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Abstract: Nitrogen fertilization and planting density are two key factors that influence the yield of
rice. Reducing nitrogen fertilizer input and increasing planting density will help to improve nitrogen
use efficiency and stabilize yield. Field and 15N tracer method in plot experiments were conducted
to study the trends of yield, nitrogen use efficiency (NUE) and nitrogen transfer of hybrid rice and
conventional rice under dense planting with a reduced nitrogen rate (DPRN) and sparse planting
with a high nitrogen rate (SPHN). Among the nitrogen in rice plants, the proportion of nitrogen from
fertilizer under the DPRN was reduced by 1.8–13%. The late-season rice (LSR) had a higher rate
of decrease compared with the early-season rice (ESR). The uptake efficiency of nitrogen fertilizer
was significantly higher under the DPRN than that under the SPHN, with an increase of 7.7–21.9%.
The accumulated nitrogen and translocated ratio under the DPRN before the heading stage were
6.1–10.8% and 2.0–9.6% higher than those under the SPHN, respectively. The yield did not change
under different treatments. Those findings suggest that the DPRN could guarantee a stabilized yield
while increasing the NUE and the amount of translocated nitrogen in the double-cropped rice system.

Keywords: reducing nitrogen; reasonable dense planting; stabilized yield; nitrogen use efficiency;
nitrogen translocation

1. Introduction

The area of rice cultivated in China exceeds 30 million hectares, comprising approxi-
mately 30% of the total area of cultivated crops, and the rice yield was more than 200 million
tons, comprising more than 40% of the total grain yield [1]. The rice per unit area in China
is relatively high and approximately 1.5 times higher than that of the global average,
which corresponds to a rate of application of nitrogen fertilizers, that is approximately
75% higher than the global average [2]. In China, as the fertility level of paddy fields is
different, the recommended amount of nitrogen fertilizer of rice fields varied. Generally,
the recommended nitrogen application rate is 120–180 kg ha−1, but the average nitrogen
application rate of rice fields in China is 215 kg ha−1, far exceeding the recommended
nitrogen application rate [2,3]. The extremely high rate of application of nitrogen fertilizer
may contribute to a significant increase in rice yield, while there is a subsequent decrease
in nitrogen use efficiency (NUE) [4]. NUE refers to the percentage of nutrients absorbed by
crops from the applied fertilizer in the total amount of such nutrients in nitrogen fertilizer

Agronomy 2022, 12, 1090. https://doi.org/10.3390/agronomy12051090 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12051090
https://doi.org/10.3390/agronomy12051090
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-6944-8538
https://orcid.org/0000-0002-8877-1090
https://orcid.org/0000-0003-0564-7885
https://doi.org/10.3390/agronomy12051090
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12051090?type=check_update&version=1


Agronomy 2022, 12, 1090 2 of 17

in the current season, which reflects the utilization efficiency of crops to nitrogen fertilizer.
Partial factor productivity of applied N (PFPN) refers to the ratio of crop yield to nitrogen
application rate, which reflects the comprehensive production capacity of soil nutrients
and nitrogen application. It is not only an important index to measure the production
capacity of nitrogen fertilizer, but also an important measurement standard to reasonably
control fertilization under the condition of maintaining a certain rice yield. The agronomic
efficiency of applied N (AEN) refers to the grain yield increased by the unit nitrogen appli-
cation. Therefore, the agronomic efficiency of nitrogen fertilizer directly reflects the yield
increasing potential of rice varieties under the condition of fertilization, and is positively
correlated with the yield of rice varieties in a certain range. China is the largest consumer
of nitrogen fertilizer, but the NUE is only 30–40%, which is 15–20% lower than that of the
other major rice producers [5,6]. The high rate of application of nitrogen fertilizer to ensure
grain yield has enormous economic and environmental costs, which are not consistent with
sustainable development. The rate of application of nitrogen fertilizer merits reduction
while maintaining the yield of grain. The yield of rice is closely related to the NUE [7],
thus, it is important to take effective practices to improve the NUE to ensure a high yield of
rice [8].

Planting density and the rate of application of nitrogen fertilizer are two key factors
that influence the NUE and yield of rice [9,10]. With the cultivation and promotion of high-
yield and fertilizer-tolerant rice cultivars and the reduction of rural labor, sparse planting
with a high rate of N (SPHN) of rice is becoming a notable management practice [11,12].
Under sparse planting, higher base and tiller fertilizers are needed to promote tillering
to compensate for the lack of basic seedlings, resulting in a common planting system
of the SPHN [13,14]. Excessive nitrogen application under the SPHN not only reduces
NUE but has adverse effects on biodiversity, human health, and climate, and even poses
a substantial challenge to nitrogen cycle [15–17]. The excessive application of nitrogen is
not suitable for rice planting system, but a direct reduction in the rate of application of
nitrogen fertilizer may lead to a deficiency in nitrogen for crop growth, resulting in reduced
yield [3,18]. Nitrogen management is particularly critical to rice production. The amount
of nitrogen application determines the lower limit of rice yield, while the operation of
nitrogen application period and the ratio of base, tiller and panicle fertilizer determine
the upper limit of rice yield. In addition, a reasonable nitrogen application ratio is also of
great significance to the quality and yield stability of double cropping rice. Increasing the
proportion of nitrogen application in the later stage of rice growth can significantly optimize
population quality, improve yield and nitrogen utilization efficiency. Additionally, the
way of applying nitrogen fertilizer, the type of nitrogen fertilizer and the ratio of nitrogen
fertilizer and other fertilizers also play a great role in the formation of rice yield. Nitrogen
is very important to the nitrogen accumulation and yield formation of rice plants. Under
a certain amount of nitrogen application, with the increase of nitrogen application, the
nitrogen accumulation of rice plants is higher, but the yield does not increase all the time.
Therefore, an optimized rate of application of nitrogen fertilizer should be obtained that
considers both environmental demand and crop yield.

The optimized rate of application of nitrogen fertilizer is controlled by various factors,
such as climate, soil conditions, and nitrogen demand by the plants. To obtain maximal
economic benefits, an appropriate rate of application of nitrogen fertilizer is required [19].
A reduction in the rate of application of nitrogen fertilizer in SPHN may increase the NUE,
but it is not effective at guaranteeing a high yield. Many agronomic characters of double
cropping rice play an important role in the formation of yield. Within those agronomic
characters, the role of tiller number, leaf area, effective panicle and grain number per panicle
is particularly critical. The tillering ability and tillering panicle rate of rice are important
factors affecting rice yield. The more the number of effective tillers, the higher the yield.
Leaves are the main organ of rice photosynthesis. The size of leaf area determines the
production and accumulation potential of dry matter per unit area in the early and middle
stages of rice. The number of effective panicles and the number of grains per panicle directly
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determine the grain yield of rice, but the two are often negatively correlated. The reduction
of nitrogen alone may result a decrease in the crop yield, setting rate, cereal quality, and
stress tolerance [18]. The rate of application of a decreasing amount of nitrogen fertilizer
and an increase in the dense planting are considered to be two effective management
practice to ensure a stabilized yield of rice. Previous studies have demonstrated that
increasing the planting density can mitigate the negative effects of reducing the amount
of nitrogen fertilizer through an increase in the effective number of spikes per unit area
and the number of grains per spike, and then maintaining or increasing the yield [14,20,21].
Most studies are limited to the changes in rice yield and components under dense planting
with a reduction in nitrogen rate (DPRN). However, a comprehensive consideration of the
changes in agronomic characteristics of rice, the translocation in rice, and the contribution
of nitrogen fertilizer is absent.

This study aimed to investigate the effectiveness of the DPRN practice in the yield,
NUE, and the agronomic traits based on field and microplot experiments. The effects of
nitrogen accumulation in double-cropped rice on these variables were analyzed to provide
more sufficient theoretical support for the practice. Given that the inherent factors of
double-cropped rice may affect the effectiveness, a two-year field trial was conducted in
Yong’an County to study the annual variation in yield, agronomic, and environmental
impacts of rice seasons (early-season rice and late-season rice) and cultivars (hybrid and
conventional rice). A microplot experiment was conducted in the same field plots to
study the translocation of nitrogen fertilizer in rice plants through a 15N tracer method.
Considering the lower fertility requirement of conventional rice compared with hybrid rice,
we hypothesized that the conventional rice would be better adapted to the DPRN practice
and more effective at improving the NUE and nitrogen translocation to compensate for the
adverse effects of reduced nitrogen fertilization, thus, stabilizing or even increasing the
yield. In addition, we expect that DPRN treatment will help to improve the population
agronomic characters of double cropping rice, NUE and the nitrogen transport rate in
double cropping rice plants, so as to achieve the stability of nitrogen accumulation and
yield of aboveground population. Therefore, we chose a typical double cropping rice
planting area to carry out the experiment. By comparing the differences between DPRN
and SPHN, we verified our hypothesis, in order to explore the law of nitrogen accumulation,
transport and stable yield of double cropping rice under DPRN.

2. Materials and Methods
2.1. Experimental Site

In 2018 and 2019, a field test was established in Yong’an County, Hunan Province,
China (113◦18′ E; 28◦13′ N), and a microplot test was established in the same plot in 2019.
Before the test setup, 20 cm soil samples were collected from the cultivated layer, and
the physicochemical properties (Soil organic matter, pH, and nutrient levels) were deter-
mined [22]. Total N by the Kjeldahl N method; available N by alkaline hydrolysis diffusion;
available P by colorimetry following extraction with 0.5 mol L−1 NaHCO3 (pH = 8.5); avail-
able K by flame photometry following extraction with 1 mol L−1 CH3COONH4 (pH = 7.0);
pH by the use of deionized water to remove CO2 (1:1 soil/water, w/v); Soil organic matter
was determined by the potassium dichromate external heating method. The soil texture was
clay loam with total N 2.15 g kg−1, available N 170.33 mg kg−1, available P 26.81 mg kg−1,
available K 154.91 mg kg−1, pH 6.30, and organic matter 38.88 g kg−1. The growth period
of early-season rice (ESR) was from April to July and that of the late-season rice (LSR) was
from July to November. The ESR cultivars were Zhuliangyou819 (ZLY819, hybrid rice) and
Zhongjiazao17 (ZJZ17, conventional rice), and the LSR cultivars were Taiyou390 (TY390,
hybrid rice) and Xiangwanxian13 (XWX13, conventional rice). The rice cultivars of this
experiment received from the State Key Laboratory of Hybrid Rice in Hunan Agricultural
University. These four kinds of rice are typical local rice varieties. The growth cycle of early
rice is 120 days and that of late rice is 150 days.
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2.2. Experimental Design

A two-year field test was conducted in a split-plot design with N fertilizer and planting
density treatment as the main plot and cultivar as the secondary zone. In consideration
of the nitrogen fertilizer and planting density, this experiment included DPRN and SPHN
treatments with three replicated plots (30 m2 per plot). Based on the results of previous
research and local habitual fertilization, we set two treatments: DPRN and SPHN, where
SPHN treatment is the habitual treatment, and the nitrogen application amount of the
SPHN treatment came from the comprehensive consideration of local soil fertility levels
and farmer habit fertilization [14,20,23]. Meanwhile, we set up two non-nitrogen treatments
as the control group, dense planting with non nitrogen rate (DPNN) and sparse planting
with non nitrogen rate (SPNN), respectively. DPNN does not apply nitrogen, and the
planting density and other management are consistent with DPRN. SPNN does not apply
nitrogen, and the planting density and other management are consistent with SPHN. In the
DPRN treatment, the nitrogen fertilizer for ESR and LSR was applied at 120 kg N ha−1 and
the planting density was 364,000 plants ha−1 (spacing 25 × 11 cm) named DPRN–E and
DPRN–L, respectively. In this experiment, the LSR under the SPHN treatment increased
the fertilized amounts and reduced the planting density based on the local conditions.
During the SPHN treatment, the amount of nitrogen fertilizer applied for the ESR was
150 kg N ha−1 with a density of 286,000 plants ha−1 (spacing 25 × 14 cm) named SPHN-E,
and that for the LSR was 165 kg N ha−1 with a density of 235,000 plants ha−1 (spacing
25 × 17 cm) named DPHN-L. Urea was used as the source of nitrogen fertilizer. In the
DPRN treatment, the rate of application of base fertilizer (the day before transplanting),
tiller fertilizer (7 days after transplanting), and panicle fertilizer (the day before heading) of
the ESR and LSR were 60, 36, and 24 kg N ha−1, respectively. In the SPHN treatment, the
rate of application of base fertilizer, tiller fertilizer, and panicle fertilizer of the ESR were 75,
45, and 30 kg N ha−1, respectively, and those for the LSR were 82.5, 49.5, and 33 kg N ha−1,
respectively.

The seeds were sown in seedbeds for seedling development. The sowing dates for the
ESR were 25 March (2018) and 30 March (2019). The 27-day-old seedlings were transplanted
on 21 April 2018, and the 29-day-old seedlings were transplanted to the field trial area
on 28 April 2019, with two plants per hole. The dates for the LSR were sown on 24 June
(2018), and 28 June (2019). Thirty-day-old seedlings were transplanted on 23 July 2018, and
28-day-old seedlings were transplanted to the field trial on 26 July 2019, with one plant
per hole. Phosphorus fertilizer (75 kg P2O5 ha−1, fused calcium-magnesium phosphate)
was applied as the base fertilizer. Potassium fertilizer (150 kg K2O ha−1, KCl) was applied
as the base fertilizer and spike fertilizer at a ratio of 1:1. In 2019, a microplot experiment
was arranged in the field experiment. Microplots of 1.35 m × 1.05 m were established
in the middle of each plot (DPRN and SPHN treatments) of the field experiment, and
12 microplots were separated with sealed plastic sheets to separate water and fertilizer.
Each microzone was replaced with 15N urea (5.10% isotope abundance, provided by the
Shanghai Institute of Chemical Technology [Shanghai, China]). The application of fertilizer
and the rice planting density in the microzones were consistent with those in the plots.
Pesticides were used to prevent pests and diseases, and the weeding was done manually to
avoid a reduction in yield.

2.3. Sampling and Measurement

From 10 days after seedling transplantation to the jointing stage, a row was fixed for
each treatment, and its position was marked. The number of tillers was counted every
5 days. At the stages of jointing, heading, and grain-filling, 20 flag leaves (or the strongest
leaves in absence of flag leaves) were randomly selected from each plot, and the SPAD value
of leaves was measured using a chlorophyll meter (SPAD-502Plus, KONICA MINOLTA,
Inc., Chiyoda City, Japan). Five representative rice plants were taken from each plot at the
stages of jointing, heading, and filling, and all the leaves were cut off to determine the leaf
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area by the coefficient method (leaf area = leaf length × leaf width × 0.75). The leaf area
index (LAI) was then calculated.

In two years of field trials, the aboveground parts of five rice plants were taken from
each plot at the stages of tillering, jointing, heading, filling, and maturity, and then washed
and divided into stems, leaves, and spikes. Samples were heated at 105 ◦C for 30 min
to deactivate the enzymes and then dried to a constant weight in an oven at 65 ◦C and
weighed. The nitrogen content was determined using a Kjeldahl nitrogen analyzer (VAP50),
and the overall accumulation of nitrogen was calculated from the accumulation of dry
matter. At the maturity stage of the ESR and LSR, a 5 m2 area was harvested from the
center of plots to determine the yield (avoiding the sampling area), which was converted to
a 14% moisture content yield. The samples were manually threshed, and solid and empty
grains were separated by a wet cleaning method. Three sets of 30 g samples were collected
randomly and counted from the solid grains. The solid and empty grains were dried
at 70 ◦C to a constant weight to calculate the total number of grains per spike, the seed
setting rate and the 1000-seed weight. The NUE was calculated as previously described by
Xie et al. (2019) [14].

NUE =
N1 − N2

N
(1)

N1 represents nitrogen accumulation of aboveground plants in nitrogen applica-
tion area;

N2 represents nitrogen accumulation of aboveground plants in non nitrogen applica-
tion area;

N represents nitrogen application amount.

PFPN =
Y1

N
(2)

Y1 represents yield of nitrogen application area;
N represents nitrogen application amount.

AEN =
Y1 −Y2

N
(3)

Y1 represents yield of nitrogen application area;
Y2 represents yield in non nitrogen application area;
N represents nitrogen application amount.
In 2019, five rice plants were collected from the microplot before the double-cropped

rice was headed. The dry matter mass and total plant nitrogen were measured. The content
of 15N in the plant, measured by mass spectrometry (EA-IRMS), was used to calculate the
total amount of nitrogen fertilizer in the plant. The remaining rice plants in the microplot
was transplanted in exchange with the same area of rice outside the plot to ensure same
density. Five plants were collected from each microzone at the heading, filling, and maturity
stages, to measure their dry matter weight, total nitrogen, and in-plant nitrogen fertilizer.

NF =
C× D

A
(4)

NF represents Amount of nitrogen from fertilizer in each period of double cropping
rice plant;

C represents 15N content of plant in each period;
D represents dry matter weight;
A represents 15N abundance (5.10%).

PF =
NF
N

(5)

PF represents proportion of nitrogen from fertilizer in rice plant;
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NF represents Amount of nitrogen from fertilizer in each period of double crop-
ping plant;

N represents total nitrogen accumulation of plant.

NA =
C1 × D1

A
(6)

NA represents the amount of nitrogen absorption in the panicle (maturity stage);
C1 represents 15N content of rice panicle at harvest period in micro area;
D1 represents dry matter weight rice panicle;
A represents 15N abundance (5.10%).

NT = NP − NA (7)

NT represents the amount of nitrogen translocation in the panicle (maturity stage);
NP represents total nitrogen accumulation in panicle (maturity stage);
NA represents the amount of nitrogen absorption in the panicle (maturity stage).

2.4. Data Analysis

Data were summarized using Microsoft Excel 2016 (Redmond, WA, USA). An analysis
of variance (ANOVA) was analyzed using the DPS software (v. 9.01). Least significant
(LSD) test at the 5% significance level was applied to compare the mean for each variable,
and the histograms were plotted using GraphPad Prism 7 (San Diego, CA, USA).

3. Results
3.1. Rice Growth Status and Grain Yield

The number of tillers was significantly higher under DPRN than under SPHN in
double-cropped rice. A significant difference in the number of tillers between DPRN and
SPHN existed in the early tillering stage, but the difference gradually decreased during the
late tillering stage. After the tiller growth, the number of tillers in ESR and LSR under the
DPRN was 15–57% and 30–70% higher than that of the SPHN, respectively. However, there
was no significant difference in the number of tillers between cultivars (Figure S1). The
chlorophyll SPAD value of the DPRN was slightly lower than that of the SPHN (p > 0.05).
The chlorophyll content of the DPRN and SPHN decreased from the heading to filling
stages, and the difference between seasons and cultivars was insignificant (Figure S2). The
LAI of the LSR cultivar XWX13 at the jointing stage in 2018, LSR cultivar TY390 at the
filling stage, and XWX13 at the filling stage in 2019 under the DPRN were higher than those
under the SPHN (p < 0.05). The LAI of the LSR cultivar TY390 at the heading stage in 2019
under the DPRN was lower than that under the SPHN (p < 0.05). Under the DPRN, the
LAI of the conventional rice was higher than that of the hybrid rice (Figure 1).

The accumulation of dry matter was higher in the DPRN than that in the SPHN
in double-cropped rice (Figure 2). In the ESR, the accumulation of dry matter of the
DPRN differed significantly with that of the SPHN at the tillering stage for ZLY819 in
2018; jointing and heading stages for ZJZ17; tillering, jointing and filling stages for ZLY819
in 2019; and the tillering, jointing, heading and maturity stages in 2019 for ZJZ17. For
the LSR, the difference between five stages of the TY390 in 2018, four stages (tillering,
jointing, filling, and maturity) of the XWX13, four stages (tillering, heading, filling, and
maturity) of the TY390 in 2019 and four stages (tillering, heading, filling and maturity) of
the XWX13 reached significant levels. In terms of cultivars, both hybrid and conventional
rice exhibited an increase in the accumulation of dry matter under the DPRN, and the
levels of most of the rice stages were significant. The dry matter quality of double-cropped
rice significantly correlated with the treatments and rice seasons, and the difference in rice
seasons contributed to the difference in dry matter between treatments (Table 1).
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(p < 0.05). DPRN−E represents dense planting with a reduced nitrogen rate in early−season rice; 
SPHN−E represents sparse planting with a high nitrogen rate in early−season rice; DPRN−L repre-
sents dense planting with a reduced nitrogen rate in late−season rice; SPHN-L represents sparse 
planting with a high nitrogen rate in late−season rice. ZLY 819 (hybrid rice) and ZJZ17 (conventional 
rice) belong to the early−season rice cultivar; TY 390 (hybrid rice) and XWX 13 (conventional rice) 
belong to the late−season rice cultivar. JT represents the jointing stage; HD represents the heading 
stage; GFP represents the grain filling period; * represents significances at p < 0.05. 

Table 1. The variance in grain yield, dry matter weight, effective spike, spikelet per panicle, 1000 
grain weight, and nitrogen use efficiency caused by the treatments, rice season, and cultivar. 

 GY 
(kg ha−1) 

DMW 
(kg ha−1) 

ES 
m−2 GS−1 GW 

(g) 
NUE 
(%) 

Treatments (T) 0.73 ns 15.9 ** 64.09 ** 0.01 ns 0.14 ns 52.51 ** 
Rice season (R) 1.32 ns 34.67 ** 8.03 ** 6.23 * 0.14 ns 0.08 ns 

Cultivar (C) 37.05 ** 0.31 ns 10.24 ** 0.46 ns 4.88 * 0.09 ns 
T × R 0.01 ns 1.96 ns 7.12 * 1.06 ns 0.57 ns 0.74 ns 
T × C 0.02 ns 1.12 ns 0.01 ns 0.03 ns 0.01 ns 0.68 ns 

Figure 1. Leaf area index (LAI) of double-cropped rice under different treatments in 2018 and 2019.
Data points represent treatment means (n = 3), and different letters indicate significant differences
(p < 0.05). DPRN–E represents dense planting with a reduced nitrogen rate in early-season rice;
SPHN−E represents sparse planting with a high nitrogen rate in early-season rice; DPRN−L rep-
resents dense planting with a reduced nitrogen rate in late-season rice; SPHN-L represents sparse
planting with a high nitrogen rate in late-season rice. ZLY 819 (hybrid rice) and ZJZ17 (conventional
rice) belong to the early-season rice cultivar; TY 390 (hybrid rice) and XWX 13 (conventional rice)
belong to the late-season rice cultivar. JT represents the jointing stage; HD represents the heading
stage; GFP represents the grain filling period; * represents significances at p < 0.05.

Table 1. The variance in grain yield, dry matter weight, effective spike, spikelet per panicle, 1000 grain
weight, and nitrogen use efficiency caused by the treatments, rice season, and cultivar.

GY
(kg ha−1)

DMW
(kg ha−1)

ES
m−2 GS−1 GW

(g)
NUE
(%)

Treatments (T) 0.73 ns 15.9 ** 64.09 ** 0.01 ns 0.14 ns 52.51 **
Rice season (R) 1.32 ns 34.67 ** 8.03 ** 6.23 * 0.14 ns 0.08 ns

Cultivar (C) 37.05 ** 0.31 ns 10.24 ** 0.46 ns 4.88 * 0.09 ns
T × R 0.01 ns 1.96 ns 7.12 * 1.06 ns 0.57 ns 0.74 ns
T × C 0.02 ns 1.12 ns 0.01 ns 0.03 ns 0.01 ns 0.68 ns
R × C 38.49 ** 0.01 ns 2.07 ns 15.92 ** 3.01 ns 0.25 ns

T × R × C 0.31 ns 0.38 ns 0.18 ns 0.5 ns 0.13 ns 0.05 ns
GY represents grain yield; DMW represents dry matter weight; ES represents effective spike; GS represents grains
per spike; GW represents 1000 grain weight; NUE represents nitrogen use efficiency. * represents significances
at p < 0.05; ** represents significances at p < 0.01; ns represents no significant. Bold font represents significant
difference.
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Figure 2. Dry matter weight of double-cropped rice under different treatments in 2018 and 2019.
Data points represent treatment means (n = 3), and different letters indicate significant differences
(p < 0.05). DPRN represents dense planting with a reduced nitrogen rate; SPHN represents sparse
planting with a high nitrogen rate; ZLY 819 (hybrid rice) and ZJZ17 (conventional rice) belong to
early-season rice cultivar; TY 390 (hybrid rice) and XWX 13 (conventional rice) belong to late-season
rice cultivar. TR represents the tillering stage; JT represents the jointing stage; HD represents the
heading stage; GFP represents the grain filling period; MA represents the maturity stage; * represents
significances at p < 0.05.

The effective spike number of the DPRN was higher than that of the SPHN (Table S1).
Only the difference between LSR XWX13 in 2018, ESR ZLY819, LSR TY390, and LSR XWX13
in 2019 were significant. The effective spike number of the LSR was higher than that of
the ESR, and the effective spike number of the hybrid rice was higher than that of the
conventional rice (Table 1). The number of grains per spike in the DPRN of the LSR TY390
(2018) and the ESR ZLY819 (2019) was higher than that of the SPHN (p < 0.05). The number
of grains per spike in the DPRN of the LSR TY390 and XWX13D (2019) were lower than
those of the SPHN (p < 0.05). Under the DPRN, there was no difference between cultivars.
The average seed setting rate of two-year ESR (85.4%) was higher than that of the LSR
(80.4%), and there was no difference between the rice seasons and cultivars (Table S1). The
1000 grain weight of the conventional cultivars was higher than that of the hybrid cultivars
(Table 1). The harvest index of the DPRN was significantly higher than that of the SPHN
for ESR ZJZ17 in 2019 (Table S1). There was no significant difference in yield between the
DPRN and SPHN. The two-year average yield of the LSR XWX13 was 5675 kg ha−1, which
was lower than the average value of the LSR (6642 kg ha−1) (Figure 3).
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Figure 3. The grain yield of double-cropped rice under different treatments in 2018 and 2019. Data
points represent treatment means (n = 3), and different letters indicate significant differences (p < 0.05).
DPRN represents dense planting with a reduced nitrogen rate; SPHN represents sparse planting with
a high nitrogen rate; ZLY 819 (hybrid rice) and ZJZ17 (conventional rice) belong to early-season rice
cultivar; TY 390 (hybrid rice) and XWX 13 (conventional rice) belong to late-season rice cultivar.

3.2. Nitrogen Accumulation in Plant and NUE

The accumulation of nitrogen to the DPRN was higher than that of the SPHN with
the exception of the jointing stage of ESR ZLY819 in 2018 and the heading stage of LSR
TY390 in 2019. For the ESR, the accumulation of nitrogen at the tillering stage of ZLY819
and the heading stage of ZJZ17 in 2018, and tillering stage of ZLY819 in 2019 under the
DPRN was higher than that of the SPHN (p < 0.05). In terms of the LSR, the accumulation
of nitrogen of the DPRN at the tillering, jointing, heading and maturity stages of TY390 and
the tillering, jointing, maturity stages of XWX13 in 2018, and the tillering stage of TY390 in
2019, were higher than those of the SPHN (p < 0.05; Figure 4).

Compared with the SPHN, the NUE and partial factor productivity of applied N
(PFPN), and the agronomic efficiency of applied N (AEN) increased in the DPRN (Table 2).
The NUE of the DPRN was significantly higher than that of the SPHN, with the lowest
increase for ESR ZLY819 in 2019 and the highest increase for LSR TY390 in 2018 (7.7–21.9%).
There was no significant difference between rice seasons and cultivars. The PFPN of the
DPRN was higher than that of SPHN, and the difference between the ESR in 2018 and the
LSR in 2019 was significant, but there was no significant difference between rice seasons
and cultivars. The AEN of the DPRN was significantly higher than that of the SPHN for
both cultivars of the ESR in 2018, and the AEN of the DPRN was significantly lower than
that of the SPHN for LSR XWX13 in 2018. The harvest index of the DPRN was slightly
higher than that of SPHN. The average harvest index of the ESR (0.69) increased by 6.25%
compared with that of the LSR (0.65).
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Figure 4. Nitrogen accumulation of double-cropped rice under different treatments in 2018 and 2019.
Data points represent treatment means (n = 3), and different letters indicate significant differences
(p < 0.05). DPRN–E represents dense planting with a reduced nitrogen rate in early-season rice;
SPHN–E represents sparse planting with a high nitrogen rate in early-season rice; DPRN–L represents
dense planting with a reduced nitrogen rate in late-season rice; SPHN–L represents sparse planting
with a high nitrogen rate in late-season rice. ZLY 819 (hybrid rice) and ZJZ17 (conventional rice)
belong to early-season rice cultivar; TY 390 (hybrid rice) and XWX 13 (conventional rice) belong
to late-season rice cultivar. TR represents the tillering stage; JT represents the jointing stage; HD
represents the heading stage; MA represents the maturity stage; * represents significances at p < 0.05.

3.3. Transport and Distribution of Nitrogen in Plants and the Contribution of Nitrogen Fertilizer

The amount and proportion of nitrogen absorbed before heading towards the spike
were determined by a microplot experiment with 15N isotope labeling technique. The source
of nitrogen in the spike was also analyzed. Before heading, the nitrogen that accumulated
in vegetative organs (stems and leaves) was transported to reproductive organs (spikes).
Compared with the SPHN, the amount and proportion of nitrogen transport in the DPRN
increased by 2.0–9.6% and 6.1–10.8%, respectively. In terms of the source of nitrogen in
the spike at maturity stage, in four cultivars of ESR and LSR, the proportion of nitrogen
absorbed and transported to the vegetative organs before heading increased by 6.6–12.7%
in the DPRN compared with the SPHN (Table 3). This indicated that the growth of spike
depended more on nitrogen from vegetative organs when nitrogen input was reduced.
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Table 2. Nitrogen use efficiency of the double-cropped rice under different treatments in 2018
and 2019.

Years Season Cultivar Treatment NUE
(%)

PFPN
(kg kg−1)

AEN
(kg kg−1)

N Index of
Harvest

2018

ESR
ZLY819

DPRN−E 54.6 a 61.9 a 28.3 a 0.76 a
SPHN−E 33.2 b 47.3 b 19.8 b 0.70 a

ZJZ17
DPRN−E 52.4 a 58.3 a 25.8 a 0.75 a
SPHN−E 44.2 b 46.0 b 21.8 b 0.65 a

LSR
TY390

DPRN−L 54.3 a 60.2 a 14.7 a 0.69 a
SPHN−L 32.4 b 49.5 b 13.5 a 0.69 a

XWX13
DPRN−L 49.7 a 48.6 a 6.4 b 0.62 a
SPHN−L 31.9 b 40.0 b 10.0 a 0.60 a

2019

ESR
ZLY819

DPRN−E 56.8 a 49.4 a 15.8 a 0.69 a
SPHN−E 49.1 b 42.2 a 14.0 a 0.65 a

ZJZ17
DPRN−E 55.6 a 51.7 a 15.8 a 0.68 a
SPHN−E 42.9 b 45.1 a 17.8 a 0.67 a

LSR
TY390

DPRN−L 60.5 a 61.8 a 17.8 a 0.71 a
SPHN−L 48.2 b 47.7 b 17.0 a 0.69 a

XWX13
DPRN−L 59.5 a 45.6 a 10.6 a 0.61 a
SPHN−L 47.9 b 32.7 b 7.3 a 0.59 a

Data points represent treatment means (n = 3), and different letters indicate significant difference between
DPRN and SPHN treatments (p < 0.05). ESR represents the early-season rice; LSR represents the late-season
rice. DPRN−E represents dense planting with a reduced nitrogen rate in early-season rice; SPHN–E represents
sparse planting with a high nitrogen rate in early-season rice; DPRN–L represents dense planting with a reduced
nitrogen rate in late-season rice; SPHN−L represents sparse planting with a high nitrogen rate in late-season rice.
NUE represents the nitrogen use efficiency for grain production; PFPN represents the partial factor productivity
of applied nitrogen fertilizer. AEN represents the response agronomic efficiency of applied nitrogen. Bold font
represents significant difference.

The proportion of nitrogen from nitrogen fertilizer in the nitrogen that accumulated
in the aboveground parts of double-cropped rice was determined using the 15N labeling
technique. Compared with the SPHN, the proportion of nitrogen from fertilizer in the
aboveground tissues decreased after harvesting at the maturity stage in the DPRN (Table 4).
The difference between the SPHN and DPRN of the ESR ZLY819 and ZJZ17 did not reach a
significant level, with a decrease of 1.8% and 5.5%, respectively, while that of the LSR TY390
and XWX13 reached a significant level, with a decrease of 13% and 12.4%, respectively. The
amount of fertilizer nitrogen under the DPRN decreased in both the LSR and ESR cultivars.
The proportion of nitrogen from fertilizer in the aboveground tissues both before heading
and after heading of the DPRN was lower than that of the SPHN. There was a significant
difference between the SPHN and DPRN of the LSR. The proportion of nitrogen fertilizer
from the LSR TY390 and XWX13 decreased by 6.5% and 7.3% before heading, respectively.
The proportion of nitrogen fertilizer from the LSR TY390 and XWX13 decreased by 2.4%
and 5.5% after heading, respectively. The decrease of nitrogen fertilizer in the LSR cultivars
of the DPRN was higher than that of the ESR, while there was no significant difference
between cultivars. The proportion of nitrogen fertilizer in the total nitrogen accumulation
of the DPRN decreased before heading, after heading, and throughout the growth period
compared with those of SPHN, and the difference between treatments of the LSR was
significant.
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Table 3. The amount and proportion of nitrogen absorbed before heading towards the spike and
source of nitrogen in the spike at maturity stage.

Season Cultivar Treatment

Nitrogen Absorbed
before Heading to Spike

Nitrogen Source in
Spike at Maturity Stage

Transferred
Proportion

(%)

Transferred
Amount

(kg hm−2)

Transferred
Proportion

before
Heading

(%)

Absorbed
Proportion

after
Heading

(%)

Transferred
Amount
before

Heading
(kg hm−2)

Absorbed
Amount

after
Heading

(kg hm−2)

ESR
ZLY819

DPRN−E 68.9 73.1 69.5 30.5 80.5 35.3
SPHN−E 65.1 66.7 62.9 37.1 75.5 44.4

ZJZ17
DPRN−E 76.4 64.2 65.7 34.3 70.6 36.9
SPHN−E 74.4 60.5 53.0 47.0 67.6 59.9

LSR
TY390

DPRN−L 65.8 61.3 66.9 33.1 67.4 33.3
SPHN−L 58.6 55.3 57.6 42.4 60.8 44.7

XWX13
DPRN−L 59.9 57.5 77.7 22.3 63.3 18.2
SPHN−L 50.3 53.4 70.3 29.7 59.8 25.2

ESR represents the early-season rice; LSR represents the late-season rice. DPRN represents the dense planting
with a reduced nitrogen rate; SPHN represents the sparse planting with a high nitrogen rate.

Table 4. The amount and proportion of rice accumulated nitrogen from nitrogen fertilizer in the
nitrogen that accumulated in the aboveground parts of double-cropped rice.

Maturity Before Heading After Heading

Season Cultivar Treatment

Proportion
of

Nitrogen
Fertilizer

(%)

Amount of
Nitrogen
Fertilizer

(kg hm−2)

Proportion
of

Nitrogen
Fertilizer

(%)

Amount of
Nitrogen
Fertilizer

(kg hm−2)

Proportion
of

Nitrogen
Fertilizer

(%)

Amount of
Nitrogen
Fertilizer

(kg hm−2)

ESR
ZLY819

DPRN−E 52.3 a 87.6 a 58.6 a 68.1 a 38.1 a 19.5 a
SPHN−E 54.1 a 79.1 a 56.4 a 58.8 a 45.1 a 20.3 a

ZJZ17
DPRN−E 39.7 a 72.1 a 52.3 a 50.7 a 25.0a 17.3 a
SPHN−E 45.2 a 64.4 a 56.7 a 48.2 a 24.8 a 16.2 a

LSR
TY390

DPRN−L 47.0 b 76.9 a 52.5 b 60.5 a 31.4 b 16.4 a
SPHN−L 60.0 a 79.5 a 59.0 a 65.2 a 33.8 a 14.3 a

XWX13
DPRN−L 48.1 b 71.4 a 49.1 b 55.8 a 39.7 b 15.6 a
SPHN−L 60.5 a 84.2 a 56.4 a 71.2 a 45.2 a 13.0 a

Data points represent treatment means (n = 3), and different letters indicate significant differences (p < 0.05). ESR
represents the early-season rice; LSR represents the late-season rice. DPRN–E represents dense planting with
a reduced nitrogen rate in early-season rice; SPHN–E represents sparse planting with a high nitrogen rate in
early-season rice; DPRN–L represents dense planting with a reduced nitrogen rate in late-season rice; SPHN–L
represents sparse planting with a high nitrogen rate in late-season rice. Bold font represents significant difference.

4. Discussion
4.1. Study on High Yield for Double-Cropped Rice under the DPRN

After tillering, the tiller number of the DPRN was higher than that of the SPHN,
suggesting that, under a reduction in the rate of application of nitrogen fertilizer, double-
cropped rice had a group advantage and compensated for the individual disadvantage
through reasonable dense planting, while increasing the population tiller number (Figure S1).
In combination with yield, the tiller numbers increased by 15–70% when the rate of appli-
cation of nitrogen fertilizer was reduced by 20–27% in the DPRN. Previous studies have
shown that the rice tiller group can be regulated by density, and the number of tillers in-
creased as the density increased [9,24]. The chlorophyll SPAD values in 2018 and 2019 were
slightly lower in the DPRN than those in the SPHN treatment (Figure S2). Previous studies
have shown that after reaching the optimal rate of application of nitrogen fertilizer, the
individual chlorophyll content of rice gradually decreased as the rate decreased. However,
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a proper reduction in the rate of application was not significant, and it did not affect the
yield [25].

The LAI of double-cropped rice significantly increased in the jointing-heading stage
and decreased in the heading-filling stage, which might be attributed to the fact that the
nutrient translocation was more noticeable during the later stages of rice growth, and the
nutrients in leaves were transferred to grains in large quantities during the filling stage,
resulting in a decrease in the LAI (Figure 1). A previous study showed that the leaf area of a
single rice plant decreased owing to a reduction in the application of nitrogen and increased
planting density [26]. A decrease in the amount of nitrogen fertilizer caused a reduction
in the uptake of nutrients of individual plants, and dense planting led to intensified
competition for light and growth space among individuals [27]. However, the increased
density also improved the utilization of low light and growth space by rice population, and
then increased the light, space, and NUE. These changes would contribute to a population
advantage to offset the negative effects of the DPRN and maintain yield [27,28]. A study
by Zhao et al. (2015) [28] found that a large amount of nutrients was transferred from the
rice leaves to grains during the filling stage, resulting in a significant decrease in the LAI,
which was consistent with our findings [29]. That is, the adverse effect of 20–27% reduction
of nitrogen fertilizer input is offset by the increase of rice population. The leaf area of
individual rice plant decreases, but the population leaf area increases. The accumulation
of dry matter by double-cropped rice rapidly increased during the early stage and slowly
increased during the middle and late stages. The accumulation of dry matter under the
DPRN treatment was higher than that under the SPHN treatment. The reduction in the rate
of application of nitrogen fertilizer led to a decrease in nitrogen content in rice plants, but a
higher accumulation of dry matter caused by the reduction in the rate of application rate
may provide an important basis for rice yield. A study by Fageria et al. (2008) [30] indicated
that the yield of rice is positively related to rate of application of nitrogen fertilizer and
the accumulation of dry matter. There was no significant difference in the adaptability of
different varieties under DPRN, which showed that different varieties were suitable for
DPRN cultivation.

4.2. Study on NUE Enhancement in Double-Cropped Rice under the DPRN

The NUE during the DPRN was higher than that under the SPHN (Table 2), suggest-
ing that double-cropped rice significantly improved its uptake of nitrogen fertilizer and
utilization efficiency. Studies on rice have shown that an appropriate DPRN is conducive
to obtaining a group advantage and thus, avoiding the risks caused by changes in crop-
ping practices [31]. The AEN of the DPRN of the LSR XWX13 in 2018 was lower than
that of the SPHN, and the yield of the DPRN of the LSR XWX13 in 2018 was also lower
than that of the SPHN. This could partially explain the slight decrease in yields. Beyond
that, the AEN under the DPRN was higher than that of the SPHN. Overall, DPRN-driven
improvement in the NUE of nitrogen fertilizer was an important factor in maintaining
the nutritional requirement of the double-cropped rice. Nitrogen is very important to the
nitrogen accumulation and yield formation of rice plants. With the increase of nitrogen ap-
plication, the nitrogen accumulation of rice plants is higher, but the yield does not increase
all the time. When the nitrogen application exceed a certain amount, it is not conducive
to the absorption of nitrogen by the plant, which leads to the reduction of nitrogen use
efficiency, but also not conducive to the transfer of nitrogen to grains, that is, too high
nitrogen input will reduce nitrogen use efficiency. In this study, reducing the application
of nitrogen fertilizer improved the nitrogen use efficiency, and increasing the planting
density increased the number of rice populations, so the nitrogen accumulation of the
population is maintained. Additionally, soil nitrogen is an important source of nitrogen
for double-cropped rice. The nitrogen accumulation of DPRN in double cropping rice was
not significantly lower than that of SPHN. An important reason was the improvement of
nitrogen use efficiency in double cropping rice. However, it is not enough to only improve
the utilization efficiency of nitrogen fertilizer. Double cropping rice population must obtain
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nitrogen sources from other ways, and this way is likely to be the nitrogen supply capacity
of soil itself. Previous studies found that 30–50% of the nitrogen fertilizer applied remains
in the soil after fertilization each season [32–34]. Improving the utilization of residual soil
nitrogen could improve the NUE in current crop [35]. Sufficient nutrients must be supplied
to ensure crop growth. When the external supply of nitrogen decreased to a certain level,
the plants self-regulate, such as evolving genotypes for the efficient use of nutrients and
reducing the nutrient supply to non-essential parts of the plant, while ensuring the supply
for vital organs or increasing other ways to obtain nutrients [36,37].

4.3. Allocation of Nitrogen Translocation in Rice Plants under the DPRN

A microplot experiment showed that the transport ratio of double-cropped rice under
the DPRN was significantly higher than that under the SPHN (Table 3). This finding
indicated that the translocation of nitrogen from vegetative organs, such as stems and
leaves, to reproductive organs would be increased after the DPRN. The reduction in
supply of external nitrogen fertilizer would facilitate the translocation of nitrogen in rice
aboveground. An appropriate reduction of nitrogen supply could help to increase the
starch and non-structural carbohydrate (NSC) content in rice stems and leaves before the
heading stage [38]. Low nitrogen promotes an increase in the activities of enzymes, such
as AGPase, in the plant stems and then increases the accumulation and reuse of starch
and the NSC in stems and leaves, which contributes to the mitigation of the negative
effects caused by a reduction in nitrogen and the sustainability of rice production [38].
The jointing stage is a critical period in the rice supply strategy, and nitrogen uptake
during this stage plays a decisive role in the formation of grain yield [39]. In this study,
the nitrogen from pre-heading transport in spike increased, while the nitrogen absorbed
after the heading was reduced under the DPRN. Compared with the SPHN, the overall
accumulation of nitrogen in rice population under the DPRN did not change. The transport
proportion of double cropping rice under DPRN is significantly higher than that under
SPHN treatment, which indicates that under DPRN cultivation, double cropping rice
will increase the transfer of nitrogen from vegetative organs such as stems and leaves
to reproductive organs, and the reduction of external nitrogen supply will promote the
nitrogen transport in the aboveground part of rice. The nitrogen in rice plants is mostly
transported in the form of starch and NSC, that is, DPRN cultivation will improve the
transport of starch and NSC. Those findings suggest that when double-cropped rice is
planted under the DPRN, the gradient supply and full utilization of nutrients in the early
stage were important, while appropriate field management practice should be taken during
the later stage to promote nutrient translocation and reuse.

Compared with the SPHN, the rice nitrogen from the fertilizer decreased in the DPRN,
and the decrease was more pronounced in the LSR than in the ESR (Table 4). Studies
have shown that the rate of application of nitrogen fertilizer is not a determinant of yield
formation in double-cropped rice, while the accumulation of nitrogen and the NUE of the
plant are critical to yield formation; a reduction in the amount of nitrogen fertilizer might
not be the cause of a reduction in the accumulation nitrogen of the plant [40]. From our
results, the overall accumulation of nitrogen of the double-cropped rice in the DPRN was
not significantly lower than that in the SPHN, suggesting that the accumulation of nitrogen
by rice could be partially derived from other sources, such as soil nitrogen. Nitrogen
sources, such as nitrogen fixed by soil microorganisms, wet- and dry-deposition nitrogen,
and watershed nitrogen [41–43] will be discussed as part of our continued research.

5. Conclusions

The DPRN practice could maintain rice yield by increasing the transfer of nitrogen
to the spike, reducing the demand for nitrogen fertilizer, and increasing the NUE of plant.
The population effective spike number, population tiller number, and the accumulation of
dry matter increased significantly under the DPRN. The DPRN practice did not influence
the accumulation of nitrogen by the population but decreased the proportion of nitrogen in
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the rice that accumulated from fertilizer. The DPRN practice could cause an increase in the
proportion of nitrogen that accumulated and transferred to the spikes before heading. The
NUE, PFPN, and AEN all increased in the DPRN, and the NUE had the highest increase,
followed by the PFPN. This is consistent with our research hypothesis. The reduction of
nitrogen input will reduce the nitrogen absorption of individual rice plants, but the increase
of density will increase the number of rice groups, so as to maintain the overall nitrogen
accumulation of rice, improve the utilization efficiency of nitrogen fertilizer, and ensure
that the nutritional supply of rice groups is not affected. Under the joint action of nitrogen
reduction and density increase, the yield of rice does not decrease. Those findings suggest
that the DPRN practice can maintain the yield stability of double-cropped rice and improve
the plant NUE under the background of a reduced nitrogen fertilization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12051090/s1, Figure S1: Tiller dynamic of double-cropped
rice under different treatments in 2018 and 2019. Figure S2: Chlorophyll content (SPAD) of the
double-cropped rice under different treatments in 2018 and 2019. Table S1: The effective spike, grains
per spike, seed setting rate (%), the 1000 grain weight, and the harvest index of the double-cropped
rice under different treatments in 2018 and 2019.
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