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Abstract

The intensive management of double-cropping rice systems relies on high inputs of fertilizer
and labor to sustain high yields. However, this leads to substantial reactive nitrogen (Nr)
losses and severe environmental degradation. Although both enhanced-efficiency nitrogen
fertilizers (EENFs) and deep placement are recognized for mitigating specific Nr loss path-
ways within individual seasons, robust field evidence for their combined, cross-seasonal
efficacy across multiple loss pathways remains scarce. This study assessed the integrated
agronomic, environmental, and economic performance of deep-placed EENFs in a double-
rice cropping system. The EENFs included stabilized urea (SU) and controlled-release
urea (CRU). Nitrogen release patterns differed significantly between fertilizers: SU showed
strong season-dependent dynamics, while CRU provided a stable, consistent supply across
both early and late rice seasons, achieving superior synchronization with crop nitrogen
demand. Crucially, deep placement was indispensable for reducing environmental risks.
The integrated strategy of deep-placing CRU (CRUD) facilitated a “spatiotemporal dual reg-
ulation” of nitrogen, spatially mitigating surface losses via deep placement and temporally
synchronizing nutrient release with crop demand via the controlled-release mechanism.
Compared with conventional surface-applied urea, CRUD significantly enhanced grain
yield (16.1% and 17.5%), increased nitrogen recovery efficiency (41.5% and 67.4%), reduced
total N losses (42.3% and 31.3%), and improved net economic benefits (35.0% and 30.9%)
in early and late rice, respectively. It provides a concrete, actionable solution for advanc-
ing sustainable intensification in double-cropping rice systems, contributing directly to
Sustainable Development Goals (SDGs).

Keywords: nitrogen losses; nitrogen recovery efficiency; net ecosystem economic benefit;
controlled release urea; stabilized urea

1. Introduction

The double-cropping rice (Oryza sativa L.) system in southern China plays a key role
in ensuring food security [1]. This system contributes 20-30% to the national yield [2]. The
high nitrogen (N) loss in double-cropping rice has resulted in a low nitrogen use efficiency
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(NUE), posing significant threats to agricultural sustainability [3]. The relatively short
sowing and harvesting intervals in the double-cropping rice system result in a shortage of
labor during the “rush-harvesting” and “rush-planting” phases. This not only threatens
the sustainability of agricultural production [4], but also undermines farmer’s willingness
to maintain the double-cropping rice system. Studies have shown that in the past decade,
the planting area of double-cropping rice in China has been decreasing year by year [5,6].

The beneficial effects of enhanced-efficiency nitrogen fertilizers on increasing yield,
improving nitrogen use efficiency, and reducing reactive nitrogen emissions in double-
cropping rice systems have been well-documented [7-11]. The single application of
controlled-release urea (CRU) boosts rice yield by 7.3-12.6%, increases nitrogen use effi-
ciency by 44-53%, reduces ammonia volatilization by 28.9% and 30.2%, and decreases N,O
losses by 10.4% and 16.1% in early-season rice and late-season rice [7]. In addition, com-
pared to urea, CRU lowers nitrogen concentrations in surface water by 24.9-33.8%, leading
to a 25.0-35.3% decrease in total nitrogen (TN) runoff loss and a 30.3—41.7% reduction in TN
leaching loss [12]. Stabilized urea (SU) is prepared by adding urease inhibitors and /or ni-
trification inhibitors, N-(n-butyl) thiophosphoric triamide (NBPT) or dicyandiamide (DCD)
to urea, in order to reduce the rates of nitrogen hydrolysis and/or nitrification. Previous
studies reported that NBPT-enhanced urea increased early- and late-season rice yields by
8.0% and 14.0%, respectively [9], while DCD-enhanced urea raised yields by 6.0% and 4.2%.
Similarly, dual-inhibitor urea reduced NHj emissions by 76%, boosted yield by 4%, and
improved NUE by 43% [10]; another study showed that dual inhibitors further curtailed
nitrogen leaching by 22.1% [11]. In a double-cropping rice system, SU was demonstrated to
decrease cumulative NHj3 volatilization by 9.57-22.27% and N,O emissions by 8.77-15.67%
relative to conventional practice [8].

Beyond application of enhanced-efficiency nitrogen fertilizer, mechanized deep
placement—applying fertilizers at 5-10 cm soil depth—effectively minimizes N exposure at
the soil-water interface also demonstrated environmental and agronomic benefits [13-15].
Numerous studies have shown deep placement of urea increases rice yields by 5-23.5%,
improves recovery efficiency of nitrogen (REN) by 19.5-38.8%, and enhances economic ben-
efits by 14.0-25.2% [13,14,16-18]. The integration of enhanced-efficiency nitrogen fertilizers
with deep placement techniques demonstrates significant synergistic potential. Deep-
placed CRU has been reported to optimizes soil nitrogen supply in double-cropping rice
systems, achieving yield increases of 2.44-13.17% and improving REN by 16.7-21.0% [15].
Mechanical side-deep fertilization combined with CRU reduces NH3 emissions in early rice
by 23-62% [4]. Similarly, deep-placed urea combined with nitrification inhibitors was found
to reduces NHj3 volatilization and N,O emissions by approximately 70% [19]. Additionally,
the combination of dual urease and nitrification inhibitors with deep-placed urea reduce
N;O emissions and NHj3 volatilization by 43-57%, while increasing yields by 12-13% [20].

Although enhanced-efficiency nitrogen fertilizer and deep application techniques
have demonstrated significant advantages, existing research has predominantly focused on
isolated single seasons or individual reactive nitrogen (Nr) loss pathways, with insufficient
attention to cross-seasonal integrated studies that address multi-pathway Nr losses. These
gaps hinder the understanding of nitrogen supply and crop demand synchronization un-
der varying environmental conditions in early and late rice. To address this, the present
study conducted a comprehensive evaluation in a double-cropping rice system through
two-season field experiments, synchronously monitoring yield, nitrogen uptake dynamics,
multi-pathway Nr losses (NH3, N,O, leaching, and runoff), and net economic and envi-
ronmental benefits (NEEB). We hypothesized that the combination of deep placement and
enhanced-efficiency nitrogen fertilizers (EENFs) would synergistically synchronize nitro-
gen supply with crop demand, thereby further reducing nitrogen losses while improving
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nitrogen use efficiency. By elucidating this “nutrient supply-nitrogen uptake-nitrogen
loss continuum” in early and late rice seasons, this study provides a scientific basis for
optimizing nitrogen management practices in double-cropping rice systems.

2. Materials and Methods
2.1. Experimental Site Overview

The experiment was conducted in 2024 in Furongdun Town, Pengze County, Jiangxi
Province, China (29°35-30°06’ N, 116°22’-116°53' E), which experiences a subtropical
monsoon climate. According to local meteorological records, the early and late rice grow-
ing seasons had average temperatures of 26.5 °C and 24.5 °C, and total precipitation of
587.6 mm and 276.3 mm, respectively (Figure 1). The soil was classified as a hydragric
paddy soil, with the following physicochemical properties (0—20 cm depth): sand 26.0%,
silt 39.0%, and clay 35.0% (clay loam) organic matter 16.0 g/kg, alkali-hydrolyzable nitro-
gen 108.0 mg/kg, Olsen phosphorus 10.1 mg/kg, available potassium 97.9 mg/kg, cation
exchange capacity 12.0 cmol/kg, bulk density 1.3 g/cm?3, and pH 7.9.
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Figure 1. Precipitation and temperature change in the whole period of rice in 2024 double-cropping
rice: (a) early season, (b) late season.

2.2. Test Materials

The experiment was conducted in a double-cropping rice system in 2024. The early
rice cultivar Lingliangyou 211 (Table S1) was raised using substrate trays with a seedling
age of 25 days. Transplanting occurred on 10 May 2024, with 3 seedlings per hill at
a spacing of 30 cm x 15 cm (approximately 66.7 seedlings/m?). Basal fertilizer was
applied at transplanting, with topdressing on 7 June 2024, and harvesting on 27 July
2024. The late rice cultivar Longxiangyou 130 (Table S1) was sown on 9 July 2024, and
raised with a seedling age of 27 days. Transplanting took place on 6 August 2024, with
3 seedlings per hill at a spacing of 25 cm x 16.5 cm (approximately 72.7 seedlings/m?).
Basal fertilizer was applied at transplanting, with topdressing on 12 September 2024,
and harvesting on 12 November 2024. Fertilizer sources included conventional urea (U,
N 46.6%), supplied by Henan Xinlianxin Chemical Industry Group Co., Ltd., Xinxiang,
China; controlled-release urea (CRU, N 43.0%, a polymer-coated urea releasing nitrogen
via diffusion through the membrane, with 60-day and 90-day release durations for early
rice and late rice, respectively), supplied by Xinyangfeng Agricultural Technology Co., Ltd.,
Jingmen, China; and stabilized urea (N 42.1%, containing the urease inhibitor NBPT and
the nitrification inhibitor DCD), supplied by Stanley Agricultural Group Co., Ltd., Linyi,
China. Superphosphate (P,0s, 12.0%) and potassium chloride (K,O, 60.0%) were used as
phosphorus and potassium sources, respectively.
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2.3. Experimental Design

Seven nitrogen application treatments were established in the field experiment: no
nitrogen control (CK), conventional urea surface application (U), conventional urea deep
placement (UD), stabilized urea surface application (SU), stabilized urea deep placement
(SUD), controlled-release urea surface application (CRU), and controlled-release urea deep
placement (CRUD). Surface application involved broadcasting the fertilizer evenly across
the plot followed by light incorporation into the soil surface (approximately 2-3 cm depth)
using a rake for light tillage to ensure initial mixing. For deep placement, the basal fertilizer
was applied 5 cm to the side of each transplanted rice plant, at a depth of 10 cm. A
randomized complete block design was used, with three replicates per treatment. Fertilizer
rates followed local conventional levels: N-P,O5-K,O = (165, 90, 105 kg ha=1) for early rice;
N-P,05-K,0 = (180, 75, 135 kg ha~!) for late rice. All P and K fertilizers were applied as a
single basal dose. U and UD were split in a 7:3 ratio (basal: panicle initiation) to simulate
the local farmers’ conventional practice, while SU, SUD, CRU and CRUD were applied as
single basal doses. A randomized complete block design was used with three replicates
per treatment, and each plot covered an area of 70 m?. Water management maintained a
3-5 cm shallow layer throughout growth stages, except for a 1-week mid-season drainage
for aeration and field drying at maturity.

2.4. Sample Collection and Analysis
2.4.1. Plant Sample Collection and Analysis

Plant samples were collected at key rice growth stages (seedling, tillering, jointing,
heading, and maturity) to determine dry matter accumulation and total nitrogen con-
tent. At maturity, plants were harvested and separated into grains and straw. Biomass
was measured as dry weight after oven-drying at 105 °C for 30 min (enzyme deactiva-
tion) followed by 80 °C until constant weight. Samples were ground, sieved through a
0.15 mm mesh, and analyzed for TN using a carbon—nitrogen analyzer (PRIMACS SNC90-
IC-E, Skalar Analytical B.V., Shanghai, China). Nitrogen uptake was calculated as dry
matter weight multiplied by nitrogen content. Indicators related to nitrogen use efficiency
were calculated as follows:

AEN = (Yy — Yo)/Rn 1)
REN = (Uy — Up) /Ry x 100% (2)
NPE = (Y — Yo)/(Uy — Up) ©)

PFP = Y/Ry (4)

where AEN is the agronomic efficiency of nitrogen (kg kg~!); REN is the recovery efficiency
of nitrogen (%); NPE is the nitrogen physiological efficiency (kg kg~!); PFP is the partial
factor productivity of nitrogen (kg kg™1); Y, Yy, Yy are rice yield under each treatment,
with and without nitrogen application (kg ha~!), respectively; Ry is nitrogen application
rate (kg ha~!); Uy and Uj are nitrogen uptake with and without nitrogen application
(kg ha1), respectively.

2.4.2. Soil Sample Collection

Soil samples were collected concurrently with plant samples at key growth stages
(seedling, tillering, jointing, heading, and maturity). Using a soil auger (5 cm diameter),
samples were taken from 0-20 cm depth at five points per plot and mixed to form a
composite sample per treatment. Samples were extracted with 1 mol L~ KCl (soil: solution
ratio 1:5), and NH4*"-N and NO3 ™ -N contents were determined using a continuous flow
analyzer (AA3, Bran + Luebbe, Norderstedt, Germany).
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2.4.3. Measurement of Reactive Nitrogen Loss

NH; volatilization flux was measured using the continuous airflow enclosure
method [21]. A cylindrical chamber (radius 0.1 m, height 0.15 m) was inserted 5 cm
into the soil, with a gas pump (flow rate 15 L min~!) maintaining exchange. Absorption
solution (0.05 mol L~ H,SO,) was collected daily (9:00-11:00 and 14:00-16:00) and an-
alyzed for NHj using a continuous flow analyzer (SNM 01G030, Skalar Analytical B.V.,
China). Sampling occurred daily for 7 days post-N application, then every 10 days until
undetectable. NHj3 volatilization flux (F ,y) was calculated as

104

Fav=C x V x 5
TTX T

X 6 %)

where F 4 is NHj volatilization flux (kg N ha=! d 1), C is NH4*-N concentration (mg L),
V is absorption volume (L), 10* is area conversion, r is chamber radius (m), and 6 is the
extrapolation factor (4 h to 24 h).

N,O emissions were measured using the static chamber-gas chromatography method.
Chambers (50 cm x 50 cm x 50 cm) were sealed during 8:00-12:00, with 20 mL gas samples
collected every 15 min (four per event) into evacuated vials. Sampling was three times
weekly in the first week post-N, then every 10 days, intensifying to 3-4 days during wet-dry
transitions. N,O concentrations were analyzed using gas chromatography (Agilent 7890A,
Agilent Technologies, Inc., Beijing, China). N,O flux Fypp was calculated as

273 de 28
273+T ~ dt = 44

Fno=p X H X (6)
where Fyyo is flux (ug N m~2 h™1), p is NO density (1.25 kg m~3), and T is temperature
(°C), H is chamber height (m), dc/dt is concentration change (nL. L~! h—'), 28/44 converts
N,O to N.

Cumulative emissions (CF, kg N ha~!) for NH3 or N,O were calculated as

_ LE+Fy

CF 5

X t 7)

where F and F; are consecutive fluxes, ¢ is interval day (d).

Leaching samples were collected every 10 days using PVC lysimeters (100 cm length,
1-5 um pore size) installed at 80 cm depth. Runoff samples were obtained from plot outlets
following rainfall events (>20 mm daily), volume was calculated from rainfall and height
differences. All samples were filtered and stored at —20 °C until analyzed for inorganic
nitrogen (NO3;~-N and NH;*-N) using a continuous flow analyzer (AA3, Bran + Luebbe,
Germany). Leaching and runoff losses are calculated as follows:

L = z(c,» X Vi x 10—2) )

where C; is the total inorganic nitrogen concentration (mg L~1) V; is volume (L ha™!), and
10~2 is conversion. Concentrations were measured using the same analyzer.

2.5. Measurement of Net Ecosystem Economic Benefit

Net ecosystem economic benefit (NEEB, CNY ha~!) was calculated as [22]
NEEB =Y — AC — EC 9)

where Y is yield revenue (CNY ha™1), AC is agricultural cost (CNY ha!, includ-
ing pesticides, labor, seeds, and fertilizers; Table S2), and EC is environmental cost
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(CNY ha—1, including the costs of greenhouse gas emissions, acidification, eutrophication,
and human health impacts). Greenhouse gas cost = [NoO + 0.01 x NHs + 0.0075 x (TN-
Nrunoff + TN-Nieaching)] % 298 x 0.15, Acidification cost = 0.84 x NHz x 17/14 x 1.88 x 5.0,
Eutrophication cost = [0.42 x (NO3 ™ Nyynoff + NO3~-Nleaching) x 62/14 + 0.33 x (NH4*-
NNH3 + NH4+'Nrunoff + NH4+'NleaChing) x 17/14 x 426] [23,24], Human health
cost = [4.47 x 107* x NHj3 x17/14 +2.77 x 10™% x N,O x (44/28)] [25].

2.6. Statistical Analysis

Graphs were created using Origin Pro 2025 (version 2025b, Origin Lab Corporation,
Northampton, MA, USA). Statistical analyses were performed using IBM SPSS Statistics 27
(IBM Corp., Armonk, NY, USA). Two-way analysis of variance (ANOVA) was performed to
evaluate the effects of fertilizer type (FI), fertilization method (FM), and their interactions
(FM x FT). The control treatment (CK, without nitrogen) was excluded from the two-way
ANOVA model to maintain a balanced factorial design, but was included in a one-way
ANOVA to allow for multiple comparisons among all individual treatments. Duncan’s
multiple range test was used to determine significant differences at the p < 0.05 level.

3. Results
3.1. Soil Nitrogen Content

Soil NH4*-N content exhibited distinct stage-specific variations, regulated by nitrogen
fertilizer type and placement (Figure 2a,b). Surface application resulted in the seedling-
stage order of U > SU > CRU (p < 0.05). Subsequently, CRU maintained the highest levels
with a gradual decline, while SU and U decreased steadily to maturity. Deep placement
reduced seedling-stage NH;*-N in UD (vs. U, p < 0.05) but elevated its level at tillering in
both UD and SUD (vs. surface application, p < 0.05). In contrast, CRUD and CRU showed
nearly identical temporal dynamics, indicating minimal impact of placement depth. Soil
NO3™-N showed no significant treatment differences for most of the season, remaining low
initially and increasing toward maturity due to improved aeration. Notably, at maturity,
NO;3;7-N under CRU and CRUD was significantly higher than in all other treatments
(p <0.05).

Soil mineral nitrogen dynamics for the 2024 late rice season are detailed in Figure 2¢,d.
For NH4"-N under surface application, the seedling-stage order was SU > U > CRU
(p < 0.05). CRU peaked at tillering (26.6 mg N kg~!, p < 0.05) maintaining significantly
higher levels than other treatments thereafter, while SU dropped significantly below U
after tillering (p < 0.05). Deep placement significantly increased NH4*-N in SUD (vs. SU,
p < 0.05) from tillering to jointing, significantly reduced it in CRUD at jointing (vs. CRU,
p < 0.05), and caused no marked change in UD versus U. Regarding NO3~-N, surface
application led to the highest peak for U at tillering (20.2 mg N kg~ !, p < 0.05), followed
by CRU (13.9 mg N kg~ !, p < 0.05). SU showed significantly elevated early levels but
mid-season suppression (p < 0.05). In contrast, deep placement significantly reduced these
tillering-stage NO3; ~-N, peaks by 80.6% (UD), 63.8% (SUD), and 37.2% (CRUD) (p < 0.05).

3.2. Rice Nitrogen Uptake

In the early rice season, nitrogen uptake peaked during the tillering—jointing and
jointing-heading stages, constituting 27.0-50.9% and 32.4-44.9% of the total uptake, re-
spectively (Figure 3a). All nitrogen treatments significantly outperformed the CK during
the seedling—tillering stage (p < 0.05), regardless of fertilizer type or placement depth. At
tillering—jointing, surface-applied SU uptake was significantly greater than that of U and
CRU (which did not differ), whereas under deep placement, no significant differences
were found among SUD, CRUD, and UD. Deep placement significantly increased uptake
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for U and CRU but decreased it for SU (p < 0.05). During jointing-heading, CRU led
under surface application, and CRUD under deep placement, with deep placement also
significantly boosting SUD uptake (p < 0.05). By the heading-maturity stage, no significant
differences existed among nitrogen treatments, yet the CK was significantly higher than

all others.
(@ 30 () 40
——CK——U-9:-UD—A—SU-4&--SUD—%— CRU-®-- CRUD —4—CK—9—U-9:-UD—A—SU-A&--SUD—%— CRU-®-- CRUD|
35¢
25 F
~ 30
- of
o0 N =
g > 25}
£ g
FIREE S g 20¢
= =
S g 1I5f
7 w0} %
= +=, 10F
~ z
Sk 5t
of
0F
1 1 1 1 _5 1 L L 1 1
Seeding Tillering Jointing Heading Mature Seeding Tillering Jointing Heading Mature
Growth stage Growth stage
(c) 45 (d) 45
—— CK—9—U--@--UD—4—SU--A--SUD —=%— CRU--®-- CRUD —4—CK—9—U--0--UD—4A—SU--4--SUD—%— CRU--®-- CRUD
40 40+
35 35t
¥ 2
E" 30 Eﬁ 304
:—’ 25 ;’ 25t
2 5 2
g s 20
z 15 Z 15}
I |
g Sl
5
5t
0
(113
Seeding Tillering Jointing Heading Mature Seeding Tillering Jointing Heading Mature
Growth stage Growth stage

Figure 2. Inorganic soil nitrogen content across growth stages under varying fertilizer types
and placement methods: (a,c) early rice season, (b,d) late rice season. CK, no nitrogen fertilizer;
U, conventional urea surface application; UD, conventional urea deep placement; SU, stabilized
urea surface application; SUD, stabilized urea deep placement; CRU, controlled-release urea surface
application; CRUD, controlled-release urea deep placement.

Nitrogen uptake in the late rice season exhibited a bimodal pattern, with peaks at the
tillering—jointing (27.1-44.8%) and jointing-heading (38.7-50.0%) stages (Figure 3b). While
all nitrogen treatments significantly outperformed the CK during seedling-tillering, their
relative performance shifted in later stages. At tillering—jointing under surface application,
uptake ranked SU > CRU > U. Deep placement altered this order, with UD and SUD
surpassing CRUD, and significantly boosting UD uptake. By jointing-heading, CRU
led under surface application and CRUD under deep placement, where deep placement
also specifically enhanced CRU uptake. At maturity under surface application, the CK
showed unexpectedly higher uptake than U and SU, whereas deep placement equalized all
treatments with no significant effects.
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Figure 3. Temporal patterns of incremental nitrogen uptake across growth stages under different
fertilizer types and placement methods: (a) early rice season, (b) late rice season. Different lowercase
letters within a column indicate significant differences among treatments according to Duncan’s
multiple range test at p < 0.05. CK, no nitrogen fertilizer; U, conventional urea surface application;
UD, conventional urea deep placement; SU, stabilized urea surface application; SUD, stabilized urea
deep placement; CRU, controlled-release urea surface application; CRUD, controlled-release urea
deep placement.

3.3. Yield

In the early rice season, both nitrogen fertilizer type and application method signifi-
cantly affected yield, with no significant interaction (FT x FM, p > 0.05) (Figure 4a). While
all fertilizer treatments outperformed the no-nitrogen control (CK), their relative efficacy
depended on placement. Under surface application, yields did not differ significantly
among fertilizers. With deep placement, however, CRUD and SUD yields were 12.4% and
7.1% higher than UD, respectively. Deep placement increased CRU yield by 9.8% compared
to its surface application, but did not significantly affect U or SU yields. Overall, relative to
conventional urea (U), CRUD and SUD boosted yields by 16.1% and 10.6%, respectively.

(b) 9500

6000

5500

5000

Yeild (kg ha™)

4500 |- 4168d

4000

3500

5420bc
5
5214c¢

6052a

8918a

B

8839a

5768ab 9000 -

5384c g
==

8285b

B

8500

514bc
=

7933bc 7795¢

® &

8000 7587¢

G

7500

7000

Yeild (kg ha™)

6500

6000

FT:**
FM:#**
FMXxFT:NS

FT:sx
FM:w
FMXFT:NS

sso0 | 53684

CK

U

5000

| su | cru U | su [ cru CK u | su | cru U | su | cru

Surface placement

Deep Placement Surface placement Deep Placement

Figure 4. Rice grain yield in double-cropping rice: (a) early season, (b) late season. Different lowercase
letters within a column indicate significant differences among treatments according to Duncan’s
multiple range test at p < 0.05. FT: fertilizer type; FM: fertilization method; CK, no nitrogen fertilizer;
U, urea; SU, stabilized urea; CRU, controlled-release urea; NS: not significant. **, *** represent
significance at p < 0.01, and p < 0.001 levels, respectively, from a two-way ANOVA.
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In the 2024 late rice season, both nitrogen fertilizer type and application method
significantly influenced grain yield, with no significant interaction (FT x FM, p > 0.05)
(Figure 4b). All nitrogen treatments significantly exceeded the no-nitrogen control (CK,
5368 kg ha~!). While no yield differences were detected among fertilizer types under
surface application, deep placement resulted in significantly higher yields for CRUD and
SUD than for UD by 7.6% and 6.7%, respectively. Compared to surface application, deep
placement increased yields of U, SU, and CRU by 9.2%, 11.4%, and 14.4%. Relative to
conventional urea (U), deep application boosted yields by 9.2% for UD, 16.5% for SUD, and
17.5% for CRUD.

3.4. Nitrogen Use Efficiency

In early rice season, ANOVA indicated that nitrogen fertilizer type significantly af-
fected AEN, REN, and PFP (p < 0.05), while the application method significantly influenced
AEN, NPE, and PFP (p < 0.05) (Table 1). Regarding AEN, no significant differences were
observed among fertilizers under surface application. However, under deep application,
both the AEN of SUD and CRUD significantly outperformed that of UD. Interestingly, the
response to deep application varied by nitrogen fertilizer type: deep placement significantly
increased the AEN of CRU (by 40.1% compared to surface CRU) but had no significant
effect on U or SU. Compared to U, SUD and CRUD increased AEN by 69.8% and 80.4%,
respectively. No significant differences in REN were found between SU and CRU regardless
of the application method, but both consistently maintained significantly higher REN than
the U. Specifically, SUD and CRUD showed significantly higher REN than U, with increases
of 48.2% and 41.5%, respectively. Deep application had no significant effect on REN for
any nitrogen fertilizer type in early rice. For PFP, no significant differences were found
under surface application. Under deep application, CRUD was significantly higher than
UD, though statistically similar to SUD. Finally, regarding NPE, few significant differences
were observed, except that the NPE of CRUD was significantly higher than that of SU.

In late rice season, nitrogen fertilizer type significantly affected AEN, REN, and PFP,
while the application method had a significant influence on AEN, REN, NPE, and PFP.
Under surface application, no significant differences in AEN were observed among nitrogen
fertilizer types (Table 1). However, under deep application, both SUD and CRUD were
significantly higher than UD, although there was no significant difference between SUD
and CRUD. The application method significantly increased AEN across all fertilizer types.
Deep application increased AEN by 31.4%, 35.3%, and 46.3% for U, SU, and CRU, respec-
tively, compared to their surface counterparts. Regarding REN, SU and CRU consistently
outperformed U. Under surface application, SU and CRU were significantly higher than
U by 27.8% and 42.4%, respectively. Similarly, under deep application, SUD and CRUD
significantly exceeded UD by 41.5% and 54.2%, respectively. Deep application further
enhanced REN for the enhanced-efficiency fertilizers, increasing it by 17.6% (CRU) and
20.3% (SU) compared to surface application, whereas no significant deep-application effect
was observed for U. Compared to U, SUD and CRUD increased REN by 53.7% and 67.4%,
respectively. For PFP, trends were similar to AEN. No significant differences were found
among nitrogen fertilizers types under surface application. In contrast, under deep appli-
cation, SUD and CRUD were significantly higher than UD. Deep application consistently
improved PFP for all treatments, with increases of 9.2% for U, 11.4% for SU, and 14.4% for
CRU compared to surface application. The NPE of U was significantly higher than CRU
under surface application. However, deep application significantly improved the NPE of
the CRU, with CRUD exceeding surface CRU by 23.8%.
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Table 1. Indicators related to nitrogen use efficiency.
Early Rice Season Late Rice Season
AEN REN NPE PFP AEN REN NPE PFP
Treatment  qo10-1) (%)  (kgkg) (kgkgD) (kgkg) (%)  (kgkg) (kgkgD
FT
8) 6.85b 24.05Db 28.52 a 3212b 14.27 b 21.67 ¢ 63.42 a 44.09 b
SU 942 a 35.68 a 26.38 a 33.90 ab 16.77 a 29.24Db 57.16 ab 46.59 a
CRU 9.79a 3220 a 30.32a 35.05 a 16.60 a 32.18 a 51.29b 46.43 a
FM
Surface 7.53b 30.21a 25.10Db 32.62b 13.35b 25.64Db 53.05Db 43.18 b
Deep 9.84a 31.08 a 31.72a 34.76 a 18.40 a 29.76 a 61.53 a 48.23 a
FM x FT
U 6.33 c 23.8b 26.55 ab 31.60b 12.33 ¢ 20.78d 59.52 ab 42.15¢
UD 7.37 c 24.30Db 30.50 ab 32.6b 16.20b 22.56d 67.32 a 46.03 b
SU 8.10 bc 36.1a 22.37Db 32.84b 14.25 bc 26.55 ¢ 53.79 bc 44.07 bc
SUD 10.75 ab 35.26 a 27.63 ab 34.9 ab 19.28 a 31.93 ab 60.53 ab 49.11a
CRU 8.15 bc 30.73 a 26.5 ab 33.42 ab 1348 c 29.58 bc 4584 ¢ 4331 ¢
CRUD 1142 a 33.68 a 34.08 a 36.68 a 19.72 a 34.78 a 56.74 ab 49.55 a
Source of variance
FT * EAX NS *% k% A% NS %%
FM * NS * *% *%% 3% * *%%
FM x FT NS NS NS NS NS NS NS NS

Note: values are presented as average (n = 3). FT: fertilizer type; FM: fertilization method; FT x FM: Interaction
between fertilizer type and fertilization method; In the FT and FM sections, different lowercase letters indicate
significant differences between the marginal means of fertilizer types and fertilization methods, respectively
(Duncan’s test, p < 0.05) In the FT x FM section, different letters within a column indicate significant differences
among the six specific treatment combinations based on a one-way ANOVA (Duncan’s test, p < 0.05). U, surface
application of conventional urea; UD, deep placement of conventional urea; SU, surface application of stabilized
urea; SUD, deep placement of stabilized urea; CRU, surface application of controlled-release urea; CRUD, deep
placement of controlled-release urea. AEN: agronomic efficiency of nitrogen; REN: recovery efficiency of nitrogen;
NPE: nitrogen physiological efficiency; PFP: partial factor productivity of nitrogen. NS: Not significant. *, **, ***
represent significance at p < 0.05, p < 0.01, and p < 0.001 levels, respectively, from a two-way ANOVA.

3.5. Nr Losses

Ammonia volatilization and runoff were the primary pathways for Nr loss in both
early and late rice seasons (Figures 5 and 6). All nitrogen treatments significantly increased
total Nr loss compared to CK. In the early rice season, compared to U, SU significantly
increased NHj volatilization by 3.2%, although reduced leaching by 32.8%, runoff losses
by 21.3% and did not significantly affect N,O emission and total Nr losses. CRU reduced
total Nr losses by 25.1% (p < 0.05) with NHj volatilization by 24.8% (p < 0.05), leaching
by 30.1% (p < 0.05), runoff by 24.3% and N,O by 23.2% (p > 0.05); Compared to their
respective surface treatments, UD, SUD and CRUD reduce total Nr losses by 29.4%, 41.3%
and 22.9%, NHj volatilization by 31.0%, 53.0% and 29.8%, and runoff by 31.1%, 13.8%
and 10.0%, respectively. Compared to U, SUD and CRUD significantly mitigated total Nr
losses by 45.2% and 42.3%, respectively. Specifically, SUD decreased NHj3 volatilization by
51.5%, N> O emissions by 46.4%, leaching by 37.3%, and runoff by 32.2%. Likewise, CRUD
achieved reductions of 47.3% for NHj volatilization, 35.7% for N,O emissions, 37.3% for
leaching, and 31.8% for runoff.

In the late rice season, SU reduced total Nr losses by 14.8%, with NHj3 volatilization
and runoff losses reduced by 13.7% and 22.9% (Figure 6). CRU reduced total Nr losses by
20.2%, NHj3 volatilization and runoff losses reduced by 19.3% and 19.5%. Similarly, UD
reduced total Nr losses by 10.3%, with NHj volatilization and runoff reduced by 7.8% and
19.4%. Compared to SU, SUD reduced total Nr losses by 17.7%, with NHj3 volatilization,
leaching, and runoff reduced by 13.1%, 30.1%, and 33.3%. Compared to CRU, CRUD
reduced total Nr losses by 13.8%, with NHj; volatilization and runoff reduced by 13.8%
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and 23.4%, but leaching losses increased by 12.4%. Compared to U, SUD and CRUD
significantly decreased total Nr losses by 29.9% and 31.3%, respectively. Specifically, SUD
significantly reduced NHj3 volatilization by 25.0%, leaching by 33.9%, and runoff by 48.6%,
while showing no significant difference in N,O emissions. Similarly, CRUD significantly
reduced NHj volatilization by 30.4% and runoff by 38.3%, but had no significant effect on
NO emissions or leaching losses.
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Figure 5. (a) Ammonia (NHj3) volatilization, (b) nitrous oxide (N,O) emission, (c) leaching loss,
(d) runoff loss, (e) total reactive nitrogen loss in the early rice season. Different lowercase letters
within a column indicate significant differences among treatments according to Duncan’s multi-
ple range test at p < 0.05. CK, no nitrogen fertilizer; U, conventional urea surface application;
UD, conventional urea deep placement; SU, stabilized urea surface application; SUD, stabilized urea
deep placement; CRU, controlled-release urea surface application; CRUD, controlled-release urea
deep placement.
(a) (b) (© BN, [N,0 [l Leaching  [] Runoff
50 10 =
41.82a .82a
45 = 38.52b 091 K
—: 40+ = 36.10¢ 33.77¢d _ 081 0.6 0.63ab 0.63ab
=35t = 3136de s o7} K]
z = 29000 [ =0 0.50ab Y:dSab
o0 F -
g 30 =] 600.6 o U
55 Zost
z 20 F S 0.4] 0280
=15} 7 UD
7 jo L8ost 031 ﬁ -
- 02 =
CK U uD SU SUD CRU CRUD 0.1 CK u UD SU SUD CRU CRUD ‘5 SU
© @ g
45 425 374 401a nr 949 =
2 2.81b 10} 7.65b
240 3.30ab =~ 9| SUD
Sas| 2 4l 7.31be 7.64b
% 2.94b fﬂ =
7.0 E 9
53,0 % z ol 586ed[  cRry
802,51 g 4.88de
220 1.72¢ 4F 321
3 CRUD
sk F 3t @
CIK I:J UII) S‘U SllJl) Cl‘{U CR‘UD 2 CIK lll UI[) S‘U SlI)D CI‘{U CRIUD 0 10 20 30 40 50 60

Nr losses (kg N ha™)

Figure 6. (a) Ammonia (NHj3) volatilization, (b) nitrous oxide (N,O) emission, (c) leaching loss,
(d) runoff loss, (e) total reactive nitrogen loss in the late rice season. Different lowercase letters within
a column indicate significant differences among treatments according to Duncan’s multiple range
test at p < 0.05. CK, no nitrogen fertilizer; U, conventional urea surface application; UD, conventional
urea deep placement; SU, stabilized urea surface application; SUD, stabilized urea deep placement;
CRU, controlled-release urea surface application; CRUD, controlled-release urea deep placement.

https:/ /doi.org/10.3390/su18052613


https://doi.org/10.3390/su18052613

Sustainability 2026, 18, 2613

12 0f 18

3.6. Net Ecosystem Economic Benefit

In early rice season, economic and environmental benefits are shown in Figure 7a.
Under surface application, no significant NEEB differences were observed among U, SU,
and CRU. Under deep placement, only CRUD achieved a significantly higher NEEB than
UD. Notably, CRUD exhibited the highest NEEB, by increasing 20.0% farmers” income and
reducing 46.9% environmental costs compared to U (p < 0.05). Similarly, SUD demonstrated
substantial benefits, increasing 13.3% farmers’ income and decreasing 51.6% environmental
costs relative to U. Although UD significantly reduced 30.7% environmental costs relative
to U, the increase in farmers’ income and NEEB were limited by 3.1% and 10.8% (p > 0.05).

I Rice incomes [ Environment cost [ | Other productive cost [l Fertilizer cost [ ] Fuel and labour cost
(@) (b)
CK 3.43e (0.43d) 12.38d (9.38d) 8.95¢ CK 3.57d (0.57f) 16.32d (13.32d) 12.75d
U| 6.91a (1.92a) 15.49¢ (10.50cd) 8.58 ¢ U| 8.11a (3.05a) 23.06¢ (18.00c¢) 14.96 ¢
UD| 6.49bc (1.33b) 16.00c (10.83bc) 9.51 be UD| 8.04a (2.81b) 25.19b (19.96b) 17.14 b
N -
= =
g g
< SU| 689 (183a) 16.09bc (11.03bc) 920 be £ SU| 7.68b (2.4%) 24.12bc (18.93c) 16.44b
2 2
= =
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Figure 7. Net ecosystem economic benefit (NEEB) in double-cropping rice: (a) early rice season
and (b) late rice season. Values within parentheses represent environmental costs (left) and farmer
income (right). Different lowercase letters indicate significant differences among treatments according
to Duncan’s multiple range test at p < 0.05 Treatments: CK, no nitrogen fertilizer; U, conventional
urea surface application; UD, conventional urea deep placement; SU, stabilized urea surface ap-
plication; SUD, stabilized urea deep placement; CRU, controlled-release urea surface application;
CRUD, controlled-release urea deep placement.

Economic and environmental benefits of late rice are distinct from the early season,
(Figure 7b). Under surface application, SU and CRU significantly improved NEEB by 9.9%
and 7.0% respectively compared to U (p < 0.05). Under deep placement, CRUD and SUD
achieved the highest NEEB; they showed no significant difference from each other but
significantly outperformed UD. Notably, CRUD and SUD exhibited superior performance,
increasing farmers’ income by 19.9% and 19.5%, reducing environmental costs by 34.4%
and 29.8%, respectively. Although UD significantly enhanced NEEB relative to U—driven
by a 10.9% increase in farmers’ income and a 7.9% reduction in environmental costs—the
overall benefit gains remained inferior to those of CRUD and SUD.

4. Discussion
4.1. Soil Nitrogen Dynamics

Soil nitrogen dynamics across growth stages reflect nitrogen supply capacity [26],
influenced by nitrogen fertilizer type, application methods, and environmental factors.
As shown in Figure 1, rainfall is more concentrated in early rice, while late rice features
higher initial temperatures followed by a decline [6]. CRU exhibited a consistent two-
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phase signature across both seasons: an initial NH4*-N minimum imposed by the polymer
barrier, followed by a pronounced NH,*-N peak precisely at tillering that remained ele-
vated thereafter. This pattern underscores both the robustness of CRU’s delayed-release
mechanism [27-29] and its tight synchrony with tillering nitrogen demand [30]. In the late
rice, the NH4"-N content of SU at the seedling stage exceeded that of U, whereas in early
rice, U maintained a higher initial value (Figure 2b). This suggests that the higher initial
temperatures in the late rice season accelerated urea hydrolysis. Early rice maintained low
NO3™-N levels in early growth stages under persistent flooding, which inhibited nitrifica-
tion. Meanwhile, late rice exhibited a pronounced NO3~-N supply peak during tillering
(Figure 2b). This difference stemmed primarily from the irrigation practice in late rice: un-
timely irrigation led to intermittent soil desiccation, thereby creating aerobic conditions that
promoted nitrification [31,32]. Across both seasons, deep placement minimally influenced
CRU'’s temporal profile, with CRUD and CRU showing comparable NH4*-N trajectories
(peak at tillering, then decline). For U and SU, deep placement reduced NH,;*-N supply
at the seedling stage and enhancing tillering NH;"-N supply than surface placement in
both seasons, facilitating nutrient synchrony between supply and crop demand (Figure 2a).
These results aligned with prior observations [14,33] and highlighted the critical roles of
deep placement [34].

4.2. Nitrogen Uptake, Nitrogen Use Efficiency and Yield

Nitrogen uptake in rice typically exhibits a bimodal pattern, with peaks during the
tillering—jointing and jointing-heading stages (Figure 3), underscoring stage-specific ni-
trogen demands. This study found that, although SU and CRU exhibited significantly
different nitrogen uptake patterns during key growth stages under surface application—SU
outperforming in the tillering—jointing stage and CRU leading in the jointing-heading
stage, the more efficient nitrogen supply of CRU and SU did not translate into signif-
icant yield gains regardless of rice seasons. While SU and CRU sharply increased the
proportion of fertilizer nitrogen recovered by the crop (REN), they delivered no measurable
gain—irrespective of whether the nitrogen source was fertilizer alone (AEN) or the com-
bined fertilizer-and-soil pool (PFP). Indeed, both enhanced-efficiency fertilizer (CRU and
SU) failed to improve, and even significantly depressed the conversion of absorbed nitrogen
into grain yield (NPE) for double-cropping rice, especially for the late-season (Table 1). This
suggests that, under surface application of enhanced-efficiency fertilizer (CRU and SU), the
enhanced nitrogen uptake may be inefficiently allocated to excessive vegetative growth,
creating a translocation bottleneck from uptake to yield [35]. By contrast, a significant
nitrogen uptake was still observed during the maturity stage under CK. Previous studies
have emphasized that plant nitrogen acquisition is primarily regulated by internal nitrogen
demand rather than external nitrogen supply [36]. In the present study, under prolonged
nitrogen limitation, CK plants likely maintained a relatively high nitrogen uptake capacity
as an adaptive strategy to meet their physiological nitrogen demand.

A deep placement of U increased nitrogen uptake during the tillering—jointing stage by
16.9% and 20.4% in early and late rice, respectively. This enhanced uptake translated into a
significant yield gain of 9.2% in the late rice season, whereas the 3.3% increase in early rice
was not statistically significant. It showed no significant effect on REN, NPE, AEN, or PFP
in early rice, nor on REN and NPE in late rice, but significantly elevated AEN and PFP in
the late season. In the early rice season, concentrated rainfall likely attenuated the benefits
of deep placement by facilitating upward nutrient migration. Deep placement of CRU
significantly increased nitrogen uptake (tillering—jointing in early rice; jointing-heading
in late rice), accompanied by improved NPE and AEN in early rice and enhanced REN,
NPE, AEN, and PFP in late rice, resulting in significant yield increases of 9.8% and 14.4%

https://doi.org/10.3390/su18052613


https://doi.org/10.3390/su18052613

Sustainability 2026, 18, 2613

14 of 18

in early and late-rice season, respectively (Table 1). Deep placement of CRU significantly
boosted nitrogen uptake, NUE, and yield by enhancing root-zone nitrogen availability,
despite showing no significant impact on bulk soil mineral nitrogen content (Figure 2). This
is attributed to the fact that CRU-released nutrients were largely retained in the surface soil
(0-20 cm) irrespective of application depth (surface: 2-3 cm vs. deep: 10 cm). In early rice,
deep placement of SU shifted nitrogen uptake from the tillering—jointing stage (—16.0%)
to the jointing-heading stage (+27.3%) (Figure 3); however, this shift did not significantly
improve yield or any of the use efficiency indicators (REN, NPE, AEN, PFP). For late rice,
deep placement of SU increased nitrogen uptake during the jointing-heading stage by 13.7%
(p > 0.05), coupled with which significant improvements in REN, AEN, and PFP, ultimately
led to a 9.9% yield increase. The benefit of deep placement of SU on nitrogen uptake and
utilization was greater in late than in early rice, a pattern similar to that of deep placement
of U. The reduced effect in early rice is attributed to substantial rainfall, whereas in late rice,
the improvement was achieved by maintaining a more sustained and effective NH;"-N
supply that enhanced mid-to-late season nitrogen uptake and conversion.

4.3. Environmental Benefits

In double-cropping rice systems, NHj3 volatilization predominates the total Nr losses,
accounting for 57.0%~79.3% of the total Nr losses. This is followed by runoff losses, which
constitute 12.3%~31.7% of the total Nr losses (Figures 5 and 6). Compared with U, SU
reduced 6.7% Nr losses in early rice mainly by decreasing runoff, whereas 14.8% Nr losses
in late rice the dominant pathways were NHj3 volatilization and runoff. Runoff loss was
governed by the mineral-N content in the soil at the time of the event: across three rainfall
events (27 May, 23 and 27 June) in early-rice season and a single event (12 September)
in late-rice season, SU consistently maintained lower NH;"-N than U, with NO;-N
remaining similar. Notably, SU marginally lowered soil NH4*-N at the seedling stage of
early rice and significantly elevated it in late rice (Figure 2a,b); nevertheless, SU failed to
curb NHj volatilization during the early-rice season yet achieved a marked reduction in the
late-rice season. This discrepancy is attributed to the predominantly anaerobic conditions
between the seedling and tillering stages of early rice, which impede activation of the
urease inhibitor NBPT. In the late rice season, although high temperatures accelerated
urea hydrolysis, the soil wetting-drying cycles induced by intermittent irrigation likely
created aerobic conditions, as reported for alternate wetting and drying water management
in paddy soils [37]. These conditions likely enhanced the inhibitory effect of NBPT on
urea hydrolysis [38]. Concurrently, improved soil aeration promoted the conversion of
NH,4*-N to NO; ~-N and reducing the persistence of high NH;*-N concentrations at the
soil surface. Collectively, these processes may have contributed to the significant reduction
in cumulative NHj volatilization losses observed during the late-rice season. Relative to U,
CRU reduced 25.1% and 20.2% of Nr losses for early- and late-season respectively, via all
four pathways; three of these reductions were significant, with only N,O failing to reach
significance. This superior performance exceeds that of SU and is attributable to CRU’s
release being governed primarily by coating properties, while remaining insensitive to
soil microbial activity, salinity, pH or ionic strength. Consequently, CRU provides a more
comprehensive and seasonal stable mitigation of Nr losses.

Regardless of nitrogen fertilizer types, deep placement consistently reduced total Nr
losses. Compared with surface application, deep placement of U, SU and CRU lowered total
Nr losses by 12.6, 16.6 and 7.4 kg ha~! in early rice and by 5.8, 8.5 and 6.2 kg ha~! in late rice,
respectively. Among the three nitrogen fertilizer types, deep placement of CRU achieved
the smallest reduction in Nr losses. Figure 2 shows that deep placement had a weaker effect
on soil mineral-N content under CRU than under U or SU, chiefly because nitrogen not yet
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released from CRU remained protected even under surface application. By contrast, U and
SU—especially when surface-applied in a single dose—left more nitrogen in the surface
layer soil, increasing upward migration to flood water and raising both NH3 and runoff
losses. Deep placement markedly curtailed NHj3 volatilization for all three fertilizers in both
seasons; additionally, the NH3-mitigation effect of deep placement was more pronounced
in early rice than in late rice (Figures 1 and 2). The high temperatures during the early
phase of the late-rice season accelerated upward NH;* movement, further weakening the
barrier effect of deep placement. Across both early- and late-rice seasons, the synergistic
combination of enhanced-efficiency fertilizers and deep placement consistently achieved
larger reductions in Nr losses than either surface application of the enhanced-efficiency
fertilizers or deep placement of conventional nitrogen alone [39].

4.4. Economic Benefits

The NEEB deducted environmental costs of Nr losses from farmers’ income to
guide sustainable nitrogen management. Relative to surface placement of urea (U), nei-
ther enhanced-efficiency fertilizer (SU or CRU) increased NEEB in the early-rice season
(Figure 7). This outcome can be attributed to the lack of a significant yield increase in early
rice from the surface application of either enhanced-efficiency fertilizer (Figure 4), which in
turn limited the derived yield benefits (Figure 7a); SU failed to reduce Nr losses (Figure 5a)
and their associated environmental cost (Figure 7a). The labor saved by single application
of SU was offset by higher fertilizer purchase prices. Although surface placement of CRU
did lower Nr losses and environmental costs, these savings plus the single-application labor
saving were counteracted by the premium paid for the enhanced fertilizer purchase prices.
In the late-rice season, surface placement of SU (p < 0.05) and CRU (p > 0.05) both improved
NEEB. As in early rice, surface application of the two enhanced-efficiency fertilizers did
not enhance yield or yield benefits, but the reduction in environmental costs and the labor
saved by single application exceeded the additional fertilizer cost.

Deep placement consistently enhanced the NEEB across both early and late rice seasons
for all fertilizer types. The only exceptions were that, in the early season, the increases
for deep placement of U and SU over their surface-applied counterparts did not reach
statistical significance, whereas all other deep-placement comparisons showed significant
improvements. The main reason lies in the significant yield gains from deep placement
across all tested fertilizers in late rice and for CRU in early rice, except for the non-significant
responses of U and SU in the early season. Furthermore, deep placement significantly
reduced Nr loss and the associated environmental costs in both early and late rice seasons,
regardless of nitrogen fertilizer type. These benefits in yield enhancement and emission
reduction substantially outweighed the additional fuel costs incurred by deep placement.
It underscored that relying solely on enhanced-efficiency fertilizer may be insufficient for
improvement: deep placement is needed to regulate nitrogen uptake and minimize Nr
losses [40], thereby achieving higher environmental and economic benefits, consistent with
broader strategies for improving nitrogen use efficiency in crops to support sustainable
agriculture [41]. Our findings also confirm deep placement of conventional nitrogen
fertilizer (UD) achieved higher NEEB than surface placement (U), while deep placement of
enhanced-efficiency fertilizer (CRUD and SUD) further surpassed UD, yielding the highest
NEEB gains.

4.5. Strengths, Weaknesses and Future Directions

This study investigated the effects of nitrogen fertilizer type and application method on
the complete chain of soil nitrogen dynamics, crop nitrogen uptake, and reactive nitrogen
losses. It provided a comprehensive assessment of the three-fold benefits—productivity,
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efficiency, and environmental performance—of nitrogen management strategies. Through
field trials conducted under contrasting climatic conditions of early and late rice seasons,
the research elucidated that deep placement of controlled-release urea (CRU) is the optimal
strategy for synergistically increasing yield, enhancing nitrogen use efficiency, and reducing
nitrogen losses. Limitations of this study include a lack of in-depth mechanistic analysis
regarding how fertilizer type and placement depth affect soil nitrogen transformation
processes and root-soil interactions. Furthermore, the experiment was conducted on a field
with relatively high native soil fertility, which may have contributed to the observed lower
nitrogen use efficiency values. Machine-transplanted rice with single-time deep placement
of fertilizer (DPF) is an innovative practice that integrates seedling transplanting with the
precise application of fertilizer near the root zone. The broader adoption of this mechanized
side-deep placement technology will be crucial for translating these research findings into
widespread agricultural practice.

5. Conclusions

Although surface application of enhanced-efficiency nitrogen fertilizers significantly
improved nitrogen recovery efficiency (REN), it did not translate into significant yield
increases in the double-cropping rice system. Surface application alone is not recom-
mended for early rice, as concentrated rainfall can diminish their efficacy. In contrast,
deep placement, which further delays nitrogen supply and enhances root-zone nitrogen
availability in the double-cropping rice system, was particularly effective in the late season,
yielding substantially greater improvements in grain yield, nitrogen use efficiency, and net
ecosystem economic benefit (NEEB) by effectively mitigating high-temperature-induced
volatilization losses from the soil surface. Across both seasons, deep-placed CRU consis-
tently demonstrated superior performance: it maximized the delay in nitrogen supply,
increased nitrogen uptake, boosted yields (by 16.1% and 17.5%), enhanced REN (by 41.5%
and 67.4%), reduced reactive nitrogen (Nr) losses (by 42.3% and 31.3%), and improved
economic returns (by 35.0% and 30.9%) compared to conventional surface placement
of urea.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/su18052613/s1, Figure S1: Fluxes and losses of reactive
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of production.
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