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Abstract: This study explored the effects of the sowing stage and nitrogen application rate on the
grain yield and its allocation of light-temperature resources over a 9-year experiment from 2011 to
2019. Measurement indicators include the effective accumulative temperature on different growth
durations, leaf area index (LAI), above-ground biomass production, and harvest index (HI). Methods:
A split-plot design was arranged in the treatment, with N supply as the main plot and the sowing stage
as the subplot. The main plots consisted of two nitrogen treatments: low nitrogen (LN: 120 kg ha−1)
and high nitrogen (HN: 180 kg ha−1). The subplots contained two sowing stages: the early sowing
stage (ES) and the late sowing stage (LS). Results: Compared with LNLS, LNES, and HNLS from
2011 to 2019, HNES of HHZ increased the grain yield by 9.5%, 2.5%, and 5.3%, while the difference in
grain yield in YY8 was higher than HHZ, especially under HNES. Compared with LNLS, LNES, and
HNLS from 2011 to 2019, HNES of HHZ increased the panicle number by 6.0%, 5.9%, and 1.0%, and
HNES of YY8 increased by 12.7%, 11.4%, and 3.8%. Compared with HNLS of HHZ, LNES, LNLS,
and HNES decreased the spikelets per panicle by 2.3%, 2.9%, and 1.1%, and decreased by 3.5%, 1.9%,
and 2.2% in YY8. The early sowing or increasing N supply significantly increased the dry matter
accumulated, grain weight, LAI, and HI. The higher grain yield in LNES was more closely related
to the average temperature and the number of spikelets per panicle. The grain yield in HNES was
more dependent on the effective accumulative temperature. Conclusions: Sowing in mid-May and
increasing the N application (180 kg ha−1) are beneficial to the allocation of light temperature and
the increase in yield. Therefore, this research provides a theoretical basis for improving rice yield and
optimizing the utilization of light-temperature resources in the future.

Keywords: rice; early-seeding; nitrogen; accumulative temperature; grain yield

1. Introduction

Rice (Oryza sativa L.) is one of the most important food crops in the world, meeting
the dietary needs of more than half of the population [1,2]. China is the largest producer
and consumer of rice, with a total cultivated area of nearly 30 million hectares and a total
output of over 212 million tons in 2018, equivalent to 27% of global rice production [3,4]. It
is estimated that rice production will need to increase by about 20% by 2030 to meet the
needs of a growing population [5]. However, many constraints, such as population growth,
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sharp decline in arable land, lack of water resources, serious agricultural non-point source
pollution, and frequent natural disasters, emphasize the importance of ensuring high and
stable rice yields and sustainable agricultural development, which are important goals at
present and even in the future [1,6].

The sowing stage has a great influence on its subsequent growth. This stage is greatly
affected by extreme weather and the occurrence of pests and diseases and can be adjusted
appropriately according to the weather conditions to ensure stable yield [7,8]. The ad-
vancement of the sowing stage can increase the possibility of low temperatures, which
inhibit the N uptake of rice. The delay in the sowing stage can increase the damage to
rice at high temperatures, which hinders starch synthesis in rice grains [9]. Finding the
appropriate sowing stage can improve the biomass and nitrogen accumulation, increase
the number of effective panicle numbers, improve seed setting percentage, spikelets per
panicle, increase the number of spikelets per panicle, promote the development of large
panicles, and increase seed setting percentage, and increase rice yields [10–12].

Nitrogen (N) is an essential element for rice growth. In order to mitigate the negative
effects of climate change and changes in sowing stages on rice growth and yield, farmers
used to apply a large amount of nitrogen to the early growth of rice [13–15]. Under normal
temperatures, the supply of N can promote grain yield, increase dry matter accumulation,
and significantly increase the yield of rice [16,17]. Appropriate N supply can partially
recover the damage of carbon metabolism-related enzymes and alleviate the damage of
high temperatures on grain filling and yield formation [18]. However, excessive nitrogen
application made green rice, which is more susceptible to diseases and pests, prone to
lodging, had a lower seed setting rate, and had reduced nitrogen use efficiency (NUE),
leading to serious pesticide pollution [19–21].

The sowing stage of rice is influenced by rice age and wheat stubble, as well as the
allocation of light and temperature resources during the rice growing season [22]. With the
warming of the climate, the sunshine and effective accumulated temperature in the lower
reaches tend to increase gradually, and the key stage of safe full heading of late rice also
tends to extend, which provides more sufficient temperature and light guarantee for rice
cultivars with relatively long growth stages but also puts forward new requirements for the
suitable planting stage of existing two-season late japonica cultivars [23–27]. The suitable
sowing stage of rice cultivars may be the key factor affecting their traits [28]. Determining
the appropriate sowing stage and maintaining optimal light and temperature conditions
during the setting stage of rice, which is the basis for these key techniques in cultivation
management. These factors serve as the foundation for achieving a high yield and good
quality of rice [29,30]. At present, there are few studies on the suitable sowing stage and
N fertilizer application for different rice cultivars, and there are no reports on the yield
structure. Additionally, light-temperature resource allocation among different rice cultivars
under various sowing stages and N supply conditions.

To investigate the impact of temperature and light resource allocation on grain yield,
we conducted a field experiment over a period of 9 years. The experiment included
two sowing stages and different N treatments. The objectives of the study were: (1) to
compare the variations in grain yield, yield components, biomass, LAI, and accumulative
temperature; and (2) to determine the relationships between grain yield and the effective
accumulative temperature during different growth stages, as well as the harvest index (HI)
under different sowing stages and N treatments.

2. Materials and Methods
2.1. Experimental Environment and Materials

Field experiments were conducted at the experimental farm of Yangtze University
in Jingzhou (30◦21′ N, 112◦31′ E, 34 m asl), Hubei Province, China. There is a subtropical
agricultural climate in the area. The daily average temperature of rice during the growing
season was 23.6 ◦C from 2011 to 2019, the daily average precipitation was 3.9 mm, and
the daily average sunshine time was 5.4 h. The differences in daily average temperatures,
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precipitation, and sunshine time were 4.3~4.7%, 3.1~30.3%, and 2.6~20.3% from 2011 to
2019. Meteorological data during rice growth are shown in Figure 1 from 2011 to 2019.
Soil samples from the upper 20 cm of the soil were taken before the experiments, and
the soil properties were tested. The soil of the experimental site was calcareous alluvial
with the following properties: pH 6.8, organic matter 21.5 g kg−1, alkali-hydrolysable N
707.6 mg kg−1, available P 51.4 mg kg−1, and available K 115.6 mg kg−1. Soil property
data were averaged across the nine years. The experimental varieties are Huanghuazhan
(HHZ) and Yongyou-8 (YY8), which have similar crop growth durations and are widely
planted in southern China.
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Figure 1. Daily average temperature (daily T mean), daily precipitation, and daily sun hours (Daily
sun) in 2011 (a), 2012 (b), 2013 (c), 2014 (d), 2015 (e), 2016 (f), 2017 (g), 2018 (h), and 2019 (i) in
Jingzhou, Hubei Province, China.

2.2. Field Experimental Details

A split-plot design was arranged in the treatment, with N supply as the main plot
and the sowing stage as the subplot. The subplot size was 25 m2, with two sowing stages,
two N treatments, and five replicates. The two sowing stages are listed in Table S1. The
N treatments were LN: 120 kg ha−1 and HN: 180 kg ha−1. N in the form of urea was
split-applied at the basal, tillering, and panicle initiation stages in a ratio of 5:2:3.

Seedlings were transplanted at the age of 30~34 d, with a hill spacing of 16 cm× 30 cm
and two seedlings per hill. One day before transplantation, apply phosphorus in each small
area (90 kg P ha−1 under LN and HN). Potassium (20 kg K ha−1 under LN and HN) was
split equally between the basal and panicle initiation stages. Urea, calcium superphosphate,
and potassium chloride are used as sources of nitrogen, phosphorus, and potassium. Crop
management followed standard cultural practices. In order to avoid biomass and yield
losses, insects were intensively controlled by chemicals.
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2.3. Measurement Items and Methods
2.3.1. Measurement of Grain Yield, Yield Components, and HI

At maturity, 10 hills were sampled diagonally from a 5 m2 harvest area to measure
grain yield and yield components. 5 m2 samples were taken at each plot’s center to measure
grain yields and adjusted to the standard moisture content of 0.14 g H2O g−1. The samples
were placed in a 105 ◦C oven for 30 min, dried at 80 ◦C to a stable weight, sealed, and
weighed. Panicle numbers were counted on each hill to determine panicle numbers per m2.
Plants were separated into straws and panicles. The panicles were hand-threshed, and the
filled spikelets were separated from the unfilled spikelets by submerging them in tap water.
Three 30 g subsamples of filled spikelets and three 3 g subsamples of unfilled spikelets
were taken to count the number of spikelets. Spikelets per panicle, grain-filling percentage,
and HI were calculated. Specific parameters were calculated using the following equations:

Grain-filling percentage = filled spikelet number/total spikelet number × 100%;

harvest index (HI) = filled spikelet weight/above-ground total dry weight.

2.3.2. Measurement of Above-Ground Biomass Production and LAI

The straw dry weight was determined after oven-drying at 70 ◦C to a stable weight.
The dry weights of the rachis and the filled and unfilled spikelets were determined after
oven-drying at 70 ◦C to a constant weight. Above-ground total dry weight was the total
dry matter of straw, rachis, and filled and unfilled spikelets. The area of the green leaves
was measured with a leaf area meter (model LI-3100C Area Meter, LI-COR, Inc., Lincoin,
NE, USA).

2.4. Collect Climate Data

Meteorological data A small weather station (CR800 automatic weather station, Beijing
Tianuo Foundation Technology Co., Ltd., Beijing, China) was installed near the experimen-
tal field to automatically collect the average daily temperature, maximum and minimum
temperature, daily sun hours, and rainfall during the whole growth stage from sowing
to maturity.

2.5. Statistical Analysis

In order to capture the trend of parameter variations caused by delayed sowing dates, a
linear correlation is established between the duration of delayed sowing and the associated
parameters. The constant term in the linear equation is defined as the sensitivity coefficient
of delayed sowing date (SDS). The equation can be expressed as follows: V = aX + b. The
equation incorporates several variables. X represents the duration of delayed sowing, with
sowing date I set at 0. V represents the parameters associated with various sowing dates.
The coefficient a represents the sensitivity coefficient of delayed sowing date, denoted as
SDS (sensitivity coefficient of delayed sowing).

The analysis of variance (ANOVA) and principal component analysis of the data
were performed using the R soft (R 4.3.1) analysis package (tidyverse, agricolae) and
FactoMineR (factoextra, corrplot, ggplot2), using the minimum significant difference (LSD)
test at 0.05 and 0.01 significance levels to distinguish the mean. Mapping analysis was
performed using OriginPro 2021 (9.8.0.200 Learning Edition). Differences between sowing
stages and N treatments were compared using a least significant difference test (LSD) at a
0.05 probability level.

3. Results
3.1. Yield and Yield Components under Different Sowing Stages and Nitrogen Treatments

There were significant differences in grain yield between HHZ and YY8 under different
sowing stages and N treatments (Figure 2). The average grain yield of HHZ under HNES
treatment was 6.5 ha−1 from 2011 to 2019. Compared with LNLS, LNES, and HNLS, HNES
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of HHZ increased the average grain yield by 9.5%, 2.5%, and 5.3%, while the difference in
average grain yield in YY8 was higher than HHZ, especially under HNES. The average
grain yield of HNES was 9.3 t ha−1 from 2011 to 2019, compared with LNLS, LNES and
HNLS. HNES increased the average grain yield by 12.7%, 8.3%, and 6.9%, respectively.
Grain yield is significantly different under HNLS, LNES, and LNLS, especially under the
HHZ. There were significant differences in panicle number, spikelets per panicle, and
grain filling by sowing stages and N treatments (Table 1). The average panicle number
of HNES was 205.4 from 2011 to 2019, compared with LNLS, LNES, and HNLS. HNES
of HHZ increased the average panicle number by 6.0%, 5.9%, and 1.0%, and HNES of
YY8 increased by 12.7%, 11.4%, and 3.8%. Compared with HN, LN decreased the average
panicle number by 10.3%. Compared with HNLS under HHZ, LNES, LNLS, and HNES
decreased the average spikelets per panicle by 2.3%, 2.9%, and 1.1%, and decreased by
3.5%, 1.9%, and 2.2% in YY8. The above results showed that early sowing or increasing N
supply significantly increased the grain yield and panicle number.
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Figure 2. Grain yield of HHZ and YY8 under different sowing stages and nitrogen treatments in
2011 (a), 2012 (b), 2013 (c), 2014 (d), 2015 (e), 2016 (f), 2017 (g), 2018 (h), and 2019 (i). Vertical bars indi-
cate standard errors (n = 12). *, ** and ***, significances at p < 0.05, p ≤ 0.01 and p < 0.001, respectively.
HNES—high nitrogen early sowing stage; LNLS—low nitrogen late sowing stage; LNES—low
nitrogen early sowing stage; HNLS—high nitrogen late sowing stage; HHZ—Huanghuazhan;
YY8—Yongyou-8.
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Table 1. Yield components of HHZ and YY8 under different sowing stages and nitrogen treatments
in 2011–2019.

Year Variety Treat Panicles Skiketes per Panicle Grain Filling Rate 1000-Grain Weight
(m−2) (%) (g)

2011 HHZ LNLS 222.14 a 183.83 a 82.09 a 21.33 a
LNES 209.08 a 196.25 ab 78.31 a 22.21 a
HNLS 227.53 b 210.83 b 80.92 a 22.20 a
HNES 229.40 b 191.25 b 82.32 a 21.21 b

YY8 LNLS 149.92 a 238.17 a 79.83 a 28.55 a
LNES 157.75 ab 218.75 a 85.33 ab 27.45 a
HNLS 175.46 ab 211.33 a 82.23 ab 27.62 b
HNES 186.27 b 215.00 a 86.35 b 28.15 b

Mean 194.69 208.18 82.17 24.84
2012 HHZ LNLS 218.99 a 192.33 a 85.09 a 22.03 a

LNES 218.04 ab 199.00 ab 80.01 a 21.69 a
HNLS 228.36 ab 198.42 ab 81.02 a 20.92 a
HNES 228.20 b 215.92 b 82.18 a 21.53 a

YY8 LNLS 150.90 a 222.50 a 82.13 a 27.80 a
LNES 155.25 a 229.42 a 82.02 ab 27.14 a
HNLS 187.53 a 223.83 a 83.77 b 27.7 b
HNES 216.10 a 205.33 a 84.77 b 22.06 b

Mean 200.42 210.84 82.62 23.86
2013 HHZ LNLS 221.33 a 195.75 a 83.94 a 21.16 a

LNES 214.31 ab 189.58 a 80.16 a 22.15 a
HNLS 223.03 ab 207.50 a 81.57 a 22.12 a
HNES 233.22 b 193.75 a 81.27 a 22.67 b

YY8 LNLS 157.48 a 219.92 a 83.37 a 27.57 a
LNES 160.35 a 234.25 a 86.29 ab 28.86 ab
HNLS 166.50 ab 257.00 a 83.51 bc 28.32 b
HNES 146.77 b 247.33 a 86.69 c 27.79 b

Mean 190.37 218.14 83.35 25.08
2014 HHZ LNLS 211.03 a 195.75 a 81.45 a 23.17 a

LNES 221.69 a 180.00 ab 82.02 a 22.15 ab
HNLS 229.03 ab 185.42 ab 82.35 a 22.46 b
HNES 233.02 b 202.50 b 78.78 a 21.70 b

YY8 LNLS 155.12 a 229.67 a 82.68 a 28.25 a
LNES 153.43 b 226.33 a 83.91 a 27.81 ab
HNLS 157.29 b 216.42 a 80.74 a 27.97 b
HNES 184.82 b 227.17 a 80.85 a 28.80 b

Mean 193.18 207.91 81.60 25.29
2015 HHZ LNLS 214.38 a 182.17 a 85.60 a 21.39 a

LNES 221.28 a 189.50 a 78.84 ab 21.87 ab
HNLS 231.93 ab 199.42 a 84.10 ab 22.41 b
HNES 232.95 b 188.08 a 82.23 b 21.16 b

YY8 LNLS 153.20 a 224.50 a 81.45 a 27.94 a
LNES 153.48 b 242.42 a 85.83 a 27.63 ab
HNLS 178.00 c 224.92 a 80.77 a 27.42 ab
HNES 167.11c 233.75 a 84.29 a 28.36b

Mean 194.04 210.59 82.89 24.77
2016 HHZ LNLS 219.56 a 183.00 a 82.72 a 22.92 a

LNES 221.05 a 183.33 ab 80.44 a 23.21 a
HNLS 233.44 a 196.08 b 81.57 a 22.01 ab
HNES 231.77 a 202.33 b 82.97 a 22.74 b

YY8 LNLS 162.40 a 218.50 a 83.13 a 28.41 a
LNES 160.24 ab 222.17 a 82.02 a 27.04 ab
HNLS 149.16 bc 238.75 a 80.72 a 27.39 bc
HNES 172.46 c 222.25 a 83.70 a 28.26 c

Mean 193.76 208.30 82.16 25.25
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Table 1. Cont.

Year Variety Treat Panicles Skiketes per Panicle Grain Filling Rate 1000-Grain Weight
(m−2) (%) (g)

2017 HHZ LNLS 216.00 a 193.50 a 79.75 a 21.37 a
LNES 218.95 a 191.83 a 79.95 a 22.41 ab
HNLS 230.69 a 185.67 a 80.86 a 21.51 b
HNES 233.46 a 174.58 a 79.03 a 21.98 b

YY8 LNLS 148.64 a 217.92 a 78.26 a 28.24 a
LNES 155.22 a 211.83 a 85.26 a 28.27 a
HNLS 186.17 b 220.58 a 83.71 a 27.98 a
HNES 180.03 b 214.17 a 85.33 a 28.44 a

Mean 196.15 201.26 81.52 25.02
2018 HHZ LNLS 215.69 a 189.33 a 82.63 a 21.53 a

LNES 224.08 a 193.92 a 80.17 a 22.91 ab
HNLS 230.09 ab 188.83 a 81.92 a 22.59 bc
HNES 229.98 b 195.83 a 83.13 a 22.10 c

YY8 LNLS 158.87 a 217.50 a 81.27 a 27.89 a
LNES 154.69 b 229.25 a 82.64 a 28.18 a
HNLS 160.69 b 224.33 a 82.50 a 27.30 a
HNES 177.71 b 239.83 a 84.53 a 27.42 a

Mean 193.97 209.85 82.35 24.99
2019 HHZ LNLS 215.63 a 185.58 a 80.75 a 21.68 a

LNES 217.74 ab 193.50 ab 82.73 a 22.30 b
HNLS 225.40 ab 184.42 ab 79.38 a 23.14 b
HNES 229.32 b 173.83 b 80.51 a 22.30 b

YY8 LNLS 162.02 a 216.50 a 82.44 a 27.85 a
LNES 161.13 a 224.67 b 79.69 a 27.32 a
HNLS 147.14 ab 260.67 b 82.47 a 28.14 a
HNES 154.95 b 227.83 b 84.64 a 27.95 a

Mean 189.17 208.38 81.57 25.09
Y ns 8.46 ** ns 8.20 **
V 4265.80 *** 561.31 *** 13.95 *** 9322.19 ***
T 67.42 *** 4.51 ** ns ns

Y × V 6.10 * 5.93 * ns 13.56 ***
Y × T 5.01 ** ns ns ns
V × T ns ns 6.37 *** 11.11 ***

Y × V × T 7.11 *** 6.63 *** ns ns

Note: Different lowercase letters within columns indicate significant differences at p < 0.05. * p < 0.05. ** p ≤ 0.01.
*** p < 0.001. ns, not significant at the p = 0.05 level (n = 12). HNES—high nitrogen early sowing stage; LNLS—low
nitrogen late sowing stage; LNES—low nitrogen early sowing stage; HNLS—high nitrogen late sowing stage;
HHZ—Huanghuazhan; YY8—Yongyou-8.

3.2. Growth Stage and Effective Accumulative Temperature under Different Sowing Stages and
Nitrogen Treatments

The duration of different sowing stages is shown in Table 2. Compared to LS, ES de-
layed the whole growth stage by 4–7 d, and each 1 d delayed the sowing stage by 0.1~0.35 d
(SDS, 2011–2019). There was no significant difference in the duration of vegetative stage
under different sowing stage and N treatments (SDS, 0.05~0.3), while there were significant
differences in reproductive stage and grain filling stage. The reproductive stage was de-
layed by 0.05~0.3 d, and some increased the duration of grain filling, and the duration of
the filling stage increased with the delay of the sowing stage. With the delay of the sowing
stage, the late sowing stage remained at 36~44 d.

There were significant differences in the accumulative temperature of different growth
stages under sowing stages and N treatments (Table 3). The average accumulative tempera-
ture of ES was 6995.5 ◦C from 2011 to 2019, compared with LS, LNLS, LNES, and HNES.
ES increased the average accumulative temperature by 2.4%, 2.2%, 2.8%, and 1.2%. The
average accumulative temperature of the vegetative stages of HHZ and YY8 was 1245.9 ◦C
and 1369.9 ◦C at the late sowing stage, compared with ES, LS increased by 12.9% and 8.8%.
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The average accumulative temperature of the reproductive stage under the late sowing
stage was 1301.8 ◦C; compared with ES, LS increased by 12.7%. The average accumulative
temperature of LN was 1226.6 ◦C; compared with HN, LN increased by 1.2%. Compared
with HN, LN increased by 3.0% in the duration of the vegetative stage. The above results
showed that LS and LN have a higher effective accumulated temperature than ES and HN.

Table 2. The duration of the growth stages (d) of HHZ and YY8 under different sowing stages and
nitrogen treatments in 2011–2019.

HHZ YY8

Year Treatments Vegetative
Stage

Reproductive
Stage

Grain
Filling
Stage

Whole
Growth
Stages

Vegetative
Stage

Reproductive
Stage

Grain
Filling
Stage

Whole
Growth
Stages

2011 LNLS 47 a 45 b 36 b 128 b 53 a 43 b 50 a 146 b
LNES 47 a 47 a 39 a 133 a 53 a 50 a 47 ab 150 a
HNLS 48 a 41 c 39 a 128 b 54 a 44 b 47 ab 145 b
HNES 48 a 47 a 38 a 133 a 55 a 50 a 45 b 150 a

Mean 47.5 45 38 130.5 53.75 46.75 47.25 147.75
2012 LNLS 45 b 41 b 40 b 126 b 51 b 47 ab 50 a 148 ab

LNES 49 a 45 a 37 a 131 a 56 a 50 a 46 b 152 a
HNLS 46 b 41 b 40 b 127 b 52 b 45 b 51 a 148 ab
HNES 49 a 45 a 37 a 131 a 55 a 49 a 47 b 151 a

Mean 47.25 43 38.5 128.75 53.5 47.75 48.5 149.75
2013 LNLS 44 b 47 a 38 a 129 b 51 b 45 ab 49 b 145 b

LNES 49 a 48 a 36 a 133 a 56 a 46 ab 45 c 147 b
HNLS 45 b 43 bc 41 bc 129 b 51 b 42c 53 a 146 b
HNES 51 a 45 b 37 b 133 a 58 a 49 a 46c 153 a

Mean 47.25 45.75 38 131 54 45.5 48.25 147.75
2014 LNLS 47 a 39 cd 44 cd 130 b 54 a 43 b 49 a 146 b

LNES 44 b 53 a 38 a 135 a 50 b 55 a 46 b 151 a
HNLS 47 a 41 c 42 c 130 b 54 a 43 b 49 a 146 b
HNES 45 b 45 b 44 b 134 a 51 b 53 a 49 a 153 a

Mean 45.75 44.5 42 132.25 52.25 48.5 48.25 149
2015 LNLS 48 a 38 b 42 b 128 b 54 a 41 b 51 a 146 b

LNES 47 a 45 a 40 a 132 a 54 a 50 a 48 b 152 a
HNLS 49 a 37 b 42 b 128 b 55 a 42 b 50 a 147 b
HNES 48 a 45 a 40 a 133 a 54 a 51 a 48 a b 153 a

Mean 48 41.25 41 130.25 54.25 46 49.25 149.5
2016 LNLS 48 a 40 b 39 b 127 b 54 a 43 b 51 a 148 b

LNES 48 a 48 a 34 a 130 a 54 a 50 a 48 ab 152 a
HNLS 48 a 40 b 39 b 127 b 54 a 44 b 50 a 148 b
HNES 48 a 49 a 34 a 131 a 54 a 50 a 49 a 153 a

Mean 48 44.25 36.5 128.75 54 46.75 49.5 150.25
2017 LNLS 49 a 38 b 43 a 130 b 55 a 45 b 47 a 147 b

LNES 47 ab 50 a 39 b 136 a 53 b 56 a 43 b 152 a
HNLS 49 a 39 b 43 a 131 b 56 a 45 b 47 a 148 b
HNES 48 a 49 a 39 b 136 a 55 a 54 a 43 b 152 a

Mean 48.25 44 41 133.25 54.75 50 45 149.75
2018 LNLS 48 a 37 b 44 a 129 ab 54 b 46 b 46 a 146 b

LNES 50 a 45 a 38 b 133 a 56 a 54 a 40 b 150 a
HNLS 48 a 37 b 44 a 129 ab 55 b 46 b 46 a 147 b
HNES 50 a 44 a 39 b 133 a 57 a 53 a 41 b 151 a

Mean 49 40.75 41.25 131 55.5 49.75 43.25 148.5
2019 LNLS 46 a 37 b 42 a 125 b 53 b 45 b 49 a 147 b

LNES 44 b 48 a 38 ab 130 a 51 a 56 a 45 b 152 a
HNLS 47 a 36 b 42 a 125 b 54 b 45 b 48 a 147 b
HNES 45 ab 47 a 39 ab 131 a 51 a 56 a 46 ab 153 a

Mean 46 42 40 128 52 51 47 150

Note: Different lowercase letters within columns indicate significant differences at p < 0.05 (n = 12).

3.3. Dry Matter Accumulated, LAI, and HI under Different Sowing Stages and Nitrogen Treatments

There were significant differences in dry matter accumulated, LAI, and HI under
different sowing stages and N treatments (Figures 3–5). The dry matter accumulated was
significantly increased under early sowing or increasing N supply from 2011 to 2019. Com-
pared with LNLS, LNES, and HNLS, HNES increased the average dry matter accumulated
by 5.7%, 2.8%, and 3.1%. There were no significant differences between LNES and HNLS.
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The accumulation of dry matter in different rice organs varied significantly under different
sowing stages and N treatments, especially in the grain weight. Compared with LNLS,
LNES, and HNLS, HNES increased the average grain weight by 6.3%, 3.4%, and 3.1%, and
the grain weight was stable under LNES and HNLS treatments. The above results showed
that early sowing or increasing N supply significantly increased dry matter accumulated
and grain weight.

Table 3. Effect of different sowing stages and N treatments on the accumulated temperature at
different growth stages of rice in 2011–2019.

HHZ YY8

Year Treatments Vegetative
Stage

Reproductive
Stage

Grain
Filling
Stage

Whole
Growth
Stages

Vegetative
Stage

Reproductive
Stage

Grain
Filling
Stage

Whole
Growth
Stages

(◦C) (◦C) (◦C) (◦C) (◦C) (◦C) (◦C)

2011 LNLS 1421.3 a 1266.7 a 872.9 b 3560.9 a 1363.4 a 1207.5 c 1106.9 a 3677.8 ab
LNES 1122.7 b 1298.7 a 1054.6 a 3476 a 1268.1 b 1390.8 b 1166.4 a 3825.3 a
HNLS 1213.5 b 1143 b 965.9 a b 3322.4 b 1389 a 1257.1 c 1036.7 ab 3657.2 ab
HNES 1148.8 b 1304.6 a 1022.6 a 3476 a 1069.9 c 1638.9 a 1116.5 a 3825.3 a

Mean 1226.6 1253.3 979.0 3458.8 1272.6 1373.6 1106.6 3746.4
2012 LNLS 1144.3 a 1201.2 a 1034.6 a 3380.1 a 1314.3 a 1381.3 a 1151 a 3846.6 a

LNES 1133 a 1292.8 a 1041.6 a 3467.4 a 1332.8 a 1448.7 a 1172 a 3953.5 a
HNLS 1171.7 a 1203.4 a 1027.1 a 3402.2 a 1343.8 a 1324.1 ab 1178.7 a 3846.6 a
HNES 1133 a 1292.8 a 1017.3 a 3467.4 a 1303 a 1420.1 a 1207.7 a 3930.8 a

Mean 1145.5 1247.6 1030.2 3429.3 1323.5 1393.6 1177.4 3894.4
2013 LNLS 1585.8 a 1435.9 a 988.3 a 3577 a 1362.5 a 1382.4 ab 1163.4 a 3908.3 a

LNES 1156.7 b 1429.7 a 1034.2 a 3620.6 a 1370.6 a 1365.5 a 1220.9 a 3957 a
HNLS 1180.6 b 1315.4 ab 1081 a 3577 a 1362.5 a 1290.2 a 1278.3 a 3931 a
HNES 1210.8 b 1344.1 a 1065.7 a 3620.6 a 1430.1 a 1466.3 a 1197.1 a 4093.5 a

Mean 1283.5 1381.3 1042.3 3598.8 1381.4 1376.1 1214.9 3972.5
2014 LNLS 1175.2 a 1087.1 b 1049.7 a b 3312 a 1350.1 a 1175.8 b 1147.2 a 3673.1 a

LNES 976.9 b 1400.9 a 983.1 b 3360.9 a 1140.6 b 1484.8 a 1095.5 a 3720.9 a
HNLS 1175.2 a 1133.9 b 1002.9 b 3312 a 1350.1 a 1175.8 b 1147.2 a 3673.1 a
HNES 1005.2 b 1166.9 b 1164.6 a 3336.7 a 1165.4 b 1429.7 a 1172.3 a 3767.4 a

Mean 1083.1 1197.2 1050.1 3330.4 1251.6 1316.5 1140.6 3708.6
2015 LNLS 1196.5 a 1057.9 b 1070.8 a 3325.2 a 1346.6 a 1144.6 b 1222.2 a 3713.4 b

LNES 1122.9 a 1170.3 a 1107.4 a 3400.6 a 1291.4 a 1358 a 1216.3 a 3865.7 a
HNLS 1220.5 a 1033.9 a 1070.8 a 3325.2 a 1374.7 a 1171.6 b 890.9 b 3889.3 a
HNES 1148.4 a 1175 b 1103.2 a 3426.6 a 1291.4 a 1386.3 a 1211.6 a 3889.3 a

Mean 1172.1 1109.3 1088.1 3369.4 1326.0 1265.1 1135.3 3839.4
2016 LNLS 1436 a 840.2 c 1044.1 b 3374.1 b 1316 a 1271.9 ab 1255.6 a 3843.5 a

LNES 1070.5 b 1319.2 a 1406.1 a 3795.8 a 1234.8 a 1377.6 a 1305.7 a 3918.1 a
HNLS 1154.4 b 1152.7 b 1067 b 3374.1 b 1316 a 1301.2 ab 1226.3 a 3843.5 a
HNES 1070.5 b 1351.6 a 964.4c 3386.5 b 1234.8 a 1377.6 a 1329.7 a 3942.1 a

Mean 1182.9 1165.9 1120.4 3482.6 1275.4 1332.1 1279.3 3886.8
2017 LNLS 1236.9 a 1133.5 b 1107.4 a 3477.8 a 1412.3 a 1329.4 b 1079.7 a 3821.4 a

LNES 1085 b 1397.1 a 1058.7 a 3540.8 a 1221.5 b 1616.9 a 1093.3 a 3931.7 a
HNLS 1236.9 a 1163.4 b 1100 a 3500.3 a 1437.8 a 1334 b 1091.6 a 3863.4 a
HNES 1109.9 b 1372.2 a 1058.7 a 3540.8 a 1271 b 1567.4 a 1093.3 a 3931.7 a

Mean 1167.2 1266.6 1081.2 3514.9 1335.7 1461.9 1089.5 3887.1
2018 LNLS 1259.1 a 1091.9 a 1227.3 a 3578.3 a 1422.2 a 1386.3 b 1129.7 a 3938.2 a

LNES 1189.6 a 1293.8 b 1126.1 a b 3609.5 a 1356.4 a 1576.6 a 1096.5 a 4029.5 a
HNLS 1259.1 a 1091.9 a 1227.3 a 3578.3 a 1448.2 a 1389.9 b 1121.4 a 3959.5 a
HNES 1189.6 a 1262.3 b 1157.6 a b 3609.5 a 1380.9 a 1552.1 a 1118.9 a 4051.9 a

Mean 1224.4 1185.0 1184.6 3593.9 1401.9 1476.2 1116.6 3994.8
2019 LNLS 1165 a 1066.9 b 1184.4 a 3416.3 a 1361.3 a 1331.7 b 1232.6 a 3925.6 a

LNES 980 b 1294.5 a 1124.2 a 3398.7 a 1152.5 b 1576.3 a 1232.9 a 3961.7 a
HNLS 1193.9 a 1038 b 1184.4 a 3416.3 a 1386.8 a 1335.7 b 1203.1 a 3925.6 a
HNES 1009.2 b 1265.3 a 1151 a 3425.5 a 1152.5 b 1576.3 a 1258.4 a 3987.2 a

Mean 1087.0 1166.2 1161.0 3414.2 1263.3 1455.0 1231.8 3950.0

Note: Different lowercase letters within columns indicate significant differences at p < 0.05.
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Figure 3. The difference in leaf average index (LAI) of HHZ and YY8 under different sowing stages
and nitrogen treatments in vegetative stage (a), reproductive stage (b), and grain filling stage (c).
* and **, significances at p < 0.05 and p ≤ 0.01, respectively. HNES—high nitrogen early sowing
stage; LNLS—low nitrogen late sowing stage; LNES—low nitrogen early sowing stage; HNLS—high
nitrogen late sowing stage; HHZ—Huanghuazhan; YY8—Yongyou-8.
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In a similar trend to that observed for dry matter accumulated, the average LAI of
HH and ZYY8 was 0.99 and 0.97 under LNES and HNES from 2011 to 2019, higher than
that of LNLS and HNLS (Figure 3). There were no significant differences in LAI in the
vegetative stage, while there were significant differences in the reproductive and grain
filling stages under different sowing stages and N treatments of the same variety. The
average LAI of HNES was 5.5 from 2011 to 2019, compared with LNLS, LNES, and HNLS,
HNES increased by 11.8%, 9.9%, and 6.0%, respectively. Compared with LNLS, LNES, and
HNLS, the average LAI reduction of HNES increased by 7.6%, 10.5%, and 12.0% at the
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grain filling stage. The above results showed that early sowing or increasing N supply
significantly increased the LAI.
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Figure 5. Dry matter accumulation at maturity of HHZ and YY8 under different sowing stages and
nitrogen treatments in 2011–2019. Vertical bars indicate standard errors (n = 12). Means followed by
the same letter are not statistically different (LSD, p < 0.05). * and **, significances at p < 0.05 and
p ≤ 0.01, respectively.

There were significant differences in HI, sowing stage, and N treatments among
different varieties, and late sowing stage and lower N were likely to induce lower HI
(Figure 4). Compared with LNLS, LNES, and HNLS, HNES increased the average HI of
HHZ by 4.4%, 2.7%, and 2.2%, respectively. The HI of YY8 increased significantly under
HNES and then tended to be stable or decreased. Compared with LNLS, LNES, and HNLS,
HNES increased the average HI of YY8 by 11.1%, 11.1%, and 17.6%, respectively. The above
results showed that early sowing or increasing N supply increased the HI.

3.4. Principal Component Analysis Results

Principal component 1 is mainly the change of LAI and light-temperature resource
allocation attributes in different growth stages (Figures 6 and 7); principal component 2 is
the yield and yield components. There were significant differences in principal components
1 and 2 of LNLS and LNES, HNES, and HNLS, while there were only slight differences in
principal component 1 of LNES and LNLS (Figure 7). Compared with LNLS, the advantages
of LNLE and HNLE are mainly derived from the higher average temperature and spikelets
per panicle. Moreover, stage duration, effective accumulative temperature, and average
temperature had higher contributions to yield and biomass. The above results showed that
the higher grain yield in LNES was more closely related to the average temperature and
higher spikelets per panicle.
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3.5. Relationships between Effective Accumulative Temperature and Grain Yield

There was a significant positive correlation between grain yield and effective accu-
mulative temperature (p < 0.01), but this relationship was different among the sowing
stages and N treatments (Figure 8). The higher grain yield was more closely related to
accumulative temperature in HNLS and HNES (R2 = 0.76, 0.56) than to LNES (R2 = 0.41)
and LNLS (R2 = 0.33) at the vegetative stage. The grain yield depended more highly on
effective accumulative temperature (R2 = 0.59, R2 = 0.57) in LNES and HNES at the repro-
ductive stage, while the grain yield was more closely related to accumulative temperature
in LNLS and HNLS (R2 = 0.52, 0.74) than to HNES (R2 = 0.32) at the grain filling stage. The
grain yield under HNES depended more highly on effective accumulative temperature
(R2 = 0.80) at the whole growth stage. The above results showed that the grain yield in
HNES depended more highly on effective accumulative temperature.
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Figure 8. Relationships between accumulative temperature and grain yield in the vegetative stage (a),
reproductive stage (b), grain filling stage (c), and whole growth stage (d). Solid symbols represent
early sowing, and open symbols represent late sowing. Data were from all replicates from nine years
(n = 18). * p < 0.05. ** p ≤ 0.01. ns, not significant at the p = 0.05 level. Solid orange lines represent
HNLS, dotted orange lines represent HNES, solid green lines represent LNLS, and dotted green lines
represent LNES.
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4. Discussion

In this study, we used HHZ and YY8 as materials to examine the effects of different
sowing stages and N treatments on yield and temperature-light production from 2011
to 2019. The rice area in the middle and lower reaches of the Yangtze River is known
for its traditional mixed-cropping practices, including single and double seasons, as well
as the rotation of rice, wheat, and rice oil, which also have a large planting area [31,32].
Moreover, the availability of temperature-light resources in the middle and lower reaches
of the Yangtze River varies compared to the traditional double-cropping rice area in the
south, with one season having more resources and two seasons showing fewer resources,
displaying regional differences [33]. During the late stage of rice filling, there was a lack of
synchronization between low temperature and oligo-light, with low temperature preceding
oligo-light, which limits the yield potential of late rice and causes unnecessary waste of
light resources in the late stage of rice filling [34].

In a suitable growing season, the growth process of rice is primarily influenced by
its temperature sensitivity, photosensitivity, and basic nutrient growth [35]. Based on the
genetic diversity of rice varieties, the length and time distribution of different cultivars at
each growth stage are different [36]. The effect of delayed sowing stages on the physio-
logical characteristics of rice cultivars has been extensively reported [37–41]. The delayed
sowing stage mainly affects the growth in the early seedling stage and the accumulation
of vegetative growth in the middle tillering stage, which is related to the early and rapid
growth of the population [42]. The mass of dry matter, especially the accumulation of dry
matter in the early stage, will decrease with the delay of the sowing stage, resulting in a
decrease in yield [43]. While maintaining the harvest index (HI), more efficient biomass
accumulation will further increase yield [42]. Our findings demonstrate that early sowing
provides an advantage in terms of higher effective accumulated temperature, especially
during the vegetative and grain filling stages, which ultimately contributes to an increase
in above-ground biomass yield.

The different effects of the sowing stage and nitrogen application rate on rice yield
and yield components have been studied [8]. It has been observed that delaying the sowing
stage will shorten the growth process and reduce the yield, especially in terms of spikelets
per panicle and grain-filling rate [44]. The results showed that delaying the sowing stage
decreased the spikelets per panicle, 1000-grain weight, and yield [34]. The study by Jiang
et al. [45] tested that the number of grains per panicle of Nanjing 9108 increased first
and then decreased with the delay of the sowing stage, while the 1000-grain weight had
no significant difference. Li et al. [46] studied the effect of delayed sowing stages on
each yield component from the change in growth stage. The vegetative growth stage
of rice shortens with the delay of the sowing stage [42]. Zhang et al. [7] examined the
effects of shortening the booting stage, which resulted in a decrease in panicle number and
spikelets per panicle. Furthermore, the delay in the heading stage leads to a decrease in
average daily temperature and effective accumulated temperature during the grain-filling
stage, affecting grain filling [18,47]. Our research shows that early sowing or increased N
supply significantly enhanced the panicle number, spikelets per panicle, and grain filling,
particularly in HHZ (Table 1). Compared to the late sowing stage, the average panicle
number, grain filling rate, and 1000-grain weight increased by 6.0%, 3.6%, and 2.4% in the
early sowing stage from 2011 to 2019. The positive effects of the earlier sowing stage and
nitrogen application rate on effective accumulated temperature and population increase
during the flowering stage and head-filling stage. Therefore, these factors contribute to the
differentiation of spikelets per panicle, the increase in grain, and the improvement of the
grain filling rate.

Different stages of rice growth and development require different light and tempera-
ture conditions [29,48]. A reasonable sowing stage can coordinate the relationship between
the growth and development process of rice and seasonal climate change and give full play
to the high-yield potential of rice cultivars [12,49]. Xu et al. [50] found that the early sowing
rice had high total dry matter and yield, and the dry matter accumulation significantly
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decreased with the delay of the sowing stage. N helps to promote cell division and growth,
increase LAI, and improve photosynthesis efficiency, thus promoting crop growth [34].
However, over-application of nitrogen is easy to cause overgrowth of nutrients, shading
of fields, and waste of nutrients [51]. Therefore, it is the key to determining a reasonable
nitrogen application for a high and stable crop yield [52]. The yield of hand-inserted rice
and hand-planted rice increases as the N supply increases in the range of 0~300 kg/hm2 N
supply. The N supply has a significant impact on the number of effective panicles per unit
area and the total number of grains per panicle, resulting in a significant increase in the
panicle number and the spikelets per panicle. However, it has a minimal effect on the grain
filling rate and 1000-grain weight [53,54]. Guo et al. [55] and Melissa et al. [56] discovered
that the rice yield initially increased and then gradually decreased as the N application
rate increased. To attain a high yield, it is essential to enhance the panicle number and
spikelets per panicle while maintaining a stable grain filling rate and 1000-grain weight.
The reasonable sowing stage and nitrogen nutrition play a crucial role in ensuring the
stability and sustainability of high yields [36]. Late sowing has been found to weaken the
growth potential of crops and reduce their nitrogen absorption capacity, ultimately leading
to a decrease in annual nitrogen use efficiency [8]. However, if the sowing stage is delayed
or advanced, it has been suggested that adding nitrogen supply can be an effective measure
to increase and stabilize crop yield.

The results indicated that both the sowing stage and nitrogen application had signifi-
cant impacts on yield. The highest yield of rice was observed under the HNES treatments,
while there was no significant difference between the yield of LNES and HNLS treatments
(Table 1). This suggests that rice prefers warmth, which influences its growth and develop-
ment in response to variations in the external nitrogen supply. It appears that increasing
nitrogen supply can offset yield losses resulting from early sowing and low temperatures.

5. Conclusions

From our findings, early sowing combined with N supply has been shown to signif-
icantly enhance grain yield in rice. This improvement is attributed to increased panicle
number, higher above-ground biomass at maturity, elevated LAI during the reproductive
stage, and a higher effective cumulative temperature throughout the growth period. Given
the benefits of rice cultivation in the Yangtze River region, the sowing stage and cumulative
temperature are considered pivotal in determining yield outcomes. Therefore, sowing
in mid-May and increasing the N application (180 kg ha−1) could be a better agronomic
practice for increasing the grain yield. Furthermore, the careful administration of N supply
can effectively optimize the utilization of light and temperature resources in early sowing
conditions, ultimately resulting in increased grain yield.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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