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Abstract: Short episodes of low-temperature stress during reproductive stages can cause significant
crop yield losses, but our understanding of the dynamics of extreme cold events and their impact on
rice growth and yield in the past and present climate remains limited. In this study, by analyzing
historical climate, phenology and yield component data, the spatial and temporal variability of cold
stress during the rice heading and flowering stages and its impact on rice growth and yield in China
was characterized. The results showed that cold stress was unevenly distributed throughout the
study region, with the most severe events observed in the Yunnan Plateau with altitudes higher
than 1800 m. With the increasing temperature, a significant decreasing trend in cold stress was
observed across most of the three ecoregions after the 1970s. However, the phenological-shift effects
with the prolonged growing period during the heading and flowering stages have slowed down the
cold stress decreasing trend and led to an underestimation of the magnitude of cold stress events.
Meanwhile, cold stress during heading and flowering will still be a potential threat to rice production.
The cold stress-induced yield loss is related to both the intensification of extreme cold stress and the
contribution of related components to yield in the three regions.

Keywords: climate change; cold stress; yield variability; rice growth; food security

1. Introduction

Extreme climate events have brought considerable uncertainty to the quantity and
quality of crop yields, and as such are broadly recognized as a serious threat to agricultural
production [1-4]. It is estimated that extreme climate events account for 18-43% of the
interannual variations in yield [1]. Moreover, different types of climate extremes are
projected to continue to increase both in intensity and frequency under future climate
scenarios [5-8]. Thus, to secure and optimize crop yield in a changing climate, it is crucial
to understand the dynamics of climate extremes and their impacts on crop yields in the
past and present climate.

Cold stress, including injuries from chilling (less than 20 °C) and freezing (less than
0 °C), is one of the most significant abiotic stresses for agricultural plants [9]. As a crop that
originated from the tropical and subtropical areas, rice requires a fairly high temperature,
ranging from 20 °C to 40 °C, to grow [10]. Therefore, rice is highly sensitive to low-
temperature stress [11,12]. Cold stress can damage rice plants during any developmental
stage from germination to maturity [13-15], with the reproductive phases, especially
heading and flowering, being particularly susceptible [9,16]. Low temperature during
these stages may lower the physiological metabolism and growth and development of rice,
induce flower abscission, pollen sterility, pollen tube distortion, ovule abortion and reduce
the fruit set process, which consequently cause yield reduction [9,14,17]. As shown in a
field experiment by [18], exposure to low temperature in the flowering stage can result
in rice spikelet sterility at a rate as high as 89.7%, and, compared to tolerant genotypes,
it can reduce the fertilization efficiency and quantity of pollen grains on stigma in low-
temperature-susceptible genotypes by 97% and 76%, respectively.

Atmosphere 2022, 13, 103. https:/ /doi.org/10.3390/atmos13010103

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13010103
https://doi.org/10.3390/atmos13010103
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9064-3581
https://doi.org/10.3390/atmos13010103
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13010103?type=check_update&version=1

Atmosphere 2022, 13, 103

20f16

Rice is the staple food for nearly half of the world’s population, constituting 20% of
the cereal grain produced globally [19,20]. However, more than 15 million hectares of
rice throughout the world suffer from cold damage annually [21]. China has the second
largest area of rice cultivation, contributing 28.7% of the world’s rice production, and
roughly 65% of Chinese people rely on rice [22]. Cold stress is also a major cause of
reduced crop productivity and quality in China, especially in the rice cultivation areas of
the northeastern plain, Yunnan plateau and south of the middle and lower reaches of the
Yangtze River [5,23,24]. A sound understanding of the spatiotemporal changes in cold
stress and quantification of their impacts on rice growth and yield in China could help to
accurately estimate rice yield losses before harvest, optimize strategies to cope with cold-
stress threats and guarantee China’s food security [1,24,25]. Numerous previous studies
have used experiments to analyze the mechanisms by which cold stress affects the biological
functions and overall metabolism of rice in its different growth stages [11,12,17,26,27];
however, due to the lack of high-quality data on crop growth, yield and climate extremes
spanning suitable spatial and temporal scales, our knowledge regarding the spatiotemporal
characteristics of cold stress and their effects on crop growth and yield at relatively large
spatial scales remains limited.

Using multi-station and long-term, detailed agrometeorological experiment records,
the main objectives of this study were to (i) calculate the major cold-stress indices during the
heading and flowering stages in three rice cultivation regions of China that were frequently
hit by cold events from 1960-2019, (ii) analyze the spatiotemporal changes of cold stress
during the heading and flowering stages of rice under past and present climate conditions,
and (iii) quantify the impact of cold stress on the observed rice yield and related variables
in different ecoregions of China.

2. Materials and Methods
2.1. Study Region and Data Sources

According to previous related studies [23,28], three ecoregions in China that were
frequently hit by cold events during 1960-2019 were included in this study (Figure 1)-
namely, the single rice cultivation region of the Northeastern Plain (NEP), including the
provinces of Heilongjiang, Jilin and Liaoning; the single rice cultivation region on the
Yunnan Plateau (YNP), including the provinces of Yunnan and Sichuan; and the late rice
cultivation region in the south of the middle and lower reaches of the Yangtze River
(SMLYR), including the provinces of Zhejiang, Jiangxi and Hunan. According to the China
statistical yearbook of 2021 (http://www.stats.gov.cn, accessed on 1 June 2021), the rice
planting area of NEP, YNP, and SMLYR occupies more than 20%, 50%, and 15% of the total
crop planting area for each region, respectively. The average altitude for the three regions
is 336.66 m, 2192.24 m, and 307.72 m, respectively.

The observed daily maximum, minimum and average air temperature from 148 weather
stations in the study area from 1960 to 2019 were chosen for analyzing the spatial and
temporal characteristics of cold stress during the heading and flowering stages of rice. The
dataset was obtained from the China Meteorological Data Service Center (http://data.cma.
cn, accessed on 1 June 2021).

A total of 57 national agrometeorological experimental stations (AESs) with data
on rice phenology, yield and related variables were selected. The phenological records
included the dates of major rice phenological events, including sowing, emergence, trans-
plantation, panicle initiation, booting, heading, grain filling and maturity, covering the
period 1992-2013. With these data, the growth duration length (GDL) during the heading
and flowering stages was calculated according to the difference between the end of the
flowering stage and the start of the heading date for each station (Figure S1 in the supple-
mentary material). For the 91 weather stations that were not geographically the same as the
AESs, the phenological dates were replaced by the dates of the best-fitting nearby AESs.
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Figure 1. The study region, weather stations (black dots) and agro-meteorological experimental
stations (AES, red dots) used in this study. NEP, YNP and SMLYR represent North Eastern Plain,
Yunnan Plateau and South of Middle and Lower reaches of Yangtze River, respectively. AES: agrome-
teorological experimental station.

Observed rice yield and related variables (including the number of grains per panicle
(NGP), the 1000-grain weight (1000-GW), and two seed setting rate-related variables
(percentage of undeveloped grain (PUG) and percentage of partially developed grain
(PPDG))) for the 57 stations from 2000 to 2013 were used to evaluate the impact of cold
stress during heading and flowering on rice growth and yield variations. Panicle number is
another important yield component; however, due to many missing records of this variable
for the studied stations, panicle number was not included in our analysis. To eliminate the
effect of elevation on the climate—yield relationships, three AESs in YNP with elevation
lower than 1500 m were discarded. All the crop datasets in this study were collected from
the China Meteorological Data Service Center (http://data.cma.cn, accessed on 1 June
2021), wherein the agricultural data are collected by well-trained agricultural technicians at
each station. These AESs generally apply the optimum crop management practices based
on local conventional agricultural practices, including fertilization and irrigation, pesticide
applications, and weed control for crop development, at these experimental sites [29-31].
The general characteristics of each ecoregion are presented in Table 1.

Table 1. Observed climate, rice yield and related variables from 148 weather stations and 54 agro-
meteorological experimental stations across three ecoregions. Values are shown as mean =+ standard

error.
Ecoregion  No. of AES - Average Yield (ton/ha) NGP PUG (%) PPDG (%) 1000-GW (g)
emperature (°C)
NEP 21 21.31 + 10.61 8.11 4+ 147 99.37 4 23.62 6.27 4 3.36 533 +4.15 24.80 + 2.57
SMLYR 26 2422 +2.02 619 +1.25 13036 £36.96 1641 +7.37 8.03 + 4.98 25.95 +2.92
YNP 7 2028 4 6.17 9.11 +2.74 11546 £29.17 1639 +8.94 9.58 4 6.87 25.16 +2.22

Average temperature was calculated for the period during heading and flowering stage; NEP, North Eastern Plain;
SMLYR, South of Middle and Lower reaches of Yangtze River; YNP, YunNan Plateau; NGP, number of grains
per panicle; PUG, percentage of undeveloped grain; PPDG, percentage of partially developed grain; 1000-GW,
1000-grain weight.
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2.2. Cold-Stress Indices

To comprehensively analyze the occurrence and variation of cold stress during the
heading and flowering stages, two indices were calculated: accumulated cold stress days
(ACSD) and cold degree days (CDD), based on the daily maximum and minimum air
temperature during heading and flowering. ACSD, which measures the duration of cold
stress, is defined as the accumulated number of days on which the average daily minimum
and maximum temperature is lower than the defined cold threshold (Thcold) during the
heading and flowering stages. CDD is defined as the cumulative temperature lower than
Thcold throughout the study period, accounting for both the duration and magnitude of
cold stress. Previous studies have shown that these two indices represent the observed cold
stress on rice well [32].

Indica rice and japonica are the two main subspecies of rice cultivated in China;
however, indica is known to be more sensitive to low temperatures than japonica, and
japonica is more tolerant of cold climates than indica [33,34]. Therefore, for NEP and YNP,
where japonica rice is mainly planted, a threshold (Thcold) of 19 °C was used to define
cold temperature events. Meanwhile, for SMLYR, where indica rice is mainly planted, a
threshold (Thcold) of 22 °C was used [23,24].

CDD during heading to flowering was calculated as follows:

CDD = Y i} CDD; )

Tmax; —21— Tmin; ) @)
where CDD; is the cold degree days on day i, bh is the beginning date of the heading stage
of rice, ef is the end date of the flowering stage of rice, Tmax; and Tmin; are the daily
maximum temperature and daily minimum temperature respectively, and Thq is the
threshold temperature for cold stress.

C]:)]D1 = maX(O, Thcold -

2.3. Characterizing the Spatio-Temporal Patterns of Cold Stress Indices during Heading
and Flowering

To show the spatial variation of cold stress in the study region, the average value of
each index during the heading and flowering stages for each station during 1960-2019
was calculated with a fixed phenological date (the beginning of the heading stage and the
end of the flowering stage), which was averaged from the recorded years (1992-2013) at
each station.

The temporal trend of each index from 1960 to 2019 at each station was fitted with a
simple linear regression, and the slopes of the fitted equations were used as a temporal
trend. The spatial and temporal characteristics of each index were displayed as maps by
using the spatial interpolation of the inverse distance weighted method in ArcGIS 10.1
(ESRI, Redlands, CA, USA). Finally, the trends for the three ecoregions were calculated
by linearly fitting a time series of each index of the average value over all stations in each
subregion from 1960 to 2019.

2.4. Impact of Cold Stress on Rice Yield and Related Variables

Interannual variations in crop growth and yield are mainly driven by climatic and
non-climatic factors (such as location, crop variety, pesticide and fertilizer choice, field
management, etc.). In this study, to assess the impact of cold stress on rice growth and
yield, the first-difference method was used to remove the confounding effects of non-
climatic factors. The first-difference time series was calculated for both rice yield and
related variables and climate variables by subtracting the prior year’s value from each year.
This is a common method used to explain the year-by-year response of crop growth to
climate [35-38].

Temperature, including normal and extreme values, is a critical limiting factor for
grain yield. To separate the effect of extreme-temperature stresses on rice yield from normal
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temperature effects, both the average temperature (Tave) and CDD during heading and
flowering were included in the response model.

The year-to-year changes for each of six independent variables (AY, including Ayield,
ANGP, APUG, APPDG, A1000-GW and AGDL) and the year-to-year changes for climatic
variables (dependent variables, including ACDD and ATavg during heading and flowering)
were firstly calculated for all the stations in each ecoregion. Pearson’s correlation was then
conducted between pairs of the first-difference rice yield indices and climatic variables
during heading and flowering. The correlation coefficient values basically indicated which
climatic variables were significant for rice growth at a certain significance level. Finally,
a multiple linear regression analysis method was applied to fit the correlation of ACDD
and ATavg to AY. The best regression function was selected from equations with different
combinations of the climatic variables. The stability and predictive ability of the models
were evaluated by the adjusted coefficient of determination (Rzadj), and the best equation
that had the largest Rzadj value among the corresponding group was selected. Considering
that the growth and yield of rice may not be linearly related to the temperature stress
indices owing to nonlinearity under natural climate variability, a nonlinear equation was
also established from all the available nonlinear equations with nonlinear components
(quadratic and interactive variables), and the equation with the largest R2ad]- was chosen as
the best multivariate nonlinear equation. The performance of the best nonlinear equation
was then compared with the best linear equation. Ultimately, the best equation of the
growth and yield of rice with the largest Rzadj value was determined.

3. Results
3.1. Spatial Variation of Cold Stress during Rice Heading and Flowering

The spatial patterns of cold stress indices during heading and flowering averaged
between 1960 and 2019 for the study region are shown in Figure 2. Distinct regional
differences were observed for the two indices during the past 60 years. The most severe
cold stress during heading and flowering was observed in YNP at altitudes higher than
1800 m (Figure 2b,e), where the ACSD was 15 days on average, and the average CDD was
26.32 °C-day. Meanwhile, in YNP at altitudes between 1500 m and 1800 m, much slighter
cold stress was experienced (3 days and 2.41 °C-day for ACSD and CDD, respectively), and
very few cold-stress events were observed in YNP at altitudes lower than 1500 m (0.30 days
and 0.21 °C-day for ACSD and CDD, respectively). SMLYR also experienced severe cold
stress during heading and flowering in the past 60 years (10 days and 5.15 °C-day for the
average ACSD and average CDD, respectively), and the cold stress in Hunan Province
was more severe than in the other two provinces (Figure 2¢,f). As for NEP, the severity of
cold stress in this ecoregion decreased from northeast to southwest (Figure 2a,d), and the
average ACSD and CDD in this ecoregion were 3 days and 3.97 °C-day, respectively.

3.2. Temporal Trends of Cold Indices during Heading and Flowering in the Past 60 Years

The temporal variations of cold stress during 1960-2019 were calculated with the fixed
phenological date, distinct regional characteristics can be observed in Figure 3. The trends
for the two cold indices during heading and flowering were in general similar during the
past 60 years; a significant decrease could be found across the majority of the studied areas.
In NEP, a faster CDD reduction rate was found in the north than in the south, with the
average rate of decline in the north NEP being 0.04 day-yr~! and 0.07 °C-day-yr~! for
ACSD and CDD, respectively, which was approximately three times that in the south NEP.
As for YNP, the area in Yunnan Province showed an obvious cold stress decreasing trend,
with an average ACSD and CDD trend value in the past 60 years of —0.06 day-yr~! and
—0.12 °C-day-yr~!, respectively. Meanwhile, insignificant cold stress temporal variation
during heading and flowering in the past 60 years was found in the area of Sichuan
Province. For SMLYR, a significant decreasing trend was also found in the east (Zhejiang
Province), with the trend for ACSD and CDD being —0.07 day-yr—! and —0.21 °C-day-yr—!,
respectively. The rate of decline in the area of Hunan Province was slower than that in
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Zhejiang. In the past 60 years, no significant cold-stress temporal variations were found in
the central SMLYR during heading and flowering.
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Figure 2. Spatial variation of average values of cold stress indices during heading and flowering
during 1960-2019 across three ecoregions of China: (a,d) single rice in NEP; (b,e) single rice in YNP;
(c,f) late rice in SMLYR. ACSD, accumulated cold stress days; CDD, cold degree days.
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Figure 3. Temporal trends of cold stress indices during heading and flowering during 1960-2019:
(a,d) single rice in NEP; (b,e) single rice in YNP; (¢ f) late rice in SMLYR. ACSD, accumulated cold
stress days; CDD, cold degree days.

Figure 4 shows the overall annual variations of CDD and Tave during rice heading and
flowering between 1960 and 2019 in the three ecoregions. The average temperatures during
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heading and flowering in the three ecoregions all showed an increasing trend, especially
after the year 1970, with the rate of increase for NEP, YNP and SMLYR being 0.02, 0.02
and 0.05 °C-yr~!, respectively. In terms of cold stress, a slight increasing trend of CDD
was observed in the three ecoregions during 1960-1969, but thereafter the three ecoregions
experienced a continuous decrease in CDD. The overall rates of decline for NEP, YNP and
SMLYR were 0.11, 0.12 and 0.18 °C-day-yr !, respectively.
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Figure 4. Changes in temperature indices during heading and flowering from 1960 to 2019 (blue
curves denote the 5-year moving average of the temperature indices; black lines are the regression
trend lines using the black solid dots): (a,d) single rice in NEP; (b,e) single rice in YNP; (c,f) late rice
in SMLYR.

3.3. Pearson’s Correlation

Using the climate and rice yield records during 1992-2019, the Pearson’s correlation
coefficients between pairs of the first-difference yield variables (yield, NGP, PUG, PPDG,
1000-GW and GDL) and first-difference temperature variables (CDD and Tave) during
heading and flowering are shown in Figure 5. The yield variations showed significant
correlations with both CDD and Tave during heading and flowering in all three ecoregions
(Figure 5a), and rice yield was more sensitive to the change in CDD than Tave. The change
in CDD had a significantly negative impact on yield, while yield variation was positively
correlated with the change in Tave, which means the historical increase in Tave during
heading and flowering has resulted in the increase in rice yield. For the yield-related
variables, statistically insignificant correlations between the change in NGP and CDD
were observed, and the variation in NGP also showed correlations (albeit statistically non-
significant) with Tave in YNP and SMLYR, but significant negative correlation with Tave in
NEP. Similar to yield, the variations in PUG also showed significant correlations with both
CDD and Tave during heading and flowering in all three ecoregions (Figure 5c), but were
positively correlated with the change in CDD and negatively correlated with the change in
Tave. PPDG was only observed to have a positive correlation with CDD in NEP and Tave in
SMLYR; plus, it had a negative correlation with Tave in NEP, and a non-significant effect of
the change in CDD or Tave on PPDG was found in YNP. The change in Tave during heading
and flowering had positive impacts on 1000-GW in all three ecoregions, with the historical
increase in Tave during heading and flowering having promoted an increase in 1000-GW.
Correlation between the change in CDD and 1000-GW was only found to be significantly
negative in YNP. For GDL during heading and flowering, almost all ecoregions were found
to have significant correlations with CDD and Tave. The increase in Tave during heading
and flowering has prolonged the duration of the heading and flowering stages in YNP, but
shortened the GDL in SMLYR. Meanwhile, cold stress had positive impacts on GDL in NEP
and SMLYR, but exerted a negative impact on GDL in YNP.
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Figure 5. Correlations between first-difference temperature indices and first-difference rice yield
(a), number of grains per panicle (b), percentage of undeveloped grain (c), percentage of partially
developed grain (d), 1000-grain weight (e), and growing duration length (f), during heading and
flowering. Correlations significant at the 0.05 level are marked by *, while those significant at the 0.01
level are marked by ** and those significant at the 0.001 level by ***.

3.4. Impacts of Cold Stress on Rice Yield and Related Variables

Using the multivariate regression method, the linear and nonlinear regression equa-
tions of AY that performed the best among all the variable combinations were selected
(with the largest Rzadj), and their performance is presented in Table 2. The equations
with AY change with all the climatic variables were also displayed in Table S1. As can be
seen from the results in Table 2, the variation in temperature indices during heading and
flowering explained a significant proportion of single rice yield variation (p < 0.01) in the
three ecoregions. The change in CDD and Tave explained yield variations from 4.1% (in
SMLYR) to 18.4% (in YNP), and ACDD had a negative impact on Ayield. No significant
relationships were found between Ayield and ATave in the selected best linear equations.
In NEP, YNP and SMLYR, the regression coefficients of the selected best linear functions
of Ayield with ACDD were —0.042, —0.053 and —0.016, respectively, which means that,
with each one degree per day increase in ACDD during heading and flowering, the yield
decreased by 42 kg/ha, 53 kg/ha and 16 kg/ha in the three ecoregions, respectively.

As for NGP, the Tave during heading and flowering in NEP and YNP and CDD in
SMLYR were the major driving temperature variables in the best equations of NGP, but
only a significantly negative coefficient in NEP (p < 0.01) was observed, with the variation
in Tave explaining 5.2% of the variation in NGP in this ecoregion.

The significant and the best equations for PUG and PPDG were mainly related to
CDD during heading and flowering, except for the equation of PPDG in SMLYR; their
changes explained 5.6-17.9% and 3.7-22.5% (p < 0.05) of the variations in annual PUG and
PPDG, respectively. While one of the three best equations of PUG and two of the three
best equations of PPDG were generated by simple linear models, the other significant best
equations were generated by complex nonlinear models.
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Table 2. The selected best multivariate linear and nonlinear equations for yield and related variables
as a function of temperature indices during heading and flowering.

Linear Nonlinear
Parameters Region
Formula R?,4 Formula R?,4
_ _ 2
NEP AY = —0.042 x ACDD + 0.109 0.057 *** AY = —0.046 x AC]OD]1309 0.001 x ACDD" + ) 156+
Yield (ton/ha) YNP AY = —0.053 x ACDD — 0.051 0.184 ** AY =—0.053 x ACDD +0.003 x ACDD X 6 4x
ATaye +0.003
AY = —0.016 x ACDD + 0.001 X ATave X
— Free ave *%
SMLYR AY = —0.016 x ACDD + 0.065 0.040 ACDD 20,099 0.041
— _ 2
NEP AY = —2.097 x ATaye + 1.141 0.052 ** AY = —2.032 x ATlagegz 0.239 x ATave™ () 049 %+
NGP YNP AY = —1.277 x ATaye — 1.056 ~0.016 AY = ~1.839 x ATave — 0.125 x ACDD x ~0.012
ATave — 3.026
AY = —0.228 x ACDD — 0.003 x ACDD x
SMLYR AY = —0.233 x ACDD + 2.393 0.011 ACDD + 3075 0.01
AY =0.089 x ACDD — 0307 x N AY =0.079 x ACDD — 0.323 x ATaye — .
NEP ATave — 0.016 0.056 0.003 x ACDD? + 0.095 X ATaye? — 0.091 0.054
— 2
PUG (%) YNP AY = 0.262 x ACDD + 0.593 0.129 ** AY =0271 x ACDlDl;OO'O% x ACDD 0.179 **
~ B AY =0.109 x ACDD — 0.255 X ATaye —
SMLYR AY =0.137 x ACDD — 0.174 0.059 0,015 % ACDD x AT, - 0557 0.063
_ _ 2
NEP AY =0.243 x ACDD + 0.090 0.193 *** AY =0230 x ACDODO% 0.006 x ACDD™ + 5 55544
_ 2
PPDG (%) YNP AY = —0.058 x ACDD — 0.365 —0.002 AY = —0.056 x AC]OD];; 0.001 x ACDD —0.019
~ " AY =0.381 X ATave — 0.004 x ACDD x -
SMLYR AY =0.389 x ATaye + 0.347 0.037 AT 0243 0.034
~ B . AY = 0.238 X ATaye +0.002 x ACDD? — .
NEP AY = 0.243ATave — 0.079 0.033 0,069 x AT..2 — 0,003 0.038
— _ 2
1000-GW (g) YNP AY = —0.054 x ACDD + 0.237 0.128 ** AY = —0.056 x ACIOD?I ‘ 0.001 X ACDD + 151 s
SMLYR AY = 0.186 X ATaye — 0.092 0.044 *** AY =0.181 x ATaye — 0.004 x ACDD x 0.048 *++
ATave — 0.192
AY =0.149 x ACDD + 0.550 x AY = 0.140 X ACDD + 0.529 % ATaye —
NEP ATyve + 0.004 0.057 0.033 x ACDD x ATyye — 0.236 0.076
GDL (day) YNP AY = 0.132 X ATaye + 0.506 0.138 ** AY =0.131 x ATave — 0.008 > ACDD x 0.130 ==+
ATaye + 0.406
AY =0.117 x ACDD — 0.132 x AY = 0.114 x ACDD — 0.144 x ATe +
SMLYR ATaye +0.284 0.213 0.001 x ACDD x ACDD + 0.150 0.214

NGP, number of grains per panicle; PUG, percentage of undeveloped grain; PPDG, percentage of partially
developed grain; 1000-GW, 1000-grain weight. GDL, growth duration length during the heading and flowering
stages. The correlation significant at 0.05 level were marked by *, significant at 0.01 level were marked by ** and
significant at 0.001 level were marked by ***.

The 1000-GW in the three ecoregions was more strongly influenced by the complex
nonlinear models. The variation in 1000-GW was slightly influenced by temperature change
during heading and flowering in NEP and SMLYR, which only explained 3.8-4.8% of the
variation in 1000-GW. A larger effect of temperature variables during heading and flowering
on the variation in 1000-GW was found in YNP, 16.1% of which could be explained by the
temperature change during heading and flowering.

As for GDL during heading and flowering, the best equations could be simple linear
or complex nonlinear. Almost always, the two temperature indices explained a significant
proportion of yield variation (p < 0.001); a larger regression coefficient of ATave in all three
ecoregions meant that GDL was more sensitive to the change in Tave during heading and
flowering. The contribution of temperature indices to the variation in GDL ranged from
7.6% (in NEP) to 21.4% (in SMLYR).
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4. Discussion
4.1. Spatial and Temporal Variations of Cold Stress

A temporal analysis of the cold stress indexes (ACSD and CDD) for the past 60 years
indicated that there was in general a decrease in cold stress with the warming climate,
especially after the year 1970. However, the trends were spatially and temporally inconsis-
tent, with large variations. By analyzing the spatial pattern of cold stress in each decade
from 1960 to 2019 (Figures 52-54 in the supplementary material), we found that the cold
stress during heading and flowering in NEP was reducing after the 1970s, and the area
that was free from cold stress (CDD < 1 °C.day) was expanding, with its boundary line
moving to the northeast. In the 2010s, almost no cold stress events during heading and
flowering were observed in Liaoning and western Jilin Province. The single rice cultivation
area in YNP also experienced a decreasing trend of cold stress from the 1960s to 2010s,
but few areas that were newly free from cold stress were detected, and cold stress during
heading and flowering was still widespread in this ecoregion in the 2010s. In SMLYR,
the most severe cold stress during heading and flowering was detected in the 1970s, after
which this ecoregion witnessed a continuous decrease until the 2000s, and then in the 2010s
the cold stress in SMLYR became more severe. Ref. [24] also detected that the cold stress
centroid in this ecoregion showed a significant westward movement due to the eastern
SMLYR experiencing a faster decreasing rate of cold stress than the central and western
SMLYR. Such findings are also supported by results reported in several other previous
studies [23,39].

The actual temporal trends of temperature stress are also influenced by the variation
in the shifting of crop phenology [30]. Our study found slightly earlier heading dates,
significantly later grain filling dates and prolonged heading and flowering stages in the
three ecoregions from 1992 to 2013 (Table 3). Several studies have reported that warming
temperatures due to climate change will shift the phenology forward for rice and other
crop species [31,40,41]. Increasing temperature can accelerate the growth cycle, leading to
earlier senescence, and decrease both canopy radiation capture and biomass [42]. Kumagai
et al. (2020) [43] also found crop phenological stages responded differently to increasing
temperature; specifically, increased temperature shortened the period from emergence
to flowering and grain filling to maturity but prolonged the period during heading and
flowering. Our study found the actual lengths during heading and flowering had an
increasing trend at 0.11 day-yr—!, 0.38 day-yr~! and 0.20 day-yr—! in NEP, YNP and
SMLYR, respectively (Table 3), which indicated that increasing temperature has shortened
the period before heading or after flowering. Exposing rice to a longer flowering duration
will increase the heat resource of this stage, which is conducive to an increase in grain
number and, in turn, an increase in yield, but will also increase the probability of more
extreme temperature events.

Table 3. Statistics of the average phenological dates and their trend during 1992-2013. Values are
shown as mean =+ standard error.

NEP YNP SMLYR
Start of heading (SOH) data (day) 216.97 + 3.41 213.37 +9.99 255.85 + 3.99
SOH data trend (day-yr—1) —0.05£0.32 —0.002 £0.32 —0.03 £0.34
End of flowering (EOF) data (day) 235.26 + 3.98 237.09 + 12.98 271.04 +4.17
EOF data trend (day-yr—') 0.06 £ 0.30 0.37 £0.42 0.17 £ 0.36
Duration (day) 18.29 £ 3.15 23.72 £ 4.43 15.15 £ 2.55
Duration trend (day~yr‘1) 0.11 + 0.31 0.38 £+ 0.20 0.20 £0.21
Trendps (°C-day-year—1) 0.045 + 0.201 —0.131 £ 0.551 —0.152 £ 0.424
Trendiem (°C-day-year—!) —0.002 £ 0.173 —0.172 £ 0421 —0.381 £ 0.251
Trendphe (°C-day-year1) 0.046 + 0.205 0.068 + 0.212 0.229 4+ 0.528

NEP, North Eastern Plain; YNP, YunNan Plateau; SMLYR, South of Middle and Lower reaches of Yangtze
River. Trend,s is the trend of annual cold stress indices calculated with the observed phenological dates during
1992-2013. Trendyem is the trend of annual cold stress indices calculated with a fixed phenological date (averaged
from 1992 to 2013). Trendp, is the difference between Trend,ps and Trendtem.
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To quantify the effect of a shift in phenology caused by climatic variation on the
cold stress, the difference between trends of cold stress calculated based on the observed
phenological dates and fixed average phenological dates were analyzed (Table 3). The trend
(Trendps) of annual cold stress indices calculated with the observed phenological dates
during 1992-2013 at each station was jointly affected by the variation in air temperature
and phenology-shift; while the Trendem, which was calculated with a fixed phenological
date (averaged from 1992 to 2013) at each station, was only affected by the change in air
temperature. Thus, the difference between Trendps and Trendiem is broadly representative
of the effects of a shift in phenology on the annual trend of cold stress (Trendp,). During
1992-2013, the effects of phenology-shift had increased the cold stress in all three ecoregions,
with positive Trendpp. values. The Trendppe in SMLYR was 0.229 + 0.528 °C-day-yr !,
higher than in the other two ecoregions. The effects of phenology shifts also led to underes-
timation of the magnitude of cold stress by 0.046 + 0.205 and 0.068 4 0.212 °C-day-yr !
in NEP and YNP, respectively. A similar result was also found for extreme climate events
such as spring frost and heat stress [30,44,45]. Therefore, cold stress during heading and
flowering is still a potential threat to rice production [5].

4.2. Impact of Cold Stress on Rice Yield and Related Variables

Rice is widespread in China, but rice-cultivation regions are characterized by different
regional climates. The impact of extreme temperature on crop production has recently
attracted increasing attention [5,24,32,46]. However, previous studies have mainly focused
on heat stress and crop yield variability. Insufficient attention has been paid to the impact
of cold stress on yield-related variables in China.

In this study, the impact of temperature indices (CDD and Tave) on rice yield and
related variables was assessed using the best regression equations. The multivariate
linear regression model was further improved by introducing nonlinear components. The
regression analysis showed that there could be a linear relationship or a relatively complex
nonlinear relationship between rice-yield variables and temperature indices in different
ecoregions. Recent studies have also indicated a nonlinear effect of temperature on crop
yield when dealing with global warming [36,37,47,48], which implies that the combined
effect of average and low temperature can result in significant yield reductions [38]. YNP is
located in southwest China and is characterized by dramatic mountainous terrain, with
the average altitude exceeding 1000 m. This region is dominated by a low-latitude plateau
monsoon climate and experiences large variations in cold stress, especially during the rice
heading to flowering stages. Rice growth and yield are susceptible to cold stress, which
in this study explained 18.4% of the observed rice yield variability. Wang et al. (2019) [49]
and Zhou et al. (2021) [50] found that terrain controls the distribution of temperature,
sunlight and soil, which directly impact rice growth, and altitude has a negative correlation
with the rice yield. As for NEP and SMLYR, the climatic conditions that affect rice growth
and yield are more complex; cold stress is not the dominant factor affecting crop growth.
For example, drought and floods have been found to be the key types of meteorological
disaster affecting rice yield in NEP, while SMLYR is most sensitive to high-temperature,
overcast or rainy climatic conditions with sparse sunshine. However, in this study, the
variability of temperature, including cold stress and average temperature, during heading
and flowering, still explained 5.7% and 4.1% of the observed yield variability in NEP and
SMLYR, respectively.

NGP, PUG, PPDG and 1000-GW are key components that determine grain yield. The
relative importance of different components of grain yield varies with the location, season,
crop developmental duration, and land surface characteristics. Each component differs
not only with respect to the growth stage at which it is determined but also in its relative
contribution to grain yield [51]. Ultimately, the impact of temperature change on yield
variables will reflect upon the formation of rice yield. The Pearson’s correlation between
yield and related variables showed that the yield was significantly associated with PUG
and 1000-GW in all three ecoregions (Figure 6), and yield was more sensitive to the change
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in PUG than the other yield variables. Besides, rice yield was also found to be significantly
correlated with NGP in YNP and SMLYR, and with PPDG in SMLYR.

0.6

* k%

0.3 * kK * ok K

c B o
-g 5 . PUG
&= 0.01 - B Froc
S . I 1000-GW
O *k GDL

-0.34 *kk *kk

*%
-0.61
NEP YNP SMLYR

Figure 6. Correlations between rice yield with yield-related variables. Correlations significant
at the 0.05 level are marked by *, while those significant at the 0.01 level are marked by ** and
those significant at the 0.001 level by ***. NGP, number of grains per panicle; PUG, percentage of
undeveloped grain; PPDG, percentage of partially developed grain; 1000-GW, 1000-grain weight;
GDL, growth duration length during the heading and flowering stages.

By quantitatively establishing the relationship between temperature indices and yield
variables, our results revealed different responses of yield and related variables to tempera-
ture indices during heading and flowering in the three ecoregions. In NEP and YNP, the
cold stress during heading and flowering can have a significant negative effect on yield
through impacting the rice PUG and 1000-GW. In SMLYR, meanwhile, both CDD and Tave
were found to have a significant effect on yield through their impact on the rice PUG, PPDG
and 1000-GW.

Rice growth and development processes are complex; the final yield and the compo-
nents related to yield formation are jointly influenced by cultivar selection and climatic
factors (such as temperature, precipitation, radiation, CO; concentration) in different
growth stages [52]. Whilst our study estimated the impact of temperature during heading
and flowering on grain yields, its impact during the growth period before heading and after
flowering on crop yield should also not be ignored [53]. Further studies should separate
these factors to better assess the impact of climate change on grain yields.

4.3. Potential Adaptation Strategies

With future climate warming, cold stress is projected to decrease and move northward.
However, cold stress will nonetheless inevitably remain a key limiting factor for agricultural
production because of the simultaneous shifts in phenology [54,55]. To alleviate the effects
of temperature stress, previous studies have suggested several adaptation strategies, such
as shifts in planting dates to prevent temperature stress [28,31]. However, temperature and
other climatic factors have a constant impact in each crop growth stage, meaning that such
an adaptation strategy may decrease the risk of temperature stress in the studied period,
but may increase the risk of exposing crops to more extreme temperature events in the
subsequent growth period, which will result in more yield reduction. Hence, managing
the phenology to balance both cold risks in the entire growth stage is necessary [30].
Alternatively, developing new varieties with greater cold tolerance offers substantial hope
for coping with an increased risk of cold stress [56,57]. Besides, in areas that will be
continually exposed to cold stress, previous studies have also suggested that proper crop
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management, such as deep-water irrigation and reduced nitrogen fertilizer application in
cold-stress years, can alleviate the impacts of cold stress by improving agricultural water
use efficiency [58] and increasing salinity tolerance [59].

5. Conclusions

Using a long-term, site-specific climate- and yield-variable dataset across three rice
cultivation regions of China that are frequently hit by cold stress, the spatiotemporal trends
of cold stress during the heading and flowering stages of rice were investigated in this
study, and the impacts on growth and yield analyzed. The results indicated that, during
the heading and flowering stages of rice, there were significant regional differences in cold
stress during the study period in the three ecoregions (NEP, YNP and SMLYR), and that cold-
stress events in YNP at altitudes higher than 1800 m, as well as in the provinces of Hunan
and Zhejiang in SMLYR and in the northeastern part of NEP, were more severe than in the
other parts of each ecoregion. With the rising temperature, a significant decreasing trend of
cold stress was found in most parts of the study areas in the past 60 years, but especially
after the year 1970, and the overall rate of decline in NEP, YNP and SMLYR was 0.11,
0.12 and 0.18 °C-day-yr !, respectively. However, the effect of phenological-shift with a
prolonged growing period during the heading and flowering stages in the three ecoregions
has slowed down the decreasing trend of cold stress and resulting in underestimation of
the magnitude of cold-stress events by 0.046, 0.068 and 0.229 °C-day-yr~! for NEP, YNP
and SMLYR, respectively. Thus, cold stress will remain a potential threat to rice production
in these study regions in the near future. Through analyzing the correlation between
temperature indices and rice-yield components, the change in CDD during heading and
flowering explained 5.7%, 18.4% and 4.1% of the observed rice yield variability in NEP,
YNP and SMLYR, respectively. With each one degree per day increase in ACDD during
heading and flowering, the yield decreased by 42 kg/ha, 53 kg/ha and 16 kg/ha in the
three ecoregions, respectively. The rice yield in the three ecoregions was found to be more
sensitive to cold stress than temperature variation during the heading and flowering stages.
The cold stress during heading and flowering was also found to have statistically significant
effects on PUG in NEP, YNP and SMLYR, PPDG in NEP, and 100-GW in YNP. Our findings
highlight the impact of cold stress on rice yield in different rice-cultivation regions, and
the necessity to develop integrated adaptation strategies, such as developing cold-tolerant
cultivars and adopting suitable fertilizer management practices, to cope with cold stress.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10
.3390/atmos13010103/s1, Figure S1: Spatial variation of average values of phenological dates during
1960-2019 across three ecore-gions of China: (upper) North Eastern Plain; (middle) Yunnan Plateau;
(bottom) South of Middle and Lower reaches of Yangtze River. SOH, start of heading data; EOF,
End of flowering data; Figure S2: Changes in cold stress between different decades in North Eastern
Plain. (a) 1960s; (b) 1970s; (c) 1980s; (d) 1990s; (e) 2000s; (f) 2010s. CDD: cold degree days; Figure S3:
Changes in cold stress between different decades in Yunnan Plateau. (a) 1960s; (b) 1970s; (c) 1980s;
(d) 1990s; (e) 2000s; (f) 2010s. CDD: cold degree days; Figure S4: Changes in cold stress between
different decades in South of Middle and Lower reach-es of Yangtze River. (a) 1960s; (b) 1970s;
(c) 1980s; (d) 1990s; (e) 2000s; (f) 2010s. CDD: cold de-gree days; Table S1: The multivariate linear
and nonlinear equations for yield and related variables as a function of temperature indices during
heading and flowering.
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