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Abstract
The mode of sparse planting with high N(nitrogen) application in Northeast China is not conducive to high and stable 
yields nor efficient use of resources. This study investigated if dense planting with less N fertilization in rice could improve 
nitrogen use efficiency (NUE) and increase yield in Northeast China. we conducted a field experiment using Jijing 88 and 
Tonghe 99 as planting material and setting three cropping modes of dense planting with less N (T1: 30 cm × 13.3 cm, 
200 kg·ha−1; T2: 25 cm × 13.3 cm, 175 kg·ha−1; T3: 25 cm × 10 cm, 150 kg·ha−1) and a local conventional cropping pattern 
(CK: 30 cm × 16.5 cm, 225 kg·ha−1). The results showed that, when compared to CK, dense planting with less N application 
(T1, T2) increased the maximum tiller number, above-ground biomass and obtained higher panicle number per m−2 and 
grain filling rate. The maximum yields of Jijing 88 occurred with T1, which increased by 1.29% on average compared to CK; 
The maximum yields of Tonghe 99 occurred with T2, which increased by 3.50% on average compared to CK. The T1and T2 
increased apparent recovery efficiency of nitrogen fertilizer (REN), agronomic nitrogen use efficiency (AEN), internal nitrogen 
use efficiency (IEN) compared to CK. Together, reducing N rate from 225 kg·ha−1 (CK) to 175 kg·ha−1 (T2) could obtained 
resulted generally equal or higher grain yield and higher NUE with increasing transplanting density from 30 cm × 16.5 cm 
(CK) to 25 cm × 13.3 cm (T2), and dense planting is a feasible strategy to reduce N input in Northeast China.
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Introduction

Rice is one of the important food crops in China, and 
increasing the yield has always been the main objective of 
rice breeding and cultivation. The yield of rice depends on 
the variety, environmental conditions, cultivation manage-
ment, and the interactions between these three factors. It is 
particularly important to develop the yield potential of exist-
ing rice varieties through cultivation management measures 
when faced with the possibility of less available land and 
resource shortages due to a large population (Tilman et al., 
2011). Northeast China is one of the most important Chi-
nese rice cropping regions. Enhancing rice yield in North-
east China is the main strategy to increase the country’s total 
rice yield and ensure its food security.

For rice production in Northeast China, considering the 
low temperature in the early growth stage, the cultivation 
model of sparse planting generally promotes an increase in 
late-growing tillers, delays the emergence time of popula-
tion peak seedling number (Lin et al., 2011), and extends 
the tillering and growth periods, ultimately increases the 
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probability of cold injury; on the other hand, the cultiva-
tion model of sparse planting and high nitrogen(N) may 
cause lodging and frequent occurrence of diseases and 
insect pests (Cu et al., 1996; Ye et al., 2012), adversely 
affect the improvement of rice yield. Sparse planting has 
become an important limiting factor in obtaining a stable 
and high yield of rice as well as nitrogen use efficiency 
(NUE) in Northeast China (Chen et al., 2014; Wu et al., 
2013). Therefore, based on the existing mode of sparse 
planting, a moderate increase in transplanting density may 
be more conducive to achieve stable and high yields of rice 
in cold regions (Huang et al., 2013; Ma et al., 2013; Zhao 
et al., 2013a, 2013b).

The N is an important nutrient necessary for rice 
growth. Reasonable application of N fertilizer is an impor-
tant cultivation measure to create high-yield rice popula-
tions and increase rice yield (Liu et al., 2016). In the past 
thirty years, N fertilizer has contributed significantly to the 
improvement of rice yield in China (Ju et al., 2015; Peng 
et al., 2010; Zhang et al., 2012a, 2012b). In Changchun, 
China, temperature rises slowly in spring, and the sum-
mer from July to August is the key period for rice growth, 
but weather is often rainy, with low temperature and light 
conditions, with the temperature dropping in early autumn 
(Liu et al., 2014). Such climatic conditions have a cer-
tain impact on the amount of N fertilizer operation in rice 
production. Therefore, improving the management of N 
fertilizer, using a relatively small amount of N to obtain a 
relatively high yield and achieving the coordination and 
unification of high yield and NUE, will be the fundamental 
in obtaining high-quality populations and improving NUE 
in rice field.

From the perspective of stable yield and improving 
NUE in rice field based on current sparse planting, dense 
planting with less N application may be beneficial in 
achieving high yields of rice and NUE in its cultivation in 
Northeast China. Strategies involving increased planting 
density and reducing the amount of N fertilizer to achieve 
high rice yields have attracted the attention of research-
ers (Chen et al., 2014; Mahamud et al., 2013; Zeng et al., 
2012; Zhao et al., 2013a, 2013b). However, these studies 
generally integrate planting density or N reduction with 
other cultivation measures, but there are no systematic 
studies on the effect of dense planting with reduced basal 
N application on yield. Therefore, we conducted a field 
experiment using a local conventional cultivation mode 
(CK) and three treatments of dense planting with less N 
application in Changchun, Jilin province, China from 2017 
to 2018. To provide a theoretical and practical basis for the 
establishment of high-yield and high-efficiency nutrient 
utilization cultivation systems, the growth and develop-
ment characteristics, population quality, nutrient utiliza-
tion efficiency were compared and analyzed.

Materials and Methods

Site Description

Field experiments were conducted from 2017 to 2019 in 
the rice experimental base. Soil characteristics for the 
0–20 cm layer were 6.6 pH, 12.98 g·kg−1soil organic mat-
ter, 0.38 g·kg−1 total N, 148.7 mg·kg−1 available N. The 
climate is a typical northern temperate continental mon-
soon climate with a mean annual temperature of about 
5.27 °C and precipitation of 659.62 mm, and an average 
active accumulated temperature of 3289.1 °C and a frost-
free period of 138 days from 2013 to 2017.

Experiment Design

The experiment had a completely randomized block design 
with three replications. Each plot was 24 m2 in size. Two 
popular rice varieties with similar growth periods, Jijing 
88 and Tonghe 99 were selected. Five cropping modes 
were involved in this experiment, including a local tradi-
tional cropping pattern (CK) and three cropping modes 
of dense planting with less N and non-N (N0) treatment 
(see Table 1). Dense planting was implied by increasing 
seedlings per hill, and a reduction in the total amount of 
N applied. The common planting density was 3 seedlings 
per hill. The application ratio of basal fertilizer/tiller fer-
tilizer/ panicle fertilizer = 4:3:3. Base fertilizer and tiller 
fertilizer were applied 3 days before rice transplanting and 
on day 7 after rice transplanting, and panicle fertilizer was 
applied at panicle initiation. Phosphate fertilizer used was 
superphosphate, and the application rate was 50 kg P2O5 
hm−2; potassium fertilizer used was potassium chloride, 
the application rate was 75 kg K2O hm−2. Other manage-
ment measures were carried out following local high-yield 
cultivation technology regulations. The detailed informa-
tion about the planting density and N application was 
listed in Table 1.

Table 1   Planting density and N fertilization application amount and 
timing for each treatment

Treatment N rate and timing (kg·ha−1) Planting density

Total Basal Tillering Panicle 
initiation

N0 0 0 0 0 30 cm × 16.5 cm
CK 225 90 67.5 67.5 30 cm × 16.5 cm
T1 200 80 60 60 30 cm × 13.3 cm
T2 175 70 52.5 52.5 25 cm × 13.3 cm
T3 150 60 45 45 25 cm × 10 cm
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Sampling and Measurement

Determination of Maximum Tiller Number

After the rice was transplanted, two spots were designated 
for each plot, and 5 holes were marked in each spot to 
record the tiller dynamics. The investigation was stopped 
until the number of tillers decreased twice and the maxi-
mum number of tillers was recorded.

Determination of SPAD‑Chlorophyll Values

For the determination of soil and plant analyzer develop-
ment (SPAD) -chlorophyll value of the top leaf of rice, 
five rice plants were randomly selected from each plot at 
heading, filling and maturity stages. The leaf area of the 
five sampled plants was measured using a CCM-200 Plus 
Chlorophyll Content Meter.

Determination of Photosynthesis Rate

For measuring the net photosynthesis rate (Pn), five rep-
resentative plants were selected from each treatment and 
the Pn values of top leaf was measured using a portable 
LI-6400 instrument (LI-COR Inc., Lincoln, NE, USA) at 
heading, filling and maturity stages. The measurements 
were carried out on a clear and sunny day from 9:00 to 
11:00 a.m.

Dry Matter Weight and NUE

Five holes of representative plants were chosen in each plot 
at tillering, heading, and maturity stages according to the 
average number of stems and tillers in each plot, and fresh 
samples were oven-dried at 105 °C for 30 min and then at 
80 °C to constant weight to determine the dry matter weight. 
Their total N content of the samples at maturity were deter-
mined by the Kjeldahl method using the Kjeldahl N deter-
mination apparatus (Kjel—tec8200, FOSS, Sweden).

Determination of Nitrate Reductase (NR) Activity 
and Glutamine Synthetase(GS) Activity

The top leaf of three plants were selected at at heading, 
filling and maturity stages. Some of leaves segments (mid-
dle position) were immediately frozen in liquid N2 and 
then stored at − 80 °C for the determination of NR activ-
ity and GS activity. The NR activity was assayed using the 
standard protocol of Ali et al. (2007), The extraction for 

determination of GS enzymatic activity was assayed by the 
method of Lutt et al. (1999).

Yield and Yield Components

At harvest, 20 hills were sampled for each plot to determine 
the actual yield and yield components, which include the 
effective panicle number, spikelets per panicle, the number 
of real grains, seed-setting rate, and 1000- grain weight.

Calculations and Statistical Analysis

Apparent recovery efficiency of nitrogen fertilizer: (REN, 
%) = (the total N uptake in the N application area − the total 
N uptake in the area without N application)/the amount of 
N application × 100.

Internal nitrogen use efficiency: (IEN, kg·kg−1) = the rice 
yield in the N application area /the total N uptake.

Agronomic nitrogen use efficiency: (AEN, kg·kg−1) = (the 
rice yield in the N application area − the rice yield in the 
area without N application)/the amount of applied N × 100.

The methods for calculating NUE were according to Ju 
et al. (2015).

All data were analyzed using Excel 2007 and SPSS ver-
sion 16.0. There were three replicates in each experimental 
field. Differences between means were compared by analysis 
of variance (ANOVA). The means were tested with the least 
significance difference test at P < 0.05.

Results

Maximum Tiller Number(m−2), Panicle Rate, 
and Above‑Ground Biomass

Compared to CK, with increasing planting density and the 
reduction in N rate, the maximum tiller number of the rice 
population increased firstly and then decreased, and the 
panicle rate decreased (Table 2). Compared to CK, the T1 
increased maximum tiller number by 14.0% (2017), 13.6% 
(2018) for Jijing 88 and 17.1% (2017), 18.8% (2018) for 
Tonghe 99; the T2 increased maximum tiller numbers of 
rice population by 15.8% (2017) and 14.9% (2018) for Jijing 
88 and by 23.7% (2017) and 31.5% (2018) for Tonghe 99; 
the T3 decreased maximum tiller numbers for Jijing 88, but 
increased maximum tiller numbers by 21.8% (2017) and 
29.0% (2018) for Tonghe 99. The maximum tiller number 
were found in T2 in both years, and no significant differ-
ence in maximum tiller number was found between T2 and 
T1. With increasing planting density and the reduction in N 
rate, the above-ground biomass of rice population increased 
firstly and then decreased compared to CK. The T1, and T2, 
the T3 significantly decreased above-ground biomass of rice 
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population at tillering and maturity stages, then, there were 
no significant different between T1, T2 and CK.

SPAD‑Chlorophyll Values and Photosynthesis Rate

Compared to CK, with increasing planting density and the 
reduction in N rate, SPAD-chlorophyll values of the top leaf 
and photosynthesis rate decreased at heading, filling and 
maturity stages. Compared to CK, T1, and T2, the T3 sig-
nificantly decreased SPAD-chlorophyll values of the top leaf 
for Jijing 88 and Tonghe 99 at heading, filling and maturity 
stages, however, there was no significant difference between 
T1, T2 and CK(Fig. 1). Compared to CK, T1, and T2, the T3 
significantly decreased photosynthesis rate for Jijing 88 and 
Tonghe 99 at heading, filling and maturity stages, however, 
there was no significant difference between T1, T2 and CK 
(Fig. 2).

NR Activity and GS Activity

Compared to CK, with increasing planting density and the 
reduction in N rate, NR activity in the top leaf of Jijing 88 
and Tonghe 99 decreased from heading to maturity stage, 
and compared to CK, T1, and T2, the T3 decreased NR 
activity in the top leaf for Jijing 88 and Tonghe 99 at head-
ing, filling and maturity stages. Compared to CK, T1, and 
T2, the T3 significantly decreased GS activity in the top leaf 
for Jijing 88 and Tonghe 99 at heading, filling and maturity 
stages (Fig. 3).

Yields and Yield Components

Compared to the CK, with increasing planting density 
and reduction in basal N rate, the rice yield increased 
firstly and then decreased. Across three study years, the 
highest yield of Jijing 88 was found in T1, increased by 
1.36%(2017),1.31% (2018) and 1.20% (2019), respec-
tively, as compared to CK. the highest yield of Tonghe 
99 was found in T2, increased by 3.68% (2017), 3.15% 
(2018) and 3.66% (2019), respectively, as compared 
to CK. However, no significant difference was found 
between T1, T2 and CK. The rice yield in T3 of two varie-
ties were lower than for other treatment across three study 
years (Table 3).

Although the panicle number of rice population between 
the treatments varied with the tested varieties and years, a 
similar trend for panicle number per m−2 of dense plant-
ing with less N treatments was found (Table 3). Compared 
to CK, with increasing planting density and the reduction 
in N rate, panicle number per m−2 firstly increased and 
then decreased. Panicle number per m−2 of Jijing 88 was 
T1 > T2 > CK > T3, and the T1 increased by 2.80% on aver-
age compared to CK, but no significant difference was found 
between T1, T2 and CK. The T3 decreased panicle number 
per m−2 compared to T1, T2, and CK; the panicle number 
per m−2 of Tonghe 99 was T2 > T1 > T3 > CK, and the T2 
increased by 18.36% on average compared to CK, but there 
was no significant difference between treatments.

Table 2   Maximum tiller number, panicle rate, and above-ground biomass of each rice variety under different treatments

CK, 30 cm × 16.5 cm; 225 kg·ha−1; T1, 30 cm × 13.3 cm; 200 kg·ha−1; T2, 25 cm × 13.3 cm; 175 kg·ha−1; T3, 25 cm × 10 cm; 150 kg·ha−1.Values 
sharing same letters differ non-significantly (P < 0.05)

Year Variety Treatment Maximum tiller 
number (m−2)

Panicle rate (%) Above-ground biomass(kg·ha−1)

Tillering stage Heading stage Maturity stage

2017 Jijing 88 CK 570 b 77.4 a 173.7 a 833.9 a 1704.8 a
T 1 650 a 76.6 a 180.8 a 847.8 a 1731.3 a
T 2 660 a 67.9 a 183.5 a 837.2 a 1665.3 a
T 3 560 b 65.4 a 157.2 b 788.2 a 1287.9 b

Tonghe 99 CK 427 b 73.3 a 164.2 a 799.3 a 1649.8 a
T 1 500 a 72.5 a 167.1 a 845.8 a 1706.5 a
T 2 528 a 68.6 a 175.9 a 864.4 a 1743.6 a
T 3 520 a 66.1 a 147.0 b 774.8 a 1371.5 b

2018 Jijing 88 CK 550 b 74.6 a 169.4 a 816.4 a 1605.1 a
T 1 625 a 65.4 a 180.1 a 847.8 a 1729.3 a
T 2 632 a 62.4 a 181.4 a 837.2 a 1665.4 a
T 3 545 b 60.1 a 150.3 b 771.7 a 1210.1 b

Tonghe 99 CK 400 b 72.0 a 160.4 a 753.6 a 1605.1 a
T 1 475 a 69.7 a 160.8 a 830.3 a 1644.7 a
T 2 526 a 61.9 a 172.8 a 843.8 a 1714.5 a
T 3 516 a 58.3 a 138.3 b 728.0 a 1354.4 b
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Compared to CK, with increasing planting density and 
the reduction in N rate, the number of spikelets per pani-
cle decreased, the T1, T2, and T3 decreased spikelets per 

panicle by 5.40%, 17.65%, and 30.72% on average for Jijing 
88, the T1, T2, and T3 decreased spikelets per panicle by 
5.67%, 12.41%, and 31.65% on average for Tonghe 99. No 

Fig. 1   effect of dense plant-
ing with less N application on 
top leaf of SPAD-chlorophyll 
values at different growth stages 
of Jijing88 and Tonghe99 in 
2018 and 2019. a, b, 2017; c, 
d, 2018; CK, 30 cm × 16.5 cm; 
225 kg·ha−1; T1, 
30 cm × 13.3 cm; 200 kg·ha−1; 
T2, 25 cm × 13.3 cm; 
175 kg·ha−1; T3, 25 cm × 10 cm; 
150 kg·ha−1. Different letters 
within a growth stage indicate 
significant difference at P < 0.05

Fig. 2   effect of dense plant-
ing with less N application 
on top leaf of photosynthetic 
rate at different growth stages 
of Jijing88 and Tonghe99 in 
2017 and 2018. a, b, 2017; c, 
d, 2018; CK, 30 cm × 16.5 cm; 
225 kg·ha−1; T1, 
30 cm × 13.3 cm; 200 kg·ha−1; 
T2, 25 cm × 13.3 cm; 
175 kg·ha−1; T3, 25 cm × 10 cm; 
150 kg·ha−1. Different letters 
within a growth stage indicate 
significant difference at P < 0.05
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Fig. 3   effect of Dense plant-
ing with less N application 
on top leaf of NR activity 
and GS activity at different 
growth stages of Jijing88 and 
Tonghe99 in 2019. a, b, NR 
activity; c, d, GS activity; CK, 
30 cm × 16.5 cm; 225 kg·ha−1; 
T1, 30 cm × 13.3 cm; 
200 kg·ha−1; T2, 
25 cm × 13.3 cm; 175 kg·ha−1; 
T3, 25 cm × 10 cm; 150 kg·ha−1. 
Different letters within a growth 
stage indicate significant differ-
ence at P < 0.05

Table 3   Differences in yields and yield components of rice under different treatments

CK, 30 cm × 16.5 cm; 225 kg·ha−1; T1, 30 cm × 13.3 cm; 200 kg·ha−1; T2, 25 cm × 13.3 cm; 175 kg·ha−1; T3, 25 cm × 10 cm; 150 kg·ha−1.Values 
sharing same letters differ non-significantly (P < 0.05)

Year Variety Treatment Yield (kg·ha−1) Panicles (/m2) Spikelets panicle−1 Grain filling (%) 1000-grain-
weight (g)

2017 Jijing 88 CK 9506.5 a 441.7 a 147.2 a 82.2 b 21.8 a
T 1 9635.5 a 455.1 a 138.0 a 87.2 a 21.5 a
T 2 9445.3 a 453.3 a 117.3 b 84.8 a 21.4 a
T 3 8428.0 b 353.3 b 101.0 c 82.5 b 21.8 a

Tonghe 99 CK 9394.2 a 321.1 a 182.0 a 82.7 b 23.0 a
T 1 9553.2 a 362.5 a 170.3 a 84.0 ab 22.0 a
T 2 9739.7 a 366.7 a 156.7 b 85.0 ab 23.4 a
T 3 8349.1 b 345.2 a 121.0 c 85.6 a 23.3 a

2018 Jijing 88 CK 9451.5 a 430.3 a 142.4 a 82.4 b 21.7 a
T 1 9574.9 a 440.1 a 133.7 a 87.1 a 21.8 a
T 2 9363.1 a 437.1 a 116.5 b 84.5 a 21.5 a
T 3 8243.7 b 352.5 b 100.2 c 82.6 b 21.9 a

Tonghe 99 CK 9253.2 a 312.9 a 188.7 a 82.1 b 23.3 a
T 1 9358.3 a 355.6 a 172.3 a 83.5 ab 23.2 a
T 2 9544.4 a 357.5 a 165.3 b 84.7 ab 22.8 a
T 3 8224.7 b 333.7 a 119.6 c 84.6 a 23.4 a

2019 Jijing 88 CK 8996.3 a 413.6 a 132.9 a 80.1 b 21.3 a
T 1 9104.7a 426.4 a 127.8 a 86.2 a 21.6 a
T 2 8907.2 a 423.3 a 113.7 b 85.2 a 21.4 a
T 3 7891.0 b 311.1 b 91.5 c 81.0 b 21.6 a

Tonghe 99 CK 8577.9 a 294.4 a 164.0 a 80.3 b 23.7 a
T 1 8721.5 a 302.8 a 160.9 a 82.7 ab 23.3 a
T 2 8891.6 a 321.7 a 146.1 b 85.4 ab 23.3 a
T 3 7332.6 b 300.6 a 123.3 c 86.5 a 23.9 a
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significant difference was found between T1 and CK, how-
ever, spikelets per panicle in T2 and T3 were significantly 
lower than CK.

Compared to CK, dense planting with less N applica-
tion increased the grain filling, the T1, T2, and T3 increased 
grain filling by 6.47%, 4.02%, and 0.6% on average for Jijing 
88, the T1, T2, and T3 decreased spikelets per panicle by 
2.01%, 4.10%, and 4.76% on average for Tonghe 99. No 
significant difference was found between T1 and T2. Dense 
planting with less N application had no significant effect on 
the 1000-grain weight.

NUE

Dense planting with less N application application could 
increase NUE in rice field (Table 4). Compared to CK, the 
T1, T2 and T3 increased REN by 5.43%, 6.23%, 19.24% and 
5.9%, 18.33%, 21.80% on average for Jijing 88 and Tonghe 
99; significantly increased AEN by 14.42%, 26.29%, 12.83% 
and 16.32%, 38.36%, 10.90% on average for Jijing 88 and 
Tonghe 99; significantly increased IEN by 13.92%, 27.43%, 
31.77% and 14.22%, 33.06%, 31.64% on average,for Jijing 
88 and Tonghe 99, respectively.

Discussion

Reducing external inputs of labor and N fertilizer, is a trend 
to rice production in China. Dense planting may be a recom-
mended as a good cropping method to reduce N input in rice 
production, and little work has been reported to demonstrate 
its feasibility in rice. This study was conducted to deter-
mine the effects of dense planting with less N application 
on yield attributes and NUE. Across three study years, our 
results showed that reducing N rate from 225 to 150 kg·ha−1 
resulted in significantly lower grain yield with a hill density 
of 25 cm × 10 cm (T3), however, rice yield were generally 
equal or higher under dense planting with less N application 
(T1, T2) than under CK (Table 3), indicates that moder-
ately dense planting can reduce N input without sacrificing 
rice yield. This is consistent with that observed in rice (Zhu 
et al., 2016).

Significance for high yields is taking reasonable cul-
tivation measures to improve dry matter accumulation 
and coordinate the relationship between individuals and 
populations in the middle and late growth stages (Fage-
ria, 2007). Panicles number per unit area, spikelets per 
panicle, seed setting rate, and 1000-grain weight are 
directly related to rice yield (Sui et al., 2013; Zeng et al., 
2012). Panicles number per unit area has mainly been 
determined by the maximum number of tillers before the 
jointing–booting stage and the nutritional level after the 
jointing–booting stage, and the grain filling formed after 

the jointing–booting stage. Density is the main factor 
for affecting the number of basic seedings and rice till-
ers, increasing the transplanting density might increase 
the number of stem tillers (Fan et al., 2012; Huang et al., 
2018). Reducing the amount of N fertilizer might control 
the tiller number of the plant population (Yoshida., 1981; 
Zhong et al., 2003), and N reduction in the early stage 
could reduce ineffective tillers, which could reduce mutual 
shading among rice plants and is benefit to the biomass 
accumulation for grain filling(Zeng et al., 2012).In this 
study, the T1 and T2 significantly increased maximum 
tiller number per m−2 with unchanged panicle rate, and 
SPAD-chlorophyll values of the top leaf and photosyn-
thesis rate at heading, filling and maturity stages had no 
significant difference over CK(Fig. 1).Thereby, equal or 
higher aboveground biomass, panicle number per m-2 and 
grain filling rate were found in T1 and T2 compared to the 

Table 4   Apparent recovery efficiency of nitrogen fertilizer, agro-
nomic nitrogen use efficiency and internal nitrogen use efficiency of 
each rice variety under different treatments

REN apparent recovery efficiency of nitrogen fertilizer, AEN agro-
nomic nitrogen use efficiency, IEN internal nitrogen use efficiency, CK 
30 cm × 16.5 cm; 225 kg·ha−1, T1 30 cm × 13.3 cm; 200 kg·ha−1, T2 
25 cm × 13.3 cm, 175 kg·ha−1, T3 25 cm × 10 cm; 150 kg·ha−1

Values sharing same letters differ non-significantly (P < 0.05)

Year Variety Treatment REN (%) AEN 
(kg·kg−1)

IEN (kg·kg−1)

2017 Jijing 88 CK 35.2 c 21.1 c 42.3 d
T1 41.5 bc 24.4 b 48.2 c
T2 42.0 b 26.8 a 54.0 b
T3 56.2 a 24.5 b 56.2 a

Tonghe 99 CK 26.7 b 20.4 c 41.8 c
T1 34.2 b 23.7 b 47.8 b
T2 49.4 a 28.2 a 55.7 a
T3 53.5 a 23.6 b 55.7 a

2018 Jijing 88 CK 34.5 c 21.2 c 42.0 d
T1 40.7 bc 23.8 b 47.9 c
T2 40.8 b 26.7 a 53.5 b
T3 54.2 a 23.7 b 55.0 a

Tonghe 99 CK 26.6 b 20.1 c 41.1 c
T1 33.8 b 23.2 b 46.8 b
T2 48.6 a 27.6 a 54.5 a
T3 52.0 a 23.4 b 54.8 a

2019 Jijing 88 CK 31.8 c 18.9 c 40.0 d
T1 35.6 bc 21.8 b 45.5 c
T2 37.4 b 23.8 a 50.9 b
T3 48.8 a 20.9 b 52.6 a

Tonghe 99 CK 28.1 b 16.7 c 38.1 c
T1 31.1 b 19.6 b 43.6 b
T2 38.4 a 23.3 a 50.8 a
T3 41.3 a 16.8 c 48.9 a
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CK, suggesting that the lower grain yield caused by reduc-
ing N rate was compensated for by increasing density.

At the same time, we also found that the response of 
the maximum tiller number of different varieties to the 
mode of dense planting with less N were different. Under 
the mode of dense planting with less N, the increase in 
the maximum tiller number for Jijing 88 was smaller than 
that of Tonghe 99 (Table 2). The tillering ability for Jijing 
88 was stronger, and the effect of N application on tiller-
ing was strong (Dobermann, 2004), and the compensa-
tion effect of planting density on tiller number was also 
relatively small. However, Tonghe 99 belongs to the mid-
dle tillering ability variety, and the promotion effect of 
N application on its tillering was relatively small, so the 
compensation effect of planting density on the number 
of tillers was relatively enhanced, thereby, the maximum 
yields of Jijing 88 occurred with T, while the maximum 
yields of Tonghe 99 occurred with T2. Therefore, dense 
planting with less N application should be characterized 
in a quantified manner according to variety characteristics.

At present, the widely used sparse planting and high 
N cultivation mode had a high NUE in the early growth 
stage of rice (Huang et al., 2013). However, due to the low 
number of basic seedlings in the early stage and the weak 
N absorption capacity of rice plants in the early growth 
stage, a large amount of N was lost (Peng & Cassman, 
1998; Peng et al., 2002). The activities of NR and GS are 
closely associated with plant N uptake (Li et al., 2018; 
Zhang et al., 2019). N application at panicle initiation is 
necessary to maintain NR and GS activities in the repro-
ductive stage (Zhang, et al., 2013). In this study, there 
were no significant difference in NR activity and GS activ-
ity of the top leaf of rice at the filling stage and maturity 
stage between dense planting with less N application (T1 
and T2) and CK. Moderate dense planting with less N 
application (T1 and T2) increased REN, AEN, IEN (Bhatia 
et al., 2012; Peng et al., 2010; Rehman et al., 2013; Sui 
et al., 2013; Pittelkow et al., 2013; Zhang et al., 2018).
Even though REN, AEN, IEN in T3 was significantly higher 
than that of CK, excessive reduction in N application could 
cause decrease in rice yield.

Resent years, in rice production, the farmers basically 
follow the traditional management mode for field man-
agement (Huang & Zou, 2016). our results showed that 
dense planting is a recommended strategy to reduce N 
input (Huang et al., 2013), and the strategy may be more 
practical for machine-transplanted rice, because high 
planting density can be achieved easily with less labor by 
using machine transplanting. It can save economic costs, 
although the machine needs to be adjusted in the process 
of planting to save economic costs, so farmers will be will-
ing to accept it.

Conclusions

In summary, compared with the conventional high-
yield model, reducing N rate from 225  kg·ha−1 (CK) 
to 175  kg·ha−1(T2) could obtained resulted generally 
equal or higher grain yield and higher NUE with increas-
ing transplanting density from 30 cm × 16.5 cm (CK) to 
25 cm × 13.3 cm(T2). Dense planting with less N applica-
tion is a comprehensive cultivation technology mode which 
should be combined and tested with a variety of character-
istics, local climate conditions, and other factors. In produc-
tion, we should also pay attention to preventing late lodging, 
premature aging caused by insufficient nutrients, and the 
occurrence of diseases and insect pests. Therefore, it is nec-
essary to adjust measures to local conditions and varieties 
and combine with high-yield cultivation techniques and inte-
grated pest control techniques to optimize field configuration 
and build a suitable population.

Acknowledgements  This research was funded by Key Sci-
ence and Technology Research Projects of Jilin Province, China 
(20200402004NC), The open project of Key Laboratory of Straw Biol-
ogy and Utilization of Chinese Ministry Education (klos2020-001), 
Science and Technology Development program of Jilin Province, China 
(20180201037NY), National Key Research and Development Program 
of China (2018YFD0300207-3), The open project of Key Laboratory of 
cold region grain crop germplasm innovation and physiological ecol-
ogy of Chinese Ministry Education.

Author Contributions  XS and YG planned the experiments, SB and 
YL interpreted the results, QZ statistically analyzed the data and made 
illustrations, LG and WL made the write up. All authors discussed the 
results and commented on the manuscript. All authors have read and 
approved the final manuscript.

Declarations 

Conflict of interest  The authors declare no conflicts of interest.

References

Ali, A., Sivakami, S., & Raghuram, N. (2007). Regulation of activity 
and transcript levels of nr in rice (oryza sativa): roles of protein 
kinase and g-proteins. Plant Science, 172(2), 406–413. https://​
doi.​org/​10.​1016/j.​plant​sci.​2006.​10.​003

Chen, J., Zhu, X., Xie, J., Deng, G., & Peng, C. (2020). Reducing 
nitrogen application with dense planting increases nitrogen use 
efficiency by maintaining root growth in a double-rice crop-
ping system. The Crop Journal. https://​doi.​org/​10.​1016/j.​cj.​
2020.​09.​006

Chen, X. P., Cui, Z. L., Fan, M. S., Vitousek, P., Zhao, M., Ma, W. 
Q., Wang, Z. L., Zhang, W. J., Yan, X. Y., Yang, J. C., Deng, 
X. P., Gao, Q., Zhang, Q., Guo, S. W., Ren, J., Li, S. Q., Ye, Y. 
L., Wang, Z. H., Huang, J. L., … Zhang, F. S. (2014). Produc-
ing more grain with lower environmental costs. Nature, 514, 
486–489. https://​doi.​org/​10.​1039/​natur​e13609

https://doi.org/10.1016/j.plantsci.2006.10.003
https://doi.org/10.1016/j.plantsci.2006.10.003
https://doi.org/10.1016/j.cj.2020.09.006
https://doi.org/10.1016/j.cj.2020.09.006
https://doi.org/10.1039/nature13609


633International Journal of Plant Production (2021) 15:625–634	

1 3

Cu, R. M. (1996). Effect of sheath blight on yield in tropical, intensive 
rice production system. Plant Disease, 80(10), 1103. https://​doi.​
org/​10.​1094/​PD-​80-​1103

Dobermann, A. (2004). A critical assessment of the system of rice 
intensification (SRI). Agricultural Systems, 79(3), 261–281. 
https://​doi.​org/​10.​1016/​S0308-​521X(03)​00087-8

Fageria, N. K. (2007). Yield physiology of rice. Journal of Plant Nutri-
tion, 30(6), 843–879. https://​doi.​org/​10.​1080/​15226​51070​13748​
31

Fan, H. Z., Zhang, H., Feng, W. Q., Zhang, J., & Wang, C. T. (2012). 
Effect of transplanting density on rice yield, nitrogen uptake and 
15N-fertilizer fate. Agricultural Science and Technology, 13(5), 
1037–1039. https://​doi.​org/​10.​16175/j.​cnki.​1009-​4229.​2012.​05.​
036

Fukushima, A., Shiratsuchi, H., Yamaguchi, H., & Fukuda, A. (2011). 
Effects of nitrogen appli-cation and planting density on morpho-
logical traits, dry Matter production and yield of large grain type 
rice variety bekoaoba and strategies for super high-yielding rice 
in the Tohoku region of Japan. Plant Production Science, 14(1), 
56–63. https://​doi.​org/​10.​1626/​pps.​14.​56

Huang, M., Chen, J. N., Cao, F. B., & Zou, Y. B. (2018). Increased 
hill density can compensate for yield loss from reduced nitrogen 
input in machine-transplanted double-cropped rice. Field Crop 
Research, 221, 333–338. https://​doi.​org/​10.​1016/j.​fcr.​2017.​06.​028

Huang, M., Yang, C. L., Ji, Q. M., Jiang, L. G., Tan, J. L., & Li, Y. Q. 
(2013). Tillering responses of rice to plant density and nitrogen 
rate in a subtropical environment of southern China. Field Crop 
Research, 149, 187–192. https://​doi.​org/​10.​1016/j.​fcr.​2013.​04.​029

Huang, M., & Zou, Y. (2016). An effective nutrient management strat-
egy for the emerging large-scale rice farming in China. Annals of 
Agricultural and Crop Sciences, 1, 1002.

Ju, C., Buresh, R. J., Wang, Z., Zhang, H., Liu, L., Yang, J., et al. 
(2015). Root and shoot traits for rice varieties with higher grain 
yield and higher nitrogen use efficiency at lower nitrogen rates 
application. Field Crops Research, 175, 47–55. https://​doi.​org/​
10.​1016/j.​fcr.​2015.​02.​007

Kamiji, Y., Yoshida, H., Palta, J. A., Sakuratani, T., & Shiraiwa, T. 
(2011). N applications that increase plant N during panicle devel-
opment are highly effective in increasing spikelet number in rice. 
Field Crop Research, 122, 242–247. https://​doi.​org/​10.​1016/j.​fcr.​
2011.​03.​016

Lafond, G. P., May, W. E., & Holzapfel, C. B. (2013). Row spacing 
and nitrogen fertilizer effect on no-till oat production. Agronomy 
Journal. https://​doi.​org/​10.​2134/​agron​j2012.​0221

Li, G. H., Hu, Q. Q., Shi, Y. G., Cui, K. H., Huang, J. L., & Peng, S. B. 
(2018). Low nitrogen application enhances starch-metabolizing 
enzyme activity and improves accumulation and translocation 
of non-structural carbohydrates in rice stems. Frontiers in Plant 
Science, 9, 1128–1138. https://​doi.​org/​10.​3389/​fpls.​2018.​01128

Lin, H. X., Xiao, Y. P., Yuan, Z. Q., Liu, R. G., & Wang, R. Q. (2011). 
Advance in rational colse planting and its mechanism of superior 
quality and high yield in rice. Chinese Agricultural Science Bul-
letin, 27(9), 1–4. in Chinese.

Liu, X. W., Wang, H. Y., Zhou, J. M., Hu, F. Q., & Liu, Y. Z. (2016). 
Effect of N fertilization pattern on rice yield, N use efficiency and 
fertilizer–N fate in the Yangtze River Basin China. PLoS ONE, 
11(11), e0166002. https://​doi.​org/​10.​1371/​journ​al.​pone.​01660​02

Liu, Y., Jiang, W. L., Xiao, B. L., & Lei, B. (2014). Observed climatic 
variations in the growing season of field crops in northeast China 
from 1992 to 2012. Journal of Integrative Agriculture, 13, 1451–
1461. https://​doi.​org/​10.​1016/​S2095-​3119(14)​60812-1

Lutt, S., Majerus, V., & Kinet, J. M. (1999). NaCl effects on proline 
metabolism in rice (Oryza sativa) seedlings. Physiologia Plan-
tarum, 105, 450–458. https://​doi.​org/​10.​1034/j.​13993​054.​1999.​
105309.x

Ma, Y. C., Kong, X. W., Yang, B., Zhang, X. L., Yan, X. Y., Yang, 
J. C., & Xiong, Z. Q. (2013). Net global warming potential and 
greenhouse gas intensity of annual rice-wheat rotations with inte-
grated soil–crop system management. Agriculture Ecosystems and 
Environment, 164, 209–219. https://​doi.​org/​10.​1016/j.​agee.​2012.​
11.​003

Mahamud, J. A., Haque, M. M., & Hasanuzzaman, M. (2013). 
Growth, dry matter production and yield performance of trans-
planted Aman rice varieties Influenced by seedling densities per 
hill. International Journal of Sustainable Agriculture, 5, 16–24. 
https://​doi.​org/​10.​5829/​idosi.​ijsa.​2013.​05.​01.​316

Peng, S. B., Buresh, R. J., Huang, J. L., Zhong, X. H., Zou, Y. B., Yang, 
J. C., Wang, G. H., Liu, Y. Y., Hu, R. F., Tang, Q. Y., Cui, K. H., 
Zhang, F. S., & Dobermann, A. (2010). Improving nitrogen ferti-
lization in rice by site-specific Nmanagement, a review. Agronomy 
for Sustainable Development Development, 30, 649–656. https://​
doi.​org/​10.​1051/​agro/​20100​02

Peng, S. B., & Cassman, K. G. (1998). Upper thresholds of nitrogen 
uptake rates and associated nitrogen fertilizer efficiencies in irri-
gated rice. Agronomy Journal, 90, 178–185. https://​doi.​org/​10.​
2134/​agron​j1998.​00021​96200​90000​20010x

Peng, S. B., Huang, J. L., Zhong, X. H., Yang, J. C., Wang, G. H., Zou, 
Y. B., Zhang, F. S., Zhu, Q. S., Buresh, R., & Witt, C. (2002). 
Research strategy in improving fertilizer-nitrogen use efficiency 
of irrigated rice in China. Scientia Agricultura Sinica, 35, 1095–
1103. in Chinese.

Pittelkow, C. M., Adviento-Borbe, M. A., Hill, J. E., Six, J., Kessel, 
C. V., & Linquist, B. A. (2013). Yield-scaled global warming 
potential of annual nitrous oxide and methane emissions from 
continuously flooded rice in response to nitrogen input. Agricul-
ture Ecosystems and Environment, 177, 10–20. https://​doi.​org/​10.​
1016/j.​agee.​2013.​05.​011

Pittelkow, C. M., Adviento-Borbe, M. A., Kessel, C. V., Hill, J. E., & 
Linquist, B. A. (2014). Optimizing rice yields while minimizing 
yield—scaled global warming potential. Global Change Biology. 
https://​doi.​org/​10.​1111/​gcb.​12413

Rehman, H., Basra, S. M. A., & Wahid, A. (2013). Optimizing nitrogen 
split application to improve dry matter accumulation and yield in 
dry direct seeded rice. International Journal of Agriculture and 
Biology, 15, 41–47. https://​doi.​org/​10.​1684/​agr.​2012.​0578

Sui, B., Feng, X. M., Tian, G. L., Hu, X. Y., Shen, Q. R., & Guo, S. 
W. (2013). Optimizing nitrogen supply increases rice yield and 
nitrogen use efficiency by regulating yield formation factors. Field 
Crop Research, 150, 99–107. https://​doi.​org/​10.​1016/j.​fcr.​2013.​
06.​012

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food 
demand and the sustainable intensification of agriculture. Pro-
ceedings of the National Academy of Sciences of the United States 
of America, 108(50), 20260–20264. https://​doi.​org/​10.​1073/​pnas.​
11164​37108

Wu, W., Nie, L., Liao, Y., Shah, F., Cui, K., Wang, Q., Lian, Y., & 
Huang, J. L. (2013). Toward yield improvement of early-season 
rice: other options under double rice-cropping system in central 
China. European Journal of Agronomy, 45, 75–86. https://​doi.​org/​
10.​1016/j.​eja.​2012.​10.​009

Ye, H. Z., Li, Y. D., Shen, X. H., Gu, X. X., Yao, L. T., Shu, S. F., 
Wan, P., Jiang, X. R., Wang, S. F., & Yin, G. Q. (2012). Effects of 
different machine transplanted row spacing on rice yield. Chinese 
Agricultural Mechanization, 4, 59–62. in Chinese.

Yoshida, S. (1981). Fundamentals of rice crop science. Philippines: 
International Rice Research Institute.

Yu, C. Q., Huang, X., Chen, H., Godfray, H. C. J., Wright, J. S., Hall, 
J. W., Gong, P., Ni, S. Q., Qiao, S. C., Huang, G. R., et al. (2019). 
Managing N to restore water quality in China. Nature, 567, 516–
520. https://​doi.​org/​10.​1038/​s41586-​019-​1001-1

https://doi.org/10.1094/PD-80-1103
https://doi.org/10.1094/PD-80-1103
https://doi.org/10.1016/S0308-521X(03)00087-8
https://doi.org/10.1080/15226510701374831
https://doi.org/10.1080/15226510701374831
https://doi.org/10.16175/j.cnki.1009-4229.2012.05.036
https://doi.org/10.16175/j.cnki.1009-4229.2012.05.036
https://doi.org/10.1626/pps.14.56
https://doi.org/10.1016/j.fcr.2017.06.028
https://doi.org/10.1016/j.fcr.2013.04.029
https://doi.org/10.1016/j.fcr.2015.02.007
https://doi.org/10.1016/j.fcr.2015.02.007
https://doi.org/10.1016/j.fcr.2011.03.016
https://doi.org/10.1016/j.fcr.2011.03.016
https://doi.org/10.2134/agronj2012.0221
https://doi.org/10.3389/fpls.2018.01128
https://doi.org/10.1371/journal.pone.0166002
https://doi.org/10.1016/S2095-3119(14)60812-1
https://doi.org/10.1034/j.13993054.1999.105309.x
https://doi.org/10.1034/j.13993054.1999.105309.x
https://doi.org/10.1016/j.agee.2012.11.003
https://doi.org/10.1016/j.agee.2012.11.003
https://doi.org/10.5829/idosi.ijsa.2013.05.01.316
https://doi.org/10.1051/agro/2010002
https://doi.org/10.1051/agro/2010002
https://doi.org/10.2134/agronj1998.00021962009000020010x
https://doi.org/10.2134/agronj1998.00021962009000020010x
https://doi.org/10.1016/j.agee.2013.05.011
https://doi.org/10.1016/j.agee.2013.05.011
https://doi.org/10.1111/gcb.12413
https://doi.org/10.1684/agr.2012.0578
https://doi.org/10.1016/j.fcr.2013.06.012
https://doi.org/10.1016/j.fcr.2013.06.012
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1073/pnas.1116437108
https://doi.org/10.1016/j.eja.2012.10.009
https://doi.org/10.1016/j.eja.2012.10.009
https://doi.org/10.1038/s41586-019-1001-1


634	 International Journal of Plant Production (2021) 15:625–634

1 3

Zeng, X. M., Han, B. J., Xu, F. S., Huang, J. L., Cai, H. M., & Shi, L. 
(2012). Effects of modified fertilization technology on the grain 
yield and nitrogen use efficiency of midseason rice. Field Crop 
Research, 137, 203–212. https://​doi.​org/​10.​1016/j.​fcr.​2012.​08.​012

Zhang, H., Li, H., Yuan, L., Wang, Z., Yang, J., & Zhang, J. (2012a). 
Post-anthesis alternate wetting and moderate soil drying enhances 
activities of key enzymes in sucrose-tostarch conversion in infe-
rior spikelets of rice. Journal of Experimental Botany, 63, 215–
227. https://​doi.​org/​10.​1093/​jxb/​rrr263

Zhang, H., Tan, G., Yang, L., Yang, J., Zhang, J., & Zhao, B. (2009). 
Hormones in the grains and roots in relation to post-anthesis 
development of inferior and superior spikelets in japonica indica 
hybrid rice. Plant Physiology and Biochemistry, 7(3), 195–204. 
https://​doi.​org/​10.​1016/j.​plaphy.​2008.​11.​012

Zhang, H., Yu, C., Kong, X. S., Hou, D. P., Gu, J. F., Liu, L. J., Wang, 
Z. Q., & Yang, J. C. (2018). Progressive integrative crop manage-
ments increase grain yield, nitrogen use efficiency and irrigation 
water productivity in rice. Field Crop Research, 15, 1–11. https://​
doi.​org/​10.​1016/j.​fcr.​2017.​09.​034

Zhang, M., Tian, Y. H., Zhao, M., Yin, B., & Zhu, Z. L. (2017). The 
assessment of nitrate leaching in a rice–wheat rotation system 
using an improved agronomic practice aimed to increase rice crop 
yields. Agriculture Ecosystems and Environment, 241, 100–109. 
https://​doi.​org/​10.​1016/j.​agee.​2017.​03.​002

Zhang, P. P., Li, S. S., Guo, Z. F., & Lu, S. Y. (2019). Nitric oxide regu-
lates glutathione synthesis and cold tolerance in forage legumes. 
Environmental and Experimental Botany, 167, 103851. https://​
doi.​org/​10.​1016/j.​envex​pbot.​2019.​103851

Zhang, Q., Yang, Z., Zhang, H., & Yi, J. (2012b). Recovery efficiency 
and loss of N-15-labelled urea in a rice-soil system in the upper 

reaches of the Yellow River basin. Agriculture Ecosystems and 
Environment, 158, 118–126. https://​doi.​org/​10.​1016/j.​agee.​2012.​
06.​003

Zhang, W. J. (2015). On the cultivation approach to green improvement 
of maize yield and n use efficiency in china: dense planting with 
less N fertilizer. Crops Magazine, 2015(4), 1–4. https://​doi.​org/​
10.​16035/j.​issn.​1001-​7283.​2015.​04.​001.​(inChi​nese)

Zhang, Z. J., Chu, G., Liu, L. J., Wang, Z. Q., Wang, X. M., Zhang, H., 
Yang, J. C., & Zhang, J. H. (2013). Mid-season nitrogen applica-
tion strategies for rice varieties differing in panicle size. Field 
Crops Research, 150, 9–18. https://​doi.​org/​10.​1016/j.​fcr.​2013.​
06.​002

Zhao, B., Zhang, J., Lv, X., Peng, L., & Padilla, H. (2013a). Methane 
oxidation enhancement of rice roots with stimulus to its shoots. 
Plant Soil and Environment, 9, 143–149. https://​doi.​org/​10.​2478/​
v10247-​012-​0075-x

Zhao, G. M., Miao, Y. X., Wang, H. Y., Su, M. M., Fan, M. S., Zhang, 
F. S., Jiang, R. F., Zhang, Z. J., Liu, C., Liu, P. H., & Ma, D. Q. 
(2013b). A preliminary precision rice management system for 
increasing both grain yield and nitrogen use efficiency. Field Crop 
Research, 154, 23–30. https://​doi.​org/​10.​1016/j.​fcr.​2013.​07.​019

Zhong, X. H., Peng, S. B., Sanico, A. L., & Liu, H. (2003). Quantifying 
the Interactive effect of leaf nitrogen and leaf area on tillering of 
rice. Journal of Plant Nutrition, 26(6), 1203–1222. https://​doi.​
org/​10.​1081/​PLN-​12002​0365

Zhu, X. C., Zhang, J., Zhang, X. P., Deng, A. X., & Zhang, W. J. 
(2016). Dense planting with less basal nitrogen fertilization 
might benefit rice cropping for high yield with less environmental 
impacts. European Journal of Agronomy, 75, 50–59. https://​doi.​
org/​10.​1016/j.​eja.​2016.​01.​003

https://doi.org/10.1016/j.fcr.2012.08.012
https://doi.org/10.1093/jxb/rrr263
https://doi.org/10.1016/j.plaphy.2008.11.012
https://doi.org/10.1016/j.fcr.2017.09.034
https://doi.org/10.1016/j.fcr.2017.09.034
https://doi.org/10.1016/j.agee.2017.03.002
https://doi.org/10.1016/j.envexpbot.2019.103851
https://doi.org/10.1016/j.envexpbot.2019.103851
https://doi.org/10.1016/j.agee.2012.06.003
https://doi.org/10.1016/j.agee.2012.06.003
https://doi.org/10.16035/j.issn.1001-7283.2015.04.001.(inChinese)
https://doi.org/10.16035/j.issn.1001-7283.2015.04.001.(inChinese)
https://doi.org/10.1016/j.fcr.2013.06.002
https://doi.org/10.1016/j.fcr.2013.06.002
https://doi.org/10.2478/v10247-012-0075-x
https://doi.org/10.2478/v10247-012-0075-x
https://doi.org/10.1016/j.fcr.2013.07.019
https://doi.org/10.1081/PLN-120020365
https://doi.org/10.1081/PLN-120020365
https://doi.org/10.1016/j.eja.2016.01.003
https://doi.org/10.1016/j.eja.2016.01.003

	Effects of Dense Planting with Less Nitrogen Fertilization on Rice Yield and Nitrogen Use Efficiency in Northeast China
	Abstract
	Introduction
	Materials and Methods
	Site Description
	Experiment Design
	Sampling and Measurement
	Determination of Maximum Tiller Number

	Determination of SPAD-Chlorophyll Values
	Determination of Photosynthesis Rate
	Dry Matter Weight and NUE
	Determination of Nitrate Reductase (NR) Activity and Glutamine Synthetase(GS) Activity
	Yield and Yield Components
	Calculations and Statistical Analysis

	Results
	Maximum Tiller Number(m−2), Panicle Rate, and Above-Ground Biomass
	SPAD-Chlorophyll Values and Photosynthesis Rate
	NR Activity and GS Activity
	Yields and Yield Components
	NUE

	Discussion
	Conclusions
	Acknowledgements 
	References




