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Abstract: Double-season rice cropping systems occupy a large portion of the rice
production area in southern China. Because the problem of insufficient labor,
mechanical transplanting (in contrast to the manual transplanting) was become
more attractive in double-season rice system. However, the decisive yield factors
which resulting in high grain yield of early-season rice are unclear under mechan-
ical-transplanted conditions. In present study, the field experiments were con-
ducted in the early season in 2017 and repeated in 2018 in Santang Town,
Hunan Province, China. Ten early season rice cultivars (Zhuliangyou 819, Lin-
gliangyou 268, Lingliangyou 104, Luliangyou 996, Xiangzaoxian 24, Xiangzaox-
ian 32, Xiangzaoxian 45, Xiangzaoxian 42, Zhongjiazao 17, and Zhongzao 39)
were used as materials in this study. The difference in grain yield and closely-
related agronomic and physiological traits of ten tested cultivars were compared.
The range of yields (t ha™' at 86% dry matter) in 2017 was 6.2 to 8.7 (mean 7.8)
and in 2018 was 6.5 to 8.4 (mean 7.8). Grain weight and pre-heading biomass
accumulation had potent significant positive correlations with the grain yield.
The greater pre-heading biomass accumulation was major attributed to higher
apparent radiation use efficiency. Our results suggested that early-season rice cul-
tivars to achieve the high grain yield in mechanical-transplanted conditions
depends on apparent radiation use efficiency in the pre-heading period and higher
grain weight.

Keywords: Early-season rice; grain yield; hybrid rice; inbred rice; mechanical
transplanting

1 Introduction

More than 65% of Chinese take rice as a staple food. The double rice-cropping system is regarded as an
effective way to improve multiple-crop index and play a key role in ensuring the national food security [1,2].
Therefore, this system occupies a large portion of rice area in the southern China [2]. However, the area of
double cropping rice especially that of early season rice area in China, has decreased significantly in the past
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decade [1]. This is primarily attributed to the insufficient labor because an increasing number of young
people have moved to the cities for jobs, leaving only older farmers behind. Therefore, rice cultivation
technologies using labour-saving methods must be developed [3]. For example, mechanical transplanting
has rapidly become a prevalent and simplified cultivation method in Chinese rice production in
recent years [4,5].

Full spikelets per m* and the grain weight determined the rice yield. The full spikelets per m* which
including the panicles per m?, spikelets per panicle, and spikelet filling percentage performances vary in
different environments [6,7]. The grain weight is a relatively stable characteristic of cultivars [8,9]. On
the other hand, grain yield is up to dry matter production and harvest index, and dry matter accumulation
is up to total incident solar radiation and apparent radiation use efficiency. Since it difficult to further
improve the harvest index, further advancement in grain yield depends on producing more dry matter
accumulation [10]. Increasing biomass involves two phases of plant growth stage: pre-heading and post-
heading. Some studies showed that high grain yield rice cultivars accumulate enormous biomass in pre-
heading stage, but not much in post-heading stage [11,12].

The yield of early season rice is generally low and unstable due to the slower crop growth rate during the
pre-heading stage, which is attributed to the low temperature [13—16]. The later high temperature shortened
the grain filling duration in the grain formation stage, which is also harmful to grain yield formation of early-
season rice [14,17,18]. However, it can be resulted from summary statistics that the early-season rice has
more opportunity to improve the grain yield, compared with late-season or middle-season rice.
Correlation analysis further showed that the grain sink and biomass production could not be ignored for
increasing early season rice yield [15,18,19]. The above results were obtained under the condition of
hand transplanting conditions. However, the growth characteristics of rice will change to some extent
under the condition of mechanical transplanting [20-22].

The yield, yield components, above dry matter accumulation, crop growth rate, and apparent radiation
use efficiency were investigated in the present study. The purpose of our study was to assess the yield
performance of early season rice cultivars, and explore the agronomic and physiological traits closely
related to the high grain yield of early-season rice cultivars under mechanical-transplanted conditions.

2 Materials and Methods

2.1 Experimental Site and Soil

The field experiments were conducted in the early season (from late-March to mid-July) in 2017 and
2018 in Santang Town, Hunan Province, China (26°53” N, 112°28” E, 71 m asl). The experiment region
has a typical southern subtropical monsoon climate. The texture of the soil was clayey with the following
properties: pH 5.86, organic matter 31.0 g kg ', available N 145.2 mg kg ', available P 14.1 mg kg ',
available K 186.6 mg kg™'. The soil was sampled in the upper 20 cm layer from the experimental filed in
2017 before starting the experiments.

2.2 Experimental Design and Measurements

Hybrid rice cultivars (Zhuliangyou 819, Lingliangyou 268, Lingliangyou 104, Luliangyou 996) and
inbred rice cultivars (Xiangzaoxian 24, Xiangzaoxian 32, Xiangzaoxian 45, Xiangzaoxian 42,
Zhongjiazao 17, and Zhongzao 39) were selected in this study. Currently, these cultivars are widely-
grown in the double-season rice production region of China.

Ten selected cultivars were ordered according to the randomized block design, and with three
replications. The size of plot is 30 m®. Sow the rice seeds according to the methods of Huang et al. [23].
The seeds were sown on 31 March. A rice transplanter (2ZGQ-8B, Jiubaotian Agricultural Machinery
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Co., Ltd., Suzhou, China) with high-speed was used to transplant the twenty-four days old seedlings in both
years, at the density of 25 cm X 12 cm.

Plots were fertilized as follows: Nitrogen (150 kg N ha ") was applied equally at basal and top dressing,
top dressing applied in two parts: 60% at mid-tillering stage and 40% at panicle initiation stage. Urea was
used as nitrogen fertilizer. All the phosphorus (75 kg P,Os ha™') was applied 1 d before transplanting as
basal dose. Potassium (150 kg K,O ha') was split in two parts: 50% as basal and 50% at panicle
initiation stage. Water management included a series of shallow irrigation (2-3 c¢m), middle growth
duration drainage (10-15 d) and, late growth duration shallow irrigation. In order to avoid yield
reduction, weed growth, pest damage, and disease were strictly controlled by chemicals. No major
diseases and pests which caused a decrease in yield were appeared in this study.

At full heading stage (the time about 80% of the panicles appeared from the flag leaf sheath), ten hills of
rice plants were diagonally sampled in the middle of each plot. Rice plants were handly separated into straw
and panicles. All parts were dried to a constant weight in the oven at 70°C.

Ten hills of rice plants were sampled according the diagonal in the center of each plot at physiological
maturity stage. Panicles per m? were calculated by counting panicle number. Straw (including rachis) and
spikelets were separated from the samples with hand. Spikelets were submerged in tap water in order to
separate them into filled and unfilled spikelets. All unfilled spikelets and three subsamples (each 30 g) of
filled grain were counted. The dry weight of straws, filled spikelets, and unfilled spikelets were dried to a
constant weigh at 70°C in an oven. Then calculated the yield components of spikelets per panicle,
spikelet filling percentage (100 x filled spikelets number/total spikelets number). The harvest index (filled
spikelets weight/aboveground total biomass weight) was also calculated. Grain yield was established
using a 5 m” harvest area taken from the center of each plot, which was then adjusted to a standard
moisture content of 14%. The weight of straw, filled spikelets, and unfilled spikelets constituted total
biomass accumulation. Dry matter accumulation of post-heading was the difference value of total dry
matter accumulation and pre-heading dry matter accumulation. Crop growth rates of pre-heading and
post-heading were the rate of pre-heading biomass accumulation to growth duration (transplanting to full
heading) and post-heading biomass accumulation to growth duration (full heading to maturity), respectively.

The apparent radiation use efficiency of transplanting to full heading, full heading to physiological
maturity, and transplanting to physiological maturity were calculated according the rate of biomass
accumulation to incident solar radiation in each stage. An automatic weather station (Vantage Pro2, Davis
Instruments Corp., Hayward, CA, USA) was used daily to record the solar radiation, and temperature
(including minimum and maximum temperature). The weather station was installed approximately 2
meters above the ground.

2.3 Data Analysis

Data analysis methods used in this study were analysis of variance, linear regression analysis, and
Pearson’s correlation analysis (Statistix 8.0, Analytical Software, Tallahassee, FL, USA). Means of
cultivars were compared based on the least significant difference test (LSD) at the 0.05 probability level.

3 Results

3.1 Weather at Experimental Site

For the pre-heading period (from transplanting to full heading), average maximum temperature and
minimum temperature were 0.3°C and 2.3°C higher in 2018 than 2017, respectively (Tab. 1). For the
post-heading period (from full heading to maturity), average maximum temperature and minimum
temperature were 3.7°C and 2.6°C higher in 2018 than 2017, respectively. The seasonal average
daily solar radiation was also different between 2017 and 2018 (Tab. 1). The daily solar radiation was
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Table 1: Climate conditions in crop growth duration for the early-season rice cultivars under mechanical
transplanting conditions in 2017 and 2018

Cultivar Max T Min T RAD

TP to HD to TP to TP to HD to TP to TP to HD to TP to
HD MA MA HD MA MA HD MA MA

2017

Zhuliangyou 819 29.0 30.1 294 19.7 23.7 21.3 13.3 11.5 12.6
Lingliangyou 268  28.7 31.4 29.6 19.9 24.4 21.4 12.5 13.7 12.9
Lingliangyou 104  28.7 31.4 29.6 19.9 24.4 214 12.5 13.7 12.9
Luliangyou 996 28.6 31.2 29.6 19.8 24.2 214 12.8 13.3 12.9
Xiangzaoxian 24 28.8 30.2 293 19.8 23.7 21.2 12.9 10.9 12.2
Xiangzaoxian 32 28.9 29.8 293 19.6 23.5 21.2 13.4 10.3 12.2
Xiangzaoxian 45 28.9 30.2 29.4 19.8 23.7 21.3 13.1 11.6 12.6
Xiangzaoxian 42 28.6 29.6 29.6 19.8 21.4 214 12.6 20.7 12.9
Zhongjiazao 17 28.8 30.4 293 19.8 23.8 21.2 12.9 11.5 12.4

Zhongzao 39 28.7 31.4 29.6 19.8 24.4 21.4 12.5 13.7 12.9
Mean 28.8 30.6 29.5 19.8 23.7 21.3 12.9 13.1 12.7
2018

Zhuliangyou 819  28.9 342 30.8 21.9 26.3 235 12.6 17.1 14.1
Lingliangyou 268  29.4 35.0 312 223 26.7 23.7 12.7 18.9 14.7
Lingliangyou 104  29.3 34.7 31.1 22.2 26.6 23.7 12.59 18.4 14.5
Luliangyou 996 293 343 30.8 222 26.5 235 1270 17.4 14.2
Xiangzaoxian 24 28.9 342 30.8 21.9 26.3 235 12.6 17.1 14.1
Xiangzaoxian 32 28.9 335 30.8 21.9 25.6 235 12.8 16.0 14.1
Xiangzaoxian 45 28.9 342 30.8 21.9 26.3 235 12.6 17.1 14.1
Xiangzaoxian 42 29.2 34.2 30.8 22.1 26.3 235 12.8 17.0 14.1
Zhongjiazao 17 29.0 34.2 30.7 22.0 26.4 234 12.8 16.4 14.0
Zhongzao 39 293 343 30.8 22.2 26.5 235 12.7 17.4 14.2
Mean 29.1 34.3 30.8 22.1 26.3 23.5 12.7 17.3 14.2

Min T, average daily minimum temperature (°C); Max T, average daily maximum temperature (°C); RAD, average daily solar radiation
(MJ m 2 day ).
TP, HD, and MA are transplanting, heading, and maturity, respectively.

127 MIm 2 d " in 2017 and 14.2 MJ m > d"" in 2018 in rice growing season. Higher average daily solar
radiation was observed in 2018 compared to 2017 from full heading to maturity, while the opposite result
was showed from transplanting to full heading.

3.2 Crop Growth Rate and Development

The differences of growth duration from transplanting to full heading were not observed in 2017 and
2018 (Tab. 2). However, there were significant differences in duration from transplanting to heading
between different cultivars. Lingliangyou 268 and Lingliangyou 104 had the longest duration from
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Table 2: Grain yield and growth duration for the early-season rice cultivars under mechanical transplanting
conditions in 2017 and 2018

Cultivar Grain yield (t ha™) Growth duration (d)

TP to HD HD to MA TP to MA
2017
Zhuliangyou 819 8.15 ab 49 34 83
Lingliangyou 268 8.33 ab 56 30 86
Lingliangyou 104 8.35 ab 56 30 86
Luliangyou 996 7.93 ab 53 33 86
Xiangzaoxian 24 6.87 cd 52 29 81
Xiangzaoxian 32 6.21d 48 33 81
Xiangzaoxian 45 7.71 be 50 33 83
Xiangzaoxian 42 7.80b 54 32 86
Zhongjiazao 17 7.63 bc 52 30 82
Zhongzao 39 872 a 55 31 86
Mean 7.77 53 32 84
2018
Zhuliangyou 819 8.20 ab 53 29 82
Lingliangyou 268 7.99 ab 60 29 89
Lingliangyou 104 842 a 58 29 87
Luliangyou 996 7.92 be 57 26 83
Xiangzaoxian 24 7.27d 53 29 82
Xiangzaoxian 32 6.49 ¢ 48 34 82
Xiangzaoxian 45 7.83 be 53 29 82
Xiangzaoxian 42 8.01 ab 56 26 82
Zhongjiazao 17 7.90 be 54 27 81
Zhongzao 39 7.52 cd 57 26 83
Mean 7.76 55 28 83
Analysis of variance (F-value)
Years 0.02
Cultivars 9.27%*
Years x Cultivars 1.34

TP, HD, and MA are transplanting, heading, and maturity, respectively.
Within a column for each year, means not sharing any letter are significantly different by LSD test at the 0.05 probability level.

**denotes significant at the 0.01 probability level.

transplanting to heading of 56 d in 2017; Lingliangyou 268 also had the longest duration from transplanting
to full heading of 60 d in 2018. There were also differences in duration from full heading to maturity between
different cultivars. Zhuliangyou 819 had a 1-5 d longer growth duration in the post-heading period than the
other cultivars in 2017, and Xiangzaoxian 32 had a 5-8 d longer growth duration in 2018. Overall, the growth
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durations of Lingliangyou 268 and Lingliangyou 104 were longer than that of the other cultivars in both
years, the longer growth duration of these cultivars was mainly contributed to the difference in the pre-
heading period.

3.3 Grain Yield and Yield Components

Grain yield changed significantly in different cultivars in 2017 and 2018 (Tab. 2). The interactive effects
between years and cultivars on grain yield was insignificant. Zhongzao 39 showed significantly higher than
that in Xiangzaoxian 24, Xiangzaoxian 32, Xiangzaoxian 42, and Xiangzaoxian 45, respectively, which had
the highest grain yield of 8.72 t ha ' in 2017. Lingliangyou 104 produced the highest grain yield (8.42 tha ™)
in 2018. The grain yield of Zhuliangyou 819, Lingliangyou 268, Lingliangyou 104, and Xiangzaoxian
42 were higher than those of the other cultivars in 2018. Overall, Zhuliangyou 819, Lingliangyou 268,
and Lingliangyou 104 had relatively higher grain yield in both years. Xiangzaoxian 24 and Xiangzaoxian
32 had relatively lower grain yield in both years. The differences in yield between the two years were no
greater than 0.40 t ha ' except for Zhongzao 39 which had 16% higher yield (by 1.20 t ha') in 2017
than 2018.

The yield components varied greatly in different cultivars and years (Tab. 3). Panicles m™>, spikelet
filling percentage, and grain weight were significantly affected by the interactions of years and cultivars.

The panicles m ™ and spikelets panicle™ were showed lower in 2018 than in 2017, but the spikelet filling
percentage and the grain weight were higher in 2018. Xiangzaoxian 45 had the highest panicle m™ in 2017, and
showed 22% higher than Luliangyou 996, 11% higher than Xiangzaoxian 42, 22% higher than Zhongjiazao 17,
and 28% higher than Zhongzao 39. Zhongjiazao 17 had the highest panicle m™ in 2018, which showed 43%
higher than Luliangyou 996, 29% higher than Xiangzaoxian 42, and 62% higher than Zhongzao 39. The
highest spikelets per panicle was Zhongzao 39 in both years. Spikelet filling percentage of Xiangzaoxian 32
was the highest among the ten cultivars in 2017 and 2018. Lingliangyou 104 had the highest grain weight
of 31.0 mg in 2018, followed by Luliangyou 996 which had the highest grain weight of 29.3 mg in 2017.

A positive significant correlation between the grain weight and grain yield was showed in 2017 and 2018
(Tab. 4). A negative correlation was showed between spikelet filling percentage and grain yield in 2018. In
2017, the spikelets per panicle had negative correlations with panicles m™2, and also with spikelet filling
percentage. In 2018, the panicles m ™ had a significant negative correlation with spikelets per panicle, and
also showed between grain weight and spikelet filling percentage.

3.4 Biomass Accumulation, Harvest Index and Crop Growth Rate

The total aboveground biomass including the biomass accumulation of pre-heading and post-heading
were shown in Tab. 5. Zhongzao 39 and Lingliangyou 268 accumulated the most biomass of pre-heading
in 2017 and 2018, respectively. No significant difference showed in biomass of post-heading in 2017. But
in 2018, Zhongjiazao 17 produced the highest biomass of post-heading. The total biomass of
Xiangzaoxian 24 was the lowest in both years. Zhongzao 39 and Zhongjiazao 17 produced the highest
total biomass in 2017 and 2018, respectively. Total biomass accumulation and harvest index were
significantly affected by the interactions of years and cultivars.

The harvest index in 2018 was 8% higher than in 2017. Xiangzaoxian 32 had the highest harvest index
in both years. The crop growth rate of pre-heading and post-heading were 9% and 6% higher in 2017 than in
2018, respectively (Tab. 6). It was observed that high positive linear correlation existed in grain yield and
total biomass (Fig. 1a) and biomass of pre-heading (Fig. lc), while there were no direct correlations
between the grain yield and harvest index (Fig. 1b) and biomass of post-heading (Fig. 1d). The biomass
of pre-heading was positively affected by the growth duration (Fig. 2a) and the crop growth rate (Fig. 2b)
from transplanting to full heading.
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Table 3: Yield components of early-season rice cultivars under mechanical transplanting conditions in 2017
and 2018

2

Cultivar Panicles m™ Spikelets panicle!  Spikelet filling (%)  Grain weight (mg)
2017

Zhuliangyou 819 394 ab 120 d 71.0b 27.2 be
Lingliangyou 268 391 ab 117 d 71.1Db 27.3 bc
Lingliangyou 104 386 ab 117 d 70.0 be 28.1b
Luliangyou 996 334 cd 137b 72.8 b 293 a
Xiangzaoxian 24 381 ab 119d 66.0 cd 239 f
Xiangzaoxian 32 399 ab 119d 81.6 a 242 f
Xiangzaoxian 45 406 a 122 cd 71.9b 26.0 de
Xiangzaoxian 42 367 bc 134 be 62.8d 254 ¢
Zhongjiazao 17 333 cd 156 a 578 ¢ 26.8 cd
Zhongzao 39 316 d 165 a 569 ¢ 27.6 bc
Mean 371 130 68.2 26.6
2018

Zhuliangyou 819 351 ab 112 be 83.4 ab 28.4 be
Lingliangyou 268 384 a 109 c 62.5d 304 a
Lingliangyou 104 379 a 110 ¢ 69.0 cd 31.0a
Luliangyou 996 269 cd 127 a 78.3 b 309 a
Xiangzaoxian 24 344 ab 100 c 87.8 a 256 f
Xiangzaoxian 32 364 a 101 ¢ 89.4 a 245 ¢g
Xiangzaoxian 45 369 a 106 ¢ 82.9 ab 27.1e
Xiangzaoxian 42 299 be 124 ab 81.2 ab 27.6 de
Zhongjiazao 17 386 a 124 ab 76.3 be 279 cd
Zhongzao 39 238 d 135a 81.2 ab 29.1b
Mean 338 115 79.2 28.2
Analysis of variance (F-value)

Years 20.1%* 62.7%%* 107** 138**
Cultivars 11.4%%* 20.3%* 12.2%* 72.9%%*
Years x Cultivars ~ 2.79* 2.02 9.54%** 3.58%*

Within a column for each year, means not sharing any letter are significantly different by LSD test at the 0.05 probability level.
** and * denote significant at the 0.01 and 0.05 probability levels, respectively.

3.5 Apparent Radiation Use Efficiency

The apparent radiation use efficiency varied greatly in different cultivars and years, and it was lower in
the pre-heading period than post-heading (Tab. 7). Zhongzao 39 and Lingliangyou 104 showed the highest
apparent radiation use efficiency in the pre-heading period in 2017 and 2018, respectively. The cultivars
which had higher biomass accumulation also had higher apparent radiation use efficiencies in the pre-
heading period but not the post-heading period. There was no direct correlation between the crop growth
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Table 4: Correlation coefficients (r, n = 10) among grain yield and yield components of early-season rice
cultivars under mechanical transplanting conditions in 2017 and 2018

Parameter Grain yield Panicles m 2 Spikelets panicle ' Spikelet filling percentage
2017

Panicles m -0.372

Spikelets panicle ! 0.341 —0.922%*

Spikelet filling percentage —0.479 0.703 —0.765%*

Grain weight 0.792%* —0.455 0.306 —0.149
2018

Panicles m > 0.080

Spikelets panicle ' 0.316 —0.719%*

Spikelet filling percentage —0.642* -0.277 0.156

Grain weight 0.776** —0.186 —0.478 —0.801**

* and ** denote significance at the 0.05 and 0.01 probability levels, respectively.

rate of pre-heading and incident solar radiation (Fig. 3a), while crop growth rate had a strong positive linear
correlation with apparent radiation use efficiency (Fig. 3b).

4 Discussion

There was a range in yields of 2.51 t ha ' in 2017 and 1.93 t ha' in 2018. The total growth duration
(including 24 days from sowing to transplanting) was 105-113 d across the cultivars and years in our
study. Generally, the yield of rice is most directly related to the growth duration, and the total duration of
growth is an important factor that can limit the yield [24,25]. However, some cultivars had high yields
and relatively short growth durations in our study, such as Zhuliangyou 819 and Luliangyou 996 (2018).
This result indicated that high yields could be obtained over short growth duration. The reasons for the
high yields are very meaningful and deserve the further research.

The higher grain yield was attributed to improvement in high grain weight in the present study. Some
researchers believed that grain weight is important in determining grain yield [8,9,26]. But reports
demonstrated that high grain yield was achieved by increasing spikelets per m* (panicle per m* and/or
spikelets per panicle) [21,27]. The difference of the present study and previous studies may be due to the
different growth seasons. Rice in our study was planted in the early season which had a shorter
vegetative growth period than previous studies where rice was planted in the late season or middle
season. It was therefore hard to get more spikelets per m* due to the shorter vegetative growth period.

Furthermore, grain yield increased with the biomass accumulation not the harvest index in our study.
The results were consistent with previous studies [10,15,18], which indicated that improving in rice yield
depends on increasing biomass accumulation. When the biomass accumulation was divided into pre-
heading and post-heading, we found that the biomass accumulation of pre-heading was positively
correlated with grain yield. This indicated that yield improvements in early season cultivars could be
achieved by improving pre-heading biomass accumulation. The low temperature during the vegetative
phase might well be the factor restricting canopy development, and cause the biomass accumulation of
pre-heading become the yield limiting factor of early-season rice.

We also found that the high pre-heading biomass accumulation of the early-season cultivars was mainly
due to the high pre-heading crop growth rate. Further evidence, the higher crop growth rate contributed to the
higher apparent radiation use efficiency. The representativeness of apparent radiation use efficiency has been
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Table 5: Aboveground biomass accumulation and harvest index of early-season rice cultivars under mechanical
transplanting conditions in 2017 and 2018

Cultivar Biomass accumulation (g m 2) Total biomass (g m 2) Harvest index
Pre-heading Post-heading
2017
Zhuliangyou 819 646 bed 737 a 1383 be 0.57 a
Lingliangyou 268 766 abc 681 a 1447 ab 0.52b
Lingliangyou 104 718 abcd 707 a 1425 abce 0.53b
Luliangyou 996 691 bed 831 a 1522 ab 0.55 ab
Xiangzaoxian 24 623 d 650 a 1273 ¢ 0.48 ¢
Xiangzaoxian 32 636 cd 761 a 1397 abc 0.57 a
Xiangzaoxian 45 661 bed 830 a 1492 ab 0.53b
Xiangzaoxian 42 678 bed 731 a 1409 abc 0.48 cd
Zhongjiazao 17 775 ab 703 a 1477 ab 0.47 cd
Zhongzao 39 852 a 697 a 1549 a 045d
Mean 705 732 1437 0.52
2018
Zhuliangyou 819 632 ¢ 705 ab 1337 abc 0.60 abc
Lingliangyou 268 768 a 647 abc 1415 ab 048 f
Lingliangyou 104 757 a 693 abc 1450 ab 0.52¢e
Luliangyou 996 710 abc 570 be 1281 bed 0.55 de
Xiangzaoxian 24 646 bc 454 ¢ 1100 d 0.60 ab
Xiangzaoxian 32 499 d 606 abc 1105d 0.62 a
Xiangzaoxian 45 662 bc 682 abc 1344 abc 0.56 cd
Xiangzaoxian 42 697 abc 567 be 1264 bed 0.56 cd
Zhongjiazao 17 671 bc 839 a 1510 a 0.58 bed
Zhongzao 39 722 ab 463 bc 1186 cd 0.55 de
Mean 677 622 1299 0.56
Analysis of variance (F-value)
Years 2.19 9.55%* 24 .5%* 87.0%**
Cultivars 5.03%* 1.53 4.32%%* 16.1%*
Years x Cultivars 1.29 1.16 2.31% 12.2%%*

Within a column for each year, means not sharing any letter are significantly different by LSD test at the 0.05 probability level.
** and * denote significant at the 0.01 and 0.05 probability levels, respectively.

confirmed in a previous study [26], which could be used to reflect the use efficiency of radiation. The
importance of radiation use efficiency to biomass production has been shown in many studies [7,14,28].

The weather was different in the two years in this study. However, there mean grain yield between two
years were showed no significant differences. This result might be related to the compensation effect between
the yield components. Compared with 2017, 2018 was reached lower dry matter accumulation but higher harvest
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Table 6: Crop growth rate of early-season rice cultivars under mechanical transplanting conditions in 2017

and 2018

Cultivar Crop growth rate (g m 2 d ™)
Pre-heading Post-heading

2017
Zhuliangyou 819 13.19 abc 21.67 a
Lingliangyou 268 13.67 abc 2271 a
Lingliangyou 104 12.82 be 23.55a
Luliangyou 996 13.04 abc 25.19 a
Xiangzaoxian 24 11.99 ¢ 2241 a
Xiangzaoxian 32 13.25 abc 23.07 a
Xiangzaoxian 45 13.23 abc 25.16 a
Xiangzaoxian 42 12.56 be 22.85a
Zhongjiazao 17 14.90 ab 2343 a
Zhongzao 39 15.49 a 2250 a
Mean 13.41 23.25
2018
Zhuliangyou 819 1193 a 24.30 ab
Lingliangyou 268 12.80 a 22.30 ab
Lingliangyou 104 13.06 a 23.88 ab
Luliangyou 996 12.46a 2193 b
Xiangzaoxian 24 12.19 a 15.65b
Xiangzaoxian 32 10.40 b 17.83 b
Xiangzaoxian 45 1250 a 23.51 ab
Xiangzaoxian 42 1245 a 21.81b
Zhongjiazao 17 1243 a 31.06 a
Zhongzao 39 12.67 a 17.82 b
Mean 12.29 22.01
Analysis of variance (F-value)
Years 9.99%** 1.02
Cultivars 1.47 1.48
Years x Cultivars 1.13 1.17

Within a column for each year, means not sharing any letter are significantly different by LSD test at the 0.05 probability level.

** denotes significant at the 0.01 probability level.

index. The lower dry matter accumulation of 2018 was major attributed to lower apparent radiation use efficiency
of post-heading phases than in 2017. Meanwhile, the differences in harvest index between two years could be
explained by the differences in spikelet filling percentage, which was lower in 2017 (68%) than in 2018
(79%). Furthermore, there were higher average daily maximum temperature, minimum temperature, and solar
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Figure 1: Relationships of grain yield to total biomass (a), harvest index (b), biomass of pre-heading (c), and
biomass of post-heading (d) of early-season rice cultivars under mechanical transplanting conditions in 2017
and 2018. * and ** denote significance at the 0.05 and 0.01 probability levels, respectively
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Figure 2: Relationships of pre-heading biomass accumulation to growth duration (a) and crop growth rate
(b) of early-season rice cultivars under mechanical transplanting conditions in 2017 and 2018. ** denotes
significance at the 0.01 probability level
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Table 7: Cumulative incident solar radiation and apparent radiation use efficiency of early-season rice cultivars

under mechanical transplanting conditions in 2017 and 2018

Cultivar Cumulative incident solar Apparent radiation use
radiation (MJ m?) efficiency (g MJ™")
TPtoHD HDtoMA TPtoMA TPtoHD HDto MA TPto MA
2017
Zhuliangyou 819 664 390 1054 0.97 be 1.89 a 1.31 abe
Lingliangyou 268 715 411 1126 1.07 abc 1.66 a 1.28 be
Lingliangyou 104 715 411 1126 1.00 be 1.72 a 1.27 be
Luliangyou 996 689 437 1126 1.00 be 1.90 a 1.35 abc
Xiangzaoxian 24 682 317 999 091 ¢ 2.05 AM 1.27 be
Xiangzaoxian 32 658 341 999 0.97 be 2.23 AM 1.40 abc
Xiangzaoxian 45 670 384 1054 0.99 be 2.16 AM 1.41 ab
Xiangzaoxian 42 695 431 1126 0.98 bc 1.69 a 1.25¢
Zhongjiazao 17 682 344 1027 1.14 ab 2.04 AM 1.44 AM
Zhongzao 39 701 425 1126 1.22 AM 1.64 a 1.38 abc
Mean 687 389 1076 1.03 1.9 1.34
2018
Zhuliangyou 819 681 492 1173 093 a 1.43 ab 1.14 ab
Lingliangyou 268 772 547 1319 0.99 a 1.18 b 1.07 be
Lingliangyou 104 743 533 1276 1.02 AM 1.30b 1.14b
Luliangyou 996 737 453 1190 0.96 a 1.26 b 1.08 be
Xiangzaoxian 24 681 492 1173 0.95 a 0920 0.94 ¢
Xiangzaoxian 32 628 545 1173 0.79b 1.11 b 094 c
Xiangzaoxian 45 681 492 1173 0.97 a 1.38 ab 1.15 ab
Xiangzaoxian 42 730 443 1173 0.95 a 1.28 b 1.08 bc
Zhongjiazao 17 703 444 1147 0.96 a 1.89 a 1.32 AM
Zhongzao 39 737 453 1190 0.98 a 1.02 b 1.00 be
Mean 709 489 1198 0.95 1.28 1.09
Analysis of variance (F-value)
Years 7.24% 52.1%* 108**
Cultivars 2.09 1.86 3.72%*
Years x Cultivars 1.13 1.33 2.11

Within a column for each year, means not sharing any letter are significantly different by LSD test at the 0.05 probability level.
** and * denote significant at the 0.01 and 0.05 probability levels, respectively.
TP, HD, and MA are transplanting, heading, and maturity, respectively.

radiation in 2018 than 2017 during the post-heading period, which could induce early rice senescence (lower crop
growth rate and shorter grain filling duration). But the spikelet filling percentage and grain weight were not
reduced in 2018. This result might be due to the compensation of biomass before heading [29-31].
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use efficiency (b) of early-season rice cultivars under mechanical transplanting conditions in 2017 and 2018.
** denotes significance at the 0.01 probability level

5 Conclusions

Early season rice cultivars showed a large yield difference under mechanical transplanting conditions of
our experiments. The critical yield factors for achieving high grain yield were grain weight and apparent
radiation use efficiency of pre-heading stage (transplanting to full heading).

Funding Statement: This work was supported by the National Key R & D Program of China
[2017YFD0301503].

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the
present study.

References

1. Peng, S. (2014). Reflection on China’s rice production strategies during the transition period. Scientia Sinica Vitae,
44(8), 845-850. DOI 10.1360/052014-98.

2. Zou, Y. (2011). Development of cultivation technology for double cropping rice along the Changjiang River valley.
Scientia Agricultura Sinica, 44, 254-262.

3. Huang, M., Ibrahim, M. D., Xia, B., Zou, Y. (2011). Significance, progress and prospects for research in simplified
cultivation technologies for rice in China. Journal of Agricultural Science, 149(4), 487-496. DOI 10.1017/
S0021859610001097.

4. Zhang, W., Yuan, Z., Wu, C., Jin, M. (2011). Research on the process of rice planting mechanization—process of
rice planting mechanization developing fastly to rapidly. Chinese Agricultural Mechanization, 1, 19-22.

5. Zou, Y., Huang, M. (2018). Opportunities and challenges for crop production in China during the transition period.
Acta Agronomica Sinica, 44(6), 791-795. DOI 10.3724/SP.J.1006.2018.00791.

6. Katsura, K., Maeda, S., Lubis, 1., Horie, T., Cao, W. et al. (2008). The high yield of irrigated rice in Yunnan, China:
‘A cross location analysis’. Field Crops Research, 107(1), 1-11. DOI 10.1016/j.fcr.2007.12.007.

7. Yang, W., Peng, S., Laza, R. C., Visperas, R. M., Dioniso-Sese, M. L. (2008). Yield gap analysis between dry and

wet season rice crop grown under high-yielding management conditions. Agronomy Journal, 100(5), 1390-1395.
DOI 10.2134/agronj2007.0356.


http://dx.doi.org/10.1360/052014-98
http://dx.doi.org/10.1017/S0021859610001097
http://dx.doi.org/10.1017/S0021859610001097
http://dx.doi.org/10.3724/SP.J.1006.2018.00791
http://dx.doi.org/10.1016/j.fcr.2007.12.007
http://dx.doi.org/10.2134/agronj2007.0356

1056 Phyton, 2020, vol.89, no.4

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ishimaru, K., Hirotsu, N., Madoka, Y., Murakami, N., Hara, N. et al. (2013). Loss of function of the IAA-glucose
hydrolase gene TGW6 enhances rice grain weight and increases yield. Nature Genetics, 45(6), 707-711. DOI
10.1038/ng.2612.

Xu, F., Sun, X., Chen, Y., Huang, Y., Tong, C. et al. (2015). Rapid identification of major QTLs associated with rice
grain weight and their utilization. PLoS One, 10(3), €0122206. DOI 10.1371/journal.pone.0122206.

Peng, S., Cassman, K. G., Virmani, S. S., Sheehy, J. E., Khush, G. S. (1999). Yield potential trends of tropical rice
since the release of IR8 and the challenge of increasing rice yield potential. Crop Science, 39(6), 1552—1559. DOI
10.2135/cropscil 999.3961552x.

Katsura, K., Maeda, S., Horie, T., Shiraiwa, T. (2007). Analysis of yield attributes and crop physiological traits of
Liangyoupeijiu, a hybrid rice recently bred in China. Field Crops Research, 103(3), 170-177. DOI 10.1016/j.
cr.2007.06.001.

Khan, N. A., Murayama, S., Ishimine, Y., Tsuzuki, E., Nakamura, 1. (1998). Physio-morphological studies of F1
hybrids in rice (Oryza sativa L.): Photosynthetic ability and yield. Plant Production Science, 1(4), 233-239. DOI
10.1626/pps.1.233.

Qian, Q., Zeng, D., He, P., Zheng, X., Chen, Y. et al. (2000). QTL analysis of the rice seedling cold tolerance in a
double haploid population derived from anther culture of a hybrid between indica and japonica rice. Chinese
Science Bulletin, 45(5), 448—-453. DOI 10.1007/BF02884949.

Qin, J., Impa, S. M., Tang, Q., Yang, S., Yang, J. et al. (2013). Integrated nutrient, water and other agronomic
options to enhance rice grain yield and N use efficiency in double-season rice crop. Field Crops Research, 148,
15-23. DOI 10.1016/j.fcr.2013.04.004.

Wang, D., Huang, J., Nie, L., Wang, F., Ling, X. et al. (2017) Integrated crop management practices for
maximizing grain yield of double-season rice crop. Scientific Reports 7(1), 85. DOI 10.1038/srep38982.

Zhong, L., Cheng, F., Wen, X., Sun, Z., Zhang, G. (2005). The deterioration of eating and cooking quality caused
by high temperature during grain filling in early-season indica rice cultivars. Journal of Agronomy and Crop
Science, 191(3), 218-225. DOI 10.1111/j.1439-037X.2005.00131..x.

Shi, P., Tang, L., Wang, L., Sun, T., Liu, L. et al. (2015). Post-heading heat stress in rice of South China during
1981-2010. PLoS One, 10(6), €0130642. DOI 10.1371/journal.pone.0130642.

Wu, W., Nie, L., Liao, Y., Shah, F., Cue, K. et al. (2013). Toward yield improvement of early-season rice: other
options under double rice-cropping system in central China. Furopean Journal of Agronomy, 45, 75-86. DOI
10.1016/j.€ja.2012.10.009.

Wang, D., Laza, M. R. C., Cassman, K. G., Huang, J., Nie, L. et al. (2016). Temperature explains the yield
difference of double season rice between tropical and subtropical environments. Field Crops Research, 198,
303-311. DOI 10.1016/j.fcr.2016.05.008.

Liu, Q., Wu, X., Ma, J., Chen, B., Xin, C. (2015). Effects of delaying transplanting on agronomic traits and grain yield
of rice under mechanical transplantation pattern. PLoS One, 10(4), €0123330. DOI 10.1371/journal.pone.0123330.
Liu, Q., Zhou, X., Li, J., Xin, C. (2017). Effects of seedling age and cultivation density on agronomic
characteristics and grain yield of mechanically transplanted rice. Scientific Report, 7(1), 14072. DOI 10.1038/
s41598-017-14672-7.

Yuan, Q., Yu, L., Shi, S., Shao, J., Ding, Y. (2007). Effects of different quantities of planting seedlings per hill on
outgrowth and tiller production for machine-transplanted rice. Transactions of the Chinese Society of Agricultural
Engineering, 23, 121-125.

Huang, M., Zou, Y. (2018). Integrating mechanization with agronomy and breeding to ensure food security in
China. Field Crops Research, 224, 22-27. DOI 10.1016/j.fcr.2018.05.001.

Lang, Y., Dou, Y., Wang, M., Zhang, Z., Zhu, Q. (2012). Effects of growth duration on grain yield and quality in
rice (Oryza sativa L.). Acta Agronomica Sinica, 38(3), 528-534. DOI 10.3724/SP.J.1006.2012.00528.

Vergara, B. S., Tanaka, A., Lilis, R., Puranabhavung, S. (1966). Relationship between growth duration and grain
yield of rice plants. Soil Science and Plant Nutrition, 12(1), 31-39. DOI 10.1080/00380768.1966.10431180.


http://dx.doi.org/10.1038/ng.2612
http://dx.doi.org/10.1371/journal.pone.0122206
http://dx.doi.org/10.2135/cropsci1999.3961552x
http://dx.doi.org/10.1016/j.fcr.2007.06.001
http://dx.doi.org/10.1016/j.fcr.2007.06.001
http://dx.doi.org/10.1626/pps.1.233
http://dx.doi.org/10.1007/BF02884949
http://dx.doi.org/10.1016/j.fcr.2013.04.004
http://dx.doi.org/10.1038/srep38982
http://dx.doi.org/10.1111/j.1439-037X.2005.00131.x
http://dx.doi.org/10.1371/journal.pone.0130642
http://dx.doi.org/10.1016/j.eja.2012.10.009
http://dx.doi.org/10.1016/j.fcr.2016.05.008
http://dx.doi.org/10.1371/journal.pone.0123330
http://dx.doi.org/10.1038/s41598-017-14672-7
http://dx.doi.org/10.1038/s41598-017-14672-7
http://dx.doi.org/10.1016/j.fcr.2018.05.001
http://dx.doi.org/10.3724/SP.J.1006.2012.00528
http://dx.doi.org/10.1080/00380768.1966.10431180

Phyton, 2020, vol.89, no.4 1057

26.

27.

28.

29.

30.

31.

Chen, J., Cao, F., Yin, X., Huang, M., Zou, Y. (2019). Yield performance of early-season rice cultivars grown in the
late season of double-season crop production under machine-transplanted conditions. PLoS One, 14(3), €0213075.
DOI 10.1371/journal.pone.0213075.

Huang, M., Xia, B., Zou, Y., Jiang, P., Shi, W. et al. (2012). Improvement in super hybrid rice: a comparative study
between super hybrid and inbred varieties. Research on Crops, 13, 1-10.

Huang, M., Shan, S. C., Cao, F., Zou, Y. (2016). The solar radiation-related determinants of rice yield variation
across a wide range of regions. NJAS-Wageningen Journal of Life Sciences 78, 123-128 DOI 10.1016/j.
njas.2016.05.004.

Huang, M., Zhang, R., Jiang, P., Xie, X., Zhou, X. et al. (2016). Temperature-related yield constraints of early-rice
in South China: a cross-location analysis. PLoS One, 11(7), €0158601. DOI 10.1371/journal.pone.0158601.
Pan, J., Cui, K., Wie, D., Huang, J., Xiang, J. et al. (2011). Relationships of non-structural carbohydrates
accumulation and translocation with yield formation in rice recombinant inbred lines under two nitrogen levels.
Physiologia Plantarum, 141(4), 321-331. DOI 10.1111/j.1399-3054.2010.01441.x.

Xiong, J., Ding, C., Wei, G., Ding, Y., Wang, S. (2013). Characteristic of dry-matter accumulation and nitrogen-
uptake of super-high-yielding early rice in China. Agronomy Journal, 105(4), 1142—1150. DOI 10.2134/
agronj2012.0297.


http://dx.doi.org/10.1371/journal.pone.0213075
http://dx.doi.org/10.1016/j.njas.2016.05.004
http://dx.doi.org/10.1016/j.njas.2016.05.004
http://dx.doi.org/10.1371/journal.pone.0158601
http://dx.doi.org/10.1111/j.1399-3054.2010.01441.x
http://dx.doi.org/10.2134/agronj2012.0297
http://dx.doi.org/10.2134/agronj2012.0297

	Critical Yield Factors for Achieving High Grain Yield in Early-Season Rice Grown under Mechanical Transplanting Conditions
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References


