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Abstract
The breeding of heat-tolerant (HT) varieties is considered an effective adaptation measure 
to reduce the impacts of global warming on crops. However, little is known about how 
much heat tolerance needs to be attained in the breeding of HT varieties and by when the 
HT varieties should be introduced in a warming climate. Here, we assessed the effect of 
the introduction of HT rice varieties on the incidence of low-quality rice grains (chalky 
rice grain, CRG, as a result of high temperatures), and formulated a breeding target for rice 
in Japan, where high incidence of CRG is already a concern. Varieties with a 3 °C higher 
temperature tolerance should be bred and introduced until the 2040s under representative 
concentration pathways (RCPs) 2.6 and 8.5, in the pessimistic scenario, considering the 
uncertainties in climate models and an impact assessment model, which were large. In the 
median case, varieties with a 1 and 2  °C higher temperature tolerance are needed until 
the 2040s under RCPs 2.6 and 8.5, respectively. The findings revealed necessary efforts in 
breeding research and programs under conditions of global warming.

Keywords  Breeding target · Global warming · Heat tolerant · Chalky rice grain · Japan · 
Grain quality

1  Introduction

Global warming not only directly reduces crop yields (Kinose et  al. 2020; Masutomi 
et al. 2009; Porter et al. 2014; Rosenzweig et al. 2014; Zhao et al. 2016), but also indi-
rectly reduces “marketable” yields via decreased crop quality. Rice, one of the world’s 
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major cereals, has a high incidence of low quality rice grains, called chalky rice grain 
(CRG; Fig.  1) as a result of high temperatures during the ripening period (Krishnan 
et al. 2011; Masutomi et al. 2015; Morita et al. 2016; Takimoto et al. 2019; Tashiro & 
Wardlaw 1991; Xiong et al. 2017). CRG is fragile, which increases loss during milling, 
thus reducing the marketable yield (Bao 2019; Lyman et  al. 2013; Zhao & Fitzgerald 
2013). In addition, CRG has low eating quality (Chun et  al. 2009; Kim et  al. 2000). 
These characteristics of CRG result in a low market value. Hence, CRG also causes eco-
nomic loss by decreasing farmers’ income. In Japan, an increased incidence of CRG due 
to global warming has already been reported in many prefectures (MAFF 2019), and an 
increase in CRG and its economic impacts are predicted (Akune et al. 2015; Masutomi 
et al. 2019a, b). Given the current and future global warming scenarios, CRG is an issue 
of utmost importance in rice production and should be addressed worldwide.

Various countermeasures have been proposed to reduce the incidence of CRG 
(Morita et al. 2016). One such measure is the introduction of heat-tolerant (HT) varie-
ties. Extensive breeding research and programs have focused on developing HT varie-
ties (Ishimaru et  al. 2016; Li et  al. 2015; Zhu et  al. 2005). However, in current and 
prospective global warming scenarios, the heat tolerance in new varieties and the tim-
ing of the introduction of the HT varieties are unclear. As breeding a new variety is 
generally expensive and time consuming (Bernardo 2008; Pardey et al. 2016; Lenaerts 
et al. 2019), it is essential to develop long-term plans in which necessary breeding tar-
gets of HT varieties are formulated to mitigate the current and future impacts of global 
warming.

The purpose of this study was to present a breeding target for the development of HT 
varieties to reduce the incidence of CRG in Japan. To this end, the effect of introducing 
HT varieties on the incidence of CRG was quantitatively assessed. The results allow us 
to determine breeding targets of HT varieties, that is, heat tolerance in new varieties that 
should be bred and the timing of introduction of the HT varieties. The breeding targets 

Chalky Rice Grain Head Rice Grain

High Low

Temperature

Fig. 1   Chalky (left) and head (right) rice grain. High temperatures during the ripening period result in the 
production of a low-quality rice grain called chalky rice grain (CRG)
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based on these scientific adaptation assessments assist in the development of long-term 
adaptation strategies in breeding research and programs.

2 � Materials and methods

2.1 � Framework of assessment

The incidence of CRG was estimated using a simple statistical model (see Sect. 2.2) devel-
oped by Masutomi et al. (2015, 2019a, b). The study area covers the whole of Japan, except 
the Okinawa Prefecture, which has a different climate and rice cropping system from that 
of the other prefectures. The incidence of CRG was estimated within each 1 km grid and 
then averages were calculated for the whole of Japan and all prefectures (see Sect. 2.4). 
The estimations were conducted yearly from 2010 to 2049 and analyzed by decade (2010s: 
2010–2019; 2020s: 2020–2029; 2030s: 2030–2039; 2040s: 2040–2049). NARO2017, a 
future climate dataset, which is bias-corrected and statistically downscaled to 1 km grids 
from the spatial resolutions of general circulation models (GCMs), was used for future cli-
mate scenarios in the estimations (Nishimori et al. 2019). It provides 10 climate scenarios 
under two representative concentration pathways (RCP2.6 and RCP8.5) and five GCMs 
(CSIRO-Mk3-6–0, GFDL-CM3, HadGEM2-ES, MIROC5, and MRI-CGCM3). We used 
all the climate scenarios for the estimations in order to consider all uncertainties in future 
socio–economic pathways and the climate sensitivity of GCMs. In addition, the uncer-
tainty in the model for estimating the incidence of CRG was considered in the estimations, 
by using 100 sets of parameters in the model (see Sect. 2.3). Hence, 500 (= 5 GCMs × 100 
parameter sets) estimates of CRG for each RCP were calculated in each 1 km grid. We then 
calculated the 10, 50, and 90 percentile values of the 500 estimates in each 1 km grid, and 
called them the optimistic (OPT), median (MED), and pessimistic (PES) cases, respec-
tively. To assess the effect of the introduction of HT varieties, the above estimations were 
conducted along with the introduction of HT varieties with tolerances of 0–3 ℃ higher 
than that of the leading rice variety, Koshihikari, which accounts for one third of the rice 
planted in Japan. Table  1 summaries this framework of estimations and analyses in the 
present study.

Table 1   Framework of assessment: estimation and analysis

* Except Okinawa Prefecture

Item Estimation Analysis

Area Japan* Japan*
Spatial Resolution 1 km Whole Japan and each prefecture*
Year 2010–2049 2010s, 2020s, 2030s, 2040s
RCP RCP2.6, RCP8.5 RCP2.6, RCP8.5
GCM CSIRO-Mk3-6–0, GFDL-CM3, 

HadGEM2-ES, MIROC5, MRI-CGCM3
OPT, MED, PES

CRG Model 100 parameter set
Heat Tolerant (HT) 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0
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2.2 � Model for estimating chalky rice grain

The incidence of CRG was estimated using the following equation based on Masutomi 
et al. (2015; 2019a, b):

where I [%] is the incidence of CRG, T20[°C] is the daily temperature averaged over 
20 days after the flowering date, Tcrit[°C] is a parameter for the threshold of T20 at which 
CRG begins to appear, k

T
 [%/ºC] is a parameter for the sensitivity to temperature, and THT

[°C] is a parameter for HT varieties. The accuracy of the model for the estimation of the 
incidence of CRG in Japan was intensively validated in Masutomi et  al. (2019a, b) for 
cases without HT varieties ( THT = 0 ). They reported that the correlation between observa-
tions and model estimations was 0.661 and significant (p < 0.001).

THT was newly adopted in the present study in order to assess the effect of the introduc-
tion of HT varieties. In the model, I = 0, if T20 ≤ Tcrit  + THT ; otherwise, I > 0. In the case of 
T20 > Tcrit + THT , I linearly increases with T20 according to k

T
 . Figure 2 shows observations 

(plots) and the models (red lines) with the optimal values for the model parameters in the 
case of THT = 0, 1, and2 (hereinafter, THT = X is represented as HTX; the method of model 
parameterization is described in Sect. 2.3). For example, in the case of THT = 1(HT1), Tcrit 
substantively increases by 1 degree, and the incidence of CRG becomes lower than that in 
the case of THT = 0 (HT0). This is equivalent to the effect of the introduction of a variety 
with 1 ℃ higher temperature tolerance. Thus, setting a value of THT allows us to assess the 
incidence of CRG when HT varieties are introduced. In the present study, the effect of the 
introduction was assessed for seven types of HT varieties ( THT = 0, 0.5, 1, 1.5, 2, 2.5, and3 ). 
It should be noted that Takimoto et al. (2019) reported that Tcrit is actually different among 
varieties. Although they also reported that another model parameter, k

T
 , is different among 

(1)I = max
{

0, k
T

(

T20 − (Tcrit + THT

)}

Fig. 2   Relationship between T20 
[˚C] and the incidence of CRG I 
[%]. Red lines represent models 
for three cases (HT0, HT1, and 
HT2). Black points are observa-
tions (Masutomi et al. 2019a, b)
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varieties, the changes in k
T
 are not considered in this study due to the complexity of the 

analysis.

2.3 � Model parameterization and the uncertainty

Tcrit and k
T
 are parameters statistically estimated using observations of I and T20. In order to 

consider the uncertainty of the model, 100 sets of the two parameters were estimated using 
the bootstrap resampling method (Efron 1979). For the observations of I , we used the same 
data used by Masutomi et al. (2019a, b). It included 53 samples for Koshihikari from four 
sites across Japan. For T20, the Mesh Agro-Meteorology Data was used (Ohno et al. 2016). 
The procedure of parameter estimations is as follows (Masutomi et al. 2012; 2015).

Step1: By using the observations, an optimal parameter set, T∗
crit

 and k∗
T
 , that mini-

mizes the error between the observations and estimations for I was estimated. In the 
present study, the downhill simplex method was used for the minimization (Nelder and 
Mead 1965). The incidence of CRG estimated by T20 for sample i, T20,i , and the optimal 
parameter set, T∗

crit
 and k∗

T
 , was expressed as I∗

est,i
 and is given by the following equation:

Step2: Residual values for sample i from the observations, Iobs,i , to the estimations, I∗
est,i

 , 
was expressed as R

i
 and calculated as follows:

Step3: By adding randomly sampled R
i
 to the observed Iobs,i , pseudo-observations for I, 

Îobs,i , were obtained as follows:

where RS(R
i
 ) indicates random sampling from a set of R

i
 . Random sampling was repeated 

53 times to produce 53 samples of Îobs,i.

Step 4: Using the 53 samples of Îobs,i , a parameter set that minimizes the error between 
the pseudo-observations and estimations for I was estimated.
Step 5: Steps 3 and 4 were repeated 99 times to produce 99 sets of the parameters. At 
last, 100 sets of the parameters were produced by adding the optimal parameter set to 
the 99 sets of the parameters. Fig. 9 shows the frequency of the values for each param-
eter and Fig. 10 shows the plots of the 100 parameter sets.

2.4 � Input data and data processing procedure

Figure 3 shows the input data and the data processing procedure. In step 1, the inci-
dence of CRG was annually estimated in each 1 km grid from 2010 to 2049 using the 
model explained in Sect. 2.2. For the gridded estimations, T20 is needed for each 1 km 
grid. The gridded T20 was calculated from the gridded data for daily temperatures and 

(2)I
∗
est,i

= max
{

0, k∗
T

(

T20,i − (T
∗

crit
+ THT)

)}

(3)R
i
= I

∗
est,i

− I
obs,i

(4)Îobs,i = Iobs,i + RS(R
i
)
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flowering dates. For the gridded daily temperatures, NARO2017 was used. The grid-
ded flowering dates were estimated using the method proposed by Fukui et al. (2015). 
Their method requires gridded data of transplanting dates, daily temperatures, and 
day length. The transplanting dates for each agricultural region are reported by the 
Ministry of Agriculture, Forestry, and Fishery. We interpolated the values in 2015 
into a 1-km grid and used them for the estimation of the flowering dates. NARO2017 

Fig. 3   Input data and data processing procedure. Average incidence of CRG in the three cases OPT, MED, 
and PES (taking into consideration the uncertainties) was estimated using future climate scenarios from five 
GCMs and a model for estimating CRG with 100 parameter sets
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was used for the gridded daily temperatures for the estimation of flowering dates. 
Gridded day length was calculated from latitudes in each 1 km grid. At the end of step 
1, we had 500 (= 5 GCMs × 100 parameters) estimations for the incidence of CRG 
for each year from 2010 to 2049. In step 2, the 500 annual estimations were averaged 
by decade. At the end of this step, we still had 500 estimations for each decade. In 

Fig. 4   Average incidence [%] of CRG for the whole of Japan under representative concentration pathway 
(RCP) 2.6 (top) and 8.5 (bottom). The uppermost, middle, and bottommost horizontal lines in the 2020s, 
2030s, and 2040s indicate the PES, MED, and OPT cases, respectively. The line in the 2010s indicates the 
MED cases. The circles are mean values
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step 3, we calculated 10, 50, and 90 percentile values from the 500 estimates in each 
1 km grid and represented them as OPT, MED, and PES cases, respectively. It should 
be noted that the OPT and PES cases were not calculated in the 2010s. In step 4, the 
averages for the incidence of CRG over the whole of Japan and in each prefecture 
were calculated, by using 1 km gridded data of rice areas in 2009 obtained from the 
Mesh Agro-Meteorology Data (Ohno et al. 2016). The above estimations from steps 1 
to 4 were conducted for two RCPs and seven HT cases.

3 � Results

3.1 � Incidence of CRG without HT varieties (HT0)

Figure 4 and Table 3 show the average incidence of CRG for the whole of Japan from the 
2010s to 2040s when seven HT varieties are introduced. In this section, we discuss the 
incidence of CRG in case of HT0 (i.e., no HT varieties). In the MED case, the incidence of 
CRG increased from 7.3 to 10.4% under RCP2.6 and from 7.4 to 12.7% under RCP8.5. The 
incidence of CRG in the 2040s in the MED case under RCP8.5 was 2.3% higher than that 
under RCP2.6, whereas the differences between RCPs were small until the 2030s.

The incidence of CRG from the 2020s to 2040s in the PES case was considerably 
higher than that in the MED case. The incidence of CRG in the PES case increased 
from 7.3 to 16.7% under RCP2.6 and from 7.4 to 18% under RCP8.5. The differences 
between the PES and MED cases ranged from 3.8 to 6.3%. As in the MED case, the 
incidence of CRG in the 2040s in the PES case under RCP8.5 was 1.3% higher than 
that under RCP2.6.

On the contrary, the incidence of CRG from the 2020s to 2040s in the OPT case 
was considerably lower than that in the MED case. The incidence of CRG in the OPT 
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Fig. 5   Incidence [%] of CRG in the MED case with HT0 under representative concentration pathway (RCP) 
2.6 (top) and RCP8.5 (bottom). The grids with no paddy rice field and/or in which rice cannot grow are in 
grey; 16.9% of the incidence of CRG is the threshold between the first and second grades (Masutomi et al. 
2019a, b)
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case was lower from the 2020s to 2040s under RCP2.6 compared to that in the 2010s 
in the MED case, but it increased from the 2020s to 2040s. Under RCP8.5, the inci-
dence of CRG in the OPT case was lower in the 2020s and 2030s but higher in the 
2040s than that in the 2010s in the MED case. The differences between the OPT and 
MED cases were between 1.9 and 4.2%. As in the other cases, the incidence of CRG 
in the 2040s in the OPT case under RCP8.5 was 2.2% higher than that under RCP2.6.
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Fig. 6   Incidence [%] of CRG in the OPT (left), MED (center), and PES (right) cases with HT0 in the 2040s 
under representative concentration pathway (RCP) 2.6 (top) and RCP8.5 (bottom). The grids with no paddy 
rice field and/or in which rice cannot grow are in grey;16.9% of the incidence of CRG is the threshold 
between the first and second grades (Masutomi et al. 2019a, b)
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Fig. 7   Incidence [%] of CRG in the 2040s in the MED case with HT0 to HT2 under representative concen-
tration pathway (RCP) 2.6 (top) and RCP8.5 (bottom)

Mitig Adapt Strateg Glob Change (2023) 28:2 Page 9 of 19 2



1 3

The results with no HT varieties showed that the incidence of CRG increased in the 
MED and PES cases, and even in the OPT case, it increased in the 2040s under RCP8.5.

Figure 5 shows the spatial distribution of the incidence of CRG in the MED case 
with HT0. In the future, the area of high incidence of CRG will expand in the western 
coastal area and appear in the eastern coastal areas, where it was limited in the 2010s. 
The area of high incidence of CRG in the 2040s under RCP8.5 will be larger than that 
under RCP2.6, but there will be no large difference until the 2030s between RCPs. 
These results are consistent with those of Masutomi et al. (2019a, b).

Figure 6 shows the spatial distribution of the incidence of CRG in the OPT, MED, 
and PES cases with HT0 in the 2040s. There were large differences in the spatial 
distribution of the incidence of CRG among the three cases. In the PES case, a high 
incidence of CRG was seen in many areas even under RCP2.6, but in small areas in 
the OPT cases under RCP2.6.

3.2 � Effect of the introduction of HT varieties

Figure 4 and Table 3 clearly show that the introduction of HT varieties could decrease the 
incidence of CRG. For example, if an HT variety with 1 ℃ higher temperature tolerance 
(HT1) is introduced in the 2040s in the MED case, the incidence of CRG will decrease 
from 10.4 to 7.3% under RCP2.6 and from 12.7 to 9.3% under RCP8.5. However, it is also 
shown that the effect per 1 ℃ of higher temperature tolerance gradually decreased as more 
HT varieties were introduced. For example, in the MED case under RCP2.6, the difference 
in the incidence of CRG with HT1 and HT2 was 2.7% (7.3–4.6%), but that with HT2 and 
HT3 was 2.1% (4.6–2.5%).

Figure 7 shows the spatial distribution of the incidence of CRG in the 2040s in the MED 
case when the HT varieties are introduced. It can be seen that the area of high incidence of 
CRG will shrink upon introducing the HT varieties. If a HT variety with 2 ℃ higher tem-
perature tolerance is introduced in the 2040s under RCP2.6, none of the areas would have 
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Fig. 8   Incidence [%] of CRG in the 2040s in the PES case with HT0 to HT3 under representative concen-
tration pathway (RCP) 2.6 (top) and RCP8.5 (bottom)
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a high incidence of CRG. However, an area corresponding to a high incidence of CRG still 
remained under RCP8.5 but was small.

Figure 8 shows the spatial distribution of the incidence of CRG in the 2040s in the PES 
case when the HT varieties are introduced. The area of high incidence of CRG in the 2040s 
in the PES case will be larger under both RCPs than that in the 2010s in the MED case, 
even if an HT variety with 2 ℃ higher temperature tolerance is introduced. Therefore, vari-
eties that are more than 2 ℃ more tolerant will be required in the 2040s in the PES case.

4 � Discussion

4.1 � The effect of HT varieties on the incidence of CRG​

We simulated the effect of HT varieties to discuss breeding targets to reduce of the incidence 
of CRG. The results show that, for example, an HT variety with 1 ℃ higher temperature 
tolerance (HT1) will decrease the incidence of CRG from 10.4% to 7.3% under RCP2.6 and 
from 12.7 to 9.3% under RCP8.5. The most important feature of the present study is that 
we showed quantitative effects of HT varieties, while it is obvious that the introduction of 
HT varieties decreases the incidence of CRG. There have been only two studies where the 
incidence of CRG in Japan is quantitatively assessed (Ishigooka et al. 2021; Masutomi et al. 
2019a, b), but there are no studies on the quantitative assessment of the effect of HT varieties. 
The quantitative assessment of the effect of HT varieties allows us to formulate quantitative 
breeding targets that indicate when and how higher HT varieties should be bred and intro-
duced. Breeding targets will be discussed in the following Sect. 4.2.

Several physiological and molecular mechanisms of heat tolerance for HT varieties 
have been reported. Morita and Nakano (2011) showed that an HT rice variety stored 
large nonstructural carbohydrate in the stem, which contributes to a high ripening rate 
under high temperatures. Tanaka et al. (2009) observed that high temperatures caused ces-
sation of development of the nucellar epidermis, which is a pathway for sucrose in grains, 
at 14 days after flowering in a heat-sensitive variety but had little influence on the nucellar 
epidermis in HT varieties. Tanamachi et al. (2016) reported that the expression of a starch 
synthesis-related gene could be maintained under high temperatures for HT varieties and 
the expression of a starch-degradation-related gene was not increased by high temperature 
in an HT variety. In the model used in the present study, the difference in heat tolerance 
among rice varieties can be expressed as that of the values of the model parameters ( Tcrit 
and k

T
 ). Actually, Takimoto et al. (2019) showed that these values are different among rice 

varieties. The ability to represent the difference in heat tolerance between varieties with a 

Table 2   Breeding targets of heat-
tolerant (HT) varieties: HT that 
needs to increase [℃]

RCP2.6 RCP8.5

2020s 2030s 2040s 2020s 2030s 2040s

PES 2 2 3 PES 2 2.5 3
MED 0.5 1 1 MED 0 1 2
OPT 0 0 0 OPT 0 0 0.5

Mitig Adapt Strateg Glob Change (2023) 28:2 Page 11 of 19 2
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small number of parameters is a key feature of the model used in the study. It is noted that 
only the value of Tcrit was changed in this study for simplicity.

4.2 � Breeding target

The introduction of HT varieties is one of the effective measures for adaptation to global 
warming in the agricultural sector. However, we have not understood when and how 
higher HT varieties should be bred and introduced. As breeding a new variety generally 
requires considerable expense and time (Bernardo 2008; Pardey et  al. 2016; Lenaerts 
et al. 2019), it is important to develop long-term plans in which necessary breeding tar-
gets are provided in consideration of the current and future global warming trends. The 
purpose of this study was to clarify breeding targets through simulations, and this is the 
most important feature of the present study.

Breeding targets can be discussed based on the results in Sect. 3. For this purpose, it 
is necessary to first determine an acceptable incidence of CRG. In the discussion here, 
it is set to the incidence of CRG in the MED case in the 2010s (RCP2.6: 7.3%; RCP8.5: 
7.4%), but it is actually determined by stakeholders, including producers and policy 
makers. Once it is determined, we can calculate the breeding targets of HT varieties, 
that is, heat tolerance of HT varieties that should be bred and the timing of their intro-
duction in order to keep the incidence of CRG below the acceptable level. This calcu-
lation is equivalent to selecting HT varieties below the dotted line in Fig.  4. Table  2 
shows the breeding targets of HT varieties selected in this manner. In the MED case, HT 
varieties with 2 ℃ higher heat tolerance should be bred and introduced until the 2040s 
under RCP8.5, whereas HT varieties with 1 ℃ higher heat tolerance will be sufficient 
under RCP2.6. Thus, in the MED case, more HT varieties are needed in the 2040s under 
RCP8.5 than that under RCP2.6. In policy-making, it is often necessary to assume the 
worst-case scenario (PES). In the PES case, HT varieties with 3 ℃ higher heat tolerance 
should be bred and introduced until the 2040s under RCP2.6, as well as under RCP8.5.

While the whole of Japan is discussed here, the same assessments and discussions can 
be applied for each prefecture in Japan. Tables 4 and 5 shows the effect of the introduction 
of HT varieties in prefectures in which Koshihikari is the leading rice variety.

In the above, the current incidence of CRG was set as the acceptable incidence, but 
other values can be set as well. For example, the threshold value of the incidence of CRG 
that reduces the grade from first to second can be set as the acceptable incidence. Masu-
tomi et al. (2019a, b) assumed this threshold to be 16.9% based on historical values. Using 
this as a baseline, for example, Ibaraki in the PES case shows that HT varieties with higher 
HT of 0.5  °C for RCP2.6 and 1  °C for RCP8.5 are required in the 2040s, according to 
Tables 3, 4, and 5. It is important to note that these are based on the 10-year average inci-
dence of CRG. If the 10-year average incidence of CRG is 16.9%, the incidence would 
have exceeded 16.9% in 5 years of the decade and the grade would have declined. There-
fore, in order to avoid exceeding 16.9% every year, the acceptable incidence should be set 
to be less than 16.9%. The acceptable incidence can be set based on the impact of CRG on 
food security. However, there have been no studies on the extent to which food security is 
threatened by the incidence of CRG. Further research progress is expected.

The present study provides a science-based approach for the development of breeding 
targets. We believe that these breeding targets will provide breeders and related researchers 
with clear visions for the direction and intensity of future breeding strategies. Studies on 
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the development of breeding targets to reduce the impacts of climate change on crops are 
limited (Challinor et al. 2016; Ramirez-Villegas et al. 2018; Tanaka et al. 2015). It is hoped 
that the present approach will be applied to other countries, regions, and crops in the future.

4.3 � Long‑term strategy combined with other countermeasures

Although only breeding targets of HT varieties were considered here, various management 
options and technologies have been proposed to reduce the incidence of CRG (Morita et al. 
2016). Each of these measures has different costs, effects, and lead times to achieve the 
desired effect. Therefore, it is important to understand the characteristics of each manage-
ment and technology, and then develop a long-term adaptation strategy that combines them 
over the future global warming scenario. For example, the utilization of varieties with differ-
ent ripening timing or a shift in transplanting date could unsynchronize the ripening period 
and the high temperature period (Ishigooka et al. 2017). It has also been reported that the 
incidence of CRG can be reduced by optimizing the application of agricultural materials 
such as fertilizers (Tanaka et al. 2010), plant growth regulators (Fahad et al. 2016a, b), and 
water management (Chiba et al. 2017; Hayashi et al. 2011). These are adaptive management 
strategies and technologies that can be implemented without much loss of cost and time. 
Therefore, it is hoped that such adaptation measures are immediately implemented to adapt 
to the impacts that have already appeared, while simultaneously breeding new HT varieties, 
which is time-consuming and costly but should be promoted as a long-term strategy.

4.4 � Future challenges

In this study, we assessed the effect of the introduction of HT varieties and discussed 
breeding targets. However, the feasibility of the breeding targets is currently unknown and 
beyond the scope of the present study. Several HT varieties have been developed so far, and 
extensive breeding research and programs to develop HT varieties have been conducted 
(Ishimaru et  al. 2016). Research and breeding programs will improve breeding capacity 
and optimize the logistics of breeding, e.g., increase in the speed of selection cycles, so that 
the feasibility of their eventual implementation will increase. However, the most important 
problem in linking the breeding research and programs with the present study results is 
that a quantitative method for measuring heat tolerance in rice varieties has not been estab-
lished. Hence, heat tolerance in existing HT varieties is not quantitatively known. There-
fore, the establishment of a quantitative method is a critical first step.

In the present study, only Tcrit was changed to consider the effect of HT varieties. How-
ever, it is known that k

T
 , another model parameter, is different among varieties (Takimoto 

et  al. 2019). Therefore, it is necessary to consider changes in k
T
 when the effect of HT 

varieties is assessed. This is one of the important future challenges. Regarding this point, 
it is very difficult to create high temperature conditions in the field. Hence, model develop-
ment has to be based on statistical methods using long-term data under natural conditions. 
If there is a technology that eliminates this limitation, it will be a major breakthrough in 
model development. In addition, the model considers only temperature as an explanatory 
variable, but it is well known that the incidence of CRG depends on other environmental 
variables including radiation, CO2, and wind (Ishigooka et al. 2021; Takimoto et al. 2019; 
Usui et al. 2016; Wada et al. 2014). Including these variables is also an important challenge 
in the assessment of the effect of HT variables.
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Appendix

Table 3   Average incidence [%] 
of chalk rice grain (CRG) for the 
whole of Japan from the 2010s 
to 2040s under representative 
concentration pathway (RCP) 2.6 
(top) and RCP8.5 (bottom) when 
seven heat-tolerant (HT) varieties 
are introduced from HT0 to HT3.

The values on the left of the parentheses represent the median (MED) 
case and the values in the parenthesis represent the optimistic (OPT) 
and pessimistic (PES) cases

HT 2010s 2020s 2030s 2040s
0.0 7.3 8 (4.5, 13) 9.9 (5.7, 13.7) 10.4 (6.7, 16.7)
0.5 - 6.6 (3.3, 11.2) 8.3 (4.4, 11.9) 8.8 (5.2, 14.8)
1.0 - 5.3 (2.3, 9.4) 6.8 (3.2, 10.1) 7.3 (3.9, 12.9)
1.5 - 4.1 (1.4, 7.8) 5.5 (2.2, 8.5) 5.9 (2.8, 11.1)
2.0 - 3.1 (0.8, 6.3) 4.2 (1.3, 6.9) 4.6 (1.8, 9.3)
2.5 - 2.2 (0.4, 4.9) 3.2 (0.7, 5.5) 3.5 (1, 7.6)
3.0 - 1.5 (0.2, 3.7) 2.2 (0.3, 4.2) 2.5 (0.5, 6.1)
HT 2010s 2020s 2030s 2040s
0.0 7.4 7.1 (5.2, 12.9) 10 (6.6, 14.2) 12.7 (8.9, 18)
0.5 - 5.7 (3.9, 11) 8.4 (5.2, 12.4) 10.9 (7.3, 16)
1.0 - 4.5 (2.8, 9.3) 7 (4, 10.7) 9.3 (5.8, 14)
1.5 - 3.4 (1.9, 7.6) 5.6 (3, 9) 7.7 (4.5, 12.1)
2.0 - 2.5 (1.2, 6) 4.4 (2, 7.5) 6.2 (3.3, 10.3)
2.5 - 1.7 (0.6, 4.6) 3.3 (1.3, 6) 4.8 (2.2, 8.5)
3.0 - 1.1 (0.3, 3.3) 2.4 (0.7, 4.7) 3.6 (1.4, 6.9)

Table 4   Average incidence [%] of chalk rice grain (CRG) by prefecture from the 2010s to 2040s under represent-
ative concentration pathway (RCP) 2.6 when seven heat-tolerant (HT) varieties are introduced from HT0 to HT3

The results for prefectures in which Koshihikari is the leading variety are shown. The values on the left of 
the parentheses represent the median (MED) case and the values in the parenthesis represent the optimistic 
(OPT) and pessimistic (PES) cases
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Table 5   Average incidence [%] of chalk rice grain (CRG) by prefecture from the 2010s to 2040s under rep-
resentative concentration pathways (RCP) 8.5 when seven heat-tolerant (HT) varieties are introduced from 
HT0 to HT3. The results for prefectures in which Koshihikari is the leading variety are shown.

The values on the left of the parentheses represent the median (MED) case and the values in the parenthesis 
represent the optimistic (OPT) and pessimistic (PES) cases

Fig. 9   Frequency of Tcrit [ºC](left) and k
T
 [%/ºC](right) in 100 sets of the parameters (Thick line indicates 

the median value)
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