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Introduction: This study aimed to provide the theoretical basis for formulating

scientific and reasonable on-farm nitrogen (N) management measures and

e�cient strategic fertilization to understand the e�ects of localized N supply (LNS)

and N fertilizer variety coupling on N transport and soil N balance in rice fields.

Methods: A 2-year field experiment (2020 and 2021) was conducted in Jingzhou,

Hubei Province, which included the following six treatments: no N application

(CK), farmers’ fertilizer practice (FFP), and four LNS treatments, including two N

application methods including mechanical side-deep fertilization (M) and root-

zone fertilization (R), two N fertilizer types with urea (U), and controlled-release

urea (CRU).

Results: Compared with FFP, LNS increased the N apparent translocation level

from stems, sheathes, and leaves (TNT) and N uptake by 10.70–50.59% and

11.28–29.71%, respectively. In LNS, the levels of nitrite reductase (NR), glutamine

synthetase (GS), and glutamate synthase (GOGAT) under R increased by 13.81,

9.56, and 15.59%, respectively, compared with those under M, resulting in a

significant increase in TNT by 8.58% and N uptake by 1.87%. Regarding the

N fertilizer type, CRU significantly increased chlorophyll content by 7.27%,

superoxide dismutase (SOD) and catalase (CAT) by 14.78 and 29.95% (p < 0.05),

and NR, GS, and GOGAT by 44.41, 16.12, and 28.41% (p < 0.05), respectively,

compared with that in U, which contributed to N absorption and transport.

Moreover, CRUR significantly decreasedN apparent loss by 50.04% comparedwith

CRUM (p < 0.05).

Discussion: Considering the risk of soil N leaching and environmental protection,

R should be selected as the recommended fertilization method. The combination

of CRU and R is the most e�ective fertilization approach.

KEYWORDS

controlled-release urea, mechanical side deep fertilization, rice, root zone fertilization,

nitrogen balance

1. Introduction

Rice is the number one food crop in China, with production reaching 146.10million tons

in 2022 and making China the top rice producer worldwide (Food Agriculture Organization

of the United Nations, 2022). This record rice production in China is because of the massive

application of nitrogen (N) fertilizers (Grafton et al., 2015). Relevant studies showed that
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unreasonable N application methods and N fertilizer varieties

reduced the efficiency of N fertilizers. Hence, a large amount

of N fertilizers that were not absorbed by rice plants flowed

into groundwater, significantly impacting the environment (Guo

et al., 2017; Jiang et al., 2022). Therefore, improving N

uptake and reducing N loss have become important in N

fertilizer management.

Localized N supply (LNS) has been the most popular

method of N application in recent years compared with the

conventional broadcasting method. LNS effectively increases

nutrient concentration in the rhizosphere, thereby promoting N

absorption by the root system and reducing nutrient loss (Wu

et al., 2022). LNS is mainly categorized into mechanical side deep

fertilization (M) and root-zone fertilization (R). Zhu et al. (2019)

reported that M promoted N uptake in rice by increasing soil

ammonium–N concentration and further reducing N loss. Jiang

et al. (2017) showed through a field micro-plot experiment that

the vertical migration distance of fertilizer-released N under the

M was 3–18 cm, while the vertical migration distance under R

was 6–15 cm in the soil layer, and the ammonium N content

under R was 8.3 times higher than that under M. This indicates

that R had a tendency to increase the inorganic N content of

the soil and reduce the inorganic N loss. In addition, the higher

nutrient concentration could provide sufficient N to seedlings after

regreening, promote tillering, reduce ammonia volatilization by

26–93% (Liu et al., 2015; Wu M. et al., 2017), and also reduce N

oxide emissions (Yao et al., 2017; Gaihre et al., 2018). Moreover,

both M and R can provide a stable supply of available soil N, which

may regulate the N-assimilation ability of plants by affecting the

activity of N metabolism enzymes (Hu et al., 2023). Therefore,

which of these two types of N application is more beneficial to

improve N-assimilation enzymes and soil N balance also needs to

be further explored.

Urea (U) and controlled-release urea (CRU) are two of themost

studied N fertilizers in China that play a vital role in improving rice

production (Ye et al., 2013). U, the instant fertilizer used globally,

releases all the N rapidly within 20 days of application into the

soil (Campos et al., 2018), resulting in insufficient N supply at

a later stage and seriously affecting rice growth (i.e., dry matter

accumulation and N transfer) (Li et al., 2018). CRU is a new type

of highly efficient and environmentally friendly fertilizer. It slows

down the release rate of fertilizer nutrients in the soil to achieve

the synchronization of fertilizer nutrient release time and intensity

with crop nutrient demand (Zhang et al., 2018), thus reducing

the volatilization, leaching, and denitrification losses of fertilizer

nutrients in the soil and achieving high rice yield and efficiency

(Tian et al., 2021; Jiang et al., 2022). Moreover, rice scavenges excess

reactive oxygen species by increasing the activity of antioxidant

enzymes such as superoxide dismutase (SOD) and catalase (CAT),

while malondialdehyde (MDA) is a product of lipid peroxidation of

cell membranes that directly affects rice growth (Liao et al., 2019).

However, research on N fertilizer varieties has mostly focused on

rice yield and N utilization. The effects of antioxidant enzymes

and MDA content on N uptake and N transfer in rice need

further clarification.

In this study, 2 years of field experiments were conducted to

investigate the effects of the combined application of LNS with

different N fertilizer varieties (U and CRU) on N uptake and

transport by different organs and N balance in paddy soil. The

aims were as follows: (1) to study the mechanism of promoting

N uptake and transport of rice by comparing the enzymatic

characteristics and photosynthetic properties under different N

application treatments; (2) to find out the most suitable N fertilizer

treatment for the environment through comparing the N balance in

paddy soil; and (3) to provide a theoretical basis for the realization

of light and simplified fertilization of rice in China in the future.

2. Materials and methods

2.1. Study location

A 2-year field experiment was conducted in the Meteorological

Bureau of Jingzhou City, Hubei Province, China, in 2020 and

2021. The study site was located in the Jianghan Plain (N 29◦

26′-31◦ 37′, E 111◦ 14′-114◦ 36′), which is a humid subtropical

monsoon climate zone suitable for rice cultivation (Zhou et al.,

2022). The weather data were provided by the Jingzhou Weather

Bureau in Hubei. In 2020/2021, the average temperature and total

precipitation during the rice production season were 23.2/23.8◦C

and 2,130/1,385mm, respectively (Figure 1). The region has been

known for planting rice for years, and the soil is a silty medium

loam developed from the deposition of inland and lacustrine

sediments. The initial soil test results were as follows: pH, 7.9;

soil bulk density, 1.4 g cm−3 in the 0–20 cm soil layer; organic

carbon, 26.88 g kg−1; total N, 1.09 g kg−1; Olsen-P, 9.4mg kg−1;

and available K, 56.3 mg kg−1.

2.2. Study material

Yang LiangYou No. 6 was used as the test object in this study;

the parental source of Yang LiangYou No. 6 is Guangzhan 63-

4S (female) and Yangdao No. 6 (male), and the variety type is

indica two-series hybrid rice. It is widely grown by local farmers

in Jingzhou, Hubei Province. In this study, Yang LiangYou No. 6

was transplanted in late May and harvested in late September in

2020 and 2021. Two types of N fertilizers that were used included U

(46% N) and CRU (43% N); CRU is polyolefin-coated urea, which

has a static water 25◦C parabolic curve release and a release period

of 120 days (National Engineering Technology Research Center of

Slow and Controlled Release Fertilizer, Linyi, China) (Figure 2).

2.3. Experimental treatments

The field plot experiment was conducted with six treatments:

(i) CK: a control treatment without N fertilizer application; (ii)

FFP: farmers’ fertilizer practice, U was broadcasted manually three

times, 50% as basal fertilizer, 30% as tillering fertilizer, and 20% as

booting fertilizer; (iii) UM: U was mechanically applied to a band

5 cm away from the rice root system and 10 cm deep; (iv) UR: Uwas

manually applied into a hole 5 cm away from the rice root system

and 10 cm deep; (v) CRUM: CRU was mechanically applied to a
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FIGURE 1

The rainfall and average temperatures in 2020 (A) and 2021 (B) and the rice management details in 2020 (C) and 2021 (D).

FIGURE 2

The N release in period and N accumulative release rate of CRU in still water (A) and paddy soil (B).

band 5 cm away from the rice root system and 10 cm deep; and

(vi) CRUR: CRU was manually applied into a hole 5 cm away from

the rice root system and 10 cm deep. For LNS (UM, UR, CRUM,

and CRUR) treatments, the U and CRU were point-deep-placed

once as basal fertilizer after the rice had been transplanted (1.76 g

U hill−1 for UM and UR and 1.88 g CRU hill−1 for CRUM and

CRUR). A map of mechanical side deep fertilization (M) and root-

zone fertilization (R) is shown in Figure 3. The field experiment was

completely randomized with three replicates. The plot dimensions

were 5 × 5m, and each plot was separated by a 30-cm-wide earth

bank covered with plastic film to prevent the lateral flow of water

and nutrients.

Except for CK (no N fertilizer), all the treatments were

administered at the following rates: 180 kg N ha−1, 90 kg P2O5

ha−1, and 120 kg K2O ha−1. The phosphate (12% P2O5; Hubei

Sanning Chemical Co., Ltd., Hubei, China) and potassium

fertilizers (60% K2O; Sinofert Holdings Limited, Beijing, China)

were applied once, following which a small amount of water was

added to mix the field soil and fertilizer before transplanting.

The transplanting density was 25 × 18 cm for each plot, with
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FIGURE 3

The sketch map of mechanical side deep fertilization (M) and root-zone fertilization (R).

three to five seedlings in each hole. All plots were irrigated

approximately 1 week prior to transplanting, and the water layer

was always maintained at a depth of 3–5 cm (except during the

tillering stage and 1 week prior to harvest). The irrigation was

coordinated with local precipitation events, and the same irrigation

pattern was used in both 2020 and 2021. Herbicide weed control

(glufosinate-ammonium) was applied before rice transplanting

and at the tillering stage, and insecticide (emamectin benzoate)

was sprayed at the booting stage. Glufosinate-ammonium and

emamectin benzoate were both purchased at the local pesticide

store and applied at the same time in both years.

2.3.1. Measurement of chlorophyll content
The value of soil plant analysis development (SPAD) was

measured using a SPAD chlorophyll meter (SPAD 502, Minolta

Camera Co., Osaka, Japan) from the six uppermost fully expanded

leaves on each plot in the tillering, booting, and heading stages in

2020 and 2021. The chlorophyll content was calculated from the

SPAD values using the method of Cao et al. (2001).

2.3.2. Measurement of photosynthetic traits
Three hills of rice were randomly selected in each plot,

and five fully expanded flag leaves were selected on the main

stem to measure the photosynthetic traits in the tillering and

booting stages in 2021. The photosynthetic traits, including net

photosynthesis rate (Pn), stomatal conductance (Gs), intercellular

CO2 concentration (Ci), and transpiration rate (Tr), were

calculated using the portable Li-COR 6400 Photosynthesis System

(LI-COR Inc., USA). The calculation time was from 10.00 a.m.

to 12.30 p.m. under sunlit conditions (photosynthetically active

radiation, 1,000 µmol m−2 s−1; leaf chamber temperature, 30◦C;

and ambient CO2 levels, 380 ppm).

2.3.3. Measurement of antioxidant enzymes and
malondialdehyde content

Five rice plants were selected from each treatment in the

tillering and booting stages, and the uppermost fully expanded

leaves were preserved in liquid N for measuring SOD, CAT, and

MDA content (Wu and Yang, 2016).

For measuring the SOD activity, fresh rice leaves (1 g),

phosphate-buffered saline (PBS) (3ml, 0.05 mol/L, pH = 7.8), and

a small amount of quartz sand were ground into homogenate in an

ice bath. The resulting homogenate was then transferred into a 5-

ml centrifuge tube, fixed, and centrifuged at 10,000 rpm at 4◦C for

15min. The extracted supernatant was used as the enzyme solution.

The enzyme solution was taken in a 10ml centrifuge tube and

immediately illuminated using a fluorescent tube at 4,000 Lx. The

reaction was terminated by stopping the light and shading the light

after 15min. The control tube contained PBS and SOD solutions.

The colorimetric wavelength was 560 nm.

For measuring the CAT activity, the rice leaves (0.2 g) and PBS

(1ml) were ground at low temperatures. Then, 5ml of PBS was

added, and the mixture was centrifuged at 10,000 rpm at 40◦C for

15min. The supernatant was the enzyme solution. To calculate the

enzyme activity, 0.2ml of the enzyme solution, 1.5ml of PBS, and

1.5ml of H2O2 were mixed, and colorimetric readings were taken

immediately at 240 nm every 30 s for a total of 2 min.

For calculating the MDA content, 0.2 g of rice leaves were

ground into a homogenate and transferred to a 10-ml centrifuge

tube, and then the mortar was rinsed using 1ml of 10% TCA

solution. The mortar was then centrifuged at 4,000 rpm for 10min,

and the supernatant enzyme solution was obtained (Shahid et al.,

2019).

2.3.4. N metabolism enzyme activity assay
The topmost leaves of rice plants were taken at the tillering

and booting stages, stored in an ice box, transported, and frozen

at −80◦C to measure the activities of the N-metabolizing enzymes
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nitrate reductase (NR), glutamine synthetase (GS), and glutamate

synthase (GOGAT).

To measure NR activity, 0.5 g of rice leaves were added to the

test tube with 9ml of KNO3, isopropanol, and PBS, and 1.0ml of

trichloroacetic acid was added to the control tube to mix evenly as a

control. After draining the air in the tube, the straight leaves settled

at the bottom, and the tube was placed in the dark at 3◦C for 30min.

Then, 1.0 mmo1/L trichloroacetic acid was added and shaken. After

allowing it to stand, 2ml of the supernatant was extracted, and the

control tube was used to determine the chromogenicity for enzyme

activity (Wu S. W. et al., 2017).

The GS activity was measured using the method of Zhong

et al. (2018). In this experiment, 5 g of rice leaves and 5ml of the

crude enzyme extract were taken and put in the ice bath to make

a homogenate. The homogenate was centrifuged at 13,000 rpm at

4◦C. The supernatant was the crude enzyme extract. Furthermore,

1ml of the reaction solution, 0.5ml of crude enzyme extract, and

0.5ml of ATP solution were taken in the test tube, mixed well, and

kept at 37◦C for 30min. Furthermore, 1ml of the color developer

was added to terminate the reaction, and the mixture was shaken

well continuously and centrifuged at 4,000 rpm for 15min. The

supernatant was used to measure the absorbance value at 540m,

and the control solution with 1.0 was used as the control.

The GOGAT activity was determined based on the methods

of Shahid et al. (2019). The crude enzyme extract was used for

GS. The blank control (a mixture of glutamine, α-ketoglutarate,

KCl, and Tris-HCl buffer) and the treatment tube (a mixture of

α-ketoglutarate, KCl, and Tris-HCl buffer) were preheated in a

constant-temperature water bath at 30◦C for some time. Then,

0.2ml of nicotinamide adenine dinucleotide (NADH), 0.3ml of

crude enzyme solution, and 0.4ml of glutamine were added

sequentially. The mixed GOGAT enzyme activity was defined

as one unit of enzyme activity per minute of reaction solution

reduction using l µmol NADH at 30◦C.

2.3.5. Root sample collection and measurement
The roots were excavated whole from the plot soil using the

holistic method during different growth periods (60 and 90 days

after transplanting in 2020 and 30 and 60 days after transplanting in

2021) and rinsed well with tap water immediately after excavation.

Then, the enzyme was deactivated at 105◦C for 30min, dried to

a constant weight at 75◦C, and weighed (Sun et al., 2014). The

weighed samples were ground and sieved to calculate their total N

content using the Kjeldahl method (Li et al., 2011).

2.3.6. Soil sampling and measurement of
inorganic n content

Fresh soil samples were collected in different plots from

three soil layers (0–20, 20–40, and 40–60 cm) using a steel

soil auger before transplanting and after harvest (Zheng et al.,

2020). The inorganic N was extracted from the soil using a

2 mol/L KCl solution, which was shaken at 200 rpm for 1 h

in an oscillating incubator and filtered using filter paper (Yao

et al., 2017). The AUV spectrophotometer was used to measure

the concentration of ammonium nitrogen (NH+

4 -N) and nitrate

nitrogen (NO−

3 -N) (UV-5300PC; Shanghai Mattel Instrument Co.,

Ltd., Shanghai, China).

2.4. Sampling and analyses

2.4.1. Bi omass and N content in di�erent organs
Three hills of rice were collected from each plot to calculate

the biomass in the tillering, booting, and maturity stages. First, the

stems, leaves, and panicles were separated, and the fresh samples

were dried to deactivate the enzymes at 105◦C for 30min. Then,

the samples were further dried to a constant weight at 75◦C, which

was considered the dry matter accumulation. Subsequently, the

weighed samples were milled and sieved to calculate their total N

content using the Kjeldahl method (Li et al., 2011).

The biomass transfer amount in different organs (BTA, t/ha),

biomass transfer rate (BTR, %), contribution rate of BTA from

other organs to grains (GCR, %), total biomass exportation from

vegetative organs (BME, t/ha), and transportation rate of biomass

from vegetative organs (TRBV, %) were, respectively, calculated

using the following equations (Liu et al., 2017; Qi et al., 2020):

BTA = BMH − BMM (1)

BTR =
BTA

BMH
× 100% (2)

GCR =
BTA

GDW
× 100% (3)

DME = BMH − BMM (4)

TRBV =
BME

BMH
× 100% (5)

where BMH and BMM represent biomass in organs at the

heading and maturity stages, respectively, and GHW represents the

grain weight.

2.4.2. N uptake and transportation
The N uptake (kg/ha) was calculated using the following

equation (Zhu et al., 2019):

N uptake = TD × NC (6)

where TD represents the total dry matter accumulation of

panicles, leaves, and stems with leaf sheaths. NC represents the

content of N in the panicles, leaves, and stems with leaf sheaths.

N apparent translocation amount from stems, sheaths, and

leaves (TNT, kg/ha); N apparent translocation efficiency of stems,

sheaths, and leaves (TNTE, %); contribution rate of transferred

N (NCR, %); N apparent translocation amount from stems and

sheaths (SNT, kg/ha); N apparent translocation efficiency of stems

and sheaths (SNTE, %); N apparent translocation amount from

leaves (LNT, kg/ha); and N apparent translocation efficiency of

leaves (LNTE, %) were calculated using the following equations
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(Zhu et al., 2019):

TNT = TNH − TNM (7)

TNTE =
TNT

TNH
× 100% (8)

NCR =
TNT

TNG
× 100% (9)

SNT = SNH − SNM (10)

SNTE =
SNT

SNH
× 100% (11)

LNT = LNH − LNM (12)

LNTE =
LNT

LNH
× 100% (13)

where TNH and TNM represent the total N uptake of

aboveground in heading and maturity stages, respectively. TNG

represents the total N uptake of grain in the maturity stage. SNH

and SNM represent the total N uptake of stems and sheaths in

the heading and maturity stages, respectively. LNT and LNM

represent the total N uptake of leaves in the heading and maturity

stages, respectively.

2.4.3. N balance
The N residual (Nres, kg/ha), N initial (Nini, kg/ha), and N

mineral (Nmin, kg/ha) were calculated as follows (Zheng et al.,

2020):

Nres =
C × B × H

10
(14)

where C represents the total content of NH+

4 -N and NO−

3 -N

(mg/kg). B and H represent bulk density and height in the soil,

respectively (Kou et al., 2021).

Nini =
C0i × B × H

10
(15)

Nmin = Not uptake +
C0h × B × H

10
Nini (16)

where C0i and C0h represent the total content of NH+

4 -N

and NO−

3 -N (mg/kg) before transplanting and after harvesting of

CK, respectively. Not uptake represents the total uptake including

shoots and roots in the maturity stage of CK.

The N apparent loss (Napp, kg/ha) and N surplus (Nsur, kg/ha)

were calculated as follows (Zheng et al., 2020):

Napp = Nfer + Nini + Nmin − Nres − Nt uptake (17)

Nsur = Nres + Napp (18)

whereNt uptake represents the total N uptake including shoots

and roots in the maturity stage.

2.5. Data analysis

Microsoft Excel 2010 (WA, USA) was used for data processing.

The pairwise means among treatments were compared using the

Tukey’s test at the 0.05 level of probability (SAS Institute Inc. 2001).

SPSS Statistics 26.0 (IBM, Inc.; NY, USA) was used for statistical

analyses, including simple path analyses of the indicators affecting

rice yields and the interaction of different N application methods

and N fertilizer varieties on each indicator. The graphs were drawn

using the Origin 8.5 software (Origin Lab,MA, USA) andMicrosoft

PowerPoint 2010 (WA, USA).

3. Results

3.1. Chlorophyll content and
photosynthesis traits

N application can effectively increase chlorophyll content

(Figure 4). The chlorophyll contents under CRUM and CRUR

treatments were higher than those under FFP (p < 0.05). The

chlorophyll content in CRUM significantly increased in LNS by

7.98, 7.90, and 5.70% in 2020 and by 14.42, 13.69, and 11.36%

in 2021, respectively (p < 0.05), at the tillering, booting, and

heading stages compared with that in UM. The chlorophyll content

increased by 7.94, 9.71, and 8.45% (2020) and 12.28, 11.35,

and 10.13% (2021) in CRUR compared with UR (p < 0.05) at

the tillering, booting, and heading stages, respectively, indicating

that the CRU effectively increased the chlorophyll content. The

chlorophyll content of R was slightly higher than that of M when

the same amount of N fertilizer was applied.

The photosynthesis traits are shown in Figure 5. The N

application was beneficial to increase Pn, Gs, and Tr and decrease

Ci. Differences were observed in the net photosynthetic rate and

transpiration rate under different N fertilization treatments at

different stages, especially in the booting stage. In CRU in the

booting stage, Pn, Gs, and Tr levels significantly increased by 11.53,

19.64, and 15.86%, respectively, under CRUM compared with UM.

Pn, Gs, and Tr significantly increased by 15.91, 25.22, and 25.49%,

respectively, under CRUR compared with UR. Furthermore, the

Ci significantly decreased by 12.87 and 58.55% under CRUM

compared with UM in the tillering and booting stages, respectively.

The Ci decreased by 13.84 and 80.64% in CRUR compared with UR

in the tillering and booting stages (p < 0.05), respectively, which

indicated that CRU application could improve the photosynthesis

of rice leaves.

3.2. Levels of antioxidant enzymes, MDA,
and N metabolism enzymes

As shown in Figure 6, significant differences were found

in antioxidant enzyme and MDA levels under different N

fertilization treatments at different stages. Compared with the

other N fertilization treatments (FFP, UM, UR, and CRUM) in

tillering and booting stages, the SOD and CAT activities under

CRUR significantly increased by 14.79–40.36% and 11.76–25.51%,

and 14.85–65.44% and 5.44–55.52% (p < 0.05), respectively.

Moreover, the N application treatments (FFP, UM,UR, and CRUM)

significantly increased the MDA content by 42.45–137.49% in 2020

and 45.52–104.20% in 2021 compared to that under CRUR (p <

0.05), respectively.

Compared with U, CRU could significantly promote NR,

GOGAT, and GS activities when the same N fertilizer was used.
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FIGURE 4

E�ects of di�erent N fertilizer treatments on chlorophyll content of rice leaves. Values are the means ± SD of three replicates. Means followed by a

common letter are not significantly di�erent by the Tukey’s test at the 5% level of significance. * and ** represent statistical significance at p < 0.05

and p < 0.01, respectively. ns indicated statistical significance at p > 0.05 within a column.

FIGURE 5

E�ects of di�erent N fertilizer treatments on photosynthesis traits (Pn, Gs, Ci, and Tr) in 2021. Pn, Gs, Ci, and Tr indicated net photosynthesis rate,

stomatal conductance, intercellular CO2 concentration, and transpiration rate, respectively. Values are the means ± SD of three replicates. Means

followed by a common letter are not significantly di�erent by the Tukey’s test at the 5% level of significance. *, **, and *** represented the

significance levels of p < 0.05, p < 0.01, and p < 0.001, respectively; ns indicated statistical significance at p > 0.05 within a column.
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FIGURE 6

E�ects of di�erent N fertilizer treatments on antioxidant enzymes, MDA, and N metabolism enzyme of rice leaves at di�erent growth stages in 2021.

SOD, CAT, and MDA indicated superoxide dismutase, catalase, and malondialdehyde, respectively. NR, GS, and GOGAT indicated nitrate reductase,

glutamine synthetase, and glutamate synthetase, respectively. Values are the means ± SD of three replicates. Means followed by a common letter are

not significantly di�erent by the Tukey’s test at the 5% level of significance. *, **, and *** represented the significance levels of p < 0.05, p < 0.01, and

p < 0.001, respectively; ns indicated statistical significance at p > 0.05 within a column.

Furthermore, the NR, GS, and GOGAT levels in CRUR were

higher than those under the other N fertilization treatments (FFP,

UM, UR, and CRUM), especially in the tillering stage. Compared

with the other N fertilization treatments (FFP, UM, UR, and

CRUM) in the tillering stage, the NR, GS, and GOGAT levels

in CRUR significantly increased by 33.71–119.38%, 17.56–41.56%,

and 21.97–61.00% (p < 0.05), respectively.

3.3. Biomass and N uptake distribution and
translocation in each organ

As depicted in Table 1, the BTA, BTR, and contribution rate

of BTA from GCR under all treatments were the highest in stems,

followed by leaves, in 2020 and 2021. However, the BTA, BTR, and

GCR levels varied among different N treatments. Compared with

the UM of stems and leaves in 2021, the BTA and BTR levels under

CRUM significantly increased by 37.04 and 23.36% in 2020 and

33.85 and 23.07% in 2021, respectively. The BTA level of stems and

leaves significantly increased by 27.42 and 46.16% in 2020 and 33.62

and 39.71% in 2021, respectively, compared with the UR level (p

< 0.05). Furthermore, the DME of CRU was significantly higher

than that of U, indicating that CRU effectively promoted dry matter

exportation compared with U.

The N uptake of stems and leaves increased first and

then decreased gradually in the rice-growing stage (Table 2).

A significant difference was observed between N application

treatments of stems, leaves, and panicles in different stages. For

example, the N uptake of stems and leaves was significantly

higher under CRU treatments (CRUM and CRUR) than under U

treatments (FFP, UM, and UR) in the tillering stage but not in the

heading andmaturity stages. In panicles in thematurity stage, the N

uptake significantly increased by 19.19% (2020) and 34.22% (2021)

under CRUM compared to UM (p < 0.05). The N uptake increased

significantly by 17.75% under CRUR (2021) compared to UR (p

< 0.05).

The TNT, TNTE, and NCR were significantly affected by N

applications and varieties (Table 3). In LNS, the CRU treatment

could significantly increase the SNT and LNT levels by 28% (p

< 0.05) compared with the U treatment, which further improved

TNT. For M and R application methods, the TNT significantly

increased by 4.35% (p < 0.05) under UR compared with UM

in 2021. The TNT significantly increased by 11.78 and 11.92%

under CRUR compared with CRUM in 2021 and 2021, respectively

(p < 0.05).
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TABLE 1 E�ects of di�erent N fertilization treatments on biomass translocation in each organ and its contribution rate to grain.

Year Treatment Index Stem Leave BME (t/ha) TRBV (%)

BTA (t/ha) BTR (%) CGR (%) BTA (t/ha) BTR (%) CGR (%)

2020 CK Mean± SD 0.89± 0.01e 18.40± 0.52c 11.10± 0.14b 0.36± 0.02c 13.48± 0.44c 4.55± 0.36b 1.12± 0.01b 15.11± 0.37b

CV % 1.12 2.83 1.26 5.56 3.26 7.91 0.89 2.45

FFP Mean± SD 1.03± 0.01d 21.11± 1.71bc 10.68± 0.05b 0.48± 0.02bc 15.82± 0.93b 4.99± 0.24b 1.51± 0.03b 18.98± 0.88ab

CV % 0.97 8.10 ·0.47 4.17 5.88 4.81 1.99 4.64

UM Mean± SD 1.13± 0.02d 18.98± 0.99bc 11.44± 0.83ab 0.57± 0.07b 16.63± 0.64ab 5.80± 1.08ab 1.42± 0.08b 15.66± 0.65b

CV % 1.77 5.22 7.26 12.28 3.85 18.62 5.63 4.15

UR Mean± SD 1.24± 0.03c 22.04± 0.15ab 11.71± 0.96ab 0.62± 0.01b 17.97± 1.37ab 5.85± 0.42ab 1.83± 0.03b 20.19± 0.48ab

CV % 2.42 0.68 8.20 1.61 7.62 7.18 1.64 2.38

CRUM Mean± SD 1.44± 0.02b 24.65± 1.45a 11.77± 0.64ab 0.83± 0.07a 18.06± 0.34a 6.77± 0.70a 2.81± 0.07a 25.45± 0.81a

CV % 1.39 5.88 5.44 8.43 1.88 10.34 2.49 3.18

CRUR Mean± SD 1.58± 0.07a 24.66± 1.31a 12.95± 0.72a 0.90± 0.06a 18.55± 0.69a 7.35± 0.57a 2.90± 0.13a 24.93± 0.76a

CV % 4.43 5.31 5.56 6.67 3.72 7.76 4.48 3.05

2021 CK Mean± SD 0.92± 0.06c 24.28± 2.27ab 12.06± 0.54ab 0.51± 0.02d 18.75± 1.63c 6.72± 0.29bc 1.76± 0.08b 25.67± 1.31b

CV % 6.52 9.35 4.48 3.92 8.69 4.32 4.55 5.10

FFP Mean± SD 1.12± 0.01b 26.66± 1.20a 11.14± 0.23b 0.61± 0.01c 19.41± 0.84bc 6.11± 0.16c 2.27± 0.02b 28.71± 0.56ab

CV % 0.89 4.5 2.06 1.64 4.33 2.62 0.88 1.95

UM Mean± SD 1.08± 0.01b 22.05± 0.38b 11.98± 0.86ab 0.65± 0.02c 20.89± 1.00bc 7.21± 0.64ab 2.32± 0.02b 26.96± 0.16ab

CV % 0.93 1.72 7.18 3.08 4.79 8.88 0.86 0.59

UR Mean± SD 1.16± 0.06b 23.61± 2.97ab 12.13± 1.00ab 0.68± 0.02c 21.52± 0.93b 7.15± 0.12ab 2.36± 0.04b 27.34± 1.52ab

CV % 5.17 12.58 8.24 2.94 4.32 1.68 1.69 5.56

CRUM Mean± SD 1.48± 0.01a 27.20± 0.789a 12.51± 0.17ab 0.87± 0.02b 25.71± 0.60a 7.41± 0.27ab 3.18± 0.03a 32.95± 0.48a

CV % 0.68 2.9 1.36 2.3 2.33 3.64 0.94 1.46

CRUR Mean± SD 1.55± 0.06a 27.07± 0.50a 12.98± 0.42a 0.95± 0.03a 27.00± 0.73a 7.94± 0.36a 3.01± 0.07a 30.88± 0.45ab

CV % 3.87 1.85 3.24 3.16 2.7 4.53 2.33 1.46

N supply way (W) 7.41∗ 4.66∗ ns 4.97∗ ns ns 5.71∗ 5.30∗

N variety (V) 86.68∗∗ 48.16∗∗ ns 61.58∗∗ ns 7.13∗ 76.85∗∗ 31.79∗∗

W× V ns ns ns ns ns ns ns ns

Means followed by a common letter are not significantly different by the Tukey-test at the 5% level of significance. ∗ , ∗∗ , and ∗∗∗ represented the significance level of p < 0.05, p < 0.01, and p < 0.001, respectively, ns indicated statistical significance at p > 0.05 within

a column.
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TABLE 2 E�ects of N application treatment on N uptake in di�erent organs of rice at di�erent growth stages (kg/ha).

Year Treatment Index Tillering stage Heading stage Maturity stage

Stem Leaf Totala Stem Leaf Panicle Totala Stem Leaf Panicle Totala

2020 CK Mean± SD 19.73± 0.75c 22.28± 0.86d 42.01± 1.60d 31.78± 1.38d 43.02± 2.07b 10.09± 1.88d 84.90± 2.57d 18.34± 1.28b 27.76± 2.68a 58.61± 4.61d 104.71± 7.40e

CV % 3.80 3.86 3.81 4.34 4.81 18.63 2.57 6.98 9.65 7.87 7.07

FFP Mean± SD 23.60± 1.10b 28.41± 0.14bc 52.00± 0.97c 38.53± 4.12cd 46.99± 2.33ab 15.62± 3.55bc 101.14± 9.72cd 22.57± 4.22b 30.94± 2.31a 97.91± 4.37c 151.43± 8.17d

CV % 4.66 0.49 1.87 10.69 4.96 22.73 9.72 18.7 7.47 4.46 5.40

UM Mean± SD 24.01± 0.79b 27.04± 0.19c 51.05± 0.66c 52.40± 5.10ab 49.02± c6.95ab 14.65± 2.17cd 116.06± 11.71bc 32.40± 0.55a 31.73± 6.71a 108.58± 4.90bc 172.71± 3.31cd

CV % 3.29 0.70 1.29 9.73 14.18 14.81 11.71 1.70 21.15 4.51 1.92

UR Mean± SD 24.94± 0.79b 30.11± 1.76b 55.05± 0.97b 45.38± 1.55bc 50.12± c3.83ab 21.87± 0.66a 117.38± 4.16bc 23.95± 2.05c 30.91± 4.13a 118.04± 10.20ab 172.89± 2.81bc

CV % 3.17 5.85 1.76 3.42 7.64 3.02 4.16 8.56 13.36 8.64 1.63

CRUM Mean± SD 27.41± 0.50a 37.87± 0.42a 65.29± 0.90a 58.01± 3.41a 53.92± 6.40ab 23.27± 0.68a 135.20± 9.87ab 35.25± 3.73a 31.35± 5.90a 129.42± 4.90a 196.02± 12.70ab

CV % 1.82 1.11 1.38 5.88 11.87 2.92 9.87 10.58 18.82 3.79 6.48

CRUR Mean± SD 28.22± 0.55a 37.51± 0.42a 65.74± 0.86a 60.44± 1.83a 56.13± 4.31a 20.40± 0.80ab 143.14± 2.10a 35.38± 1.76a 30.09± 3.92a 131.25± 10.94a 196.71± 16.88a

CV % 1.95 1.12 1.31 3.03 7.68 3.92 2.10 4.97 13.03 8.34 8.58

2021 CK Mean± SD 14.66± 0.83c 21.70± 1.34c 36.36± 1.78d 32.79± 2.00c 29.24± 1.48c 14.24± 0.27c 76.27± 5.47e 21.42± 2.18b 16.63± 4.41b 59.85± 5.20d 97.90± 9.79e

CV % 5.66 6.18 4.9 6.10 5.06 1.9 0.47 10.18 26.52 8.69 0.81

FFP Mean± SD 16.68± 0.35bc 28.18± 2.46b 44.87± 2.80c 42.57± 2.25b 46.29± 1.52b 14.86± 0.31c 103.72± 0.86d 26.79± 2.28ab 21.21± 0.85ab 94.18± 5.69c 142.18± 4.5d0

CV % 2.1 8.73 6.24 5.29 3.28 2.09 0.86 8.51 4.01 6.04 3.17

UM Mean± SD 17.34± 1.40b 32.01± 0.14b 49.35± 1.26bc 45.68± 2.69b 49.64± 1.43ab 21.25± 0.17b 116.57± 2.84c 28.44± 2.18a 21.43± 0.73ab 104.41± 9.98c 154.27± 9.10cd

CV % 8.07 0.44 2.55 5.89 2.88 0.80 2.84 7.67 3.41 9.56 5.90

UR Mean± SD 18.48± 0.34b 32.31± 0.46b 50.80± 0.69b 47.52± 4.87ab 50.34± 2.99ab 26.59± 2.06a 123.85± 4.75bc 29.05± 1.41a 21.43± 3.11ab 110.96± 5.73bc 161.44± 12.86bc

CV % 1.84 1.42 1.36 10.25 5.94 7.75 4.75 4.85 14.51 5.16 7.97

CRUM Mean± SD 21.84± 0.75a 46.28± 0.50a 68.13± 0.61a 49.53± 4.10ab 55.52± 3.87a 27.43± 0.81a 132.48± 1.03ab 28.58± 2.96a 24.86± 1.99a 126.41± 6.63ab 179.85± 16.10ab

CV % 3.43 1.08 0.90 8.28 6.97 2.95 1.03 10.36 8.00 5.24 8.95

CRUR Mean± SD 23.49± 0.54a 43.67± 2.44a 67.16± 1.99a 55.74± 2.19a 55.67± 3.37a 20.27± 2.26b 138.75± 2.77a 30.61± 1.93a 22.87± 3.98ab 130.66± 3.08a 184.14± 16.57a

CV % 2.30 5.59 2.96 3.93 6.05 11.15 2.77 6.31 17.4 2.36 9.00

N supply way (W) 5.09∗ 6.30∗ 20.26∗∗ ns ns 9.14∗ ns 9.67∗ ns 6.41∗ 3.01∗

N variety (V) 75.00∗∗ 286.84∗∗ 636.35∗∗ 29.57∗∗ ns 24.58∗∗ 23.61∗∗ 28.44∗∗ ns 12.80∗∗ 29.30∗∗

W× V ns 10.14∗ 12.90∗∗ 6.19∗ ns 49.10∗∗ ns 10.24∗ ns 6.43∗ 4.32∗

“a” indicated the total N uptake of stem, leaves, and panicle. Means followed by a common letter are not significantly different by the Tukey-test at the 5% level of significance. ∗ , ∗∗ , and ∗∗∗ represented the significance level of p < 0.05, p < 0.01, and p <0.001,

respectively, ns indicated statistical significance at p > 0.05 within a column.
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TABLE 3 E�ects of di�erent N fertilizer treatments on N transport of rice.

Year Treatment Index TNT (kg/ha) TNTE (%) NCR (%) Stem Leaf

SNT (kg/ha) SNTE (%) LNT (kg/ha) LNTE (%)

2020 CK Mean± SD 25.11± 0.70d 35.31± 2.13b 43.07± 4.55a 9.84± 0.41c 34.95± 1.62a 15.27± 0.98e 35.57± 3.50b

CV % 2.79 6.03 10.56 4.17 4.64 6.42 9.84

FFP Mean± SD 28.14± 1.45d 34.57± 1.64b 29.28± 1.27b 12.10± 1.55c 35.06± 1.49a 16.04± 0.39de 34.20± 1.79b

CV % 5.15 4.74 4.34 12.81 4.25 2.43 5.23

UM Mean± SD 33.64± 2.59c 34.71± 3.46b 31.09± 3.71b 16.35± 2.54b 34.88± 6.02a 17.29± 0.36d 35.69± 4.42b

CV % 7.7 9.97 11.93 15.54 17.26 2.08 12.38

UR Mean± SD 35.76± 0.56c 39.55± 2.51ab 30.41± 2.15b 16.54± 0.17b 40.92± 1.94a 19.22± 0.39c 38.52± 3.56ab

CV % 1.57 6.35 7.07 1.03 4.74 2.03 9.24

CRUM Mean± SD 45.32± 0.44b 40.68± 3.19ab 35.67± 1.79ab 22.75± 0.59a 39.33± 2.94a 22.57± 0.56b 42.16± 3.84ab

CV % 0.97 7.84 5.02 2.59 7.48 2.48 9.11

CRUR Mean± SD 50.66± 1.09a 43.63± 0.57a 39.37± 2.34a 24.62± 1.21a 41.04± 2.11a 26.04± 0.57a 46.53± 2.86a

CV % 2.15 1.31 5.94 4.92 5.14 2.19 6.15

2021 CK Mean± SD 23.95± 1.04f 38.78± 2.95c 65.34± 10.04a 11.37± 0.19e 34.80± 2.69c 12.58± 1.23d 43.62± 7.06b

CV % 4.34 7.61 15.37 1.67 7.73 9.78 16.19

FFP Mean± SD 41.14± 0.38e 46.16± 1.04b 49.09± 2.12b 15.80± 0.21d 37.16± 1.83bc 25.34± 0.45c 54.44± 0.61a

CV % 0.92 2.25 4.32 1.33 4.93 1.78 1.12

UM Mean± SD 45.54± 0.02d 47.75± 1.09ab 45.97± 3.79b 17.26± 0.32cd 37.82± 1.33bc 28.28± 0.34b 56.89± 0.85a

CV % 0.04 2.28 8.25 1.85 3.52 1.2 1.49

UR Mean± SD 47.52± 0.29c 48.62± 2.99ab 43.97± 4.63b 18.47± 0.13c 39.11± 3.64bc 29.05± 0.26b 57.70± 3.54a

CV % 0.61 6.15 10.53 0.7 9.31 0.9 6.14

CRUM Mean± SD 51.77± 0.60b 49.21± 0.77ab 39.32± 4.82b 20.96± 1.29b 42.38± 1.29ab 30.80± 1.87ab 55.36± 0.50a

CV % 1.16 1.57 12.26 6.16 3.04 6.07 0.9

CRUR Mean± SD 57.94± 0.29a 52.07± 2.22a 39.87± 2.22b 25.13± 0.64a 45.11± 0.93a 32.81± 0.57a 59.12± 4.10a

CV % 0.5 4.26 5.57 2.55 2.06 1.74 6.94

N supply way (W) 194.74∗∗ ns ns 32.76∗∗ ns 6.35∗ ns

N variety (V) 1132.80∗∗ ns 5.03∗ 141.81∗∗ 12.61∗ 38.05∗∗ ns

W× V 51.79∗∗ ns ns 10.40∗ ns 2.09∗ ns

“a” indicated the total N uptake of stem, leaves and panicle. Values are means± SD of three replicates. Means followed by a common letter are not significantly different by the Tukey-test at the

5% level of significance. ∗ , ∗∗ , and ∗∗∗ represented the significance level of p < 0.05, p < 0.01, and p < 0.001, respectively, ns indicated statistical significance at p > 0.05 within a column.

3.4. N uptake in roots

As shown in Figure 7, the N uptake of roots showed similar

trends in LNS after 30 and 60 days (d). The treatments were in

the order CRUR > CRUM > UR = UM. N uptake significantly

increased by 27.68% (p < 0.05) after 30 and 60 days under CRU

treatment compared with under U treatment. Furthermore, CRUR

treatment significantly increased the N uptake of roots by 10.80–

34.50% after 60 days and by 15.83–22.92% after 90 days in 2020,

and by 16.83–50.49% after 30 days and 10.82–32.56% after 60 days

in 2021 (p < 0.05), compared with other treatments (UM, UR,

and CRUM).

3.5. NH+

4 -N and NO–
3-N concentration in

di�erent soil layers

As shown in Figure 8, the NH+

4 -N concentration decreased

gradually with the deepening of the soil layer. In LNS,

NH+

4 -N concentration was significantly higher under CRU

treatment than under U treatment in the 0–20 and 20–40 cm

soil layers when the same N application method was used.

Moreover, the NH+

4 -N concentration significantly increased by

52.90–94.02% under CRUR treatment compared with other

treatments (UM, UR, and CRUM) at a depth of 0–20 cm,

indicating that CRUR was most beneficial in increasing soil

NH+

4 -N concentration.

The NO−

3 -N concentration in different soil layers showed

different trends compared with the NH+

4 -N concentration

(Figure 8), and it increased first and then decreased with the

deepening of the soil layer. The NO−

3 -N concentration in different

soil layers was significantly higher under N treatment than

under CK treatment, indicating that the N treatment resulted

in the continuous accumulation of NO−

3 -N in the soil. The

NO−

3 -N concentration in the 0–20 and 20–40 cm soil layers

was significantly higher under FFP treatment than under LNS

treatment. Furthermore, compared with other treatments (UM,

UR, and CRUM) at a depth of 0–20 cm, the NO−

3 -N concentration
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in the 0–20 cm soil layer under CRUR treatment significantly

decreased by 34.31–47.39% (p < 0.05).

3.6. N balance

The N varieties and methods significantly affected N uptake, N

residual, N apparent loss, and N surplus in the soil–crop system

(Table 4). In LNS, the total N uptake and N residual increased

under CRU treatment compared with U treatment, especially

FIGURE 7

E�ects of di�erent N fertilizer treatments on N uptake of roots in

2020 and 2021. Values are means ± SD of three replicates. Means

followed by a common letter are not significantly di�erent by the

Tukey-test at the 5% level of significance. Means followed by a

common letter are not significantly di�erent by the Tukey-test at the

5% level of significance. *, **, and *** represented the significance

level of p < 0.05, p < 0.01, and p < 0.001, respectively, ns indicated

statistical significance at p > 0.05 within a column.

CRUR. The N residual significantly increased by 17.50–48.07%

(p < 0.05) under CRUR treatment compared with other LNS

treatments (UM, UR, and CRUM). Moreover, the CRU could

effectively reduce the N apparent loss and N surplus compared

with U, and the CRUR showed the lowest N apparent loss. The N

apparent loss significantly decreased by 50.05–75.51% (p < 0.05)

under CRUR treatment compared with other LNS treatments (UM,

UR, and CRUM).

3.7. Relationship between N uptake in
shoots and roots

Figure 9 shows the path coefficient structural model that

describes the important relationships among selected traits. The N

uptake in rice shoots directly and positively affected yield and yield

components. Moreover, the N metabolism enzyme activity (GS), N

residual in soil, and N uptake in roots also directly and positively

affected N uptake in shoots. For underground rice plants, the N

residual in the 0–20 cm soil layer directly promoted the increase

in the N uptake of roots. Furthermore, the N varieties had positive

and significant effects on NH+

4 -N and NO−

3 -N contents in different

soil layers, but the N fertilization modes only had a positive and

significant effect on NH+

4 -N in the soil layer of 0–20 cm and on

NO−

3 -N content in the soil layer of 0–40 cm, respectively.

4. Discussion

4.1. N uptake and transport a�ected by
local n supply

Conventional broadcasting of N fertilizers is considered an

inefficient N management method for rice (Nkebiwe et al., 2016).

Previous studies indicated that LNS was a more effective alternative

to broadcast fertilization to increase the N uptake by rice in

paddy fields (Nkebiwe et al., 2016; Zhu et al., 2022). In this

FIGURE 8

Average contents of NH+

4 -N and NO−

3 -N in di�erent soil layers in 2021.
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TABLE 4 E�ects of local nitrogen supply on N balance in rice field system in 2020 (kg/ha).

Treatment Index N initiala N fertilizer N mineralb Total N
uptakec

N residual N apparent
loss

N surplus

CK Mean± SD 101.89 – 87.53 138.55± 7.53d 50.87± 3.72e 0.00± 0.00e 50.87± 7.53d

CV % – – – 5.43 7.31 0.00 14.80

FFP Mean± SD 101.89 180.00 87.53 186.57± 6.76c 59.93± 3.51de 122.92± 7.45a 182.85± 6.76a

CV % – – – 3.62 5.86 6.06 3.70

UM Mean± SD 101.89 180.00 87.53 214.42± 6.84b 66.57± 3.99cd 88.43± 3.63b 155.00± 6.84b

CV % – – – 3.19 5.99 4.10 4.41

UR Mean± SD 101.89 180.00 87.53 216.25± 8.63b 74.58± 4.66bc 78.59± 4.41b 153.17± 8.63b

CV % – – – 3.99 6.25 5.61 5.63

CRUM Mean± SD 101.89 180.00 87.53 240.40± 1.83a 83.90± 6.53b 45.12± 5.83c 129.02± 1.83c

CV % – – – 0.76 7.78 12.92 1.42

CRUR Mean± SD 101.89 180.00 87.53 248.30± 6.26a 98.58± 4.04a 22.54± 3.29d 121.12± 6.26c

CV % – – – 2.52 4.10 14.60 5.17

N supply way (W) – – – ns 15.98∗∗ 40.71∗∗ ns

N variety (V) – – – 61.67∗∗ 52.97∗∗ 382.25∗∗ 61.67∗∗

W× V – – – ns ns 6.29∗ ns

“a” indicated that the total of NH+

4 -N and NO−

3 -N content before transplanting.

“b” indicated that “the N residual in CK+ the total N uptake—the N initial”.

“c” indicated the total N uptake indicated “the shoot N uptake + root N uptake”. Means followed by a common letter are not significantly different by the Tukey-test at the 5% level of

significance. ∗ , ∗∗ , and ∗∗∗ represented the significance level of p < 0.05, p < 0.01 and p < 0.001, respectively, ns indicated statistical significance at p > 0.05 within a column.

FIGURE 9

Path coe�cient structural model of rice yield and the variables, analysis variance of NH+

4 -N and NO−

3 -N content under N varieties and N fertilization

modes. Boxes indicate the variable name, and the numbers in parentheses indicate the variance explained by the model (R2). The numbers adjacent

to arrows are standardized path coe�cients and indicative of the e�ect size of the relationship. A line with arrowhead indicates a putative causal link

between the cause (base of arrow) and e�ect (point of error). “0–20, 20–40, 40–60” indicated di�erent soil layers. *, **, and *** in black and red

colors represent the significance levels of p < 0.05, p < 0.01, and p < 0.001, respectively.

Frontiers in Sustainable FoodSystems 13 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1252324
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Hu et al. 10.3389/fsufs.2023.1252324

study, LNS increased N uptake in the maturity stage by 11.37–

16.48% compared with FFP (Table 3). It is widely believed that

LNS provides adequate nutrient concentration near the root zone,

facilitating root growth and maintaining root viability (Li et al.,

2021), thus improving N uptake (Linquist et al., 2012). The results

of this study showed that LNS enhanced the activity of SOD and

CAT by 23.13 and 33.33%, respectively, and reduced the MDA

content by 66.48%, which was in line with the findings of Pan et al.

(2017). A good antioxidant enzyme system can delay plant aging

and promote the growth and N uptake of rice (Liao et al., 2019,

2022).

M and R, the two main application methods of LNS, place

the fertilizer near the rice root system to ensure N supply while

effectively reducing N loss (Zhu et al., 2019; Ding et al., 2022).

Previous studies showed that the differences in N availability due

to the different ways of placing fertilizers via the two fertilization

methods further affected N uptake and transfer (Liu et al., 2017).

In this study, R increased the TNT by 8.58% compared with M

(Table 3), which was relatively similar to the Nmetabolism enzyme.

R increased the enzyme activities of NR, GS, and GOGAT by 13.81,

9.56, and 15.59%, respectively, compared with M. Generally, NH+

4 -

N and NO−

3 -N can be absorbed by rice roots, and NO−

3 -N can

be converted into NH+

4 -N by NR. The NH+

4 -N can be converted

into glutamine by GS and glutamic acid by GOGAT (Takabayashi

et al., 2016). This is a critical step in converting inorganic N into

organic N in plants, which facilitates N transport (Wang et al.,

2018). Moreover, according to Figure 9, increased NR and GS

activities directly stimulated N uptake in the shoot, which resulted

in an increased rice yield. In addition, in rice field fertilization,

M is mechanized, while R needs to be realized manually, which

is comparatively more time-consuming and labor-intensive (Liu

et al., 2020; Min et al., 2021). Therefore, researchers should focus

on mechanizing R as soon as possible.

4.2. N transport a�ected by N varieties

N is the main component of chloroplasts, and N supply

significantly increases the N uptake, chlorophyll contents, and

photosynthesis of rice leaves (Sun et al., 2016). Studies have shown

that the CRU application can prolong N availability in the soil,

delay leaf senescence, and further increase N accumulation in the

plant (Ding et al., 2022). In this study, the total N uptake and TNT

under CRU treatment were significantly higher than those under

U treatment (Table 2), which was consistent with the results of

previous studies (Li et al., 2017, 2020).

N release rate under CRU treatments is influenced by the

N application method. This is because the nutrient release of

CRU is mainly influenced by the external ambient temperature

and accelerates with increasing temperature. Meanwhile, the soil

surface layer is more susceptible to the influence of solar radiation

and temperature than the deeper layers. Fertilizers placed on the

surface are more susceptible to wind and water erosion than those

placed below the ground (Ding et al., 2020). Studies showed that

the local CRU supply not only improved N uptake by rice but

also reduced greenhouse gas emissions by 9.2% compared with

the broadcast CRU supply (Li et al., 2023). This indicated that the

application of CRU under LNS was more effective. Furthermore,

it was found that N uptake in the roots was significantly higher

under CRUR treatment than under other treatments (UM, UR,

and CRUM) by 25.74% (Figure 7). This was because root N uptake

was influenced by the N concentration around the roots (Ruseani

et al., 2022), and the uptake rate was higher in roots grown in

nutrient-rich patches than in nutrient-poor patches. Moreover, this

study also revealed that N uptake in the root system had a direct

and positive effect on aboveground N uptake (Figure 9), which

was consistent with the findings of Niu et al. (2019). In addition,

the yield and gross return under the CRUR treatment were higher

than other treatments (UM, UR, and CRUM) by 2.06–22.86% and

1.92–22.51%, respectively (Supplementary Tables S1, S2).

4.3. Soil N balance a�ected by the coupling
of local n supply and n varieties

The remaining N fertilizer in the soil has three destinations:

it is absorbed by the next crop, enters the groundwater of

paddy fields by leaching and runoff, and is converted into N2O

and N2 in the atmosphere by denitrification. The unabsorbed

residual N can lead to serious environmental issues, such as the

greenhouse effect of rice fields, groundwater nitrate pollution,

and biodiversity degradation (Chen et al., 2014; Smith et al.,

2016). Thus, maintaining soil apparent N balance is significant

to crop yield and environmental protection. In this study, CRUR

treatment showed the lowest N apparent loss compared with other

N treatments (FFP, UM, UR, and CRUM), besides the higher N

uptake of CRUR. Most importantly, the N residual under CRUR

was significantly higher than that under other treatments. The

continuous N supply from CRUR increased the soil microbial

enzyme activity around the root system (Zhang et al., 2017), which

facilitated the N conversion of the fertilizer and enhanced the N

fixation capacity in the soil, thus increasing the residual N in the

soil based on the N application method. The contact area between

N fertilizer and soil determines the rate of N fertilizer dilution

and release, and the larger the contact area, the higher the rate of

N fertilizer dilution and release (Zhou et al., 2020). The contact

area between N fertilizer and soil can be in the following order:

broadcasting > strip application > cavity application. Therefore,

it can be hypothesized that the N fertilizer dilution and release

rate are the lowest under R, the N occurs due to leaching, and

runoff losses are smaller (Jiang et al., 2017). Interestingly, Ju and

Zhang (2003) argued that this residual N was not necessarily lost

immediately and might also serve to replenish the soil N pool with

good management (Ju and Zhang, 2003; Smith and Chalk, 2018).

Therefore, considering rice growth and soil N balance, R should be

used as the main N fertilizer application method, and the best effect

is achieved with the application of CRU.

5. Conclusion

These results clearly indicated that local N supply significantly

improved N transport and reduced N loss in rice compared with
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farmers’ fertilizer practices. In local N supply, CRU significantly

increased the activities of antioxidant enzymes and N metabolism

enzymes compared with urea, which contributed to N uptake and

transport in rice. Root-zone fertilization significantly reduced N

loss compared with mechanical side-deep fertilization. Therefore,

considering the risk of soil N leaching and environmental

protection, root-zone fertilization should be selected as the

recommended fertilization method, and the combination of

CRU and root-zone fertilization is the most effective. The

government should support the development of simple deep

fertilizer application machinery to promote root-zone fertilization

with CRU.
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