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Abstract: Water and nitrogen are the key factors affecting the yield and nitrogen recovery efficiency of
double-cropping rice, but information about optimizing nitrogen fertilizer and irrigation management
to achieve high yield is still limited. The purpose was to study the effects of different nitrogen
application rates (D1, D2, D3, D4 (0, 112.5, 150.0, and 187.5 kg ha−1 for early-season rice and 0, 135,
180, and 225 kg ha−1 for late-season rice)) and irrigation conditions (G1, Alternate wetting and drying
irrigation, G2, flooding irrigation) on rice yield and nitrogen recovery efficiency. Field experiments
were carried out in the early and late seasons of the subtropical environment in Heshan County,
Hunan Province, China in 2018 and 2019. The results showed that the yield was increased by the
comprehensive action of reasonable irrigation mode and nitrogen management. Under G1D4 and
G1D3 treatments, the maximum grain yield of early-season rice was 7.42 t ha−1, which was 0.8~35.9%
higher than other treatments, and that of late-season rice was 8.20 t ha−1, which was 13.3~67.0%
higher than other treatments. The increase of yield in G1D4 and G1D3 treatments was due to the
increase in dry matter accumulation, effective Panicles number, and Spikelets per panicle, whose
increase was due to an increase in photosynthesis and nitrate reductase activity. Compared with other
treatments, late-season rice G1D3 treatment achieved a higher yield with less nitrogen fertilizer, while
early-season rice G1D4 treatment achieved the highest yield, but the nitrogen recovery efficiency
decreased. We should focus on more effective nitrogen fertilizer and irrigation management to further
improve the yield potential of double-cropping rice.

Keywords: irrigation management; nitrogen management; grain yield; nitrogen use efficiency;
photosynthetic characteristics; double-cropping rice

1. Introduction

Rice is one of the most important staple crops around the world. China has the
largest rice planting area as well as rice yield in the world, but the demand for rice is
still increasing [1,2]. Double-cropping rice is widely planted in the middle and lower
Yangtze River in China and other subtropical areas in Asia, which improves the multiple
cropping index and greatly promotes the global rice supply [3,4]. Due to the sharp increase
in production costs and low grain yield, the area of double-cropping rice in China has
greatly decreased in the last decade. The local government encourages the planting of
double-cropping rice. Therefore, it is necessary to have a suitable cultivation mode to
increase the grain yield of double-cropping rice [5,6].
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Rice is a crop that consumes a lot of water, approximately 2~3 times compared with
other cereal crops [7]. In traditional agriculture, the waste of freshwater resources is very
intolerable, and less than half of the water can be used and consumed by rice [8]. Therefore,
it is necessary to seek water-conserving irrigation technology to improve water utilization
rate, ensure the sustainability of irrigation, alleviate the contradiction between the supply
and demand of water resources, and ensure the normal growth and development of
rice [9–11]. While water-conserving irrigation technology can minimize environmental
consequences, such as Alternate wetting and drying irrigation, it is a more useful system
for reducing the methane emission which is a main GHG gas [12–14].

Nitrogen fertilizer is also the main limiting factor, besides water, affecting the growth
and development of rice [15]. Since increasing the amount of chemical fertilizer hasn’t
always been viewed as a key factor to improve crop yield, China has become the largest
consumer of nitrogen fertilizer in the world [16]. Excessive nitrogen application rate and
low nitrogen recovery efficiency not only increase production cost and reduce nitrogen
productivity [17], resulting in a waste of nitrogen fertilizer resources [18], but it will cause
rice unfavorable delayed senescence, diminish rice flavor profile characteristics and other
qualities [19], and lead to a series of environmental problems such as the deterioration of
the farmland soil environment [20] and a decline in soil microbial diversity [21].

It is worth noting that water and nitrogen fertilizer are interrelated and play a coupling
role in crop growth. The positive interaction of water and nitrogen can improve the growth
and final yield of rice by coordinating the source-sink relationship [22,23]. Reasonable
water and fertilizer management can promote the growth of the rice root system [24],
control the number of ineffective tillers [25], and improve the late leaf area index [26],
which is beneficial to the improvement of photosynthetic efficiency [27]. Moreover, it can
increase the accumulation of aboveground total dry weight [28], promote the absorption
and utilization of nitrogen [29], and improve the yield components. As a result, it is
conducive to obtaining a higher yield [30].

The middle and lower Yangtze River are important double-cropping rice planting
regions, which constitute the most intensive rice-farming region of China and one of the
most important rice production regions in the world [31,32]. After investigation, we found
that rice growers in the middle and lower Yangtze River have a tradition of planting rice
under flood conditions and applying too much fertilization [33,34]. In order to find out the
effects of water-nitrogen interaction on the yield and the nitrogen recovery efficiency of
double-cropping rice in the middle and lower Yangtze River basin, this study sets up four
nitrogen fertilizer application rates and two irrigation methods, so as to provide a scientific
basis for rice production, water-conserving irrigation and soil fertility improvement in the
double-cropping rice planting region in the middle and lower Yangtze River basin.

2. Materials and Methods
2.1. Climatic Condition

There was little difference in seasonal daily solar radiation and average daily mini-
mum and maximum temperatures between 2018 and 2019 (Table 1). The radiation and
temperature displayed an increasing trend in the early season, but a decreasing trend in the
late season from transplanting to maturity stage. The opposite was true in the late-season
rice from flowering to maturity stage. A higher average temperature and seasonal average
daily solar radiation were observed in 2018 than in 2019 in the early-season rice from flow-
ering to maturity stage and in the late-season rice from transplanting to panicle initiation
stage. There was adequate rainfall in 2018 and 2019, but it was clearly more concentrated
during the early-season rice (Table 1).
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Table 1. The climate conditions by crop growth stages for the early- and late-season rice in 2018 and 2019.

Year Season Min T Max T RAD ADR

Transplanting to Panicle initiation
2018 Early 18.2 26.7 14.2 5.9

Late 27.3 36.1 21.0 1.2
2019 Early 16.6 26.3 15.0 6.8

Late 24.6 31.9 14.0 1.4
Panicle initiation to Flowering

2018 Early 22.7 30.3 16.3 8.6
Late 23.1 31.3 15.6 0.8

2019 Early 22.8 30.7 15.3 10.2
Late 23.1 31.7 13.6 0.5

Flowering to Maturity
2018 Early 25.7 32.5 15.2 9.2

Late 14.1 25.8 11.6 2.2
2019 Early 24.1 30.3 12.6 11.0

Late 17.2 27.2 12.4 3.6
Transplanting to Maturity

2018 Early 22.2 29.8 15.2 7.9
Late 21.5 31.1 16.0 1.4

2019 Early 21.1 29.1 14.3 9.3
Late 21.6 30.3 13.3 1.8

Average daily minimum temperature (Min T, ◦C), average daily maximum temperature (Max T, ◦C), average daily
solar radiation (RAD, MJ m−2 day−1), and average daily rainfall (ADR, mm day−1) for each growing period.

2.2. Experiment Design and Plant Materials

The experiment was conducted in 2018 and 2019 in a farmer’s field located in Zhong-
tang Village (29◦31′ N, 110◦33′ E, 12 m altitude), Bijiashan Township, Heshan County,
Hunan Province, China. Each year, rice was grown in double-cropping rice planting mode
with early-season rice from March to July and late-season rice from June to November.
The soil has the following properties: pH 5.1, 29.7 g kg−1 organic matter, 2.7 g kg−1 to-
tal nitrogen (N), 38.3 mg kg−1 Olsen phosphorus (P), and 301.8 mg kg−1 exchangeable
potassium (K). The soil test was based on samples taken from the upper 20 cm of the soil
before the application of basal fertilizers in 2018. Varieties used in this experiment were
Zhuliangyou819 for the early-season rice and Hyou518 for the late-season rice; they are
both widely grown for double-season rice in the middle and lower Yangtze River.

A split plot design was adopted in the experiment, with water treatment in the
main area and fertilization level in the sub-area, with a total of 8 treatments included
in the experiment. Three repeats were set up and arranged according to the design of
the split plots, with a total of 24 split plots with an area of 20 m2. The transplanting
density of the early-season rice was 16.7 cm × 20 cm, and that of the late-season rice was
16.7 cm × 26.7 cm. The treatment in the main area of the experiment was divided into two
water treatments: Alternate wetting and drying irrigation (in the process of rice growth,
keeping the water layer for a period of time, naturally drying until the soil is not seriously
cracked, then irrigating, drying, and then circulating) and G2 flooding irrigation (keeping
shallow water 2–3 cm during the whole growth period). Four different fertilization levels,
D1, D2, D3, and D4 were applied in the secondary treatments (Table 2), which were 0,
112.5, 150.0, and 187.5 kg ha−1, respectively, for early-season rice and 0, 135, 180, and
225 kg ha−1 for late-season rice, and the application ratio of base fertilizer, tiller fertilizer,
and panicle fertilizer was 5:3:2. They were applied 1–2 days before transplanting, 10 days
after transplanting, and at the beginning of young panicle differentiation, respectively.
Phosphorus and potassium fertilizer were evenly applied in each treatment with P2O5
90 kg ha−1 and K2O 180 kg ha−1. All phosphate fertilizer was used as the base fertilizer,
and the proportion of potassium fertilizer used as the base fertilizer and tillering fertilizer
is 50%, respectively. Separate irrigation was carried out in all experiment plots, and the
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ridge was covered with plastic film to prevent the channeling of water and fertilizer. Weeds,
insects, and diseases were timely prevented and controlled as required to avoid yield loss.

Table 2. Application amount of early-season rice and late-season rice treated with nitrogen (kg ha−2).

Treatment ESR LSR

D1 0 0
D2 112.5 135
D3 150.0 180
D4 187.5 225

ESR represents early-season rice, and LSR represents late-season rice.

2.3. Measurements
2.3.1. Total Dry Weight, Nitrogen Uptake and Use Efficiency

Sowing, transplanting, panicle initiation, flowering, and maturity dates were recorded
for determining the crop growth stage. Twelve hills were sampled from each plot with an
interval of 7–15 days during the growing stage to measure stem number and aboveground
total dry weight (TDW). Plants were separated into green leaves, stems, and panicles,
which were obtained from sampling points of each test plot, put into paper envelopes, and
marked with plot names and numbers, then the leaf samples were placed into an oven at
105 ◦C for 30 min and dried at 80 ◦C to constant weight.

Then, the dried plants were crushed by a crusher (China, LG-50), and 0.5 g of leaf powder
was weighed by an electronic analysis balance (Germany, Sartorius GL124-1SCN 1/10000).
Finally, the total nitrogen content of rice leaves was measured by H2SO4-H2O2 digestion
method and then by a continuous flow injection analyzer (Netherlands, SKALAR SAN++).
Nitrogen dry matter production efficiency (NDE), nitrogen grain production efficiency (NGE),
nitrogen harvest index (NHI), agronomic nitrogen use efficiency (AE), nitrogen recovery effi-
ciency (NRE), partial factor productivity of applied fertilizer nitrogen (PFP), and physiological
nitrogen use efficiency (PE) were calculated according to Meng et al. [35].

2.3.2. Yield and Yield Components

At the maturity stage, grain yields were measured by collecting 5 m2 plant samples at
the center of each plot. Grains were separated from the rachis, filled and unfilled grains
were separated, and the total weight of filled grains was determined. Filled grains were
dried in an oven at 70 ◦C to a constant weight, and grain yield was calculated at 14%
moisture content. Plant samples were taken to determine the yield components (panicles
number, spikelets per panicle, 1000-grain weight, and spikelet filling) from 12 hills (0.48 m2)
adjacent to the harvest area.

2.3.3. Photosynthesis Characteristic

The net photosynthesis rate, transpiration rate, intercellular CO2 concentration, and
stomatal conductance of the top fully-expanded leaves of the main stem and root activity
were determined at heading and grain filling stages. Five leaves were used for each treatment.
Li-6400 gas exchange analyzer was used for these measurements from 10:00–11:00 am when
photosynthetic active radiation above the canopy was 1200 mmol m−2 s−1.

2.3.4. Nitrate Reductase

The activity of nitrate reductase (NR) in fresh leaves of plant cultivar was measured
according to the method of Yang [36]. Three samples from each treatment group were
tested in each replicate experiment. Leaves (0.5 g) were homogenized with 4 mL of
0.1 mol L−1 HEPES-KOH, 3% (w/v) PVP, 1 mmol L−1 EDTA, and 7 mmol L−1 Cys, all at
pH 7.5. The assay mixture contained 50 mmol L−1 HEPES-KOH, 100 mmol L−1 NADH,
and 5 mmol L−1 KNO3 with 2 mmol L−1 EDTA or 6 mmol L−1 MgCl2, all at pH 7.5. The
assay volume was 2 mL. NR activity was measured in crude extracts by determining NO2

−

formation by the addition of 1% sulfanilamide and 0.2% N-(1-naphtyl)-ethylene-diamine
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dihydrochloride in 3 mol L−1 HCl. The activity state is defined as NR assayed in the
presence of Mg2+ (and 14-3-3 proteins) based on the percentage of NR activity measured in
the presence of EDTA, and it reflects the enzyme amount that is in the nonphosphorylated
active form. Assays were performed at 25 ◦C.

2.4. Data Analysis

Data were analyzed following the analysis of variance (SAS Version 9.1.2) and means
of irrigation and nitrogen management treatments were compared based on the least
significant difference test (LSD) with a 0.05, probability.

3. Results
3.1. Effect of Nitrogen Application and Irrigation Method on Yield

Irrigation and nitrogen management had a significant effect on grain yield in both
seasons in the two years (Figure 1). The yield of early-season rice treated with G1D4 was
the highest in 2018 and 2019, which was 6.68 t ha−1 in 2018, 3.3~34.2% higher than that of
other treatments. In 2019, it was 7.42 t ha−1, which was 0.06~1.19 t ha−1 higher than other
treatments. The yield of late-season rice with G1D3 treatment was the highest in 2018 and
2019, which was 7.16 t ha−1 and 8.20 t ha−1, respectively, 63.7~67.0% higher than that in
G2D1. There was a huge and stable difference in grain yield between 2018 and 2019.

Agronomy 2022, 11, x FOR PEER REVIEW 5 of 14 
 

 

2.3.4. Nitrate Reductase 

The activity of nitrate reductase (NR) in fresh leaves of plant cultivar was measured 

according to the method of Yang [36]. Three samples from each treatment group were 

tested in each replicate experiment. Leaves (0.5 g) were homogenized with 4 mL of 0.1 

mol L−1 HEPES-KOH, 3% (w/v) PVP, 1 mmol L−1 EDTA, and 7 mmol L−1 Cys, all at pH 7.5. 

The assay mixture contained 50 mmol L−1 HEPES-KOH, 100 mmol L−1 NADH, and 5 mmol 

L−1 KNO3 with 2 mmol L−1 EDTA or 6 mmol L−1 MgCl2, all at pH 7.5. The assay volume 

was 2 mL. NR activity was measured in crude extracts by determining NO2− formation by 

the addition of 1% sulfanilamide and 0.2% N-(1-naphtyl)-ethylene-diamine dihydrochlo-

ride in 3 mol L−1 HCl. The activity state is defined as NR assayed in the presence of Mg2+ 

(and 14-3-3 proteins) based on the percentage of NR activity measured in the presence of 

EDTA, and it reflects the enzyme amount that is in the nonphosphorylated active form. 

Assays were performed at 25 °C. 

2.4. Data Analysis 

Data were analyzed following the analysis of variance (SAS Version 9.1.2) and means 

of irrigation and nitrogen management treatments were compared based on the least sig-

nificant difference test (LSD) with a 0.05, probability. 

3. Results 

3.1. Effect of Nitrogen Application and Irrigation Method on Yield 

Irrigation and nitrogen management had a significant effect on grain yield in both 

seasons in the two years (Figure 1). The yield of early-season rice treated with G1D4 was 

the highest in 2018 and 2019, which was 6.68 t ha−1 in 2018, 3.3~34.2% higher than that of 

other treatments. In 2019, it was 7.42 t ha−1, which was 0.06~1.19 t ha−1 higher than other 

treatments. The yield of late-season rice with G1D3 treatment was the highest in 2018 and 

2019, which was 7.16 t ha−1 and 8.20 t ha−1, respectively, 63.7~67.0% higher than that in 

G2D1. There was a huge and stable difference in grain yield between 2018 and 2019. 

G
1D

1

G
1D

2

G
1D

3

G
1D

4

G
2D

1

G
2D

2

G
2D

3

G
2D

4

0

2

4

6

8

10

Y
ie

ld
(t

 h
a

-1
)

e

 c
ab a

f
d

c bc

 (a)

Treatment

G
1D

1

G
1D

2

G
1D

3

G
1D

4

G
2D

1

G
2D

2

G
2D

3

G
2D

4

0

2

4

6

8

10

Y
ie

ld
(t

 h
a

-1
)

Treatment

 (c)

abb
c

e
d

a a

e

G
1D

1

G
1D

2

G
1D

3

G
1D

4

G
2D

1

G
2D

2

G
2D

3

G
2D

4

0

2

4

6

8

10

Y
ie

ld
(t

 h
a

-1
)

Treatment

d
 c

 a

e
d

b a

 (b)

b

G
1D

1

G
1D

2

G
1D

3

G
1D

4

G
2D

1

G
2D

2

G
2D

3

G
2D

4

0

2

4

6

8

10

Y
ie

ld
(t

 h
a

-1
)

Treatment

 (d)

d

a
b

bc bc
c c

e

 

Figure 1. Grain yield in early (a) and late (b) seasons in 2018, and in early (c) and late (d) seasons
in 2019. Different lowercase letters denote statistical differences between treatments of each season
according to LSD test (0.05). (n = 5, standard error of five replications).

3.2. Effect of Nitrogen Application and Irrigation Method on Yield Components

The higher yield of early-season rice G1D4 and late-season rice G1D3 than that of
other treatments is due to their larger sink capacity (Table 3). In 2018 and 2019, the effective
panicle number of early-season rice G1D4 treatment was 2.2~15.9%, 2.9~13.4% higher than
other treatments, and the grain number per panicle was 4.4~33.0%, 4.4~22.1% higher than
that of other treatments, respectively. In 2018 and 2019, the effective panicle number of
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late-season rice G1D3 treatment was 3.5~24.8% and 5.0~23.6% higher than other treatments,
and the grain number per panicle was 4.0~14.7%, 3.6~13.3% higher than other treatments,
respectively. In two-year double-cropping rice., there were few differences in grain filling
rate and 1000-grain weight pairs among different treatments.

Table 3. Effect of nitrogen application and irrigation method on yield components.

Year a Season Treatment
Panicles
Number

(×104 ha−1)

Spikelets
per

Panicle

Spikelet
Filling (%)

1000-Grain
Weight (g)

2018 Early G1D1 231.3 bcd 117.8 de 78.5 a 27.1 a
G1D2 242.8 abc 125.0 c 81.3 a 27.7 a
G1D3 258.6 a 134.2 b 78.8 a 27.9 a
G1D4 251.1 ab 140.1 a 77.7 a 28.0 a
G2D1 221.4 d 105.3 f 79.0 a 27.1 a
G2D2 229.8 cd 112.5 e 80.6 a 27.6 a
G2D3 243.4 abc 121.8 cd 78.4 a 27.4 a
G2D4 248.8 abc 125.4 c 77.2 a 27.9 a

Late G1D1 241.1 bcd 165.3 f 77.8 ab 26.2 bc
G1D2 251.7 abc 174.2 de 78.3 a 26.9 ab
G1D3 269.3 a 187.9 a 76.8 ab 26.3 bc
G1D4 260.2 ab 180.7 bc 75.9 ab 26.0 bc
G2D1 215.8 e 163.8 f 76.3 ab 26.0 bc
G2D2 224.9 de 171.3 e 74.6 ab 26.6 abc
G2D3 244.2 bcd 182.9 ab 74.3 ab 27.7 a
G2D4 233.2 cde 177.0 cd 74.0 b 25.3 c

2019 Early G1D1 257.4 de 110.1 c 77.4 a 27.9 a
G1D2 223.2 e 114.3 bc 79.4 a 28.2 a
G1D3 281.1 ab 123.3 a 76.6 a 28.0 a
G1D4 289.3 a 119.0 ab 76.2 a 28.0 a
G2D1 249.7 de 108.8 c 76.4 a 27.8 a
G2D2 261.0 cd 111.9 c 77.7 a 28.1 a
G2D3 271.2 abc 118.9 ab 80.3 a 28.0 a
G2D4 283.2 ab 113.0 bc 76.3 a 28.2 a

Late G1D1 279.2 de 124.6 ef 81.0 a 26.4 ab
G1D2 320.1 b 132.2 cd 82.8 a 26.7 ab
G1D3 330.6 a 141.9 b 82.0 a 27.1 ab
G1D4 314.8 ab 148.1 a 81.5 a 26.0 ab
G2D1 267.4 e 121.2 f 80.2 a 26.4 ab
G2D2 309.0 bc 127.8 de 80.2 a 25.9 b
G2D3 305.2 bc 136.2 c 79.1 a 26.8 ab
G2D4 292.5 d 142.8 ab 78.9 a 26.4 ab

a Within a column for each season and year, means followed by the same letters are not significantly different
according to LSD (0.05).

3.3. Effect of Nitrogen Application and Irrigation Method on Total Dry Matter Weight

The difference in yield among various treatments is caused by the difference in above-
ground total dry weight (Figure 2). Different treatments were significantly higher in 2018
than in 2019, and late-season rice was higher than early-season rice because there was
more aboveground total dry weight. Various treatments increased continuously from
tillering stage to grain filling stage, which indicated that the biomass accumulation before
grain filling stage played an important role in rice yield formation. The average above-
ground total dry weight of early-season rice and late-season rice in G1D4 treatment was
2275.32 g m−2 and 2485.17 g m−2, respectively, and it was significantly higher than that of
other treatments, which also was the reason for the yield advantage of late-season rice in
2018 and 2019.
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Figure 2. Total dry weight in different growth stages in early (a) and late (b) seasons in 2018, and in
early (c) and late (d) seasons in 2019. TS, tillering stage; BS, booting stage; HS, heading stage; GS,
grain filling stage; MS, mature stage.

3.4. Effect of Nitrogen Application and Irrigation Method on Photosynthetic Characteristics

The higher yield of early-season rice G1D4 and late-season rice G1D3 than that of
other treatments is due to the increase of leaf transpiration rate, the regulation of stomatal
opening and closing, the enhancement of CO2 assimilation capacity and photosynthetic rate,
which is an important physiological basis for the two treatments to have strong advantages
of higher yield and stronger storage capacity (Figure 3). On average, the net photosynthetic
rate of G1D4 treatment was 0.1~36.8%, 1.7~40.6% higher than that of other treatments
at full heading stage and grain filling stage, respectively. The net photosynthetic rate of
late-season rice treated with G1D4 was 14.0~33.0% higher than that of other treatments
at full heading stage. At grain filling stage, the net photosynthetic rate of late-season
rice treated with G1D3 was 0.1~42.8% higher than that of other treatments. The results
indicated that reasonable water and fertilizer management was beneficial to improving the
net photosynthetic rate, transpiration rate, and stomatal conductance of rice leaves in the
middle and late growth stage, while the changing trend of intercellular CO2 concentration
among different treatments was opposite to net photosynthetic rate.

3.5. Effect of Nitrogen Application and Irrigation Method on Nitrate Reductase Activity

The improvement of the yield of early-season rice G1D4 and late-season rice G1D3
compared to other treatments was due to the increase of nitrate reductase activity, and
the promotion of nitrogen absorption and utilization by rice (Figure 4). At tillering stage,
booting stage, full heading stage and grain filling stage, the nitrate reductase activity of
early-season rice treated with G1D4 was 2.0~56.2%, 13.2~100.4%, 0.3~54.6%, 0.7~28.1%
higher than that of other treatments respectively. The nitrate reductase activity of late-
season rice treated with G1D4 at tillering stage, booting stage, full heading stage, and grain
filling stage was 27.4~66.2%, 27.3~74.3%, 0.9~25.5%, 6.0~17.7% higher than that of other
treatments respectively.
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Figure 3. Net photosynthesis rates(Pn) in different growth stages in early (1a) and late (1b) seasons
in 2018, and in early (1c) and late (1d) seasons in 2019, transpiration rate(Tr) in different growth
stages in early (2a) and late (2b) seasons in 2018, and in early (2c) and late (2d) seasons in 2019,
intercellular CO2 concentration (Ci) in different growth stages in early (3a) and late (3b) seasons in
2018, and in early (3c) and late (3d) seasons in 2019, and stomatal conductance(gs) in different growth
stages in early (4a) and late (4b) seasons in 2018, and in early (4c) and late (4d) seasons in 2019. HS,
heading stage; GS, grain filling stage. Different lowercase letters denote statistical differences between
treatments according to LSD test (0.05).
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Figure 4. Nitrate reductase activity in different growth stages in early (a) and late (b) seasons in 2018,
and in early (c) and late (d) seasons in 2019. TS, tillering stage; BS, booting stage; HS, heading stage;
GS, grain filling stage.

3.6. Effect of Nitrogen Application and Irrigation Method on Nitrogen Uptake and Use Efficiency

Compared with other treatments, G1D4 and G1D4 had lower NDE, NGE, NHI, AE,
NRE, PFP, PE. Nitrogen harvest index of different treatments ranged from 53.2% to 80.1%,
which indicated that most of the nitrogen absorbed by rice was used for grain formation.
Overall, there was a relatively small difference between the two seasons in 2018 and 2019
in NUE-related traits (Table 4).

Table 4. Effect of nitrogen application and irrigation method on nitrogen uptake and use efficiency.

Year Season Treatment
NDE NGE NHI AE NRE PFP PE

(kg kg−1) (kg kg−1) (%) (kg kg−1) % (kg kg−1) (kg kg−1)

2018 early G1D1 161.5 a 96.6 a 77.3 a
G1D2 120.2 c 77.3 b 70.2 b 13.9 a 41.6 c 60.8 a 31.59 a
G1D3 108.7 d 65.2 d 64.5 c 9.5 b 51.7 a 49.3 b 24.33 b
G1D4 90.1 e 58.9 e 56.7 de 7.6 c 43.7 c 41.2 c 19.18 c
G2D1 151.5 b 93.2 a 76.4 a
G2D2 117.6 c 72.5 c 69.9 b 13.3 a 46.5 b 59.5 a 30.62 a
G2D3 106.7 d 65.1 d 61.8 cd 10.1 b 49.1 a 50.4 b 25.16 b
G2D4 91.3 e 54.8 f 55.1 e 6.8 c 44.5 bc 38.8 c 18.95 c

late G1D1 142.6 a 86.7 a 75.6 a
G1D2 110.3 b 73.5 b 68.3 b 19.8 a 42.3 c 68.3 a 35.22 a
G1D3 100.9 c 63.3 c 61.7 c 15.3 b 49.7 a 52.9 b 31.14 b
G1D4 96.6 d 56.9 d 53.3 d 12.9 c 42.9 42.4 c 26.15 c
G2D1 139.6 a 84.2 a 75.3 a
G2D2 116.4 b 73.2 b 66.6 b 20.6 a 44.3 bc 67.6 a 36.19 a
G2D3 103.2 c 66.6 c 60.7 c 16.8 b 46.5 b 52.8 b 30.19 b
G2D4 94.8 d 57.4 d 53.2 d 13.3 c 41 c 40.1 c 27.71 c
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Table 4. Cont.

Year Season Treatment
NDE NGE NHI AE NRE PFP PE

(kg kg−1) (kg kg−1) (%) (kg kg−1) % (kg kg−1) (kg kg−1)

2019 early G1D1 163.9 a 90.4 a 80.1 a
G1D2 110.3 c 78.1 c 72.6 b 18.3 a 39.2 bc 60.8 a 40.66 a
G1D3 97.1 d 62.2 e 66.3 c 14.9 b 45.6 a 49.3 b 38.59 a
G1D4 82.3 e 56.9 f 60.1 d 12.7 c 41.3 b 41.2 c 30.63 c
G2D1 148.4 b 85.6 b 80.8 a
G2D2 107.6 c 70.5 d 73.5 b 19.5 a 36.7 c 59.5 a 35.68 b
G2D3 96.7 c 58.3 f 65.8 c 15.3 b 47.1 a 50.4 b 33.27 b
G2D4 79.6 e 57.8 f 59.5 d 12.9 c 41.5 b 38.8 c 28.71 c

late G1D1 138.7 a 84.9 a 79.6 a
G1D2 102.3 b 70.7 b 73.3 b 19.8 a 35.6 c 68.3 a 45.33 a
G1D3 96.5 c 58.8 c 63.7 d 15.3 b 42.3 a 52.9 b 40.19 b
G1D4 78.4 d 52.1 d 55.3 e 12.9 c 38.7 b 42.4 c 34.26 c
G2D1 135.1 a 83.6 a 76.3 ab
G2D2 105.2 b 68.3 b 68.9 c 20.6 a 40.3 ab 67.6 a 46.27 a
G2D3 93.3 c 56.2 c 63.1 d 16.8 b 42.5 a 52.8 b 39.67 b
G2D4 78.8 d 54.5 d 56.4 e 13.3 c 40.2 ab 40.1 c 35.16 c

Within a column for each season and year, means followed by the same letters are not significantly different
according to LSD (0.05). NDE, nitrogen dry matter production efficiency; NGE, nitrogen grain production
efficiency; NHI, nitrogen harvest index; AE, agronomic nitrogen use efficiency; NRE, nitrogen recovery efficiency;
PFP, partial factor productivity of applied fertilizer nitrogen; PE, physiological nitrogen use efficiency.

4. Discussion

Among many factors that affect rice growth, water and nitrogen are two of the most
important factors that determine rice yield, and also the most frequently controlled and
most influential environmental factors for crop growth [37]. Nitrogen fertilizer application
rate, water irrigation, and their interaction are important factors affecting rice yield and
nitrogen recovery efficiency [38]. In order to provide more data about suitable water
and nitrogen management in double-cropping rice production in the middle and lower
Yangtze River, we studied the effects of water and nitrogen management on yield and
its composition, dry matter accumulation, photosynthesis, nitrate reductase activity, and
nitrogen recovery efficiency of double-cropping rice.

We found that early-season rice G1D4 treatment and late-season rice G1D3 treatment
had higher effective panicle number, grain number per panicle, and yield, which was
consistent with the finding of Wang et al. [29]. Reasonable water and nitrogen management
can ensure higher tiller number of rice, and also ensure panicle formation rate, which leads
to an increase in grain number per panicle and yield [39]. This is because reasonable water
and nitrogen management increases the effective accumulation of nitrogen in various or-
gans of the rice [40], improves the photosynthetic rate of leaves [41], enhances the enzymes
related to nitrogen metabolism in leaves, such as NR [42], promotes the development of
rice roots [43], the accumulation of dry matter above ground [44], and the transportation
of mineral nutrients and photosynthates from vegetative organs to grains [45], so as to
improve the yield.

We found that the aboveground total dry weight of early-season rice in G1D4 treatment
and late-season rice in G1D3 treatment was higher. This may be caused by reasonable water
and nitrogen management which can effectively control the occurrence of ineffective tillers,
promote root growth, ensure the formation of a high-yield population, and play a role in
expanding “sink” and increasing “source” to a certain extent [28]. Due to water stress or
nitrogen stress, unreasonable water, and nitrogen treatments create difficulty in forming
enough effective panicles which lead to the reduction of “sink” capacity. Excessive tillers are
ineffective due to flooding irrigation and hindered population growth and adverse effects
on dry matter accumulation. The advantages of dry matter production in aboveground
parts of early-season rice G1D4 and late-season rice G1D3 treatments is an important
characteristic of their higher yield [46,47].

We found that early-season rice G1D4 treatment and late-season rice G1D3 treatment
had better photosynthesis, because reasonable water and nitrogen management acted on
the growth of vegetative organs, promoting the increase of rhizome and leaf area, and
prolonged leaf senescence. It can accelerate the transpiration rate of leaves, regulate the
opening and closing of stomata, promote the carboxylation efficiency of mesophyll cells,
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improve the CO2 assimilation rate, significantly improve the photosynthetic rate of flag
leaves in the late growth stage of rice, and prolong the photosynthetic function period
and light cutting time of leaves. This is an important physiological basis for high-yield
treatment with a strong yield and storage capacity advantage [48].

NR plays a regulatory and rate-limiting role in the process of nitrogen metabolism in
rice, and its activity affects nitrogen utilization and central regulation in rice [49]. We found
that NR activity of early-season rice G1D4 treatment and late-season rice G1D3 treatment was
higher, which should be reasonable water and nitrogen management to promote nitrogen
metabolism, contribute to the transformation and absorption of nitrate nitrogen, maintain
a certain nitrogen content in leaves, make leaves grow normally and play a better role in
photosynthetic function, thus promoting plant growth and yield formation [27,50,51].

An appropriate water-nitrogen coupling model can not only improve rice yield and
nitrogen use efficiency but also affect the accumulation and distribution of dry matter and
nitrogen in rice aboveground parts. It has a positive effect on improving the accumulation of
dry matter and nitrogen in rice and plays the role of “transferring water with fertilizer” or
“transferring fertilizer with water” [52]. Early-season rice G1D4 treatment had the highest
yield, which indicated that with the increase of nitrogen application rate, rice yield increased
and nitrogen use efficiency decreased, but late-season rice G1D4 treatment had a lower yield
than G1D3 treatment, which indicated that nitrogen accumulation increased with the nitrogen
application rate. The spatial competition of rice plants for nitrogen content creates a threshold
for nitrogen absorption. Excessive nitrogen absorption by plants will not increase the dry
matter quality of rice continuously but will lead to rice yield reduction [25,53,54].

As for why early-season rice and late-season rice needed different water and nitrogen
management methods, the reason is that early-season rice had a lot of rainfall, which leads
to nitrogen loss, while late-season rice needed more irrigation water, which can utilize
nitrogen better.

We found that most of the traits tested in 2018 and 2019 were affected by the environ-
ment. Fortunately, the two-year results showed a consistent trend under different nitrogen
application rates and irrigation conditions. In order to better understand the effects of
water and nitrogen management on grain yield and nitrogen use efficiency, it is necessary
to use more rice varieties in different ecological regions with different soils and climates to
further study these traits.

5. Conclusions

Through the comprehensive effect of reasonable irrigation mode and nitrogen man-
agement, the yield is improved. Under G1D4 treatment and G1D3 treatment, the maximum
grain yield of early-season rice and late-season rice was 7.42 t ha−1 and 8.20 t ha−1, respec-
tively. The increase in grain yield is due to the increase of nitrate reductase activity, leaf
photosynthesis, accumulation of dry matter, effective panicle number, and grain number
per panicle in G1D4 treatment rice G1D3 treatment. Compared with other treatments,
late-season rice G1D3 treatment achieves a higher yield with less nitrogen fertilizer, while
early-season rice G1D4 treatment had the highest yield, but the nitrogen recovery effi-
ciency decreased. Therefore, a more effective water and nitrogen management mode for
early-season rice should be considered in future research.
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