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Abstract

To ensure food security and reduce nitrogen fertilizer input in paddy ecosys-
tems, improving nitrogen use efficiency and reducing nitrogen loss have become
important agricultural and environmental measures. This study conducted a
one-year field experiment with early and late rice at the Yueyang Agricultural
Environmental Science Observation and Experimental Station of the Ministry
of Agriculture, located in Yueyang, Hunan, comparing nutrient use efficiency,
crop yield, and nitrogen loss under no fertilization (T1), conventional urea fertil-
ization (T2, N application rate of 280 kg - hm 2, P,O5 165 kg - hm 2, K,O 120
kg « hm~2), conventional controlled-release fertilizer application (T3, N applica-
tion rate of 230 kg - hm~2, P,O; 165 kg - hm~2, K,O 120 kg - hm~2), high-rate
controlled-release fertilizer side-dressing (T4, N application rate of 230 kg-hm~2,
P,0; 138 kg - hm 2, K,O 120 kg - hm?), medium-rate controlled-release fertil-
izer side-dressing (T5, N application rate of 180 kg« hm~2, P,O5 123 kg - hm 2,
K,0 120 kg - hm~2), and low-rate controlled-release fertilizer side-dressing (T6,
N application rate of 140 kg - hm~2, P,O5 123 kg - hm~2, K,O 120 kg - hm~2),
aiming to provide a theoretical basis for rational nitrogen utilization in paddy
fields. The results indicated that side-dressing controlled-release fertilizer could
effectively improve rice yield and its components, increase nitrogen use efficiency,
and reduce non-point source loss. 1) Under conditions of reduced rice seedling
numbers and nitrogen application rates, the early and late rice yields under T4
treatment increased by 13.17% and 4.72%, respectively, compared with T2 treat-
ment, and also increased by 7.27% and 1.74%, respectively, compared with T3
treatment; 2) Side-dressing fertilization treatments effectively reduced nitrogen
loss in paddy fields, with annual nitrogen loss of 0.466-0.673 kg -hm 2, reducing
surface runoff nitrogen loss by 3.54%-29.36% compared with conventional fer-
tilization treatments; 3) Side-dressing fertilization effectively improved nitrogen
use efficiency, with the nitrogen use efficiency under T4 treatment being 1.70
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times and 1.22 times that of T2 and T3 treatments, respectively. Therefore,
adopting appropriate fertilization methods combined with suitable amounts of
controlled-release nitrogen fertilizer can achieve higher output value and ben-
efits. High-rate controlled-release fertilizer side-dressing (T4) represents the
optimal fertilization model for the study area and holds significant importance
for achieving high yield and efficiency, resource conservation, and ecological
environmental protection in modern agricultural production.
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Abstract: To ensure food security while reducing nitrogen fertilizer input in
paddy ecosystems, improving nitrogen use efficiency and reducing nitrogen loss
have become critical agricultural and environmental measures. This study con-
ducted a one-year field experiment with early and late rice at the Yueyang Agri-
cultural Environmental Science Observation Station in Hunan Province, compar-
ing six fertilization treatments: no fertilizer (T1), conventional urea application
(T2, N 280 kg-hm™2), controlled-release fertilizer with conventional method (T3,
N 230 kg - hm~2), high-rate controlled-release fertilizer with side-bar application
(T4, N 230 kg - hm~2), medium-rate controlled-release fertilizer with side-bar ap-
plication (T5, N 180 kg - hm~2), and low-rate controlled-release fertilizer with
side-bar application (T6, N 140 kg - hm~2). All treatments received P50y 123-
165 kg « hm=2 and K,O 120 kg - hm~2. The results demonstrated that side-bar
application of controlled-release fertilizer effectively improved rice yield and its
components, enhanced nitrogen use efficiency, and reduced non-point source
nitrogen loss. Specifically: (1) Under reduced seedling density and nitrogen
application rates, T4 increased early and late rice yields by 13.17% and 4.72%,
respectively, compared with T2, and by 7.27% and 1.74% compared with T3;
(2) Side-bar fertilization reduced annual nitrogen loss to 0.466-0.673 kg - hm—2,
decreasing surface runoff nitrogen loss by 3.54%-29.36% compared with con-
ventional fertilization; (3) Side-bar fertilization significantly improved nitrogen
use efficiency, with T4 achieving 1.70 and 1.22 times the efficiency of T2 and
T3, respectively. Therefore, adopting appropriate fertilization methods with
suitable controlled-release nitrogen fertilizer can achieve higher yields and eco-
nomic returns. High-rate controlled-release fertilizer with side-bar application
(T4) represents the optimal fertilization mode for this region, holding signifi-
cant importance for realizing high yield and efficiency, resource conservation,
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and ecological protection in modern agricultural production.

Keywords: Rice; Slow-release fertilizer; Side-bar fertilization; Nitrogen use
efficiency; Nitrogen loss; Surface source loss rate; Dongting Lake

Introduction

Agricultural non-point source pollution constitutes one of the primary causes
of water contamination, with over 60% of global surface water environmental
issues attributed to agricultural activities [1]. The double-cropping rice region
(28°44 -29°35 N, 111°53 -113°28 E) produces 30% of Hunan Province’ s total
grain output, predominantly rice. In recent years, excessive and improper nitro-
gen fertilizer application in this region has led to increasingly severe non-point
source pollution and water eutrophication in the lake area [2]. The proportion
of farmers applying excessive nitrogen in southern rice regions reaches 60%-
90% [3], and studies using °N-labeled nitrogen fertilizer indicate nitrogen loss
rates of 30%-70% in paddy fields [4]. Such intensive agricultural practices not
only reduce nutrient use efficiency and fertilization benefits but also increase
nutrient concentrations in runoff water, thereby affecting downstream aquatic
ecosystems and causing water quality degradation. Consequently, reducing ni-
trogen input into water bodies from the source represents the key to controlling
agricultural non-point source pollution. Research in the Dongting Lake region
has shown that substituting chemical fertilizers with equivalent amounts of or-
ganic manure can reduce nitrogen loss without significantly affecting rice yield
[6]. Similarly, studies in the Taihu Lake region demonstrated that appropri-
ately reducing nitrogen input does not decrease rice yield but can significantly
improve nitrogen use efficiency and reduce nitrogen loss [6]. Slow/controlled-
release fertilizers have emerged as an effective solution to these problems due to
their high utilization efficiency and favorable nutrient release characteristics.

Numerous scholars domestically and internationally have dedicated efforts to
the application and promotion of controlled-release nitrogen fertilizers. Research
results indicate that slow-release urea application can increase root zone nitro-
gen content and enhance the activities of leaf glutamine synthetase, glutamine
a-ketoglutarate aminotransferase, and nitrate reductase in rice plants. Under
equivalent nitrogen application rates, slow-release urea achieves over 20% higher
nitrogen use efficiency than conventional urea, while still producing 3%-5.9%
higher yields even with 30% reduced application rates [7]. Zheng et al. [§]
reported that appropriate sulfur coating can improve soil Ca and Mg activa-
tion, increase rice nitrogen uptake and utilization efficiency, and boost yield.
Using '°N tracer technology, Ji et al. [9] investigated controlled-release nitro-
gen fertilizer utilization and nitrate leaching loss during early rice cultivation,
finding that single basal application of controlled-release nitrogen fertilizer in-
creased grain yield by over 7.0% compared with split urea application, with
nitrogen utilization efficiency 35.9% higher and nitrate nitrogen loss reduced by
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27.1%. Additionally, Xu et al. [10] found that nitrogen loss through ammonia
volatilization in paddy fields under controlled-release fertilizer combined with
non-flooding irrigation management was 23.73 kg(N) - hm 2, significantly lower
than in flooded paddies with conventional fertilization.

Regarding application methods, controlled-release fertilizers are typically broad-
cast or uniformly deep-incorporated using conventional techniques. Although
controlled-release fertilizers can slowly release nutrients according to crop de-
mand, they cannot achieve spatially intensive utilization. Side-bar fertilization
technology represents a comprehensive nutrient management system encompass-
ing seedling cultivation, pre-transplanting preparation, transplanting with fer-
tilization, and post-planting management [11]. Its core principle involves mech-
anized operations that optimize planting density while applying slow-release
fertilizer 3-4 cm lateral to seedlings at a depth of 3-5 cm. Due to its significant
advantages in promoting yield and conserving nutrients, this technology is be-
ing piloted and promoted on a large scale in Hunan, Ningxia, and Heilongjiang
provinces. Liu et al. [12] demonstrated in Ningxia’ s Yellow River irrigation
region that side-bar fertilization technology significantly increased aboveground
nitrogen uptake and nitrogen partial factor productivity while reducing appar-
ent nitrogen loss. Currently, research remains limited on the application of
controlled-release fertilizers through rice side-bar fertilization technology and
its effects on rice yield, fertilizer utilization efficiency, and soil nutrient runoff
losses, particularly in major rice-producing regions adjacent to important lake
areas in China. Addressing nitrogen surplus issues in rice production in the
Dongting Lake region, this study conducted field plot experiments using side-
bar fertilization technology in a double-cropping rice system to investigate the
effects of different fertilizer side-bar application techniques on crop yield, fertil-
izer utilization efficiency, soil nutrients, and field runoff water, aiming to provide
scientific basis and technical support for rational fertilization, regional agricul-
tural non-point source pollution control, and water environment protection in
the Dongting Lake region.

1.1 Study Area Overview

The experiment was conducted at the Yueyang Agricultural Environmental Sci-
ence Observation Station (112°44 14 E, 28°57 11 N), Ministry of Agriculture,
located in a subtropical region with warm and humid climate, adequate sun-
light, and moderate rainfall. The area has an average annual temperature of
17 °C, mean annual precipitation of 1,400 mm, and annual sunshine duration of
1,722.1-1,816 h. The experimental soil was alluvial soil developed from Dongt-
ing Lake sediments with a clay-loam texture, pH 5.67, organic matter content
of 36.3 g+ kg !, total nitrogen 1.4 g-kg™!, total phosphorus 0.6 g - kg™!, and
available potassium 98 mg - kg™?.
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1.2.1 Experimental Design

Based on conventional fertilization practices in the region, the field plot ex-
periment included the following treatments: (1) No fertilizer, T1; (2) Con-
ventional fertilization, T2; (3) Controlled-release fertilizer with conventional
method, T3; (4) High-rate controlled-release fertilizer with side-bar applica-
tion, T4; (5) Medium-rate controlled-release fertilizer with side-bar applica-
tion, T5; (6) Low-rate controlled-release fertilizer with side-bar application, T6.
Specific fertilizer application rates for each treatment are shown in Table 1
. The controlled-release fertilizer, produced by Shandong Shikefeng Chemical
Co., Ltd., contained 15.0% N, 15.0% P,05, and 15.0% K,O. Conventional fer-
tilization used urea (N, 46%), calcium magnesium phosphate fertilizer (P,Os,
14%), and potassium chloride (K50, 60%). All controlled-release fertilizer was
applied as basal fertilizer during transplanting. The T3 treatment received
basal application during field preparation, while T4, T5, and T6 treatments
employed side-bar fertilization using a Japanese-made Minoru four-wheel, four-
row transplanter-fertilizer applicator during transplanting, with fertilizer placed
5 cm deep and 5 cm lateral to the root system at row spacing of 33 cm and plant
spacing of 14 cm. For conventional fertilization treatments, 80% of nitrogen and
all phosphorus and potassium fertilizers were applied as basal fertilizer during
field preparation, with the remaining 20% nitrogen topdressed as broadcast ap-
plication at the tillering stage (May 10 for early rice, August 6 for late rice).

The rice varieties were ‘Yueyou 27 for early rice and “Yueyou 9113’ for late rice.
Early rice seedlings were cultivated starting March 30, transplanted on April 30,
and harvested on July 20. Late rice seedlings were cultivated starting June 28,
transplanted on July 25, and harvested on October 27. Planting densities were
16 cm x 20 cm for early rice and 20 cm x 25 cm for late rice in T1, T2, and
T3 treatments, and 12 cm x 33 cm for early rice and 14 cm x 33 cm for late
rice in T4, T5, and T6 treatments. Each experimental plot measured 15 m in
length and 5.2 m in width (fertilizer applicator width 1.3 m x 4 rows = 5.2 m),
with an area of 78 m2. All plots were isolated with double-layer plastic film (30
cm underground depth, 30 cm aboveground ridge height) to minimize lateral
seepage and cross-flow between plots. Each plot had independent drainage and
irrigation inlets, with three replications per treatment arranged in a randomized
complete block design (Table 1).

1.2.2 Observation Indicators and Measurement Methods

During the rice growing season (excluding the midseason aeration period), pre-
cipitation events causing changes in surface water height were considered effec-
tive precipitation. Surface water samples were collected using a small spoon at
five random points in a quincunx pattern within each plot, with 1,000 mL total
volume stored in mineral water bottles. Samples were immediately refrigerated
below 5 °C. At harvest, crops in each plot were harvested separately for yield
determination and grain quality analysis. Mature plant samples were divided
into aboveground vegetative parts and grains. Aboveground plant parts were
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killed at 105 °C for 30 minutes, then dried to constant weight at 70 °C. Si-
multaneously, five soil samples (0-20 cm depth) were collected from each plot
using quincunx sampling, mixed, and analyzed for nitrate nitrogen content in
fresh subsamples. Approximately 0.5 kg of remaining soil was air-dried, ground,
and passed through a 2-mm sieve for storage. Throughout the growing sea-
son, five precipitation events generating runoff were successfully captured. Soil
nitrate nitrogen was extracted with 1 mol - L~ KCI solution and measured
by dual-wavelength UV spectrophotometry correction. Total soil nitrogen and
phosphorus were determined by semi-micro Kjeldahl method and HC10,-H,SO,
digestion-molybdenum antimony colorimetry, respectively. Water samples were
analyzed for total nitrogen by potassium persulfate oxidation-UV spectropho-
tometry and total phosphorus by potassium persulfate oxidation-molybdenum
blue colorimetry [13].

1.3 Data Calculation and Statistical Analysis

Grain yield was calculated based on air-dried grain weight at 13% moisture
content. Nitrogen loss was calculated as the sum of pollutant concentrations in
each runoff (or leachate) event multiplied by the corresponding water volume.
Total annual runoff represents the sum of losses during effective precipitation
events throughout the year. The calculation formulas are as follows:

Nitrogen loss amount = X(C x V) (1)

where P is the pollutant loss amount, C is the nitrogen or phosphorus concen-
tration in the i-th runoff (or leachate) event, and V is the water volume of the
i-th runoff event.

Fertilizer uptake = Content in grain + Content in straw (2)

Nitrogen use efficiency = (Uptake in fertilized plot — Uptake in control plot) /
Fertilizer application rate (3)

All data were subjected to multiple comparison tests using SPSS 13.0 software.

2.1 Changes in Rice Yield Under Different Fertilization Treatments

The effects of different fertilization treatments on rice grain yield are shown in
Figure 1 [Figure 1: see original paper]. All fertilization treatments promoted
rice yield improvement. Although statistical analysis showed no significant dif-
ference in yield between early and late rice under the same application rate
(T3 and T4), the T5 treatment (controlled-release fertilizer with 18% nitrogen
reduction and side-bar application) showed no significant difference from the
T3 treatment (controlled-release fertilizer without nitrogen reduction and con-
ventional application), demonstrating that side-bar fertilization technology can
maintain rice yield while reducing nitrogen application. Furthermore, in terms
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of average yield, T4 treatment was 7.28% higher than T3 in the early rice sea-
son and 1.75% higher in the late rice season. Compared with conventional urea
fertilization (T2), side-bar fertilization technology maintained rice yield even
with 40 kg - hm~2 reduced controlled-release fertilizer application (T6), with no
significant changes in early rice (5,356.94 kg - hm~2) or late rice (7,073.39 kg -
hm~2) yields.

Rice yield components are primarily affected by panicles per plant, grains per
panicle, and 1,000-grain weight. Due to lower planting density in side-bar fertil-
ization treatments, effective panicle numbers were lower than in T2 and T3 (Ta-
ble 2). Treatment T3 (conventional farmer practice) achieved the highest final
panicle numbers, reaching 326.1 x 10*-hm—2 and 315.9 x 10*-hm™2 in early and
late rice seasons, respectively—substantially higher than the three side-bar fer-
tilization treatments. However, side-bar fertilization treatments showed higher
grains per panicle and slightly increased 1,000-grain weight, compensating for
the lower effective panicle numbers and achieving yield component balance with
conventional fertilization. No significant differences in yield components were
observed between T2 and T3 treatments.

2.2 Effects of Different Fertilization Treatments on Paddy Soil Nitro-
gen Content

Table 3 shows that different fertilization treatments had no significant effect
on soil total nitrogen, though all were significantly higher than the no-fertilizer
treatment, with no significant difference between early and late rice seasons.
Effects on soil nitrate nitrogen and ammonium nitrogen varied with season and
fertilization treatment. In early rice soil samples, T4 showed the highest nitrate
and ammonium nitrogen contents, significantly different from the other two
side-bar fertilization treatments (T5 and T6) but not from conventional fertil-
ization treatments (T2 and T3). For late rice soil samples, T4 nitrate nitrogen
content was significantly higher than T2 and T3. Except for T1 and T5, early
rice soil nitrate nitrogen content was significantly higher than late rice, while
ammonium nitrogen content was higher in early rice than late rice across all
treatments. The highest late rice ammonium nitrogen content was only 1.71
mg - kg~ (T5), whereas the highest early rice ammonium nitrogen content was
8.14 times greater (T4).

2.3 Non-Point Source Loss Rates of Fertilizer Nitrogen Under Differ-
ent Treatments

Comprehensive analysis revealed that all fertilization treatments were accompa-
nied by nitrogen transfer from soil to water (Figure 2 [Figure 2: see original
paper]), with side-bar fertilization technology significantly outperforming con-
ventional and controlled-release fertilizer applications in reducing nitrogen loss.
The primary nitrogen release occurred within 20 days after fertilization. Calcu-
lated as release proportion, early rice total nitrogen release during the first 20
days accounted for 66.44% (T6) to 84.20% (T2) of the entire growing period,
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ammonium nitrogen 70.56% (T6) to 82.84% (T2), nitrate nitrogen 81.27% (T5)
to 87.30% (T3), and organic nitrogen 45.36% (T5) to 83.81% (T2). For late
rice, the ranges were: total nitrogen 77.30% (T6) to 91.52% (T2), ammonium
nitrogen 79.86% (T4) to 92.42% (T2), nitrate nitrogen 88.67% (T2) to 94.82%
(T3), and organic nitrogen 63.59% (T6) to 91.35% (T2).

In terms of absolute loss amounts (Figure 3 [Figure 3: see original paper]), T2
showed the highest loss, with total nitrogen loss reaching 9.57 kg - hm2 and
ammonium nitrogen loss of 3.74 kg+hm~2. The lowest loss occurred in T6
treatment. Side-bar fertilization technology effectively reduced nitrogen loss in
paddy fields, with annual nitrogen loss of only 4.66-6.73 kg - hm~2, decreasing
surface runoff nitrogen loss by 3.54%-29.36% compared with conventional fertil-
ization. Nitrogen loss was primarily related to fertilization timing, with rainfall
also exerting influence, mainly affecting total nitrogen, ammonium nitrogen,
and organic nitrogen. Rainfall events occurring within 20 days after nitrogen
application significantly increased nitrogen loss from paddy fields.

2.4 Nitrogen Fertilizer Utilization Under Different Fertilization Treat-
ments

Nitrogen use efficiency under different fertilization treatments is shown in Fig-
ure 4 [Figure 4: see original paper|. Except for T6, no significant difference in
nitrogen use efficiency existed between early and late rice, though significant
differences were observed among fertilization treatments. Both side-bar and
conventional fertilization technologies showed that high-rate controlled-release
fertilizer application achieved higher average nitrogen use efficiency than conven-
tional urea fertilization (T2). In terms of nitrogen application rate, conventional
urea fertilization (T2) achieved nitrogen use efficiencies of 22.79% and 21.28% for
early and late rice, respectively, while low-rate controlled-release fertilizer with
side-bar application (T6) achieved 21.18% for early rice and 34.28% for late rice.
The T4 treatment reached 38.82% nitrogen use efficiency for early rice, while
T5 treatments showed higher efficiencies than T3 for both early (37.25%) and
late rice (38.18%). These data demonstrate that side-bar fertilization enhances
nitrogen use efficiency in paddy systems.

Discussion

Excessive nitrogen application in paddy soils typically causes surface water eu-
trophication, groundwater nitrate nitrogen exceedance, increased greenhouse
gas N, O emissions, and low nitrogen utilization efficiency. Side-bar fertilization
technology combined with slow-release fertilizer has become a primary approach
to mitigate these environmental issues in paddy fields. Previous studies have
shown that compared with conventional surface broadcasting, deep nitrogen
placement not only reduces nitrogen loss but also creates a high-concentration
fertilizer zone around the root system, largely achieving root-zone fertilization re-

chinarxiv.org/items/chinaxiv-201711.02065 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.02065

ChinaRxiv [$X]

quirements [14] that stimulate root growth and nutrient uptake, thereby increas-
ing crop yield [15]. Additionally, deep placement of large granular controlled-
release nitrogen fertilizer can reduce nitrogen application rates, improve nitrogen
use efficiency [16], and decrease ammonia volatilization and surface runoff loss
[17-18]. For instance, Inubushi et al. [19] reported that deep placement (15
cm) of controlled-release nitrogen fertilizer in paddy fields improved nitrogen
utilization efficiency up to 71.9%, substantially higher than the 26.0% achieved
with conventional ammonium chloride application. Ji et al. [9] demonstrated
that controlled-release nitrogen fertilizer application increased nitrogen use effi-
ciency by 35.9% and reduced nitrate nitrogen leaching loss by 27.1% compared
with urea, while increasing grain yield by over 7.0%. In this study, the high-rate
controlled-release fertilizer with side-bar application (T4) achieved nitrogen use
efficiency 1.70 times that of conventional urea fertilization (T2) and 1.22 times
that of conventional controlled-release fertilizer application (T3). Moreover, us-
ing side-bar fertilization technology with 20 kg -hm~2 and 30 kg - hm~2 nitrogen
reduction for early and late rice, respectively, increased yields by 13.17% and
4.72% compared with T2, and by 7.27% and 1.74% compared with T3. Further-
more, the T6 treatment, with 53% reduced nitrogen application compared with
T2 in late rice production, still achieved comparable yield levels, and even with
nearly one-third reduced seedling numbers, obtained grain yields equivalent to
T2 and T3 treatments with slightly increased 1,000-grain weight. These results
indicate that in double-cropping rice regions, side-bar fertilization technology
can reduce chemical fertilizer input while ensuring rice yield and improving ni-
trogen use efficiency, representing an advantageous rice fertilization technique.
Additionally, significant correlations (P < 0.05) among different nitrogen forms
in paddy water (ammonium nitrogen, nitrate nitrogen, soluble organic nitro-
gen, and total nitrogen) suggest that nitrogen transformation across treatments
was primarily influenced by local soil physicochemical properties rather than
fertilization methods.

The combination of side-bar fertilization technology with slow-release fertilizer
can significantly enhance aboveground nitrogen uptake and fertilizer use effi-
ciency while reducing environmental pollution from fertilizer loss. Zhang et
al. [19] reported that side-bar application of high-rate slow-release fertilizer re-
duced nitrogen input by approximately 40% compared with conventional fertil-
ization while maintaining equivalent rice yield, achieving nitrogen recovery rates
of 54.5%-63.5%, higher than the 36.9% from conventional fertilization, with to-
tal nitrogen leaching loss of 14.86 kg - hm—2. Liu et al. [12] found that side-bar
fertilization achieved nitrogen partial factor productivity of 39.1-67.8 kg - kg™,
significantly higher than the 23.7 kg - kg~! from conventional fertilization, with
apparent nitrogen loss of 23.2-61.9 kg - hm~2, substantially lower than the 174.2
kg - hm~2 from conventional fertilization. In this study, side-bar fertilization
effectively reduced nitrogen loss in runoff water, with consistent trends between
early and late rice seasons, achieving annual nitrogen loss of only 0.466-0.673 kg -
hm~2 and reducing surface runoff nitrogen loss by 3.54%-29.36% compared with
conventional fertilization. These results align with Li et al. [21], who reported
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annual nitrogen loss of 0.22-0.48 kg-hm 2 and surface runoff nitrogen reduction
of 12.54%-28.68% in Dongting Lake upland maize with reduced fertilization.

Post-fertilization nutrient release rates in paddy soils depend on fertilizer type,
application rate, timing, and placement. The first nine days after conventional
fertilization represent a critical period for nitrogen loss, whereas side-bar fertil-
ization extends the nitrogen release period to 30 days [20]. Controlled-release
nitrogen fertilizer significantly reduces nitrogen concentrations in surface water
and runoff during this period, thereby substantially decreasing total nitrogen
runoff loss throughout the rice growing season. The maximum release amounts
of different nitrogen forms from controlled-release fertilizer follow the same pat-
tern as their cumulative release, with surface water total nitrogen and am-
monium nitrogen concentrations peaking 15-30 days after fertilization before
rapidly declining [22-23]. High surface water nitrogen concentrations within
15 days after fertilization mean that rainfall-runoff events occurring within 20
days post-application significantly increase nitrogen loss [23]. Therefore, this
study confirms that rainfall-runoff effects on nitrogen loss from paddy fields are
primarily related to the interval between fertilization and rainfall, with nitrogen
release concentrated within 20 days after application. These findings are consis-
tent with comparative studies on urea and controlled-release nitrogen fertilizer
in double-cropping rice paddies in the Dongting Lake region [24]. This research
demonstrates that side-bar fertilization technology effectively reduces farmland
nutrient loss, though further research is needed on microbial transformation of
side-bar applied fertilizers in soil and their effects on root systems.

Field soil fertility management should comprehensively consider crop growth
patterns and nutrient requirements to achieve nutrient supply-demand balance
and reduce fertilizer input. The combination of slow-release fertilizer with side-
bar fertilization technology, as an effective measure to improve fertilizer use effi-
ciency and reduce non-point source pollution, has been piloted and promoted in
Hunan, Ningxia, and Heilongjiang provinces, with Hunan establishing technical
regulations for side-bar fertilization application. This study fully demonstrates
the advantages of side-bar fertilization technology in improving nitrogen use effi-
ciency, reducing non-point source pollution, and increasing rice yield, indicating
broad application prospects for future rice cultivation.

Conclusions

1. Compared with conventional urea fertilization, all reduced-nitrogen
controlled-release fertilizer treatments (including side-bar and conven-
tional application) showed no significant difference in rice yield, except
for the low-nitrogen side-bar application treatment. Controlled-release
fertilizer combined with side-bar application technology can appropriately
reduce nitrogen input while maintaining yield. Additionally, data on
various nitrogen forms in surface water during the growing season
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demonstrated that side-bar fertilization technology effectively reduces
surface runoff nitrogen loss and improves nitrogen use efficiency.

2. Soil nitrogen data indicated that side-bar fertilization technology plays a
positive role in maintaining or increasing soil fertility levels while ensuring
rice yield and reducing fertilizer input.

3. As farmland represents an important source of non-point source pollution,
side-bar fertilization technology can reduce nitrogen input and loss from
paddy fields, thereby decreasing non-point source pollution risk.

Nitrogen transformation in paddy fields involves not only physicochemical pro-
cesses but also microbially mediated biogeochemical processes that have long
been a research focus. Side-bar fertilization technology alters the distribution
and diffusion patterns of fertilizers in conventional application methods, and
whether a “micro-fertilizer domain” effect [14] exists and its influence on micro-
bial nitrogen transformation processes warrant further investigation.
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