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Abstract: Understanding the methods leading to rice yield increase is vital for sustainable agricultural
development. Improving the harvest index (HI) is an important way to increase rice yield. To explore
the effects of different water and nitrogen management modes on the rice HI in the black soil region
of Northeast China, a field experiment was conducted in 2019 (Y1) and 2020 (Y2). Two irrigation
methods, conventional flooding irrigation (FI) and controlled irrigation (CI), were established in the
experiment, and four nitrogen application levels (0 kg/ha, 85 kg/ha, 110 kg/ha, and 135 kg/ha)
were set during the entire growth period, named N0, N1, N2, and N3. The dry matter weight and
the rice yield at the maturity stage were determined, and the HI was then calculated. The results
showed that different irrigation modes and nitrogen application levels had significant effects on the
rice HI. Under different irrigation modes with the same nitrogen application level during the two
years, the comparison regular of HI was consistent. In Y1 and Y2, the HI of FN0 was 3.36% and 5.02%
higher than that of CN0 (p < 0.05), and the HI of CN1 was 0.31% and 2.43% higher than that of FN1
(p > 0.05). The HI under CI was significantly higher than that under FI under N2 and N3 (p < 0.05), the
HI of CN2 was 4.21% and 4.97% higher than that of FN2, and the HI of FN3 was 13.12% and 20.34%
higher than that of CN3. In addition, during the two-year experiment, the HI first increased and then
decreased with an increase in the nitrogen application rate under FI and CI. Under the FI treatments,
the HI of N1 was the highest, and that of N2 was the highest under the CI treatments. A variance
analysis showed that the irrigation pattern and nitrogen application level had significant interactions
on the rice HI (p < 0.01), and the appropriate water and N management mode could increase rice the
HI by 26.89%. The experimental results showed that the HI of the 110 kg/ha nitrogen application rate
under CI was the highest, reaching 0.574 and 0.572, respectively, in two years. This study provides a
data reference and theoretical support for realizing water savings, nitrogen reduction, and sustainable
agricultural development in the black soil region of Northeast China.

Keywords: the black soil region of Northeast China; harvest index; water and nitrogen; yield; dry
matter accumulation

1. Introduction

Rice is one of the most important crops in the world and is the foremost staple food in
Asia, providing 60% of the dietary calories for more than three billion people [1]. As the
first of three major grain crops in China, its output accounts for approximately 33.8% of
the total grain output [2]. Currently, China is the largest rice producer and consumer in
the world. With the continuous growth of China’s population (1.4 billion now) [3], the rice
yield has a direct impact on China’s food security.
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Currently, a lack of water resources has become an important problem that hinders
agricultural development, and rice is the most water-consuming crop in agriculture. The
irrigation water consumption of a paddy field accounts for greater than 65% of the total
agricultural water consumption [4]. In addition, the application of fertilizer is of great
significance to the rice yield. Nitrogen fertilizer accounts for the largest proportion of
chemical fertilizers. During the actual agricultural production process, if a reasonable
application amount of nitrogen fertilizer cannot be scientifically estimated, this results in
excessive application, and a large portion of this N fertilizer will pollute the water, soil,
and atmosphere through NH3 volatilization, runoff, and leaching [5]. Based on the above
status and problems, it has become important to explore the appropriate water and N
management mode to improve the rice yield. The total rice yield still needs to be increased
to feed the growing population under the current situation of increasing water resource
shortages. Therefore, scholars have proposed many water-saving regimes, such as aerobic
rice systems [6] and alternate wetting and mode rate soil drying regimes [7]. Different
water-saving regimes have greatly reduced the need for irrigation water and improved the
water use efficiency. Currently, China’s demand for agricultural water is rising sharply,
and the contradiction between supply and demand is becoming increasingly prominent [8].
Therefore, it is very necessary to develop water-saving agriculture. In addition to water,
nitrogen is another key factor that determines crop yield, but many farmers alleviate the
pressure of agricultural production by increasing the application of nitrogen fertilizer. This
is an unreasonable method and not desirable. Some studies have shown that the blind
application of nitrogen fertilizer will cause “extravagant nitrogen consumption of rice” and
seriously reduce the yield [9]. For the important task of agricultural production to improve
the utilization efficiency of water and fertilizer resources, some scholars have studied the
coupling of water and nitrogen. This water and nitrogen coupling has been studied because
these two factors interact jointly to affect crop growth and development [10]. Researchers
have also proposed the viewpoint of “regulating water with fertilizer and promoting
fertilizer with water” [11,12]. Some scholars have conducted extensive research on the
relationships between water–nitrogen coupling, crop growth, and the environment [13–15],
and these studies have shown that the goals of stable yield, yield increase, and sustain-
able agricultural development can be achieved using an appropriate water and nitrogen
management mode.

Currently, there are two primary methods to further increase rice yield. The first
is to increase the HI when the biological yield is certain. The second is to increase the
biological yield under the condition of a certain HI. The HI is the ratio of the crop economic
yield to the biological yield. This concept was first proposed by the former Soviet scholar
Niki Porovich in 1954 [16]. In recent years, some scholars have conducted a series of
studies on increasing the yield by improving the rice HI [17–19]. In China, Liao et al. led
by proposing a comprehensive index of the high HI of rice. The research showed that a
high HI of rice showed the advantages of a high and stable yield and wide adaptability
during the production practice [20]. The research of He et al. proved that rice varieties
with a high HI had better development characteristics, enhanced photosynthetic product
transport, and enhanced distribution characteristics, and these further improved the rice
yield [21]. The research of Mai et al. showed that the cultivation method of sowing
effectively improved the rice HI [22]. The research of Xue et al. showed that the rice HI was
improved by late sowing, early planting, and early topdressing [23]. Most of the studies on
improving the yield by improving the HI have focused on rice breeding and cultivation.
According to previous studies, the crop yield can be improved to a certain extent using
water and fertilizer management, and there is a close relationship between rice dry matter
accumulation and transport. However, the research results on the impact of water and the
nitrogen management mode on the rice HI remain vague.

The formation of a crop yield is essentially a process of dry matter synthesis, accu-
mulation, transport, and distribution [24]. Some scholars have conducted relevant studies
on crop dry matter accumulation and transport. Huang et al. proposed that fertilizer
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and water conditions have an impact on the total dry matter quality of rice, and there
was a significant positive correlation between the rice yield and the total dry matter ac-
cumulation [25]. Zhou et al. showed that nutrient management and nitrogen backward
transfer are conducive to dry matter accumulation and transport after heading, which is an
important method to promote a high rice yield [26,27]. Research by Zhang et al. showed
that there were significant differences in maize dry matter transport under different water
and nitrogen management modes [28]. The Zhang et al. research showed that subsoiling
can increase the dry matter accumulation of spring maize and improve the dry matter
transport efficiency [29]. Research by He et al. showed that soil microfilm mulching and
timely one-time irrigation can promote the transport of winter wheat vegetative organs to
grains [30]. However, for the same crop variety, the different growth environment may also
lead to a difference in the HI.

Heilongjiang Province is located in the northeast black soil region of China, one of
the four black soil zones in the world. The northeast black soil region consists of black
humus topsoil as the dominant ground component [31]. The region has the characteristics
of high fertility, good structure, and loose texture and is suitable for farming and crop
growth. It is an important commodity grain and rice production and supply base in
the country [32], and it plays an important role in ensuring national food security [33].
However, during the process of rice planting, the water and nitrogen resource investment
required is too high, and this causes great risks for sustainable agricultural development in
Heilongjiang Province. Moreover, Heilongjiang Province is located in arid and semi-arid
areas, and water shortage problems are becoming increasingly serious [34]. In addition, the
excessive application of nitrogen fertilizer will reduce nitrogen use efficiency and cause
environmental pollution [13]. Currently, it is feasible and necessary to propose a reasonable
water and nitrogen management mode for rice production for Heilongjiang Province to
achieve a stable and increased rice yield by improving the HI.

In this study, the response of the rice HI to water and nitrogen management modes
in the northeast black soil region was studied by analyzing the rice yield data, dry matter
accumulation, and HI under different water and nitrogen management modes for two
years. The aim of this study was to (1) clarify the influence law and degree of water and
nitrogen management mode on the rice HI in the black soil region of Northeast China, and
(2) explore a reasonable water and nitrogen management mode to increase and stabilize
the yield by improving the rice HI. The results of this study provide useful information
for rice production in the northeast black soil region to achieve a higher grain yield and
resource use efficiency. This study also provides scientific guidance for rice production in
the northeast black soil region to formulate a reasonable water and nitrogen management
model and provide data support to scientifically estimate the relationship between the
water and nitrogen management mode and the rice HI.

2. Materials and Methods
2.1. Survey of the Test Area

The experiment was conducted in summer and autumn of Y1 and Y2 at the Rice
Irrigation Experimental Station of the Heping Irrigation District, Qing’an County, Hei-
longjiang Province. The experimental station (127◦40′45” E, 46◦ 57′ 28” N) is located in
the middle upper reaches of the Hulan River Basin that is located in the plain area of low
mountains and hills and belongs to the typical black soil region of Northeast China. The
annual average temperature is 2.5 ◦C, the annual average precipitation is 550 mm, and the
annual average water evaporation is 750 mm. The water–thermal growth period of crops
is 156–171 days, and the annual frost-free period is 128 days. The climate characteristics
belong to the cold temperate continental monsoon climate. The soil type is albic rice soil,
which is classified as clay loam soil (USDA classification). It had a soil bulk density of
1.01 g/cm3 and soil porosity of 61.8%. It is the primary soil type in the Songnen Plain,
and rice has been planted in the experimental region for more than 20 years. The soil is
fertile, and the soil nutrient content is stable. The soil tillage thickness was 11.3 cm, and the
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thickness of the plough base layer was 10.5 cm at the time of the study. The basic physical
and chemical properties of the soil were as follows: the mass ratio of organic matter was
41.4 g/kg, the pH value was 6.40, the mass ratio of total nitrogen was 15.06 g/kg, the mass
ratio of total phosphorus was 15.23 g/kg, the mass ratio of total potassium was 20.11 g/kg,
and the mass ratio of alkaline hydrolyzable nitrogen was 154.36 mg/kg [35].

2.2. Experiment Design

In this experiment, there were two irrigation modes. Four nitrogen application lev-
els were selected under each irrigation mode, and the test scheme is shown in Table 1.
Two irrigation modes were established in this test: conventional flooding irrigation (FI)
and controlled irrigation (CI). Under CI, the field surface maintained a water layer of
5–25 mm at the re-green stage of rice, and no water layer was established at the other
growth stages. The soil moisture content of the root layer was regarded as the water control
index to determine the irrigation quota and irrigation time. The upper limit of irrigation
was the soil saturated moisture content. During the pre-tiller, mid-tiller, end-tiller, jointing
and booting stage, heading flowering stage, and milky stage, the lowest limits of the soil
moisture content were 85%, 85%, 60%, 85%, 85%, and 70% of the saturated water content,
respectively. Under FI, except for the proper drainage and drying during the late tillering
stage to prevent ineffective tillering and natural drying during the yellow ripening stage,
the field surface at the other rice growth stages was maintained at a 3–5 cm water layer.
Four nitrogen application levels were selected during the experiment, namely N0 (0 kg/ha),
N1 (85 kg/ha), N2 (110 kg/ha), and N3 (135 kg/ha). There were 8 treatments in this experi-
ment, 3 repetitions for each treatment, a total of 24 experimental plots, and the area of each
plot was 100 m2(10 m × 10 m). A random block arrangement was adopted. To prevent wa-
ter and nitrogen exchange between each plot, each plot was separated by inserting plastic
plates to a depth of 40 cm. The fertilizers tested were urea (N 46%), superphosphate (P2O5
12%), and potassium chloride (K2O 60%). The proportion of nitrogen fertilizer applied
during each period was base fertilizer: tiller fertilizer: panicle fertilizer equal to 4.5:2:3.5.
The base fertilizer was applied one day before rice transplanting, the tiller fertilizer was
applied 24 days after transplanting, and the panicle fertilizer was applied 72 days after
transplanting. The phosphorus fertilizer (P2O5 45 kg/ha) and potassium fertilizer (K2O
80 kg/ha) were used for each treatment. The phosphorus fertilizer was applied once before
transplanting, and the potassium fertilizer was applied before transplanting and at an 8.5
leaf age of the rice with a ratio of 1:1. The study employed the variety “Suijing 18”, which
is a popular variety of rice in the local area, and the planting density was 30 cm × 10 cm
with three plants per hole.

Table 1. Design of the experimental treatments kg/ha.

Treatment Irrigation Modes Nitrogen Application Levels

FN0 Conventional flooding irrigation 0
FN1 Conventional flooding irrigation 85
FN2 Conventional flooding irrigation 110
FN3 Conventional flooding irrigation 135
CN0 Controlled irrigation 0
CN1 Controlled irrigation 85
CN2 Controlled irrigation 110
CN3 Controlled irrigation 135

2.3. Determination Items and Methods
2.3.1. Dry Matter Weight of Rice at Each Growth Stage

At each growth stage of rice, representative rice were selected as samples from each
treatment block. To reduce the boundary effect, five plant samples with uniform growth
were selected from the middle portion of the block. The agricultural compressed sprayer
was used to rinse and clean up the organs of the rice plant. After loading it into the bag, it
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was brought back to the Ministry of Agriculture’s Key Laboratory for the efficient utilization
of agricultural water resources, placed into an oven, adjusted to 105 ◦C, and killed green
for 30 min under the condition of a blast. It was then dried at a constant temperature until
70 ◦C, and the dry matter of the different parts was weighed [36].

2.3.2. Rice Yield and Its Components

At maturity, five representative rice samples with uniform growth were selected from
each field block, and the number of effective panicles, thousand grain weight, grain number
per panicle, and seed setting percentage (%) were manually inspected. The theoretical rice
yield was then calculated according to the population density of the rice.

2.3.3. Determination of Rice Plant N Content

The weighed rice plant was crushed into various parts of the plant organs with a
pulverizer, screened through an 80 mesh (0.18 mm) screen, digested by H2SO4–H2O2
method, and the solution to be measured was taken to determine the N content with a
continuous flow analyzer (autoanalyzer-3, Bran+Luebbe, Norderstedt, Germany).

2.3.4. Calculation Equation of the Relevant Indicators

HI = Y/AGDM,

where

AGDM = Above ground dry matter accumulation, kg/ha;
Y = Yield, kg/ha;
HI = Harvest index.

The material transport capacity of the stem and leaf = the dry matter weight of the
stem and leaf at the heading stage − the dry matter weight of the stem and leaf at maturity,
t/ha.

The stem leaf material transport rate = the material transport capacity of the stem and
leaf/the dry matter weight of the stem and leaf at the heading stage, %.

The grain contribution rate = the material transport capacity of the stem and leaf/the
dry matter weight of the rice at maturity, % [37].

ET = P + I + G + W1 − R − D −W2

where

ET = water consumption, mm
P = rainfall, mm
I = irrigation amount
G = Groundwater recharge, mm; because the buried depth of groundwater in the test area
is very deep, K value is taken as 0
W1 = Soil water storage of 0–60 cm after rice transplanting
R = Drainage during rice growth period, mm
D = Deep soil leakage, mm
W2 = Soil water storage during rice harvest, mm
N recovery efficiency (NRE, %) = (Aboveground nitrogen uptake in N application area −
Aboveground N uptake in control area)/N application amount × 100% [38].

2.4. Data Processing and Analysis

Excel Y1 was used for the statistics, calculation, and processing of the yield-related
data. IBM SPSS Statistics 22 was used for the significance analysis, and ANOVA and
origin2021b software were used for the mapping.
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3. Results
3.1. Effects of the Different Water and Nitrogen Management Modes on the Rice Yield and
Its Components

The rice yield and its components under different water and fertilizer management
modes are shown in Table 2. The results show that, under FI, the number of effective
panicles of rice increased with an increase in the nitrogen application. Under CI, the
number of effective panicles of rice first increased and then decreased with an increase in
the nitrogen application. Under CI, the number of grains per panicle first increased and then
decreased with an increase in the nitrogen application. The number of grains per panicle of
rice first increased and then decreased with the amount of nitrogen application under FI in
Y1, while it increased with an increase in the nitrogen application under FI in Y2. The seed
setting percentage of the rice decreased significantly when the nitrogen application level
increased from N2 to N3 under the two irrigation modes; in Y1, it decreased from 88.1%
to 78.4% under FI, from 88.4% to 82.8% under CI, and, in Y2, it decreased from 89.2% to
79.5% under FI, from 90% and from 82% under CI. Under FI, the thousand seed weight of
the rice decreased with an increase in the nitrogen application. In Y1, with the increase in
nitrogen application, the thousand seed weight decreased from 23.89 g to 19.8 g, in which
the nitrogen application level from N1 to N2 was significantly different (p < 0.05), and, in
Y2, it decreased from 23.8 g to 19.98 g, in which the nitrogen application level from N2 to
N3 was significantly different (p < 0.05). Under CI, it first increased and then decreased
with the increase in the N application in Y1, CN2 > CN3 > CN1 > CN0, and continued to
increase with the increase in N application in Y2, from 20.61 g to 25.33 g. The differences
in these related characters of the theoretical yield affected the theoretical yield. Under the
two irrigation modes, the yield first increased and then decreased with the increase in N
application level. The yields of the CN2 treatment were the highest, 9179.37 kg/ha and
9024.18 kg/ha, respectively, and those of CN0 treatment were the lowest, 5855.39 kg/ha
and 5788.99 kg/ha, respectively, in Y1 and Y2. Under N0, the yields of FI in two years
were 3.24% and 2.28% higher than those of CI, respectively. Under N1, N2, and N3, the
yield under CI was higher than that under FI. The yields of the FN2 treatment and the CN2
treatment reached the maximum under FI and CI, respectively. Under the two irrigation
modes, the rice yield increased at first and then decreased with an increase in the nitrogen
application. This result demonstrated that nitrogen is an important element to promote
rice yield, but excessive application will reduce the rice yield. Under the N1, N2, and N3
treatments, the yield of CI was higher than that of FI. Under the N1, N2, and N3 in Y1, the
yield increase of CI compared with FI was 0.5%, 6.61%, and 9.99%, respectively, and the
increase in Y2 was 3.44%, 4.35%, and 14.63%, respectively. This demonstrated that, under
the same nitrogen application level, CI was more conducive to an improvement in the rice
yield. The above results showed that CI and the appropriate nitrogen application level
effectively improved the rice yield.

3.2. Effects of the Different Water and Nitrogen Management Modes on the above Ground Dry
Matter Accumulation

The above ground dry matter accumulations during rice maturity under the different
water and nitrogen management modes in Y1 and Y2 are shown in Figure 1. Under the
same irrigation mode, the above ground dry matter accumulation first increased and then
decreased with an increase in the nitrogen application level. The maximum dry matter
accumulation was 15,981.9 kg/ha for the CN2 treatment in Y1 and 15,867.68 kg/ha for the
FN2 treatment in Y2. When the nitrogen application rate exceeded a certain level, the excess
nitrogen could not continue to contribute to the dry matter accumulation and even reduced
the dry matter accumulation. By comparing the above ground dry matter accumulations
under different irrigation modes at the same nitrogen application level, under N3 in
Y1, the dry matter accumulation of rice under FI was 2.85% higher than that under CI
(p < 0.05). Under N0, N1, and N2, the dry matter accumulation of rice under CI was 0.11%,
0.14%, and 2.31% higher than that under CI, respectively (p < 0.05). Under N0 and N1 in
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Y2, the dry matter accumulation under CI was 2.68% and 0.99% higher than that under
FI, respectively, with a significant difference under N0 (p < 0.05). However, under N2 and
N3, the dry matter accumulation under CI was 0.59% and 4.98% higher than that under CI,
respectively, with significant difference under the N3 level (p < 0.05).

Table 2. Effects of the different water and nitrogen treatments on the rice yield and its components.

2019 Treatments The Number of Effective
Panicles (Panicle/ha)

Grain Number per
Panicle (Grain/Panicle)

Seed Setting
Percentage (%)

Thousand Seed
Weight (g) Yield (kg/ha)

FN0 4.0766 × 106 d 71.43 d 86.9 a,b 23.89 a 6045.26 c

FN1 4.4677 × 106 c 86.96 c 88.1 a,b 22.4 a,b 7667.04 b

FN2 4.9273 × 106 a,b 91.15 b 88.1 a,b 21.76 b 8609.95 a

FN3 5.0067 × 106 a,b 90.91 b 78.4 b 19.8 b 7065.53 b

CN0 4.7595 × 106 b 69.68 d 85.5 a,b 20.65 b 5855.39 c

CN1 4.881 × 106 b 95.26 a 79.6 b 20.81 b 7702.02 b

CN2 5.0223 × 106 a 89.66 b,c 88.4 a 23.06 a,b 9179.37 a

CN3 4.8739 × 106 b 85.47 c 82.8 b 22.53 a,b 7771.09 b

2020 Treatments The Number of Effective
Panicles (Panicle/ha)

Grain Number per
Panicle (Grain/Panicle)

Seed Setting
Percentage (%)

Thousand Seed
Weight (g) Yield (kg/ha)

FN0 4.1028 × 106 d 70.18 d 86.4 b 23.8 a,b 5920.85 c

FN1 4.3894 × 106 d 81.43 c 88.6 a 23.43 a,b 7419.86 b

FN2 4.6154 × 106 c 89.5 b 89.2 a 23.47 a,b 8647.89 a

FN3 4.7661 × 106 b,c 90.28 a 79.5 c 19.98 c 6834.67 b,c

CN0 4.8382 × 106 b 68.22 d 85.1 b 20.61 b 5788.99 d

CN1 4.9024 × 106 b 83.17 c 84 b,c 22.41 b 7675.32 b

CN2 5.0418 × 106 a 82.83 c 90 a 24.01 a 9024.18 a

CN3 4.8953 × 106 b 77.05 c,d 82 c 25.33 a 7834.31 b

Note: the different letters after the data in the same column indicate that the difference between treatments was
significant (p < 0.05), and the same letter indicates that the difference was not significant (p > 0.05), same as below.

The results show that the dry matter accumulation of CI was more at the low nitrogen
application level, while that of FI was more at the medium and high nitrogen application
levels. Under the different water and nitrogen management modes, the above ground
dry matter accumulation of rice was significantly different. The two factors of water and
nitrogen affected the aboveground dry matter accumulation of rice.

3.3. Effects of Different Water and Nitrogen Management Modes on Water and Nitrogen
Use Efficiency

The effects of different water and nitrogen management modes on water use efficiency
(WUE) are shown in Table 3. The results showed that the water consumption and WUE
of rice were different under different water and nitrogen management modes. Under the
same N application level, the water consumption of CI was significantly lower than that
of FI (p < 0.05). In Y1, the water consumption of CI was 31.74–34.59% lower than that
of FI, and, in Y2, the water consumption of CI was 32.27–34.09% lower than that of FI.
Additionally, under the same N application level, the WUE of CI was significantly higher
than that of FI (p < 0.05). Under the four N application levels, the WUEs of CI were 46.74%,
53.57%, 56.20%, and 63.81% higher than those of FI in 2019, while they were 48.35%, 56.76%,
57.02%, and 69.23% in 2020. Under the same irrigation mode, the water consumption of
rice increased first and then decreased with the increase in N application. Under the FI, the
water consumption of FN2 was the highest, reaching 7115.66 m3/ha and 7147.02 m3/ha,
respectively, in two years, and the water consumption of FN0 was the lowest, 6570.93
m3/ha and 6506.43 m3/ha, respectively; under CI, the water consumption of CN2 was the
highest, 4856.91 m3/ha and 4749.57 m3/ha, respectively, and those of CN0 were the lowest,
4337.32 m3/ha and 4288.14 m3/ha, respectively. Moreover, under the two irrigation modes,
The WUE first increased and then decreased with the increase in N application. The WUE
of N2 was the highest, and that of N0 was the lowest. In 2019, the WUEs of N2 reached
1.21 kg/m3 and 1.89 kg/m3, respectively, 31.52% and 40% higher than those of N0; in 2020,
the WUEs of N2 reached 1.21 kg/m3 and 1.9 kg/m3, 32.97% and 40.74% higher than those
of N0.
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Under different water and N management modes, the total N accumulations of rice in
Y1 and Y2 were 138.5–207.28 kg/ha and 134.41–205.65 kg/ha, respectively. Under the same
N application level, the total N accumulation of CI increased by 6.55–8.42% and 6.99–8.53%,
respectively, in 2019 and 2020, compared with FI. Under the CI, NRE increased by 8.79–
15.12% and 5.07–11.74%, respectively, in two years compared with FI. The results showed
that the CI was more conducive to the absorption and utilization of nitrogen by rice. Under
the same irrigation mode, the total N accumulation of rice increased significantly with the
increase in N application (p < 0.05). In Y1 and Y2 under FI, the total N accumulation of FN1
was 18.16% and 18.63% higher than those of FN0, the total N accumulation of FN2 was
27.88% and 29.41% higher than those of FN0, and those of FN3 were 38.95% and 40.98%
higher than FN0, respectively; under CI, the total N accumulation of CN1 was 18.54% and
18.24% higher than those of CN0, the total N accumulation of CN2 was 30.13% and 30.61%
higher than those of CN0, and the total N accumulation of CN3 was 40.46% and 42.54%
higher than those of CN0, respectively. NRE increased with the increase in N application
under the two irrigation modes (p < 0.05). In the Y1 and Y2, NRE of FN2 was 18.66% and
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21.99% higher than those of FN1, while those of FN3 were only 13.83% and 9.43% higher
than those of FN2. Similarly, NRE of CN2 was 25.57% and 29.73% higher than those of
CN1, while those of CN3 were only 13.83% and 13.21% higher than those of CN2. The
results showed that NRE increased with the increase in N application, but the increase rate
of NRE decreased when N application was too high.

Table 3. Effects of different water and N management modes on water and nitrogen use efficiency.

2019 Treatment Yield (kg/ha) Water Consumption
(m3/ha) WUE (kg/m3)

Total N
Accumulation (kg/ha) NRE (%)

FN0 6045.26 6570.93 b 0.92 g 138.5 e

FN1 7667.04 6845.57 a,b 1.12 e 163.65 d 29.59 d

FN2 8609.95 7115.66 a 1.21 d 177.12 c 35.11 c

FN3 7065.53 6729.07 a,b 1.05 f 192.45 b 39.96 b

CN0 5855.39 4337.32 d 1.35 c 147.57 e

CN1 7702.02 4477.92 c,d 1.72 b 174.93 c,d 32.19 c,d

CN2 9179.37 4856.81 c 1.89 a 192.03 b 40.42 b

CN3 7771.09 4518.07 c,d 1.72 b 207.28 a 44.23 a

2020 Treatment Yield (kg/ha) Water Consumption
(m3/ha) WUE (kg/m3)

Total N Accumulation
(kg/ha) NRE (%)

FN0 5920.85 6506.43 b 0.91 g 134.41 e

FN1 7419.86 6684.56 b 1.11 e 159.45 d 29.46 d

FN2 8647.89 7147.02 a 1.21 d 173.94 c 35.94 c

FN3 6834.67 6571.79 b 1.04 f 189.49 b 40.8 b

CN0 5788.99 4288.14 d 1.35 c 144.28 e

CN1 7675.32 4411.10 c,d 1.74 b 170.59 c,d 30.95 d

CN2 9024.18 4749.57 c 1.9 a 188.45 b 40.15 b

CN3 7834.31 4451.32 c,d 1.76 b 205.65 a 45.46 a

Note: the different letters after the data in the same column indicate that the difference between treatments was
significant (p < 0.05), and the same letter indicates that the difference was not significant (p > 0.05), same as below.

3.4. Effects of the Different Water and Nitrogen Management Modes on the Dry Matter Transport

The material transports of the rice stems and leaves under the different water and
nitrogen management modes are shown in Table 4. Different irrigation modes combined
with different nitrogen application rates will have an impact on the rice stem and leaf
material transport capacity, transport rate, and grain contribution rate. Under the two
different irrigation modes, the material transport capacity of the stem and leaf, the transport
rate, and the grain contribution rate of rice generally increased first and then decreased
with an increase in the nitrogen application. At N0, the material transport capacity of
the stem and leaf, the transport rate, and the grain contribution rate of FI were higher
than those of CI. However, at N1, N2, and N3, the material transport capacity of the stem
and leaf, the transport rate, and the grain contribution rate of FI were lower than those
of CI. In Y1, the material transport capacity of the stem and leaf of FN3 was 0.53% lower
than that of CN0 (p > 0.05) and, compared with other water and nitrogen management
modes, FN3 was 22.39–49.82% lower and the difference was significant (p < 0.05). The stem
and leaf material transport rate of the FN3 treatment was the lowest among all the treat-
ments, which was 40.64–59.98% lower than that of the other water and nitrogen treatments
(p < 0.05). The contribution rate of grains was the lowest under the FN2 treatment in Y1.
It was 8.7–43.67% lower than the other water and nitrogen management modes, in which
FN2 had no significant difference compared with FN3, and a significant difference was
reached with the other treatments (p < 0.05). In Y2, the FN3 treatment had a lower stem
and leaf material transport capacity, transport rate, and contribution rate to grain than the
other water and nitrogen management modes at 28.38–60.1%, 58–73.08%, and 22.75–48.85%,
respectively, with a significant difference (p < 0.05). The results showed that the different
water and nitrogen management modes had significant effects on the dry matter transport
of rice. Under the N1, N2, and N3 levels, the stem and leaf matter transport capacity
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and rate were higher under CI than under FI, and the grain contribution rates of CI at
the N1, N2, and N3 application levels in Y1 were higher than those of FI. There was no
significant difference between FI and CI at N1 in Y2, and the contribution rates of the CI
grains at N2 and N3 were significantly higher than those of FI (p < 0.05). The formation of
the rice yield is essentially the accumulation and transport of dry matter. The transport
capacity, transport rate, and grain contribution rate of dry matter comprehensively reflect
the transport capacity of rice dry matter. According to the three indexes, the combination
of CI and N2 had significant advantages over the other water and fertilizer treatments in
the late heading stage of rice.

Table 4. The stem and leaf transport capacity, transport rate, and grain contribution rate of rice.

2019 Treatments Material Transport Capacity
of Stem and Leaf (t/ha)

Stem Leaf Material
Transport Rate (%) Grain Contribution Rate (%)

FN0 0.719 d 12.49 c 10.91 b

FN1 0.924b c 13.17 b,c 11.85 a

FN2 0.752 d 14.52 b 6.72 e

FN3 0.558 e 6.5 d 7.36 d,e

CN0 0.561 e 10.95 c 7.92 d

CN1 0.98 b 14.69 a,b 11.93 a

CN2 1.112 a 16.24 a 10.85 b

CN3 0.858 c 11.61 c 9.93 c

2020 Treatments Material Transport Capacity
of Stem and Leaf (t/ha)

Stem Leaf Material Transport
Rate (%) Grain Contribution Rate (%)

FN0 0.736 d 14.09 b,c 10.95 b,c

FN1 1.063 b,c 15.56 b 13.94 a

FN2 0.937 c 14.09 b,c 9.23 c

FN3 0.482 e 5.49 d 7.13 d

CN0 0.673 d 13.07 c 9.58 c

CN1 1.082 b 16.38 a,b 13.53 a,b

CN2 1.208 a 17.46 a 12 b

CN3 0.987 c 14.04 b,c 11.88 b

Note: the different letters after the data in the same column indicate that the difference between treatments was
significant (p < 0.05), and the same letter indicates that the difference was not significant (p > 0.05), same as below.

3.5. Effects of the Different Water and Nitrogen Management Modes on the Rice HI

A comparison of the HIs of the different water and nitrogen management modes is
shown in Figure 2. In Y1 and Y2, at N0, the HIs of FN0 were 0.52 and 0.528, respectively,
higher than those under CN0 by 3.38% and 4.97% (p < 0.05). At N1, N2, and N3, the HI
under CI was higher than that under FI, and the difference was significant at the nitrogen
application levels of N2 and N3. At N2, the HIs of CN2 were 0.574 and 0.572, respectively,
higher than those of FN2 in Y1 and Y2 by 4.17% and 4.95%. At N3, the HIs of CN3 in Y1
and Y2 were 0.512 and 0.546, respectively, 13.02% and 20.26% higher than those of FN3,
respectively. The results showed that, under the same nitrogen application level, CI was
more conducive to improving the rice HI. Under the same irrigation mode and different
nitrogen application levels, the rice HI also showed significant differences.
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Figure 2. Comparison of the HI under the different irrigation modes in (a) 2019 and (b) 2020. Note:
the different letters in the same figure indicate that the difference between treatments was significant
(p < 0.05), and the same letter indicates that the difference was not significant (p > 0.05), same as below.

Under FI, the order of the rice HI from high to low was FN1 > FN2 > FN0 > FN3. In
Y1 and Y2, the HI of the FN1 treatment was the highest; it was 0.552 and 0.554 in two years,
respectively, and 0.2%, 6.2%, and 21.9% higher than those of the other three treatments in
Y1 and 1.7%, 4.9%, and 22% higher than those of Y2. The difference between FN1 and FN2
was not significant in the two-year experiment (p > 0.05), and the difference between FN2
and FN0 reached a significant level in Y1 (p < 0.05). There was no significant difference
between FN2 and FN0 in Y2, and the difference between FN0 and FN3 reached a significant
level in two years (p < 0.05). Under CI, the order of HI from high to low was: CN2 > CN1
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> CN3 > CN0. In Y1 and Y2, the HI of the CN2 treatment was the highest, respectively,
3.6%, 12.1%, and 14.1% higher than those of the other three treatments in Y1 and 0.7%,
4.8%, and 13.7% higher than those of Y2. The HIs of the CN2 and CN1 treatments were
different but not significant (p > 0.05). The difference in the HIs between the CN1 and
CN3 treatments reached a significant level in two years (p < 0.05), and the difference in
the HIs between the CN3 and CN0 treatments was not significant in Y1 but significant in
Y2 (p < 0.05). Although the significant difference level in the experiment was different in
the interannual variation, under the same irrigation mode, the HI first increased and then
decreased with an increase in the nitrogen application. In this experiment, the change trend
of the HI under CI was similar to that of the yield, but not under FI because, under FI, with
an increase in the nitrogen application, the increase rate of the dry matter accumulation
was greater than that of the yield, resulting in a decline in the rice HI.

The data showed that different water and nitrogen management modes will affect
the rice HI, and, for improving the rice HI, CI was better than FI, and N1 and N2 show
advantages in improving the rice HI.

3.6. Interaction Effect of the Water and Nitrogen Factors on the Rice HI

Under field conditions, irrigation methods and nitrogen application levels interact with
the dry matter accumulation and transport capacity, HI, and rice yield (Table 5). Under N0,
the yield, HI, and dry matter transport capacity of FI were higher than those of CI. Under
N1, N2, and N3, the yield, HI, and dry matter transport capacity of FI were lower than those
of CI. Under FI, the rice HI, yield, and dry matter accumulation of FN2 were the highest,
and those under FN0 were the lowest. FN1 and FN2 showed advantages in the HI and dry
matter transport capacity. Therefore, FN1 had a low dry matter accumulation but high yield.
Under CI, the laws of the rice HI and dry matter transport capacity were the same, which
were CN2 > CN1 > CN3 > CN0, and the laws of the yield and dry matter accumulation
were CN2 > CN3 > CN1 > CN0. Rice yield is affected by dry matter accumulation and
transport. The stronger the ability of accumulation and transport, the higher the yield. The
irrigation mode and nitrogen application level had a certain interactive effect on the rice
dry matter accumulation and transport.

Table 5. Interaction effects of water and nitrogen on the rice HI and its related indexes.

Yield Dry Matter
Accumulation

Stem Leaf Material
Transport Capacity

Stem Leaf Material
Transport Rate

Grain Contribution
Rate HI

Y 5.94 * 78.38 ** 44.32 ** 19.80 ** 29.58 ** 3.73NS
W 71.14 ** 1.73NS 148.81 ** 67.84 ** 23.16 ** 43.92 **
N 979.62 ** 2305.3 ** 186.3 ** 98.5 ** 45.54 ** 104.99 **

Y ×W 1.58NS 1.15NS 2.71NS 4.76 * 0.97NS 2.41NS
Y × N 0.2NS 14.24 ** 3.89 ** 2.13NS 1.31NS 1.83NS
W × N 31.01 ** 19.65 ** 81.63 ** 36.54 ** 33.18 ** 37.6 **

Y ×W × N 1.93NS 4.73 ** 6.29 ** 2.45NS 2.9 * 1.71NS

Note: Y represents the year, W represents the irrigation mode, N represents the nitrogen application level, the
number represents the F value, *and ** represents the different significant levels, p < 0.05 and p < 0.01, and NS
represents no significant difference.

Under the same water and nitrogen management mode, the interannual change had
no significant effect on the rice yield, stem and leaf material transport rate, and H. The
effect of the irrigation mode on the dry matter accumulation was not significant, and the
effect of the irrigation mode on other indexes in the table reached a very significant level
(p < 0.01). In addition, the effects of the Y ×W interaction on the rice yield, dry matter
accumulation, stem and leaf matter transport, grain contribution rate, and HI were not
significant, and the conclusion showed that, under the two-year experiment, the influence
law of the irrigation mode on these indexes was consistent. In addition, it can be seen
from the above that the CI was better than FI under the appropriate nitrogen application
level. The effect of the nitrogen application level on all the research indexes reached a



Agriculture 2022, 12, 115 13 of 17

very significant level (p < 0.01), while the effect of the Y × N interaction on the rice yield,
stem and leaf matter transport rate, grain contribution rate, and HI was not significant. In
addition, the effect on the dry matter accumulation and stem and leaf matter transport was
very significant (p < 0.01). The results showed that, during the two-year experiment, the
dry matter accumulation and transport were different in different years, and the effect of
the nitrogen application level on the rice yield, stem and leaf matter transport rate, grain
contribution rate, and HI was the same in different years. The interaction of the irrigation
and nitrogen application (W × N) had a significant effect on the rice yield, dry matter
accumulation, transport, and HI (p < 0.01). An analysis of the influence degree of the water
and nitrogen factor interaction (Y ×W × N) on these indexes under interannual change
showed that it had no significant effect on the yield, stem and leaf material transport rate,
and HI, indicating that the influence degree of the water and nitrogen factor interaction on
these three indexes was not affected by interannual change.

The results showed that both the water and nitrogen factors would affect the rice yield,
dry matter accumulation and transport, and HI to varying degrees, and the interaction
of the irrigation mode and nitrogen application rate reached a very significant level. In
this study, the interaction effect of the CN2 treatment was superior to other treatments in
the rice water and nitrogen management mode, which was the best water and nitrogen
management mode in this study. Therefore, in the black soil region of Northeast China,
CI and an appropriate amount of nitrogen fertilizer should be applied to achieve the
coordination of water and fertilizer and promote dry matter transport so as to improve the
HI and yield.

4. Discussion

Water plays an important role in the growth of rice. Moisture in soil is different
under different irrigation methods. Moisture in soil has an impact on rice growth and
development and agronomic character [39–42]. By comparing the rice HI under different
irrigation modes, it was concluded that, under the appropriate nitrogen application level,
the rice HI and yield of CI were higher than those of FI. In Northeast China, the rice
yield can be improved by increasing the HI. Research by Chen et al. showed that [43]
the HI of “Suijing18” planted under water-saving irrigation in Heilongjiang was higher
than that under conventional irrigation. The conclusion was consistent with the results
of CI compared with FI under the nitrogen application levels of N1, N2, and N3 in this
experiment. Compared with FI, CI improved the rice HI, which may have been because
CI can effectively improve the efficient leaf area index at the full heading stage, slow leaf
senescence after full heading (high leaf SOD activity and low MDA content), and better
maintain leaf photosynthetic energy so as to improve the rice HI [44]. Under CI in this
experiment, the irrigation volume of FI was greater than that of CI from the heading stage
to the milk ripening stage. The research results showed that the HI of FI was lower than
that of CI, and the dry matter transport capacity was lower than that of CI, which was
consistent with the research results of Sun et al. The research of Sun et al. showed that
the output and the conversion rate of the stem and sheath from the heading stage to the
maturity stage decreased with an increase in the irrigation volume, thus reducing the rice
HI [45]. The research of Wang et al. also reached the same conclusion and showed that,
compared with FI, the alternative dry–wet irrigation mode improved the HI and yield of
rice by improving the transport capacity of non-structural carbohydrates [46].

Nitrogen has an important impact on the growth of rice and plays a key role in the rice
yield. The excessive application of nitrogen fertilizer will reduce the nitrogen utilization
rate, waste resources, and pollute soil and water resources [47]. Zheng et al. demonstrated
that the carbon–nitrogen ratio of rice leaves in Northeast China was lower than that of
the control under the condition of high nitrogen application [48]. This showed that the
high input of nitrogen fertilizer was not conducive to rice growth. In this experiment, the
rice HI of the two irrigation modes increased at first and then decreased with an increase
in the nitrogen application level. According to research by Cao et al., this situation may
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have been caused by too many tillers under a high nitrogen application rate, and late
tillers have difficulty forming panicles, and the movement of stem and leaf materials to
panicles is low [49]. Fang et al. reached the same conclusion in research results from
Southwest China [50], and the rice HI under the nitrogen application rate of 150 kg/ha
was significantly higher than those of 120 kg/ha and 180 kg/ha. This result was consistent
with the experimental conclusion that the rice HI increased first and then decreased with
an increase in the nitrogen application rate. However, the difference is that, in the research
by Fang et al., the rice HI was the highest under a nitrogen application level of 150 kg/ha,
while the nitrogen application level with the highest HI under the two irrigation modes in
this experiment was 85 kg/ha under FI and 110 kg/ha under CI because the land fertility
in the northeast is higher than that in the southwest. Moreover, Yang et al. showed that
soil with high organic matter content, sufficient nitrogen, and good texture can better meet
the nitrogen nutrient demand of rice after nitrogen reduction than poor soil [51], and this
can explain the difference between the optimal nitrogen application rate obtained in this
experiment and the research by Fang et al. In this experiment, the dry matter transport
capacity first increased and then decreased with an increase in the nitrogen application.
Zhao et al. showed that reducing the nitrogen fertilizer promoted dry matter transport after
anthesis and grain filling after anthesis [52]. This may be because an appropriate amount
of nitrogen application is conducive to the storage of assimilates in crops, the transport of
assimilates to grains, and the increase in the soluble sugar content and starch accumulation
in grains [53]. Studies by Zhang et al. have shown that [54], whether it is rice or wheat, the
appropriate amount of nitrogen application can ensure a high material transport rate, high
nitrogen use efficiency, and economic benefits.

Crops absorb water and nutrients, and these are two independent processes, but the
effects of water and nutrients on crop growth are interactive [55]. Studies have shown that the
water and nitrogen interaction will have a significant impact on crop HI [56,57]. An analysis of
the interaction of water and nitrogen factors on the rice HI showed that there was a significant
interaction between the irrigation mode and nitrogen application on above ground dry matter
accumulation, transport capacity, yield, and the HI of rice (p < 0.01).

5. Conclusions

The two-year field experiment aims to report different water and nitrogen management
modes to improve the rice yield by improving the HI. The results showed that the HI
of conventional flooding irrigation was higher than that of controlled irrigation under
the N application level of 0 kg/ha, and that of controlled irrigation was higher than
those of conventional flooding irrigation under the N application levels of 85 kg/ha,
110 kg/ha, and 135 kg/ha. Under the two irrigation modes, the rice HI increased first and
then decreased with an increase in the nitrogen application. Under conventional flooding
irrigation, the HI under different N application levels was significantly different: the highest
HI was obtained with 85kg/ha of N application under conventional flooding irrigation,
the yield was the highest under the N application level of 110 kg/ha, and, under the
controlled irrigation, the HI and yield were both the highest under the N application level of
110 kg/ha. Additionally, the results showed that controlled irrigation was beneficial to
improve the WUE and NRE of rice.

The results showed that the interaction effect of water and nitrogen on the rice HI was
significant. Considering the rice HI and yield, the controlled irrigation combined 110 kg/ha
N application treatment is the best water and nitrogen management mode we recommend
for rice planting in the black soil region of Northeast China.
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