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Abstract: The production of wheat, maize and rice accounts for more than 90% of the total grain
production of China. Assessing the impact of climate warming on suitable planting regions, especially
the potential northern planting boundaries of these crops, is therefore critical to help guide agricultural
policymaking and further maintain food security. In this study, we analyzed the effect of climate
warming on the potential northern planting boundaries of three specific crops (winter wheat, spring
maize, double and triple rice cropping systems) during two time periods (1961-1990 and 1991-2020)
using meteorological data from 2437 national weather stations. Results show that the potential
planting boundaries of these crops present a northward movement and a westward expansion during
the time period of 1991-2020 under the background of temperature increase compared with the time
period of 1961-1990. Moreover, the boundaries of winter wheat and spring maize also show a trend
of expansion to high-altitude areas (e.g., the Qinghai-Tibet Plateau). The average moving distance of
these crops ranged from 20 km to 300 km. In general, the potential planting boundaries of winter
wheat, spring maize, double and triple rice cropping systems changed significantly due to climate
warming, and the suitable planting area was increased. Our study aims to provide a more recent and
accurate result than those of previous studies, which is expected to strengthen our understanding of
the effect of climate change on the potential northern planting boundaries of the three main grain
crops in China.

Keywords: climate warming; potential northern planting boundary; winter wheat; spring maize;
double and triple rice cropping systems

1. Introduction

World food security faces severe challenges under the background of climate change.
According to the Sixth IPCC Assessment Report, climate change is already affecting every
region of the earth in many ways, and the changes we experience will intensify with
global warming [1]. Climate change can directly affect the crop growth environments (e.g.,
temperature, water and light) [2], and the crop planting areas are extremely sensitive to
climate change, especially temperature increase [3]. Since the 1960s, the annual average
temperature of China has risen by 1.22-1.66 °C with global climate change, which may
have a significant effect on crop planting regions in China, the world’s largest developing
economy [4—6]. Therefore, accurate information about the suitable crop planting regions

Agriculture 2022, 12, 746. https:/ /doi.org/10.3390/agriculture12060746

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


https://doi.org/10.3390/agriculture12060746
https://doi.org/10.3390/agriculture12060746
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://doi.org/10.3390/agriculture12060746
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12060746?type=check_update&version=1

Agriculture 2022, 12, 746

20f15

especially northern planting boundaries under climate change, is of great importance to
ensure food security and formulate sound agricultural policies.

Temperature is a key factor in crop growth and development [7-9]. The increase in
temperature will make some areas that were not suitable for planting crops due to the lack
of heat resources become potential planting regions, thus causing planting boundaries to
move. China is a sensitive area that is significantly impacted by global climate change,
and the heating rate has been significantly higher than the global average level in the
same period since 1950s [10]. It should be noted that, although, many researchers have
outlined the northern boundaries of different crops in China under climate change, most of
them have only used climate data before 2010. However, the latest Blue Book on Climate
Change in China reported that 2011-2020 was the warmest decade since 1850, and 2020 was
the warmest year in Asia since 20th century [11]. Consequently, it is necessary to update
the potential northern boundaries of different crops in China, especially considering the
climatic conditions in last ten years.

The northern planting boundaries of various crops have been delineated by pre-
vious studies, and the effect of climate change on these boundaries has also been ana-
lyzed. Yang et al. compared the planting limits of winter wheat during 1950s-1980 and
1981-2007 [12]. They found that the planting limits moved to north and west about 20 km
to 200 km in China. Liu et al. analyzed the effects of past climate change on the northern
limits of maize planting in Northeast China, and results showed that temperature increase
led to a northward expansion of the northern limits of maize, which allowed these areas to
be planted with new cultivars that have a longer growing season [13]. Research conducted
by Ye et al. showed that in the context of climate warming, the northern planting bound-
aries for rice cropping systems in China moved northward and extended westward [14].
Sun et al. used the CMIP5 (Coupled Model Intercomparison Project Phase 5) historical sim-
ulation test (1850-2005) to simulate the historical climate evolution process, and used the
Representative Concentration Pathway 4.5 (RCP4.5) to present the future climate change.
They then analyzed the planting boundaries of winter wheat in China [2]. Results showed
that the northern planting boundaries of winter wheat in China will likely move northward
and expand westward in the future.

However, most of these studies only used meteorological data from about 600 national
basic weather stations of China to present the results, which may cause large uncertainties
at the national scale when using fewer meteorological data to determine suitable planting
areas of crops in China. As shown in Figure 1, there were only less than 500 national
weather stations in the early 1950s, and the number of stations increased to more than
2000 in the 1960s. The red color represents the amount range (500-700) of weather stations
that most previous studies used, which is much less than the existing national weather
stations. Therefore, it is better to consider more weather stations for a more accurate result
when analyzing the effect of climate change on the potential planting boundaries at the
national scale.

In summary, the objectives of this study are to (1) analyze the climate change effect
on crop northern planting boundaries and update the time period to 1961-2020 to include
the latest ten years; (2) determine the northern planting boundaries of three main grain
crops (winter wheat, spring maize, and rice) in China based on their own growth criteria;
(3) compare and analyze the changes of the northern planting boundaries between the first
30 years (1961-1990) and the last 30 years (1991-2020); and (4) present a more accurate and
real-time information about the northern planting boundary changes of three main grain
crops by integrating more weather stations (the 2437 national weather stations in China).
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Figure 1. The number of national weather stations in China from 1950 to 2020.

2. Materials and Methods
2.1. Study Area and Meteorological Datasets

The study area is the mainland of China with an area of 9.6 x 10”7 km? (Figure 2). The
meteorological data were obtained from the China Meteorological Administration climate
data sharing service system (http://data.cma.cn/ accessed on 1 May 2021), which contains
historical daily weather measurements taken by weather stations. In this study, we obtained
meteorological data, including daily maximum temperature, daily minimum temperature
and daily mean temperature, for the time period of 1961-2020 from 2437 weather stations
by rejecting some relocated stations. The locations of these weather stations are shown in
Figure 2.
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Figure 2. Study area and weather stations in China.

2.2. Determination of the Northern Boundaries of Three Main Grain Crops

The base temperature (Tb) means the minimum cardinal temperature required for
crop germination [15]. As the Tb obtained from different experiments or different literature
sources fluctuates greatly [16-18], we set the most commonly used 0 °C as the Tb of winter
wheat and 10 °C as the Tb of maize and rice in this study. The northern boundary of winter
wheat was determined refer to the previous studies conducted by the China Crop Climatic
Division Cooperation Group [19], Cui et al. [20], Liu and Han [21]. There are two criteria for
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winter wheat northern boundary determination: (1) the mean minimum temperature in the
coldest month should be above —15 °C, and (2) the extreme minimum temperature, which
is the lowest daily minimum temperature in a year, should be between —24——22 °C. The
northern boundary of spring maize was determined according to previous studies [22,23]
that accumulated temperature (where daily mean temperature should be greater than or
equal to 10 °C) needs to be greater than 2100 °C d. The northern boundaries of double
and triple rice cropping systems were determined using the safely-planting northern
limits index proposed by the National Agricultural Zoning Committee [24], which were
accumulated temperature (where daily mean temperature should be greater than or equal
to 10 °C) meeting 5300 °C d and 7000 °C d, respectively. A summary of the determination
indices of three main grain crops in China are shown in Table 1.

Table 1. Determination indices of potential northern planting boundary of three main grain crops

in China.
Crop Type Determination Index Reference
Winter wheat > Tymc>-15°C [19-21]
>  —24°C<Tgp<-—-22°C
‘ ; > Taccio=Yi=i T, Ti > 10°C
Spring maize > Taccro > 2100 °C [22,23]
Ri Double cropping system > Tyccgp > 5300 °C [24]
1ce Triple cropping system > Taccg9 > 7000 °C

Note: Tyc represents mean minimum temperature in the coldest month; T represents the extreme minimum
temperature; Taccip represents the annual accumulated temperature with daily temperature greater than or equal
to 10 °C; T; represents the daily mean temperature; t1 and {2 represent the starting and ending dates of the period
with T; steadily above 10 °C, respectively.

The accumulated temperature (where daily mean temperature should be greater than
or equal to 10 °C) was calculated according to the 5-day moving average method [13,25].
For each weather station during each year, the daily mean temperature was accumulated
for a time period when daily mean temperature was steadily above 10 °C. The starting
date (or the ending date) of this period is defined as the first day (or the last day) after
(or before) which all 5-day moving average temperatures were above 10 °C. Moreover,
large uncertainty may be caused if the average value of the multi-year temperature is
directly used to characterize the northern planting boundaries. We, therefore, used the
experienced frequency method to calculate the accumulated temperature, the extreme
minimum temperature and the mean minimum temperature in the coldest month with
80% guarantee rate during two time periods (1961-1991 and 1991-2020) for each weather
station [12,25].

The calculated accumulated temperature, extreme minimum temperature and mean
minimum temperature in the coldest month with 80% guarantee rate of 2437 weather
stations were interpolated to a raster dataset using the Inverse Distance Weight (IDW)
method in ArcGIS software, and the cell size of these output raster were all set to 0.01°.
The contour was then generated using the contour tool in the spatial analysis module
of ArcGlIS, and the contour intervals of the accumulated temperature, extreme minimum
temperature and mean minimum temperature were set to 100 °C,2 °C and 5 °C, respectively.
Finally, the corresponding northern planting boundaries of three main grain crops was
extracted according to the northern planting boundary requirements, and the spatial
displacement of the first 30-year (1961-1990) boundary and the last 30-year (1991-2020)
boundary was measured.

3. Results
3.1. Temperature Changes of China in the Last 60 Years at the Regional Level

In this study, the temperature data from weather stations was interpolated to 0.01° to
calculate annual average temperature for the regional scale. The annual average tempera-
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ture anomaly (ATA) of China during 1961-2020 is shown in Figure 3a. From the figure we
can see that there is a clear trend of increasing for ATA from 1960 to 2020 with a slope of
0.027 (yellow line in Figure 3a). From the 1960s to the 1970s, the annual average temperature
in China showed a downward trend, and then increased significantly after 1980s. Especially
since 1997, the annual average temperature continues to be higher than the multi-year aver-
age temperature. Moreover, the temperature increasing rate during 1991-2020 is 0.034 °C
per year (blue line in Figure 3a)) which is significantly higher than that during 1961-1990
with the rate of 0.018 °C per year (green line in Figure 3a)). The diurnal temperature range
(DTR) anomaly of China during 1961-2020 is shown in Figure 3b). The figure shows that
there is generally a downward trend in both the annual mean daily minimum temperature
(Tmin, blue line in Figure 3b)) and the daily maximum temperature (Tmax, red line in
Figure 3b)) before 1985. After that, Tmin and Tmax gradually increased, and the increasing
range of Tmin is greater than Tmax. Thus, the annual diurnal temperature range (DTR,
green line in Figure 3b)) showed a decreasing trend, and the DTR of the last 30 years are
generally lower than the average.

104 — Annual average temperature anomaly
—-==- Fitting line of 1961-1990
—--- Fitting line of 1991-2020
0.5 4 Fitting line of 1961-2020

0 i e e e e e

Annual average temperature anomaly (°C)

1960 1970 1980 1990 2000 2010 2020

Diurnal temperature range anomaly (°C)

1960 19‘70 lQIBO 19‘90 ZObO 20‘10 2020
Year
Figure 3. Annual average temperature anomaly (a) and diurnal temperature range anomaly (b) of
China during 1961-2020. (Tmin: daily minimum temperature; Tmax: daily maximum temperature;
DTR: diurnal temperature range).

The extreme minimum temperature, the mean minimum temperature in the coldest
month and the accumulated temperature with daily mean temperature greater than or
equal to 10 °C of each province during two time periods (1961-1990 and 1991-2020)
are presented in Figure 4. We found that the extreme minimum temperature of most
provinces during 1991-2020 increased by more than 1 °C compared with the period of 1961-
1990 (Figure 4c), and only Shaanxi province decreased about 0.6 °C. Moreover, the mean
minimum temperature in the coldest month in all provinces during 1991-2020 increased,
and about 60% of the provinces increased by more than 0.5 °C (Figure 4f). The provinces
with an increase of more than 1 °C are mainly concentrated in the eastern and southern
coastal areas. The accumulated temperature of each province is also increased during
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1991-2020, and the increase in most provinces did not exceed 200 °C, only Zhejiang and
Fujian increased more than 250 °C (Figure 4i).
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Figure 4. The extreme minimum temperature (the first row: (a—c)), mean minimum temperature in
the coldest month (the second row: (d—f)) and accumulated temperature with daily mean temperature
greater than or equal to 10 °C (the third row: (g-i)) of each province during 1961-1990 (the first
column: (a,d,g)) and 1991-2020 (the second column: (b,e,/h)), along with their difference (the third
column: (c,f,i)).

Figure 5 compares the annual mean temperature of each province during the period
of 1961-1990 and 1991-2020. There are obvious differences between the northern and
southern provinces of China. The annual mean temperature of the northern provinces is
generally lower than 15 °C, whereas that of the southern provinces is higher than 15 °C in
both time periods. The temperature differences between the two time periods are shown
in Figure 5c,d. The mean temperature of all provinces during the period of 1991-2020
increased compared with 1961-1990, and it increased by more than 0.5 °C in all regions
except for Chongqing city, Guizhou and Guangxi provinces.
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Figure 5. The mean temperature of each province in 1961-1990 (a) and 1991-2020 (b), and their
difference (c). Histogram of the mean temperature of each province (d).

3.2. Temperature Changes of China in the Last 60 Years at the Station Level

The tendency rate of the extreme minimum temperature, mean minimum temperature
in the coldest month, accumulated temperature with daily mean temperature greater than
or equal to 10 °C and the annual mean temperature for each weather station over the
past 60 years (1961-2020) was calculated, and those stations with a p value (significance
level) of less than 0.1 were chosen to present the results (Figure 6). It is apparent that the
tendency rate is negative of very few points, and a positive tendency rate illustrates that
the temperature has been rising in the past 60 years around the country.

We also analyzed the change in the number of weather stations in China that meet
various requirements (see Table 1) over the last 60 years (1961-2020). Figure 7 shows
an increasing trend over the past 60 years. The number of weather stations where the
accumulated temperature is greater than 2100 °C, 5300 °C and 7000 °C increased from
1968, 829, and 184 in 1961 to 2328, 1061, and 280 in 2020, respectively. Furthermore, the
number of weather stations where the extreme minimum temperature is greater than
—24 °C and mean minimum temperature in the coldest month is greater than —15 °C also
increased from 1312 and 2038 in 1961 to 1605 and 2425 in 2020, respectively. These five
indicators correspond to the determination criteria of the northern boundary of winter
wheat, spring maize, double rice cropping system and triple rice cropping system. The
increase in the number of weather stations which meet the requirements reflects the change
of crop planting boundaries under climate change.
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Figure 6. The tendency rate of (a) the extreme minimum temperature; (b) mean minimum tempera-
ture in the coldest month; (c¢) accumulated temperature with daily mean temperature greater than
or equal to 10 °C; and (d) annual mean temperature for each weather station over the past 60 years
(1961-2020) with the p value (significance level) is less than 0.1.
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Figure 7. The amount of weather stations that meet a certain condition of each year during 1961-2020.

3.3. The Northern Boundary of Three Main Grain Crops and Its Displacement

As shown in Figure 8, the northern planting boundary of winter wheat in north central
and northeastern China during 1991-2020 moved northward and extended westward
compared to the period 1961-1990, and it tended to move northward and eastward in the
Xinjiang province in varying degrees. This is mainly because of the climate warming and the
temperature rise in the winter. The spatial displacement of winter wheat northern boundary
is obvious in the Liaoning, Ningxia, Inner Mongolia, Gansu and Xinjiang province. The
northern planting boundary of winter wheat moved from about 20 km to 200 km in north
central and northeastern China. The average displacement in Liaoning province is about
100 km. The Inner Mongolia and Ningxia zones averagely moved 150 km northward, and
the winter wheat boundary expanded about 50 km westward in Gansu province. The
winter wheat boundary of Xinjiang province moved about 250 km northward on average,
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and expanded around 150 km eastward on average. In general, the winter wheat northern
boundary moved northward, and in the western region, the winter wheat boundary
expanded to high-altitude areas (e.g., the Qinghai-Tibet Plateau).
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Figure 8. Potential northern planting boundary of winter wheat during the periods of 1961-1990 (red
line) and 1991-2020 (blue line).

Figure 9 shows the potential planting boundaries of spring maize. In the northeast
China, the northern planting boundary of spring maize is located in the northern Inner
Mongolia and Heilongjiang province. During the period of 1991-2020, the boundary on
average moved 200 km northward compared with the period of 1961-1990. In the western
China, the boundary crossed the Sichuan, Gansu, Qinghai, Xinjiang and Xizang provinces.
From Figure 3 we can find that the boundary of the period 1991-2020 has narrowed
compared with the period of 1961-1990, which means that the boundary extended to
the Qinghai-Tibet Plateau, and the maximum extended distance exceeded 300 km. This
indicates that the spring maize potential boundary also showed a trend of expansion to
high-altitude areas under the background of climate warming.

According to the identification criteria of suitable areas for double rice cropping
system and triple rice cropping system (Table 1), the suitable planting area of the two
time periods (1961-1990 and 1991-2020) are shown in Figure 10a,b. The double rice
cropping system is mainly in Yunnan, Hunan, Jiangxi, Fujian and Zhejiang provinces and
Chonggqing city, whereas triple rice cropping system is mainly in Guangxi, Guangdong
and Hainan provinces. The new potential area, which represents the increased potential
suitable planting area during 1991-2020 compared with the period of 1961-1990, are shown
in Figure 10c,d. It can be seen in the figure that the boundaries of double and triple rice
cropping systems are both moved northward to different degrees. The northern boundary
of double rice cropping system during moved from Hunan and Jiangxi provinces to the
middle of Hubei province and the south of Anhui province, and it almost covered the
whole Zhejiang province and moved to the south of Jiangsu province (Figure 10c). Overall,
the northern boundary of double rice cropping system moved northward by about 150 km
on average, and the western boundary extended to the middle of Sichuan province with
an average distance of 50 km. Moreover, the northern planting boundary of triple rice
cropping system averagely moved 20 km northward during the period of 1991-2020, and
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the new potential areas are now found in the south of Yunnan province and in the middle

of Guangxi province (Figure 10d).
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Figure 9. Potential northern planting boundary of spring maize during the period of 1961-1990 (red

line) and 1991-2020 (blue line).
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4. Discussion
4.1. Benefits of the Current Study

Global warming has extended the growing season of various crops by advancing the
planting date and delaying the harvest date, which makes it possible to plant crops in
a region that may not have been suitable before [26-28]. Based on this background, we
integrated the daily temperature data of the past 60 years (1961-2020) from 2437 national
meteorological stations of mainland China to evaluate the effect of climate warming on
the potential planting boundaries of three main grain crops (winter wheat, spring maize,
double and triple rice cropping systems), and analyzed the change of potential planting
boundaries during two time periods (1961-1990 and 1991-2020).

Our results illustrate that the temperature in China has shown an obvious increasing
trend over the past 60 years (Figures 3 and 6), and the temperature increase rate and range
during 1991-2020 are significantly higher than those during 1961-1990 (Figures 4 and 5).
Consequently, the increase in temperature is the main reason for the movement of the
potential planting boundaries of different crops. The planting boundary results demonstrate
that the potential planting boundary of winter wheat moved northward and extended
westward in north central and northeast China under climate warming, and the most
obvious displacement was found in the Liaoning, Inner Mongolia and Ningxia provinces
(Figure 8). Meanwhile, the potential planting boundary of spring maize in northeast China
moved northward (Figure 9). These results are consistent with previous studies [12,13,23].
In addition, our results also show that the potential planting boundary of winter wheat in
Xinjiang province presented a trend of moving northward and eastward, and the boundary
of spring maize in western China tended to move southward and eastward. Therefore,
based on our research, we conclude that the potential planting boundary of winter wheat
and spring maize in China tended to move northward and expand to high-altitude areas
(the Qinghai-Tibet Plateau), and this finding is a supplement to the conclusions of previous
studies. In contrast to winter wheat and spring maize, we have essentially reached a
conclusion consistent with previous studies on the potential planting boundaries of double
and triple rice cropping systems [14,28]. Their boundaries moved northward and westward
to different degrees, and the northward shift amplitude was greater than the westward
expansion amplitude (Figure 10).

These promising results illustrate that our study fully analyzed the impact of climate
warming on the potential planting boundaries of three main grain crops in China over
the past 60 years, which is very useful for agricultural policy makers or smallholders to
make timely adjustments in crop management. Compared with previous related studies,
an advantage of our study is that we used data from almost all national weather stations in
China including national basic stations, national reference stations and national general
stations, whereas most previous studies only used about 600 national basic stations. More
dense site data helped in obtaining more accurate results when the temperature data at the
site scale were interpolated to a regional scale (0.01° in this study). Moreover, most previous
studies on the northern planting boundaries of the three main grain crops in China are
analyzed based on the data before 2010, which may ignore the climate changes of the last
decade. To fill this data gap, and for more accurate results, we update the meteorological
data to 1961-2020 by considering the climatic conditions in the last ten years, which has
been recognized as the warmest decade since 1850 [11].

4.2. Adaptions to Climate Change

Analyzing the adaption to climate change is vital for better understanding the impact
of climate change on agriculture [29-31]. To reduce the impact of climate change on
potential planting areas and maximize the use of thermal resources, adaption to climate
change, which refers to adjustments in ecological, social, or economic system in response to
actual or expected climatic stimuli and their effects or impacts [32-35], is urgently needed.
Many stakeholders strive to build adaption capacity to climate change.
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At the national level, several environmental-related policies, programs and strate-
gies have been developed to support climate change adaptions [36,37]. China issued
the China’s National Climate Change Program (CNCCP) in 2007 (http://www.gov.cn/
gongbao/content/2007/content_678918.htm accessed on 1 July 2021), which determined
the preliminary adaptation measures that could be taken to protect agriculture, water
resources, and other assets, thus setting priorities for China’s climate change adaptation
activities [38]. At the local government level, countermeasures are often more specific
and practical. Many small-scale hydraulic engineering projects have been constructed by
local governments over the past decades to guarantee the irrigation. This is an adaption to
water shortage caused by the increasing evapotranspiration under climate warming [39,40].
Moreover, in response to temperature increase, the use of multiple cropping indices helps to
adapt to climate change. For example, Liaoning province obtained higher yield by replacing
early maturing variety maize to mid and late maturity [38]. At the farmer household level,
people are adapting to climate change by changing crop cultivation time, and selecting
different climate-oriented crop species and cultivars [41]. In summary, through joint efforts
from the national level to the individual level, we can better mitigate and adapt to the
impacts of climate change.

4.3. Uncertainties and Future Development

However, there are still some limitations to this study. One source of weakness in
this study which could have affected the determination of potential planting boundaries
was that we only involved the effect of temperature change, without considering other
important meteorological factors. For example, precipitation is the main water resource
of crops, especially in non-irrigated areas, and it should be properly considered when
evaluating the potential planting boundaries of various crops [2]. Moreover, other factors
including irrigation facilities, crop variety, socioeconomic and local policies, are all potential
factors that may restrict planting boundary [12]. Therefore, future work is needed to fully
consider these factors for a more accurate and comprehensive analysis of the potential
planting boundaries of various crops. Another shortcoming of this study is that we ignored
the potential impact of extreme weather events (e.g., extreme high temperature and chilling
injury). Although we experienced the temperature increasing under the background of
climate change, a strong annual variation of temperature has been observed (Figure 3)
over the past few decades. As a consequence, global warming may have enhanced the
frequency and intensity of extreme weather and climate events [42—44], which may cause
extreme weather that may have a negative effect on potential planting boundaries [13].
Therefore, analysis of extreme weather conditions is strongly suggested in the future
research. Furthermore, prediction of the potential planting boundaries of grain crops for
future periods is essential and more meaningful, especially for agricultural policy makers.
At present, many studies have evaluated the effect of climate change on planting limits
under various future climate scenarios [2,6], in the future study, it would be useful to
compare the possible impact of climate change on potential planting boundaries under
different future climate scenarios. It would also be more interesting if a process-based crop
growth model could be combined with future climate scenarios to evaluate the potential
effect of climate change on crop yield simulations [45].

5. Conclusions

In this study, we analyzed the potential planting boundaries of three main crops in
China during the periods of 1961-1990 and 1991-2020 under the background of climate
warming. Our study shows that the extreme minimum temperature, mean minimum
temperature in the coldest month and the accumulated temperature during the period of
1991-2020 significantly increased compared with those during the period of 1961-1990,
both at the weather station level and the regional (province and national) level. The rising
temperature caused a northward movement of the potential planting boundaries of these
crops. Moreover, the boundaries of winter wheat and spring maize also showed a trend
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of expansion to high-altitude areas (e.g., the Qinghai-Tibet Plateau), and the boundaries
of double and triple rice cropping systems present a western expansion. In general, the
boundaries of winter wheat, spring maize, double and triple rice cropping systems changed
significantly due to climate warming. Our study presents more accurate and recent results
regarding the potential planting northern boundaries of the three main grain crops in China
and demonstrates the effect of climate change on them, potentially providing a reference
for policy makers seeking to pay more attention and assign greater priority to the design of
agricultural strategies adapted for the sake of crops in sensitive regions.
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Abbreviations

ATA Average temperature anomaly

CMIP5  Coupled Model Intercomparison Project Phase 5

CNCCP  China National Climate Change Program

DTR Diurnal temperature range

IDW Inverse distance weight

RCP4.5  Representative Concentration Pathway 4.5

Tacc1o Annual accumulated temperature with daily temperature greater than or equal to 10 °C

Tb Base temperature

Tg Extreme minimum temperature of the year

Tmax Daily maximum temperature

Tmc Mean minimum temperature in the coldest month
Tmin Daily minimum temperature
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