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Abstract

Background: A number of field studies have demonstrated that the yield potential of hybrid rice cultivars is higher
than that of inbred cultivars, although the magnitude of difference between hybrid and inbred cultivars at different
yield levels has not been described. The objective of this study is to compare the yield increase potential at
different yield levels between hybrid and conventional rice. Ten field experiments were conducted at five locations
in southern China in 2012 and 2013. At each location, two hybrid and two inbred cultivars were grown at three N
levels: high (225 kg/hm?), moderate (161-191 kg/hm?) and the control, zero N (0 kg/hm?).

Results: Hybrid rice yielded approximately 8 % more grain than did inbred cultivars in Huaiji, Binyang and
Haikou; approximately 7 % more in Changsha; and approximately 19 % more in Xingyi. The high grain yields
observed for hybrid rice cultivars were attributed to high grain weight and biomass accumulation at maturity.
On average, rice yields were approximately 6.0-7.5 t ha™' (medium yield) in Huaiji, Binyang and Haikou;
approximately 9.0 t ha™' in Changsha (high yield); and approximately 12.0 t ha™" (super high yield) in Xingyi.
The yield gaps among Huaiji, Binyang and Haikou and Changsha were attributed to the differences in
spikelets m™ and biomass production, whereas the yield gap between Changsha and Xingyi was caused by
the differences in grain-filling percentage, grain weight and harvest index. The differences in biomass
production among sites were primarily due to variation in crop growth rate induced by varied temperatures
and accumulative solar radiation.

Conclusions: The yield superiority of hybrid rice was relatively small in comparison with that of inbred
cultivars at medium and high yield levels, but the difference was large at super high yield levels. Improving
rice yields from medium to high should focus on spikelets m™ and biomass, whereas further improvement to
super high level should emphasize on grain-filling percentage, grain weight and harvest index. Favorable
environmental conditions are essential for high yields in hybrid rice.
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Background construction land area and soil degradation (Jiang et al.

Rice is a staple food for more than half of the world’s
population. Rapid population growth and economic de-
velopment have imposed growing pressure upon in-
creased food production (Zhang 2007), and a rice yield
increase of more than 1.2 % per year will be required in
the next decade (Normile 2008). At the same time,
paddy area has been decreasing because of expanding
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2002). Therefore, most of the future increase in rice pro-
duction must come from increased rice yields per unit
of land area rather than from expanding planting areas.
Accordingly, improving rice yield potential has been the
main objective of breeders and cultivators in many
countries. Rice yield increased rapidly as the result of
the development of hybrid rice (Yuan et al. 1994) and
combining an ideotype approach with the use of inter-
subspecific heterosis (Yuan 2001). Peng et al. (1999) re-
ported that potential hybrid rice yields have increased by
9 % over the best inbred cultivars in tropical irrigated
lowlands. Similarly, a number of field studies have
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reported that the grain yield of super hybrid rice was
higher than that of inbred rice by more than 10 %
(Zhang et al. 2009; Huang et al. 2010). These results
show that the higher grain yields of hybrid rice cultivars
were associated with large sink size (spikelets per m?),
which resulted from a large panicle (spikelet number of
per panicle).

Recently, a number of field studies have shown that
the yield potential of rice could be over 13 t ha™' at
some sites, for example, Taoyuan, Yunnan Province,
China (Ying et al. 1998; Katsura et al. 2008), which had
more twice the yield of the check site yield. Reichardt
et al. (2001) and Witt et al. (2001) presented evidence
that confirmed a greater role of the environment in rice
yield. Katsura et al. (2008) and Li et al. (2009) found that
intense incident solar radiation coupled with low night-
time temperatures was the key environmental factor for
the high grain yield of irrigated rice in Taoyuan. These re-
sults indicated that the environment plays an important
role in rice yield. However, these previous studies primar-
ily focused on the differences in grain yield between a
high-yielding site and a check site; little attention, how-
ever, has been paid to the magnitude of differences in
grain yield between hybrid rice and inbred cultivars at dif-
ferent yield levels. Jiang et al. (2015) stated that the magni-
tude of differences in grain yield between hybrid rice and
inbred cultivars depended on their environments. It is very
important to clarify the environmental effects on the yield
gap between hybrid rice and inbred cultivars as well as
the physiological traits of hybrid rice cultivars that lead
to their high productivity. The previous studies on the
yields and yield attributes of hybrid rice cultivars were
conducted in subtropical environments in comparison
with inbred cultivars. The differences between different
sites in tropical and subtropical environments have
been poorly studied.

In our present study, ten field experiments were con-
ducted with four rice cultivars at five sites in China in
two years. The objectives of this study were to compare
the rice yield differences between hybrid rice and inbred
cultivars at different yield levels. Special attention was
paid to the yield components and the physiological traits
responsible for the magnitude of differences in grain
yield between hybrid rice and inbred cultivars at differ-
ent yield levels. Attention was also paid to the nitrogen
responses of hybrid rice and inbred cultivars in different
ecological environments.

Results

Grain Yield and Yield Components

Averaged across four cultivars, three N treatments and
two years, the grain yields were 6.29-7.47 t ha™' in
Huaiji, Binyang and Haikou, 9.20 t ha™' in Changsha,
and 11.80 t ha " in Xingyi (Table 1). The differences in

Page 2 of 14

grain yield among the cultivars were significant in all ten
experiments, although the magnitude of the differences
in grain yield between the hybrid and inbred rice varied
by site. Averaged across three N rates and two years, the
hybrid rice had higher grain yields than did the inbred
cultivars by 4.7-10.9 % in Huaiji, Binyang and Haikou;
by 6.7 % in Changsha; and by 18.6 % in Xingyi. The yield
gaps between the hybrid rice and the inbred cultivars
were larger in high-yield cropping environments. N
application had significant effects on grain yield in all
experiments. The average grain yields under N1 and
N2 were 9.03 and 9.11 t ha™', respectively, which were
approximately 30 % higher than the yields under N3.
The interactive effect between N treatment and cultivar
on grain yield was significant only in three of the ten ex-
periments. The mean data across the three N treatments
are presented in subsequent tables.

Averaged across four cultivars and two years, panicles
m 2, spikelets per panicle and spikelets m™> in Huaiji,
Binyang and Haikou were significantly lower than those
in Changsha by 16-26 %, 14-25 % and 35-40 %, re-
spectively, whereas the differences in spikelet filling per-
centage and grain weight were relatively small or
inconsistent (Tables 2 and 3). Although Changsha had
approximately 7 % more spikelet panicles™ than Xingyi,
there were 12 % fewer panicles m™> in Changsha than
in Xingyi. Consequently, there were 5 % fewer spikelets
m 2 in Changsha than in Xingyi. Both spikelet filling per-
centage and grain weight were lower in Changsha than in
Xingyi by approximately 8 %. Although Huanghuazhan re-
corded the most panicles per m* and Yuxiangyouzhan
produced the most spikelets per panicle, the differences in
spikelets per m” between hybrid rice and inbred cultivars
were relatively small or inconsistent. Hybrid rice had
a higher grain weight than did inbred cultivars by
18.5-22.5 % in Huaiji, Binyang and Haikou; by 21.1 %
in Changsha; and by 19.1 % in Xingyi. The differences
in spikelet filling percentage between hybrid rice and
inbred cultivars were small or inconsistent.

Biomass Production and Crop Growth Rates
The average total biomass across four cultivars and two
years was 31-39 % lower in Huaiji, Binyang and Haikou
than in Changsha, although the differences in the har-
vest index were relatively small (Table 4). There were
significant differences in both total biomass and harvest
index between Changsha and Xingyi. The average total
biomass and harvest index in Changsha were lower than
in Xingyi by 10 and 8 %, respectively. Hybrid cultivars gen-
erally had higher total biomass than did inbred cultivars,
but the difference in the harvest index was inconsistent.
Biomass production, averaged across four cultivars and
two years, was lower in Huaiji, Binyang and Haikou
than in Changsha by 25-31 % from SO to HD and
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Table 1 Grain yield (t ha ') of 4 rice cultivars grown under 3 N treatments at 5 locations in 2012 and 2013

Cultivar Huaiji Binyang Haikou Changsha Xingyi
N1 N2 N3 Mean NI N2 N3 Mean N1 N2 N3 Mean NI N2 N3 Mean NI N2 N3 Mean
2012
Liangyoupeijiu 717 686 4.15 6.06 779 788 675 747 968 885 693 849 933 1048 867 949 13.18 1320 1093 1244
Y-liangyou 1 767 719 441 642 713 725 566 668 948 9.15 661 841 984 988 881 951 1291 1368 1058 1239
Yuxiangyouzhan 6.80 6.77 4.14 590 719 672 503 631 890 873 698 820 883 949 819 884 1068 1078 907 1018
Huanghuazhan 695 705 4.13 6.04 741 783 528 684 900 847 674 807 909 944 832 895 1077 11.08 922 1036
Mean 715 697 421 611e 738 742 568 683d 926 880 681 829c 927 982 850 920b 1189 1219 995 1134a
Analysis of variance
genotype (G) b o o e b
N treatment (N) 2 b b b b
GxN ns ns ? ns ns
2013
Liangyoupeijiu 700 698 547 648 879 896 624 800 773 715 591 693 1007 10.19 831 952 1321 1388 11.85 1298
Y-liangyou 1 715 766 553 678 885 908 567 787 725 761 619 702 997 1082 758 946 1409 1390 1216 1338
Yuxiangyouzhan 746 6.58 491 632 797 805 524 709 651 686 516 6.18 917 946 721 861 1195 1213 1056 1155
Huanghuazhan 689 7.12 499 633 820 7.77 443 680 6.76 717 532 642 1053 1046 661 920 11.73 11.77 979 1110
Mean 713 709 523 648d 845 846 540 744c 706 720 565 664d 994 1023 743 920b 1275 1292 1109 1225a
Analysis of variance
Genotype (g) b b b b b
N treatment (N) ° o o o o
GxN o a ns ns ns

Within the row for each location, means followed by the same letters are not significantly different according to LSD at P=0.05

Significant at the 0.05 level based on analysis of variance

PSignificant at the 0.01 level based on analysis of variance. ns denotes non-significance based on analysis of variance

by 36-54 % from HD to MA (Fig. 1). Changsha produced
similar or higher biomass production than Xingyi from
SO to HD, whereas from HD to MA, biomass production
in Changsha was lower than that in Xingyi by an average
of 27 %. Higher biomass production of hybrid cultivars
from SO to HD than inbred cultivars was observed in
Changsha and Xingyi but not in Huaiji, Binyang or
Haikou. There were inconsistent differences in biomass
accumulation from HD to MA between hybrid and inbred
cultivars. The average crop growth rate (CGR) from
SO to HD and HD to MA was, respectively, 28—-39 %
and 16-29 % lower in Huaiji, Binyang and Haikou than in
Changsha (Fig. 2). The average CGR was 31 % higher from
SO to HD but 27 % lower from HD to MA in Changsha
than in Xingyi. There were inconsistent differences in
CGR between hybrid and inbred cultivars.

Averaged across four cultivars and two years, growth
durations were 4-13 d longer from SO to HD but 10-15
d shorter from HD to MA in Huaiji, Binyang and Haikou
than in Changsha (Table 5). Changsha had an approxi-
mately 25 d shorter growth duration than did Xingyi
from SO to HD, whereas the growth duration from
HD to MA was nearly the same at the two sites. Longer
growth duration was generally observed in the hybrid

rice (Liangyoupeijiu and Yliangyou-1) than in the in-
bred cultivars (Huanghuazhan and Yuxiangyouzhan).

Climatic Factors and Relationship with Grain Yield

The mean maximum temperature was lower in Huaiji,
Binyang and Haikou than in Changsha from sowing
(SO) to heading (HD) by 2.3-7.1 °C in 2012 and 2013,
whereas from HD to maturity (MA), the mean max-
imum temperatures were higher in Huaiji, Binyang and
Haikou than in Changsha by 1.1-2.7 °C in 2012 and
2013 (Table 5). Similar but smaller differences were de-
tected for the minimum temperatures. Changsha had
higher mean maximum and minimum temperatures
than did Xingyi by approximately 6.0 °C from SO to HD
and by approximately 5.0 °C from HD to MA, averaged
across two years. Accumulative solar radiation from SO
to HD and HD to MA in Huaiji, Binyang and Haikou
was similar to or lower than that in Changsha. Changsha
had lower accumulative solar radiation from SO to HD
and HD to MA in than did Xingyi in both years. Hybrid
rice had similar or slightly higher maximum and mini-
mum temperatures from SO to HD than did inbred cul-
tivars, whereas from HD to MA, these temperatures
were lower for hybrid rice than for inbred cultivars
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Table 2 Yield components of 4 rice cultivars grown under 3 N treatments at 5 locations in 2012. Data are averaged across 3 N

treatments
Cultivar Panicles m™2 Spikelets panicle™ Spikelets m™2 (x 10°) Spikelet filling (%) Grain weight (mg)
Huaiji
Liangyoupeijiu 186.6 1614 304 743 236
Y-liangyou 1 197.3 1474 29.5 79.6 240
Yuxiangyouzhan 176.5 180.2 319 786 19.8
Huanghuazhan 2117 1455 310 829 20.0
Mean 193.1d 1586 d 307d 788 ¢ 218 ab
LSD (0.05) 17.2 8.7 1.7 36 04
Binyang
Liangyoupeijiu 2041 147.2 30.1 81.8 243
Y-liangyou 1 205.2 139.1 28.8 754 24.3
Yuxiangyouzhan 167.5 179.0 299 84.3 211
Huanghuazhan 2171 1424 308 85.9 213
Mean 1985 cd 1519d 299d 818 b 228 a
LSD (0.05) 14.1 7.8 20 29 03
Haikou
Liangyoupeijiu 227.1 151.0 344 85.9 253
Y-liangyou 1 2148 1574 341 83.8 25.1
Yuxiangyouzhan 194.9 2119 413 88.5 202
Huanghuazhan 2196 1734 38.1 89.1 20.5
Mean 2141 ¢ 1734 ¢ 370 ¢ 86.8 a 228 a
LSD (0.05) 109 75 20 25 0.2
Changsha
Liangyoupeijiu 219.7 2403 527 743 234
Y-liangyou 1 2313 205.7 477 84.1 236
Yuxiangyouzhan 2184 2437 53.0 83.2 19.7
Huanghuazhan 287.1 1712 488 84.0 20.0
Mean 2391 b 2152 a 505 b 814 bc 217 b
LSD (0.05) 8.7 9.5 3.1 4.0 03
Xingyi
Liangyoupeijiu 2776 1883 525 834 246
Y-liangyou 1 284.9 185.2 529 86.3 249
Yuxiangyouzhan 2579 2309 59.5 85.6 20.0
Huanghuazhan 317.0 1814 575 86.0 209
Mean 2843 a 1964 b 556 a 853 a 226 ab
LSD (0.05) 16.5 84 43 2.7 0.5

Within the column for each location, means followed by the same letters are not significantly different according to LSD at P =0.05

LSD values are for the comparison of cultivars for each parameter at each location

except in Huaiji and Binyang in 2012. Grain yield was
negatively related to mean maximum and minimum
temperatures from HD to MA but not to those from SO
to HD (Fig. 3a—d). There were positive relationship be-
tween grain yield and accumulative solar radiations from
SO to HD and from HD to MA (Fig. 3e and f), and grain

yield was related more closely to accumulative solar ra-
diation from HD to MA than that from SO to HD.

Discussion

In our present study, hybrid rice out-yielded inbred culti-
vars at five sites in 2012 and 2013, although the magnitude
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Table 3 Yield components of 4 rice cultivars grown under 3 N treatments in 5 locations at 2013. Data are averaged across 3 N

treatments
Cultivar Panicles m™2 Spikelets panicle™ Spikelets m™2 (x 10°) Spikelet filling (%) Grain weight (mg)
Huaiji
Liangyoupeijiu 1715 2170 375 65.7 234
Y-liangyou 1 1953 1956 387 69.7 234
Yuxiangyouzhan 1757 226.1 396 715 19.6
Huanghuazhan 1974 1843 362 820 19.6
Mean 1849 c 2057 a 380b 722d 215b
LSD (0.05) 16.2 149 39 4.1 04
Binyang
Liangyoupeijiu 2064 171.5 355 80.2 24.8
Y-liangyou 1 2016 1553 316 82.2 253
Yuxiangyouzhan 196.7 183.7 359 83.8 20.5
Huanghuazhan 2208 1530 338 834 204
Mean 2064 b 1659 b 342 c 824 b 227 a
LSD (0.05) 14.1 1.1 27 29 03
Haikou
Liangyoupeijiu 212.8 152.5 324 774 24.2
Y-liangyou 1 2116 154.1 331 744 252
Yuxiangyouzhan 2084 156.9 324 90.7 20.0
Huanghuazhan 2283 144.2 327 90.5 208
Mean 2153 b 1519 ¢ 326 ¢C 833ab 226 a
LSD (0.05) 15.8 12 24 33 03
Changsha
Liangyoupeijiu 2523 2306 583 70.5 226
Y-liangyou 1 256.7 185.0 476 838 227
Yuxiangyouzhan 258.8 229.1 594 754 18.6
Huanghuazhan 3152 1925 59.5 775 179
Mean 270.7 a 2093 a 562 a 768 205 ¢
LSD (0.05) 20.3 16.7 4.1 4.7 04
Xingyi
Liangyoupeijiu 283.6 208.0 589 814 245
Y-liangyou 1 307.2 180.3 554 86.1 258
Yuxiangyouzhan 2425 244.0 586 89.9 206
Huanghuazhan 3340 164.1 54.0 88.5 223
Mean 2918 a 199.1 a 56.7 a 86.5 a 233 a
LSD (0.05) 19.1 16.1 4.2 2.7 0.5

Within the column for each location, means followed by the same letters are not significantly different according to LSD at P =0.05

LSD values are for the comparison of cultivars for each parameter at each location

of differences in grain yields between hybrid cultivars and
inbred cultivars varied by site. On average, hybrid rice had
higher grain yields than inbred cultivars by approximately
8 % in Huaiji, Binyang and Haikou; approximately 7 % in
Changsha; and approximately 19 % in Xingyi. Because of
intensive crop management practices, no major abiotic or
biotic stresses that caused yield reductions were observed

in any of the ten field experiments, and grain yields were
approximately 6.0-7.5 t ha™' (medium yield) in Huaiji,
Binyang and Haikou; 9.0 t ha™ (high yield) in Changsha;
and 12.0 t ha™" (super high yield) in Xingyi. These results
indicated that the yield advantage of hybrid rice was less
than 8 % in comparison with inbred cultivars at the
medium and high vyield levels, but it was approximately



Jiang et al. Rice (2016) 9:11

Page 6 of 14

Table 4 Total biomass and harvest index of 4 rice cultivars grown under 3 N treatments at 5 locations in 2012 and 2013. Data are

averaged across 3 N treatments

Cultivar 2012 2013
Total biomass (g m~2) Harvest index (%) Total biomass (g m~2) Harvest index (%)
Huaiji
Liangyoupeijiu 10513 50.1 11904 481
Y-liangyou 1 1048.5 529 1305.8 474
Yuxiangyouzhan 981.0 50.2 11038 499
Huanghuazhan 9779 522 11306 514
Mean 1014.7 d 513 ¢ 11827 ¢ 49.2d
LSD (0.05) 66.2 1.34 109.3 2.1
Binyang
Liangyoupeijiu 12588 476 13444 523
Y-liangyou 1 12273 42.7 12754 514
Yuxiangyouzhan 11804 45.1 11588 533
Huanghuazhan 11904 479 1098.8 525
Mean 12142 ¢ 458d 12194 ¢ 524 bc
LSD (0.05) 60.4 16 57.1 1.5
Haikou
Liangyoupeijiu 1366.7 54.7 1186.0 513
Y-liangyou 1 1304.3 54.5 1199.9 50.7
Yuxiangyouzhan 13337 550 11355 51.8
Huanghuazhan 1302.2 534 11780 526
Mean 1326.7 ¢ 544 b 11749 ¢ 516 ¢
LSD (0.05) 47.1 09 574 1.7
Changsha
Liangyoupeijiu 1884.1 50.8 19104 538
Y-liangyou 1 1909.0 523 18574 55.7
Yuxiangyouzhan 17388 532 17424 502
Huanghuazhan 1729.0 50.5 1756.6 51.8
Mean 18152 b 517 ¢ 1816.7 b 529b
LSD (0.05) 744 1.1 94.0 1.6
Xingyi
Liangyoupeijiu 2061.0 553 2060.0 56.8
Y-liangyou 1 2104.7 57.2 2084.5 584
Yuxiangyouzhan 19571 555 1908.8 56.6
Huanghuazhan 2048.0 553 18815 580
Mean 20427 a 558a 19837 a 574 a
LSD (0.05) 85.8 13 1414 1.8

Within the column for each location, means followed by the same letters are not significantly different according to LSD at P=0.05

LSD values are for the comparison of cultivars for each parameter at each location

19 % in comparison with inbred cultivars at the super high
level. These findings suggest that favorable environmental
conditions are essential for realizing the high yield poten-
tial of hybrid rice. On one hand, Xingyi had, respectively,
lower maximum and minimum temperatures during
grain filling period than did Huaiji, Binyang, Haikou

and Changsha by 4.2-7.3 °C and 4.3-7.4 °C, whereas
Xingyi had higher accumulative solar radiation than did
the other four sites by 40-281 MJ m™2. These results indi-
cates that cool air temperature and high accumulative
solar radiation during grain filling period are two key cli-
matic factors for high grain yield of hybrid rice. This was
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Fig. 1 Biomass accumulation from sowing to full heading (a, b) and from full heading to maturity (c, d) in 4 rice cultivars at 5 locations in 2012
(a, ¢) and 2013 (b, d). Data are averaged across 3 N treatments. Means followed by the same letters are not significant at the 0.05 level. Error bars

Site

further supported by that there were tight linear relation-
ships between grain yield with mean maximum and mini-
mum temperatures and accumulative solar radiation
during grain filling period. On the other hand, soil indi-
genous nutrient supply is of great importance for rice
growing (Shoji et al. 1974). In the present study, soil or-
ganic matter, total N and available K contents were higher
in Xingyi than in Huaiji, Binyang, Haikou and Changsha
(Table 6). Accordingly, grain yield in zero N treatment
was higher in Xingyi than in Huaiji, Binyang, Haikou and
Changsha (Table 1). More interestingly, the yield differ-
ence between hybrid and inbred cultivars in zero N treat-
ment was larger in Xingyi than in Huaiji, Binyang, Haikou
and Changsha. This finding suggests that higher fertility
soil was partially responsible for the lager yield advantage
of hybrid rice in Xingyi than in the other four locations.
These results are in agreement with that reported by Jiang
et al. (2016), who reported that both soil indigenous and
applied N were key factors for improving rice yield from
medium (6.5-7.5 t ha™') to high level (9.0 t ha™1), while a

further improvement to super high yield (12.0 t ha™) soil
indigenous N was more important than fertilizer N.

The higher grain yields observed for hybrid rice cultivars
are attributed to higher grain weight, on average, which
was approximately 20 % higher for hybrid rice cultivars
than for inbred rice cultivars. Similar result was also ob-
served by Huang et al. (2012), who reported that hybrid
varieties had 23 % higher grain weight than inbred culti-
vars. However, Zhang et al. (2009) and Bueno and Lafarge
(2009) reported that there was no consistent difference in
grain weight between hybrid and inbred rice cultivars.
These suggest that large grain weigh is not a general trait
in hybrid rice cultivars, but developing rice cultivars with
high grain weight may be a feasible approach to achieve
high grain yield. Grain weight is determined not only by
grain capacity to receive assimilates but also by the source
supplying assimilates to grains (Ntanos and Koutroubas
2002). In our present study, hybrid rice cultivars produced
higher biomass than did inbred cultivars except for
Haikou in 2012. This result suggests that source capacity is
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Fig. 2 Crop growth rate (CGR) from sowing to full heading (a, b) and from full heading to maturity (c, d) of 4 rice cultivars at 5 locations in 2012
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critical to the high grain weight of hybrid rice cultivars. In
addition, although hybrid rice cultivars did not show super-
fority in the harvest index, panicles per m? spikelets per
panicle and grain filling, their values were relatively high;
thus, the advantage of high biomass production and high
grain weight was not offset by other components or attri-
butes of grain yield. The findings indicated that the present
strategy to increase rice yield for irrigated rice increased
grain weight while maintaining the other yield components.

The high biomass production of hybrid rice cultivars
observed for Huaiji, Binyang and Haikou was attributed
to long growth duration because the differences in CGR
from SO to HD and HD to MA between hybrid rice and
inbred cultivars were relatively small or inconsistent. In
Changsha and Xingyi, the high CGR from SO to HD
and long growth duration from SO to HD and HD to
MA were responsible for the high biomass production in
hybrid rice cultivars. Our results suggest that long
growth duration is a specific trait for hybrid rice culti-
vars, and hybrid vigor may be not critical for yield differ-
ence between hybrid and inbred rice cultivars.

The low grain yields observed for Huaiji, Binyang and
Haikou were attributed to small sink size (spikelets m2),
which resulted from low panicle number per m® and
spikelet number per panicle because the differences in
spikelet filling percentages and grain weight between them
were relatively small or inconsistent. The importance of
sink size in enhancing grain yield has been reported in
many studies (Kropff et al. 1994; Ying et al. 1998; Zhang
et al. 2009; Ibrahim et al. 2013). However, when Changsha
and Xingyi were compared, the differences in sink size,
spikelet filling percentage and grain weight were attributed
to the yield gap between them. More interesting, Xingyi
had a larger sink size than Changsha, though Xingyi
consistently had higher grain filling than Changsha. It
is probable that high mean maximum and minimum
temperatures and low accumulative solar radiation during
the grain filling period in Changsha compared with Xingyi
reduced the grain filling of four cultivars (Tables 2 and 3).
This conclusion is consistent with previous reports by
Seshu and Cady (1984) and Kobata et al. (2006) that high
night temperatures reduced assimilate supply to the grains
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Table 5 Growth duration, and temperature and accumulative solar radiation during growing season of 4 rice cultivars grown at 5
sites in 2012 and 2013

Year Site Cultivar Growth duration (d) Mean maximum Mean minimum Accumulative solar
temperature (°C) temperature (°C) radiation (MJ m™)
SO-HD? HD-MA SO-HD HD-MA SO-HD HD-MA SO-HD HD-MA

2012 Huaiji Liangyoupeijiu 112 25 280 341 20.6 24.8 2162 575
Y liangyou 1 112 25 280 341 206 248 2162 575
Yuxiangyouzhan 106 25 279 329 20.3 24.8 2056 538
Huanghuazhan 106 25 279 329 203 24.8 2056 538
Mean 109 25 279 335 204 24.8 2109 557
Binyang Liangyoupeijiu 99 26 295 336 226 262 1871 530
Y liangyou 1 99 26 29.5 336 226 26.2 1871 530
Yuxiangyouzhan 90 29 293 326 223 26.0 1710 563
Huanghuazhan 93 26 294 328 224 26.1 1767 507
Mean 95 27 294 33.1 22.5 26.1 1805 533
Haikou Liangyoupeijiu 105 31 259 346 188 24.7 1722 722
Y liangyou 1 106 30 259 34.6 18.8 24.8 1749 699
Yuxiangyouzhan 103 30 25.7 34.7 187 24.6 1679 705
Huanghuazhan 103 30 25.7 34.7 187 246 1679 705
Mean 104 30 258 347 18.7 24.7 1707 708
Changsha Liangyoupeijiu 98 44 31.7 31.0 243 22.8 1999 823
Y liangyou 1 98 44 317 310 243 22.8 1999 823
Yuxiangyouzhan 89 37 316 330 24.1 250 1825 725
Huanghuazhan 93 33 31.7 329 24.2 24.8 1907 644
Mean 95 40 31.7 320 243 238 1933 754
Xingyi Liangyoupeijiu 121 42 266 2738 184 194 2541 861
Y liangyou 1 121 42 266 27.8 184 194 2541 861
Yuxiangyouzhan 118 37 26.5 279 18.3 19.5 2478 766
Huanghuazhan 118 37 26.5 279 183 19.5 2478 766
Mean 120 40 26.6 27.8 184 19.5 2510 814
2013 Huaiji Liangyoupeijiu (AR 26 27.5 33.1 20.1 24.5 2142 577
Y liangyou 1 111 26 275 33.1 20.1 245 2142 577
Yuxiangyouzhan 101 27 269 335 196 24.8 1919 605
Huanghuazhan 101 27 269 335 19.6 248 1919 605
Mean 106 27 27.2 333 19.8 246 2031 591
Binyang Liangyoupeijiu 105 29 284 334 218 26.0 1932 595
Y liangyou 1 105 29 284 334 218 260 1932 595
Yuxiangyouzhan 99 30 28.1 336 215 26.2 1812 615
Huanghuazhan 99 30 28.1 336 21.5 26.2 1812 615
Mean 102 30 283 335 216 26.1 1872 605
Haikou Liangyoupeijiu 103 31 279 340 20.1 24.5 1803 701
Y liangyou 1 103 31 279 340 20.1 24.5 1803 701
Yuxiangyouzhan 102 30 278 338 20.1 246 1775 669
Huanghuazhan 102 30 27.8 338 20.1 24.6 1775 669
Mean 103 31 279 339 20.1 24.5 1789 685
Changsha Liangyoupeijiu 97 45 344 308 253 233 2202 783

Y liangyou 1 97 45 344 308 253 233 2202 783
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Table 5 Growth duration, and temperature and accumulative solar radiation during growing season of 4 rice cultivars grown at 5

sites in 2012 and 2013 (Continued)

Yuxiangyouzhan 93 37
Huanghuazhan 94 36
Mean 95 41
Xingyi Liangyoupeijiu 120 43
Y liangyou 1 120 43
Yuxiangyouzhan 117 37
Huanghuazhan 117 37
Mean 119 40

341 324 25.1 250 21 677
342 322 252 249 2134 652
343 316 252 24.2 2162 724
275 26.5 189 186 2616 813
27.5 26.5 189 186 2616 813
275 26.7 189 187 2562 714
275 26.7 189 18.7 2562 714
27.5 266 189 18.7 2589 764

#SO-HD, from sowing to full heading; HD-MA, from full heading to maturity

during grain filling, especially when followed by low light
intensity. These results suggest that improving rice yield
from medium (6.0-7.5 t ha™}) to high (9.0 t ha™!) should
focus on sink size and that improvement to a super high
level (12.0 t ha™!) should rely on simultaneous increases in
sink size, spikelet filling percentage and grain weight.

The vyield gaps between Huaiji, Binyang and Haikou
and Changsha could be explained by the differences in
total biomass because the differences in harvest index
between them were relatively small. This possibility is in
agreement with previous studies (Song et al. 1990;
Yamauchi 1994; Horie et al. 1997), which reported that
further improvement in rice yield might come from an
increase in biomass production rather than in the har-
vest index. However, in the present study, the higher
grain yield in Xingyi was attributed to both higher total
biomass and higher harvest index than in Changsha.
These results indicate that increasing biomass production
is critical for improving rice yield from medium to high
levels and improvement to super high yield depends on
increasing both biomass production and harvest index.
Furthermore, rice grain yield is the function of biomass
accumulation after heading and the translocation of bio-
mass accumulated before heading to grains (Yang et al.
2008). Although both are associated with grain yield, Miah
et al. (1996) and Laza et al. (2003) stated that translocation
of pre-stored reserves should be emphasized more than
biomass accumulated during ripening for increasing grain
yield, whereas Yang et al. (2008) observed that grain yield
was closely associated with biomass accumulated after
heading. In the present study, biomass production was
higher in Changsha than in Huaiji, Binyang and Haikou
both during SO to HD and during HD to MA, but it was
higher in Xingyi than in Changsha only during HD to
MA. These findings indicate that both biomass accumula-
tion before and after heading are important for improving
rice yield from medium to high levels, whereas additional
improvement to super high yields should focus on in-
creasing the biomass production after heading.

The higher biomass production during SO to HD in
Changsha than in Huaiji, Binyang and Haikou was due
to the higher CGR in Changsha because growth duration
during SO to HD was shorter in Changsha than at the
three sites. The higher biomass accumulation from HD
to MA in Changsha than at the three sites was attributed
to both the longer growth duration and higher CGR in
Changsha. The higher biomass production during HD to
MA in Xingyi than in Changsha resulted from the higher
CGR in Xingyi because growth duration from HD to
MA was comparable between the two sites. These re-
sults reveal that longer growth duration is not the only
factor that contributes to higher grain yield. CGR is a
function of canopy gross photosynthesis and crop respir-
ation (Evans 1993), both of which are influenced by
temperature (Loomis and Connor 1992; Akita 1993). In
the present study, the higher CGR during SO to HD in
Changsha than in Huaiji, Binyang and Haikou was asso-
ciated with that location’s higher canopy photosynthesis,
caused by its higher day temperatures, whereas the
higher CGR during HD to MA in Changsha than in
Huaiji, Binyang and Haikou as well as in Xingyi than in
Changsha was related to lower crop respiration that re-
sulted from lower night temperatures. In addition, the
differences in accumulative solar radiation accumulation
were partly responsible for the in CGR among the sites.

Conclusions

Hybrid rice cultivars produced higher grain yields than
did inbred cultivars; however, the magnitude of the
differences in grain yield between them varied by site.
The high grain yields observed for hybrid rice cultivars
were attributed to high grain weight and biomass accumu-
lation at maturity. The long growth duration was partially
responsible for the high biomass production in hybrid rice
cultivars. Rice yield levels were medium (approximately
6.0-7.5 t ha™") in Huaiji, Binyang and Haikou; high in
Changsha (approximately 9.0 t ha™'); and super high
(approximately 12.0 t ha™') in Xingyi. The yield gaps
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Table 6 Soil properties of the experimental fields

Site pH  Organic matter Total N Available P Available K
(gkg™) (gkg™) (mgkg™) (mgkg™)
Huaiji 52 338 1.7 9.2 772
Binyang 5.1 289 16 34.1 183.8
Haikou 59 214 1.0 34.8 1145
Changsha 58 27.7 16 54.5 63.2
Xingyi 79 526 26 16.5 257.2

between Huaiji, Binyang and Haikou and Changsha
were attributed to the differences in sink (spikelets m™2)
and biomass production (source), whereas the yield
gap between Changsha and Xingyi was caused by the
differences in sink, source and flow (grain-filling percent-
age, grain weight and harvest index). The differences in
biomass production among sites were mostly due to varia-
tions in crop growth rates induced by varying tempera-
tures and accumulative solar radiation. These results
indicated that the yield gap between hybrid rice with in-
bred cultivars was relatively small at medium and high
yield levels but large at the super high vyield level. In
addition, improving rice yields from medium to high
should focus on sink and source, and further improve-
ment to super high yields should emphasize sink, source
and flow. In other words, favorable environmental condi-
tions are essential for high hybrid rice yields.

Methods

Field Experiments

Field experiments were conducted in fields in the major
rice-growing areas of China in 2012 and 2013. The ex-
perimental sites were located in Huaiji County (24°03"
52”N, 112°03'27"E, 70 m asl) in Guangdong Province,
Binyang County (23°09'33"N, 108°52°43"E, 90 m asl) in
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Guangxi Province, Haikou City (19°45'12”N, 110°11°
52”E, 26 m asl) in Hainan Province, Changsha City
(28°11'11"N, 113°04'15"E, 45 m asl) in Hunan Province,
and Xingyi City (25°07°'16"N, 104°55'56"E, 1170 m asl)
in Guizhou Province. The properties of the experimental
soils are presented in Table 6. The soil tests were based on
samples taken from the upper 20 cm of the soil before the
rice was transplanted in the first year.

Two super hybrid rice cultivars, Liangyoupeijiu and
Yliangyou-1 and two high-yielding inbred cultivars,
Yuxiangyouzhan and Huanghuazhan, were used at
each site. Liangyoupeijiu is an indica-japonica hybrid
(Peiai64S x 9311) developed by the Jiangsu Academy
of Agricultural Science and released in 1999. Yliangyou-1
is an indica hybrid (Y58S x 9311) developed by the Hunan
Academy of Agricultural Science and released in 2006.
Yuxiangyouzhan and Huanghuazhan are inidca inbreds
developed by the Guangdong Academy of Agricultural
Science and released in 2005. These cultivars have been
widely grown by rice farmers in China because of their
good vyields.

Treatments were arranged in a split-plot design with
N treatments as the main plots and the cultivars as
subplots. The experiment was replicated three times,
and the subplot size was 20 m® The three N treat-
ments were (i) high N (225 kg ha™!, N1), (ii) moder-
ate N (161-191 kg ha™!, N2) and (iii) zero N, the
control (0 kg ha™', N3). For the N1 treatment, 112.5,
45, 45 and 225 kg N ha™' were applied at baseline
(1 day before transplanting), early tillering (7 days after
transplanting), panicle initiation (the first appearance of a
differentiated apex), and spikelet differentiation (the appear-
ance of glumous flower primordia at the tips of elongating
primary rachis branches), respectively. For N2 treatment, N
application timing and rates are given in Table 7.

Table 7 Nitrogen application timing and rate in moderate N treatment at each experimental site in 2012 and 2013

Year Site N application timing and rate (kg ha™')® Total N application
Basal Tillering Panicle initiation Spikelet differentiation rate (kg ha ™)
2012 Huaiji 56 60 30 15 161
Binyang 56 60 45 15 176
Haikou 56 60 45 0 161
Changsha 56 60 45 0 161
Xingyi 56 60 45 0 161
2013 Huaiji 56 60 60 15 191
Binyang 56 60 60 0 176
Haikou 56 60 45 15 176
Changsha 56 60 45 0 161
Xingyi 56 60 45 0 161

A chlorophyll meter was used to guide N application at panicle initiation and spikelet differentiation. SPAD was measured on the 10 topmost fully expanded
leaves per plot as described by Peng et al. (1993). At panicle initiation, if SPAD < 37, apply 60 kg ha™"; if between 37 and 39, apply 45 kg ha™"; if > 39, apply
30 kg ha™". At spikelet differentiation, if SPAD < 37, apply 45 kg ha™"; if between 37 and 39, apply 30 kg ha™; if between 39 and 42, apply 15 kg ha™"; if > 42,

1

apply 0 kg ha™
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Pre-germinated seeds were sown at a rate of 25 g m™>

on 10 March in Huaiji, 20 March in Binyang, 15 January
in Haikou, 13 May in Changsha and 8 April in Xingyi.
Seedlings were transplanted at a hill spacing of 20 cm x
27 c¢cm with two seedlings per hill. Seedling age at trans-
planting was 27-33 d in Huaiji, 21-22 d in Binyang,
33-36 d in Haikou, 27 d in Changsha and 35 d in Xingyi.
Phosphorus (112.5 kg P,O5 ha™') was applied and in-
corporated in all subplots 1 day before transplanting.
Potassium (157.5 kg K,O ha') was split equally at
baseline and panicle initiation. The regimen for water
management was in the sequence of flooding, midseason
drainage, re-flooding and moist intermittent irrigation.
Weeds, insects and diseases were intensively controlled
with chemicals to avoid yield loss.

Sampling and Measurements

Six hills were sampled in each subplot at full heading
(approximately 80 % of the panicles had emerged from
the flag leaf sheath, HD) and ten hills were diagonally
sampled in each subplot at maturity (MA). For all the
sampling procedures, the 3 border lines were excluded
to avoid border effects. Plants sampled at HD were sepa-
rated into stems, leaves and panicles. The dry weight of
each organ was determined after oven-drying at 70 °C to
constant weight. Plants sampled at MA were hand
threshed after the panicles were counted. Filled spikelets
were separated from unfilled spikelets by submerging
them in tap water. Three subsamples of 30 g filled grains
and all unfilled spikelets were taken to count the numbers
of spikelets. The dry weights of straw (including rachis)
and filled and unfilled spikelets were determined after
oven drying at 70 °C to constant weight. CGR from sow-
ing (SO) to HD and HD to MA, spikelets per panicle,
spikelet filling percentage (100 x filled spikelet number/
total spikelet number), and harvest index (100 x filled
spikelet weight/aboveground total dry weight) were calcu-
lated. Grain yield was determined from a 5-m? area in the
middle of each subplot and adjusted to a moisture content
of 0.14 g H,O g™* fresh weight.

Daily minimum and maximum temperature data were
obtained from the local meteorological bureaus. Daily
solar radiation was calculated with a modified form of
the Hargreaves-Samani model (Hargreaves and Samani
1982; Abraha and Savage 2008), and the estimated solar
radiation agreed well with the measured values over a
wide geographical region without the need for further
site-specific calibration (Ball et al. 2004).

Statistical Analysis

Data were analyzed using analysis of variance (Statistix
8, Analytical Software, Tallahassee, FL, USA). The means
of cultivars and sites were compared based on the least sig-
nificant difference test (LSD) at the 0.05 probability level.
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