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Abstract: Rice yield is greatly influenced by climatic factors and soil fertility in the location where it
is grown, but information about the individual effects of climatic factors and soil fertility variables is
difficult to distinguish because they are often not independent. The objective of this study was to
demonstrate the effect of climatic factors on grain yield when soil fertility was not a confounding
factor for explaining yield differences across two subtropical environments. Field and pot experiments
with six rice cultivars were conducted in Deyang and Luzhou, Sichuan Province, China. We found
that rice yield was higher in Deyang than in Luzhou by 7.0-16.8% for field experiments and by
57.6-87.4% for pot experiments. Biomass production rather than harvest index was responsible for
the yield difference. Maximum and minimum temperatures and cumulative solar radiation (CSR)
before heading (HD) were higher in Deyang than in Luzhou, whereas after HD, maximum and
minimum temperatures were lower in Deyang than in Luzhou. Rice yield was more closely related to
maximum and minimum temperatures and CSR before HD than to these parameters after HD. There
was no difference in yield between soil types from Deyang and Luzhou within the same ecological
condition. Thus, the yield difference between the two subtropical environments was mainly caused
by the difference in climatic factors. The differences in biomass between Deyang and Luzhou were
mostly due to variations in pre-heading crop growth rate (pre-CGR) and pre-heading radiation use
efficiency (pre-RUE), which were induced by varying temperatures and CSR. We concluded that
lower yield in Luzhou was associated with lower pre-CGR and pre-RUE. Our study suggests that
developing rice cultivars with high pre-CGR and pre-RUE through a breeding program may also be
a feasible approach to achieve high yield in subtropical environments.
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1. Introduction

Rice is one of the world’s most important crops and is a staple food for more than
half of the world’s population [1]. Rice cultivation accounts for 25% of China’s total
cultivated area [2] and contributes ~30% of global rice production [3]. Maintaining high rice
productivity in China is of great significance to the world’s food security [4]. Approximately
114 million tons of additional milled rice will be required to meet the growing demand
for food resulting from population growth by 2035 [5]. To achieve this goal, it is critically
important to develop new, high-yielding rice varieties to further improve the average farm
rice grain yields [6]. As of 2021, 135 rice varieties with great yield potential have been
approved as ‘super rice’ varieties by the Ministry of Agriculture of China [7]. Some of these
varieties have produced grain yields of more than 15.0 t ha~! [8-10]. Nevertheless, rice
yield depends not only on the genetic characteristics of the plant but also on environmental
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factors [11]. The yield potential of irrigated rice is largely influenced by environmental
factors that include air temperature, solar radiation, and soil fertility [12-15], which are less
easily controlled factors [16].

Recently, several field studies have shown that there are large differences in grain yields
between tropical and subtropical environments at different latitudes and altitudes [11,17-19].
It is generally thought that favorable climatic conditions that include higher incident solar
radiation, lower temperature, and higher solar radiation during the grain filling period [11,17],
higher radiation use efficiency and crop growth rate, and lower maintenance respiration
contribute to achieving higher rice yields [13,19]. Compared with tropical environments
(International Rice Research Institute Research farm, Philippines), the grain yields of irrigated
rice crops were 33-62% higher when grown in subtropical environments (Yunnan Province,
China) mainly due to lower temperatures during the grain filling period that induced a
longer growth duration and lower maintenance respiration [17]. In a comparison of rice
yields between two subtropical environments (Yunnan and Jiangsu Province, China), Yunnan
produced 83-97% higher rice yields than Jiangsu [20]. The higher solar radiation, lower
temperature, and large diurnal temperature range are the three important climatic factors that
together explain the yield gap between the two locations. Recently, a study was conducted
to compare grain yields of irrigated rice among five Provinces in China (Guizhou, Hunan,
Guangdong, Guangxi, and Hainan) [11]. Guizhou had 23-89% higher rice yields compared
to the other four sites mainly due to the lower temperature and higher accumulative solar
radiation during the grain filling period in Guizhou. However, most previous studies have
neglected to address the effects of paddy field soil fertility on rice yield, and higher rice yields
in hybrid rice do not depend on the nitrogen (N) application rate under moderate to high
soil fertility conditions [21]. In fact, there were large differences in soil fertility (especially
total N and organic matter) between the tropical and subtropical paddy fields in the earlier
studies [11,17,20]. This means that the previous studies on the effects of climatic factors on rice
yield do not exclude the effects of paddy field soil fertility at different latitudes and altitudes.
It was difficult to distinguish the individual effects of climatic factors and soil fertility on the
variations in grain yield.

The soil-based yield (yield in plots without added N) comprehensively reflects the
climatic productivity and the paddy field soil fertility. Zou et al. [12] demonstrated that
there is a significant positive linear relationship between the soil-based yield and the
fertilized yield (yield in plots with added N), and the incremental yield increase in the plot
with added N was tightly and negatively related with the soil-based yield contribution. The
studies of Jiang et al. [11,22] reported that the soil-based yield varied greatly among five
environments in five provinces (including Guizhou, Hunan, Guangdong, Guangxi, and
Hainan) at different latitudes and altitudes. The soil-based yield was 17-136% higher in
Guizhou than in the other four environments, while the differences in grain yields resulting
from N applications in the five environments were relatively small. In that study, we could
not determine the effects of climatic factors and soil fertility on the yield differences among
the five environments because the higher soil-based yield was mainly associated with lower
temperatures and higher accumulative solar radiation during the grain filling period and
the higher soil fertility in Guizhou. Wang et al. [13] reported that grain yields in irrigated
rice were 9-66% higher in the subtropics than in the tropics due to the lower temperatures
in the subtropical environments. Again, the effects of soil fertility on the differences in
yield between the subtropics and the tropics were not excluded in that study. Overall,
the quantitative influences of climatic factors and soil fertility on biomass productivity
and grain yield have not been fully evaluated for mid-season high-yielding rice grown
under different ecological conditions. Characterizing the differences in climatic factors
and soil fertility and how they relate to biomass production, yield formation, crop growth
rate (CGR), and radiation use efficiency among rice genotypes under different ecological
conditions may lead to a strategy for further improving the yield potential of high-yielding
rice hybrids and varieties.
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In the present study, we conducted field experiments and pot experiments with four
rice hybrids and two inbred varieties at locations in Luzhou City and Deyang City, Sichuan
Province, China, from 2018 to 2020. The objectives of this study were to (1) determine the
primary yield components and the physiological traits responsible for the yield differences
in the two environments at different latitudes and altitudes, (2) determine the effects of
climatic factors on yield variation between two subtropical environments, and (3) clarify
relationships between climatic factors and rice grain yield, biomass, crop growth rate, and
radiation use efficiency.

2. Materials and Methods
2.1. Field Experiments

Field experiments were conducted in Deyang (Chengdu Plain, 31°14' N, 104°16' E,
490 m asl) and Luzhou (a hilly and mountainous area of Southeast Sichuan Province,
29°19’ N, 105°23’ E, 290 m asl), both of which located in Sichuan Province, from 2018 to
2020 (Figure 1). The properties of the experimental soil are presented in Table 1. Soil testing
was performed on samples taken from the upper 20 cm layer of the soil before the rice
seedlings were transplanted in 2018.
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Figure 1. The two field experimental sites located in Deyang and Luzhou, Sichuan Province, China.

Table 1. Soil properties of the experimental fields.

Soil Parameter Deyang Luzhou
pH 7.1 5.5
Organic matter (g kgfl) 42.8 404
Total N (g kg™!) 2.3 1.6
Total P (g kgfl) 1.3 0.8
Total K (g kg-1) 17.0 15.6
Available N (mg kg~1) 132.0 112.0
Available P (mg kg™1) 15.0 100.0
Available K (mg kg~ 1) 135.0 129.1

Each year, four indica hybrid rice cultivars (‘Deyou4727’, ‘Luyou727’, ‘Nei6youl03’,
and ‘Nei6youl07’) and two indica elite inbred rice cultivars (‘Huanghuazhan” and ‘Jin-
nongsimiao’) were planted at each site. The rice cultivars were arranged in a completely
randomized block design with three replicates each. Pre-germinated seeds were sown
in a seedbed on 1 April in Deyang and on 5 March in Luzhou from 2018 to 2020. The
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seedlings were transplanted at a spacing of 26.4 cm x 20 cm with two seedlings per hill.
Seedling age at transplanting was 33-36 d in Deyang and 32-35 d in Luzhou. The fertilizers
used were urea for N, single superphosphate for phosphorus (P), and potassium chloride
for potassium (K) at doses of 180 kg N ha™1, 67.5 kg P»0O5 ha~!, and 150 kg KO ha—1,
respectively. N was applied in three splits: 50% as basal, 20% at early tillering (seven days
after transplanting), and 30% at panicle initiation. P was applied as basal. K was applied in
two splits: 50% as basal and 50% at panicle initiation. In Deyang, the water management
practice was in the sequence of flooding, midseason drainage, re-flooding, and moist inter-
mittent irrigation. In Luzhou, the paddy fields were kept flooded for the entire growing
season. Insects, diseases, and weeds were intensively controlled throughout the entire
growing season to avoid yield losses.

The determination of yield components and biomass of rice followed the Chen’s
method [23]. Six hills were sampled from each plot at full heading (about 80% of the
panicles had emerged from the flag leaf sheath) and maturity in each year. In all sampling
procedures, the three border lines were excluded to avoid border effects. Plant samples at
HD were separated into stems, leaves, and panicles. Green leaf area was measured and
expressed as leaf area index (LAI). Plant samples, taken at maturity after counting the
panicle number, were hand-threshed and the filled grains were separated by submerging
them in tap water. Three subsamples of 30 g filled grains and all unfilled spikelets were
taken to count the number of spikelets. The dry weight of each plant organ was determined
after oven-drying at 70 °C to a constant weight. Pre-heading, post-heading, total biomass
production, biomass remobilization (i.e., pre-heading biomass translocated to the grains),
harvest index, crop growth rate (CGR) during the pre- and post-heading periods, panicles
per m?, spikelets per panicle, grain filling, and grain weight were calculated. The apparent
radiation use efficiency (RUE) during the pre- and post-heading periods was calculated by
dividing the pre- and post-heading biomass production by the cumulative solar radiation
during the corresponding period. Grain yield was determined from a 5 m? area in the
middle of each plot and adjusted to a moisture content of 13.5%. The apparent radiation
use efficiency was calculated according to the Chen’s method [23].

2.2. Pot Experiments

Pot experiments were also conducted in Deyang City (31°14’ N, 104°16’ E, 490 m asl)
and Luzhou City (29°19' N, 105°23" E, 290 m asl) in the same paddy fields where we
conducted the field experiments in Sichuan Province in 2019 and 2020. In each site, the
soil used in the pot experiments was collected from the top 25 cm layer of the same paddy
fields in Deyang and Luzhou where the field experiments were conducted.

Before filling the pots, the soil was air-dried, pulverized, and well mixed. Each pot
was filled with 10 kg of air-dried soil. One day before transplanting, the pots were filled
with tap water, and fertilizers were applied to the pots and mixed well. The rice cultivars
and fertilizer application rates were the same as those used in the field experiments. Each
rice cultivar was replicated three times with two pots per replication, and the pots were
arranged in a completely randomized design. Each pot had four hills with two seedlings
per hill. The distance between the pots was kept at 25 cm to avoid them shading each other.
There were 72 pots in each site: 36 pots containing soil taken from the top 25 cm layer of
the paddy field in Deyang, and another 36 pots containing soil taken from the top 25 cm
layer of the paddy field in Luzhou. All the pots were kept flooded for the entire growing
season. Insects, diseases, and weeds were intensively controlled throughout the growing
season to avoid yield loss.

The plants were sampled at maturity and were hand-threshed after the panicles were
counted. Filled spikelets were separated from unfilled spikelets by submerging them in
tap water. Three subsamples consisting of 30 g of filled grains and all unfilled spikelets
were taken to count the numbers of spikelets. The dry weight of each plant organ was
determined after oven-drying at 70 °C to a constant weight. The numbers of panicles per



Agronomy 2023, 13, 820

50f19

hill and spikelets per panicle, the grain filling, the grain weight, the grain yield per hill,
biomass production, and the harvest index were then calculated.

2.3. Statistical Analysis

Climatic data were obtained from the local meteorological bureaus. The Statistix 8
software package (Analytical Software, Tallahassee, FL, USA) was used to perform an
analysis of variance (ANOVA). For the field experiments, the statistical model for ANOVA
included replication, year (Y), location (L), cultivar (C), the two-factor interactions of Y x L,
Y x C,and L x C, and the three-factor interaction of Y x L x C. For the pot experiments,
the statistical model for ANOVA included replication, location (L), soil (S), cultivar (C),
the two-factor interactionsof L x S, L x C, and S x C, and the three-factor interaction of
L x S x C. The criterion for statistical significance was set at the 0.05 probability level.

3. Results
3.1. Field Experiments
3.1.1. Growth Duration

The growth duration of rice cultivars from transplanting (TR) to heading (HD) was
nearly the same in both the Deyang and Luzhou locations, but rice plants grown in Deyang
had 4-7 d longer growth duration than rice plants in Luzhou from HD to maturity (MA)
(Table 2). Longer growth duration was generally observed in the hybrid rice cultivars than
in the inbred rice cultivars. On average, hybrid rice cultivars had a 4-6 d longer growth
duration than the inbred rice cultivars from TR to HD, and the growth duration from HD
to MA was 1-2 d longer in the hybrid rice cultivars than in the inbred rice cultivars.

Table 2. Growth duration of six rice cultivars grown in Deyang and Luzhou, Sichuan Province, China,
from 2018 to 2020.

Deyang Luzhou
Year Cultivar
TR-HD (d) HD-MA (d) TR-MA (d) TR-HD (d) HD-MA (d) TR-MA (d)

2018 Deyou4727 87 36 123 84 31 115
Luyou727 89 35 124 87 31 118
Nei6youl03 87 35 122 84 31 115
Nei6youl07 88 35 123 86 31 117
Jinnongsimiao 81 33 114 81 30 111
Huanghuazhan 81 33 114 81 30 111
Mean 86 35 121 84 31 115
2019 Deyou4727 87 37 124 87 31 118
Luyou727 92 36 128 91 31 122
Neibyoul03 87 36 123 87 31 118
Nei6youl07 91 36 127 91 31 122
Jinnongsimiao 85 35 120 82 30 112
Huanghuazhan 85 35 120 82 30 112
Mean 88 36 124 87 31 118
2020 Deyou4727 87 38 125 87 31 117
Luyou727 87 40 127 88 31 118
Nei6youl03 87 38 125 87 31 117
Nei6youl07 87 40 127 88 31 118
Jinnongsimiao 81 36 117 87 30 110
Huanghuazhan 81 36 117 87 30 110
Mean 85 38 123 85 31 115

Note: TR-HD—period from transplanting to heading; HD-MA—period from heading to maturity; TR-MA—period
from transplanting to maturity.

3.1.2. Grain Yields and Yield Components in the Six Rice Cultivars

Grain yields differed significantly among cultivars (C), locations (L), and years (Y), and a
significant interaction occurred between Y and L (Table 3). The interactive effects of Y x C,
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L x C,and Y x L x C were not significant for grain yield. On average, rice grown in Deyang
had 7.0-16.8% higher grain yield than rice grown in Luzhou. Hybrid rice cultivars produced
higher grain yields than the inbred rice cultivars by 18.7% in Luzhou and 14.8% in Deyang.
Among the yield components, panicles per m? and the percentage of filled grains explained
most of the yield gap between the two locations (Table 3). Plants grown in Deyang had more
panicles per m? and a higher percentage of filled grains than plants grown in Luzhou by
8.8-22.9% and 5.5-11.2%, respectively. The number of spikelets per panicle was 1.8-10.3%
higher in Deyang than in Luzhou in 2018 and 2019, while there were 4.2% fewer spikelets per
panicle in plants grown in Deyang than in plants grown in Luzhou in 2020. The difference
in grain weights between the two locations was relatively small. The inbred rice cultivar
‘Jinnongsimiao” generally recorded the highest number of spikelets per panicle and the lowest
number of panicles per m2. On average, hybrid rice cultivars produced more panicles per
m? and higher grain weight than the inbred rice cultivars by 8.9% and 37.7%, respectively;
however, there were fewer spikelets per panicle and fewer filled grains in the hybrid rice
cultivars than in the inbred rice cultivars by 23.3% and 1.0%, respectively.

Table 3. Grain yield and yield components of six rice cultivars grown under two different ecological
conditions in a field experiment from 2018 to 2020.
Year Location Cultivar Paniclesm~2  Spikelet per Panicle Grain Filling (%) Thousand Grain Weight (g) Grain Yield (t ha-1)
2018 Luzhou Deyoud727 218.1 ab 148.1d 88.9 ab 295a 8.36 b
Luyou727 204.0 be 203.4b 86.4b 26.0b 9.45a
Neibyou103 250.0a 134.0d 919a 299a 8.97 ab
Nei6you107 2015 be 149.2d 88.0b 292a 8.94 ab
Jinnongsimiao 178.6 ¢ 2542a 82.6 ¢ 20.0d 721c
Huanghuazhan 213.0 bc 183.8 ¢ 86.7b 22.5¢ 7.71c
Mean 210.9 178.8 87.4 26.2 8.44
Deyang Deyou4727 246.2b 160.3 ¢ 933a 298a 1030a
Luyou727 277.8a 175.8 be 885D 262D 1034a
Nei6youl03 282.8a 140.0 d 929a 29.6a 10.15a
Nei6youl07 2412b 160.8 ¢ 94.2 a 294 a 10.11a
Jinnongsimiao 202.0 ¢ 264.7 a 91.0 ab 19.8d 9.02b
Huanghuazhan 267.7 ab 190.3 b 93.0a 214c 9.25b
Mean 252.9 182.0 92.2 26.1 9.86
2019 Luzhou Deyoud727 251.2 ab 139.5 de 85.5b 3l.1a 10.02a
Luyou727 242.3 ab 186.2b 79.7 24.2d 9.97 a
Neibyou103 264.0a 1304 e 91.1a 295D 10.18a
Nei6you107 234.7 be 157.7 cd 849b 28.0¢ 9.97a
Jinnongsimiao 205.4 ¢ 2303 a 84.7b 20.3 f 8.05¢
Huanghuazhan 260.2 ab 166.2 be 90.7 a 21.7e 8.96 b
Mean 243.0 168.4 86.1 25.8 9.53
Deyang Deyou4727 2474 ¢d 179.6 be 89.0 ¢ 282b 1097 a
Luyou727 269.1 be 190.3Db 90.7b 248¢ 1142a
Nei6youl03 293.3 ab 146.9 d 915 ab 28.7a 11.22a
Nei6youl07 255.1¢ 1714 ¢ 90.9 ab 28.1b 11.00 a
Jinnongsimiao 220.7d 247.6 a 92.0a 198 e 9.98 b
Huanghuazhan 301.0a 178.9 be 91.3 ab 21.1d 10.08 b
Mean 264.4 185.8 90.9 25.1 10.78
2020 Luzhou Deyoud727 212.6 b 155.1¢ 83.6 bed 29.7 a 9.27 a
Luyou727 235.7 a 171.9b 81.2d 26.0b 9.45a
Neibyou103 2325a 133.4d 85.7b 295a 917a
Nei6you107 229.4 ab 139.4d 82.1cd 288a 9.05a
Jinnongsimiao 182.0 ¢ 213.1a 85.5 be 19.7d 7.66 b
Huanghuazhan 226.2 ab 168.8 b 89.3a 21.5¢ 7.94b
Mean 219.7 163.6 84.6 25.9 8.76
Deyang Deyoud727 2483 ¢ 151.0 be 94.4 ab 31.0a 10.06 a
Luyou727 3009 a 1644 D 926D 263 ¢ 1023a
Neibyou103 282.0b 135.5d 94.6 ab 30.1b 9.96a
Nei6youl07 287.2 ab 136.7 cd 92.3b 29.7b 9.66 a
Jinnongsimiao 227.3d 1934 a 95.0 ab 19.8d 8.10b
Huanghuazhan 274.6b 159.7Db 959a 205d 8.21b
Mean 270.1 156.8 94.1 26.2 9.37
Variance of analysis
Year (Y) *3% % *3% % %
Location (L) w* * w* ns w*
Cultivar (C) % % % *% %
Y X L *% 4 % % %
Y X C *3% 4 % % ns
L X C *3% *% *% % ns
Y xLxC ns ns ** ** ns

Within the column for each location, the means of cultivars followed by the same letters are not significantly
different according to LSD at p = 0.05. **" and “**’ denote significant differences at the 0.05 and 0.01 probability
levels, respectively, as determined using ANOVA. ‘ns’ denotes non-significance based on ANOVA.
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3.1.3. Climatic Factors and Their Relationships with Grain Yield
The maximum temperatures (except from TR to HD in 2018) were 0.5-1.1 °C higher
but 0.6-2.3 °C lower in Deyang compared to Luzhou from TR to HD and from HD to MA,
respectively (Table 4). The minimum temperature was higher in Deyang than in Luzhou from
TR to HD by 0.3-0.9 °C, whereas from HD to MA, the minimum temperature was lower in
Deyang than in Luzhou by 1.6-2.6 °C. The cumulative solar radiation was higher in Deyang
than in Luzhou by 14.2-106.6 M] m~2 from TR to HD and 40.3-112.7 M] m 2 from HD to
MA. The hybrid rice cultivars experienced similar or slightly higher maximum and minimum
temperatures from TR to HD and from HD to MA than the inbred rice cultivars. The average
cumulative solar radiation was higher for hybrid rice cultivars than for inbred rice cultivars
by 99.7 MJ m~2 from TR to HD and by 18.9 MJ m~2 from HD to MA.
Table 4. Climatic conditions during the growing season of six rice cultivars grown in Deyang and
Luzhou, Sichuan Province, China, from 2018 to 2020.
Maximum Temperature (°C) Minimum Temperature (°C) Cumulative Solar Radiation (MJ m~2)
Year Location Cultivar
TR-HD HD-MA TR-HD HD-MA TR-HD HD-MA
2018 Luzhou Deyou4727 28.6 34.1 202 255 1544.9 601.6
Luyou727 28.6 34.4 20.3 25.6 1590.0 612.7
Neibyou103 28.6 34.1 20.2 255 1544.9 601.6
Nei6you107 28.6 343 20.3 255 1575.6 609.1
Jinnongsimiao 28.4 34.1 20.0 25.7 1488.3 579.3
Huanghuazhan 28.4 341 20.0 25.7 1488.3 579.3
Mean 285 34.2 20.2 25.6 1538.6 597.3
Deyang Deyou4727 283 31.9 205 232 1569.4 644.3
Luyou727 284 321 20.6 232 1602.8 644.9
Neibyou103 28.4 32.0 205 232 1588.9 642.0
Nei6youl07 28.4 32.1 20.6 232 1602.8 644.9
Jinnongsimiao 28.1 31.6 204 23.1 1476.4 614.2
Huanghuazhan 28.1 31.7 20.4 23.1 1476.4 635.4
Mean 283 31.9 205 232 1552.8 637.6
2019 Luzhou Deyoud727 27.2 31.2 19.7 23.9 1505.6 554.8
Luyou727 27.3 31.3 19.8 242 1574.7 549.3
Neibyou103 27.2 31.3 19.7 239 1505.6 577.4
Nei6you107 27.3 31.3 19.8 242 1574.7 549.3
Jinnongsimiao 27.1 30.2 195 232 1414.6 549.4
Huanghuazhan 27.1 30.4 19.5 232 1414.6 535.4
Mean 27.2 30.9 19.7 238 1498.3 552.6
Deyang Deyou4727 27.7 30.2 199 2.1 1588.6 642.7
Luyou727 27.9 29.7 20.1 220 1678.9 600.5
Neibyou103 27.7 30.4 199 22 1588.6 628.8
Nei6you107 27.8 29.9 20.0 220 1662.3 606.3
Jinnongsimiao 27.7 30.9 199 24 1555.5 6317
Huanghuazhan 27.7 30.9 19.9 224 1555.5 631.7
Mean 27.7 30.3 20.0 22 1604.9 623.6
2020 Luzhou Deyoud727 28.4 31.0 19.9 24.3 1607.8 526.2
Luyou727 284 31.3 20.0 245 1622.3 530.1
Neibyou103 284 31.0 199 243 1607.8 526.2
Nei6you107 284 31.3 20.0 245 1622.3 530.1
Jinnongsimiao 28.2 30.6 19.6 24.0 1504.7 508.0
Huanghuazhan 282 30.6 19.6 24.0 1504.7 508.0
Mean 283 30.9 19.8 243 1578.2 5215
Deyang Deyou4727 294 29.6 20.7 21.7 1682.8 636.1
Luyou727 294 29.4 20.7 21.7 1682.8 661.6
Neibyou103 294 29.6 20.7 21.7 1682.8 636.1
Nei6you107 294 29.4 20.7 21.7 1682.8 661.6
Jinnongsimiao 29.5 29.0 20.6 21.8 1584.5 605.0
Huanghuazhan 29.5 29.0 20.6 21.7 1584.5 605.0
Mean 29.4 29.3 20.7 21.7 1650.0 634.2

Note: TR-HD—period from transplanting to heading; HD-MA—period from heading to maturity; TR-MA—period
from transplanting to maturity.

Grain yield was positively correlated with the maximum and minimum temperatures
from TR to HD, but grain yield was negatively correlated with the maximum and minimum
temperatures from HD to MA, and grain yield was more closely correlated with the
minimum temperature than the maximum temperature regardless of growth duration from
TR to HD and from HD to MA (Figure 2a,b,d,e). There were positive relationships between
grain yield and cumulative solar radiation from TR to HD and from HD to MA (Figure 2c¢,f),
and grain yield was more closely correlated with cumulative solar radiation from TR to
HD than from HD to MA. Approximately 91.3% and 60.8% of the variation in yield was
explained by cumulative solar radiation from TR to HD and from HD to MA, respectively.
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Figure 2. The relationships between grain yield and maximum temperature (a), minimum temperature
(c), and cumulative solar radiation (e) from transplanting to heading, and maximum temperature (b),
minimum temperature (d), and cumulative solar radiation (f) from heading to maturity of six rice
cultivars at two locations from 2018 to 2020. Data are averaged across the three years of the field
experiment. *” and “**” denote significant relationships at the 0.05 and 0.01 probability levels, respectively.

3.1.4. Biomass Production

Pre-heading biomass production was 9.3-46.0% higher in Deyang than in Luzhou, and the
post-heading biomass production was similar or higher in Deyang than in Luzhou (Table 5).
Consequently, total biomass production was 17.1-30.0% higher in Deyang compared to Luzhou.
Deyang had 4.9% lower biomass remobilization than Luzhou in 2018, but biomass remobiliza-
tion was 82.7-107.3% higher in Deyang than in Luzhou in 2019 and 2020. The harvest index
was 2.7-6.4% higher in Deyang than in Luzhou. On average, pre- and post-heading biomass
production, total biomass production, and biomass remobilization were 20.2%, 14.7%, 18.5%,
and 16.4% higher in hybrid rice cultivars than in inbred cultivars, respectively, while the harvest
index for hybrid rice cultivars was 2.5% lower than in inbred cultivars.

The relationships between grain yield and biomass production, during the pre- and
post-heading periods, and total biomass were significant (Figure 3a—c), and grain yield
correlated more closely with total biomass production than it did with biomass production
during the pre- and post-heading periods. Biomass production was positively correlated
with the maximum and minimum temperatures during the pre-heading period, but it was
negatively correlated with maximum and minimum temperatures during the post-heading
period (Figure 4a,b,d,e). Biomass production was significantly positively correlated with
cumulative solar radiation during both the pre- and post-heading periods (Figure 4c,f).
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Table 5. Biomass production, biomass remobilization, and harvest index of six rice cultivars grown
under two different ecological conditions in a field experiment from 2018 to 2020.

Biomass Production (g m—2 i ilizati
Year Location Cultivar ® ) Biomass Remobilization Harvest Index (%)
TR-HD HD-MA Total (gm=2)
2018 Luzhou Deyoud727 1283.7 a 369.6 ab 1653.2 a 473.2 ab 51.0b
Luyou727 11619 a 589.2 a 1751.1a 342.6b 533D
Nei6byou103 1296.7 a 396.6 ab 1693.3 a 517.9 ab 54.0 ab
Nei6youl07 1233.1a 226.7 be 1459.8 b 545.0 ab 529b
Jinnongsimiao 12335a 104.1¢ 1337.7 ¢ 656.1 a 56.8 a
Huanghuazhan 11139 a 290.8 be 1404.7 be 459.9 ab 53.5 ab
Mean 1220.5 329.5 1550.0 499.1 53.6
Deyang Deyoud727 13044 ¢ 647.6 a 1952.0 ¢ 450.1b 56.2 ab
Luyou727 1508.3 a 586.1 ab 2094.4 a 5452 a 54.0c
Nei6byoul03 1401.6 b 622.0 ab 2023.6 b 465.4 ab 53.8
Nei6youl07 1372.0 be 590.0 ab 1962.0 ¢ 478.1 ab 54.4 bc
Jinnongsimiao 12104 d 567.2 be 1777.6 d 446.5b 57.0a
Huanghuazhan 1205.1d 500.6 ¢ 1705.7 e 463.5 ab 56.5 ab
Mean 1333.6 585.6 1919.2 474.8 55.3
2019 Luzhou Deyou4727 12239 a 510.1b 17339 a 4179 a 53.6a
Luyou727 10759 b 565.4 ab 1641.3 ab 303.4 ab 53.0a
Neibyoul03 985.5 be 751.3 a 1736.8 a 168.1b 53.0a
Nei6youl07 1003.6 b 657.0 ab 1660.7 a 229.1 ab 534 a
Jinnongsimiao 967.6 be 568.9 ab 1536.5 be 272.3 ab 548 a
Huanghuazhan 855.9 ¢ 674.5 ab 1530.3 ¢ 132.3b 52.8a
Mean 1018.7 621.2 1639.9 253.9 53.4
Deyang Deyou4727 1457.1 ab 5275 ¢ 1984.6 ab 5834 a 56.0 ab
Luyou727 14799 a 584.0 be 2064 a 566.1 a 55.7b
Nei6byou103 1367.7 b 593.5 be 1961.2b 538.5a 57.7 ab
Nei6youl07 1376.9b 626.1 abc 2003.0 ab 490.4 a 55.8b
Jinnongsimiao 1066.7 ¢ 732.5a 1799.2 ¢ 300.2b 57.4 ab
Huanghuazhan 1020.5 ¢ 690.6 ab 1711.1 ¢ 305.4b 58.2a
Mean 1294.8 625.7 1920.5 464.0 56.8
2020 Luzhou Deyoud727 1184.0 a 503.3b 1687.4 ab 314.5 ab 48.5 bc
Luyou727 1232.0 a 503.8 b 1735.8 a 351.4a 49.3 ab
Nei6byoul03 1016.1 be 6274 a 1643.5b 1549 ¢ 47.6c
Nei6youl07 1116.1 ab 466.2b 15823 ¢ 288.3 ab 47.7 ¢
Jinnongsimiao 944.1 cd 517.7 ab 1461.8 d 212.3 be 499 a
Huanghuazhan 861.8d 446.7Db 1308.6 e 206.4 be 499 a
Mean 1059.0 510.9 1569.9 254.6 48.8
Deyang Deyou4727 1697.6 a 500.1 be 2197.7b 594.8 a 49.8 ab
Luyou727 1598.0 b 711.7 a 2309.7 a 490.2 ab 52.0a
Nei6youl03 1708.8 a 526.5 bc 2235.2 ab 560.3 ab 48.6b
Nei6youl07 1582.3b 553.8 b 2136.1b 515.4 ab 50.1 ab
Jinnongsimiao 1344.3 ¢ 395.4 cd 1739.6 ¢ 462.3b 49.3 ab
Huanghuazhan 1346.1 ¢ 280.6 d 1626.7 d 543.8 ab 50.7 ab
Mean 1546.2 4947 2040.8 527.8 50.1
Variance of analysis
Year (Y) *% % *% % %
Location (L) % *k *k * *
Cultivar (C) *% *% *% *% *%
Y e L *% *% *% *% *
Y X C * % *% % ns
L X C *% * *% % ns
Y xLxC * ** b * ns

Within the column for each location, the means of cultivars followed by the same letters are not significantly
different according to LSD at p = 0.05. **" and “**’ denote significant differences at the 0.05 and 0.01 probability
levels, respectively, as determined using ANOVA. ‘ns’ denotes non-significance based on ANOVA.
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Figure 3. Relationships between grain yield and pre-heading biomass (a), post-heading biomass (b),
and total biomass (c) in six rice cultivars grown at two locations from 2018 to 2020. Data are averaged
across three years. **’ denotes a significant relationship at the 0.01 probability level.



Agronomy 2023, 13, 820

10 of 19

1700
(a) (b) (c)
@ Luzhou O Deyan

- yang ° ° o

£ 00 (co]

21400 . .

c

k<]

©

=}

E * )

g [ 4

12}

@ 1100 - - [ ]

£ [ )

i<l

@ [} y=671.2x-17722 [ ] y =620.9x - 11254 y =2.715x - 3019.

R2=0.768** R?=0.774** RZ=0.736%*
800 T T T T T T
27.8 28.1 28.4 28.7 19.6 19.9 20.2 20.5 1430 1520 1610 1700
Maximum temperature (°C) Minimum temperature (°C) Cumulative solar radiation (MJ m2)
680
(d) C) ®

S o o o

€

=}

< 590 - [e] o [ ] 4 % [ i

g ) O ° (@]
°

o

s

123

1%} - -

g 500 o fo)

o
2 ® . ®oe %

y= -43.21x+1879. @ y = ~34.85x + 1345, o y=1.228x - 202.1
R?=0.245* R2 = 0.315* R?=0.480*
410 T T T T T T
30.0 30.9 318 32.7 22.0 23.0 240 25.0 520 570 620 670

Maximum temperature (°C)

- Cumulative solar radiation (MJ m2
Minimum temperature (°C) ( )

Figure 4. Relationships between biomass production and maximum temperature (a), minimum
temperature (b), and solar radiation (c) during the pre-heading periods and between biomass pro-
duction and maximum temperature (d), minimum temperature (e), and solar radiation (f) during the
post-heading periods for six rice cultivars over three years. ** ‘and **’ denote significant relationships
at the 0.05 and 0.01 probability levels, respectively.

3.1.5. Leaf Area Index (LAI), Crop Growth Rates, and Radiation Use Efficiency

Rice plants grown in Deyang had 30.0-68.1% higher LAI than plants grown in Luzhou
at the full heading stage (Table 6). The average LAI of hybrid rice cultivars was 6.6, which
was 31.0% higher than in inbred rice cultivars. The crop growth rate (CGR) was 6.8% and
58.9% higher during the pre- and post-heading periods in Deyang compared to Luzhou
in 2018, respectively. CGR was 25.6-46.8% higher during the pre-heading period but
13.8-22.8% lower during the post-heading period in Deyang compared to Luzhou in 2019
and 2020. On average, hybrid rice cultivars had 12.3% and 9.5% higher CGR during the
pre- and post-heading periods, respectively, compared to inbred rice cultivars. Apparent
radiation use efficiency (RUE) was 8.9% and 67.3% higher during the pre- and post-heading
periods, respectively, in Deyang than in Luzhou in 2018. RUE was 17.6-40.3% higher during
the pre-heading period but 13.0-21.4% lower during the post-heading period in Deyang
compared to Luzhou in 2019 and 2020. The average RUE of the hybrid rice cultivars during
the pre- and post-heading periods was 0.82 and 0.92 g MJ !, respectively, which was 12.4%
and 9.9% higher than the RUE of inbred rice cultivars, respectively.

The relationships of grain yield with CGR and RUE were significant during the
pre-heading period but not during the post-heading period (Figure 5a,b; Figure 6a,b).
Significant positive relationships between CGR and maximum temperature, minimum
temperature, and cumulative solar radiation were observed during the pre-heading period
but not during the post-heading period (Figure 7a—f).
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Table 6. Leaf area index (LAI) at the heading stage, crop growth rate (CGR, g m~2 d 1), and apparent
radiation use efficiency (RUE) from transplanting (TR) to heading (HD) and HD to maturity (MA) of six
rice cultivars grown under two different ecological conditions in a field experiment from 2018 to 2020.

. R CGR (gm~—2d-1) RUE (g M]J-1)
Year Location Cultivar LAI
TR-HD HD-MA TR-HD HD-MA
2018 Luzhou Deyou4727 54a 153 a 11.9 ab 0.83a 0.61 ab
Luyou727 46a 134a 19.0a 0.73a 0.96 a
Neibyoul03 50a 15.1a 12.8 ab 0.84a 0.66 ab
Nei6youl07 55a 14.7 a 7.3 bc 0.78 a 0.37 be
Jinnongsimiao 42a 152a 35¢ 0.83a 0.18 ¢
Huanghuazhan 49a 138 a 9.7 bc 0.75a 0.50 be
Mean 4.9 14.6 10.7 0.79 0.55
Deyang Deyoud727 72b 15.0 be 18.0a 0.83 be 1.01a
Luyou727 8.4a 169 a 16.7 ab 0.94 a 091 a
Nei6byoul03 7.1bc 159b 17.8 a 0.88b 0.97 a
Nei6youl07 7.1bc 15.8 be 16.9 ab 0.86 be 0.92a
Jinnongsimiao 6.2c 149 c 17.2 ab 0.82¢c 092a
Huanghuazhan 6.9 bc 149c¢ 152b 0.82¢ 0.79b
Mean 72 15.6 17.0 0.86 0.92
2019 Luzhou Deyoud727 6.0a 141a 16.5b 0.81a 0.92b
Luyou727 58a 11.8b 18.2 ab 0.68 b 1.03 ab
Neibyoul03 47b 11.3b 24.2a 0.65b 130a
Nei6youl07 5.0 ab 11.0b 21.2 ab 0.64b 1.20 ab
Jinnongsimiao 42b 11.8b 19.0 ab 0.68 b 1.06 ab
Huanghuazhan 44b 104 b 22.5ab 0.61b 136 a
Mean 5.0 11.7 20.3 0.68 1.15
Deyang Deyoud727 7.6 ab 16.7a 143 c 0.92a 0.82 ¢
Luyou727 8.0a 16.1 ab 16.2 ¢ 0.88 ab 0.97 abc
Nei6youl03 72b 15.7 ab 16.5 bc 0.86 ab 0.94 be
Nei6youl07 6.6c 15.1b 17.4 b 0.83b 1.03 ab
Jinnongsimiao 45e 125¢ 209 a 0.69 ¢ 1.16 a
Huanghuazhan 53d 12.0c 19.7 ab 0.66 ¢ 1.09 ab
Mean 6.5 14.7 17.5 0.80 1.00
2020 Luzhou Deyou4727 52b 13.6a 16.2b 0.74 a 0.96 b
Luyou727 6.7a 14.0a 16.3b 0.76 a 0.95b
Nei6byoul03 3.8¢ 11.7 be 202a 0.63 be 119a
Nei6youl07 47b 12.7 ab 15.0b 0.69 ab 0.88b
Jinnongsimiao 40c 11.7 be 17.3 ab 0.63 be 1.02 ab
Huanghuazhan 3.8¢ 10.6 149b 0.57c 0.88b
Mean 4.7 12.4 16.7 0.67 0.98
Deyang Deyoud727 8.8a 19.5a 13.2b 101 a 0.79b
Luyou727 8.8a 18.4b 178 a 0.95b 1.08 a
Nei6youl03 95a 19.6a 139b 1.02a 0.83b
Nei6youl07 8.8a 18.2b 13.8b 0.94b 0.84b
Jinnongsimiao 57b 16.6 ¢ 11.0 be 0.85¢ 0.65 bc
Huanghuazhan 6.0b 16.6 c 78¢ 0.85¢ 0.46 ¢
Mean 7.9 18.2 12.9 0.94 0.77
Variance of analysis
Year (Y) *3% *% *3% % %
Location (L) ** o ns o ns
Cultivar (C) % % % *% %
Y X L % % % % %
Y X C *3% * % * %
L X C *3% *% * % *
Y X L X C *% * *3% * *%

Within the column for each location, the means of cultivars followed by the same letters are not significantly
different according to LSD at p = 0.05. **" and “**’ denote significant differences at the 0.05 and 0.01 probability
levels, respectively, as determined using ANOVA. ‘ns’ denotes non-significance based on ANOVA.
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Figure 5. Relationships between grain yield and crop growth rate (CGR, g m~2 d 1) during the pre- and
post-heading periods for six rice cultivars grown in two locations from 2018 to 2020. Data are averaged
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across three years. (a,b) represent the crop growth rate (CGR, g m~2 d~') during the pre- and
post-heading periods of six rice cultivars, respectively. **” denotes a significant relationship at the

0.01 probability level. NS denotes a non-significant relationship at the 0.05 probability level.
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Figure 6. Relationships between grain yield and apparent radiation use efficiency (RUE) during the
pre- and post-heading periods of six rice cultivars grown in two locations from 2018 to 2020. Data are

averaged across three years. (a,b) represent the apparent radiation use efficiency during the pre- and

post-heading periods of the six rice cultivars, respectively. **’ denotes a significant relationship at the

0.01 probability level. ‘NS’ denotes a non-significant relationship at the 0.05 probability level.
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Figure 7. Relationships between crop growth rate (CGR, g m~—2 d~1) and maximum temperature (a),

minimum temperature (b), and solar radiation (c) during the pre-heading periods and between crop

growth rate (CGR, g m~2 d~!) and maximum temperature (d), minimum temperature (e), and solar

radiation (f) during the post-heading periods for the six rice cultivars over three years. **’ denotes a
significant relationship at the 0.01 probability level. ‘NS’ denotes a non-significant relationship at the
0.05 probability level.
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3.2. Pot Experiments
3.2.1. Grain Yield and Yield Components

Grain yield per hill was significantly affected by location (L) and cultivar (C), but not
by soil (S), whereas the interactive effects of L X S,L x C,S x C,and L x S x C were not
significant for grain yield per hill (except the interactive effects of L x S in 2020) (Table 7).
Rice grain yield per hill was higher in Deyang than in Luzhou by 57.6-65.8% for the soil
from Luzhou and by 58.5-87.4% for the soil from Deyang. Within the same ecological
conditions (same location), the difference in grain yield per hill between the two soils was
relatively small. The average grain yield per hill of the hybrid rice cultivars was 6.6%
higher than inbred rice cultivars.

Table 7. Grain yield and yield components of six rice cultivars grown under two different ecological
conditions in a pot experiment from 2019 to 2020.

. Panicles per Hill Spikelet per Panicle  Grain Filling (%) Thousand Grain Weight (g) Grain Yield (g per Hill)
Location Soil # Cultivar
2019 2020 2019 2020 2019 2020 2019 2020 2019 2020
Luzhou  Luzhou Deyoud727 7.8Db 8.2a 104.6 cd 97.3d 90.8 a 90.4b 29.6a 30.0a 22.8 ab 21.7a
Luyou727 8.2b 8.0 ab 137.6b 1152 ¢ 874D 874c 25.7Db 258 ¢ 25.4 ab 20.8 ab
Nei6youl03 9.7 a 8.6a 99.8d 98.8d 925a 91.3b 293 a 28.0b 26.3a 218 a
Nei6youl07 8.0b 7.1bc 1123 ¢ 1058cd  916a 873 ¢ 29.6a 27.8b 24.3 ab 18.1b
Jinnongsimiao 70b 6.5¢ 177.6 a 159.9 a 90.1 ab 93.8a 19.5d 19.7 e 219b 19.2 ab
Huanghuazhan  7.8b 7.1bc 142.8b 136.3b 919a 92.7 ab 221c 21.9d 22.4 ab 19.5 ab
Mean 8.1 7.6 129.1 118.9 90.7 90.5 26 25.5 23.8 20.2
Deyang Deyoud727 83a 7.0 ab 118.5¢ 119.8 ¢ 87.1ab  89.8ab 28.5 ab 30.0a 244 a 225a
Luyou727 82a 75a 156.8 b 138.0b 752c¢ 86.6 be 235¢ 258 ¢ 227 a 228a
Nei6youl03 85a 6.9 ab 116 ¢ 98.4d 89.4a 90.7 a 289a 28.7 ab 255a 17.5b
Nei6youl07 79a 74 a 131.5¢ 102.1d 83.2b 853 ¢ 27.8b 27.4 be 24.1a 17.6b
Jinnongsimiao 6.5b 5.7b 2244 a 186.3 a 909a  87.2abc 19.2e 19.1d 254 a 17.6 b
Huanghuazhan 7.8a 7.0 ab 157.1b 138.1b 90 a 84.4c 20.5d 20.1d 225a 16.4b
Mean 79 6.9 150.7 130.4 86 87.3 24.7 25.2 24.1 19
Deyang  Luzhou Deyoud727 11.6ab  15.6ab 111.3 ¢ 82.0 be 95.6 ab 93.0 ¢ 30.3a 30.1a 37.3 ab 35.7a
Luyou727 13.2a 14.7b 1213 ¢ 96.3 be 929 ¢ 93.9 be 27.1c¢ 272c¢ 40.0a 36.0a
Nei6byou103 119ab  14.5bc 1159 ¢ 79.5¢ 97.1a 95.0 b 29.2b 28.9b 39.2a 3l.6a
Nei6youl07 121a  13.3cd 1176 ¢ 85.7bc  93.1bc  939bc 29.4b 299a 38.6 ab 320a
Jinnongsimiao 10b 12.6d 176.6 a 1430a 946abc 94.1bc 203 e 194 e 34.1b 326a
Huanghuazhan 12.1a 16.5a 134.8b 98.0b 96.9 a 96.9 a 22.8d 21.3d 35.9 ab 33.3a
Mean 11.8 14.5 129.6 97.4 95 94.5 26.5 26.1 37.5 33.5
Deyang Deyoud727 12.1ab 143a 112.9 cd 88.8d 96 ab 91.8a 29.6 a 294 a 38.7 ab 34.2b
Luyou727 13.1a 123 a 128 ¢ 1254bc  954b 94.0a 26.3b 26.7b 420a 387a
Nei6byoul03 123ab 141a 105.1d 93.0d 98.5a 915a 29.8a 29.3a 38.0 ab 347b
Nei6youl07 11.6b 13.1a 1174cd  1028cd 973 ab 89.2a 29.5a 28.2 ab 39.0 ab 33.9b
Jinnongsimiao 92c¢ 10.0b 207.3 a 202.1a 95.5b 91.1a 19.7d 20.0 ¢ 35.8b 36.2 ab
Huanghuazhan 11.8b 12.7a 146 b 1450b 972 ab 92.6a 215¢ 212¢ 35.7b 36.1 ab
Mean 11.7 12.8 136.1 126.2 96.7 91.7 26.1 25.8 38.2 35.6
Variance of analysis
Location (L) *k % * % % % *% % % %
5011 (S) ns *% *3% *% *% *% % * ns ns
Cultivar (C) % ** % *F *% 4 % % *% 4
L X S ns *% *% *% *% ns *% ns ns *%
L X C * *3% *% ns *% *% *% ns ns ns
SxC ns ns ** ** ** ** ** ns ns ns
LxSxC ns * ns ** ** ns * ns ns ns

Within the column for each soil, the means of cultivars followed by the same letters are not significantly different
according to LSD at p = 0.05. * and ** denote significant differences at the 0.05 and 0.01 probability levels,
respectively, as determined using ANOVA. ns denotes non-significance based on ANOVA. # The soil used in the
pot experiments was collected from the top 25 cm layer of fields at the experimental stations of Deyang City and
Luzhou City, Sichuan Province.

On average, plants grown in Deyang had more panicles per hill, more spikelets per
panicle, better grain filling, and higher grain weight than plants grown in Luzhou by 54.1%,
0.4%, 8.2%, and 3.7%, respectively. Within the same ecological conditions (same location), the
number of panicles per hill of soil from Deyang was 0.8-11.7% lower than in the soil from
Luzhou, while there were 5.0-29.6% more spikelets per panicle in soil from Deyang than in
soil from Luzhou. The differences in grain filling and grain weight between the two soils
were relatively small. The inbred rice cultivar ‘Jinnongsimiao’ generally recorded the highest
spikelet number per panicle and the fewest number of panicles per hill. On average, hybrid
rice cultivars had more panicles per hill and higher grain weight than inbred rice cultivars by
12.1% and 38.2%, respectively, while there were 31.4% fewer spikelets per panicle and 1.5%
fewer filled grains in the hybrid rice cultivars compared to the inbred rice cultivars.
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3.2.2. Biomass Production and Harvest Index

Biomass production was significantly affected by location and cultivar, but not by soil
type (Table 8). Biomass production was 58.8-123.0% higher in Deyang than in Luzhou,
while the harvest index was 0.4-16.1% lower in Deyang than in Luzhou. On average, hybrid
rice cultivars had 11.0% higher biomass production than inbred rice cultivars, while the
harvest index was 3.9% lower for hybrid rice cultivars than for inbred rice cultivars. Within
the same ecological conditions (same location), the differences in biomass production and
harvest index between the two soil types were relatively small.

Table 8. Biomass production and harvest index of six rice cultivars grown under two different
ecological conditions in a pot experiment from 2019 to 2020.

Biomass Production (g per Hill) Harvest Index (%)

Location Soil # Cultivar 2019 2020 2019 2020
Luzhou Luzhou Deyou4727 45.4 ab 43.8 ab 50.2d 49.4b
Luyou727 476a 41.8 ab 53.4 bed 49.8Db
Nei6byoul03 46.7 a 453 a 56.3 ab 48.1b
Nei6youl07 44.4 ab 38.0 be 54.8 abc 47.7b
Jinnongsimiao 419 ab 38.0 be 52.1cd 50.3b
Huanghuazhan 39.0b 343 ¢ 575a 56.8 a
Mean 44.2 40.2 54.0 50.4
Deyang Deyou4727 45.6a 39.1ab 53.6 ¢ 574a
Luyou727 475a 443 a 47.8 d 514d
Nei6youl03 449a 32.7 c 56.5 abc 53.5 cd
Nei6youl07 445a 33.9 be 54.2 bc 51.9d
Jinnongsimiao 43.6 a 319c¢ 583 a 55.2bc
Huanghuazhan 38.8b 29.2¢ 57.8 ab 56.0 ab
Mean 44.2 35.2 54.7 54.2
Deyang Luzhou Deyoud727 734a 86.0 a 51.0b 41.5b
Luyou727 72.7 a 76.7 be 55.1a 470a
Nei6youl03 72.6a 78.5 ab 54 ab 402b
Nei6youl07 727 a 75.8 be 53.1ab 422D
Jinnongsimiao 642a 69.5 ¢ 53 ab 469 a
Huanghuazhan 67.5a 71.3 be 53.3 ab 46.7 a
Mean 70.5 76.3 53.2 44.1
Deyang Deyoud727 744 a 784 a 52.0c 43.7 ab
Luyou727 759 a 80.9 a 55.3 ab 47.8 a
Nei6byou103 70.5 ab 79.1a 53.9 be 44.0 ab
Nei6youl07 722a 80.4 a 54 abc 42.1b
Jinnongsimiao 64.4 be 759 a 55.5 ab 47.8 a
Huanghuazhan 63.4c 76.2a 56.3a 474 a
Mean 70.2 78.5 54.5 455
Variance of analysis
Location (L) ** ** ns o
Soil (S) ns ns * w*
Cultivar (C) ** ** ** **
LxS ns i ns **
LxC ns ns ** **
S X C ns * ** %
LxSxC ns ns * *

Within the column for each soil, the means of cultivars followed by the same letters are not significantly different
according to LSD at p = 0.05. * and ** denote significant differences at the 0.05 and 0.01 probability levels,
respectively, as determined using ANOVA. ns denotes non-significance based on ANOVA. # The soil used in the
pot experiments was collected from the top 25 cm layer of fields at the experimental stations of Deyang City and
Luzhou City, Sichuan Province.

4. Discussion

Previous studies have reported that the grain yields of irrigated rice varied greatly
depending on the environment in which the crop was grown [11,17,19,20]. In the present
study, we compared the grain yield of irrigated rice grown in the field in Deyang with
that grown in Luzhou and found that yield was 7.0-16.8% higher in Deyang than it was in
Luzhou (Table 3). This agrees with the results of previous field studies that were performed
in locations in the subtropics or both the subtropics and tropics [11,18,19]. Peng et al. [24]
reported that rice yield declines by 10% for each 1 °C increase in the growing-season
minimum temperature in the tropics. Previous field studies have also reported that high
rice yields can be achieved in environments with intense solar radiation [19,20,25], which
indicates that solar radiation is an important climatic factor that limits grain yield in rice.
In our study, the Deyang location experienced higher temperatures before HD and lower
temperatures after HD than the Luzhou location. Furthermore, rice yield was signifi-
cantly positively correlated with maximum and minimum temperatures before HD, while
there was a significant negative relationship between grain yield and the maximum and
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minimum temperatures after HD (Figure 2a,b,d,e). The cumulative solar radiation was
higher in the Deyang location than in Luzhou by 14.2-106.6 MJ m 2 before HD and by
40.3-112.7 MJ m~2 after HD (Table 4). Moreover, rice yield was significantly positively cor-
related with cumulative solar radiation before and after HD, and rice yield was correlated
more closely with the cumulative solar radiation before HD than after HD (Figure 2c,f).
This finding indicates that the temperatures and cumulative solar radiation can explain
the yield gap between the two locations. When the comparison of rice yields was made for
the pot experiments, rice yield was higher in Deyang than in Luzhou by 57.6-65.8% for
plants grown in the soil from the Luzhou location and by 58.5-87.4% for plants grown in
the soil from the Deyang location (Table 7). Within the same ecological conditions (same
growth location), there was no significant difference in rice yield between the two soils from
Deyang and Luzhou (Table 7), although the soil fertility (except for available P) of the soil
from Deyang was higher than that from Luzhou. This finding further indicates that large
differences in rice yield are mainly caused by differences in climatic factors. Therefore, the
field and pot experiments were combined to clarify the effects of climatic factors and soil
fertility on the yields of irrigated rice grown under different ecological conditions. Based
on the results of our study, we can state that the maximum and minimum temperatures
and cumulative solar radiation are the important climatic factors that explain the yield gap
between the Deyang location and the Luzhou location and that the effects of soil fertility on
grain yield in irrigated rice are relatively small. Those results indicate that the maximum
and minimum temperatures and cumulative solar radiation can explain the yield gap of
single mid-season rice between Deyang and Luzhou without the confounding effects of
paddy field soil fertility at the different latitudes and altitudes, and rice yield was more
closely related to the maximum and minimum temperatures and the cumulative solar
radiation before HD compared to the effects of these three parameters after HD.

The number of panicles m~2 and percentage of filled grains were higher in Deyang
than in Luzhou during the field experiment, which resulted in higher grain yields in the
Deyang location than in the Luzhou location. This is because the number of spikelets per
panicle and grain weight in Deyang was slightly higher than or equal to the spikelet number
and grain weight in Luzhou (Table 3). This finding is consistent with the results of previous
studies [11,17,26]. These studies reported that irrigated rice produced more panicles m—2
in high-yielding locations, resulting in significantly higher rice yields compared to yields
of irrigated rice grown in low- or medium-yielding locations. Tillering is an important
agronomic trait in rice because it affects the number of panicles per unit of land area that
ultimately determines grain yield. It is well known that climatic factors such as temperature
and solar radiation have large effects on tillering in rice plants. Shading inhibits tillering and
enhances tiller mortality [27,28]. During the tillering stage, high temperatures can promote
tillering in rice [16]. In the present study, high maximum and minimum temperatures with
more cumulative solar radiation before HD were mainly responsible for the differences
in panicle numbers between the two locations (Table 4). High cumulative solar radiation
before HD increases leaf photosynthesis and photochemical efficiency and, consequently,
increases biomass accumulation and radiation use efficiency before HD. Furthermore,
panicle number per unit of land area is positively correlated with the intensity of solar
radiation [29]. High temperatures before HD enhance the growth of irrigated rice, leaf
area expansion, and crop growth rate, thus increasing the number of tillers that results
in more panicles m 2. The changes in panicle number between the Deyang location and
the Luzhou location in the pot experiment showed a similar trend to that in the field
experiment. Within the same location, the number of panicles per hill in soil from Deyang
was slightly lower than in soil from Luzhou, suggesting that the effect of soil fertility on
panicle number was relatively small, although soil fertility in Deyang was higher than in
Luzhou. These findings illustrate the climatic mechanisms by which the number of panicles
per m? in Deyang was significantly increased over the number in Luzhou (Tables 3 and 7).
Our results suggest that high temperatures and more cumulative solar radiation before HD
are the two key climatic factors that increase panicle number.
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The percentage of filled grains was higher in Deyang than in Luzhou by 5.5-11.2%
in the field experiment and by 4.4-10.7% in the pot experiment. It is probable that lower
maximum and minimum temperatures with more accumulative solar radiation after HD in
Deyang compared with Luzhou enhanced grain filling in the six rice cultivars (Table 4). On
one hand, lower temperatures after HD could slow the rate of leaf senescence, prolong the
growth duration, and reduce the respiration/photosynthesis ratio, resulting in a higher
percentage of spikelet filling. The growth duration from HD to MA was 4-7 d longer in
Deyang than in Luzhou. On the other hand, more cumulative solar radiation after HD
enhanced leaf photosynthesis to produce more biomass for spikelet filling. Rice grown in
Deyang had higher biomass accumulation after HD and more biomass remobilization than
in Luzhou. Taken together, these findings indicate the climatic mechanisms by which rice
yields and grain filling were significantly improved in the Deyang location compared to the
Luzhou location (Tables 3 and 7). Thus, higher maximum and minimum temperatures with
more cumulative solar radiation before HD in Deyang compared to Luzhou contributed to
significantly increased panicle numbers, whereas lower maximum and minimum tempera-
tures with more cumulative solar radiation after HD in Deyang than in Luzhou contributed
to significant increases in the percentage of filled grains.

Biomass production is the result of the accumulation and distribution of photosynthate
in different organs of irrigated rice plants [30] and is significantly influenced by environ-
mental conditions that included climatic factors and paddy field soil fertility [12,13,19,20].
Previous field studies have reported that the growth duration and biomass accumulation
responses to climatic factors in irrigated rice varied with altitude [11,17,18]. In the present
study, the Deyang location produced higher biomass at maturity than the Luzhou location
in both field and pot experiments (Tables 5 and 8). Similarly, biomass production before
and after HD was also higher in Deyang than in Luzhou in 2018 and 2019. Furthermore,
rice yield showed a significant positive correlation with biomass before and after HD and
total biomass, and rice yield was related more closely to before-HD biomass and total
biomass production than to biomass production after HD (Figure 3a—c), suggesting that
biomass production before HD is responsible for the yield differences between the two
locations. This finding is consistent with the results of previous studies by Tao et al. [7] and
Pan et al. [31], and a further improvement in rice grain yield in subtropical environments
can be achieved by improving biomass production through promoting pre-heading crop
growth rate (pre-CGR).

The favorable climatic factors that influenced biomass production in irrigated rice by
varying the growth duration were responsible for higher biomass production in Deyang
compared to Luzhou. The temperature and solar radiation requirements of the rice crop
varied with the growth stages. Higher temperatures with more solar radiation before HD
promoted leaf emergence and leaf area expansion, enhanced leaf photosynthesis and RUE,
increased the crop growth rate, and produced more biomass. During the grain filling
period, lower temperatures reduced the rate of leaf senescence, prolonged the grain filling
period, and reduced the respiration/photosynthesis ratio, thus increasing the biomass for
spikelet filling which contributed to a significant improvement in rice yield. Low solar
radiation/shading during ripening reduced leaf photosynthesis, resulting in a reduction in
biomass accumulation. In our study, the Deyang location experienced higher maximum
and minimum temperatures before HD than the Luzhou location, whereas from HD to
MA, the maximum and minimum temperatures were lower in Deyang than in Luzhou
(Table 4). The Deyang location had more cumulative solar radiation before and after HD
than the Luzhou location. Furthermore, the biomass production before HD was significantly
positively correlated with the maximum and minimum temperatures (Figure 4a,b); however,
the biomass production after HD was significantly negatively correlated with the mean
maximum and minimum temperatures (Figure 4d,e). The before- and after-HD biomass
accumulation were significantly positively correlated with cumulative solar radiation
(Figure 4c¢,f). Additionally, at each location, there was no significant difference in biomass
production at maturity for rice plants grown in soil from Deyang and soil from Luzhou
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(Table 8), suggesting that the large differences in biomass production for plants grown in soil
from Deyang compared to the soil from Luzhou were mainly caused by the differences in
climatic factors. Taken together, these results reveal that the variation in biomass production
between Deyang and Luzhou was mainly influenced by temperatures and cumulative solar
radiation, and that biomass production was more related to the maximum and minimum
temperatures and cumulative solar radiation before HD rather than to the temperatures
and solar radiation after HD.

The higher biomass accumulation before HD in Deyang than in Luzhou was mainly
due to the higher crop growth rate during the pre-heading stage (pre-CGR) in Deyang
compared to Luzhou, because the difference in growth duration from TR to HD between
the two locations was relatively small (Table 4). CGR is a function of gross canopy photo-
synthesis and crop respiration [32], both of which are affected by temperatures and solar
radiation [33]. In our study, we found that the LAI at HD was much higher in Deyang
than in Luzhou (Table 6), indicating that the canopy photosynthesis capacity was higher in
the period before maturity in Deyang compared to Luzhou. Furthermore, rice yield was
significantly positively correlated with pre-CGR, but was not correlated with post-CGR
(Figure 5a,b). The higher pre-CGR in Deyang compared to Luzhou was associated with that
location’s higher canopy photosynthesis, which was caused by the higher temperatures in
Deyang. Moreover, the pre-CGR was significantly positively correlated with maximum
and minimum temperatures and cumulative solar radiation from TR to HD (Figure 7a—c).
The lower temperatures prolonged the grain filling period and reduced respiration loss.
Although post-CGR was lower in Deyang than in Luzhou, the biomass accumulation after
HD in Deyang was equal to or higher than in Luzhou. There was no significant relationship
between post-CGR and the maximum and minimum temperatures during the grain filling
period (Figure 7d,e). This finding indicated that large differences in rice yield are mainly
caused by differences in pre-CGR.

Biomass production is a function of cumulative solar radiation and RUE [34], and
the RUE can be affected by the rice cultivar, crop management practices, and climatic
conditions [35,36]. In our study, we clarified the effects of climatic factors on the differences
in grain yield by using both field and pot experiments with the same rice cultivars and
experimental scheme under different ecological conditions to exclude the effects of rice
cultivars, crop management practices, soil fertility on yield, and apparent RUE. Our findings
show that plants grown in Deyang had higher apparent radiation use efficiency at pre-
heading (pre-RUE) than plants grown in Luzhou in the field, whereas the apparent radiation
use efficiency during the post-heading phase (post-RUE) was lower in Deyang than in
Luzhou, except in 2018. However, biomass accumulation before and after HD was higher
in Deyang than in Luzhou, except for biomass accumulation after HD in 2020. The higher
biomass accumulation at maturity in Deyang was mainly contributed by the higher biomass
accumulation before HD that resulted from higher pre-RUE. The lower maximum and
minimum temperatures during the grain filling period were partially responsible for the
higher biomass accumulation after HD in Deyang since lower temperatures reduce crop
respiration and prolong the growth duration. Furthermore, rice yield was significantly
positively correlated with pre-RUE (Figure 6a), but not with the post-RUE (Figure 6b). Taken
together, the differences in rice yields between the two locations were mainly associated
with the difference in pre-RUE.

Grain yields were higher for hybrid rice than for inbred rice by 16.5% in the field
experiment and by 6.6% in the pot experiment. The high grain yields of the hybrid rice
cultivars were attributed to high panicle numbers, grain weight, and biomass production.
The differences in biomass production between the hybrid and inbred rice cultivars were
mostly due to variations in pre-CGR, post-CGR, pre-RUE, and post-RUE induced by
varying the accumulative solar radiation. The significantly higher panicle number, grain
weight, biomass, crop growth rate, and high radiation use efficiency in hybrid rice compared
to inbred rice suggest that these traits are decisive factors in hybrid rice productivity.
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5. Conclusions

Rice grain yields were higher in the Deyang location compared to the Luzhou location
by 7.0-16.8% in the field experiment. The higher grain yield in Deyang was associated
with a higher number of panicles per m?, percentage of filled grains, pre-heading and total
biomass production, and harvest index. The differences in biomass production between
Deyang and Luzhou were mostly due to variations in pre-heading CGR and pre-heading
RUE induced by varying the maximum and minimum temperatures and accumulative
solar radiation. In the pot experiment, rice yield was significantly affected by year, location,
and cultivar, but not by soil fertility. Rice yield was higher in Deyang than in Luzhou
regardless of whether the soil was collected from the Deyang location or the Luzhou
location. In addition, although the soil fertility in Deyang was higher than in Luzhou,
there were no significant differences in rice yield between the two soils within the same
ecological conditions. Taken together, the maximum and minimum temperatures and the
cumulative solar radiation can explain the differences in yield of high-yielding mid-season
rice between the Deyang and Luzhou locations without the confounding effects of paddy
field soil fertility. Furthermore, rice grain yield was more closely related to the maximum
and minimum temperatures and the cumulative solar radiation before HD than to these
parameters after HD. We concluded that lower yield in Luzhou was associated with lower
pre-CGR and pre-RUE. Our study suggests that developing rice cultivars with high pre-
CGR and pre-RUE through a breeding program may also be a feasible approach to achieve
high yield in subtropical environments.
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