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Rising temperatures and frequent extreme high temperature events under future climate scenarios have posed
pressing challenges with respect to global food security. Previous climate-crop modelling studies have investi-
gated the impacts of rising temperature and heat stress on grain yield. However, the potential and priority of
dealing with rising mean temperature or heat stress using genetically different cultivars have not been identified.
We investigated the impacts of climate change on maize yield across China’s Maize Belt (23°-48°N) using the
CERES-Maize model driven by future climate scenarios under contrasting maize growing season temperatures of
18-24°C during the 2050s (2040-2069) and the 2080s (2070-2099). We also assessed the potential of different
cultivars to adapt to rising temperatures and heat stress with an extreme hot global climate model from CMIP6
under a high emission scenario (SSP585). Our simulated results indicated that the shortened growth period
resulting from rising temperatures, decreased photosynthesis caused by heat stress, and decreased grain-filling
rate due to heat stress were the main reasons causing future maize (Zea mays L.) yield decreases in all sub-
regions of China’s Maize Belt. The priority applied to using a cultivar with a longer growth period or higher heat-
tolerance to cope with climate warming depends on the particulars of the local climate and cropping system.
Specifically, the potential for adapting to rising temperature is generally higher than the potential for adapting to
heat stress in all subregions except the North China Plain (NCP) where the potential for adapting to heat stress is
higher than the potential for adapting to rising temperature. Our study demonstrated the necessity of using
cultivars with appropriate traits to alleviate the adverse effects of climate warming. Also, our findings provide
important information for the direction and priority of future breeding in different climate regions with various
cropping systems across China’s Maize Belt.

1. Introduction

Global population has been increasing rapidly in recent decades and
is projected to exceed 9.7 billion by 2050 (UN_DESA, 2017), leading to
increasing food demand. Meanwhile, rapid urban expansion has been
shrinking cropland area throughout the world (van Vliet et al., 2017).
The imbalance between food supply and demand puts great pressure on

global food security. Increasing yield per hectare, especially with regard
to cereal crops, is an important means to combat the food crisis. How-
ever, crop yields have been adversely affected by climate change, spe-
cifically climate warming (Huang et al., 2020; Lobell et al., 2011a).
Therefore, how to effectively mitigate the adverse effects of climate
warming and boost yield potential by developing a robust adaptation
strategy is critical in order to maintain global food security (Challinor
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et al., 2016; Guan et al., 2017).

Climate warming is characterized by the rising average temperature
of the Earth’s climate system (IPCC, 2014), resulting in more frequent
and intensified temperature extremes (Deryng et al., 2014; Gourdji
et al,, 2013). Rising temperature shortened the period of biomass
accumulation by accelerating crop development, resulting in decreased
grain yield (Asseng et al., 2014; Challinor et al., 2016). As one of the
most important grain and feeding crops, global maize (Zea mays L.) yield
was estimated to decrease by 3.8% during 1980-2008 due to climate
change (especially due to rising temperatures) (Hawkins et al., 2013;
Lobell et al., 2011a; Schauberger et al., 2017). In addition, intensified
heat stress occurring at the reproductive period has decreased maize
yields by damaging several physiological processes of maize, including
photosynthesis, pollination, and kernel grain filling related to kernel
number and kernel size (Lizaso et al., 2018; Rattalino Edreira and Ote-
gui, 2012; Sanchez et al., 2014).

China accounts for 18.6% of global total maize production (FAO,
2017), and is the second largest maize producer in the world. Therefore,
maize in China plays an important role in the global maize market.
Multiple global climate models (GCMs) from the Coupled Model Inter-
comparison Project 5 (CMIP5) projected that mean temperature and the
frequency and intensity of extreme high temperature will increase
continuously over the globe in the future (Ben-Ari et al., 2018; Kang and
Eltahir, 2018; Trnka et al., 2014). Additionally, more frequent heat-
waves are projected in China, with more high temperature days (daily
average temperature over 30°C) in the far future than in the historical
period (Li et al., 2019). Without adaptation, maize yield has been pre-
dicted to decrease by 3.9%-26.6% with climate warming of 3°C in
China’s maize planting regions (Lobell et al., 2011b).

Selecting adapted cultivars is recognized as one of the most effective
measures to address both rising temperature and heat stress (Challinor
et al., 2016; Challinor et al., 2007; Chisanga et al., 2020b). For example,
selecting cultivars with longer growth periods had a great potential to
alleviate the negative impact of rising temperature on crop growth
period (Huang et al., 2020; Tao et al.,, 2014). Meanwhile, using
heat-tolerant cultivars can mitigate the adverse impacts of heat stress on
photosynthesis and grain-filling of maize (Challinor et al., 2007; Ratta-
lino Edreira and Otegui, 2012; Tesfaye et al., 2016; Zhang and Zhao,
2017). Over the last few decades, maize breeders have already targeted
specific crop traits to breed new cultivars for better mitigating climate
change impacts (Cairns et al., 2012). However, the true potential of new
cultivars with different genotypes to address the negative effects of
future climate change remains unclear. The use of process-based crop
models is a common method for evaluating the relative potential of
adaptation strategies. For example, using the Agricultural Production
Systems sIMulator (APSIM) model, Xiao et al. (2020b) designed
different traits of maize ideotypes planted at various dates to maximize
yield and water use efficiency (WUE) under future climate conditions in
the North China Plain (NCP). Their simulated results showed that maize
ideotypes under future climate should have a longer reproductive
growth period, faster potential grain filling rate, larger maximum grain
number, and higher radiation use efficiency. In addition, Zhang and
Zhao (2017) found that using heat-tolerant cultivars can increase maize
yield by 6%-10% in the NCP compared with using heat-susceptible ones.

The majority of previous studies assessed the contributions of
selecting cultivars with different maize genotypes to adapt to future
climate warming (Abbas et al., 2017; Guan et al., 2017; Huang et al.,
2020). However, few studies evaluated the potential to mitigate the
adverse effects of rising temperature and heat stress on maize yields. In
addition, no study has provided the priority on targeting where and
when adapted cultivars with higher thermal time or higher
heat-tolerance could better adapt to future climate change. This is very
important because such information will provide essential reference
points for plant breeders and policy makers to develop practical solu-
tions to cope with global climate change. The objectives of our study
were to 1) test the performance of the CERES-Maize model across
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China’s Maize Belt, 2) evaluate the relative potential of adaptation op-
tions by adjusting thermal time and increasing heat-tolerance of maize
cultivars in the calibrated CERES-Maize model, 3) provide useful in-
formation for developing cultivar adaptation strategies in different re-
gions of China’s Maize Belt.

2. Materials and methods
2.1. Study region

China’s Maize Belt was divided into six maize planting regions
(Fig. 1) based on geographic locations and cropping systems (Table 1)
(Huang et al., 2020). In total, 163 weather stations located in the six
maize planting regions were selected as the study sites used in the
simulations. Regions I-V had a temperate monsoon climate while region
VI had a subtropical monsoon climate. The single maize cropping system
is dominant in regions I-IV, with the maize growing season running
from May to September, while the wheat (Triticum aestivum L.)-maize
rotation is widely used in region V, with the maize growing season
running from June to September (Table 1). For region VI, the
wheat-maize relay intercropping system is popular, with the maize
growing season running from April to September. Across China’s Maize
Belt, growing season mean temperature varies between 18.0-24.2°C
with the highest and lowest values in region V and I (Table S1),
respectively. Growing season total precipitation varies between
428-928 mm, with the highest and lowest values in region VI and IV
(Table S1), respectively. Growing season mean solar radiation varies
between 14.5-17.7 MJ m ™2, with the highest and lowest values in region
IV and region VI (Table S1), respectively.

2.2. Sources of weather data

The weather data for each site during 1980-2016 included daily
precipitation (mm), maximum temperature (°C), minimum temperature
(°C), and sunshine hours (h), and were obtained from the China Mete-
orological Administration (CMA). Daily solar radiation (MJ m2dH
was calculated using the Angstrom equation by sunshine hours (Wang
et al., 2015). CMA has conducted quality control by checking the ho-
mogeneity and reliability of climate data before they were released
(Wang et al., 2020).

2.3. Crop and soil data

Observed maize phenological data during 1980-2011 were collected
from 100 agro-meteorological observation sites to provide a reference
for setting maize planting and harvest dates (Fig. 1 and Table 1).
Observed experimental data on maize cultivar, phenology (e.g.,
planting, flowering, and maturity dates), yield, and field management
practices (e.g., planting density, irrigation, and N fertilization amount)
from the six experimental sites were used to calibrate and validate the
maize model (Fig. 1, Table 2). Detailed information regarding soil and
climate data for each experimental site is shown in Table S2 and
Table S3, respectively. Field experimental data for regions I, III, and VI
were extracted from tables or figures in the published literature using
WebPlotDigitizer software (https://automeris.io/WebPlotDigitizer/).
Field experimental data for regions II and IV were obtained from agro-
meteorological observation sites, and field experimental data in region
V were sourced from serial planting experiments in 2017 and 2018 at the
Hebi experimental site in Henan province of the NCP. At each maize
planting region, one typical soil type was selected with detailed infor-
mation from the China Soil Scientific Database (Table S2).

2.4. Baseline and future climate scenarios

Historical and future climate data (including daily maximum and
minimum temperatures, daily precipitation, and daily solar radiation)


https://automeris.io/WebPlotDigitizer/
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Fig. 1. Geographic location of six planting regions across China’s Maize Belt and the distribution of 163 weather stations, 100 agro-meteorological sites, and six

experimental sites.

Table 1

Division of the maize planting regions and cropping systems across China’s Maize Belt.

Region Location Cropping system Growing season Number of weather stations Number of agro-meteorological sites Number of experimental sites
I Northeast China Single 1/May-30/Sep 17 10 1
I Northeast China Single 1/May-30/Sep 12 11 1
I Northeast China Single 1/May-30/Sep 20 13 1
I\ Northwest China Single 1/May-30/Sep 9 8 1
A% North China Plain Double 1/June-30/Sep 49 36 1
VI Southwest China Mixed 1/Apr-30/Sep 56 22 1

from 1961 to 2100 were statistically downscaled from monthly gridded
climate data simulated by 20 global climate models (GCM) under high
Shared Socio-Economic Pathways (SSP585) (https://tntcat.iiasa.ac.at
/SspDb/dsd?Action=htmlpage&page=50) from the Coupled Model
Intercomparison Project 6 (CMIP6) with the NWAI-WG downscaling
model (Liu and Zuo, 2012). The gridded monthly climate data were
downscaled to site level using the spatial inverse distance-weighted
(IDW) interpolation method. Bias for monthly data was corrected
using the Q-Q plotting approach by comparing the GCM projected and
observed climatic data. Then, bias-corrected monthly data were down-
scaled to daily scale with the modified WGEN stochastic weather
generator (Liu and Zuo, 2012). The downscaled climate data had good
performance in reproducing observations, and a detailed test of our
statistical downscaling method has been done by Liu and Zuo (2012) and
Liu et al. (2017). Climate outputs based on this downscaling approach
have been extensively applied in climate change impact studies in China
(Bai et al., 2020; Xiao et al., 2020a). To identify the adaptation potential
of maize to extreme temperature in this study, we selected one of 20

GCMs from CMIP6 that had the highest temperature projected in the
future for China’s Maize Belt (Fig. S1). The CanESM5 model can
reproduce historical climate change over the globe (Guo et al., 2021;
Swart et al., 2019; Yazdandoost et al., 2021). We used a Q-Q plot to
compare observed and downscaled climate projected by CanESM5
across China’s Maize Belt (Fig. S2). The results indicated a good match
between observed and projected climate for the study area, as the points
generally followed the 1:1 line and the NRMSEs were low. Our study
periods were divided as the baseline period (1980-2009), the 2050s
(2040-2069), and the 2080s (2070-2099). The baseline climate for all
regions is shown in Table S1.

2.5. DSSAT-CERES-Maize model and its parameterization

The CERES-Maize model is a part of the Decision Support System for
Agro-Technology Transfer (DSSAT), and is a mechanistic crop growth
model that can simulate daily maize growth and development. The
model includes four sub-modules (i.e., weather, soil, plant, and
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Table 2
Detailed information for field experiments used to calibrate and validate the CERES-Maize model.
Experimental Cultivar Climate type Soil type Treatment  Planting Planting N Irrigation Observed Experimental
site dates (day/ density fertilization amount data data source
month/year) (plant amount (kg (mm)
m?) ha™!)

Lindian Zhedan37 Temperate Black soil Planting 27/4/2012, 6.15 82.5 0 Flowering Han et al.
monsoon date 7/5/2012, date, (2016)
climate 17/5/2012, Maturity

8/5/2013, date, Grain
15/5/2013, yield
22/5/2013

Qianguo Jidan180 Temperate Black soil none 3/5/2002, 6.75 180 0 Flowering Agro-
monsoon 27/4/2003, date, meteorological
climate 6/5/2004, Maturity site

28/4/2005, date, Grain
6/5/2006 yield

Jinzhou Danyu39 Temperate Black soil Planting 20/4/2012, 4.2 80 0 Flowering Huang et al.,
monsoon date 30/4/2012, date, 2020
climate 10/5/2012, Maturity

20/4/2013, date, Grain
30/4/2013, yield
10/5/2013

Xiyang Nongdal08 Semi-arid Fluvio- none 2/5/2003, 6.75 180 0 Flowering Agro-
continental aquatic soil 28/4/2004, date, meteorological
climate 30/4/2005, Maturity site

2/5/2006, 4/ date, Grain
5/2007, 6/5/ yield
2008

Hebi Zhengdan958 Semi-arid Cinnamon Planting 10/6/2017, 6.75 150 30 Flowering This study
monsoon soil date 15/6/2017, date,
climate 10/6/2018, Maturity

15/6/2018 date, Grain
yield

Zhongjiang Zhenghong505  Subtropical Lithologic Planting 25/3/2015, 4.95 225 0 Flowering Dou et al.
monsoon soil date 10/4/2015, date, (2017)
climate 25/4/2015, Maturity

25/3/2016, date, Grain
10/4/2016, yield
25/4/2016,

10/5/2016,

25/5/2016

management modules) (Araya et al., 2015; Chisanga et al., 2020a;
Ruane et al., 2013). Climate, soil, genotype, and agronomic manage-
ment data are essential inputs for CERES-Maize (Jones et al., 2003).
Table S4 lists the required input data for running the model. DSSAT v4.7
was used in our study, and the model was implemented in R 3.5.2 for
batch simulation.

In CERES-Maize, phenological development is divided into eight
stages, including planting to germination, germination to emergence,
emergence to end of juvenile phase (EndJuv), EndJuv to tassel initiation
(TD), T1 to end of leaf growth (EndLf), EndLf to grain filling (GF), and GF
to maturity (Jones et al., 2003). The period from planting to germination
is set as one day, while the period from germination to emergence is
determined by planting depth and thermal time needed for growing a
centimeter of stem. The stage from emergence to physiological maturity
is determined by thermal time (P1, P5) computed as the sum of
three-hourly mean temperatures above the base temperature, while the
stages from EndJuv to Tl and from Tl to GF are also impacted by
photoperiod sensitivity (P2) and Phyllochron interval (PHINT), respec-
tively. Daily potential biomass accumulation is calculated by daily solar
radiation interception and radiation use efficiency (RUE), while actual
daily biomass accumulation is reduced from daily potential biomass
accumulation by the stresses of water, nitrogen, and heat. The final grain
yield of maize is determined by final grain number, actual grain filling
rate, and re-translocation from aboveground biomass. Final grain
number is determined by potential number of kernels per plant (G2) and
accumulated biomass from EndLf to GF. Final actual grain filling rate is
determined by potential kernel filling rate (G3) and daily mean tem-
perature from GF to maturity.

To minimize the spatial heterogeneity of maize cultivars, a repre-
sentative cultivar was selected for each of the six planting regions
(Table 2). Genetic parameters for all cultivars were derived by a “trial-
and-error” method based on maize growth and development data from
agro-meteorological observation sites and field experiments (Table 2).
Observed flowering and maturity dates were used to derive genetic
parameters of maize phenology (P1, P2, P5, PHINT), and observed
maize yield was used to derive genetic parameters for maize yields (G2,
G3). Based on different years and planting dates, all experimental data
were separated into two independent groups for calibration and vali-
dation of the CERES-Maize model (Table S5). Supporting information
Text T1 shows the statistical metrics for model evaluation.

2.6. Long-term simulation setup

To evaluate the impacts of climate change on maize yield and
adaption potential of modified cultivars, we conducted long-term sim-
ulations under rainfed conditions and under potential conditions
without any nitrogen stress. The initial soil water content was reset at
30% of plant available water holding capacity (PAWC) for regions I-V
and at 81% of PAWC for region VI every year, according to the observed
historical average initial soil water content before planting recorded
from agro-meteorological observation sites. For all regions, maize
planting density was set as 67,500 plants ha~!, with plant row spacing
and depth of 60 cm and 5 cm, respectively. For all regions, planting date
was set as the historical average planting date recorded in agro-
meteorological sites. Maize was harvested at physiological maturity,
or the day before the first frost day calculated as the daily minimum
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temperature below 0°C for regions I-IV with the single-cropping system,

or three days before planting the next season crop for regions V-VI with
the double-cropping system. In addition, yearly rising CO, concentra-
tion (Huang et al., 2020) was used as an input for CERES-Maize to
consider the effects of elevated CO, on maize transpiration rate and
potential growth rate (Webber et al., 2017).

CERES-Maize has been widely used to evaluate the impacts of
climate change on maize (Braga et al., 2008; Lin et al., 2017; Yakoub
et al., 2017). Singh et al. (2014) modified the lower and upper optimum
temperatures to improve the responses of photosynthesis and grain
filling rate to heat stress in CERES-Maize. We used this modified version
of CERES-Maize in our study.

Rising temperatures were reported to reduce biomass accumulation
by shortening the maize growth period (Lin et al., 2017), while heat
stress was seen to reduce maize yield mainly by decreasing photosyn-
thesis and grain filling rate (Lopez-Cedron et al., 2005; Singh et al.,
2014). The impacts of heat stress on maize photosynthesis and grain
filling rate were calculated using a piecewise function in CERES-Maize:

0 for Toean < 6.2 0r Typean > 44

(Tonean — 6-2)

. < 16.
tg for 62 < Ty <165

It pho

(€)]
1 for 16.5 < Tyean < 33

W Jor 33 < Thean < 44
0 for Tnean < 5.5 0F Tean > 35
(Tean = 5.5)
10.5

1 for 16 < Tyean < 27
8

Jor 5.5 < Tyean < 16
Itgrr =

(2)

for 27 < Tpean < 35

where It pho and It gpr are the impact indexes of heat stress on photo-
synthesis and grain filling rate respectively, ranging between 0 and 1.
Tmean is the daily mean temperature. An index of 1 indicates no impact of
heat stress, and a value of 0 indicates severe heat damage (Fig. 2).

The thermal time of adapted maize cultivars in CERES-Maize was
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photosynthesis (Tpn,2) and grain filling rate (Tgpr2) were increased to
explore the adaptation capacity of increasing heat-tolerance of maize to
heat stress (Fig. 2). We modified the impact curves of temperature on
photosynthesis and grain filling rate by increasing Tppol, Tgrr1l, TPho2,
and Tgpr2 from the original values of 33, 27, 44, and 35°C to new values
of 40, 37, 51, and 45°C, respectively, with a step of 1°C. This modifi-

cation assumed unchanged curve slope during Tppol to Tppo2 and Tgrrl
to Tgrr2 (Table S7).

As mentioned above, the adverse effect due to rising temperature
was mainly reflected by shortened growth period, while decreased
photosynthesis and grain-filling rates were due to heat stress. Therefore,
we increased thermal time for each current maize cultivar to adapt to
rising temperature. We changed the optimal thresholds for maize
photosynthesis and grain filling rate to help maize adapt to heat stress.
The simulation was operated via the following three steps:

(1) Rising temperature would shorten the maize growth period. We
lengthened maize phenological development by increasing the
thermal time of current maize cultivars within a maize growing

season (Table 1) to investigate the potential of adapting to rising
temperature.

(2) We increased temperature thresholds of photosynthesis and

grain-filling rate based on the current cultivar to assess the po-
tential of adapting to heat stress (Fig. 2).

(3) The potential of adapting to climate warming was achieved when

maize yield was highest by increasing thermal time and tem-
perature thresholds of photosynthesis and grain-filling rate.

By introducing appropriate adaption traits into the current cultivar,

maize yield would increase due to its increased potential to cope with
the negative impacts of climate warming. Optimal adaption traits were
then obtained when maize yield was up to 95% of maximum yield.

To compare the accumulated effects of heat stress induced by

different magnitudes of intensity and frequency of high temperature
over maize planting regions, we calculated the accumulated impact

factors of heat stress on photosynthesis (Fr ppo) and grain filling rate (Fr,
GFR):

40

Frpno = Zf'ryho,i X di/Dgp-, 3
i=33
generated by increasing P1 and P5 with a 10% increment based on the
current maize cultivar because P1 and P5 were two important parame- 37
ters that control maize phenology. The detailed combinations of P1 and From = Z.fT.GFR,i X d; [ Dy, C))
P5 for each region are presented in Table S6. =
The 1.1pp?r .hrmts of optimal temperatures for photosynthesis (Tppol) where frmmoi = 1 — Frpmos, and )
and grain filling rate (Tgprl), and lethal temperature thresholds for
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Fig. 2. Impact curves of daily mean temperature on photosynthesis (a) and grain filling rate (b) in the CERES-Maize model. “Original Tpy,” and “Original Tggr”
represent the impact curve of daily mean temperature on photosynthesis and grain filling rate, respectively, for the current cultivar. “No HS” represents no heat stress
effect; “Modified Tpp,” and “Modified Tgrr” represent the impact curves of daily mean temperature on photosynthesis and grain filling rate, respectively.
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(6)

Sraomri = 1 — Irgrri,

where frpho; and frgrr i represent the effects of heat stress at temper-
ature i on photosynthesis and grain filling rate, respectively; d; repre-
sents the total days of temperature i; and Dgp, and Dgs represent the total
days of the growth period and grain filling period, respectively. For the
convenience of calculation, all temperatures were rounded to the
nearest integer in Egs. (3)-(6), i.e., i=33 will account for 32.5 < T<
33.5.

2.7. Data analysis

To assess the effect of climate change and the potential of adaptation
options to climate warming (Guan et al., 2017), yield change due to
climate change (AYcc), adaptation potential to rising temperature
(/\ParT), adaptation potential to heat stress (/\Paut), and the com-
bined adaptation potential to rising temperature and heat stress
(A\ParT&anT) Were calculated as follows:

_ (Yaososposos = ¥ir)
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(Y2005 20805 arrant — Yoiarrsanr) — (Yaos0s/20805 — Yor)
Yy

AP srrsant(%) =

x 100,
10)

where Yp1/2050s/2080s represents yield during the baseline period, the
2050s, and the 2080s, respectively. Ypi/20505/2080s, ART Tepresents the
yield with adaptation to cope with rising temperature during the base-
line period, the 2050s, and the 2080s, respectively. Yp1/2050s/2080s, AHT
represents the yield with adaptation to cope with heat stress during the
baseline period, the 2050s, and the 2080s, respectively. Yp1/2050s/2080s,
ART&AHT represents the yield with adaptation to mitigate both rising
temperature and heat stress during the baseline period, the 2050s, and
the 2080s, respectively.

3. Results

3.1. Performance of the CERES-Maize model across China’s Maize Belt

AYec(%) = Yy x 100, @ Fig. 3 shows the comparisons of observed and simulated maize
flowering date, maturity date, and yield for a typical cultivar planted in
APy (%) = (Y20505/20805.427 — Yorarr) — (Yaosos/2080, — Yoi) 100 ® each of the six planting regions. In general, CERES-Maize with adjusted
ARTAT0) = Yy ’ genetic parameters (Table 3) exhibited good performance for simulating
the periods of planting to flowering and planting to maturity. The root-
(Yaosos/2080s.am — Yorarr) — (Yaosos/20806 — Yoi) mean-square errors (RMSE) were 2.9 and 2.3 days for flowering, and 4.2

APAHT(%) = X 1007 (9) . . . . .

Y and 4.5 days for maturity for the calibration and validation datasets,
respectively (Fig. 3). Additionally, the observed and simulated maize
yields showed good agreement with R? values of 0.83 for the calibration
period and 0.82 for the validation period. The RMSE (NRMSE) was 1.0
ha™! (11.7%) for the calibration period while the RMSE (NRMSE) was
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Fig. 3. Comparison of simulated and observed durations from planting to flowering (days after planting), durations from planting to maturity (days after planting),
and grain yields of maize. The solid and dashed lines are the regression line and 1:1 line, respectively. The top row of panels shows the calibration results with one
group of experimental data (n=12), and the bottom row of panels shows the validation results with another group of experimental data (n=23).
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Table 3
Major genetic parameters adjusted for the six cultivars used in the study.
Cultivar P1 P2 P5 (°C G2 (kernels/ G3 (mg PHINT
ccd d) plant) d™ ccd
Zhedan37 210 0.7 670 800 8.6 38.9
Jidan180 250 0.7 830 830 8.5 38.9
Danyu39 220 0.7 1070 830 8.5 38.9
Nongdal08 260 0.7 890 680 10 38.9
Zhengdan958 250 0.7 1030 820 8.2 38.9
Zhenghong505 250 0.7 1000 800 9.5 38.9

Note: P1, Thermal time from emergence to the end of the juvenile phase; P2,
Photoperiod sensitivity coefficient; P5, Thermal time from silking to physio-
logical maturity; G2, Maximum number of kernels per plant; G3, Potential kernel
filling rate during the linear grain filling stage; PHINT: Thermal time required
for a leaf tip to appear (based on 8°C d)

1.0 ha™? (11.9%) for the validation period. The significant differences in
genetic parameters between cultivars were thermal time from emer-
gence to the end of the juvenile phase, and thermal time from silking to
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physiological maturity, maximum number of kernels per plant, and
potential kernel filling rate (Table 3). Zhedan37 and Jidan 190 required
less thermal time to mature than the other four maize cultivars. Non-
gdal08 had lower maximum number of kernels but higher potential
filling rate compared with the other maize cultivars.

3.2. Climate change effects and adaptation potential to rising temperature
and heat stress

Climate change would have negative impacts on maize yield across
China’s Maize Belt if adaptation options were not considered (Figs. 4a
and S3). On average, simulated yield would consistently decline by
25.3% in the 2050s and by 44.5% in the 2080s compared with the
baseline period. In particular, region V (the second largest maize pro-
ducing area in China) was projected to have the greatest yield loss, with
36.2% lower yield in the 2050s and 60.6% lower yield in the 2080s.

We evaluated the potential of different adaptation options to climate
warming. Maize yield losses in the future could be effectively mitigated
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Fig. 4. The impact of climate change on rainfed maize yield (a), the potential for adapting to rising temperature (ART), the potential for adapting to heat stress
(AHS), and the potential for adapting to both ART and AHS across six planting regions (b). Box boundaries indicate the 25" and 75 percentiles across sites in each
region, whiskers below and above the box indicate the 107 and 90 percentiles, bars in boxes indicate the 50 percentiles, and crosshairs indicate mean values.
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by using adapted cultivars to adapt to both rising temperature and heat
stress (Fig. S4). Additionally, the simulated results showed that the
potential for adapting to rising temperature was greater than the po-
tential for adapting to heat stress in all regions except region V in the
2080s (Fig. 4b). For the regional estimates, the highest adaption po-
tential to rising temperature would occur in region I with 115.1% in the
2050s and 165.2% in the 2080s. Conversely, the lowest adaptation po-
tential to rising temperature was in region VI with 25.7% and 38.7% in
the 2050s and the 2080s, respectively. In addition, the highest adaption
potential to heat stress would occur in region V with 28.8% in the 2050s
and 50.2% in the 2080s, while the lowest adaptation potential was in
region IV with 3.9% and 15.6% in the 2050s and 2080s, respectively. As
a result, adapting to both rising temperature and heat stress had the
greatest potential for boosting maize yield across all regions.
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3.3. Future adapted cultivars across China’s Maize Belt

Given that the reference cultivars exhibited great yield loss in the
future due to climate change (Fig. 4a), we recommend use of the adapted
cultivars with optimal thermal time and temperature thresholds for
China’s Maize Belt in the 2050s and the 2080s (Fig. 5). For the baseline
period, the optimal thermal time for adapted cultivars (P1+P5) only in
region VI increased by 380°C d. However, in the other regions, the
optimal thermal time for adapted cultivars (P1+P5) had slight changes
compared with the reference cultivars. In contrast, the optimal thermal
time for adapted cultivars (P14+P5) would have a large increase in the
future compared with the baseline period. The greatest increase of
thermal time (P1+P5) was projected in region III with 770 and 1160°C
d in the 2050s and the 2080s, respectively (Fig. 5¢), while the least in-
crease was in region V with 380 and 640°C d in the 2050s and the 2080s,
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Fig. 5. Optimal thermal time and temperature thresholds for photosyntheis and grain filling rate across China’s Mazie Belt for adapted cultivars that will mitigate
adverse impacts of rising temperature and heat stress during the baseline period, the 2050s, and the 2080s. P1 represents the thermal time from emergence to end of
the juvenile phase, and P5 represnets the thermal time from silking to physiological maturity. Tpy,1 and Tppo2 represent the upper limits of optimal temperature and
lethal temperature for photosynthesis, respectively. Tgrrl and Tgrr2 represent the upper limits of optimal temperature and lethal temperature for grain filling rate,

respectively.
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respectively, compared with the baseline period (Fig. Se).

The optimal temperature thresholds for grain filling rate (Tgpgl and
Tgrr2) would increase by 1°C during the 2080s in regions I-II (Fig. 5a
and b) compared with the baseline period, and increase by 1°C during
the 2050s and 2°C during the 2080s in region III (Fig. 5¢). There was an
increase of 2°C during the 2080s and 4°C during the 2080s for tem-
perature thresholds for grain filling rate (Tgrr1 and Tgpr2) in regions V
and VI (Fig. 5e and f). In contrast, the optimal temperature thresholds
for photosynthesis (Tppo1 and Tppe2) would increase by 1°C only during
the 2080s in region V (Fig. 5e).

Fig. 6 shows that the pre- and post-flowering periods of the current
maize cultivars (averaged over the six planting regions) would be
shortened by 6 and 19 days, respectively, during the 2050s, and short-
ened by 12 and 24 days during the 2080s. According to regional esti-
mates, the whole growth period would be strongly shortened in region
IV by 32 and 52 days (Fig. 6d), but shortened in region V by 18 and 25
days during the 2050s and the 2080s (Fig. 6e). As both periods would be
shortened by rising temperature, optimizing thermal time for adapted
cultivars should prolong both the pre- and post-flowering time (Fig. 6).
After taking full advantage of the growth period by optimizing thermal
time, the maize growth period for regions I-IV with the single-cropping
system could be lengthened by 15 days in the 2050s and 30 days in the
2080s compared with the baseline period (Fig. 6a-d). Alternatively, the
growth period in regions V and VI was the same as the growth period
during the baseline period because the maize growing season was con-
strained by the following crop in the double-cropping system (Fig. 6e
and f). From the above results, we suggest that the rising temperature
would shorten the growth period. However, optimizing thermal time
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could mitigate this effect, and consequently achieve higher maize yield.

We compared the distributions of temperature during the whole
growth period and the grain-filling period for maize cultivars with and
without optimal thermal time during the baseline period, the 2050s, and
the 2080s in the six regions (Fig. 7). Heat stress would increase with
climate change in all regions, but with large spatial differences. Region V
was largely affected by heat stress for both photosynthesis and grain
filling rate compared with other regions. In particular, heat stress would
impact maize photosynthesis only in region V during the 2080s
(Fig. 7a-b), where the accumulated heat stress effect index was 0.2 for
the adapted cultivar and 0.3 for the reference cultivar (Table S8). In
contrast, heat stress for grain filling was more significant than for
photosynthesis in all regions, though both grain filling and photosyn-
thesis showed regional differences. Specifically, grain filling rate would
be affected by heat stress more severely in regions III, V, and VI
(Fig. 7c—d), with average accumulated heat stress impact factors of 0.17
and 0.22 during the 2050s, and 0.26 and 0.38 during the 2080s for
adapted cultivars and the reference cultivars, respectively (Table S8).
Lesser accumulated heat stress was found for adapted cultivars with
higher thermal time compared with the reference cultivars, implying
that optimizing thermal time would also alleviate accumulated heat
stress impacts.

4. Discussion
We found that climate change will greatly decrease future maize

yields across China’s Maize Belt unless cultivars adapted to the changed
climate are developed and used. This result is consistent with previous
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Fig. 6. Length of pre- and post-flowering periods for reference cultivars and adapted cultivars with optimal thermal time under different scenarios across six planting
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studies in different maize planting regions in China (Tao and Zhang,
2010; Xiong et al., 2007). Similar conclusions have been drawn in maize
planting regions in the US, Africa, and other countries (Lobell et al.,
2011b; Rosenzweig et al., 2013; Rurinda et al., 2015; Schauberger et al.,
2017). However, compared with other climate change impact studies
(Chen et al., 2018; Faye et al., 2018; Huang et al., 2020; Xiong et al.,
2007), the magnitude of yield reduction in our study was greater as we
used an extremely hot global climate model with mean temperature
increasing by 4.4°C in the 2050s and by 6.4°C in the 2080s under
SSP585 to explore the potential of adapted cultivars under the worst
scenario. We found climate warming with rising temperature, and heat
stress was the main factor resulting in yield losses in all regions due to
the shortened growth period (Figs. S5 and S6). Region V exhibited the
largest yield loss compared with other subregions. This is because there
was a remarkably adverse effect of heat stress on maize yield (Fig. S5d5),
and because the accumulated heat stress factor was greatest in the re-
gion V (Fig. S6d). Specifically, maize was mainly grown in June-Sep-
tember in region V, while in other regions the maize growing season was
April/May-September (Table 1). Maize growing season temperatures in
region V were 6.2, 5.0, 3.3, 5.8, and 1.3°C higher than those tempera-
tures in region I, II, III, IV, and VI, respectively, during the baseline
period (Table S1). In addition, temperatures during future maize growth
periods were expected to increase by 3.8-8.8°C in region V (Fig. S6a).
Therefore, heat stress would result in decreased maize yields in region V
due to higher growth period temperatures in the future (Fig. S6a and d).
In contrast, region VI is located in the area of lowest latitude, but the
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yield losses and adaption potential to rising temperature were lower
than in region V (Fig. 4). This is because maize growing season tem-
perature in region VI was lower than in region V (Table S1). In addition,
a lower temperature increase in region VI was projected compared with
other regions (Fig. S6a).

A previous study showed that the combination of adjusting planting
date and selecting appropriate cultivars can offset the adverse effects of
climate warming on maize yields under scenarios of 1.5°C and 2°C
warming (Huang et al., 2020). However, under more severe warming,
new cultivars need to be bred to address the more adverse effects of
rising temperature and heat stress on maize yield (Xin and Tao, 2019;
Zhang and Zhao, 2017). Our study assessed the relative potential of
adapting to rising temperature and heat stress across China’s Maize Belt
using the climate-crop modelling approach. We found that the potential
of adapting to rising temperature was generally higher than that of
adapting to heat stress in most regions except region V during the 2080s
(Fig. 4b). Based on this result, we suggest that targeting the adaptation
to rising temperature has a higher priority than targeting adaptation to
heat stress in most of China’s maize planting regions.

The spatial differences in adaption potential are caused by various
climate and cropping systems across China’s Maize Belt. Specifically,
maize growth periods in regions I-IV with a single-cropping system can
be extended by adopting new cultivars with higher thermal time to fully
utilize increased thermal resources (Chen et al., 2013; Zhao et al., 2015).
However, for region V with a double-cropping system, maize growth
period cannot be lengthened but can only be maintained as the current
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length of the growth period is constrained by the next winter wheat crop
(Huang et al., 2018). In addition, current growing season temperature
has approached the optimal temperature for maize growth and devel-
opment in region V where maize is more sensitive to heat stress under
future climate change. Thus adaptation potential to heat stress is rela-
tively higher than in other regions (Fig. 7).

To provide a robust reference for breeders, our study determined the
optimal thermal time and temperature thresholds for adapted cultivars
for the 2050s and the 2080s. The thermal time for adapted cultivars
needs to be increased by 550°C d for the 2050s and by 900°C d for the
2080s averaged across China’s Maize Belt, with the highest increase in
region III (770 and 1160°C d during the 2050s and the 2080s, respec-
tively) and lowest increase in region V (380 and 640°C d during the
2050s and the 2080s, respectively). A previous study showed that the
thermal time gap between current maize cultivars used in China is 400°C
d (Huang et al., 2020). Theoretically, it is possible to achieve such high
thermal time under moderate warming conditions in the future.

To alleviate the effects of heat stress on maize yield, the optimal
temperature threshold for maize grain-filling rate in region V is likely to
be increased by 2°C during the 2050s and 4°C during the 2080s. Addi-
tionally, the optimal temperature threshold for photosynthesis will need
an increase of 1°C only in the 2080s. In contrast, there is not much
difference in temperature threshold change in the future for other re-
gions (Fig. 5). Therefore, the responses of maize to heat stress vary
depending on the particulars of the local climate. For instance, region V
has the highest risk of heat stress (Fig. 7b5 and d5), while heat stress has
minimal impacts in region IV (Fig. 7b4 and d4) in China’s Maize Belt.
However, our suggested optimal temperature threshold was based on
crop model simulations. The impacts of heat stress on final grain yield
are not just for photosynthesis and grain filling rate, but are more
complex and diverse (Ellis et al., 1992; Eyshi Rezaei et al., 2015). Great
challenges remain for us to incorporate the complicated mechanism of
heat stress effects on crop physiology and biochemistry into biophysical
crop models (Jin et al., 2016; Zhu et al., 2019). In fact, a large diversity
in maize temperature thresholds among studies has been found. For
example, the upper optimum temperature of maize photosynthesis
ranges from 30 to 38°C (Crafts-Brandner and Salvucci, 2002; Luo, 2011),
and the temperature for grain filling rate varies between 26.4 and 32°C
(Commuri and Jones, 1999; Sanchez et al., 2014). Field experiments
have shown that planting some tropical or subtropical maize varieties in
temperate regions produced larger grain harvest than other varieties
because they have high resistance to heat events (Rattalino Edreira and
Otegui, 2013). Thus, breeding new cultivars or using existing
heat-tolerant cultivars is important in the warmer regions of China’s
Maize Belt.

We also compared the impacts of heat stress on maize yield under
rainfed and potential conditions and found similar results (Figs. 5 and
S7). However, previous studies showed that heat stress had more
adverse impacts on maize yield under water stress conditions because
drought results in higher canopy temperatures than air temperature
(Lobell et al., 2011a; Siebers et al., 2015). Therefore, using canopy
temperature instead of air temperature would be better for evaluating
the impacts of heat stress on maize (Siebert et al., 2017). However, the
majority of presently available crop models do not consider canopy
temperature as related to irrigation management.

There are some limitations to our study. First, in most process-based
crop models including CERES-Maize, the effect of heat stress on maize
yield is underestimated because the models use the daily mean tem-
perature instead of daily maximum temperature to evaluate the impacts
of heat stress on photosynthesis and grain filling rate (Jin et al., 2016;
Lopez-Cedron et al., 2005). Instantaneous high temperature extremes (e.
g., daily maximum temperature > 36°C) result in an irreversible impact
on crop yield (Asseng et al., 2011; Hawkins et al., 2013). Second, our
study only focused on a cultivar with appropriate adaptation traits, and
did not consider the impact of other agronomic options (e.g., adjusting
planting date and nitrogen application rate) on yield (Xiao et al., 2020b;
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Xin and Tao, 2019). Maize yield will have a greater increase if we
optimize the Genotype (G) x Environment (E) x Management (M) in-
teractions in order to propose optimal agronomic management practices
and cultivars. Third, our study only used one crop model to simulate the
impacts of climate warming on maize yield. Recent studies (Asseng
et al., 2013; Asseng et al., 2014; Martre et al., 2015) found that an
ensemble of multiple crop models was able to provide a more reliable
climate change impact assessment than a single crop model. Further
work is needed to assess the potential of different adaptation options to
alleviate the effects of climate warming on maize yield by integrating
multiple crop models and climate models (Trnka et al., 2014; Webber
et al., 2018).

5. Conclusion

Our study explored the impact of rising temperature and heat stress
on maize yield, and assessed maize adaptation potential across China’s
Maize Belt. We found that without cultivar adaptation, maize yield
would decline by 25.3% and 44.5% during the 2050s and the 2080s,
respectively, compared with the baseline period. With adaptation, the
potential of adapting to rising temperature was higher than the potential
of adapting to heat stress in all regions except region V during the 2080s.
Region I would have the highest adaption potential to rising tempera-
ture, and region V would have the highest adaption potential to heat
stress. The adapted cultivar in region III was projected to have the
highest increase of thermal time compared with the adapted cultivars in
other regions. The adapted cultivar in region V was projected to have the
highest increase of optimal temperature thresholds for grain filling rate
and photosynthesis. Our results demonstrate that the combination of
increasing thermal time and optimizing temperature thresholds for
maize cultivars can mitigate the adverse effects of extreme climate
warming on China’s maize yield. The study results will provide a sci-
entific reference for future breeding of maize cultivars that are adapted
to climate change.
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