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Abstract: Environmental conditions (precipitation, temperature and soil properties) differ greatly
in different regions and have dual effects on the wheat growth and nutrient release of slow-release
fertilizer (SRF). Conventional fertilization methods such as the multiple-split application of urea and
the one-time application of SRF may have difficulty achieving a stable and high wheat yield and
nitrogen (N) efficiency in various environments. Therefore, the exploration of a rational application
strategy of SRF is needed for improving wheat yield and its stability in different regions. A two-year
field experiment was conducted in different regions (eight test sites per year) with five patterns:
100% N (270 kg ha−1) SRF applied pre-sowing (M1); 60% N SRF applied pre-sowing and 40% N
urea applied at jointing (M2); 60% N SRF applied pre-sowing and 40% N SRF applied at re-greening
(M3); M2 reducing the N rate by 15% (M4); M3 reducing the N rate by 15% (M5). The fourth-split
application of urea was taken as the control (CK, 270 kg N ha−1). The results suggested that the
average yield in M1 decreased by 3.65% of the CK, and the yield stability was poor. Both M2 and M3
significantly increased N efficiency, grain yield and benefit, but the stability of M3 was higher than
that of M2 in different environments. Considering further improvements in wheat yield, N efficiency
and profit, our results suggested that the twice-split application of SRF, which also improved the
adaptability of wheat in different environments, could be recommended for wheat cultivation.

Keywords: slow-release fertilizer; different environments; wheat yield; nitrogen agronomic
efficiency; stability

1. Introduction

The agricultural nitrogen (N) input continues to increase each year in China in order
to further increase crop yields [1], whereas the linearly increasing N-application rate has
not produced substantial increases in crop yields but has instead led to a sharp decline
in N-use efficiency [2,3] as well as a series of environmental problems, such as water
eutrophication, soil acidification, air pollution, etc. [4,5]. Over the past several decades,
the conventional fertilizer application for winter wheat (Triticum aestivum L.) was mostly
divided into 3–4 applications and consisted of basal and top-dressing, which is a high-
demand, time-consuming and labor-intensive approach and limits the mechanization of
wheat cultivation. Moreover, with rural labor migration and the aging of rural populations,
fewer people are available to engage in agricultural work [6], and excessive N inputs and
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fertilization frequencies also lead to lower economic returns for growers from their fertilizer
investments [7,8]. Thus, there is an urgent need to determine optimal N-fertilization
strategies that can promote wheat yields, reduce N losses and save labor inputs.

In recent years, various fertilizer-application techniques for ensuring crop yields,
quality and economic benefits have been recommended, such as soil testing and fertilizer
recommendation, precise and quantitative fertilization, and water-and-fertilizer-coupling
technology [9–11]. These techniques were expected to harmonize the components (spikes
per unit area, kernels per spike and grain weight) of wheat yield [12]. Cao et al. [13] pointed
out that spike number contributed the most to the wheat yield followed by grain weight,
and kernels per spike showed negative effects on the yield. In contrast to kernels per spike,
spike number and grain weight are more easily influenced by environmental conditions,
indicating that they are susceptible to regulation by fertilizer-application strategies [14].
However, when using the conventional N-fertilizer-application strategies with urea as the
main object it is generally difficult to overcome the deficiency of over-use of N fertilizer or
high N loss. Theoretically, it can reduce the risk of N loss and thus improve N-use efficiency
by controlling the N-release rate from fertilizers to match the N demand of crops [15].
The development of a slow-release fertilizer (SRF) fulfills the above goal and provides a
new direction for more efficient and simplified fertilization of wheat [16]. By employing
different coating materials or adding inhibitors, SRF can release N into the soil solution at a
rate matching the plant demand, thereby reducing excess inorganic N accumulation and N
loss from the soil profile [17,18].

Many studies believed that the one-time application of SRF could increase N-use
efficiency while saving time and labor [16,19–22]. However, due to the additional coating
materials and the complex manufacturing processes, CRU has been considered too expen-
sive for application in cereal crops [17]. Furthermore, it is still controversial whether the
one-time application of SRF can meet the N demand of wheat during the whole growth
period, which is of great significance to the promotion of N absorption at different stages
of wheat growth, the coordination of wheat-population quality and the decrease in the N
loss [23,24]. In order to synchronize the N demand of wheat with the N supply of SRF,
our previous study [25] proposed the strategy of a twice-split application of SRF at the
pre-sowing and re-greening stages, which satisfied the growth of wheat in the seeding
stage and promoted the reproductive growth of wheat, but its economic feasibility has not
been confirmed.

These studies have promoted the use of SRF in wheat production. However, many
studies have confirmed that wheat yield and nitrogen-use efficiency are also signifi-
cantly regulated by environmental conditions (temperature, precipitation, soil charac-
teristics, etc.) [26,27] and cultivation measures (variety, density, tillage and sowing methods,
fertilizer management, etc.) [28–31]. In addition, temperature, moisture and physical
and chemical soil properties could affect the nutrient release of SRF in soil [21,32], which
contributed to the effectiveness of controlled-release urea, which varies with the coating
material, cropping system, and cultivation conditions, leading to differences in the ab-
sorption and utilization of nutrients in crops and further affecting the grain yield [33–35].
In many studies, the influence of the environmental factors on the application effect of
SRF is often ignored, which may result in large differences in yield and NUE in different
ecological regions using the same fertilization strategy. The Jiangsu Province is one of
the primary wheat production regions in China. However, there are great differences in
climate and soil properties among different regions in the Jiangsu Province, resulting in
significant differences in the effect of N-fertilizer management. In this context, it is of great
significance to study the appropriate application strategy of SRF and its yield-increasing
capacity and stability in different regions in order to promote the wide application of SRF
in wheat cultivation and to ensure the safety of wheat production in China. Therefore,
this study designed several SRF-application patterns, compared their differences in grain
yield, N agronomic efficiency (NAE) and their benefits, and analyzed their response to
different ecological regions. The objectives of this study were (1) to identify a high-yield
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and high-efficiency SRF-application strategy in wheat cultivation and (2) to explore whether
and how the twice-split application of SRF improved wheat yield, N efficiency and their
stability in different ecological regions.

2. Materials and Methods
2.1. Materials and Site Description

During the wheat-growing seasons of 2019–2021, the field experiment was conducted
in different ecological regions (8 test sites per year) in the Jiangsu province, China (Figure 1).
Among all the test sites, Yizheng, Haian, Jiangdu, Jiangyan, Gaoyou and Baoying are
located in the south of the Huaihe River and belong to the subtropical monsoon climate,
while Huaiyin, Suining, Guannan and Ganyu are located north of Huaihe River and belong
to the warm-temperate monsoon climate. At each test site, a widely promoted local wheat
variety was grown in the field in a rotation with summer rice (Oryza sativa L.), and the rice
straw was returned to the field in full quantity. Additional relevant information of each test
site is shown in Table 1.
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Figure 1. Distribution of test sites in Jiangsu Province, China.

Table 1. Relevant information of different test sites.

Site Wheat
Varieties

Sowing
Date

(Month-Day)

Harvest
Date

(Month-Day)

Soil
Texture

Nutritional Characteristics of the Top Soil
(0–20 cm Depth)

Organic
Matter

(g kg−1)

Available
N

(mg kg−1)

Available
P

(mg kg−1)

Available
K

(mg kg−1)

2019–2020
Yizheng Yangami 23 11-1 5-27 Clay loam 35.1 127.0 6.9 111.9
Haian Nongmai 88 11-3 5-29 Loam 32.3 116.3 23.6 133.8

Jiangdu Mingmai 133 11-9 5-29 Medium loam 25.5 87.6 27.4 57.0
Jiangyan Nongmai 88 11-11 5-31 Clay loam 35.1 98.6 21.1 149.4
Gaoyou Yangfumai 4 10-29 5-29 Clay 36.4 103.8 5.8 160.1
Baoying Ningmai 26 11-7 6-1 Clay 19.6 89.7 26.5 134.5
Suining Xumai 818 10-30 6-5 Sandy loam 22.6 96.7 35.0 143.7

Guannan Huaimai 33 11-6 6-10 Clay 12.8 58.6 19.6 102.0
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Table 1. Cont.

Site Wheat
Varieties

Sowing
Date

(Month-Day)

Harvest
Date

(Month-Day)

Soil
Texture

Nutritional Characteristics of the Top Soil
(0–20 cm Depth)

Organic
Matter

(g kg−1)

Available
N

(mg kg−1)

Available
P

(mg kg−1)

Available
K

(mg kg−1)

2020–2021
Yizheng Yangmai 23 11-3 6-5 Clay loam 36.2 119.9 8.63 109.2
Jiangdu Yangfumai 4 11-2 6-4 Medium loam 30.5 76.3 23.5 87.0
Jiangyan Nongmai 88 10-31 6-3 Clay loam 33.4 108.7 22.3 134.6
Baoying Zhenmai 12 11-6 6-5 Clay 19.4 82.6 25.6 122.5
Huaiyin Huaimai 52 10-30 6-10 Clay 22.1 90.3 46.1 94.2
Suining Xumai 818 10-23 6-10 Clay loam 25.8 101.3 28.3 129.6

Guannan Huaimai 33 10-30 6-12 Clay 13.6 63.4 18.4 99.7
Ganyu Huaimai 46 10-30 6-20 Clay 20.8 74.2 14.2 130.1

Temperature and precipitation are two important parameters affecting wheat growth
(Figures 2 and 3). In 2019–2020, the precipitation amount in Baoying, Suining and Guannan
was very low during the vigorous growth of wheat in the spring (February to March 2020),
among which the period of low rainfall in Guannan lasted the longest, resulting in the
severe drought of wheat in the spring and thus affecting the top-dressing and normal
growth of wheat. In 2020–2021, wheat at different test sites suffered from different degrees
of low-temperature stress and the most severe frost damage was observed in Ganyu during
the over-wintering stage, resulting in the death of tillers and thus limiting the number of
spikes per unit area at the maturity stage.
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Figure 2. Monthly mean temperature during the growing seasons at different test sites in 2019–
2021. 
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The SRF used in this study was a mixture of sulfur-coated urea and common phospho-
rus and potassium fertilizers (N:P2O5:K2O = 26:12:12), with a sustained-nutrient-release
period of 90–120 days, which was provided by Hanfeng Slow-Release Fertilizer (Jiangsu)
Co., Ltd., China. Other common fertilizers were also used in this study, including urea
(46.3% N), superphosphate (12% P2O5) and potassium chloride (60% K2O).

2.2. Experimental Design

Five fertilization patterns (M1–M5) were designed with different fertilizer ratios and
fertilization frequencies of sulfur-coated SRF and common urea. The experiment also
included a control (CK) of urea applied at four stages. Detailed N-application rates and
N management are shown in Table 2. The N rate adopted in the CK and M1–M3 was
270 kg ha−1, which is suitable for the high-yield cultivation of local wheat. The N rate
of M4 and M5 was 229.5 kg ha−1, which was reduced by 15% based on M2 and M3,
respectively. The amount of phosphate (P2O5) and potassium (K2O) in all treatments was
124.6 kg ha−1. In addition to the phosphate and potassium contained in sulfur-coated
SRF, other phosphate and potassium fertilizers were applied as a basal fertilizer using
superphosphate and potassium chloride. A blank control treatment without N application
but with the same amount of phosphate and potassium was included to calculate the NAE.
The depth of the basal-fertilizer application in the soil was 10−15 cm, whereas the top-
dressing was broadly cast on the soil surface. Each treatment was conducted in triplicate
and the area of each replicate was 300 m2. At each test site, the wheat was sowed with a
seeder during the appropriate sowing date, following the local suitable density. Additional
field management of wheat was performed according to local high-production guidelines.

Table 2. Fertilization pattern design and N rate.

Pattern N Rate
(kg ha−1) N Fertilizer Types and N Management

CK 270 100% N U, basal:tillering:jointing:booting = 50%:10%:20%:20%
M1 270 100% N SRF applied once before sowing
M2 270 60% N SRF applied before sowing; 40% N U top-dressed at jointing stage

M3 270 60% N SRF applied before sowing; 40% N SRF top-dressed at
re-greening stage

M4 229.5 60% N SRF applied before sowing; 40% N U top-dressed at jointing stage

M5 229.5 60% N SRF applied before sowing; 40% N SRF top-dressed at
re-greening stage

2.3. Sampling and Analysis

At the maturity stage, an area of 1 m2 in each plot was randomly selected to count
the spike number and harvested manually to determine the grain yield. A quantity of
1000 kernels were randomly selected from the yield-measurement sample to calculate the
TGW. The grains’ moisture content was determined and the grain-yield value and TGW
were adjusted to 13% moisture. More than 50 ear-bearing culms from each treatment were
randomly selected to determine the kernel number per spike by estimating a mean value.
NAE was calculated based on the grain yield and N-application rate, and the formula was
as follows [28]:

NAE (%) =
YF − Y0

N application amount
× 100

where YF is the grain yield in the N treatment and Y0 is the grain yield in the blank control.
To assess the economics of SRF application in wheat, the net benefit was calculated by

the following formula:

Net benefit
(

CNY ha−1
)
= TO − CNF − CTL − COT
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where TO is the total output, CNF is the N-fertilizer cost, CTL is the top-dressing labor cost,
and COT is other costs. TO is the product of the grain yield and the unit price of wheat.

The unit price of wheat in the two years followed the average price in the first half of
2020 and 2021 in the Jiangsu province, respectively. The prices of urea and SRF were calcu-
lated from the market price of 2100 CNY t−1 and 2850 CNY t−1, respectively. The labor cost
of top-dressing was 150 CNY ha−1 each time. Other costs amounted to 4903.5 CNY ha−1, in-
cluding phosphate and potassium fertilizer, wheat seeds, pesticides, agricultural machinery,
labor input (except top-dressing), etc.

The coefficient of variation (CV) method was used to evaluate the effect and stability
of different fertilization patterns on the wheat yield and NAE in different regions. The CV
of the yield was calculated as follows [36]:

CVY = (SY ÷ Y)× 100%

where SY is the standard deviation of yield for each treatment and Y is the average grain
yield at different test sites for each treatment. Data for the two years were calculated
separately. The quadrant graph was drawn with CVY – CVA as the abscissa axis, Y – YA
as the ordinate axis and the coordinate (0, 0) as the origin. CVA and YA are the mean
values of CVY and Y for all treatments, respectively. If the coordinate is in quadrant I
(CVY − CVA > 0, Y − YA > 0), it means that the fertilization pattern is productive but
unstable; if the coordinate is in quadrant II (CVY − CVA < 0, Y − YA > 0), it means
that the fertilization pattern is productive and stable; if the coordinate is in quadrant III
(CVY − CVA < 0, Y − YA < 0), it means that the fertilization pattern is stable but not
productive; if the coordinate is in quadrant IV (CVY − CVA > 0, Y − YA < 0), it indicates
that the fertilization pattern is neither productive nor stable.

The CV of NAE was calculated as follows [36]:

CVN = (SN ÷ NAE)× 100%

where SN is the standard deviation of NAE for each treatment. The quadrant graph was
drawn with CVN − CVB as the abscissa axis, Y − YA as the ordinate axis and coordinate
(0, 0) as the origin. CVB and NAEB are the mean values of CVN and NAE for all treatments,
respectively. If the coordinate is in quadrant I (CVN − CVB > 0, NAE − NAEB > 0), it means
that the fertilization pattern is high-NAE but unstable; if the coordinate is in quadrant II
(CVN − CVB < 0, NAE − NAEB > 0), it means that the fertilization pattern is high-NAE and
stable; if the coordinate is in quadrant III (CVN − CVB < 0, NAE − NAEB < 0), it indicates
that the fertilization pattern is stable but low-NAE; if the coordinate is in quadrant IV
(CVN − CVB > 0, NAE − NAEB < 0), it indicates that the fertilization pattern is neither
high-NAE nor stable.

2.4. Statistical Analysis of Data

Microsoft Excel 2010 (Microsoft Corporation, Washington, DC, USA) was used to
process data, and Sigmaplot 10.0 (Systat Software, Inc., San Jose, CA, USA) was adopted
to draw figures. A two-way analysis of variance (ANOVA) was conducted to evaluate
the main and interactive effects of fertilization pattern and ecological area on grain yield,
economic benefit, and NAE, using SPSS 19.0 (SPSS, Inc., Chicago, IL, USA). Where effects
were significant, treatment means were compared using the least-significant-difference
(LSD) test at p < 0.05.

3. Results
3.1. Grain Yield and Yield Components
3.1.1. Grain Yield

Different ecological regions and fertilization patterns showed significant effects on
the wheat yield (Table S1). In 2019–2020, the average yield in Suining was the highest
at 9239.18 kg ha−1, which was significantly higher than that of the test sites south of the



Agronomy 2022, 12, 407 7 of 16

Huaihe River. In 2020−2021, the average yields in Huaiyin, Suining and Guannan were
observed to be significantly higher than those of in Yizheng, Jiangdu, Jiangyan and Baoying.
The drought in spring and low-temperature stress at the over-wintering step resulted in the
yield reduction in Guannan (2019–2020) and Ganyu (2020−2021), respectively. Comparing
the yields in different fertilization patterns, it could be found that M1 significantly decreased
the grain yield by 4.70% and 3.10% compared with the CK in 2019–2020 and 2020−2021,
respectively. M2 significantly increased the grain yield compared with the CK, but the
average increase was no more than 5% over the two years. The highest grain yield was
observed in M3, which increased the grain yield significantly by 8.49% and 7.76% compared
with the CK in 2019–2020 and 2020−2021, respectively. After reducing the N input by 15%,
the grain yield in M5 showed no significant difference from the CK but was significantly
higher than that in M4 in 2019–2020.

Further analysis of the relative yield of different fertilization patterns in different
ecological regions showed that the relative yields in M1−M5 varied greatly in different
regions (Figure 4). The relative yields of M1 and M4 were below 100% at most test sites
over the two years. The relative yield of M3 was higher than 100% at all of the test sites
(101.07%−121.31% in 2019–2020, 102.56%−111.23% in 2020−2021), and showed a trend of
being higher than that of M2 at all of the test sites, except in Gaoyou (2019–2020), Baoying
(2019–2020) and Ganyu (2020−2021). In 2019–2020, both M2 and M4 showed significantly
lower relative yields compared with M3 and M5 in Guannan, which could be due to the
drought in the spring, limiting the effect of the urea top-dressing.
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ber and TGW in either year. M3 achieved the highest spike number and TGW, which were 
significantly higher than the CK, but there was no significant difference in kernel number 
per spike. There was no significant difference in spike number and kernel number per 
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In different ecological regions and fertilization patterns, the grain yield was signifi-
cantly correlated with spike number (r2019–2020 = 0.799 **, r2020−2021 = 0.828 **) and TGW (r2019–

Figure 4. Analysis of relative yield (%) of different fertilization patterns at different test sites in
2019–2020 (a) and 2020−2021 (b). The relative yield is the percentage of the yield in treatment to the
yield in CK. CK, urea applied at four stages, basal:tillering:jointing:booting = 50%:10%:20%:20%; M1,
SRF applied once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied
at jointing; M3, 60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2
reducing N rate by 15%; M5, M3 reducing N rate by 15%. TGW, 1000-grain weight.

As shown in Figure 5, CK is in quadrant III in both years, indicating that the yield of
CK was slow but stable in different ecological conditions; M3 is in quadrant II, indicating
that it was productive and stable in different ecological conditions; M2 also showed a
relatively high yield but its stability was lower than M3. Among the treatments with equal
N input, the yield and stability of M1 were the lowest.

3.1.2. Yield Components

Different ecological regions and fertilization patterns showed significant effects on
the spikes per unit area, kernels per spike and TGW (Table S1). Comparing the yield
components of different fertilization patterns, it was found that M1 had the lowest spike
number and TGW in either year. M3 achieved the highest spike number and TGW, which
were significantly higher than the CK, but there was no significant difference in kernel
number per spike. There was no significant difference in spike number and kernel number
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per spike between M4, M5 and CK, but the TGW in M4 was significantly lower than that in
M5 and the CK over the two years.
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Figure 5. The quadrant graph of yield and its stability assessment for different fertilization patterns.
CK, urea applied at four stages, basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied
once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at jointing; M3,
60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2 reducing N rate by
15%; M5, M3 reducing N rate by 15%.

In different ecological regions and fertilization patterns, the grain yield was signifi-
cantly correlated with spike number (r2019–2020 = 0.799 **, r2020–2021 = 0.828 **) and TGW
(r2019–2020 = 0.311 *, r2020–2021 = 0.311 *) in both years, and the path-coefficient analysis
showed that the spike number had the highest direct-path coefficient, followed by the
kernel number per spike and the TGW, indicating that the spike number was the most
important direct contributor to the grain yield (Table 3).

Table 3. Path-coefficient analysis showing direct and indirect effects of yield components on grain
yield at different test sites and with different fertilization patterns in 2019–2021.

Yield
Component

Correlation
Coefficient
with Yield

Direct
Path
Coefficient

Indirect Path Coefficient

Spikes Kernels
per Spike TGW Total

2019–2020
Spikes 0.799 ** 1.134 - −0.335 0.000 −0.335
Kernels per spike −0.048 ns 0.583 −0.652 - 0.021 −0.631
TGW 0.311 * 0.266 −0.001 0.046 - 0.045
2020−2021
Spikes 0.828 ** 1.215 - −0.417 0.030 −0.388
Kernels per spike −0.399 ** 0.711 −0.713 - −0.398 −1.110
TGW 0.311 * 0.676 0.053 v0.419 - −0.365

TGW, 1000-grain weight. ns, no significant; *, significant at p < 0.05; **, significant at p < 0.01.

3.2. Nitrogen Agronomic Efficiency

The NAE of wheat was significantly affected by different ecological regions and
fertilization patterns (Figure 6). Compared with the CK, M1 significantly decreased NAE
by 9.04% in 2019–2020 and 6.77% in 2020−2021. The NAE in M2 was significantly higher
than that in the CK, but significantly lower compared with that in M3. Despite reducing the



Agronomy 2022, 12, 407 9 of 16

N rate by 15%, M4 and M5 significantly increased NAE compared to the CK. M5 achieved
the highest average NAE in all of the fertilization patterns, which was increased by 18.44%
and 17.13% compared with the CK in both years, respectively.
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Figure 6. Nitrogen agronomic efficiency (NAE) of different fertilization patterns in 2019−2021. CK, 
urea applied at four stages, basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied 
once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at jointing; M3, 
60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2 reducing N rate 
by 15%; M5, M3 reducing N rate by 15%. Error bars represent standard error of the mean. Different 
letters above bars indicate significant difference at p < 0.05. ns, no significant; **, significant at p < 0.01. 

The NAE of different fertilization patterns differed greatly at different test sites (Fig-
ure 7). The relative NAE of M1 was lower than that of M2−M5 at all of the test sites over 

Figure 6. Nitrogen agronomic efficiency (NAE) of different fertilization patterns in 2019−2021. CK,
urea applied at four stages, basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied
once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at jointing; M3,
60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2 reducing N rate
by 15%; M5, M3 reducing N rate by 15%. Error bars represent standard error of the mean. Different
letters above bars indicate significant difference at p < 0.05. ns, no significant; **, significant at p < 0.01.

The NAE of different fertilization patterns differed greatly at different test sites
(Figure 7). The relative NAE of M1 was lower than that of M2−M5 at all of the test
sites over the two years and was below 100% at most test sites. In 2019–2020, the relative
NAE of M2 showed a similar trend as M4 at different test sites but was higher than M4 in
Baoying, Haian, Jiangdu, Jiangyan, Gaoyou and Suining; similar to the yield, M2 and M4
in Guannan had significantly decreased relative NAE compared with that of M3 and M5
due to the drought in the spring; M5 achieved the highest relative NAE, except in Yizheng,
Jiangdu and Baoying. In 2020−2021, the relative NAE of M4 tended to be higher than
that of M2 at most of the test sites, and similar results were observed in M5 and M3; M5
achieved the highest relative NAE, except in Huaiyin, Jiangyan and Baoying.
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Figure 7. Analysis of relative nitrogen agronomic efficiency (NAE) (%) of different fertiliza-
tion patterns at different test sites in 2019–2020 (a) and 2020−2021 (b). The relative NAE
is the percentage of NAE in treatment to NAE in CK. CK, urea applied at four stages,
basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied once before sowing; M1, SRF
applied once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at
jointing; M3, 60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2
reducing N rate by 15%; M5, M3 reducing N rate by 15%.
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Different fertilization patterns significantly affected the NAE and its stability in differ-
ent ecological regions (Figure 8). The CK was stable but had low NAE in both years; the
stability of NAE in M3 was similar to that in CK, but its NAE was much higher than CK;
M1 had the lowest NAE and stability. Due to the reduction of N input, M4 and M5 had
increased NAE compared with CK, but decreased stability.
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Figure 8. The quadrant graph of NAE and its stability assessment for different fertilization patterns.
CK, urea applied at four stages, basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied
once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at jointing; M3,
60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2 reducing N rate by
15%; M5, M3 reducing N rate by 15%.

3.3. Economic Benefit

As the grain-yield, fertilizer-cost and fertilization-labor inputs jointly determined the
economic benefits of wheat planting, significant differences in benefits were observed with
different fertilization patterns (Figure 9). Compared with the CK, M1 decreased the artificial
input of the top-dressing, but increased the cost of the nitrogen fertilizer and reduced the
grain yield, resulting in a significant reduction in net benefit with a decrease of 13.88% in
2019–2020 and 8.60% 2020−2021. Compared with the CK, the average benefit of M2 and
M3 increased by 4.12% (3.14% in 2019–2020 and 5.11% in 2020−2021) and 9.63% (11.46%
in 2019–2020 and 7.80% in 2020−2021), respectively. M4 reduced the benefit by 6.56% in
2019–2020 and 4.61% in 2020−2021 compared with the CK. The benefit of M5 showed
no significant difference compared with that of the CK and was significantly higher than
that of M1.

The benefit of different fertilization patterns differed greatly at different test sites
(Figure 10). The relative benefit of M1 and M4 was below 100% at most test sites over the
two years. Except in Baoying (2019–2020), the relative benefit of M5 was higher than that
of M1, and was above 100% in Haian, Jiangyan, Suining and Guannan in 2019–2020 and in
Baoying, Suining, Guannan and Ganyu in 2020–2021. Similar to the yield, M3 obtained the
highest relative benefit at most test sites, except in Gaoyou (2019–2020), Baoying (2019–2020)
and Huaiyin (2020−2021).
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Figure 9. Net benefit of different fertilization patterns in 2019−2021. CK, urea applied at four stages, 
basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied once before sowing; M2, 60% 
N SRF applied before sowing and 40% N urea applied at jointing; M3, 60% N SRF applied before 
sowing and 40% N SRF applied at re-greening; M4, M2 reducing N rate by 15%; M5, M3 reducing 
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test sites in 2019–2020 (a) and 2020−2021 (b). The relative benefit is the percentage of
the net benefit in treatment to the net benefit in CK. CK, urea applied at four stages,
basal:tillering:jointing:booting = 50%:10%:20%:20%; M1, SRF applied once before sowing; M1, SRF
applied once before sowing; M2, 60% N SRF applied before sowing and 40% N urea applied at
jointing; M3, 60% N SRF applied before sowing and 40% N SRF applied at re-greening; M4, M2
reducing N rate by 15%; M5, M3 reducing N rate by 15%.

4. Discussion
4.1. Synergies of NAE, Yield and Benefit of Wheat under Different Fertilization Patterns

SRF is produced by wrapping urea with various slow-release materials in order to
release N into the soil at a more synchronous rate with the crop’s N absorption, thereby
increasing the N availability to the crops, decreasing inorganic N leaching into the deep
soil layer and reducing the risk of N loss [7,16,37]. However, the present study showed that
although three top-dressing times were eliminated, the one-time application of SRF signifi-
cantly decreased the NAE compared with the fourth-split urea application, contributing to
a significant decrease in spike number, TGW and grain yield (Table S1, Figure 4). Previous
studies indicated that SRF applied once as basal fertilizer released N too slowly or too fast
due to the differences in fertilizer type and crops’ N-demand characteristics; therefore, it
would not be an effective N source under certain circumstances [22,25]. For example, a
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single application of coated urea failed to increase the grain yield of early rice, which was
related to the delayed release of N between the tillering and heading stages [33]. Winter
wheat has a longer growth period compared with rice, even more than 230d [38]; therefore,
a single application of N fertilizer is more likely to result in excessive growth during the
vegetative period and slow crop growth during the reproductive period, thus decreasing
grain yield and N-use efficiency [39].

A better-controlled urea-administration approach could boost early-season N avail-
ability as well as N absorption in the later growth stage [39]. This study found that M2
and M3 significantly improved NAE and grain yield compared with the fourth-split urea
application and one-time SRF application (Table S1, Figure 6). The higher NAE in M3
indicated that the twice-split application of SRF could supply more N for wheat growth,
which was beneficial to promote N uptake and utilization, especially in the later growth
stage of wheat, thus reducing the death of tillering and increasing TGW. Our previous
study [25] also confirmed that the twice-split application of controlled-release urea sig-
nificantly increased the soil’s inorganic N content after jointing, which was beneficial to
improving N uptake by wheat, delaying flag-leaf senescence and improving photosynthetic
physiology post-anthesis, thereby contributing to a higher spike number and TGW while
stabilizing the kernel number per spike. M2 had no significant differences in spike number
and kernel number per spike, but it significantly decreased NAE and TGW compared with
M3. After applying SRF before sowing, SRF that was top-dressed at re-greening could
better meet the N demand of wheat in its later growth stage compared with urea that was
top-dressed at jointing, thus promoting grain filling and increasing grain weight.

Yang et al. [32] reported that the application of controlled-release urea increased the
grain yield of wheat compared with common urea even when the N rate was reduced by
20–30%. Geng et al. [19] also pointed out that controlled-release urea could reduce the
recommended application rate of N by 30% while maintaining the same yield, thereby
preserving soil fertility and saving labor. In the present study, with the N rate reduced by
15%, M5 had no significant difference in grain yield compared with the CK, but significantly
increased grain yield compared with M1 in both years. More importantly, the highest NAE
was obtained by M5, indicating that the twice-split application of SRF with a 15% N
reduction was beneficial to decrease N loss and promote the uptake and utilization of
fertilizer N by wheat. This was due to the fact that the supplied N of SRF was based on the
needs of crops and maintained more mineral N in the topsoil in order to feed plants and
decrease the leaching of N [19].

The economic considerations are the determinants limiting the adoption of controlled-
release urea [39]. The use of expensive SRF has been proved to make sense from the point
of view of mitigating environmental pollution [40]. However, the decrease in labor input
failed to make up for the higher cost of CRNF, which was in the range of 2.5–8 times the
cost of common chemical fertilizers [41]. Whether the yield benefits and saved labor cost
can make up for the increase in fertilizer cost has become the key to the wide application of
SRF, affecting the enthusiasm of farmers to grow wheat [25]. In this study, the one-time ap-
plication of SRF saved the labor input for three top-dressing steps but significantly reduced
grain yield, resulting in a significant decrease in net benefits compared with the fourth-split
urea application (Figure 9). Among all of the patterns, M3 achieved the highest yield with
only two fertilization inputs, which significantly increased benefits over the fourth-split
urea application, with an average increase of 9.92% and 7.79%, respectively, in both years.
This study confirmed that the twice-split application of SRF was an efficient way for SRF
to reduce labor input, compensate for fertilizer cost and increase income. In addition, the
twice-split application of SRF with a 15% N reduction had no significant difference in
economic benefit compared with 100% N rate of the fourth-split urea application, but it
could play an important role in promoting ecological benefits.
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4.2. Assessment of Environmental Adaptability of Different Fertilization Patterns

In the present study, the ecological region significantly affected grain yield and NAE
(Table S1, Figure 6). The spike number and grain yield north of the Huaihe River showed
a higher trend than those south of the Huaihe River, which could be due to the relatively
low precipitation being beneficial to the occurrence of wheat tillering, or to the relatively
low temperature increasing the growth period of wheat. Environmental conditions such as
precipitation and accumulated temperature not only directly affected wheat growth, but
also indirectly affected wheat yield by affecting the nutrient-supply process in different
fertilization patterns, resulting in great differences in the stability of NAE and the yield of
different fertilization patterns under different environmental conditions. It was found that
the one-time application of SRF failed to achieve a high and stable wheat yield or NAE,
but the twice-split application of SRF achieved the highest yield as well as the highest
stability in multiple ecological regions, which could be attributed to the continuous release
of SRF that ensured the N demand of wheat at different growth stages and enhanced the
resistance of wheat to adverse environmental conditions [42]. With the 15% N reduction,
the twice-split application of SRF increased NAE but decreased its stability. The results
indicated that the twice-split application of SRF was better for obtaining higher yields and
NAE in complex and variable environments, which was conducive to its popularization and
application. This study also found that the effect of drought in the spring on the yield of the
SRF top-dressing was less than that of the urea top-dressing, especially when precipitation
was extremely scarce. For example, the spring drought in Guannan in 2019–2020 resulted in
a 19.39% decrease in the yield of M2 compared with M3, and a 18.95% decrease in the yield
of M4 compared with M5, which was significantly higher than those in regions with normal
precipitation in the spring. Similar conclusions have also been confirmed by the results of
both years in Guannan, that is, in 2020–2021 when precipitation in the spring was relatively
abundant, the yield increases in M2 and M4 was higher than those in 2019–2020. Under the
conditions of suitable precipitation and temperature, the yield and benefit of SRF as a basal
fertilizer combined with the urea top-dressing could be close to or even higher than that
of the twice-split SRF application, such as Gaoyou (2019–2020), Baoying (2019–2020) and
Ganyu (2020–2021). The yield and NAE of the fourth-split urea application were stable, but
at low levels. This could be due to the fact that multiple applications of urea ensured the N
supply in the key growth periods of wheat to some extent, but its characteristics of rapid
evaporation and easy loss limited its full effect [43]. The effects of different fertilization
patterns on the soil-available N in different ecological regions and its regulation mechanism
on wheat growth will be further discussed in subsequent studies.

5. Conclusions

In order to realize the safe and stable production of wheat in different ecological
regions, an appropriate SRF-application strategy should be selected to increase yield, N effi-
ciency and benefits. Compared with the fourth-split urea application, the twice-split appli-
cation of SRF increased NAE, yield and net benefits by 15.78%, 7.76% and 786.83 CNY ha−1

in different years and ecological regions on average, respectively, which was beneficial to
save labor input and improve economic returns and had higher adaptability to different
environments. With the 15% N reduction, the twice-split application of SRF still maintained
the same yield and benefit as the fourth-split application of urea with a 100% N rate, but
significantly increased NAE, which was conducive to reducing N loss and improving
NAE. This study suggests that the twice-split application of SRF is worthy of widespread
promotion in wheat cultivation, which can obtain sustainable increase in yield, N efficiency
and profit, as well as high stability in different environments.
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