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Abstract: Controlled-release fertilizer is one of the best fertilizer management strategies for improving
the yield and nitrogen use efficiency of transplanted seedling rice. Wet direct-seeded rice has gradually
replaced transplanted seedling rice since it saves labor. In addition, it is conducive to mechanization
promotion. However, the effects of controlled-release fertilizers on wet direct-seeded rice remain
largely unknown. A two-year field experiment aimed to compare the effects of controlled-release
blended fertilizer at two rates (basal N to tiller N ratio = 7:3 (CRBF+U), CRBF alone), urea at two rates
(basal-tiller ratio of 4:6 (Uyg), 6:4 (Ugp)) and a control (no N fertilizer) on the ammonia volatilization
(AV) loss, nitrogen runoff loss, accumulation, transport, utilization and yield of rice. The nitrogen
runoff loss in wet direct-seeded rice paddy fields was concentrated from sowing to the three-leaf and
one-leaflet stage, and the loss rat was lowest after CRBF+U (11.41-12.94%). AV loss rate was lowest
after CRBF (3.41%), followed by CRBF+U (3.55-3.89%). CRBF+U increased nitrogen accumulation
by extending the duration of rapid nitrogen growth and accelerating maximum nitrogen growth.
CRBF+U also increased the nitrogen transport rate of stems, sheaths and leaves from full heading to
maturity, and intensified the increase in nitrogen in panicles, increasing the harvest index, agronomy
utilization rate and apparent utilization rate of nitrogen. Finally, the grain number per panicle,
seed-setting rate and actual yield of rice were significantly improved. In conclusion, CRBF+U can
reduce nitrogen runoff loss and AV loss and can improve the yield and nitrogen use efficiency of wet
direct-seeded rice.
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1. Introduction

China’s rice planting area and grain yield in 2019 were 29,960 million hm? and
211.405 million tons, respectively, accounting for about 18.48% and 27.98% of the world’s
area and yield, respectively [1]. Fertilizer application is greatly increased to achieve high
yield. In the middle and lower reaches of the Yangtze River in China, the fertilizer appli-
cation reaches or even exceeds 300 kg-ha~! [2-4], which is far above the regional average
nitrogen application rate of 190-200 kg-hm~2 under the large area rice yield level [5]. Ex-
cessive fertilizer application leads to low fertilizer use efficiency. For instance, the nitrogen
use efficiency of rice in China is only 39.0% [6], which is lower than the world average
of 46% [7]. In the Taihu Basin of China, the ammonia volatilization loss, nitrogen runoff
loss, nitrogen leakage loss and nitrogen fertilizer loss to the surrounding water during the
rice season account for 20-40% [8], 3.3-5% [9], 2.1-3.2% [10] and 30-50% [9], respectively,
resulting in serious non-point source pollution. Therefore, reducing fertilizer loss and
improving nutrient nitrogen use efficiency while ensuring high yield and sustainability of

Sustainability 2023, 15, 12336. https:/ /doi.org/10.3390/su151612336

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su151612336
https://doi.org/10.3390/su151612336
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su151612336
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su151612336?type=check_update&version=1

Sustainability 2023, 15, 12336

20f16

rice are among the technical means to prevent and control agricultural non-point source
pollution. The application of controlled-release fertilizer can optimize the population
structure [11], improve the production capacity of photosynthetic substances [12], and
increase yield [13-15]. This application can also significantly reduce nitrogen loss, improve
the nitrogen utilization rate [16-18] and decrease the risk of agricultural non-point source
pollution in paddy fields.

The use of direct-seeded rice, which is labor saving, cost saving and conducive to
mechanized promotion, has gradually increased in southern China since the 1990s. The
proportion of direct-seeded rice planting area rose to 83.18% in Shanghai in 2008, to 40%
in Jiangsu Province in 2012 and to 37% in Zhejiang Province in 2013 and exceeded 50% in
Hubei Province in 2018 according to incomplete statistics. The planting area of mechanized
direct-seeded rice in China exceeded 30% in 2015 and was still increasing [19]. Direct-
seeded rice, as a special rice farming method, has a short growth period, slow dry matter
accumulation in the early stage and large growth in the middle and late stages [20,21].
Nitrogen control in the early stage can reasonably coordinate population growth, and
nitrogen increase in the later stage can improve individual quality, which can realize the
coordination between population and individual; this is an effective measure to increase
yield for wet direct-seeded rice [22]. Therefore, under the condition of applying controlled-
release fertilizers, how to rationally combine them with urea to promote the coordinated
development of the population and individual is the key to improving the yield of wet
direct-seeded rice. At the same time, the water management of wet direct-seeded rice is a
particular problem. The field should be maintained in a moist and anhydrous layer state
from sowing to the three-leaf stage (about 20 days), so as to ensure the normal germination
and seedling of the seeds and to promote root growth. For these reasons, the accumulated
water in the field must be eliminated promptly upon moderate and heavy rain [23], which
otherwise will significantly increase the risk of nitrogen and phosphorus loss. The runoff
of wet direct-seeded rice compared with manually transplanted seedling rice increased by
26-30%, and the nitrogen runoff loss rose by 143-169% in 2013-2014 in southeast China,
mainly due to the increases in runoff and nitrogen concentration in runoff water at the
early growth stage of direct-seeded rice [23].

Wet direct-seeded rice’s uniqueness in nitrogen uptake and utilization, and the high
risk of nitrogen runoff loss in the early stage of its cultivation determine that the nitrogen
management of direct-seeded rice is different from manually or mechanically transplanted
seedling rice. The advantages of the slow nutrient release of controlled-release fertilizer
can effectively reduce the risk of nitrogen loss in the early stage of wet direct-seeded rice
cultivation. Controlled-release fertilizer combined with conventional nitrogen fertilizer
can meet the nitrogen demand in the middle and late growth stages of wet direct-seeded
rice. However, there are few reports on the application effects of controlled-release blended
fertilizer combined with urea in wet direct-seeded rice. Given the nitrogen management
characteristics of wet direct-seeded rice, the objectives of this study were as follows: to
evaluate the performances of two types of nitrogen management strategies (controlled-
release blended fertilizer and conventional urea); to influence rice yield and nitrogen
utilization and loss in Jianghan Plain, middle reaches of the Yangtze River and to elucidate
the causes of possible differences. We hypothesized that the new developed nitrogen
management strategy (controlled-release blended fertilizer combined with urea) improves
nitrogen utilization, reduces the nitrogen loss and thus increases grain yield in wet direct-
seeded rice and we expected to provide a practical basis for the nitrogen management of
wet direct-seeded rice in central China.

2. Materials and Methods
2.1. Study Site and Materials
Field experiments were conducted from 2019 to 2020 at Yangtze University, which

is located in the hinterland of Jianghan Plain, China (30°21" N, 112°09’ E, altitude 32 m),
and belongs to the eastern monsoon climate zone and the northern subtropical agricultural
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climate zone. The precipitation and runoff during the experiment are shown in Figure 1. The
precipitation during the rice growth stage was 333.5 mm (2019) and 800.2 mm (2020). The
soil was loam with pH 7.15, 28.25 g-kg ! organic matter, 2.13 g-kg~! total N, 1.15 g-kg !
total P, 15.41 g-kg ! total K, 113.05 mg-kg ! alkali hydrolysable N, 12.89 mg-kg ! available
P, and 219.65 mg-kg ! available K. The indica hybrid rice cultivar ‘Shenliangyou 332’ tested
here was cultivated as one-season mid-season rice in Hubei Province, China, and the whole
growth period was about 114 days.
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Figure 1. The precipitation and runoff volume during the experimental period in 2019 and 2020.

2.2. Experimental Design

According to different nitrogen sources and basal-tiller ratios, two nitrogen man-
agement strategies were set in 2019: conventional urea with a basal-tiller ratio of 4:6
(Uyp, the optimum conventional fertilizing method for wet direct-seeded rice [24]) and
the controlled-release blended fertilizer (basal N) to conventional urea (tiller N) at 7:3
(CRBF+U, the optimum ratio of the controlled-release blended fertilizer and conventional
urea for transplanted seedling rice [25]). On this basis, two nitrogen management strategies
were added in 2020: conventional urea with a basal-tiller ratio of 6:4 (Ugg, local farmers’ N
fertilization for transplanted seedling rice) and the controlled-release blended fertilizer as a
single basal application (CRBF). Treatment with no-nitrogen fertilizer was set as control
for both of the 2 years of study (Np, CK). The controlled-release blended fertilizer (24% N,
12% P,0s5, and 12 K;O, the nutrient release period was 60 days when the average soil
temperature was 25 °C) was produced by Sinofert Holding Limited (Beijing, China). All
treatments also received the same amounts of P and K. P was used as superphosphate with
12% P70s at 75 kg P,Os ha=!, and K as potassium chloride with 60% KO at 105 kg K,O
ha~!. P and K fertilizers were applied as basal fertilizers. Three replicates were set for each
nitrogen management, and the specific fertilization scheme is shown in Table 1.
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Table 1. Fertilization scheme for wet direct-seeded rice under different nitrogen fertilizer treatments.

Fertilizer Application in the Whole Growth Nitrogen Fertilizer Nitrogen for

Treatments Period/(kg-hm?) Application Ratio Basal Tgllgt;geerrtlilfi(;;
N P205 Kzo (mbasalzmm]er) Fertilizer
Ny 0 75 105 / / /
Uyo 180 75 105 4:6 urea urea
Ugo 180 75 105 6:4 urea urea
The controlled-
CRBF+U 180 75 105 7:3 release blended urea
fertilizer
The controlled-
CRBF 180 75 105 10:0 release blended /
fertilizer

/ Means no fertilization. According to different nitrogen sources and basal-tiller ratios, two nitrogen management
strategies were set in 2019: conventional urea with a basal-tiller ratio of 4:6 (U4g) and controlled-release blended
fertilizer (basal N) to conventional urea (tiller N) at 7:3 (CRBF+U). On this basis, two nitrogen management
strategies were added in 2020: conventional urea with a basal-tiller ratio of 6:4 (Ugp) and the controlled-release
blended fertilizer as single basal application (CRBF).

The experiments were carried out in field plots that each had an area of 20 m x 3.5 m
=70 m2. The plots were separated by 0.15 m high soil banks, which were covered with
plastic films to prevent water and fertilizer channeling between plots. Each plot had an
independent irrigation system and a runoff pond. According to the local farming habits of
paddy fields—ploughing before winter, soaking and rotary tillage before rice sowing—the
plots were built after two rotary tillage applications as per the test requirements. After that,
basal fertilizer was applied to the shallow water layer of the plots. Then, the plots were
manually raked, and each turned into a ditch-box pattern (ditch in the middle of each plot),
with each having a box width of 1.5 m, a ditch width of 0.3 m and a ditch depth of 0.1-0.2 m.
Water was drained before sowing to ensure that the field was moist and waterless. Manual
row was used to sow evenly, and the sowing amount was 22.5 kg/hm? per dry seed. The
seeds were soaked before sowing to accelerate germination. The buds, which were about
3 mm long, were spread out and dried properly. The seeds were sown on 30 May 2019 and
26 May 2020, and chemically weeded within 3 days after sowing. The water management
mode was water in a no-water compartment ditch on the compartment surface during
sowing in the three-leaf and one-heart period. In case of heavy rainfall, the surface water of
the field was drained in time. The paddy fields were irrigated with a 2-3 cm shallow water
layer on 11 June 2019 and 8 June 2020, and the management of the shallow water layer was
maintained thereafter. Tiller fertilizer was applied on 13 June 2019 and 10 June 2020, and
the rice was harvested on 24 September 2019 and 25 September 2020.

2.3. Sampling and Measurements
2.3.1. Runoff Water

The runoff of each plot was collected by an overflow bucket with a lid and measured.
After the runoff water was mixed evenly, the mixed sample was put into a polyethylene
bottle and brought back to the laboratory. The contents of total nitrogen (TN), ammonia
nitrogen (NH4*-N) and nitrate nitrogen (NO3;~-N) in the runoff water were detected
using an Alliance continuous flow analyzer (Futura II, France), the NH;*-N was detected
by continuous flow analysis (CFA) and salicylic acid spectrophotometry and the NO; -
N was detected by continuous flow analysis (CFA) and N(1-naphthly)ethylene diamine
dihydrochloride spectrophotometry. Runoff was generated on 30 May and 6 June 2019, and
26 May, 8 June, 22 June and 9 July 2020.

2.3.2. Ammonia Volatilization

AV flux was monitored by a venting method [26]. The aeration device was made using
bottomless poly (vinyl chloride) (PVC) pipes, which had an outer diameter of 20 cm, an
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Daily AV flux (kg-hm~2) = average daily ammonia quantity in a single device (mg)/cross-sectional area of
the capture device (m?)/each continuous capture time x 1072

inner diameter of 19 cm and a height of 50 cm. The upper part was connected with an
elbow to prevent the rainwater from affecting the collection of volatile ammonia gas. In
the measurement, two 2 cm thick sponges with a diameter of 20 cm were evenly dipped
in 15 mL of a glycerol phosphate solution, and then two layers of sponges were placed
in a PVC pipe. The sponge in the lower layer was 15 cm away from the ground, and the
sponge in the upper layer was level with the pipe top. The lower layer sponge absorbed the
ammonia volatilized from the soil, and the upper layer sponge prevented the air ammonia
and dust from entering. The soil AV was captured from the day after fertilization onwards.
Two capture devices were placed at different locations in each plot. During sampling at
10:00, the lower layer sponge of the aeration device was taken out, quickly put into a sealed
bag for storage and replaced with another sponge just soaked in a glycerol phosphate
solution. The upper sponge was replaced once every 3-7 days depending on the dry or wet
conditions. After changing the placement position, the device was put back in place before
the next field absorption started. The sampling frequency was once a day in the first week
after fertilization and changed to every 3 days in the second week. In the third week, the
sampling frequency was once every 3-5 days depending on the measured amount of AV,
and then the sampling interval was extended to 7-10 days until no AV was detected. After
that, the sponges in the sealed bags were taken back to the laboratory and put into 500 mL
plastic bottles. Then, 200 mL of a 1 mol-L~! potassium chloride solution was added to
soak the sponges completely. After shaking for 1 h, the ammonium nitrogen content of the
leaching solution was measured using the continuous flow analysis (CFA) and salicylic acid
spectrophotometry and an Alliance continuous flow analyzer (Futura II, France). Relevant
equations are as follows:

)

AV loss (kg-hmfz) = sum of AV fluxes collected during each measurement period (2)

AV Joss rate (%) = (AV loss in fertilization treatment — AV loss in control)/nitrogen application x 100% 3)

2.3.3. Dry Matter and N Accumulation

Representative samples were collected at the three-leaf, tiller, jointing, booting, full
heading and maturity stages, according to stem-sheath, leaf and panicle parts, respec-
tively. The samples were oven-dried at 105 °C for 30 min at 80 °C until they reached
constant weights. Then, the dry matter of each part was weighed. Dry plant samples were
crushed and digested with H,SO4-H,O,. Nitrogen content in each part was detected by
the continuous flow analyzer.

According to the methods of Huang et al. [27] and Liu et al. [28], a logistic function
was used to determine the relationship between N accumulation of rice shoots and the
days after sowing (DAS) as follows:

y=k/(1+e) )
f(d) = (a —1.317) /b 5)
f2(d) = (a+1.317) /b ©)

T(d) =t — b @)

Vin (kg/ (hm2 : d)) = (k x b)/4 ®)
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to(d) =a/b )

where y is the N uptake of shoots at DAS; constant k is the asymptotic maximum N uptake;
a and b are constants; t; and t, are the starting and terminating dates of the rapid nitrogen
accumulation period, respectively; fj is the maximization time of nitrogen accumulation
rate; T is the lasting period for rapid N accumulation and V', is the maximal speed of N
accumulation.

2.3.4. Yield and Yield Components

At the maturity stage, 3 m? harvest area was selected for each plot, and the actual
measured yield area was recorded. Impurities and shriveled grains were removed by
threshing, drying and winnowing, and then the total mass of air-dried grains was weighed.
The average number of effective panicles per plot was calculated by investigating the
number of effective panicles in the field at the mature stage. Five hills were sampled in
each plot according to the average number of effective panicles, and the number of effective
panicles and tillers per hill were recorded. The seed-setting rate was determined using a
water selection method after threshing.

2.3.5. Nitrogen Use Efficiency

The parameters related to nitrogen transport were nitrogen transport amount (NT,
kg/kg), nitrogen transport rate (NTR, %) and nitrogen contribution rate (NCR, %). The
parameters related to nitrogen efficiency were nitrogen harvest index (NHI, %), nitrogen
grain production efficiency (NGPE, kg/kg), nitrogen agronomic efficiency (NAE, kg/kg)
and nitrogen apparent use efficiency (NAUE, %). The calculation equations are as follows:

NT (kg-hm’z) = nitrogen accumulation in stem-sheath (leaf) at full-heading

stage — nitrogen accumulation in stem-sheath (leaf) at maturity stage (19
NTR (%) = NT/nitrogen accumulation in stem-sheath (leaf) at full-heading (1)
stage x 100
NCR (%) = NT/nitrogen accumulation in grains at maturity stage (12)
NHI (%) = N accumulation of panicle/total N accumulation in aboveground (13)
part
NGPE (kg-kg ') = grain yield /nitrogen accumulation in aboveground part at (14)
maturity stage
NAE (kg-kg 1) = (grain yield in N fertilized plots — grain yield in control (15)

plots) /N fertilizer application

NAUE (%) = (aboveground nitrogen accumulation in nitrogen
fertilized plot at maturity stage — aboveground nitrogen accumulation in (16)
control plot at maturity stage)/nitrogen application amount x 100%

2.4. Data Analyses

Plotting, analysis of variance (ANOVA) and regression analysis were finished on
Microsoft Excel 2016. Logistic equation fitting was performed in a DPS data processing
system (DPS 18.10). Multiple comparative analysis was conducted using the least significant
difference method (LSD).
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3. Results
3.1. Nitrogen Runoff Losses

Two runoff events occurred during the whole growth period of the wet direct-seeded
rice in 2019: the drainage for sowing on 30 May and the drainage after rainfall on 6 June,
which was conducive to seed germination (rainfall was 32.3 mm). The average drainage
quantities were 655 and 211 m3-hm 2, respectively (Figure 1). Four runoff events happened
in 2020: runoff on 26 May and drainage after rainfall on 6 June, 22 June and 9 July. The
average runoffs were 200, 250, 1500 and 1500 m3-hm 2, respectively. Drainage before or
after sowing is inevitable in wet direct-seeded rice fields and will cause an objective risk of
nutrient loss.

During the whole growth period of the wet direct-seeded rice, the nitrogen runoff
loss was the lowest after CRBF+U (11.41-12.94%), followed by Uy (13.31%), and was
significantly lower than the 17.58% recorded after Uy (Table 2). The amount of NH;"-N
in runoff water was much higher than that of NO3;™-N, and ammonium nitrogen was the
main form of nitrogen loss in the runoff (Table 2). The nitrogen runoff loss before sowing
accounted for 96.28-99.27% (2019) and 65.57-75.71% (2020) of the whole growth period,
and the nitrogen runoff loss from sowing to the three-leaf and one-leaflet stage accounted
for 100% (2019) and 73.08-80.59% (2020). These results indicate that the duration from
sowing to the three-leaf and one-leaflet stage is the main risk period for nitrogen runoff
loss in wet direct-seeded rice fields. Meanwhile, the drainage-caused nitrogen runoff loss
after CRBF+U was significantly lower than that of Uy (2019) and Uy before sowing. The
nitrogen runoff loss was not significantly different between fertilization treatments after the
three-leaf and one-leaflet stage (Table 3). The results indicated that CRBF can significantly
reduce the nitrogen content in drainage before sowing in wet direct-seeded rice fields, thus
reducing nitrogen runoff loss.

Table 2. Seasonal total nitrogen (TN), NH4*-N and NO3;~-N runoff losses from different N fertilizer
management strategies in 2019 and 2020.

Rice TN Runoff NH4*-N NO;3;~-N TN Apparent
Season Treatments Losses Runoff Losses Runoff Losses Runoff Loss
(kg N-ha—1) (kg N-ha—1) (kg N-ha—1) (%)
No 8.06 ¢ 6.36 a 0.15¢
2019 Uy 25.87 a 13.65a 040 a 14.37 a
CRBF+U 20.54b 10.70 b 0.28b 1141b
No 8.73d 4.86 ¢ 0.88 a
Uy 23.96 bc 12.86 b 1.22a 13.31b
2020 Ugo 31.65a 15.11a 092a 1758 a
CRBF+U 23.29 ¢ 12.30b 1.20 a 1294 b
CRBF 29.37 ab 14.77 a 0.78 a 16.32 ab

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among
different fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD.

For the sake of reducing nitrogen runoff loss, the nitrogen fertilizer management
strategy for wet direct-seeded rice should involve a combination of CRBF and conventional
nitrogen fertilizer (urea), and the ratio of CRBF to urea should be 7:3. If the common
compound fertilizer is used, the amount of base fertilizer used for wet direct-seeded rice
should be reduced to about 40%.

3.2. AV Loss

The AV flux of wet direct-seeded rice increased rapidly after basal fertilizer application
and reached its peak at 3 days after basal fertilizer application. Specifically, the flux
maximized to 2.57 kg-hm~2.d ! after Ugy, followed by Uy (1.58-1.65 kg-hm~2.d 1), and
minimized to 1.05 kg-hm~2.d~! after CRBF+U in two years and then decreased rapidly
and almost disappeared on the 10th day after basal fertilizer application (Figure 2). The AV
flux of wet direct-seeded rice reached its peak at 2 days after tiller fertilizer application and
maximized to 2.49-3.27 kg~hm_2~d_1 after Uyg. The flux was the lowest after pure CRBF,
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and then gradually decreased to a plateau, and AV almost disappeared on the 10th day
after tiller fertilizer application (Figure 2).

Table 3. Total nitrogen (TN) runoff losses from different N fertilizer management strategies in each
surface runoff event in the 2019 and 2020 rice seasons (kg N-ha—1).

Date of Runoff Event

(Day Month Year) No Yao Voo crery .
30 May 2019 (976..72%‘5/0) (;g;g/a) (Sg:gg"z)
6 June 2019 (g:;goz) (;) _'gioz) (8 .';SO/bo)
26 May 2020 (119'.75%5/0) (gﬁ‘i) (;;;f/a) (é?.é;z (giﬁ;)
g EE gl ame
22 June 2020 (43;.72%30) (1%.7995330) (;Lf.zli/bo) (;L;S;Z) (iﬁ;}j’)
9 July 2020 (2161%;0) (;:3202) (;.';;"2) (;.'Zz"/i) (éfgg"/ao)

The different nitrogen treatments were described in Table 1. Different lowercase letters in a row among different
fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD. Data in
parentheses are the percentages of the contribution to the seasonal TN runoff losses.
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Figure 2. Dynamics of AV flux in wet direct-seeded paddy fields under different nitrogen treatments.
The different nitrogen treatments were described in Table 1.
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Before tiller fertilizer application, the AV loss of CRBF+U was the lowest (3.36-3.64 kg-hm2),
and that of Ugy was the highest (1.92 times that of Uyg) (2020). Although CRBF was applied
with over 60% more N in basal fertilizer than that of Uy, the AV loss was only 0.55 kg-hm 2
more than Uyg; further, over 40% more N than that of Ug (2020) was applied, with the AV
loss being 3.46 kg~hnf2 (2020) less than that of Ugg. Clearly, the application of CRBF in
basal fertilizer helps to reduce the AV loss of wet direct-seeded rice from sowing up until the
three-leaf and one-leaflet stage. During the whole growth period of the wet direct-seeded
rice, the AV loss rate was the lowest after CRBF (3.41%) and was not significantly different
after CRBF+U; however, it was significantly lower compared with Uy (7.21-7.81%) and
Ugp (7.98%) (Table 4). Therefore, to reduce AV, it is suggested that CRBF should be applied
to wet direct-seeded rice, which can be used as the basal fertilizer at one time. If the
common compound fertilizer is used, the amount of basal fertilizer used should be reduced
to about 40%.

Table 4. AV loss of wet direct-seeded paddy fields under different nitrogen treatments in different

periods.
Before Tiller Fertilizer Use Whole Growth Period
Rice N Fertilizer
Season Managements AV AV Loss AV AV Loss
Loss/(kg-hm—2) rate/% Loss/(kg-hm~—2) Rate/%
No 1.24 ¢ 3.65¢
2019 Uy 571a 6.22 a 17.71 a 7.81a
CRBF+U 3.65b 1.92b 10.04b 355b
No 1.02d 3.13e
Uy 4.36 b 4.65b 16.11b 721b
2020 Ugo 8.37a 6.81 a 17.49 a 798 a
CRBF+U 3.36¢ 1.86 ¢ 10.13 ¢ 3.89¢
CRBF 491b 2.16 ¢ 9.27d 341c¢

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among
different fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD.

3.3. Nitrogen Accumulation

Table 5 shows the shoot nitrogen accumulation of the wet direct-seeded rice under
different nitrogen application treatments. Before the use of tiller fertilizer, the shoot nitrogen
accumulation was significantly higher after Ugy compared with after Uy, and was higher
after CRBF than after CRBF+U. The results indicated that the more basal fertilizer that
is applied with the same fertilizer, the more favorable the conditions are for nitrogen
accumulation in the seedling stage of wet direct-seeded rice. At the same time, the shoot
nitrogen accumulation of Ugy was significantly higher compared with that of CRBF and
CRBF+U. These results suggest that the available nitrogen fertilizer is helpful for the
nitrogen accumulation of wet direct-seeded rice at the seedling stage. From the use of tiller
fertilizer to the jointing stage, the shoot nitrogen accumulation ranked as CRBF+U > CRBF
> Ugo > Uyg, indicating that CRBF+U is beneficial to nitrogen accumulation in rice from
the tiller stage to the jointing stage. Moreover, when the fertilization mode is common
compound fertilizer combined with urea, the use of more basal fertilizer is beneficial to
nitrogen accumulation in rice from the tiller stage to the jointing stage. From the jointing
stage to harvest, the shoot nitrogen accumulation ranked as CRBF+U > Uy > CRBF > Uy,
and was not significantly different among CRBF+U, Uy and CRBF, but was significantly
higher after CRBF+U than after Ugy. When the ratio of CRBF to urea was 7:3 and the basal-
tiller ratio of urea was 4:6, the shoot nitrogen accumulation increased after the jointing
stage, which ensured that the nitrogen demand for the reproductive growth of the wet
direct-seeded rice was met.
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Table 5. Effects of nitrogen fertilizer treatments on N accumulation at the main growth stage of wet
direct-seeded rice (kg-hm~2).

Rice Season Treatments Before TF TF-TS TS-JS JS-BS BS-FHS FHS-MS
Np 1.48 ¢ 1042 b 16.23 ab 1532 ¢ 6.31c 8.00b
2019 Uy 248b 33.48a 1446 b 22.59 b 17.02b 26.04 a
CRBF+U 3.00 a 3494 a 2145a 28.29 a 21.61a 2723 a
Np 0.71e 14.00d 8.49 ¢ 15.874 ¢ 9.68 ¢ 3.59¢

Uy 2.67 ¢ 31.62 c 10.71 bc 23.69 ab 27.046 a 30.14 ab
2020 Uso 398a 35.77b 12.77 ab 17.72 bc 19.05b 24.81b
CRBF+U 1.89d 41.25a 15.61 a 24.25a 27.81a 33.77 a

CRBF 3.17b 38.36b 13.34 ab 20.35 abc 22.70 ab 29.27 ab

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among different
fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD. TF, Tiller
fertilizer; TS, Tiller stage; JS, Jointing stage; BS, booting stage; FHS, Full heading stage and MS, Maturity stage.

Logistic equations were used to fit the shoot nitrogen accumulation of the wet direct-
seeded rice. The fitting equations, determination coefficients (R?) and characteristic param-
eters are shown in Table 6. Clearly, the R? of each fitting equation was greater than 0.97,
thereby reaching the extremely significant level (p < 0.01) (Table 6). These results indicate
that it is appropriate to use logistic equations to simulate the shoot nitrogen accumulation
process of wet direct-seeded rice. According to the characteristic parameters, the lasting
period for rapid N accumulation (T) of CRBF was significantly higher than that in the
treatment of common compound fertilizer combined with urea; of particular note is that
it was longest after CRBF+U, which was 3.59-6.92 d, and was 4.35 d longer than Uy and
Ugo, respectively. The maximal N accumulation speed (V) was the fastest after CRBF+U,
which was 1.10-1.27 and 1.36 times significantly higher compared with Usg and Uy, re-
spectively. The results indicated that CRBF+U can prolong the lasting period for rapid N
accumulation and accelerate the maximal N accumulation speed, thereby increasing the
nitrogen accumulation.

Table 6. Eigen values of wet direct-seeded rice nitrogen accumulation dynamics under different
nitrogen fertilizer treatments.

Rice Season  Treatments

Vin

Logistic Equation R? to (d) t1(d) t(d) T(d) (kg/(hm?-))

y=60.16/(1 + EXP

No a5 0060 0992*  6397b  4079a  87.14b  4635c 085¢
o Uio y zéﬁoi/ O('})L)}ixp 0970*  7757a  4163a  11352a  6497b 130b
CRBF+U Y~ (§§027'5f/ &Lixp 0979*  7576a  4328a  10825a  71.89a 1.65a

No y :(;?;'067_/ 0 ;XP 0982*  7054c  5197b  89.10b  37.13c  097d

2020 Uso y z(gﬁ/ O('})L)}ixp 0990*  859%a  5623a  11568a  6020b 1.68b
Uso Y :(;?213'63/ 0(.10;;)1;‘)(1) 0989*  7821b  4631c  11010a  59.44b 136 c

CRBF+U Y~ éf:ff / é},;tﬁXP 0990%  8244a  5234b  11253a  6379a 185a

crpr  YTMOSUALEXP 0090 51210 4948b 112952 6348a 1.55b

(3.37 — 0.04t))

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among different
fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD. ** indicate
p < 0.01. ty, the time to reach maximal rate of nitrogen accumulation; t; and t,, the starting and terminating dates
of rapid nitrogen accumulation period, respectively; T, the lasting period for rapid N accumulation and V,, the
maximal speed of N accumulation.
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3.4. Nitrogen Transport

The NTR and NCR of stem sheaths or leaves and the N increase in panicles from the
full heading stage to the maturity stage of the wet direct-seeded rice in 2020 were highest
in CRBF+U (except Ny), followed by Uyy. These indices were not significantly different
between CRBF+U and Uy, but were significantly higher compared with CRBF and Uy
(Table 7). The application ratio of CRBF to urea at 7:3 and the basal-topdressing ratio of
conventional urea at 4:6 were helpful for nitrogen transfer to panicles after the heading
stage of the wet direct-seeded rice, thereby meeting the nitrogen demand of grain filling
and ensuring yields.

Table 7. Effects of nitrogen fertilizer treatments on N translocation in stem sheaths and leaves from
full-heading stage to maturity stage in wet direct-seeded rice.

Rice NT 2 N‘:l" R NOCR N Increase
Season Treatments (kkg/hm) (%) (%) in Panicle
Stem-Sheath Leaf Stem-Sheath Leaf Stem-Sheath Leaf (kg/hm?)
Np 6.72b 17.52b 67.93 a 70.23 a 18.69 a 30.33 a 3497 b
2019 Uy 9.46 ab 3142 a 39.57b 65.01 a 6.85b 26.98 b 65.87 a
CRBF+U 11.20 a 38.70 a 4717 b 68.04 a 9.59b 28.51b 77.13 a
Np 5.53 ¢ 18.94 d 40.07 b 68.26 a 1242 a 4240 a 28.39 ¢
Uy 1040 b 27.85bc 41.20 a 6291 a 11.60 a 31.88b 66.36 a
2020 Ugo 6.34 c 21.25cd 35.93b 52.79b 8.52b 27.73 ¢ 56.06 b
CRBF+U 12.82 a 37.101a 46.61 a 66.50 a 1191 a 33.58b 71.63 a
CRBF 7.69 ¢ 24.53b 37.36b 55.12b 8.72b 28.68 ¢ 57.58 b

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among
different fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD. NT,
Nitrogen transport; NTR, Nitrogen transport rate and NCR, nitrogen contribution rate.

3.5. Nitrogen Utilization

The NHI, NAE and NAUE in 2019 were all highest after CRBF+U, and significantly
increased by 6.96%, 17.38% and 34.56% compared with Uy, respectively (Table 8). The
orders of NHI and NAUE in 2020 were both CRBF+U > Uy > CRBF > Uy, while NAE
ranked as CRBF+U> CRBF > Uy > Ugy. Compared with Uy, Ugy and CRBE, the NAUE
of CRBF+U significantly increased by 30.34%, 53.97% and 39.25%, respectively, while the
NAUE of Uy significantly increased by 18.13% compared with Ugg. These results suggest
that the application ratio of CRBF to conventional urea at 7:3 can improve the nitrogen use
efficiency of wet direct-seeded rice and guarantee rice yield.

Table 8. Effects of nitrogen fertilizer treatments on N use efficiency in wet direct-seeded rice.

Rice Treatments NHI NGPE NAE NAUE
Season (%) (kg-kg1) (kg-kg™1) (%)
No 87.45a 60.12b
2019 Uy 69.23 ¢ 70.24a 26.05b 32.40Db
CRBF+U 75.25b 62.15b 30.58 a 43.60 a
No 85.52 a 61.29 ¢
Uy 70.37 bc 69.12 ab 2494 b 33.75Db
2020 Ugo 65.28 ¢ 7342 a 21.68 ¢ 28.57 ¢
CRBF+U 76.53 b 63.36 ¢ 29.64 a 43.99 a
CRBF 68.67 ¢ 7434 a 27.92 ab 31.59b

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among
different fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD.
NHI, nitrogen harvest index; NGPE, nitrogen grain production efficiency; NAE, nitrogen agronomic efficiency
and NAUE, nitrogen apparent use efficiency.
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3.6. Yield and Yield Components

The effects of rice yield and its components under different nitrogen management
strategies are shown in Table 9. The actual rice yield of CRBF+U was the highest in both of
the two years, which significantly increased by 9.25% (2019) and 10.24% (2020) compared
with Uy, and by 18.65% (2020) compared with Ugg. In terms of yield components, the grain
number per panicle and the seed-setting rate of CRBF+U were significantly higher than
those of Uyg, while neither the effective panicle number per unit area nor the 1000 grain
weight was significantly different compared with those of Uyg. Therefore, the significant
increase in the yield of CRBF+U was due to the significant increase in the grain number per
panicle and the seed-setting rate.

Table 9. Grain yield and yield components under different nitrogen management strategies.

Rice Effective Panicle Grains Per Seed-Setting 1000-F§rain Grain Yield
Season Treatments Number Panicle Rate Weight (ke-hm-2)
(NO./m?) (%) ® 8
Ny 165.23 b 160.62 ¢ 66.42 ¢ 22.78b 4128 ¢
2019 Uy 250.12 a 175.14b 74.86 b 23.42 ab 8817 b
CRBF+U 260.01 a 184.62 a 80.88 a 23.63 a 9633 a
No 157.33 b 160.86 d 66.42 ¢ 2225a 3781.3d
Uy 247.00 a 176.81b 73.86 b 2342 a 8270.0b
2020 Ugo 239.67 a 170.42 ¢ 70.42b 22.88 a 7683.3 ¢
CRBF+U 256.67 a 183.85 a 80.83 a 2381 a 9116.7 a
CRBF 248.00 a 181.53 a 78.68 a 22.69 a 8806.7 a

The different nitrogen treatments were described in Table 1. Different lowercase letters in a column among
different fertilization treatments in the same year indicate significant differences at p < 0.05 according to LSD.

4. Discussion
4.1. CRBF+U Reduced Nitrogen Loss by Runoff in Wet Direct-Seeded Paddy Fields

Wet direct-seeded rice fields should be kept wet for about 20 days from sowing to the
three-leaf and one-leaflet stage; soaking water discharge is common after basal fertilizer
application. When heavy rainfall occurs in this period, the field water must be removed in
time; otherwise, it will raise the risk of nitrogen and phosphorus loss much higher than
that for mechanically transplanted rice. In this study, the nitrogen runoff losses of the
wet direct-seeded rice in the first two weeks accounted for 100% and 73.08-80.59% of the
total annual losses, respectively. The nitrogen runoff losses of the conventional urea were
23.96-25.87 kg-N-ha~! (Uyg) and 31.65 kg-N-ha~! (Ugg), which are much higher compared
with those of mechanically transplanted rice (4.90-12.7 kg-N-ha~!) [29,30]. One of the main
reasons for this is that there must be water in paddy fields before sowing on account of
soaking, so the surface water must be discharged before or after sowing, which otherwise
will induce certain surface runoff. In this study, the drainage volumes before sowing
were 655 and 200 m®-hm~2, respectively. Secondly, the nitrogen concentrations in the
drainage runoff before or after sowing were very high: the concentrations of various forms
of nitrogen in the surface water of the rice fields in Jianghan Plain peaked at 1-2 days after
fertilization and decreased to near the level without nitrogen fertilizer at 5 days after basal
and tiller fertilizer applications [31]. In the 2-year experiment, the TN concentrations in
runoff by conventional urea were 56.75-78.75 mg/L (Uyg) and 121.30 mg/L (Ugp). Therefore,
reducing the amount of runoff before or after sowing, and reducing the TN concentration in
runoff are two key ways to control nitrogen runoff loss in wet direct-seeded rice. The first
specific measure is that water-saving measures should be taken to prevent the field from
being soaked before or after sowing. The second measure is to improve the fertilization
technology. The application of controlled-release fertilizers can effectively reduce the
nitrogen concentration in surface water [32], thereby lowering the risk of nitrogen loss. In
this study, the TN concentrations in runoff water before and after the sowing of CRBF in
the two years were 30.74-76.35 mg-L~! (CRBF+U) and 109.25 mg-L~! (CRBF), which is the



Sustainability 2023, 15, 12336

13 of 16

main reason for our recommendation of the use of controlled-release fertilizers to reduce
the nitrogen runoff loss of wet direct-seeded rice.

4.2. CRBF Reduced AV Loss in Wet Direct-Seeded Paddy Fields

AV refers to the process of ammonia diffusion from soil or surface water to the
atmosphere, which is the main pathway of nitrogen loss in paddy fields [33,34], and
accounts for 70% of total reactive nitrogen loss in paddy fields [35]. In this study, when the
common urea was nitrogen fertilizer, the AV flux peaked at 3 days after the basal fertilizer
application and 2 days after the use of tiller fertilizer in the wet direct-seeded rice fields,
and then decreased rapidly to a low level at 7-10 days, which is consistent with other
studies [36,37]. The peak AV fluxes were 1.58 and 2.36 kg-hm~2-d ! (2020), respectively,
when basal fertilizer and tiller fertilizer were applied at 72 kg-hm~2 urea and were 2.57 and
3.27 kg-hm~2.d ! (2020), respectively, when the applied doses were both 108 kg-hm 2 urea.
These results indicate that the main period of AV loss was 2-3 days after the basal and tiller
fertilizer applications, with the amount of AV loss after the tiller fertilizer application being
larger, which is consistent with the results of Yao et al. [38] and He et al. [39]. A possible
reason for this could be that the temperature in tiller fertilizer is higher than that in basal
fertilizer, which could increase the AV loss [40]. Slow/controlled-release fertilizer coating
can slow down the hydrolysis of nitrogen fertilizer, and coordinate the nitrogen supply and
rice nitrogen demand, thus increasing rice yield and reducing ammonia emission [35,41].
This study showed that controlled-release blended fertilizer can significantly reduce the
AV in wet direct-seeded rice fields, with the AV loss rate of CRBF being the slowest (3.41%),
0.48% slower than CRBF+U, which ranked second. The main reason for this was that the
AV loss of CRBF before tiller fertilizer application was 1.55 kg-hm~2 higher than that of
CRBF+U, and the loss of CRBF+U was 2.41 kg'hm_2 higher than that of CRBF after tiller
fertilizer application (urea). The AV loss of CRBF+U mainly occurred after the tiller fertilizer
application, accounting for 66.83% of the total growth period. Under the same nitrogen
application rate, the AV loss after tiller fertilizer was significantly increased by CRBF+U
compared with all basal applications. These results are consistent with the research of Hou
etal. [42].

4.3. CRBF+U Improved Nitrogen Utilization and Yield in Wet Direct-Seeded Paddy Fields

Nitrogen is one of the key factors in rice production, and the application of controlled-
release fertilizer can optimize the population structure of rice [11] and improve the photo-
synthetic material production capacity [12] and yield components, thereby significantly
increasing yield [13-15]. The material accumulation of wet direct-seeded rice is relatively
low in the early and middle stages, and the growth is intense in the middle and late stages.
Wet direct-seeded rice’s demand for nitrogen nutrition differs from that of mechanically
transplanted rice [22]. In this study, the nitrogen accumulation of wet direct-seeded rice
from tiller fertilizer to the jointing stage ranked as CRBF+U > CRBF > Uy > Uy, and from
the jointing stage to harvest ranked as CRBF+U > Uy > CRBF > Uy (Table 5). Moreover, the
basal application of CRBF met the nitrogen demand in the early stage of wet direct-seeded
rice cultivation, but the nitrogen supply was insufficient in the later growth stage, which
can be effectively solved by the use of CRBF combined with urea.

The CRBF+U treatment obtained the largest leaf nitrogen transport amount, transport
rate, and panicle increase from full heading to maturity (Table 6). At the same time, the
NAE and NAUE were optimized when the ratio of CRBF to urea was 7:3 (Table 7), which is
consistent with the work of Wang et al. [11]. These results indicate that CRBF+U not only
meets the nitrogen demand of wet direct-seeded rice during the whole growth period, but
also helps to transport nitrogen to grains and meets the nitrogen demand of grain filling,
thereby improving the nitrogen utilization rate.

The release pattern of controlled-release nitrogen fertilizer is an important factor
affecting rice yield [43]. Controlled-release fertilizer can adjust the nutrient release pattern
to achieve a dynamic balance of nitrogen nutrients in rice [44]. Compared with conventional
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fertilization, controlled-release fertilizer combined with available nitrogen fertilizer can
delay the senescence of rice roots and leaves [45,46], which improves the nitrogen uptake of
rice and nitrogen use efficiency and thereby increases the yield of mechanically transplanted
rice [47]. The results of our two-year experiments showed that the actual yield of wet direct-
seeded rice was the highest in CRBF+U, which was 9.25% (2019) and 10.24% (2020) higher
compared with that in Uyg. The reason for this remarkable increase in yield can be attributed
to the significant rise in grain number per panicle and seed-setting rate, which is consistent
with the results of Sun et al. [14,15]. CRBF+U solves the balance problem between early and
late fertilizer supplies, and the urea can enhance the fertilizer supply of wet direct-seeded
rice at its early growth stage, which are both beneficial to the formation of effective tiller
at the early tiller stage and underlie the formation of effective panicles. Moreover, CRBF
can meet the nitrogen demand of wet direct-seeded rice at the late growth stage, and it
contributes to increases in the number of grains per panicle and to ensuring yield.

5. Conclusions

The controlled-release blended fertilizer (basal N) to conventional urea (tiller N) at
7:3 (CRBF+U) produced high nitrogen accumulation, nitrogen translocation rate in stems,
sheaths, and leaves from full heading to maturity, and nitrogen harvest index, nitrogen
agronomic efficiency and nitrogen apparent utilization rate while reducing the nitrogen
runoff loss from sowing to the three-leaf and one-center stage and AV loss in the direct-
seeded rice fields, and resulted in a greater grain number per panicle, greater seed-setting
rate and obtained a relatively high grain yield in the Jianghan Plain, China. The CRBF+U
can reduce agricultural non-point source pollution in the wet direct-seeded rice field and
contribute to sustainable development of wet direct-seeded rice.
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Abbreviations

N nitrogen

CRBF+U  controlled-release blended fertilizer (basal N) to conventional urea (tiller N) at 7:3
CRBF controlled-release blended fertilizer as single basal application
Ugo conventional urea with a basal-tiller ratio of 6:4

Uy conventional urea with a basal-tiller ratio of 4:6

NT nitrogen transport amount

NTR nitrogen transport rate

NCR nitrogen contribution rate

NHI nitrogen harvest index

NGPE nitrogen grain production efficiency

NAE nitrogen agronomic efficiency

NAUE nitrogen apparent use efficiency

AV ammonia volatilization

T lasting period for rapid N accumulation

Vm maximal speed of N accumulation
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