitrogen is 2:1; C, all CRU. Figure S2.
Percentage of aboveground N uptake before and after anthesis under different N rates and resources
for varieties ZD958 and YH988 in 2019 and 2020. N0, no N; 180, 180 kg N ha−1; U, solely urea; C1,
ratio of controlled-release nitrogen to urea nitrogen is 1:2; C2, ratio of controlled re-lease nitrogen
to urea nitrogen is 2:1; C, all CRU. Figure S3. Release of CRU cumulatively and per time interval in
2019 in (A) laboratory water (25 ◦C) and (B) the field. Figure S4. Relationships between N rate and
(A) NH3 volatilization, (B) N2O emissions with common urea (black solid circles and solid line) and
controlled release urea (hollow triangles and circles and dotted line) for summer maize production.
Table S1. Reactive N emission and GHG emission factors from the production and transportation of
agricultural inputs in a summer maize production system. Table S2. Two-way analysis of variance
of the nitrogen (N) level and N source on grain yield, varieties, N footprint, and C footprint of
summer maize in the 2019 and 2020 growing seasons. Table S3. Ear numbers, grain numbers, and
hundred-grain weight of summer maize in the 2019 and 2020 growing seasons.
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