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ABSTRACT

Typical japonica type rice is sensitive to high temperature. Pon-Lai rice is a special japonica type
with adaptation to the subtropical climate in Taiwan. Facing climate change, rising temperatures
would damage the yield and quality of rice production. This research was conducted using Pon-
Lai rice in the field of a subtropical climate. We conducted 2 experiments, including a year-round
experiment and collection of samples from different districts for building different temperature
conditions. We analyzed the correlation between rising temperature and rice yield or quality. In our
results, the critical period of temperature effect is 0-15 days after heading (H15). The threshold of
high temperature damage in yield and appearance quality was 25-27 °C. Grain weight decreased
about 2-6%, while the temperature of H15 was raised 1 °C above the thresholds. Perfect grain ratio
and chalky grain ratio decreased and increased, respectively, while the temperature of H15 was
raised above the thresholds. However, the high temperature in H15 affected the physicochemical
characteristics. In addition, we found positive correlation between grain length to width ratio and
perfect grain ratio. Grain length to width ratio could be an index of temperature effects for grain
quality. In our study, when the temperature was below 30 °C, a rising temperature of H15 could
damage rice yield and appearance quality, and change grain shape. Our results could provide
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reference for dealing with the warming future in other temperate rice-cultivated countries.

1. Introduction

Taiwan located in subtropical Asia with relatively high
temperatures and long-day photoperiods. Native people
cultivated the indica type rice until the 1900s. After the
1900s, the Japanese began ruling Taiwan and brought
japonica type rice. However, japonica type rice was always
grown in temperate climate with cool temperatures and
short-day photoperiods. Typical japonica type rice culti-
vars, which were introduced by the Japanese and grown
in Taiwan, would encounter dwarf plant height, few tillers,
extremely short life cycle, and consequent yield damages.
Accordingly, the Japanese spent many decades attempt-
ing new-cultivar breeding from traditional japonica type
cultivars and native cultivars. Finally, special japonica
type cultivars, called “Pon-Lai rice”, which were adapted
to the subtropical climate, were developed (Chang, 1999,
Chapter 2). In the high temperature of a subtropical cli-
mate, Pon-Lai rice maintains healthier growth conditions
and higher yield components than typical japonica type
rice (Chang, 1999).

IPCC-AR4 forecasted that global temperatures will
increase by 1.8-4 °C by the end of this century (IPCC,
2007). Many studies have discussed the impacts to japon-
ica type rice by rising temperature. High temperatures
would induce sterility and lead to low harvest index and
grain yield (Jagadish et al., 2007; Oh-¢, Saitoh, et al., 2007;
Prasad et al.,, 2006). High daily maximum temperatures
would inhibit dehiscence and germination of pollen grain
(Matsui et al., 2001; Zhao et al., 2010) and pollen produc-
tion (Prasad et al., 2006). High nighttime temperatures or
daily minimum temperatures would reduce the germina-
tion percentage of pollen grain and repress spikelet fertility
(Mohammed & Tarpley, 2009). Therefore, daily maximum
and minimum temperatures both play important roles in
grain fertility. In addition, grain appearance quality was
affected by high temperature. In high temperatures, the
shortened grain filling period and high filling rate would
raise immature and chalky grains percentage (Huang & Lur,
2000; Kobata & Uemuki, 2004; Tsukaguchi & lida, 2008),
while the formation of chalky grains was most sensitive
to high temperatures during the period of 12-16 days
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after heading (Tashiro & Wardlaw, 1991b). At the molec-
ular level, various reports, including our previous studies,
have shown that high temperatures could change gene
expressions for amylose and storage protein accumulation,
and further affect taste quality (Lin et al., 2005; Lin et al.,
2010; Yamakawa et al., 2007). In addition, the formation of
a chalky appearance might be related to the expressions
of small heat shock proteins (sHSP) and stress regulatory
proteins during the grain filling stage (Lin et al., 2010;
Yamakawa et al., 2007).

Taiwan is an area with the hottest climate in the cul-
tivation areas of japonica type rice (Lur et al., 2006), and
there would be more than +1 °C increases in nighttime
temperatures in the main rice production area of Taiwan
(Shiu et al., 2009). That is, Taiwan is an adequate location
for the research of rice cultivation in the warming future.
This study used heat-tolerant Pon-Lai rice to conduct
year-round experiments in order to identify yield and
quality effects in different temperatures. Therefore, we
determined the cultivation period with the best temper-
ature conditions for good agricultural practices (GAP), as
based on the correlations between grain yield or quality
and cultivation temperature. In addition, our results pre-
sented a vyield-to-temperature or quality-to-tempera-
ture index, which could provide reference for building a
weather-based crop yield index, as well as crop insurance
(Chavula & Gommes, 2006) for upcoming climate change.

2. Materials and methods
2.1. Plant materials

Taiwanese japonica type rice (Pon-Lai rice): Taikeng 9 (TK9)
is the major ‘good quality rice cultivar’in Taiwan and was
chosen for this research. TK9 is from crossing Hokuriku
100 (as mother) and Tainung Sen breed 2414 (as father).
Hokuriku 100 is a y-ray-mutagenesis variety of Koshihikari
(a Japanese cultivar with high quality). Tainung Sen breed
2414 is a selected descendant of IR5470 (an indica type rice
with good heat tolerance). Accordingly, TK9 has good qual-
ity in the subtropical climate of Taiwan (Taiwan Agricultural
Research Institute, 2004).

2.2. Growth conditions

There were two parts of field experiments during
2007 and 2008 in this research. Experiment 1 was con-
ducted at the Miaoli District Agricultural Research and
Extension Station farm at Gongguan, Miaoli, Taiwan
(24°29'N, 120°49'E). Two year-round cultivation experi-
ments with 8 and 9 cultivation periods were conducted
in 2007 and 2008, respectively. In 2007, the 8 cultivation
periods were transplanted on 8 March, 27 March, 2 April,

12 April, 30 April, 15 June, 2 August, and 21 August.
In 2008, the nine cultivation periods were transplanted
on 28 February, 7 March, 18 March, 28 March, 7 April,
17 April, 7 May, 19 July, and 7 August. Three-to-four-
leaf-aged seedlings were transplanted at the rate of
one seedling per hill at a spacing of 30 cmx 15 cm.
There were three replications of each culture period.
Each replication plot was 3.0 m x4.0 m in size. In culti-
vation, phosphorus (54 kg ha=" as P,0.) and potassium
(48 kg ha™" as K,0) were applied 1 day before transplant-
ing. Fertilizer N was applied four times (48 kg ha™' as
ammonium and urea at 1 day before transplanting, 40,
20, and 20 kg ha="as ammonium at 20, 40, and 60 days
after transplanting, respectively). Grain samples were
collected 18 hills per replication when only 2-3 green
grains were on the basal of panicles.

Experiment 2 was conducted at 6 rice cultivation
districts, including Taoyuan (24°56'N, 121°01'E), Miaoli
(24°29'N, 120°49'E), Taichung (24°00'N, 120°32'E), Chiayi
(23°29'N, 120°28'E), Tainan (23°03'N, 120°20’E), and
Taitung (22°50'N, 121°04'E). This experiment was con-
ducted at the 2nd cropping season of 2007. Cultivation
management, including fertilization, harvest timing,
and sample collection, was the same as experiment 1.

In addition, for proving the high temperature effect
on rice appearance quality, we collected rice quality
data (including perfect grain ratio, chalky grain ratio, and
immature grain ratio) from the government in 16 paddy
fields of tropical Taiwan in the 1st cropping season of 2010
and 2011. This study measured the three type grain ratio
by visual inspection. Chalky grains account for over 1/2
of the grains with opaque or chalky appearance, while
immature grains are stunted and broken grains (Council of
Agriculture, 2008). Rice was transplanted in February and
harvested in July in tropical Taiwan. Definite transplant-
ing date, heading date, and harvest date were recorded.
Samples were collected at 50 hills per field for rice quality
analysis.

2.3. Analysis of temperature data

Daily temperature data of each district were collected
from Central Weather Bureau. Then, the data were trans-
formed to (1) accumulated temperature of whole cultiva-
tion period (T), (2) accumulated temperature after heading
(H), (3) average temperature from 0-15 days after heading
(H15-ave), (4) average daily maximum temperature from
0-15 days after heading (H15-max), (5) average daily min-
imum temperature from 0-15 days after heading (H15-
min). Accumulated temperature was the sum of the daily
mean temperatures. Heading date was identified as 50%
panicles heading.
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Table 1. Temperature conditions for the 2007 and 2008 year-round experiments (Experiment 1) and districts experiments (Experiment 2).

Experiment 1: Transplanting date month/day/year T H H15-ave H15-max  H15-min
03/08/2007 3275.2 1091.8 27.6 32.8 25.1
03/27/2007 3077.7 1154.9 27.5 333 25.2
04/02/2007 3103.5 1192.3 284 33.6 253
04/12/2007 3140.5 1139.3 29.5 338 254
04/30/2007 32754 1266.9 29.8 329 24.8
06/15/2007 31754 1140.8 27.2 313 23.2
08/02/2007 2912.5 977.8 21.7 254 16.6
02/28/2008 3100.3 946.4 27.2 327 239
03/07/2008 3,097 1056.9 27.2 32.7 239
03/18/2008 3126.6 1169.7 27.6 327 241
03/28/2008 3024.7 1156.1 284 33.0 244
04/07/2008 3106.7 1003.9 27.8 326 243
04/17/2008 3182.2 1200.1 273 326 244
05/07/2008 34353 13154 27.5 329 24.6
07/19/2008 3070.9 1118.2 246 29.2 21.0
08/07/2008 2854.5 1092.7 25.1 274 18.4
Experiment 2: 2007 2nd cropping season districts and their transplanting dates (month/day) T H H15-ave H15-max H15-min
Taoyuan (08/01) 2786.4 906.2 223 254 193
Miaoli (08/02) 2912.5 977.8 21.7 254 16.6
Taichung (08/05) 2628.3 661.5 235 27.8 19.5
Chiayi (08/02) 2864.8 996.2 239 28.8 19.6
Tainan (07/26) 2856.4 907.4 24.4 29.0 20.6
Taitung (08/02) 2995.9 1288.9 229 25.8 18.3

Note. T: accumulated temperature of whole cultivation period; H: accumulated temperature after heading; H15-ave: average temperature from 0-15 days after
heading; H15-max: average daily maximum temperature from 0-15 days after heading; H15-min: average daily minimum temperature from 0-15 days after

heading. (accumulated temperature: °C-day; temperature: °C).

2.4. Post-harvest treatments of samples

Samples were threshed and air dried to a moisture con-
tent of 13.5-14.5%, and then, the grain weight per hill
was measured. After that, grains were selected into fertile
and sterile grains by a wind selection machine (Seedburo
South Dakota Seed Blower, Seedburo, USA), and the fertil-
ity rate was measured. Fertile grains were husked to brown
rice, while grains with <50% of normal size were sieved out
in the husking process. Then, the brown rice was polished
(85%) to polished grains.

2.5. Measurements of rice quality

For the efficient measurement of large amounts of samples
from field experiments, this study used a machine to ana-
lyze rice quality. Polished grains were separated into per-
fect grains and chalky grains by a grain quality inspector
(RGQI-20A, SATAKE, Japan), and computed grain length,
width, length to width ratio, and perfect grain ratio and
chalky grain ratio in grain numbers. In addition, polished
rice was transformed to rice flour, and viscosity analysis
was conducted for peak viscosity, breakdown, and setback
by a viscosity analyzer (Rapid Visco Analyzer; Newport
Scientific Pty. Ltd., Warriewood, NSW, Australia).

2.6. Statistics analysis

Correlation between temperature and data regarding
grain yield or quality was established in a linear or

binomial formula (according to adjusted R-square). P
value and significance were analyzed by statistical soft-
ware The ‘R’ (R Development Core Team, 2007), and P
values of each formula were defined to significant cor-
relation if the P value <.05, highly significant correlation
if the Pvalue <.01, and extremely significant correlation
if the P value <.001.

3. Results

This research indicated many cultivation periods or culti-
vation districts with cool to high temperature conditions.
Correlations between temperature conditions (including
accumulated temperature and other items mentioned in
previous section) and yield or quality traits (including fer-
tility, grain weight, perfect grain, chalky grain, grain shape,
and flour viscosity traits) was established in linear or bino-
mial formula.

3.1. Temperature conditions

Temperature data were arranged and transformed
into different forms (Table 1). There are temperature
conditions of 17 cultivation periods and 6 cultivation
districts in Table 1. Experiments 1 and 2 covered tem-
perature conditions including 2628.3-3435.3 °C-day,
661.5-1315.4 °C-day, 21.7-29.8 °C, 25.4-33.8 °C, and
16.6-25.4 °C as T, H, H15-ave, H15-max, and H15-min,
respectively.
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Figure 1. (A) The relationship between grain weight per hill and H15-ave. And (B) the relationship between fertility and average (black
circle), maximum (white square) and minimum (white triangle) temperature (Lur, 2009). **P value < .01. *Because the grains of the
samples collected in 2007 of Experiment 1 were cracked in the process of polishing, we only used the samples from 2008 of Experiment
1 and samples from 2007 of Experiment 2 in this measurement. Equivalent sample numbers were used in measurements in Figure 2,

Figure 3, and Figure 6.

Table 2. P value of correlation between rice quality and temperature conditions.

H H15-ave H15-max H15-min
Polished rice appearance quality Perfect grain ratio * 496 ** *% *%
Chalky grain ratio * 433 *% *% %
Grain length 076 694 *% * "
Grain width 327 317 908 956 725
Length/width ratio * .286 ** bl **
Flour viscosity (RVA traits) Peak viscosity * * * % *xx
Breakdown * 193 s i **x
Setback *¥% * ok e %

Note. T: accumulated temperature of whole cultivation period; H: accumulated temperature after heading; H15-ave: average temperature from 0-15 days after
heading; H15-max: average daily maximum temperature from 0-15 days after heading; H15-min: average daily minimum temperature from 0-15 days after

heading.
*Pvalue < .05. **P value < .01. ***P value < .001.

3.2. Yield traits

There were significant correlations between grain weight
and H15-ave. (Figure 1(A)) The variation of grain weight
became larger when H15-ave was above 28 °C. There
would be higher risks of significant decrease in grain
weight when H15-ave was above 28 °C.

Fertility and grain weight were identified as yield traits
in this research. There were highly significant correla-
tions between fertility and temperature of heading week.
Fertility increased with the rising temperature (including

average, maximum, and minimum temperature), and
decreased above temperature thresholds (Figure 1(B)).
These thresholds of average, maximum, and minimum
temperature were 25-27,30-32, and 21-23 °C, respectively.

3.3. Quality traits

After analysis of correlations between temperature condi-
tions and quality traits (appearance quality of polished rice
and viscosity traits of rice flour), the P values of all matches
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are listed in Table 2. The results showed that there were
significant correlations between the temperature of H15
and most quality traits. However, there were few corre-
lations between accumulated temperature after heading
and quality traits.
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There were extremely high significant correlations
between H15-ave and perfect grain ratio or chalky
grain ratio, and with <.01 in the P value (Figure 2). The
perfect grain ratio decreased, and the chalky grain ratio
increased with the rising of H15-ave when it was above
25-27 °C. Regarding the aspect of grain shape, grain
length decreased with temperature of H15 (P value <.01).
However, there was no significant correlation between
grain width and temperature of H15 (P value = .9). These
resulted in a changing trend of grain length to width ratio,
similar to the trend of grain length (Figure 3).

Regarding the aspect of viscosity, there were significant
correlations between H15-ave and peak viscosity, break-
down, or setback (P values <.05, <.001, <.001 respectively).
Peak viscosity and breakdown increased, while setback
decreased with rising temperature (Figure 4). There were
significant positive correlations between peak viscosity
or breakdown and taste score and negative correlation
between setback and taste score (Liu et al., 2011). Higher
peak viscosity referred good water swelling of the grains.
Lower breakdown indicated softness in the cooked grain
cooling period. Higher setback referred the more amylose
content (Allahgholipour et al., 2006).

To verify the results of our experiments, we further
investigated farmers'field data and rice quality of the sur-
veyed 16 farms in southern Taiwan in 2010 and 2011, as
shown in Figure 5. H15-ave of the surveyed region was 26
and 30 °Cin 2010 and 2011, respectively. In 2010, perfect
grain ratio, chalky grain ratio, and immature grain ratio
were 81, 2, and 11%, respectively, and 52, 19, and 20%,
respectively, in 2011.

4. Discussion

In Taiwan, the temperature rises from January, and reached
the highest pointin July and August, and then, the temper-
ature starts falling to the lowest temperature of December
and January. Rice cultivation in Taiwan is separated into 2
cultivation seasons: 1st and 2nd seasons. In the 1st sea-
son, rice is transplanted in spring and harvested in early
summer. Temperature is high in the reproductive period
(June and July). In the closely following 2nd season, rice is
transplanted in late summer and harvested in autumn.The
environmental temperature of the reproductive period is
contrary to the 1st season. The different temperatures
in the reproductive period lead to different qualities of
rice produced in the 1st and 2nd seasons. For example, in
2008, perfect grain ratio and chalky grain ratio were 53 and
32%, respectively, in the Tst season and were 91% and 3%,
respectively, in the 2nd season. In fact, this kind of 2-sea-
son rice cultivation system (bimodal agriculture) is applied
in many tropical countries, such as Thailand, Indonesia,
Myanmar, Vietnam, and the Philippines (Canisius et al.,
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2007). Our results regarding differences in rice yield and
quality between 1st and 2nd seasons could provide refer-
ence for these countries in cultivations in different seasons.

To cover a wider sample resource, we collected 6 different
rice cultivation areas in Taiwan in 2nd season of 2007. Due
to latitude, temperature is highest in Tainan and lowest in
Taoyuan and Miaoli. In addition, there are cool summers and
warm winters in Taitung. According to the cultivation period
of each area, temperature condition was computed (Table 1).
Accumulated temperature after heading is highest in Taitung;
however, the mean temperature here is not as hot, which is
due to the longer period from heading to harvest (60 days).
Radiation in Taitung is lower than other areas, which may
prolong the grain filling period. The short grain filling period
would increase the milky white rice kernels and damage grain
quality (Kobata et al., 2011). That is, the low chalky grain ratio
(<1%) in Taitung might be due to the prolonged grain filling
period here.

By combining the results of experiments 1 and 2, regarding
yield traits, when temperature is higher than 25-27 °C, grain
yield will decrease by 2-6% with a 1 °C temperature increase
(Figure 1A). As seen in a previous study, rice yield potential
would decrease by 4.6-7.3% when the daily mean tempera-
ture raises 1 °C (Matthews et al., 1997). Tashiro and Wardlaw
(1991a) referred that high temperature did not repress grain
yield until the daily mean temperature reached <26.7 °C. We
also found in the heading week, higher temperatures (above
threshold) will cause more sterility grains (Lur, 2009). The rea-
son might be the lower activity of microsporocyte (Prasad
et al,, 2006), less pollen production (Matsui et al., 2005), and
repression of stamen dehiscence (Matsui et al., 2005). High
sterility decreases the final grain yield (Prasad et al., 2006).
In addition, too high (daytime/nighttime temperatures were
32.8/31 °C) temperature might promote respiration (Long,
1991) and repress photosynthesis (Makino et al., 1994), which
would lead to decreased sink, and cause a lower 1,000 grains
weight.

Regarding appearance quality, the critical period of
high temperature effects in rice appearance quality is
12-16 days after flowering (Tashiro & Wardlaw, 1991b). This
period coincides with R6-R8 in the rice reproductive stage
and is sensitive to environmental stresses (Counce et al.,
2000). That is, if the rice encountered high temperatures
during this period, the chalky grain ratio would increase
significantly. This study analyzed the correlation between
H15-ave and rice appearance quality. When H15-ave >25-
27 °C, the perfect grain ratio decreased and the chalky
grain ratio increased with the rising temperature, and the
change range would be large in further high temperatures.
Summing up the results, due to the significant effects of
a rising mean temperature above 25-27 °C, we could set
25-27 °C as the threshold of grain yield and appearance
quality. When the temperature was above the threshold,
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Figure 6. The relationship between grain length/width ratio
and perfect grain ratio (black circle) or chalky grain ratio (white
square). *P value < .05; **P value < .01.

grain yield and appearance quality would decrease sig-
nificantly due to a large amount of chalky grains, which
may be due to the regulations of gene expressions for
storage molecules and stress-responsive proteins during
the early grain filling stage (Lin et al., 2005; Lin et al., 2010;
Yamakawa et al., 2007). According to the results of practi-
cal field investigations of rice appearance quality from 16
farmsin 2010 and 2011 by a district experimental station
in Taiwan, the H15-ave in 2010 and 2011 were 26 °C and
30°C, respectively, and the perfect grain ratios in 2010 and
2011 were 81% and 52%, respectively (Figure 5). The field
results could verify the correlation trend of Figure 2 that a
high H15-ave above 25-27 °C significantly decreases the
perfect grain ratio, while increasing the chalky or imma-
ture grain ratio, and finally, damages appearance quality.
Rice appearance quality is one of the standards for mar-
ket rice pricing. The present results suggested that rice
grains with poor appearance quality due to high temper-
atures may have low economic value, especially above the
threshold of 25-27 °C. Based on this result, we may build
yield-to-temperature or quality-to-temperature indices
and provide reference for the development of agriculture
insurance in the future, according to these climate indices.

Regarding the physicochemical properties of rice flour,
we performed RVA measurement. The rice flour grown
under high temperature showed higher peak viscosity,
higher breakdown, and lower setback (Figure 4). The
change of RVA characteristics may be due to the influence
of high temperature in the biosynthesis of amylose, amy-
lopectin, and protein (Jiang et al., 2003; Lin et al., 2010).
There were reports which indicated that taste quality was
positively correlated with peak viscosity and breakdown
(Liu et al,, 2011; Shu et al., 1998). However, in this study,
caution should be taken to correlate the changes of RVA
characteristics with the taste quality of rice flour grown
under high temperatures. Matsue (2007) indicated that
high temperature would damage taste quality. When the
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temperature of the grain filling stage was above 26 °C, the
taste scores of two Japanese cultivars would be worse with
the rising temperature. Many other studies showed trends
similar to Matsue (2007) (Ishizuki et al., 2013; Oh-e, Matsue,
et al., 2007). Therefore, the changing trend of RVA traits
could not be used as a comprehensive index of the taste
quality of rice flour grown under high temperatures. As our
results only provide a preliminary reference, the relation-
ships among the changing trends of RVA traits, palatability,
and even human sensory testing must be clarified in the
future.

In the quality traits results of this study, Pon-Lai rice
seemed to be more tolerant to high temperature than
the typical japonica type rice. In the face of the warming
climate trend, these kinds of cultivars might be able to
become the breeding materials for other rice-cultivating
countries with temperate climates.

Many previous studies revealed that high temperature
would decrease grain length (Mohammed &Tarpley, 2010)
or grain width (Counce et al., 2005), and the decreased
length or width might be one of the reasons for low yield
under high temperatures (Counce et al., 2005; Morita et al.,
2005). Furthermore, the changing degrees between grain
length and grain width were usually different (Counce et
al., 2005; Huang et al., 2013; Mohammed & Tarpley, 2010);
thus, length to width ratio of rice grains might be changed
under high temperatures. Previous study also indicated
that there were negative correlations between grain shape
(length to width ratio) and rice quality characters, accord-
ing to the measurements of different rice cultivars (Luo
et al, 2004). We analyzed the correlation between grain
shape and appearance quality. The appearance quality
(perfect grain ratio) increased along with the increase in
grain length to width ratio (Figure 6). The higher chalky
grain ratio might be related to the lower grain length
(lower grain length to width ratio) when H15-ave increased
above 24 °C (Figures 3 and 6). It is worthy of further study
to identify the physiological and genetic rationale for the
correlation between grain shape and grain quality, and
whether grain shape can be used as an index for grain
appearance quality under high temperature climate.

This study focused on the application of field exper-
iments. By adjusting the cultivation periods, we hoped
determine the best temperature environment for high
yield and quality rice. However, advancing or postponing
the cultivation period might encounter some risks, such as
cold stress, typhoon, or bird damage; thus, growers should
assess these risks before adjusting the cultivation period.
Concluding our results, H15-ave significantly affected rice
yield and quality. High H15-ave would change the yield,
grain shape, appearance quality, and flour viscosity traits.
Our results could provide reference for the development
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of GAP for high-quality japonica type rice in the warming
future.
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