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Abstract: This study analyzed temperature and yield data from 34 meteorological stations in Hei-
longjiang Province during 1961-2020. Four climate averages (P1, Py, P3, and P4) were determined
based on their respective time distributions (1961-1990, 1971-2000, 1981-2010, and 1991-2020). The
national standard temperature anomaly index was used to identify delayed chilling damage in rice
cultivation compared to these climate averages. Climate tendency rate analysis, Mann—-Kendall
detection, and linear regression methods were employed to examine the relationship between temper-
ature anomaly and rice yield from May to September. The results showed that there were noticeable
differences in recognizing delayed chilling damage across different climate averages from 1961 to
2020. The average duration of chilling damage under P1, P, P3, and P4 was, respectively, estimated
as 8.5 years, 13.3 years, 21.4 years, and 30.9 years, with severe cold damage accounting for a sig-
nificant portion (68.2-76.0%) of the total chilling damage period. The occurrence of severe cold
damage increased significantly over time while light and moderate cold damage did not show a clear
increasing or decreasing trend. Based on the test results, P3 was found to be the most suitable climate
average for identifying delayed chilling damage in rice cultivation from 1961 to 2020. Moreover,
the incidence of chilling damage revealed declining trend over time. There was a high incidence of
chilling damage in the 1960s and 1970s, followed by a decrease from the 1980s to the mid 1990s, and
finally a low-incidence period after the mid-1990s. Spatially, the western regions experienced greater
occurrence of chilling damage than the eastern regions. Additionally, there was a highly significant
positive correlation (p < 0.01) between temperature anomalies from May to September and relative
meteorological yield of rice. As temperature anomalies decreased during this period, there was an
observed downward trend in relative meteorological yield of rice, indicating that delayed cold injury
had a negative impact on rice production.

Keywords: cold region; rice; climate averages; delayed chilling damage; yield

1. Introduction

The agro-ecological field has garnered significant international attention due to the
profound impact of global climate change and its associated extreme weather events and
meteorological disasters [1-5]. These calamities have resulted in diminished crop yield
and quality, thereby posing a threat to food security [6-9]. The rice crop is highly sensitive
to temperature, and its growth and development can be adversely affected by cold tem-
peratures, leading to a reduction in yield [10-12]. Heilongjiang Province, as a significant
rice-producing region in China, plays a crucial role in ensuring food security with its annual
planting area and total output, accounting for over 13% of the country’s rice production.
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However, being situated in a mid-high-latitude region, Heilongjiang province faces chal-
lenges such as limited heat resources, substantial temperature variability, and frequent
occurrences of chilling damage [13,14]. Moreover, the ongoing climate warming has led
to a northward shift in the rice planting belt [15], exacerbating the existing contradiction
between heat conditions and rice demand. The combination of chilling damage and this
northward shift significantly amplifies risks to rice production safety while posing an
imminent threat to national food security. Therefore, studying the identification of rice cold
damage and its impact on rice in cold regions against the backdrop of climate change holds
immense practical significance for the variety selection and climate resource utilization of
rice cultivation, risk mitigation, and enhancing yield and income.

Climate change and meteorological disasters have a close relationship with food
security [16,17]. In recent years, experts and scholars in relevant fields both domestically
and internationally have conducted extensive research, resulting in significant progress in
this area [18-20]. Research on family farms and small-scale farmers has also been carried out
in Brazil and Ethiopia [21,22]. In China, extensive research has been conducted on various
aspects of rice chilling damage, including testing methods [23], index construction [24],
monitoring and forecasting techniques [25], crop model enhancement [26], identification
of cold tolerance [27], and assessment of the impact caused by cold damage. However,
limited attention has been given to utilizing long-term data series for identifying rice
chilling damage based on different climatic averages. As widely acknowledged, within the
realm of climate change, long-term data series prove invaluable in discerning the historical
patterns of disasters and significantly contribute to a comprehensive understanding of
their characteristics for effective disaster prevention. In the identification of delayed cold
damage in rice, the identification index should utilize the climatic mean value. This refers to
the multi-year average value of a specific meteorological element during a certain historical
period and represents the average climate state within that period. As per the guidelines
provided by the World Meteorological Organization (WMO), the climatic mean value for
meteorological elements is calculated as an average or statistical value over three complete
decades. It is necessary to update this value every 10 years [28], indicating that changes
occur in the average climate state, which consequently leads to different outcomes in
disaster identification. How will the identification results of rice chilling damage vary
across different climate averages? Which climate average state is more conducive to the
accurate identification of chilling damage? Is there any correlation between the index
factors of chilling damage and rice yield? These inquiries merit further exploration. Based
on 60 years of historical meteorological data, chilling damage was identified, its change
characteristics were analyzed based on different climatic averages, and the influence of
low-temperature chilling damage on rice yield was studied, providing meteorological
reference for rice production safety, agricultural disaster prevention and reduction, and
food security.

2. Data and Methods
2.1. The Source of Data

The primary rice-producing region of Heilongjiang Province in Northeast China is
situated mainly south of 48° N. For this study, we selected 34 meteorological stations that are
evenly distributed throughout the main rice-producing area and can accurately represent
actual rice production in Heilongjiang Province. The selection of the 34 weather stations
was based on their national significance, annual monitoring requirements for measurement
instruments, and data quality control measures, ensuring a more precise depiction of
objective facts. These stations also provide a reliable reflection of heat distribution trends,
ensuring objectivity in our analysis. Please refer to Figure 1 for further details. The dataset
comprised the daily average temperature, precipitation, and sunshine duration recorded at
34 meteorological stations from 1961 to 2020. These data were compiled by the Heilongjiang
Meteorological Bureau. The rice yield data for these 34 stations were obtained from the
Heilongjiang Provincial Bureau of Statistics.
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Figure 1. Spatial distribution of the stations in the research area.

2.2. Research Methods
2.2.1. Identification of Delayed Chilling Damage in Rice

The national standard of the People’s Republic of China, “GB/T 34967-2017 Grade
of rice cold damage in northern China” [29], specifies the criteria for identifying low-
temperature cold damage, grading chilling damage, and quantifying yield reduction rate
AY in rice. The specific development of the standard and thresholds have been consistently
demonstrated by multiple experts and achieved industry consensus. Therefore, this study
employs the threshold value from this standard to assess cold damage. According to this
standard, light chilling damage is defined as 10% < AY < 55%, moderate chilling damage
as 10% < AY < 15%, and severe chilling damage as 15% < AY < 100%. In accordance with
the national standard, this study employed the temperature anomaly index from May to
September, which is calculated as the sum of monthly average temperatures and serves as
an identification criterion for delayed chilling damage in rice. The different maturing areas
of rice were categorized as I, II, III, IV, V, and VI based on Table 1.
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Table 1. Indicators of anomalies of temperature for delayed growth-type rice delayed chilling damage

from May to September.
Chilling Early Mature Region Middle Mature Region Late Mature Region
Damage I II III v \'% VI
Grade T T5 0 < 83 83<y T5 9<8 88<) T59<93 93<y T5s9<98 98<3 Ts_ o< 103 T T5 o >103
Licht —15 < AT —-19 < AT —21<AT —2.6 < AT —3.1< AT —3.6 < AT
D o e U . S <17 <19 <24 =229
Moderate —20< AT —22 < AT —2.6 < AT —32< AT —-3.8 < AT —42 < AT
L <15 __ ____=<Z12 _____ - -2l _ _____ <-26 ______ <81 _____ <86
Severe AT < -2.0 AT <—-22 AT < -2.6 AT <—-3.2 AT <—-38 AT < —4.2

NOTE: }_ T5_g represents the perennial average value, indicating the thermal conditions specific to the region; AT
denotes the anomaly value, reflecting the deviation between the sum of average temperatures in May-September
and its perennial average.

In this study, the cold damage identification index used the deviation of climate
averages from the norm to analyze cold damage. The World Meteorological Organization
typically defines a 30-year period as the climatic average. In daily operations at the China
Meteorological Administration and other relevant units, the most recent climatic average
spans nearly 30 years. For instance, before 2020, we used data from 1980-2010, and after
that, we switched to data from 1990-2020. In the identification of delayed cold damage
in rice, the identification index should utilize the climatic mean value. This refers to the
multi-year average value of a specific meteorological element during a certain historical
period and represents the average climate state within that period. As per the guidelines
provided by the World Meteorological Organization (WMO), the climatic mean value
for meteorological elements is calculated as an average or statistical value over three
complete decades. It is necessary to update this value every 10 years, indicating that
changes occur in the average climate state, which consequently leads to different outcomes
in disaster identification.

The delayed chilling damage in rice is an agricultural natural disaster caused by
prolonged periods of low temperatures, resulting in stunted growth and reduced tillering,
decreased grain weight, or impaired maturation and subsequent yield reduction. The
method uses the anomaly values of the sum of average temperatures from May to Septem-
ber over the past 30 years and yield reduction rate as indicators for delayed chilling damage
identification. The higher the temperature and lower the anomaly value, the higher the
yield reduction rate, indicating the higher the level of cold damage. Additionally, differ-
ent rice varieties have varying indicators, including early mature, middle mature, and
late mature.

Four climate averages (i.e., the sum of four annual average temperatures from May to
September) were set to identify the delayed chilling damage of rice, respectively. Denoted
as Pj, the initial climate mean P; represents the 30-year average value of the sum of
monthly average temperatures from May to September between 1961 and 1990, denoted
as ) Ts_g = P;. The average value of P, during the period 1971-2000 is determined to be
30a; thus, it is denoted as ), T5_9 =P,. Similarly, this identification process applies to P3
(1981-2010) and P4 (1991-2020). To identify the delayed chilling damage of rice, the sum of
monthly average temperature from May to September was calculated:

n
Y Ti=)Y (Tis + Tig + Tiy + Tig + Tio) 1)
i1

In Equation (1), } T; represents the summation of the average monthly temperatures
from May to September in year i at a given station, where Tj5 to Tj9 denote the average
temperatures for May, June, July, August, and September in year i at that station. Here,
n = 60. P; is calculated as follows:
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In Equation (2), for j = 1, the summation }_ T; of 30a from 1961 to 1990 is considered
for calculation; for j = 2, the summation ) T; of 30a from 1971 to 2000 is considered for
calculation, and so forth. The formula for calculating the temperature anomaly from May
to September in the year i of a station using the J-th climate average is as follows:

AT =) T,— P ©)

Based on the calculated ATj;, rice chilling damage occurrences between 1961 and 2020
under different climate mean values (Py, Py, P3, or P4) can be identified by applying the
index threshold from Table 1 to their respective P; values.

2.2.2. Yield Analysis Method

The actual rice yield was decomposed to enhance the analysis of the relationship
between catastrophic climate factors and crop productivity [30,31].

Y=Y:+Yy, te (4)

In Equation (4), Y represents the actual rice yield per unit area (kgeha!); Y; denotes
the trend yield (kgeha™!); Y;, signifies the meteorological yield (kgeha™!); and ¢ is a
random error, representing the negligible contribution of stochastic factors to the overall
yield component. The linear moving average method is employed to decompose the trend
component and compute the meteorological yield (Equation (5)).

Y,=Y-Y; )

Previous studies have demonstrated that the relative meteorological yield exhibits
temporal and regional comparability [31]. Meanwhile, to enhance the analysis of delayed
chilling damage effects on rice yield, this study examined the relative meteorological yield
as follows:

Y, = -2 x 100% (6)

In Equation (6), Y, represents the relative meteorological yield (%). When Yy, < 0, this
paper defines Y; as the rate of reduction in rice yield.

2.2.3. Data Processing and Analysis Methods

The frequency of cold damage occurrence at a specific station is quantified by the
ratio between the number of years experiencing chilling damage under a particular climate
average and the total number of years. The ratio of the number of cold damage stations
in a year to the total number of stations in the study area was used to express the extent
of chilling damage in that year, expressed in IOC. The climate tendency rate, standard
deviation, and Mann-Kendall test were employed to examine the temperature trend during
the period from May to September. To mitigate the influence of dimensions, we employed
the Min—-Max normalization method [32] to standardize the temperature anomaly (AT) and
rice relative meteorological yield (Y;) data for the period from May.

Y= ST (7)

In Equation (7), x represents AT or Y, original data, x,,;;, and x;;,x are the minimum
and maximum values in the original data, respectively, and x’ represents the data after
normalization of AT or Y,, expressed by Y, and Y,’, respectively. Meteorological data
were stored in Access2016, mean analysis was performed in excel, and trend analysis was
performed by SPSS.
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3. Result and Analysis
3.1. Revealing Delayed Chilling Damage in Rice through Diverse Climate Averages
3.1.1. Revealing Profile

From 1961 to 2020, significant variations were observed in the identification of delayed
chilling damage in rice based on the four climate averages (Figure 2). Under the Pj, P, Ps,
and P, scenarios, the average number of chilling damage years in the study area was found
to be 8.5a, 13.3a, 21.4a, and 30.9a respectively, indicating an increasing trend in identified
chilling damage years as we moved back along the climate average timeline. Under the
same average climate conditions, there was less light and moderate chilling damage, while
severe chilling damage accounted for 68.2% to 76.0% of the total cold damage years. Under
different average climate conditions, as P; to P, shifted backward, the number of light
and moderate cold damage years fluctuated without a discernible increasing or decreasing
pattern; however, there was a significant increase in the number of severe chilling damage
years, with an average increase of 4.3 to 8.1a.
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Figure 2. Numbers of cold damage years in different degrees under different average climatic states
in the study area from 1961 to 2020. (a—d) are the number of cold damage years in different degrees
under the average climatic state of P, Py, P3 and Py in the study area.

After analysis, it was found that the delayed chilling damage of rice identified by the
four climate averages was generally concentrated before the mid-1990s. The number of
years of chilling damage recorded by each station accounted for 100.0% in Pj, 87.5% to
100.0% in P5, 84.2% to 100.0% in P3, and 77.3% to 96.0% in P4. It can be observed that since
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1995, there has been a significant decrease in occurrences of chilling damage events. In
terms of spatial variation, the distribution of chilling damage years exhibits a consistent
pattern, characterized by a higher frequency in western regions and a lower occurrence in
eastern areas.

3.1.2. Differences in Revealing Range

The four climate averages exhibit distinct identification ranges for varying degrees
of chilling damage (Figure 3). The IOC (index of cold hardiness) refers to the ratio of
the number of sites experiencing low-temperature cold damage in a given year to the
total number of sites in the region. The IOC value demonstrates fluctuation patterns
characterized by “bounce”. The IOC for light chilling damage ranged from 0.12 to 0.29
under P; during the years 1962, 1965-1966, 1968, 1974, 1976, 1987, and 1992. The highest
value was observed in the year of 1992, while the remaining seven years exhibited localized
chilling damage. Under Py, the IOC of 1965, 1968, 1974, 1989, and 1993 ranged from 0.12
to 0.23, with the highest IOC observed in 1993, whereas the remaining 15 years exhibited
an IOC lower than 0.09, indicating a prevalence of local cold injury. The IOC under P3
exceeded 0.12 for a span of 11 years, with the highest value recorded in 1995 (0.32), while
the remaining 16 years exhibited localized occurrences. The IOC under P, exceeded 0.12
for a span of 13 years, with the highest occurrence observed in 1988 (0.32), while the
remaining 19 years exhibited localized incidents. The trend of IOC variation in moderate
chilling damage is similar to that observed in light chilling damage. The highest IOC value,
identified by Pj, was recorded in 1974 (0.21), while the maximum IOC value identified by
P, occurred in 1987 (0.29). Notably, the IOC values ranged from 0.12 to 0.23 during the
years 1962, 1965-1966, 1968, 1974, and 1976. The maximum value of the IOC for P; was
0.32 in 1993, while the IOC values for 10a ranged from 0.12 to 0.26 in the years 1962, 1966,
and 1989. The revealing range of P, for 19a varied from 0.12 to 0.32 in the years 1973, 1978,
and between 1984 and 1986, as well as in 1991, 1995, 1999, and 2009, with the highest value
observed in 1991. The IOCs of severe chilling damage in 1964, 1969, 1971, 1972, 1976, 1981,
and 1983 were 0.56~1.00 under the four climate averages. In P,—P4, the IOC values in 1965,
1974, 1987, and 1992 ranged from 0.41 to 1.00, whereas in P3—P,, IOC values in 1962, 1966,
1968, 1989, and 1993 ranged from 0.47 to 0.97. In the remaining years, there was significant
variability observed among the four climate averages.
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Figure 3. IOC change curve of cold damage in different degrees under different average climatic
states in the study area from 1961 to 2020.

3.2. Verification and Analysis of Delayed Chilling Damage of Rice under Different
Climate Averages

The analysis reveals that the climate’s average state is undergoing a notable trans-
formation, characterized by an augmentation of thermal resources. This phenomenon is
exemplified by the northward shift in China’s double-cropping rice cultivation boundary
and the gradual expansion of suitable rice-growing areas towards the north, with a remark-
able increase of 4%. Notably, this expansion is most pronounced in Northeast China [33-35].
In certain regions of Northeast China, there has been a transition from single-cropping
to double-cropping. Moreover, the average northern boundary for safeguarding against
chilling damage in rice cultivation has shifted 121 km northward, with the maximum
northerly extent reaching 216 km. Consequently, the total area dedicated to rice cultivation
has expanded by approximately 3.3 million hectares. Based on the relative meteorological
yield, an analysis was conducted on the years of rice yield decrease in the study area
(excluding drought, flood, frost, and other disaster-affected years). Referring to the classi-
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fication of rice chilling damage and its corresponding yield-decrease rate as described in
Section 2.2.1 and the Encyclopedia of Meteorological Disasters in China—Heilongjiang [36],
varying degrees of low-temperature cold injury were observed in the study area for a
period of 15 years (Table 2). The mild chilling damage years were 1962, 1987, 1992, and
1993; the moderate chilling damage years were 1965, 1977, and 1989; and the severe chilling
damage years included 1961, 1964, 1969, 1971, 1972, 1976, 1981, and 1983. The identification
results were basically consistent with the research results of Du Chunying et al. [25]. The
comparison of the above IOC values for different degrees of chilling damage, calculated
based on the four climate averages, reveals that under these conditions, Py = P, = P3 =
P4 (I0C > 0.50) represents the number of years where IOC strongly reflects rice yield
reduction characteristics; Pz > P1 = P, > P4 (0.15 < IOC < 0.50) indicates the number of
years where IOC weakly reflects such characteristics; and P4 > P; = P, > P3 (I0C < 0.15)
signifies the number of years where IOC either does not reflect or only weakly reflects these
characteristics. Ji Ruipeng et al.’s research conclusion [37] showed that the results of using
climate mean value (P3) from 1981 to 2010 to assess the delayed type of chilling damage of
rice in Liaoning Province were more consistent with the actual situation, and this paper is
consistent with the conclusions of the study.

Table 2. Verification of delayed growth-type rice cold damage identification under different average
climatic states.

Year Yield Reduction  Chilling Damage I0C

Rate Grade Py P, Ps Py
1961 —26.2 Severe 0 0.03 0.21 0.38
1962 —6.2 Light 0.12 0.09 0.06 0.03
1964 —21.1 Severe 0.56 0.76 0.85 0.88
1965 —14.8 Moderate 0.03 0.18 0.15 0
1969 —26.3 Severe 1.00 1.00 1.00 1.00
1971 —18.8 Severe 0.85 0.97 1.00 1.00
1972 —55.1 Severe 0.97 1.00 1.00 1.00
1976 —28.5 Severe 0.56 0.88 1.00 1.00
1977 —12.6 Moderate 0 0 0.15 0.06
1981 —28.2 Severe 0.65 0.94 0.94 1.00
1983 —15.7 Severe 0.74 0.97 1.00 1.00
1987 -8.1 Light 0.18 0.06 0.03 0
1989 —11.9 Moderate 0 0.09 0.21 0.06
1992 —7.6 Light 0.29 0.06 0.09 0
1993 —5.8 Light 0 0.24 0.12 0.06

3.3. Evolutionary Patterns of Rice Delayed Cold Damage Based on Pz Climatic Mean
3.3.1. Time Variation Characteristic

From 1961 to 2020, there was a declining trend observed in delayed chilling damage of
rice based on Ps identification. Severe chilling damage constituted the predominant type,
accounting for 71.8%, followed by moderate chilling damage at 16.1% and light hilling
damage at 12.1%. The duration of chilling damage at each research station ranged from 13
to 30 years, with severe chilling damage lasting between 9 and 25 years, moderate chilling
damage lasting between 1 and 7 years, and light chilling damage ranging from 0 to 7 years.
Notably, Nehe and Tangyuan stations did not report any cases of mild chilling damage.

The main rice-producing counties (cities) in Heilongjiang Province, namely, Bei’an,
Tailai, Qing’an, Wuchang, and Hulin, exhibit a significant representation of large rice
planting areas distributed across the north, west, middle, south, and east regions within
the study area. Taking the aforementioned five stations as an example, Figure 4 illustrates
that the negative temperature anomaly (AT) of each station during May to September is
predominantly concentrated prior to the mid-1990s, with most years falling below the
indicator threshold and resulting in cold damage. The temporal variation characteristics
can be summarized as follows: the 1960s-1970s witnessed a high occurrence period of
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cold damage, followed by a decreasing trend from the 1980s to mid-1990s, and finally
transitioning into a low occurrence period from the mid-1990s. From the interdecadal
changes (Table 3), a consistent overall decrease in the frequency of chilling damage of
varying degrees was observed during the study period. Notably, this frequency was
relatively high in the 1960s-1980s but significantly decreased after the 1990s, particularly
dropping below 2.0% since the onset of the 21st century. While mild and moderate chilling
damage exhibited a slight increase in occurrence during the 1980s-1990s, severe chilling
injury continued to exhibit a significant decline and remained absent until the 2010s.
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Figure 4. Interannual variation of AT in Beian (a), Tailai (b), Qing’an (c), Wuchang (d), and Hulin
(e) under P5 from 1961 to 2020.
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Table 3. Interdecadal changes of frequency of delayed growth-type rice cold damage under P; in the
study area.

Grade 1960s 1970s 1980s 1990s 2000s 2010s

Light 6.5 5.9 4.7 74 1.2 0.3
Moderate 10.5 7.9 6.2 6.8 1.8 15

Severe 52.4 47.1 39.7 14.1 0.6 0

3.3.2. Spatial Variation Characteristics

The frequency of delayed chilling damage in rice under P3 was generally higher in
the western region compared to the eastern region. The occurrence of chilling damage
varied between 21.7% and 50.0% across different stations within the study area. A cluster
of high-frequency occurrences was observed in the northern and western regions, where
approximately 26.5% of stations reported a chilling damage frequency exceeding 40.0%.
Conversely, a low-frequency center was identified in the eastern and southeastern regions,
with around 17.6% of stations reporting a chilling damage frequency below 30.0%, while
approximately 55.9% of stations exhibited a cold injury frequency ranging from 31.7% to
38.3% (Figure 5).
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~
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© A 40-50%
- A
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Figure 5. Spatial distribution of frequency of delayed growth-type rice cold damage under P; in the
study area from 1961 to 2020.

3.4. The Relationship between Temperature Difference and Relative Meteorological Yield of Rice

Utilizing the linear regression method, we eliminated years affected by droughts,
floods, and frosts. Our analysis revealed a significantly positive correlation (p < 0.01)
between these rice temperature anomalies from May to September at each station and
its relative meteorological yield. This result showed that within a specific temperature
range, a decrease in temperature anomalies during this period is associated with a decline
in the relative meteorological yield of rice. Furthermore, it was observed that greater
reductions in temperature anomalies from May to September corresponded to higher rice
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yields (Table 4). Within a specific temperature range, there exists a negative trend in relative
meteorological yield of rice as temperature anomalies decrease from May to September.
When these temperature anomalies reach the threshold index for delayed chilling damage,
greater reductions in temperature anomalies during this period (indicating more severe
chilling damage) result in higher decreases in rice yield.

Table 4. The correlation between the anomalies of temperature during May to September and the
relative meteorological yield of rice in the research area.

Station R? Station R? Station R?
Nehe 0.131 ** Qing’an 0.199 ** Shangzhi 0.172 **
Beian 0.164 ** Huanan 0.207 ** Tieli 0.200 **

Longjiang 0.154 ** Jixian 0.210 ** Tangyuan 0.179 **
Hailun 0.194 ** Baoging 0.172 ** Jiamusi 0.179 **
Suiling 0.182 ** Zhaoyuan 0.144 ** Yilan 0.143 **

Tongjiang 0.159 ** Shuangcheng 0.127 ** Huachuan 0.162 **

Suibin 0.144 ** Acheng 0.170 ** Hulin 0.201 **
Fujin 0.171 ** Mulan 0.146 ** Mishan 0.161 **
Tailai 0.147 ** Tonghe 0.160 ** Jidong 0.200 **

Suihua 0.181 ** Fangzheng 0.162 ** Wuchang 0.182 **

Zhaodong 0.151 ** Yanshou 0.176 ** Muling 0.188 **
Ning’an 0.214 **

Note: ** passed the test at « = 0.01 significance level.

3.5. The Relationship between Temperature Difference and Maturity Zone

During the study period, AT under different climate averages showed a significantly
increasing trend (p < 0.01), with an increase of 1.3 °C/10a, which expressed the climate
warming characteristics in the study area. This index has the dual functions of identifying
delayed chilling damage of rice and evaluating the trend of climate warming, and it is
more reliable for the identification of chilling damage in rice. The number of chilling
damage years in the study area under P; and Py is less or increased. The main reason
is that the ) T5_g in the study area under the four climate averages shows a continuous
increasing trend; the adjacent two climate averages increase by 1.2 °C, 1.7 °C, and 1.4 °C,
respectively, with the climate averages moving backward; and ) T5_g increases from low to
high, resulting in the AT of most years at each station in the study area increasing from large
to small. For example, under Pq, the AT is large, no chilling damage is identified, and the
number of chilling damage years is less, while Py is just the opposite—more chilling damage
years are identified. The correlation between AT and the relative meteorological yield of
rice reflects the variation trend of chilling damage index factor, thereby indicating the yield
variation trend. This correlation also signifies the mutual influence among climate, rice,
and chilling damage in both temporal and regional contexts. Based on research findings,
temperature conditions during the growing season from May to September emerge as key
factors limiting rice production in the study area, with temperature directly impacting
rice yield.

With the continued warming, the ripening zones of rice belonging to the research
stations under different climate averages changed (Table 5). Although the ripening zones
of 20.6% of stations remained unchanged, AT under different climate averages was dif-
ferent, which led to the deviation in the identification of cold damage in some years. The
Mann-Kendall test was used to test the mutation of average temperature and ) T5_g in
the study area from May to September from 1961 to 2020, which showed that ) T5_9 had
a mutation in 1993. After the mutation, ) T5_g increased by 4.8 °C, and the standard
deviation of ), T5_g before the mutation was greater than that after the mutation, indicating
that the temperature significantly increased after the mutation, the temperature dispersion
was weak, and the warming change was relatively stable. However, the P4 period primarily
occurs after the mutation climatic shift, indicating its significant susceptibility to climate
warming. This factor also contributes to the notable surge in the frequency of chilling
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damage years observed under P4. By considering 1993 as a demarcation point, further
analysis of cold damage occurrences during the period from 1994 to 2020 under P4 reveals
a substantial reduction in such events at each station, with only 2~6 years experiencing

chilling damage.
Table 5. Changes in the maturity zone of each station under different average climatic states in the
study area.

Station P; P, P3 Py Station Py P, P3 Py
Nehe I I III I Acheng I I v v
Beian I I I I Mulan I I I v

Longjiang III III v v Tonghe I I I I
Hailun II II I III Fangzheng I III III III
Suiling I I III I Yanshou I I III III

Tongjiang i III III III Shangzhi I I III III

Suibin III III III III Tieli I I I III
Fujin III III III III Tangyuan I I III I
Tailai v v \% \% Jiamusi I III I v

Suihua III III III v Yilan I I I I

Zhaodong I v v v Huachuan III III III III

Qing’an I III III III Hulin I I III III

Huanan I III III III Mishan I 1I III III
Jixian III III v v Jidong I III III v

Baoging 111 111 III v Wuchang 111 111 v v

Zhaoyuan v v v \% Muling I I I III

Shuangcheng IV v v v Ning’an I III III III

4. Conclusions and Discussion

After detection and analysis, different climate averages exhibit significant disparities in
the identification of delayed chilling damage in rice. This paper determines that P35 (30-year
average from 1981 to 2010) is closer to the actual situation in the identification of delayed
chilling damage of rice during 1961-2020, and it is more accurate in the identification
of typical low-temperature chilling damage years such as 1964, 1969, 1972, 1976, 1983,
1987, 1989, and 1992. The temperature anomaly between May and September had a
significant impact on the relative meteorological yield of rice in the study area (p < 0.01).
As the temperature anomaly decreased from May to September, there was a corresponding
decrease in the relative meteorological yield of rice.

This paper utilizes the temperature anomaly from May to September, as stipulated in
the latest national standard [29], as the identification index for delayed chilling damage
in rice. The threshold for this index is determined based on the ripening area of rice,
taking into consideration both the effects of different ripening planting areas and the
temperature sum during the growing season. As a result, this index possesses significant
agronomical and meteorological significance. In contrast to previous studies [15,38,39],
this paper comprehensively considers the impact of mean long-term climate change on
identifying chilling damage using series data, thereby greatly enhancing both its accuracy
and scientific validity.

This paper primarily discusses the impact of temperature anomalies on rice; however,
it is important to note that climate change has multifaceted effects. This study reveals a
consistent year-on-year increase in the accumulated temperature from May to September,
indicating a significant rise in heat resources within Heilongjiang Province. Moreover, the
warming rate exhibits an accelerated trend during the later interdecadal period, aligning
with previous research findings [40,41]. In the P53 scenario, rice chilling injury exhibited a
spatial distribution skewed towards the west and lighter in the east, showing a general
decreasing trend. These findings were further corroborated by Yin's research [42]. In
conclusion, continuous research should be conducted on climate change and its impact
on food security. According to the findings of this study, climate warming induces sig-
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nificant alterations in various climate averages, consequently impacting the identification
of chilling damage outcomes. Therefore, when evaluating the occurrence patterns and
change characteristics of chilling damage within long historical sequences, careful selection
of climate averages is imperative. Considering both the distribution of climate averages
and evaluation timeframe while accounting for actual climatic conditions, employing a
rolling identification approach with diverse climate averages may enhance result accuracy.
Furthermore, climate change affects rice yield, and subsequent studies on the effects of
chilling damage, water, pests, and diseases on rice growth and yield can be carried out
by combining field observation, field experiments, low-temperature and water control
experiments, etc. This will provide valuable scientific insights for ensuring national food
security. However, this paper does not delve into these aspects in detail, and further
comprehensive investigations are warranted. An apparent limitation of the method is that
delayed chilling damage in rice occurs over an extended period due to consistently low
temperatures. Another form of chilling damage is known as sterile-type rice cold damage,
where there is a brief but intense spell of low temperatures. Sterile-type rice cold damage
specifies specific thresholds for temperature and duration under harmful conditions. Frost
disasters occur when daily minimum temperatures drop below 0 °C during crop growth,
leading to abnormal growth patterns. The occurrence of frost is also related to a significant
decrease in temperature within a short period of time. Most studies have not addressed
its distinct influence on delayed chilling damage. Frost disasters will be our focus for
further research.
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