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Abstract: Maximizing rice yield potential has always been the focus of high-yield rice cultivation re-
search. For high-yield rice cultivation and breeding, more research into the link between yield and yield
components is essential. In this experiment, 38 rice varieties with different yield types and 185 rice
varieties as materials were chosen. The relationships between yield and yield components were studied.
The regulation effects of total nitrogen application rate (TNAR) on yield and yield components were
observed. The results showed that (1) the grain yield of high-yield varieties was 189.3—195.6%, 76.1—77.7%,
and 27.0—28.7% higher than that of super-low-yield, low-yield, and medium-yield varieties, respectively.
Compared with rice varieties with other yield types, rice varieties with high-yield type have a higher total
number of spikelets. (2) The spikelet number per panicle and total number of spikelets were significantly
positively linked with grain yield, but significantly negatively correlated with filled grains and grain
weight. (3) With an increase in TNAR (0—340 kg ha~!), the panicles, spikelet number per panicle, and
total spikelets of rice varieties with different yield types increased gradually, and the filled grains and
grain weight decreased gradually. The higher the TNAR, the more obvious the decrease in filled grains
and grain weight. The grain yield of rice varieties with different yield types was the highest under the
TNAR at 250 kg ha~!. The main factor contributing to its high yield was the substantial increase in total
spikelets. The above results showed that increasing the spikelet number per panicle and total spikelets
played a material role in improving rice yield.

Keywords: rice (Oryza sativa L.); high yield; rice varieties with various yield types; total spikelets;
total nitrogen application rate

1. Introduction

Previous studies on the relationship between rice yield and yield components have
been controversial. According to Wei et al. [1], indica/japonica hybrid rice had a grain
yield that was 13.2% greater than japonica rice, and a significant increase in total spikelets
was a major cause for its yield increase. Further analysis showed that the higher utiliza-
tion efficiency of temperature and light resources at the panicle differentiation stage of
indica/japonica hybrid rice was beneficial to increase the total spikelets [2]. At the same
time, under the condition of reducing planting density and nitrogen application rate (NAR),
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indica/ japonica hybrid rice could still obtain a higher spikelet number per panicle and grain
yield than conventional rice [3]. However, some studies suggested that the filled grains and
grain weight were the pivotal factors affecting rice yield [4,5]. Huang et al. [6] observed
that hybrid rice and super hybrid rice had higher filled grains, grain weight, and grain
yield than conventional rice. Studies have shown that rice yield could be improved by
coordinating the relationship among yield components [7]. The differences in the results
of previous studies were mainly due to their relatively little number of varieties, small
differences in yield and yield components, and short planting years. We selected varieties
with large differences in yield and yield components, long planting years (4 years) and
a large number of varieties (38 varieties, 185 varieties), which can accurately reflect the
relationship between yield and yield components and avoid the deviation of experiment
results caused by the above problems. This has rarely been reported before. The correlation
between yield and its components is crucial for high-yield rice cultivation and breeding.

Nitrogen is one of the key nutrients limiting crop growth and grain yield potential [8,9].
Over the past 60 years, the world’s rice production has been increasing, in part due to
the increase in NAR inputs [10,11]. Based on reports, the NAR was generally more than
180 kg ha~! in paddy fields in China, which exceeded the global average by 75% [12].
The average NAR was up to over 300 kg ha™! in some areas of Jiangsu Province [13].
An unreasonable NAR not only raises the production cost, but also causes a sharp decrease
in the nitrogen utilization rate in paddy fields, a decrease in rice quality, an imbalance of
soil nutrients, and a series of environmental issues [14]. In addition, excessive NAR would
also increase the sensitivity of rice to lodging, pests, and diseases, ultimately leading to
yield reduction [15,16]. Reasonable NAR might help decrease greenhouse gas emissions
from paddy fields in addition to increasing grain production [17-19]. There were clear
genotypic differences in the response of different rice varieties to NAR [20-22]. However, is
the response of total nitrogen application rate (TNAR) to the yield of rice varieties with
various yield types consistent? There have been few reports so far.

The objectives of this study were to (i) clarify the relationship between yield and yield
components of rice varieties with different yield types, and (ii) observe the regulation
effects of TNAR on yield and its components of rice varieties with low- and medium-yield
types. Such a study could shine a light on the link between yield and yield components,
offering a conceptual and actual framework for the breeding of high-yield rice varieties.

2. Materials and Methods
2.1. Plant Materials and Experimental Design

Experiment 1: yield and yield components of rice varieties with various yield types.

Experiment 1 was conductedmainly to observe the relationship between yield and yield
components. It was carried out in 2019 and 2021. After the field experiment in 2018, 38 rice va-
rieties with various grain yields were chosen for further analysis (Figure S1). There were
significant differences in the yield and yield components of 38 rice varieties (Figure S1).
Four categories were established based on the yield level: super low yield (yield < 5.0 tha=1),
low yield (5.0 tha=! < yield < 7.5 tha~1), medium yield (7.5 tha—! < yield < 10 tha~!), and
high yield (yield > 10 t ha~!). The panicles, spikelet number per panicle, filled grains, grain
weight, and grain yield of rice varieties were quite different, and the selection of rice varieties
could more accurately reflect the relationship between yield and yield components. Table S1
displays each rice variety’s variety, origin, and type. Every year, seedlings were raised in a
seedbed, sown between 26 May and 28 May, and transplanted between 23 June and 25 June.
Nitrogen as urea (250 kg ha~!) was supplied in 5: 1: 2: 2 portions during pre-transplanting,
mid-tillering, panicle initiation, and the initiation of spikelet differentiation. The experiment
used a randomized block design.

Experiment 2: yield and yield components of different rice varieties.

Experiment 2 was conducted to further clarify the relationship between yield and
yield components. It was conducted in 2022. In total, 185 rice varieties were used as
materials. The names of each variety are detailed in Table S2. They were sown on 6 June
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and transplanted on 1 July. The amount of nitrogen fertilizer and the time of application
were the same as those in experiment 1.

Experiment 3: effects of TNAR on yield and yield components of rice varieties with
various yield types.

Experiment 3 was conducted to clarify the regulation effect of TNAR on yield and
yield components in rice, that is, to verify the conclusions of experiment 1 and experiment
2. It was carried out in 2022, with Huhan 106 (low yield) and Hyou 518 (medium yield)
as materials. Seedlings were grown in a seedbed starting on May 25 and transplanted on
June 20. In this experiment, a two-factor split-plot design was adopted. The major plot was
the TNAR, while the subplot was rice variety. Four TNARs were set up during the whole
growth period, including ON (0 nitrogen, TNAR at 0 kg ha='), LN (low nitrogen, TNAR at
160 kg ha—!), MN (medium nitrogen, TNAR at 250 kg ha~!), and HN (high nitrogen, TNAR
at 340 kg ha~!). The application period of nitrogen fertilizer was the same as in experiment
1. To divide the major plots and limit water and fertilizer movement, 40 cm-wide ridges
coated in plastic film and put in 30 cm of soil were utilized.

The above three experiments were conducted at the Zhuanghang Experimental Station,
Shanghai Academy of Agricultural Sciences, Shanghai, China (30°88'89"” N, 121°38'51"
E) from 2018 to 2022 (except 2020). The preceding crop in the field was broad bean, and
the soil was a sandy loam ([Typic Fluvaquents, Etisols (U.S. taxonomy)]). At a hill spacing
of 0.20 x 0.20 m, rice was planted with one seedling per hill. Phosphorus (35 kg ha~! as
single superphosphate) and potassium (45 kg ha~! as KCl) were administered to the plots
before to transplantation. The plot size was 20 m? and was replicated three times.

Except for drainage at mid-season, the field was continuously flooded with 2—3 cm of
water remaining until one week before harvest. Throughout the growing phase, diseases,
insects, and weeds were tightly managed. Table 1 displays the monthly totals of precipi-
tation and sunlight hours, as well as monthly average temperatures, for the rice-growing
seasons from 2018 to 2022 (excluding 2020).

Table 1. Precipitation and sunshine hours (monthly totals) and temperatures (monthly averages)
during the 2018, 2019, 2021, and 2022 rice-growing seasons in Shanghai, southeast China.

May June July August September October

Precipitation

(mm)

2018 142.8 95.6 65.5 214.0 135.6 21.3

2019 52.1 274.9 138.9 449.7 140.7 102.5

2021 206.2 110.0 548.5 123.3 186.2 86.6

2022 80.6 137.0 113.6 61.4 216.2 15.1

Sunshine
(h)

2018 143.1 160.7 239.5 256.1 148.1 163.4

2019 187.6 114.0 163.9 199.3 183.0 140.6

2021 170.3 106.9 172.9 179.2 162.4 152.2

2022 164.7 145.9 245.1 228.4 133.8 139.1
Temperature

°C)

2018 21.9 24.5 29.0 29.2 25.7 18.3

2019 19.9 23.7 27.5 28.6 24.6 20.0

2021 21.9 24.9 28.6 28.6 26.7 21.1

2022 19.7 25.8 30.8 30.7 24.4 18.7

2.2. Sampling and Measurements
Grain Yield and Yield Components
To eliminate border effects, the plants in the two rows on either side of the plot were

eliminated. Grain yield was calculated from 5 plants in each plot and corrected for moisture
content of 14%. The number of panicles per square meter, spikelet number per panicle,
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percentage of filled grains, and grain weight were calculated from 5 plants (excluding
the border ones) picked at random from each plot. The percentage of filled grains was

calculated as the filled grains (specific gravity > 1.06 g cm2) divided by the total number
of spikelets.

2.3. Statistical Analysis

SAS/STAT (version 6.12, SAS Institute, Cary, NC, USA), a statistical analysis package,
was used for analysis of variance (version 6.12, SAS Institute, Cary, NC, USA). Graphs were
created using SigmaPlot 11.0 (SPSS Inc., Point Richmond, CA, USA) and R 4.0.2 (R Core
Team, Vienna, Austria, 2020). The correlation coefficient matrix and violin box of the data
were carried out using the R packages “corrploof’ and ‘ggplot2’. Data from each sample date
were reviewed individually in each experiment. To separate the means, the least significant
difference was employed at p < 0.05 (LSD0.05).

3. Results
3.1. Grain Yield

The grain yield variation range of different super-low-yield and low-yield rice varieties
were greater than that of high-yield rice varieties (Figure 1A,B). The grain yield of high-yield
varieties was 189.3—195.6%, 76.1—77.7%, and 27.0—28.7% higher than that of super-low-
yield, low-yield, and medium-yield varieties, respectively (Figure 1C,D).
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Figure 1. Grain yield of rice varieties with different yield types (A,B) and the average grain yield of
each yield type (C,D) in 2019 (A,C) and 2021 (B,D). 99Z, C7, GLA4, LCZ1, LJXTHG, SAR, SCL, YZZD,
ZC9, ZXN, AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM, DAE, GHH, HEU,
HKLLQ, HLHM, HX]D, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB, and YUM represent
99Z—-239, Chuang 7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen, Sanlicun, Yuanz-
izhandao, Zhechang 9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR 30, Lunhui
1, Lishuinuo, Peiai64S, Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo, Hongke-
laolaiqing, Heilongheimi, Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xieqingzao A,
Zhuyunnuo, Asamurasaki, Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.
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3.2. Panicles

The variation range of panicles per m? of varieties with different yield types was high
(Figure 2A,B). In general, the panicles of super-low-yield varieties were lower than that of
other types of rice varieties (Figure 2C,D).
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Figure 2. Panicles of rice varieties with different yield types (A,B) and the average panicles of each
yield type (C,D) in 2019 (A,C) and 2021 (B,D). 99Z, C7, GLA4, LCZ1, LJXTHG, SAR, SCL, YZZD,
ZC9, ZXN, AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM, DAE, GHH, HEU,
HKLLQ, HLHM, HX]D, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB, and YUM represent
997—-239, Chuang 7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen, Sanlicun, Yuanz-
izhandao, Zhechang 9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR 30, Lunhui
1, Lishuinuo, Peiai64S, Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo, Hongke-
laolaiqing, Heilongheimi, Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xieqingzao A,
Zhuyunnuo, Asamurasaki, Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.

3.3. Spikelet Number per Panicle

The variation range of spikelet number per panicle of low-yield and medium-yield rice
varieties was more obvious than that of other yield types (Figure 3A,B). The spikelet number
per panicle of high-yield rice varieties was 69.3—78.1%, 30.6—34.4%, and 27.3—30.5% higher
than that of super-low-yield, low-yield, and medium-yield rice varieties, respectively
(Figure 3C,D).
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Figure 3. Spikelet number per panicle of rice varieties with different yield types (A,B) and the average
spikelet number per panicle of each yield type (C,D) in 2019 (A,C) and 2021 (B,D). 997, C7, GLA4, LCZ1,
LJXTHG, SAR, SCL, YZZD, ZC9, ZXN, AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM,
DAE, GHH, HEU, HKLLQ, HLHM, HXJD, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB,
and YUM represent 99Z2—239, Chuang 7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen,
Sanlicun, Yuanzizhandao, Zhechang 9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR
30, Lunhui 1, Lishuinuo, Peiai64S, Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo,
Hongkelaolaiging, Heilongheimi, Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xiegingzao A,
Zhuyunnuo, Asamurasaki, Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.

3.4. Total Spikelets

The change trend of total spikelets of rice varieties with different yield types was
basically consistent with the change trend of grain yield (Figure 4).
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Figure 4. Total spikelets of rice varieties with different yield types (A,B) and the average total spikelets
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of each yield type (C,D) in 2019 (A,C) and 2021 (B,D). 99Z, C7, GLA4, LCZ1, LJXTHG, SAR, SCL,
YZZD, ZC9, ZXN, AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM, DAE, GHH,
HEU, HKLLQ, HLHM, HX]D, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB, and YUM
represent 99Z—239, Chuang 7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen, Sanlicun,
Yuanzizhandao, Zhechang 9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR 30,
Lunhui 1, Lishuinuo, Peiai64S, Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo,
Hongkelaolaiging, Heilongheimi, Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xieqingzao
A, Zhuyunnuo, Asamurasaki, Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.

3.5. Filled Grains

The filled grains of super low yield (Sariqueen) and low yield (CPY 2199, Daochi, and
Hanlundao) were lower than those of other varieties (Figure 5A,B). The differences in filled
grains among different yield types were relatively small (Figure 5C,D).
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Figure 5. Filled grains of rice varieties with different yield types (A,B) and the average filled grains of
each yield type (C,D) in 2019 (A,C) and 2021 (B,D). 99Z, C7, GLA4, LCZ1, LJXTHG, SAR, SCL, YZZD,
ZC9, ZXN, AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM, DAE, GHH, HEU,
HKLLQ, HLHM, HX]JD, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB, and YUM represent
99Z—239, Chuang 7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen, Sanlicun, Yuanz-
izhandao, Zhechang 9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR 30, Lunhui
1, Lishuinuo, Peiai64S, Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo, Hongke-
laolaiqing, Heilongheimi, Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xieqingzao A,
Zhuyunnuo, Asamurasaki, Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.

3.6. Grain Weight

The variation range of grain weight of super-low-yield rice varieties was larger than
that of other types of varieties (Figure 6A,B). The grain weight increased with the increase
in yield level (Figure 6C,D).
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Figure 6. Grain weight of rice varieties with different yield types (A,B) and the average grain weight of each
yield type (C,D) in 2019 (A,C) and 2021 (B,D). 99Z, C7, GLA4, LCZ1, LJXTHG, SAR, SCL, YZZD, ZC9, ZXN,
AN, BEN, CPY, DC, HLD, IR, LH1, LSN, PAA64S, TAX, YL, BDM, DAE, GHH, HEU, HKLLQ, HLHM,
HXJD, KOS, PDG, TSU, XQZA, ZYN, ASA, DAS, HE18, XQZB, and YUM represent 99Z—239, Chuang
7, Guangluai 4, Luchuangzao 1, Lijiangxintuanheiguo, Sariqueen, Sanlicun, Yuanzizhandao, Zhechang
9, Zixiangnuo, Ainuo, Beniroman, CPY 2199, Daochi, Hanlundao, IR 30, Lunhui 1, Lishuinuo, Peiai64S,
Aitexuan, Yuli, Baimangdao, Daelip 1, Guihuahuang, Heuknambyeo, Hongkelaolaiging, Heilongheimi,
Huaxijiandao, Koshihikari, Pandiegu, Tsukushiakamochi, Xieqingzao A, Zhuyunnuo, Asamurasaki,
Dasanbyeo, Hejiang 18, Xieqingzao B, and Yumetoiro, respectively.

3.7. Correlation between Yield and Yield Components of 38 Rice Varieties with Various Yield Types

in Experiment 1

There was a significant positive association between grain yield and spikelet number
per panicle, total spikelets, and grain weight, and the correlation with total spikelets was
the largest. The total number of spikelets was significantly positively linked with the
panicles and the spikelet number per panicle (especially) (Figure 7).
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Figure 7. Correlation between yield and yield components of rice varieties with different yield types.
GY, PP, SP, TS, FG, and GW represent, grain yield, panicles per m?, spikelet number per panicle, filled
grains, and grain weight, respectively. *, **, and *** indicate significant correlations at p < 0.05, p < 0.01,
and p < 0.001, respectively.
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3.8. Correlation between Yield and Yield Components of 185 Rice Varieties in Experiment 2

There was a significant positive correlation between rice yield and panicles per m?,

spikelet number per panicle, total spikelets, filled grains, and grain weight. And the
correlation coefficients of grain yield with spikelet number per panicle and total spikelets
were larger, reaching 0.393 and 0.671, respectively (Figure 8).
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Figure 8. Correlation between yield and yield components of different rice varieties. ** indicates
significant correlations at p < 0.01.

There was a significant negative correlation between panicles and spikelet number
per panicle, total spikelets, and grain weight (Figure 9). The spikelet number per panicle
was significantly positively correlated with the total spikelets, and it was significantly
negatively correlated with the filled grains and grain weight (Figure 10A—C). There was
a significant negative correlation among total spikelets, filled grains, and grain weight
(Figure 10D—F).
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Figure 9. Correlation between panicles and spikelet number per panicle, total spikelets, filled grains,
and grain weight of different rice varieties.** indicates significant correlations at p < 0.01.

3.9. Effects of TNAR on Yield and Yield Components of Rice Varieties with Various Yield Type in
Experiment 3

The panicles per m?, spikelet number per panicle, and total number of spikelets rose as
TNAR increased; however, the filled grains and grain weight declined. The increase in the total
number of spikelets was the main factor for the high yield under medium TNAR (Table 2).

Table 2. Effects of total nitrogen application rate on yield and yield components of rice varieties with

different yield types.
Grain Panicles Spikelets Total Filled Grain
Variety Yield Level N Rate Yield rm? Ir)P nicl Spikelets Grains Weight
(tha 1) pe perranicie (1103 m-2) (%) (mg)
Huhan 106 Low yield ON 4.96 c 196.7 ¢ 124.08 b 244d 873 a 233a
LN 6.06 b 2199D 142.56 b 313c 84.1a 23.0a
MN 7.02a 2423 a 161.48 a 39.1b 794 b 22.6b
HN 6.84 a 250.7 a 166.42 a 41.7 a 739c 222¢
Hyou 518 M;ill‘ém ON 5.40 ¢ 2833 ¢ 92.6d 26.2d 847 a 243a
LN 731b 3442Db 110.1c 379 ¢ 80.3b 24.0 ab
MN 8.90 a 4029 a 123.5b 49.8b 752c 23.8b
HN 8.55a 416.5a 131.8 a 549 a 674d 231c¢

ON, LN, MN, and HN represent total nitrogen application rate at 0, 160, 250, and 340 kg ha™!, respectively. Different
letters within the same column indicate statistical significance at the p < 0.05 level within the same variety.
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Figure 10. Correlation among spikelet number per panicle, total spikelets, filled grains, and grain weight
of different rice varieties. * and ** indicate significant correlations at p < 0.05 and p < 0.01, respectively.

4. Discussion

Total spikelets per unit area (panicles per unit area x spikelet number per panicle), filled
grains, and grain weight are the components of rice yield [23,24]. Previous studies have
demonstrated that the large rise in spikelet number per panicle and total spikelets was the
primary cause of grain yield throughout variety development [25,26]. Modern rice varieties
often showed high total spikelets, but a low and unstable percentage of filled grains [27].
Rice yield may be increased by cultivating large panicle size types, increasing the spikelet
number per panicle, and stabilizing the filled grains [28]. Previous studies have found that
different rice varieties have various ways of obtaining a high yield. Some of them obtained
a high yield with more panicles per unit area and a high number of filled grains under the
condition of the same spikelet number per panicle and grain weight [29]. Some obtained a high
yield with high grain weight and filled grains under the condition of the same total spikelets [30].
Others obtained a high yield with a high number of total spikelets under the condition of the
same grain weight and filled grains [31]. According to the findings of this research, the grain
yield of high-yield rice varieties was much greater than that of other kinds of rice varieties.
The high yield was mostly due to the huge number of spikelets per panicle and total spikelets
in rice.
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Rice yield depends on the size of sink capacity and the degree of grain filling [32,33].
Large sink, strong source, and smooth flow are radical features of high-yield rice popula-
tion [34,35]. This study also observed that the total spikelets were negatively correlated
with filled grains and grain weight. Compared with other yield types, high yield varieties
had more total spikelets, but lower filled grains and grain weight, which also limited
further improvement of their yield levels in rice. Grain weight depends on grain husk size
and endosperm filling degree. The grain husk size is mostly controlled by genetic factors,
and the endosperm filling degree is related to the light and nutrient conditions at the filling
stage [36]. Therefore, trying to improve the temperature and light resources and nutritional
conditions of high-yield rice varieties would help to boost their filled grains and grain
weight, and further increase yield [32,33].

Rational NAR is a material management measure to increase rice yield [37,38]. Previ-
ous studies have shown that applying nitrogen fertilizer correctly may enhance the main
root morphological and physiological indexes and boost grain yield in rice [39]. At the
same time, NAR under straw returning could improve soil properties, soil organic car-
bon storage, and thus improve grain yield and N use efficiency in rice [40]. In the rice—
wheat rotation system, NAR combined with organic fertilizer could increase rice yield,
reduce greenhouse gas emissions, and achieve sustainability of rice and wheat produc-
tion [41]. Deep nitrogen fertilizer placement boosted rice yield and energy production
efficiency in various mechanical rice production systems [42]. In this research, it was dis-
covered that compared with no TNAR, the total number of spikelets and grain yield were
increased under the appropriate TNAR (160 and 250 kg ha~!). However, too high a TNAR
(340 kg ha~!) would significantly reduce filled grains and grain weight, thereby inhibiting
rice yield. On the one hand, this may be due to the excessive ineffective growth of rice under
high TNAR, and the deterioration of population structure, which was not conducive to yield
formation [43,44]. On the other hand, excessive nitrogen metabolism levels will inhibit the
activity of a-amylase in stems, which is harmful to the non-structural carbohydrate transloca-
tion from stems to grains, thus reducing rice yield [45]. Appropriate TNAR could coordinate
the negative correlation between total spikelets and filled grains and grain weight, ultimately
improving rice yield. As only two varieties were compared, this is, at best, a preliminary
result in TNAR experimentation that requires further research using a greater number and
better representation of a genetically diverse set of varieties in the future.

5. Conclusions

The grain yield of high-yield rice varieties was much greater than that of rice varieties
with other yield types. The large spikelet number per panicle and total spikelets were the
primary factors for a high yield in rice. An appropriate increase in TNAR (0—250 kg ha™!)
could increase the total number of spikelets, thereby improving rice yield. Excessive TNAR
(340 kg ha—!) would aggravate the contradiction between total spikelets and filled grains
and grain weight, thereby reducing rice yield.
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