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Abstract: In the past century, climate change has become more significant, which has a great impact
on crop growth, especially food security. Based on the regional climate model PRECIS, high-precision
grid climate data in China under RCP4.5 and RCP8.5 scenarios were output, and the high-precision
amplification and calibration of crop model DSSAT were calibrated and verified in combination with
data of maize planting from 2005 to 2015, including observation data of agrometeorological stations,
ecological networking experiment data and maize survey data of agricultural demonstration counties.
The impact of climate change on maize production in 2030s and 2050s was evaluated; and the effect
of main adaptation strategies to climate change is put forward which could support macro strategies
of layout adjustment for the maize production system. The results show that if no countermeasures
are taken in the future, the risk of maize yield reduction in China will gradually increase, especially
under the RCP8.5 scenario. The risk of maize yield reduction in each main production area will be
very prominent in the 2050s under the RCP8.5 scenario, which would be between 10-30%. Compared
with a delayed sowing date, an early sowing date would be more conducive to maize production,
but there would be some differences in different regions. The heat in the growing season of maize
would increase significantly. If the growth time of maize from silking to maturity could be prolonged
and the accumulated temperature could be raised, the dry matter accumulation of maize would
effectively increase, which would have an obvious effect on yield. Improving grain filling rate is also
significant, although the effect of yield increase would be smaller. Therefore, sowing in advance, full
irrigation and cultivating varieties with a long reproductive growth period could effectively alleviate
the yield reduction caused by climate change. Adjusting maturity type and grain harvest strategy
would have a more obvious mitigation effect on yield reduction in northeast China and northern
China, and plays a positive role in ensuring future maize yield.
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1. Introduction

In recent years, with global warming, the impacts of climate change on the global
natural system and human system have become more and more obvious [1]. This has
increasingly highlighted the practical significance of the community with a shared future
for mankind. In 2016, nearly 200 countries and organizations of the United Nations
Framework Convention on climate change reached the Paris Agreement at the Paris climate
change conference [2]. At the general debate of the 75th United Nations General Assembly
Present Xi Jinping made a commitment to the world that China would increase its national
independent contribution, adopt more effective policies and measures, do its best to reach
peak of carbon dioxide emissions by 2030 and achieve carbon neutrality by 2060. This is a
major strategic decision made by China based on the inherent requirements of promoting
the responsibility of building a community with a shared future for mankind and realizing
sustainable development. It is also a Chinese solution to climate change for the whole world.
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According to the latest scientific findings, the observed global average surface temperature
in the decade 2011-2020 was 1.09 °C higher than the average value in 1850-1900, and almost
all regions of the world are experiencing warming [3]. With climate change, temperature
increase is most significant and has the most direct impact on agricultural production and
food security, such as the compound stress of high temperature and drought, frequent
heat waves, the shortening of the crop growth season, the decline of soil fertility, land
degradation, the intensification of diseases and insect pests, among other factors. On the
other hand, precipitation is becoming more unstable, untimely and sudden due to climate
change in all regions of the world, resulting in an increase on the frequency and intensity of
disasters such as drought and flooding, which leads to grain failure and deterioration of the
ecological environment [4-8]. According to the third national assessment report on climate
change, China’s surface temperature has increased in recent 50 years, and warming is very
obvious [9-11]. In particular, the warming rate in central and eastern China from 1909 to
2010 reached 1.52 °C/100 year, which is significantly higher than global warming in the
past century. Extreme climate events brought by climate change are becoming more and
more frequent, resulting in increasingly serious ecological and environmental problems,
which restricts the sustainable development of human society and the economy [12-14].

As the main grain crop in China, maize is not only the staple food, but also an impor-
tant forage crop for animal husbandry and industrial raw materials. A huge fluctuation of
maize yield would directly affect food security in China. Changes in sunshine, temperature
and moisture caused by climate change would directly lead to changes in maize yield. At
the same time, there are obvious temporal and spatial characteristics of climate change
impact on maize growth [15]. Differences of temperature in the maize growing season
in different regions and seasons, as well as the differences in temperature increase, will
lead to great differences in maize production. In view of the impacts of climate change on
maize, research all over the world is mainly carried out on three aspects. First, the impact
of future climate change on maize growth process and yield is predicted using crop models,
combined with climate scenario data and site measurement data [16]. Crop models are
usually established based on the crop growth process, and have good simulation effects on
the dynamic change trend of crop growth and broad application prospects in predicting
future yield change [17-19]. In recent years, a series of crop growth simulation studies have
been carried out by applying crop models such as CERES, APSIM and Aquacrop [20-22],
which predicted the change trends and temporal and spatial distribution patterns of crop
yield under climate change. Second, statistical correlation analysis of extreme climate
events on maize growth have also been carried out based on historical climate statistics
and key growth processes of maize [23-25]. It is usual to use statistical methods such as
time series models, cross-section models and panel models to analyze the impact of climate
factors on long-time series of maize yield; but it is difficult to clarify mechanism of crop
growth and the cross impacts of different factors [26-28]. Third, a lot of studies have carried
out experiments on maize growth to reveal the impacts of climate factors and disaster
indicators on maize growth mechanisms [29-31]. Specific field experiments have been
carried out to quantify the impact of climate change on crops by meteorological factors such
as temperature, precipitation, radiation and CO, concentration control experiments [32],
which could obtain first-hand data. Due to the lack of regional representation, this is not
suitable for long-term and large-scale spatial research on crop yield prediction.

Based on the regional climate model PRECIS, high-precision grid climate data in China
under RCP4.5 and RCP8.5 scenarios were output, and high-precision amplification and
calibration of the crop model DSSAT was calibrated and verified in combination with
data of the maize planting process from 2005 to 2015, including the observational data
of agrometeorological stations, ecological networking experiment data and maize survey
data of agricultural demonstration counties. The predicted impact of climate change on
maize production in the 2030s and 2050s was evaluated; and the effect of main adaptation
strategies to climate change is put forward, which could support macro strategies of layout
adjustment for the maize production system.
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2. Materials and Methods
2.1. Data

In this study, historical daily weather data (1986-2005) was derived from the Ag-
MERRA dataset. AgMERRA represents post-processing of the NASA Modern-Era Ret-
rospective Analysis for Research and Applications (MERRA) data. The dataset has been
proved to be suitable for agricultural modelling and features consistent, daily time-series
data [33].

For future climate data, applying the regional climate simulation system PRECIS from
the Hadley Climate Prediction and Research Center of the National Weather Service of
the UK, based on different representative concentration emission paths (RCP4.5, RCP8.5)
proposed in the fifth assessment report of IPCC, the output results of HadGEM2-ES model
were dynamically downscaled to simulate the climate conditions of China from 1971 to
2100, and high-precision climate scenarios data of China under RCP 4.5 and RCP 8.5. The
RCPs are a set of four trajectories that span a large radiative forcing range, defined as
increased energy input at the surface level in W m~2, ranging from 2.6 W m~2 (RCP2.6)
to 8.5 W m~2 (RCP8.5) by the end of the 21st century, with RCP4.5 as the intermediate
emission scenario, and RCP8.5 as the high emission scenario. The horizontal resolution of
HadGEM2-ES model was downscaled from 1.875° x 1.25° to 0.5° x 0.5°.

2.2. Simulation of Maize Yield Using DSSAT

According to the data of global warming selected above, we simulated maize yield
changes compared with the average yield during 19862005 on a grid level using CERES-
Maize, which is part of DSSAT version 4.6 [34]. DSSAT is widely used to simulate the
potential impacts of climate change. The ability of DSSAT to simulate crop production under
different levels of irrigation, or other management conditions, and for long-term (30-years
or more) weather conditions, makes the model highly suitable for studying the impacts of
adaptation strategies. Crop simulations applying DSSAT have been a major data source for
the Intergovernmental Panel on Climate Change (IPCC) assessments for agriculture.

Maize producing areas were divided into six areas (Figure 1). Four of the main
maize producing areas (northern planting area, Huang Huai Hai planting area, southwest
planting area and northwest planting area) are selected to simulate per unit yield of maize
in the 2030s (2021-2040) and 2050s (2041-2060) under the scenarios of RCP 4.5 and RCP
8.5. By comparing the average yield of maize per unit area at the baseline (1986-2005),
the change of per unit maize yield in China under the influence of future climate change
was calculated.

Six parameters were selected in the crop model for regional calibration and verification.
The agricultural production data used for calibration and verification includes sowing date,
growth period, fertilization and yields, which are from the agrometeorological experimental
stations provided by the data center of China Meteorological Administration, the ecological
networking field test provided by Chinese Academy of Agricultural Sciences and the
maize survey in agricultural demonstration counties. The soil data came from China’s
soil database, which is grid-processed, on the basis of a soil attribute database and a soil
digital map, to form a national grid soil attribute database. According to the planting
varieties and scope of maize, the four main maize producing zones were further divided
into 14 sub regions. The genetic parameters of maize in each maize planting region are
shown in Table 1. Other simulation conditions were set, such as sufficient fertilizer, water
automatic irrigation, and considering the fertilizer effect of CO,.
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Figure 1. Seven zones of maize planting in China. (I: northeast region; II: northern region; III: Huang

Huai Hai region; IV: northwest region; V: southwest region; VI: southern region; VII: Qinghai Tibet

plateau region).

Table 1. Genetic parameters of maize in different maize planting regions.

) NRMSE
Zones Regions P1 P2 P5 G2 G3 PHINT
ADAP MDAP HWAM
1st district 196.4 0.211 637.6 4524 11.01 49 2.00% 3.69% 6.17%
North 2nd district 219.7 1.309 655.1 390.5 15.44 49 3.03% 3.54% 4.84%
zone 3rd district 300.6 1.048 694.6 518.7 11.31 49 1.63% 2.95% 5.60%
4th district 346.8 0.263 954.4 570 7.558 49 2.45% 4.79% 481%
1st district 216.2 0.650 675.9 815.1 10.58 49 3.22% 3.26% 9.32%
Huang 2nd district 205.8 0.645 646.2 878.5 12.91 49 9.05% 6.45%  13.97%
Huai Hai 3rd district 201.5 0.743 792.7 647.6 9.84 49 6.78% 4.89% 5.99%
zone 4th district 2238 1.097 687.9 791.9 9.72 49 8.20% 4.52% 8.48%
5th district 238.1 0.584 856.5 806.6 9.13 49 2.87% 3.89%  10.14%
N 1st district 417.7 1.317 687.8 440.4 11.61 45 3.68% 3.03% 4.22%
Northwest 54 district 4431 0.444 780.8 679.2 12.18 45 4.61% 4.64% 5.71%
zone 3rd district 362.8 0.536 819.1 281.2 19.51 50 3.27% 2.80% 9.26%
Southwest 1st district 388.4 0.674 746.2 400.0 11.00 38.9 3.96% 4.53% 7.97%
zone 2nd district 315.0 0.472 737.0 340.8 17.00 38.9 5.45% 5.25% 5.20%

Remarks: P1-Thermal time from seedling emergence to the end of the juvenile phase (expressed in degree days
above a base temperature of 8 °C) during which the plant is not responsive to changes in photoperiod. P2-Extent
to which development (expressed as days) is delayed for each hour increase in photoperiod above the longest
photoperiod at which development proceeds at a maximum rate (considered 12.5 h). P5-Thermal time from
silking to physiological maturity (expressed in degree days above a base temperature of 8 °C). G2-Maximum
possible number of kernels per plant. G3-Kernel filling rate during the linear grain filling stage and under
optimum conditions (mg d~1). PHINT-Phylochron interval, in thermal time (degree days) between successive
leaf tip appearances.
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2.3. Bias Correction

Due to differences of geographical and climatic characteristics in different regions, the
simulation abilities of the climate models would be greatly different, and the statistical inter-
pretation on results would be different. Before the impact assessment, the most appropriate
interpretation method should be selected according to the research purpose and research
area to correct the output values of climate variables from climate models [25,26]. The
basic data used for bias correction in this study included meteorological observation data,
NCEP/NCAR reanalysis data (National Centers for Environmental Prediction/National
Center for Atmospheric Research, USA), ECMWEF reanalysis data (European Center for
Medium Range Weather Forecasts), CRU data (Climate Research Unit, UK) and gridding
CNO5.1 observation data, which were applied for comparative analysis considering ob-
servation errors, analysis errors and other relative factors. Based on the matching levels
of the PRECIS output results with the above data in terms of spatial scale, time scale and
element types, gridding CNO05.1 observation data and total solar radiation of 2459 stations
in the period (1986-2005) were selected as the reference data for correction. So far, no bias
correction methods could meet all purposes of applications in different regions and sectors.
For maize growth process, the average deviation correction method performs better, and
can meet the high accuracy demand of the average values of climate variables. Therefore,
the average deviation correction method was finally used to correct the climate scenarios
data in this research.

On the other hand, the uncertainties in predictions of the impact of future climate
change on the yield within China were evaluated using the existing field corn genotype
coefficient and soil parameter database contained within the DSSAT and field data collected
from the agrometeorological stations near the study sites. The observed data of one
representative cultivar from each site were used to calibrate the crop model with a GLUE
module, and two or more years’ independent data were used to validate the CERES-Maize
model. More than 3000 runs were initiated to refine the results based on the GLUE select
program, which is a Bayesian estimation method that uses Monte Carlo sampling from
prior distributions of the coefficients, and a Gaussian likelihood function to determine the
best coefficients based on the simulated and observed yield values. The Morris and Sobol
sensitivity analysis methods were applied to evaluate the sensitivity of model outputs
based on variation in the input variables and genotype-specific parameters.

3. Results
3.1. Climate Change under Global Warming

Under the scenarios of RCP 4.5/8.5 in the 2030s and 2050s, the trends of temperature
and precipitation in China relative to the baseline (1986-2005) were obvious and remarkable
(Figure 2). On the whole, the average temperature in the future will show an upward trend
for the whole country. The temperature increase under the RCP 8.5 scenario would be
higher than that under RCP 4.5, while under the same scenario, the temperature increase
in the 2050s would be higher than that in 2030s. Under the RCP 4.5 scenario, compared
with the precipitation in the baseline (1986-2005), the precipitation in the provinces from
the middle and upper reaches of the Yangtze River to the estuary would decline, and the
precipitation in most other areas would increase. Under the RCP 8.5 scenario, the reduction
trend of precipitation would expand from the middle and upper reaches of the Yangtze
River to southeast China and north China, which would be alleviated in 2050s.
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Figure 2. Comparison of temperature changes in China under RCP 4.5 and RCP 8.5 scenarios in the
2030s and 2050s (relative to the baseline of 1986-2005).

For temperature (Figure 2), under the RCP 4.5 scenario, the temperature rise would be
the highest in Northwest region in the 2030s, exceeding 1.5 °C; it would be close to 1.5 °C
in the southwestern region, and the temperature rise would be the lowest in northern
region. In the 2050s, the temperature in southwest region would have the least increase.
Under the RCP 8.5 scenario, the temperature increase in the Huang-Huai-Hai region
would be the largest in the 2030s, similar to the northwest region, and the southwest
region would have the lowest temperature increase among the five regions. In the 2050s,
the temperature increase in the northwest region would be close to 3.4 °C, which is the
largest, and the temperature rise would be close to 2.7 °C in the southwest, which is
the lowest. For precipitation (Figure 3), this would increase in the northeast region and
northwest region under RCP 4.5 and RCP 8.5 scenarios. In the Huang-Huai-Hai region
the precipitation would also increase, except in the 2030s under the RCP 8.5 scenario. In
the southwest region the precipitation would decline, especially in the 2030s under the
RCP 8.5 scenario, and would reach 135 mm/year. In addition to the average changes of
temperature and precipitation, it was found that the frequency and intensity of extreme
climate events under RCP 8.5 scenario would also be more serious than those under the
RCP 4.5 scenario; especially in the 2050s the adverse impacts of extreme climate events
would be further exacerbated.

northern region northeast region Huang Huai region northwest region thwe ion

M RCP4.5-2030s MWRCP4.5-2050s ® RCP8.5-2030s RCP8.5-2050s

Figure 3. Comparison of precipitation changes in China under the RCP 4.5 and RCP 8.5 scenarios in
the 2030s and 2050s (relative to the baseline of 1986-2005).

3.2. Yield Changes of Maize under Future Scenarios

Based on climate scenario data (RCP4.5, RCP8.5) of the 2030s and 2050s simulated by
the regional climate model PRECIS, under the condition that maize varieties, water and
fertilizer management in each region remain unchanged, the CERES-Maize model was
applied to simulate the per unit yield of maize in the future. The relative changes of maize
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yield in different periods and different scenarios relative to the baseline (1986-2005) were
analyzed, and the impacts of future climate change on maize growth in China evaluated.

It can be seen from Figure 4 that future climate change will have a significant impact
on China’s maize production, for which the area of yield increase accounts for 35-43% and
the area of yield reduction accounts for 57-65%. Under different scenarios and different
time periods, the future changes of maize yield show a relatively similar spatial distribution.
The regions of future yield increase are mainly distributed in the northwest and southeast
of Heilongjiang, the east of Jilin, the east and central of Inner Mongolia, most of Ningxia,
the west of Shaanxi and the east and north of Gansu. There is a slight increase of yield in
the north of Xinjiang, the northwest of Yunnan and the south of Sichuan, while most of
other regions show a trend of yield reduction.

{ W -

-30%  -20% -10% 0%  10%  20% 30%

Figure 4. Impacts of climate change on maize yield.

In the 2030s, under the RCP 4.5 scenario, the maize yield per unit shows a rising trend,
with an average increase of 5.66% nationwide. Under the RCP 8.5 scenario, the maize yield
per unit shows a declining trend, with an average reduction of 1.25%. In the 2050s, under
both the RCP 4.5 and RCP 8.5 scenarios, the maize yield per unit shows a more serious
trend of reduction, with —5.43% and —12.62%, respectively. Especially under the RCP 8.5
scenario, more than 70% of maize production area would decrease severely. The reduction
area of maize production would account for 61-66% in the 2030s, which would expand to
69% in 2050s, especially under the RCP 8.5 scenario.
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From the perspective of regional distribution (Figure 5), most of the main maize
producing areas show an obvious trend of yield reduction, especially in Huang-Huai-Hai
region and the southwest region. There would be an obvious trend of yield increase in the
northern region, and future yield increase opportunities and yield reduction risks would
coexist in the northeast region and northwest region. In the future, under both RCP 4.5 and
RCP 8.5 scenarios, the reduction range of maize yield per unit is from —50% to —10% in the
Huang-Huai-Hai region and southwest region, whereas the reduction range of maize yield
per unit is from —40% to 20% in the northeast region, in which most areas show a declining
trend and a few areas show a rising trend. The reduction range of maize yield per unit is
from —40% to 40% in the northwest region, and the reduction range of maize yield per unit
is from —30% to 60% in the northern region, in which most areas show a rising trend.

RCP4.5 2030s RCP8.5 2030s
160% - 140%
140% 120%
120% 100%
100% 80%

80%
60%

40%
40% > | 20% X
=

20% 0% l
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Figure 5. Impacts of climate change on maize yield in Huang-Huai-Hai region, Northeast region,
Northern region, Northwest region and Southwest region. (Upper left: RCP 4.5, 2030s; Upper right:
RCP 8.5, 2030s; Lower left: RCP 4.5, 2050s; Lower right: RCP 8.5, 2050s).

On the whole, if no response measures are taken, the reduction risk of maize yield in
China will gradually increase in the future, especially under the RCP 8.5 scenario. In the
2050s, China’s maize production will face the greatest risk of yield reduction under the RCP
8.5 scenario; however, in the 2030s, the threat faced by maize production is relatively small
under the RCP 4.5 scenario, and there is a potential to increase maize yield in some regions.

3.3. Impacts of Different Adaptation Strategies on Maize Yield
3.3.1. Adjustment of Sowing Date

Adjusting the sowing date of crops could change the allocation of solar radiation,
temperature, water and heat resource during the crop growth period, which would make
full use of climatic resources to gain advantages and avoid harm. In the context of climate
change, with global warming the temperature in the growing season of maize will also
change significantly. On the premise of keeping the maize varieties, soil properties and
other farmland management measures unchanged, adjusting the maize sowing date would
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have a significant impact on maize yield. In order to find out the suitable sowing date of
maize under future climate change, two scenarios were set: 5 days before the conventional
sowing date and 5 days after the conventional sowing date. The impacts of sowing date
adjustment on maize growth and yields in different regions were analyzed.

Compared with the scenario without treatment measures, the impact of sowing date
adjustment on maize production is relatively small, showing a coexist trend of both yield
reduction and yield increase, in which the area of future yield increase accounts for 50-68%,
and the area of yield reduction accounts for 21-50%. Under the RCP 4.5/8.5 scenarios and
different periods, the changes of maize yield show a relatively similar spatial distribution
when sowing date is brought forward 5 days relative to common practice (Figure 6). The
reduction areas of maize yield are mainly distributed in central Heilongjiang, southern
Liaoning, most of northern China, central Inner Mongolia, northern and western Xinjiang,
southern Gansu, northern Ningxia, western Sichuan, most of Guizhou, northern and
southern Yunnan. It is also scattered in Chongging, Shaanxi and Jilin, whereas the other
regions show a trend of increase. If the sowing date is postponed by 5 days, the reduction
area of maize yield would decrease significantly, which would be distributed in northern
Heilongjiang, central and northern Inner Mongolia, northern Xinjiang, southern Gansu,
western and central Sichuan and southern Yunnan. It would be also scattered in Shaanxi,
Guizhou, Chongqing, Liaoning and north China. The other regions would have a trend of
increase (Figure 7).

0 450 900 ki e
—) /

e

-30%  -20%  -10% 0% 10%  20%  30%

Figure 6. Impacts of 5 days in advance than conventional sowing date on maize yield.
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Figure 7. Impacts of 5 days later than conventional sowing date on maize yield.

Compared to a scenario without treatment measures, in the 2030s, the maize yield per
unit would increase by 2.8% on average when the sowing date is advanced by 5 days under
the RCP 4.5 scenario, and would increase by 4.0% under the RCP 8.5 scenario. In the 2050s,
the maize yield per unit in average would also go up, but less than that in the 2030s. The
change rates of maize yield per unit would increase by 1.3% under RCP 4.5 and 1.6% under
RCP 8.5. When the sowing date is delayed by 5 days, in the 2030s the maize yield per unit
in average would decline by 0.38% under RCP 4.5 and reduce by 0.7% under RCP 8.5. In
the 2050s, the change rates of maize yield per unit would increase by 1.1% under RCP 4.5
and 2.5% under RCP 8.5.

Compared with the scenario without treatment measures, most of the main maize
producing areas show a significant increase in yield per unit, especially in the northeast
region, northern region and northwest region, when the sowing date is advanced by 5 days
under future climate change. In the Huang-Huai-Hai region, there is an obvious trend of
maize yield reduction, for which the range is from —10% to 0%. In the southwest region,
increasing opportunities and reducing risks coexist for maize yield per unit, for which
the range is from —5% to 5%. In the northeast region, northern region and northwest
region, most areas show a trend of increasing production, and a small part shows a trend
of decreasing production, for which the range is from —5% to 15%. When the sowing date
is delayed by 5 days under future climate change, there is significant differences on maize
yield from the countermeasure of advancing sowing date by 5 days. In the Huang-Huai-Hai
region, there is an obvious trend of maize yield increasing, for which the range is from 0%
to 10%. In the southwest region, increasing opportunities and reducing risks coexist for
maize yield per unit, for which the range is from —5% to 5%. In the northeast region, the
maize yield per unit in most area goes up basically from 0% to 15%. In the northern region
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and northwest region, most areas show a trend of decreasing production, and a small part
shows a trend of increasing production, for which the range is from —5% to 15%.

On the whole, for national maize planting under future climate change, a sowing
date in advance would be more conducive to maize production than delaying sowing
date. But there are some differences of maize yield changes in different regions. In the
Huang-Huai-Hai region and northeast region, the delay of sowing date would be more
beneficial to maize yield, while in the northern region and northwest region, the advance
of sowing date would be more beneficial to maize yield. There is no obvious impact on
maize in the southwest region by either advancing sowing date or delaying sowing date.

3.3.2. Varieties Adjustment

Variety is the key factor restricting maize yield. Different maize varieties have different
characteristics, and the main varieties in different regions are often different. The dominant
varieties in a region are often better matched with the local climate, soil and ecological
environment. With climate change, environmental elements such as water, soil, climate,
and other environmental factors are changing in each region, so the requirements for maize
varieties are also changing. In order to better clarify the breeding direction of future maize
varieties, an attempt to adjust the varieties based on CERES-maize was done in this research,
in which the impacts of different maize varieties on the yield under future climate change
in China were compared and analyzed.

Compared with no countermeasures on maize under future climate change, variety
adjustment has a more obvious impact on maize production in China, showing a trend
of coexistence of yield reduction and increase. The area of yield increase accounts for
84-94% and the area of yield reduction accounts for 6-16%. Under different scenarios and
different time periods, when the maize varieties with improved grain filling rate are bred,
the changes of future maize yield show a relatively similar spatial distribution. The yield
reduction areas are mainly distributed in the east of the Huang-Huai-Hai region, central
Inner Mongolia, north and west of Xinjiang, west of Sichuan, and north of Yunnan. There
is also a slight decline of maize yield in Gansu and Ningxia, whereas most of other regions
show a trend of increasing yield. Compared with varieties with improved grain filling rate
(Figure 8), future maize yield changes would have a different spatial distribution, for which
varieties is breeding to prolong silking-mature growth time; the yield reduction area would
increase, mainly distributed in central and northern Inner Mongolia, northern Xinjiang,
southern and western Gansu, western Sichuan, northern Yunnan and Shaanxi; most of
other regions show a trend of increasing yield.

Compared with the scenario without treatment measures, in the 2030s, the maize yield
per unit would increase by 6.5% on average when the varieties with improved grain filling
rate are applied under the RCP 4.5 scenario, and would increase by 5.9% under the RCP 8.5
scenario. In the 2050s, the maize yield per unit in average would also go up, but less than
that in 2030s. The change rates of maize yield per unit would increase by 4.0% under the
RCP 4.5 and 4.4% under RCP 8.5. If varieties with prolonged silking-mature growth time
are planted in the 2030s, the maize yield per unit in average would increase by 8.0% under
RCP 4.5 and go up by 7.1% under RCP 8.5. In the 2050s, the change rates of maize yield per
unit would increase by 7.1% under RCP 4.5 and 7.4% under RCP 8.5 (Figure 9).
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Figure 8. Impacts of the varieties adjustment with improved grain filling rate on maize yield under
climate change.

Compared with the scenario without treatment measures, most of the main maize
producing areas show a significant increase in yield per unit, especially in the northeast
region, northern region and southwest region, when the varieties with improved grain
filling rate are applied under future climate change. In Huang-Huai-Hai region, the
opportunities of increasing yield and the risks of reducing yield coexist, for which the range
is from —5% to 10% in 2030s; there is an obvious rising trend of maize yield per unit in
2050s, for which the range is from 0 to 10%. In the northwest region, maize yield per unit
would go up significantly in 2030s, for which the range is from 5% to 10%; however, in
the 2050s, maize yield per unit would have a declining trend, for which the range is from
—50% to 10%. In the northeast region, southwest region and northern region, there is an
obvious trend of increase on maize yield per unit, for which the range is from 5% to 10%.
When varieties with prolonged silking-mature growth time are planted, most of the regions
show a trend of increasing production on maize yield per unit under RCP 4.5 and RCP 8.5
scenarios in the Huang-Huai-Hai region, northeast region, southwest region and northern
region, for which the range is from 0% to 15%. In the northwest region, the maize yield
per unit would go up in the 2030s, but there is a declining trend of maize yield per unit in
2050s, for which the range is from —50% to 10%.
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Figure 9. Impacts of the varieties adjustment with prolonged silking-mature growth time on maize
yield under climate change.

On the whole, for national maize planting under future climate change, heat during
the maize growth season will increase significantly. If the growth time of maize silking
maturity could be prolonged and the accumulated temperature during silking maturity
could be increased, we could effectively increase the dry matter accumulation of corn
grains, which would have an obvious yield increase effect. However, the maize yield
would also increase when varieties with improved grain filling rate are applied, but with a
smaller effect than the former countermeasure. Therefore, in the future, breeding maize
varieties that extend the growth duration of silking maturity and improve the grain filling
rate could effectively make use of water, heat, radiation and other climate resources under
future climate change, and play a positive role in ensuring the future maize yield.

4. Discussion and Conclusions
4.1. Discussion

Due to climate change, it would effectively alleviate the negative impacts of climate
change on maize production to take appropriate adaptation measures, such as adjusting
sowing date, full irrigation and cultivating varieties with long growth period. Adjusting
maturity type of maize has a more obvious effect on yield reduction in the main maize
production areas of northeast China and the Huang Huai Hai region. On the other hand, in
the future, breeding maize varieties that extend growth duration from silking to maturity,
or improving the grain filling rate, would effectively make use of water, heat, radiation
and other climate resources under future climate scenarios, and play a positive role in
ensuring the future maize yield. Our findings are consistent with other studies [35,36]
which indicate that the use of maize varieties with longer growing periods among other
adaptation measures can help increase maize yield under future climate change.
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In summary, if global warming becomes more serious, the comprehensive adverse
impacts on maize would be much greater. On the one hand, with temperature rising,
evapotranspiration would become greater. Although precipitation may be also increasing,
the evapotranspiration caused by warming is more intense, resulting in frequent droughts
during the growth period of maize, which would have an obvious impact on yield. On
the other hand, compared with the 2030s, the frequency and intensity of high-temperature
disasters in 2050s would be significantly increased, resulting in an increased risk of maize
yield reduction. The findings are similar with the research done by Koimbori et al. [37]
and Li et al. [19]. Therefore, it is necessary to strengthen variety breeding, agricultural
infrastructure improvement and farming technology innovation.

In the 2030s, under the RCP 4.5 scenario, climate change is advantageous for maize
production in the northern region. On the one hand, the range of temperature increase
in the northern region would be lower than that in most other regions, which is basically
between 0 °C and 1 °C, which could provide excellent conditions for maize growth. On the
other hand, precipitation in the northern region would mainly rise between 0 and 200 mm,
which also lays a foundation for maize yield increase. In the 2030s, under the RCP8.5
scenario, the maize yield in the northern region would be reduced, but not obviously, with
a temperature increase range between 1-2 °C, and precipitation increase by 0-200 mm. Our
findings show no difference with previous results [38—40] which reveal similar trends of
temperature and precipitation in the future. The excessive temperature increase offsets
the beneficial impact of the increase of precipitation and increases the risk of extreme
climate events in the future. In other words, from 2020 to 2030, if the global warming can be
effectively reduced, corn in the northern region still has the potential to increase production.

4.2. Conclusions

Climate change could significantly shorten the growing period of maize and further
lead to large and widespread reductions in current maize producing areas. If no counter-
measures are taken, the reduction risk of maize yield in China would gradually increase.
Especially under the RCP 8.5 scenario in the 2050s, maize production would face the
greatest risk of yield reduction.

On the other hand, with global warming, the maize planting boundary would move
northward, and the suitable maize planting areas in northern China and northeast China
would increase, in which the increase of maize yield would offset the expected maize yield
reduction in other regions to a certain extent. Especially in the 2030s under the RCP4.5
scenario, the threat to maize yield in China would be relatively small, and there is some
potential to increase yield for the whole country.

Under future climate change scenarios, the countermeasure of earlier sowing date
would be more beneficial to maize production as a whole compared to a delayed sowing
date, for which there are certain differences in different regions. If the growth time of
maize from silking to maturity can be prolonged, the accumulated temperature in the
silking-maturity period could be increased, which could effectively increase the dry matter
accumulation of maize grains, and would significantly increase the yield of maize. The
effect of increasing grain filling rate on yield increase is obvious, but smaller than the
countermeasure of increasing the growth time of maize from silking to maturity.
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