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Abstract: There is limited information available to assess the impact of one-time fertilization on the
yield, quality, and economic benefits of direct-seeded rice. This study reports the effects of three
one-time fertilizer treatments (BBU1, BBU2, and BBU3) on the yield, quality, and economic benefits
of direct-seeded rice, where controlled-release nitrogen (N) fertilizer (CRNF) provided 50%, 60%,
and 70% of the total N (270 kg N ha−1), and the control treatment (CK) was a split application of
conventional urea (CU). The results showed that the yield of direct-seeded rice decreased significantly
(p < 0.05) with the increased application ratio of CRNF under one-time fertilization, which was mainly
related to N accumulation between the heading time and maturity stages. Compared to CK, the
one-time fertilization treatments (BBU1, BBU2, and BBU3) maintained high milling quality, with
significantly reduced chalkiness (p < 0.05), which could be related to the slow rate of N release from
the CRNF. In addition, the one-time fertilization treatments reduced the protein content and increased
the amylose content of the milled rice, which significantly improved the eating quality (p < 0.05).
Furthermore, there was no significant difference in yield and economic benefit between BBUI and CK
(p > 0.05). Overall, CRNF replacing conventional urea with 50% total N could be helpful to reduce
fertilization frequency, achieve high yield and high economic efficiency, and improve rice quality of
direct-seeded rice under one-time fertilization.

Keywords: controlled release nitrogen fertilizer; conventional urea; mechanized direct seeded; rice;
benefits evaluation

1. Introduction

Direct-seeding rice is a popular agronomic practice in Asia, North America, and
Europe, because it eliminates the labor-intensive steps of raising and transplanting rice
seedlings [1–3]. The agricultural management of direct-seeded rice also tends to be more
efficient in terms of mechanized tillage, sowing, and harvesting, allowing a larger land
area to be cultivated with less labor [4]. However, direct-seeded rice is still primarily
split-fertilized, particularly in China, where a base fertilizer and multiple topdressing are
often required [5]. In addition, two or three supplemental fertilizations may be required in
drained or irrigated fields, depending on seedling status [6]. Although split fertilization
has been repeatedly shown to achieve higher grain yields [7,8], the application of multiple
topdressings has also been implicated in the deterioration of the eating- and appearance-
quality of milled rice [9,10]. In addition, although fertilization efficiency has been greatly
improved by modern methods, such as the use of wheeled throwing machines, considerable
amounts of labor and materials are still required to cultivate rice [11,12]. As a result,
improving the rice quality and economic efficiency of direct-seeded rice by reducing the
frequency of fertilizer application while achieving high grain yield is an urgent issue.
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Recently, a one-time fertilization scheme utilizing controlled-release nitrogen fertilizer
(CRNF) has been developed for rice [5,13]. Studies in transplanted rice have shown that
this one-time fertilization program improves root growth [14], delays leaf senescence [5,15],
and increases biomass accumulation [16,17] and grain yield [13,18]. Other studies have
tested modified one-time fertilization programs for transplanted rice, including the use
of long-lived and short-lived CRNFs and the combined use of CRNF and conventional
urea [19,20]. However, less effort has been made to optimize the application ratio of
CRNF to conventional urea to achieve a balance among yield, rice quality, and economic
benefits of direct-seeded rice under one-time fertilization. Therefore, the study of one-time
fertilization programs in direct-seeding rice will not only help to promote the widespread
adoption of sustainable and efficient fertilization practices, but also contribute to the further
development of direct-seeded rice.

In China, direct-seeded rice is mainly grown in rice-wheat (rapeseed) or double-
cropping systems [21,22]. Due to the short interval between crop rotations and the long-
term restriction on the use of small-horsepower farm equipment, direct-seeded rice fields
are often poorly-leveled, resulting in uneven seed germination [21,23,24]. In addition, the
residue from the previous crop is often concentrated at the soil surface due to shallow
rotary tillage, making it difficult for the roots of rice seedlings to make direct contact with
the soil [25,26]. Recently, the operational efficiency of direct-seeded rice cultivation has
been improved through the adoption and use of high-powered, multifunctional, integrated
machinery [4,27]. However, studies evaluating the effects of one-time fertilization on direct
seeded rice under high quality tillage are limited. Here, we tested three combinations of
CRNF and conventional urea under one-time fertilization and verified their effects on yield,
quality, and economic efficiency of direct-seeded rice under high-quality tillage status. Our
aim was to develop a one-time fertilization program for direct-seeded rice to facilitate its
adoption and further development.

2. Results
2.1. Nitrogen Release Profile of CRNF

The N release profile of the CRNF exhibited a trend of progressively increasing then
decreasing with time (Figure 1), with maximum N release occurring 40–50 days after bag
burial. Because the N in the CRNF is released gradually over time, the N residual rate in
CRNF was less than 20% at 80–90 days. These results indicate that the longevity of the
tested CRNF was recorded as 80–90 days under the present experimental conditions.
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2.2. Nitrogen Accumulation in Rice

Different fertilization treatments exerted significant effects on N accumulation
(Figure 2). At each growth stage, the BBU1 treatment resulted in the accumulation of
significantly more N than either the BBU2 or BBU3 treatments. Additionally, from sowing
time to panicle initiation stages, BBU1 accumulated 18.5–27.1% more nitrogen than CK;
from panicle initiation to maturity stages, BBU1 and CK had no significant difference.
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Figure 2. Effects of different treatments on the rice plants’ nitrogen accumulation. BBU1, controlled-
release nitrogen fertilizer (CRNF), and conventional urea (CU) were base-applied at 50% of total N
each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF
and CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. ST,
PI, HT, and MA indicate sowing time, panicle initiation, heading time and maturity, respectively.
The Vertical bars (mean values ± S.E.) with different letters in the same stage of the same year are
significantly different (p < 0.05).

2.3. Photosynthetic Potential and Crop Growth Rate of Rice

The photosynthetic potential of rice leaves tended to decrease with increasing CRNF
application in one-time fertilization (Table 1). Compared with the BBU2 and BBU3, the
photosynthetic potential was 8.5–13.8%, 7.4–12.4%, and 8.2–15.3% higher in the BBUI from
sowing time to panicle initiation stages, from panicle initiation to heading time stages, and
from heading time to maturity stages, respectively. Compared to CK, the photosynthetic
potential of rice plants subjected to one-time fertilization increased from sowing time to
panicle initiation stages, and from panicle initiation to heading time stages; only BBU1
presented a higher photosynthetic potential than CK from heading time to maturity stages.

Different fertilization treatments had significant effects on the crop growth rate
(Table 2). The crop growth rate of BBU1 was significantly higher than that of the other
treatments at each stage under one-time fertilization. Compared with CK, the crop growth
rate under one-time fertilization increased by 2.3–27.8% from the ST to PI, and decreased
by 6.0–17.1% and 2.9–11.0% from PI to HT, and from HT to MA, respectively.



Plants 2023, 12, 2047 4 of 14

Table 1. Effects of different treatments on the photosynthetic potentials and crop growth rates.

Year Treatment
Photosynthetic Potential (m2 d/m2) Crop Growth Rate [g/(m2·d)]

ST-PI PI-MT HT-MA ST-PI PI-MT HT-MA

2019 BBU1 136.1 a 163.4 a 318.8 a 8.6 a 28.1 b 14.5 a
BBU2 125.5 b 151.5 b 288.5 b 7.6 b 26.2 c 13.1 b
BBU3 123.6 b 146.3 b 276.5 c 7.3 b 25.3 c 12.4 b

CK 116.9 c 145.7 b 292.1 b 6.7 c 30.5 a 14.1 a
2020 BBU1 129.2 a 153.2 a 294.2 a 9.1 a 29.3 b 15.4 a

BBU2 118.5 b 142.7 ab 271.8 b 8.4 b 26.5 c 14.3 bc
BBU3 113.5 bc 136.3 b 260.7 c 8.0 bc 25.9 c 13.8 c

CK 108.7 c 138.1 b 277.8 b 7.8 c 31.1 a 14.7 ab
Year (Y) ** ** ** ** * **

Treatment (T) ** ** ** ** ** **
Y × T NS NS NS NS NS NS

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at a rate
of 50% N each; BBU2, CRNF and CU were base-applied at a rate of 60% N and 40% N, respectively; BBU3, CRNF
and CU were base-applied at a rate of 70% N and 30% N, respectively; CK, split application of CU. ST, PI, HT,
and MA indicate sowing time, panicle initiation, heading time and maturity, respectively. The significance levels
were as follows: NS, non-significant; *, p < 0.05; **, p < 0.01. Different lowercase letters after the data in the table
indicate statistically significance within the same column and the same year (p < 0.05).

Table 2. Effects of different treatments on the milling quality and appearance quality of rice.

Year Treatment
Milling Quality (%) Appearance Quality (%)

Brown Rice Rate Milled Rice Rate Head Rice Rate Chalky Kernel Rate Chalky Area Chalkiness

2019 BBU1 85.4 73.3 71.3 28.1 b 16.4 ab 4.6 b
BBU2 84.9 72.6 70.8 27.0 b 15.7 b 4.2 b
BBU3 85.0 72.5 70.2 24.3 c 14.0 c 3.4 c

CK 84.3 72.3 69.3 34.1 a 17.8 a 6.0 a
2020 BBU1 84.7 74.0 71.5 28.2 b 14.8 b 4.2 b

BBU2 84.4 73.8 71.0 27.5 b 14.5 bc 4.0 bc
BBU3 84.5 73.4 71.4 27.2 b 12.9 c 3.5 c

CK 84.1 73.2 70.3 35.2 a 18 a 6.3 a
Year (Y) NS NS NS NS NS NS

Treatment (T) NS NS NS ** ** **
Y × T NS NS NS NS NS NS

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at 50% of
total N each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF and
CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. The significance levels
were as follows: NS, non-significant; **, p < 0.01. Different lowercase letters after the data in the table indicate
statistically significance within the same column and the same year (p < 0.05).

2.4. Rice Yield

Grain yield of direct-seeded rice tended to decrease with increasing CRNF application
in the one-time fertilization treatments (Figure 3). The highest yields were achieved using
BBU1 in both 2019 (10 t ha−1) and 2020 (9.5 t ha−1). Rice yields were 7.5–8.0% and 9.9–10.5%
higher in BBU1 than in BBU2 and BBU3, respectively (p < 0.05). Rice yield was also higher
in BBU1 than in CK, although the difference was not significant.

2.5. Milling Quality and Appearance Quality of Rice

CRNF reduction resulted in improved milling quality under one-time fertilization
(Table 2), although neither year, treatment, nor their interactions significantly altered
milling quality. The appearance quality of milled rice was also significantly affected by
fertilizer treatment (Table 3). Compared to CK, one-time fertilization reduced the value
of chalky parameters. Furthermore, each of these parameters tended to decrease with
increasing CRNF application. Compared with CK, the chalky kernel rate, chalky area, and
chalkiness of milled rice in the BBU3 treatment were reduced by 22.7–28.7%, 21.3–28.7%,
and 43.3–44.4%, respectively (p < 0.05).
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Figure 3. Effects of different treatments on the grain yield. BBU1, both controlled-release nitrogen
fertilizer (CRNF) and conventional urea (CU) were base-applied at 50% of total N each; BBU2, CRNF,
and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF, and CU were
base-applied at 70% and 30% of total N, respectively; CK, split application of CU. The vertical bars
(mean values ± S.E.) with different letters in the same year are significantly different (p < 0.05).

Table 3. Effects of different treatments on the contents of amylose, protein, and its components in
milled rice.

Year Treatment Amylose (%) Protein (%)
Protein Components

Albumin (%) Globulin (%) Gliadin (%) Glutenin (%)

2019 BBU1 11.3 b 9.5 ab 0.79 a 0.76 ab 0.98 b 6.22 ab
BBU2 11.8 ab 9.1 b 0.71 b 0.70 bc 0.95 bc 5.81 bc
BBU3 12.7 a 8.8 b 0.67 b 0.69 c 0.91 c 5.78 c

CK 11.2 b 9.9 a 0.80 a 0.78 a 1.08 a 6.34 a
2020 BBU1 10.5 c 9.1 a 0.73 a 0.72 a 0.88 b 6.03 a

BBU2 11.3 b 8.5 ab 0.67 ab 0.67 b 0.86 b 5.79 ab
BBU3 11.9 a 8.3 b 0.67 b 0.63 b 0.84 b 5.35 b

CK 10.4 c 9.2 a 0.75 a 0.74 a 0.96 a 6.16 a
Year (Y) * * NS NS * *

Treatment (T) ** * ** ** ** **
Y × T NS NS NS NS NS NS

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at 50% of
total N each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF and
CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. The significance levels
were as follows: NS, non-significant; *, p < 0.05; **, p < 0.01. Different lowercase letters after the data in the table
indicate statistically significance within the same column and the same year (p < 0.05).

2.6. Contents of Amylose and Protein in Rice

Compared with CK, one-time fertilization increased the amylose content and de-
creased the protein content, especially the gliadin content, of milled rice (Table 3). Further-
more, the amylose content tended to increase, and the protein content tended to decrease
with increasing application of CRNF. Compared with CK, the amylose content in the BBU3
was increased by 13.4–14.4%, the protein content was decreased by 9.7–11.1%, and the
gliadin content was decreased by 14.3–18.7% (p < 0.05).

2.7. Rice Taste Quality

The rice taste value and its parameters were significantly affected by fertilization
treatment (Table 4). One-time fertilization significantly improved rice taste value when
compared with CK, which was further improved with increasing CRNF application. Com-
pared with CK, the rice taste value increased by 17.3–18.2% in the BBU3. Additionally, the
taste parameters of appearance, viscosity, and balance quality increased by 18.0–32.1%,
32.1–41.2%, and 25.935.3%, respectively, in the BBU3, (p < 0.05), while hardness decreased
by 10.1–25.9% (p < 0.05).



Plants 2023, 12, 2047 6 of 14

Table 4. Effects of different treatments on the eating quality of milled rice.

Year Treatment Taste Value
Taste Value Parameters

Appearance Hardness Viscosity Quality Of Balance

2019 BBU1 65.5 b 6.0 bc 7.3 ab 5.9 b 5.9 b
BBU2 70.0 ab 6.6 ab 7.0 ab 6.8 a 6.6 a
BBU3 71.5 a 7.0 a 6.9 b 7.2 a 6.9 a

CK 60.5 c 5.3 c 7.6 a 5.1 c 5.1 c
2020 BBU1 68.8 b 6.3 b 7.6 ab 6.3 c 6.2 bc

BBU2 74.0 a 7.1 a 7.0 c 7.2 ab 7.2 a
BBU3 74.5 a 7.2 a 6.9 c 7.4 a 7.3 a

CK 63.5 c 6.1 b 7.8 a 5.6 d 5.8 c
Year (Y) * NS NS NS *

Treatment (T) ** ** ** ** **
Y × T NS NS NS NS NS

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at 50% of
total N each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF and
CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. The significance levels
were as follows: NS, non-significant; *, p < 0.05; **, p < 0.01. Different lowercase letters after the data in the table
indicate statistically significance within the same column and the same year (p< 0.05).

2.8. Cost, Income, and Economic Benefit

The use of CRNF was associated with increased fertilizer costs compared to CK
(Table 5). However, the increased fertilizer cost did not significantly increase the total
production cost due to reduced fertilizer application. Compared to BBU2 and BBU3, BBU1
and CK achieved higher income and economic benefits due to higher grain yield.

Table 5. Costs, income and economic benefit under different treatments (CNY ha−1).

Agricultural Items
2019 2020

BBU1 BBU2 BBU3 CK BBU1 BBU2 BBU3 CK

Costs

Seeds 641 641 641 641 641 641 641 641
N fertilizer 992 1064 1135 635 992 1064 1135 635
P fertilizer 1144 1144 1144 1144 1144 1144 1144 1144
K fertilizer 1250 1250 1250 1250 1250 1250 1250 1250
Insecticides 150 150 150 150 150 150 150 150
Herbicides 289 289 289 289 289 289 289 289
Fungicides 1418 1418 1418 1418 1418 1418 1418 1418

Tillaging and
seeding 450 450 450 450 450 450 450 450

Top-dressing - - - 205 - - - 205
Pesticide

application 74 74 74 74 74 74 74 74

Irrigation 570 570 570 570 570 570 570 570
Mechanized
harvesting 648 648 648 648 648 648 648 648

Total 7625 a 7696 a 7768 a 7472 a 7625 a 7696 a 7768 a 7472 a
Income Grains 25,000 a 23,250 b 22,750 b 24,750 a 24,225 a 22,440 b 21,930 b 23,715 a

Economic benefit 17,375 a 15,553 b 14,982 b 17,278 a 16,600 a 14,743 b 14,162 b 16,243 a

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at 50%
of total N each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3,
CRNF and CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. Different
lowercase letters after the data in the table indicate statistically significance within the same column and the same
year (p < 0.05).

3. Discussion
3.1. Effects of CRNF and CU Basal Application Ratios on Rice Grain Yield

BBU1 significantly increased rice yield in the three one-time fertilization treatments
(Figure 3). This result could be attributed to several reasons. First, an appropriately increased
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N in the basal fertilizer could reduce the N competition between seedlings and wheat straw
(high C/N ratio), thus mitigating the possible negative effects of wheat straw on seedling
growth [21,28,29]. Second, the large amount of N release from conventional urea and CRNF in
BBU1 0–50 days after sowing contributed to improved N uptake, tillering, leaf photosynthetic
potential, and crop growth rate from sowing through panicle initiation [20,30,31]. Third,
deep tillage (15~18 cm) not only effectively buried crop residues, leveled the soil surface,
reduced soil capacity, and provided a healthy soil environment conducive to seedling
growth [21,28], it also helped rice roots penetrate deeply into the soil and improved root
uptake and utilization of deep soil nutrients [21,32,33]. Finally, increased N fertilizer
inputs at the base fertilizer and rice tillering stages could promote the decomposition and
fertilization potential of wheat straw and improve the nutrient availability of rice after
heading [20]. It is worth noting that although efficient tillage has probably resulted in deep
fertilization and reduced N loss during the early stages of rice growth [34,35], frequent
precipitation events after basal fertilization in 2020 may have increased nitrogen release
from CRNF, N loss and leaching [15], thereby reducing grain yield. Therefore, excessive
rainfall is not conducive to the enhanced yield effect of one-time fertilization, and excessive
basal applications of conventional urea (>50% of total N) in one-time fertilization are not
recommended. Therefore, excessive rainfall is not conducive to the enhanced yield effect of
one-time fertilization, and excessive basal applications of CU conventional urea (>50% of
total N) are not recommended.

The optimized split-fertilization methods have been widely demonstrated to meet rice
N demand after heading and to achieve high yields [36,37]. Consistent with the results
of previous studies, we found that CK resulted in high N accumulation from heading to
maturity stages and high yields. Recent reports have shown that one-time fertilization can
increase N accumulation and grain yield in rice by better synchronizing N release with
plant growth, compared to split fertilization [38,39]. In this study, we found that one-time
fertilization did not significantly improve N accumulation and yield in this study, compared
to CK. This result might be due to the fact that the N in the CRNF was not fully released
at maturity (Figure 1), which might have reduced plant available N and decreased N
accumulation and grain yield. In addition to the effects of coating material and moisture, N
release from CRNF was significantly influenced by temperature [40,41]. Between 10–30 ◦C,
the release rate of controlled-release fertilizer showed a non-linear increase with increasing
temperature [42]. Huang et al. [5] reported that the N release rate of controlled-release
fertilizer decreased significantly with decreasing temperature in a double cropping system.
Therefore, efforts should be made to reduce the temperature sensitivity of CRNF, so that a
one-time fertilization would be beneficial to both the complete release of N over the rice
growth cycle and high grain yields.

3.2. Effects of CRNF and CU Basal Application Ratio on Appearance and Taste Quality of Rice

Chalkiness is an undesirable rice appearance trait, which is caused by the precipitation
of starch and protein in the endosperm during rice filling, and is controlled by both genetics
and agricultural management, including N fertilization [43,44]. Compared with split
fertilization, one-time application of coated nitrogen fertilizer is helpful to improve the
chalkiness characteristics of milled rice [38]. Similarly, we found that one-time fertilization
reduced the chalkiness of milled rice compared to CK (Table 2). This result may be due to
the fact that, compared with the rapid release of CU in panicle fertilizer, the stable release of
nutrients from CRNF during the rice-filling stage facilitates a stable supply of N, promotes
a favorable distribution of starch and protein in the rice grain, and reduces both the filling
gap and light reflection, resulting in reduced chalkiness in the milled rice [18,24,38]. Several
studies have reported that increased N accumulation during the filling period promotes a
looser arrangement of starch granules in grains and increases chalkiness [45,46]. We found
that, under one-time fertilization, the value of chalkiness parameters of milled rice tended
to decrease with decreasing N uptake between heading and maturity (Figure 2, Table 2).
This result might be due to the fact that reduced N accumulation during grain filling



Plants 2023, 12, 2047 8 of 14

promotes the reactivation of non-structural carbohydrates, improves the development of
amyloplasts, and reduces the dispersion of starch granules, which together reduce grain
chalkiness [47,48].

Eating quality of milled rice is often considered to be the most important factor
in determining consumer acceptance. In particular, amylose and protein contents are
important factors in the eating quality of milled rice, both of which are controlled by
carbon and N metabolism during rice growth [49,50]. Previous work has reported that
one-time fertilization may reduce the protein content of milled rice, thus improving its
eating quality [38]. This finding was mainly due to the fact that a high protein content is
linked with an increase in hardness and a decrease in viscosity of the rice [51,52]. We also
found that reduced protein content was associated with improved rice taste value under
one-time fertilization. Studies have shown that reduced N accumulation during grain
filling inhibits N metabolism, promotes more balanced carbon and N metabolism, reduces
the protein content, and increases the amylose content, which together improve the eating
quality of milled rice [31,48]. The protein in milled rice is mainly comprised of albumins,
globulins, glutenins, and prolamins [51]. The contents of albumin and globulin are mainly
under genetic control, while the contents of glutenin and prolamin can be significantly
altered by N fertilization management [52,53]. It has been reported that fertilization at the
panicle-initiation stage often results in an increase in the prolamin content, which reduces
the viscosity of milled rice and limits the precipitation of starch during cooking, resulting
in poor taste [38,54]. In this study, one-time fertilization reduced the gliadin and improved
the taste value of rice compared with CK. This result indicated that the improvement of
the eating quality by one-time fertilization may not only contribute to the reduction of the
total protein content, but may also be due to the reduction of gliadin. However, although
Nanjing 9108 is widely grown in eastern China and is well-known for its superior taste, the
eating quality of different rice cultivars can vary widely due to genetic differences [55,56].
Therefore, further research should be conducted to study the effect of one-time fertilization
on taste properties of other rice cultivars.

3.3. Effects of CRNF and CU Basal Application Ratios on Economic Benefits

For farmers, economic efficiency is one of the strongest drivers for adoption of agri-
cultural management practices [57,58]. Partial replacement of CU with CRNF has been
reported to be more economically beneficial than either split application of CU or full
application of CRNF [39]. We found that both the BBU1 and CK treatments achieved the
highest economic efficiency of the fertilizer regimes. Although the higher ratio of CRNF
did not significantly increase total cost, it significantly decreased economic efficiency due
to lower grain yields. These results indicate that grain yield, rather than fertilizer cost,
is the primary factor influencing the economic benefit associated with one-time fertilizer
application. However, there appears to be a contradiction between the yield and quality
of rice, with increased N application between heading and maturity resulting in higher
yields, but poor quality [48,59]. Therefore, the balance between yield and quality is likely
to affect the adoption of one-time fertilization practices. The results of this study suggest
that CRNF replacing CU at 50% total N helps to achieve a satisfactory balance between the
yield and quality of direct-seeded rice under one-time fertilization, while obtaining high
economic benefits.

4. Materials and Methods
4.1. Experimental Location and Materials

The field experiments were conducted in 2019 and 2020 in Shengao Town (34◦54′ N,
120◦21′ E), Jiangsu Province, China. This experiment site was within the rice-wheat crop
rotation area in the middle and lower reaches of the Yangtze River, having a subtropical
climate. The average of annual rainfall and temperature in this area is 1185.7 mm and
16.7 ◦C, respectively. The daily average temperature and rainfall during the growing
season of rice measured at a weather station close to the experimental site are shown in
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Figure 4. The field soil was a clay loam with 31.72 g kg−1 organic matter, 1.82 g kg−1 total
N, 139.0 mg kg−1 alkaline hydrolysable N, 37.81 mg kg−1 Olsen-P and 146.48 mg kg−1

exchangeable K in the topsoil (0–20 cm).
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Figure 4. Rainfall and daily average temperatures during the rice-growing period in 2019 and 2020.

The rice variety ‘Nanjing 9108′ was selected as the material for this experiment. The
CRNF (43.5% N) was a polymer-coated urea provided by Maoshi Ecological Fertilizer Co.,
Ltd. The conventional urea (CU, 46% N), calcium super-phosphate (12.5% P2O5), and
potassium chloride (60% K2O) were sourced from nearby fertilizer sale points.

4.2. Experimental Design and Agricultural Practice

The field experiment included three one-time fertilization treatments (BBU1, BBU2,
and BBU3) with different ratios of CRNF to CU, and split fertilization treatment as a
control. We conducted a total of 4 treatments, each having 3 plots, and each plot being
50 m2 (5 m × 10 m). Mechanical dryland strip sowing was performed with a high-quality
integrated planter machine (2BFMZ-350). This machine can sequentially perform basal
fertilization, biaxial rotary tillage (matching 220 horsepower, tillage depth of approximately
15–18 cm) with straw burial, weed suppression in open seed rows, controlled depth sowing
(depth of 2 cm, row spacing of 25 cm), rotary tillage mulching (depth of 0.7–1.0 cm), and
compact suppression in a one-time operation. The nitrogen application rate and time
of each treatment were shown in Table 6. Phosphate (130 kg ha−1 P2O5) and potassium
fertilizers (150 kg ha−1 K2O) were applied on the day before mechanical operation. Rice
seed was sown on 8 June 2019, and 10 June 2020, with a straw return rate of approximately
6.8 t ha−1. Rice seed was sown at a rate of 105 kg ha−1. After sowing, the rice field was
filled with enough water to keep the field wet. The rice field remained flooded from initial
tillering until the middle tillering stage, and the mid-term drainage was carried out from the
mid-tillering to the panicle initiation stages. After that, the flooding state was maintained
and the pre-harvest drainage was carried out 7 days before harvest. The management of
pests, pathogens, and weeds was controlled by local methods, and all treatments were
consistent. Harvesting was finalized on 25 October 2019, and 26 October 2020, respectively.

4.3. Sampling and Measurements of CRNF

The release profile of the CRNF was determined in 2020 using the buried-bag method [60].
Briefly, 10 g samples of CRNF were bagged and buried in the soil (5 cm deep and 20 cm
apart) after rice sowing. In order to avoid the effect of CRNF samples on rice growth in
the plot, the samples were buried in adjacent unfertilized plots. Three bags were collected
every 10 days after burial. After rinsing the impurities on the surface of the mesh bag with
flowing pure water, the nitrogen residual rate in the CRNF sample was determined using
the Kjeldahl method [61]. The time interval nitrogen-release rate was expressed as the
difference between the nitrogen residue rates at two adjacent measurement times.
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Table 6. Nitrogen (kg N ha−1) applied in each of the treatments and timing of application.

Treatment
Basal Fertilizer Tillering Fertilizer

(CU)
Spikelet-Promotion

(CU)
Spikelet-Development

(CU)CRNF CU

BBU1 135 135 0 0 0
BBU2 162 108 0 0 0
BBU3 189 81 0 0 0

CK 0 81 81 54 54

BBU1, both controlled-release nitrogen fertilizer (CRNF) and conventional urea (CU) were base-applied at 50% of
total N each; BBU2, CRNF and CU were base-applied at a 60% and 40% of total N, respectively; BBU3, CRNF and
CU were base-applied at 70% and 30% of total N, respectively; CK, split application of CU. Basal fertilizer was
applied on the day before mechanical operation.; tillering fertilizer, spikelet-promotion fertilizer, and spikelet-
development fertilizer were applied approximately 20 days, 55 days, and 65 days after sowing, respectively.

4.4. Sampling and Measurements of Plants

At the panicle initiation, heading time, and maturity, the leaf area index and dry
matter of 20 representative rice plants were measured and repeated three times. Then the
photosynthetic potential and crop growth rate were calculated according to the following
formulas [19]:

Photosynthetic potential (m2 d−1 m−2) = 1/2 × (L1 + L2)/(t2 − t1)

Crop growth rate (g m−2 d−1) = (W2 −W1)/(t2 − t1)

where t1 and t2 represent the days after sowing of twice measurements, L1 and L2 represent
the leaf area (m2 m−2) measured at t2 and t1, respectively, W1 and W2 represent the shoots
dry weight (g m−2) measured at t1 and t2, respectively.

After that, the plant samples were killed at 105 ◦C, dried at 80 ◦C until reaching a
constant weight, and the dry weight of the samples was recorded. N content of the plants
was determined using the Kjeldahl method [61] with crushed samples. N accumulation of
plant biomass was considered as the product of its nitrogen content and dry weight. At
maturity, 10 m2 rice grains were harvested in each plot and water content were measured.
The final yield was expressed as the grain weight with 14.5% water content.

4.5. Measurements of Rice Quality

Brown rice, milled rice, and head rice were obtained from 150 g grain samples
(3 replicates per treatment) using a shelling machine (SY88-TH, Double Dragon Group,
Seoul, Republic of Korea), polishing machine (Pearlest, Kett Co., Ltd., Tokyo, Japan), and
manual selection, respectively. After that, their rate to total grain weight (150 g) could
be calculated. The chalky properties of milled rice were measured with a Wanshen SC-E
analyzer for rice-appearance quality. The protein and amylose contents of milled rice were
determined according to the Chinese national standards for good-quality rice (GB/T17891-
2017). The protein components of milled rice were separated prior to the determination
of albumin, globulin, glutelin, and prolamin contents using the method proposed in ref-
erence [38]. A Satake Rice Taste Analyzer (STA1A, Satake Co., Ltd., Tokyo, Japan) was
used to assess the taste parameters of the milled rice, including its appearance, hardness,
viscosity, balance value, and taste value.

4.6. Calculation of Rice Economic Benefit

The economic benefit associated with each treatment was determined according to the
following formula:

Economic benefit
(

CNY ha−1
)
= Riceincome−Agricultural inputs cos t (1)

Rice income is calculated based on the current local grain price and grain yield. The
local rice grain prices were 2500 CHY t−1 and 2550 CHY t−1 in 2019 and 2020, respectively.
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The agricultural inputs cost includes costs associated with materials (e.g., fertilizers, pesti-
cides, and seeds) and mechanical operations (e.g., tillage, sowing, fertilization, pesticide
spraying, irrigation, and harvesting).

4.7. Statistical Analysis

Microsoft Excel 2010 and SPSS 18.0 were used for data analyses, graphics, and sta-
tistical calculations. The significance analysis of Treatment (T), year (Y), and T×Y were
based on two-year data. A 0.05 probability level was adopted for the least-significant
difference test.

5. Conclusions

One-time fertilization did not significantly increase the grain yield or economic effi-
ciency of direct-seeded rice, but significantly reduced rice chalkiness and improved eating
quality, compared to split fertilization. In particular, CRNF replacing CU with 50% total N
was found to increase grain yield by improving N accumulation, photosynthetic potential,
and crop growth rate from heading to maturity under one-time fertilization. In addition,
CRNF replacing conventional urea with 50% total N yielded increased economic benefits
while reducing the frequency of fertilizer application. These results suggest that under the
condition of replacing CU with CRNF in 50% total N, optimizing CRNF to obtain better
yield and economic benefits is helpful to further improve the effect of one-time fertilization
of direct-seeded rice.
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