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Abstract
To investigate the effects of different irrigation methods and nitrogen appli-
cation rates on photosynthetic production, dry matter accumulation, nitrogen
utilization, water use, and grain yield of direct-seeded rice, a split-split plot ex-
perimental design was adopted, with variety as the main plot factor: ‘Dexiang
4103’and‘Jinnong Simiao’, irrigation method as the sub-plot factor including
three types: shallow water irrigation, mild alternate wetting and drying irriga-
tion, and severe alternate wetting and drying irrigation, and nitrogen application
rate as the sub-subplot factor comprising four levels: 0 kg(N)・hm−2, 120 kg(N)・
hm−2, 180 kg(N)・hm−2, and 240 kg(N)・hm−2. Indices including dry matter
accumulation, nitrogen accumulation and utilization efficiency, water use effi-
ciency, and yield of direct-seeded rice were analyzed and measured. The results
indicated that significant interactive effects existed between irrigation method
and nitrogen application rate on nitrogen utilization and yield formation of
direct-seeded rice. Compared with shallow water irrigation, mild alternate wet-
ting and drying irrigation significantly increased the net photosynthetic rate of
flag leaves at heading stage, dry matter accumulation during jointing–heading
stage, nitrogen accumulation at heading and maturity stages, nitrogen translo-
cation from stem and leaf during grain filling stage, nitrogen accumulation in
grain at maturity stage, nitrogen agronomic efficiency, and nitrogen recovery
efficiency of‘Dexiang 4103’and‘Jinnong Simiao’; while significantly decreas-
ing leaf area index at heading stage, dry matter accumulation before jointing,
and nitrogen accumulation in stem and leaf at maturity stage. The effects of
nitrogen application rate on nitrogen accumulation, nitrogen use efficiency, and
yield differed between ‘Dexiang 4103’and ‘Jinnong Simiao’. Under shallow
water irrigation, compared with zero nitrogen, nitrogen application increased
yield by 31.79%–48.77% and 29.72%–45.36% for‘Dexiang 4103’and‘Jinnong
Simiao’, respectively; when nitrogen application rate exceeded 180 kg・hm−2,
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the yield, dry matter accumulation, nitrogen agronomic efficiency, and nitro-
gen recovery efficiency of‘Dexiang 4103’decreased significantly, whereas those
of ‘Jinnong Simiao’showed no significant changes. Under mild alternate wet-
ting and drying irrigation, compared with zero nitrogen, nitrogen application
increased yield by 32.58%–61.10% and 36.49%–48.45% for‘Dexiang 4103’and
‘Jinnong Simiao’, respectively; when nitrogen application rate exceeded 180 kg・

hm−2, the yield of ‘Dexiang 4103’showed no significant change, while its dry
matter accumulation, nitrogen accumulation at heading and maturity stages,
and nitrogen recovery efficiency increased significantly, and nitrogen agronomic
efficiency decreased significantly; the yield and dry matter accumulation of‘Jin-
nong Simiao’showed no significant change, while its nitrogen accumulation at
heading and maturity stages, nitrogen agronomic efficiency, and nitrogen recov-
ery efficiency decreased significantly. Under severe alternate wetting and drying
irrigation, compared with zero nitrogen, nitrogen application increased yield by
37.01%–42.88% and 30.11%–42.63% for‘Dexiang 4103’and‘Jinnong Simiao’,
respectively; when nitrogen application rate exceeded 180 kg・hm−2, the yield of
both varieties showed no significant change, nitrogen accumulation of‘Dexiang
4103’increased significantly while that of ‘Jinnong Simiao’showed no signif-
icant increase, and nitrogen agronomic efficiency and nitrogen recovery rate of
both varieties decreased significantly. In conclusion, mild alternate wetting and
drying irrigation is more suitable for high-yield, water-saving, and efficient cul-
tivation of direct-seeded rice, with the highest yield of‘Dexiang 4103’achieved
under mild alternate wetting and drying irrigation with pure nitrogen applica-
tion of 240 kg・hm−2, and the highest yield of‘Jinnong Simiao’achieved under
mild alternate wetting and drying irrigation with pure nitrogen application of
180 kg・hm−2.
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Abstract
Direct-seeded rice offers advantages of reduced labor requirements, lower labor
intensity, and decreased production costs, but exhibits distinct developmental
characteristics compared to transplanted rice. Investigating optimal cultivation
practices for direct-seeded rice is therefore essential. This study conducted a
field experiment to examine the effects of irrigation management and nitrogen
application rates on nitrogen and water utilization efficiency and grain yield in
direct-seeded rice. A split-split plot design was employed with rice varieties (
‘Dexiang 4103’and ‘Jinnongsimiao’) as the main factor, irrigation manage-

ment (shallow water irrigation, alternate wetting and moderate drying, and
alternate wetting and severe drying) as the sub-plot factor, and nitrogen rate
(0, 120 kg・hm−2, 180 kg・hm−2, and 240 kg・hm−2) as the split-split plot factor.
Measurements included photosynthetic rate, dry matter accumulation, nitrogen
utilization, water utilization, and yield at different growth stages.

Significant interactions between irrigation management and nitrogen rate were
observed for nitrogen utilization, water utilization, and yield. Compared with
shallow water irrigation, alternate wetting and moderate drying significantly
increased net photosynthetic rate at the jointing stage, dry matter accumula-
tion during the jointing-heading period, nitrogen accumulation at heading and
maturity, nitrogen translocation from stems and leaves at maturity, nitrogen
accumulation in grains, nitrogen agronomic efficiency, and nitrogen recovery
efficiency. However, leaf area index at heading and dry matter accumulation
before jointing decreased significantly.

The effects of nitrogen rates on nitrogen accumulation, utilization efficiency, and
yield differed between varieties. Under shallow water irrigation, nitrogen appli-
cation increased yields of‘Dexiang 4103’and‘Jinnongsimiao’by 31.79%–48.77%
and 29.72%–45.36%, respectively, compared with the nitrogen-free treatment.
When nitrogen rates exceeded 180 kg・hm−2, yield, dry matter accumulation,
nitrogen agronomic efficiency, and nitrogen recovery efficiency of‘Dexiang 4103’
decreased significantly, while these indicators for ‘Jinnongsimiao’showed no
significant changes.

Under alternate wetting and moderate drying, nitrogen fertilizer application in-
creased yields of ‘Dexiang 4103’and ‘Jinnongsimiao’by 32.58%–61.10% and
36.49%–48.45%, respectively. For ‘Dexiang 4103’at nitrogen rates above 180
kg・hm−2, yield remained stable while dry matter accumulation and nitrogen
accumulation at heading and maturity increased significantly; nitrogen recovery
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efficiency increased but nitrogen agronomic efficiency decreased with increasing
nitrogen rate. For ‘Jinnongsimiao’, yield and dry matter accumulation did
not change significantly, while nitrogen accumulation at heading and maturity,
nitrogen agronomic efficiency, and nitrogen recovery efficiency all decreased sig-
nificantly.

Under alternate wetting and severe drying, nitrogen application increased yields
of‘Dexiang 4103’and‘Jinnongsimiao’by 37.01%–42.88% and 30.11%–42.63%,
respectively. When nitrogen rates exceeded 180 kg・hm−2, yields of both culti-
vars remained stable while nitrogen agronomic efficiency and nitrogen recovery
efficiency decreased significantly with increasing nitrogen rate. Nitrogen accu-
mulation in‘Dexiang 4103’increased significantly, while that in‘Jinnongsimiao’
showed no significant change.

In summary, alternate wetting and moderate drying represents the most suitable
irrigation practice for achieving high yield, water savings, and high efficiency in
direct-seeded rice cultivation. The optimal nitrogen rates were 240 kg・hm−2

for ‘Dexiang 4103’and 180 kg・hm−2 for ‘Jinnongsimiao’.

Keywords: Rice; Direct seeding; Irrigation management; Nitrogen rate; Dry
matter accumulation; Nitrogen utilization; Water utilization; Yield

1. Introduction
Direct-seeded rice has become increasingly important in rice production systems
due to its labor-saving benefits and reduced production costs [1-5]. However,
direct-seeded rice exhibits distinct growth and development patterns compared
to transplanted rice, including different tillering characteristics, root distribu-
tion, and nutrient uptake patterns [6]. Water and nitrogen management prac-
tices developed for transplanted rice may not be directly applicable to direct-
seeded systems.

Alternate wetting and drying (AWD) irrigation has been widely studied as a
water-saving technique in rice production [7-10]. This practice can improve
root growth, enhance nutrient uptake, and increase water use efficiency while
maintaining or even increasing grain yield [11-14]. The effectiveness of AWD
varies with nitrogen management and cultivar characteristics [15-17]. Previous
studies have demonstrated significant interactions between water and nitrogen
management in transplanted rice [18-20], but limited research has focused on
direct-seeded rice systems.

Nitrogen is a critical limiting factor for rice yield, and its efficient use is es-
sential for sustainable production [21-23]. The interaction between irrigation
regime and nitrogen rate affects nitrogen mineralization, leaching, and plant up-
take, thereby influencing nitrogen use efficiency [24-26]. Direct-seeded rice may
have different nitrogen requirements and utilization patterns due to its unique
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root architecture and growth dynamics [27-28]. Therefore, optimizing the com-
bination of irrigation and nitrogen management is crucial for maximizing yield
and resource use efficiency in direct-seeded rice.

This study investigated the effects of different irrigation management strategies
and nitrogen application rates on growth, nitrogen and water utilization, and
grain yield of direct-seeded rice. The objectives were to: (1) evaluate the in-
teractive effects of irrigation and nitrogen management on yield formation and
resource use efficiency; (2) determine optimal nitrogen rates under different ir-
rigation regimes for two direct-seeded rice varieties; and (3) provide theoretical
and practical guidance for high-yield, water-saving, and efficient cultivation of
direct-seeded rice.

2. Materials and Methods
2.1 Experimental Site and Design

A field experiment was conducted in 2013 at the experimental station of the
Sichuan Academy of Agricultural Sciences. The soil was a typical paddy soil with
the following properties: pH 6.3, organic matter 23.40 g・kg−1, total nitrogen
1.70 g・kg−1, available phosphorus 10.41 mg・kg−1, available potassium 61.01
mg・kg−1, and bulk density 1.32 g・cm−3.

The experiment employed a split-split plot design with three replications. Main
plots consisted of two rice varieties:‘Dexiang 4103’(medium maturity, 150-day
growth period) and ‘Jinnongsimiao’(early maturity, 142-day growth period).
Sub-plots comprised three irrigation management treatments: - W1 (Shallow
water irrigation): Maintained 1–3 cm water layer from 2.1-leaf stage to matu-
rity - W2 (Alternate wetting and moderate drying): From 64 days after
sowing, irrigated to 2–3 cm when soil water potential (�soil) reached -15 kPa -
W3 (Alternate wetting and severe drying): From 64 days after sowing,
irrigated to 2–3 cm when soil water potential (�soil) reached -30 kPa

Split-split plots consisted of four nitrogen rates: 0 kg・hm−2 (N0), 120 kg・hm−2

(N120), 180 kg・hm−2 (N180), and 240 kg・hm−2 (N240). Nitrogen was applied
as urea in three splits: 50% basal, 20% at tillering, 20% at panicle initiation,
and 10% at heading. Phosphorus (90 kg・hm−2 as P2O5) and potassium (180
kg・hm−2 as K2O) were applied basally to all plots.

Plot dimensions were 5 m × 3 m (15 m2). Seeds were sown on March 28 at
a rate of 4.5$×10^{5}$ grains per hm2, with row spacing of 30 cm. Plant
protection and other management practices followed local recommendations for
direct-seeded rice.
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2.2 Measurement Methods

2.2.1 Sampling and Growth Analysis Plant samples were collected at four
growth stages: before jointing, jointing, heading, and maturity. Five represen-
tative hills were sampled per plot and separated into stems, leaves, and panicles.
Leaf area was measured using a LI-3000C leaf area meter. All samples were
oven-dried at 70°C to constant weight for dry matter determination.

2.2.2 Leaf Area Index (LAI) LAI was measured at heading stage using
the following method: three representative 1-m row segments were selected per
plot, and all leaves were measured for length and maximum width. LAI was
calculated as: LAI = (Leaf length × Leaf width × 0.75 × Plant density) / Land
area.

2.2.3 Dry Matter Accumulation Dry matter was determined by oven-drying
plant samples at 70°C to constant weight. Accumulation rates were calculated
for different growth periods.

2.2.4 Photosynthetic Rate Net photosynthetic rate (Pn) of flag leaves was
measured at heading stage between 9:00–11:30 AM using a LI-6400 portable
photosynthesis system. Measurements were taken on three sunny days with
photosynthetic photon flux density of 1000 µmol・m−2・s−1 and ambient CO2
concentration of 400 µmol・mol−1.

2.2.5 Yield and Yield Components At maturity, plants from two 4-m2 areas
per plot were harvested to determine grain yield (adjusted to 14% moisture con-
tent). Yield components including effective panicle number, grains per panicle,
seed-setting rate, and 1000-grain weight were measured from five representative
hills per plot.

2.2.6 Calculation of Nitrogen and Water Use Efficiency

The following formulas were used:

1. Nitrogen dry matter production efficiency (kg・kg−1) = Dry matter accu-
mulation / Plant nitrogen accumulation

2. Nitrogen grain production efficiency (kg・kg−1) = Grain yield / Plant
nitrogen accumulation

3. Nitrogen agronomic efficiency (kg・kg−1) = (Grain yield with N - Grain
yield without N) / Nitrogen application rate

4. Nitrogen recovery efficiency (%) = (Plant N accumulation with N - Plant
N accumulation without N) / Nitrogen application rate × 100%

5. Water use efficiency (kg・hm−2・mm−1) = Grain yield / (Irrigation amount
+ Precipitation - Runoff)

chinarxiv.org/items/chinaxiv-201711.02091 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.02091


2.3 Data Analysis

All data were analyzed using DPS 7.05 statistical software. Analysis of vari-
ance (ANOVA) was performed to evaluate treatment effects, and means were
compared using LSD test at P < 0.05 significance level. Figures were prepared
using Origin 2017 software.

3. Results
3.1 Effects on Yield and Yield Components

Significant interactions between irrigation management and nitrogen rate af-
fected yield and yield components of direct-seeded rice (Table 1). Under shallow
water irrigation (W1), nitrogen application significantly increased yields of both
varieties compared with N0. For ‘Dexiang 4103’, yields increased by 31.79%–
48.77% with nitrogen application, with the highest yield (9.64 t・hm−2) achieved
at N180. For ‘Jinnongsimiao’, yields increased by 29.72%–45.36%, with the
highest yield (9.94 t・hm−2) at N240.

Under alternate wetting and moderate drying (W2), yield responses differed
between varieties. ‘Dexiang 4103’achieved maximum yield (9.59 t・hm−2) at
N180, with no significant difference at N240. ‘Jinnongsimiao’showed highest
yield (9.56 t・hm−2) at N180, decreasing slightly at N240. Under severe drying
(W3), both varieties showed reduced yield potential, with optimal nitrogen rates
of 180 kg・hm−2 for ‘Dexiang 4103’and 180 kg・hm−2 for ‘Jinnongsimiao’.

3.2 Effects on Photosynthetic Rate and Leaf Area Index

Irrigation management and nitrogen rate significantly affected leaf area index
(LAI) at heading stage (Figure 1). Compared with W1, W2 and W3 treatments
reduced LAI by 8.5%–15.3% for ‘Dexiang 4103’and 6.2%–12.8% for ‘Jin-
nongsimiao’. Nitrogen application increased LAI in all irrigation treatments,
but the magnitude of increase was smaller under water-deficit conditions.

Net photosynthetic rate (Pn) of flag leaves at heading showed different patterns
(Figure 2). Under W2, Pn increased by 12.4%–18.7% compared with W1 across
nitrogen treatments. Under W3, Pn decreased by 5.3%–9.8% relative to W1.
Nitrogen application enhanced Pn, with optimal effects observed at N180 under
W2 conditions.

3.3 Effects on Dry Matter Accumulation

Dry matter accumulation varied significantly among treatments (Table 2). Un-
der W1, total dry matter increased with nitrogen rate up to N180 for‘Dexiang
4103’and N240 for‘Jinnongsimiao’. Under W2,‘Dexiang 4103’accumulated more
dry matter (16.07 t・hm−2 at N180) compared with W1, while‘Jinnongsimiao’
showed similar accumulation patterns across irrigation treatments.

chinarxiv.org/items/chinaxiv-201711.02091 Machine Translation

https://chinarxiv.org/items/chinaxiv-201711.02091


The harvest index was generally higher under W2 (0.536–0.588) compared with
W1 (0.508–0.562) and W3 (0.525–0.575), indicating more efficient conversion of
biomass to grain under moderate water stress.

3.4 Effects on Nitrogen Accumulation and Translocation

Nitrogen accumulation and translocation were significantly affected by the in-
teraction of irrigation and nitrogen management (Table 3, Figure 3). Under
W2, nitrogen accumulation at maturity increased by 15.3%–22.7% for ‘Dexi-
ang 4103’and 8.9%–14.5% for ‘Jinnongsimiao’compared with W1. Nitrogen
translocation from stems and leaves to grains was enhanced under W2, with
translocation ratios increasing by 12.4%–18.6%.

However, excessive nitrogen (N240) under W3 reduced nitrogen recovery effi-
ciency by 8.5%–15.2% for both varieties compared with N180. The nitrogen
harvest index was highest under W2 at N180 for both varieties.

3.5 Effects on Nitrogen and Water Use Efficiency

Nitrogen use efficiency parameters showed clear responses to treatments (Table
4). Under W2, nitrogen agronomic efficiency reached maximum values of 37.05
kg・kg−1 for ‘Dexiang 4103’at N120 and 38.28 kg・kg−1 for ‘Jinnongsimiao’
at N120, decreasing at higher nitrogen rates.

Water use efficiency (WUE) was significantly improved under W2 and W3 com-
pared with W1. W2 increased WUE by 18.7%–24.3% across nitrogen treatments,
while W3 increased WUE by 22.4%–28.9% but at the cost of reduced yield po-
tential.

4. Discussion
The significant interaction between irrigation management and nitrogen rate
demonstrates that optimal nitrogen application depends on water availability
and variety characteristics. Alternate wetting and moderate drying (W2) cre-
ated favorable conditions for nitrogen mineralization and root uptake, enhancing
nitrogen accumulation and translocation [24-26]. The improved photosynthetic
rate under W2 contributed to higher dry matter accumulation and more efficient
nitrogen utilization.

The differential responses of the two varieties reflect their distinct genetic char-
acteristics.‘Dexiang 4103’, a medium-maturity variety, showed greater respon-
siveness to moderate water stress, likely due to its more extensive root system
and higher drought tolerance. In contrast,‘Jinnongsimiao’, an early-maturity
variety, was more sensitive to severe water deficit but maintained relatively
stable nitrogen use efficiency across nitrogen rates.
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The decline in nitrogen use efficiency at high nitrogen rates (N240) under all irri-
gation treatments highlights the importance of optimizing nitrogen application
to minimize environmental losses [27-28]. The combination of W2 with N180
for‘Dexiang 4103’and N180 for‘Jinnongsimiao’achieved the best balance of
high yield, high nitrogen efficiency, and water savings.

These results align with previous studies on transplanted rice [18-20] but provide
specific guidance for direct-seeded systems. The enhanced nitrogen transloca-
tion under moderate water stress suggests that AWD irrigation can promote
remobilization of stored nitrogen to grains, a critical factor for yield formation
in direct-seeded rice [11, 15].

5. Conclusion
Alternate wetting and moderate drying irrigation combined with appropriate
nitrogen rates significantly improved nitrogen and water use efficiency while
maintaining high yields in direct-seeded rice. The optimal management prac-
tices were: - For ‘Dexiang 4103’: Alternate wetting and moderate drying
with 180–240 kg・hm−2 nitrogen - For‘Jinnongsimiao’: Alternate wetting and
moderate drying with 180 kg・hm−2 nitrogen

These findings provide a scientific basis for developing water-saving, high-
efficiency cultivation techniques for direct-seeded rice production. Future
research should investigate the long-term effects of these practices on soil
fertility and environmental sustainability.
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