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Abstract. A new temperature goal of “holding the increase in global average temperature well below 2 °C above
pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above pre-industrial levels”
has been established in the Paris Agreement, which calls for an understanding of climate risk under 1.5 and 2.0 °C
warming scenarios. Here, we evaluated the effects of climate change on growth and productivity of three major
crops (i.e. maize, wheat, rice) in China during 21062115 in warming scenarios of 1.5 and 2.0 °C using a method
of ensemble simulation with well-validated Model to capture the Crop—Weather relationship over a Large Area
(MCWLA) family crop models, their 10 sets of optimal crop model parameters and 70 climate projections from
four global climate models. We presented the spatial patterns of changes in crop growth duration, crop yield,
impacts of heat and drought stress, as well as crop yield variability and the probability of crop yield decrease.
Results showed that climate change would have major negative impacts on crop production, particularly for
wheat in north China, rice in south China and maize across the major cultivation areas, due to a decrease in
crop growth duration and an increase in extreme events. By contrast, with moderate increases in temperature,
solar radiation, precipitation and atmospheric CO, concentration, agricultural climate resources such as light and
thermal resources could be ameliorated, which would enhance canopy photosynthesis and consequently biomass
accumulations and yields. The moderate climate change would slightly worsen the maize growth environment
but would result in a much more appropriate growth environment for wheat and rice. As a result, wheat, rice
and maize yields would change by +3.9 (4-8.6), +-4.1 (4-9.4) and 4+-0.2 % (—1.7 %), respectively, in a warming
scenario of 1.5°C (2.0°C). In general, the warming scenarios would bring more opportunities than risks for
crop development and food security in China. Moreover, although the variability of crop yield would increase
from 1.5 °C warming to 2.0 °C warming, the probability of a crop yield decrease would decrease. Our findings
highlight that the 2.0 °C warming scenario would be more suitable for crop production in China, but more
attention should be paid to the expected increase in extreme event impacts.
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1 Introduction

In the past decades, global warming has markedly shifted
the spatio-temporal patterns of temperature and precipitation
(Gourdji et al., 2013; Liu and Allan, 2013). Moreover, the
warming trend is expected to go on in the following decades
with the increase in greenhouse gas emissions (Zhao et al.,
2017), especially in cultivated areas (Lobell et al., 2011). The
effects of climate changes and climate extreme on the growth
and yields of crops have been of great concern (Porter et
al., 2014; Asseng et al., 2015). Researchers have extensively
demonstrated crop responses to climate factors through con-
ducting environment-controlled experiments (e.g. Ottman et
al.,2012; Chen et al., 2016), analysing historical records (e.g.
Lobell et al., 2011; Tao et al., 2012, 2014) and carrying out
crop model simulations (Porter et al., 2014; Asseng et al.,
2015). These studies have documented that increasing tem-
perature could shorten crop growth duration and reduce crop
yields across a wide area (Porter et al., 2014). Meanwhile,
with climate warming, the frequency and intensity of climate
extreme events, for example heat stress, are projected to in-
crease and substantially threaten crop growth and food se-
curity, especially for some susceptible areas (Wahid et al.,
2007; Asseng et al., 2011; Gourdji et al., 2013). Beside the
negative impacts, the warmer environment could also im-
prove crop production in some areas that suffer from a heat
deficit (Tao et al., 2008a, 2012, 2014; Zhang et al., 2014).
In addition, elevated CO, concentration could inhibit stom-
atal conductance and reduce transpiration rates (Brown and
Rosenberg, 1997; Burkart et al., 2011; Deryng et al., 2016),
enhance photosynthesis, and consequently have fertilization
effects on crop productivity (Ainsworth et al., 2008; Leakey,
2009; Vanuytrecht et al., 2012; Pugh et al., 2016).

With the progresses on impact mechanisms, crop model
improvements and impact assessment approaches such as en-
semble simulations, climate change impact assessments have
been elaborated in recent decades (Porter et al., 2014). The
results of these studies have stressed the remarkable increase
in extreme events and the decrease in major food crop yields,
particularly under those scenarios with a relatively higher
temperature increase (Lobell et al., 2014; Porter et al., 2014).
These results alerted researchers to the food crisis and high-
lighted the importance of mitigating the impacts of human
activities on climate change. Recently, a new temperature
goal of “holding the increase in global average temperature
well below 2 °C above pre-industrial levels and pursuing ef-
forts to limit the temperature increase to 1.5 °C above pre-
industrial levels” has been established in the Paris Agreement
for the purpose of significantly reducing the risks and im-
pacts that are caused by climate change (UNFCCC, 2015).
This goal implied a more moderate climate scenario in the
future, requiring more focuses on the impact evaluation in a
warming world with ambitious mitigation strategies, and it
thus called for climate change impact assessments under the
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1.5°C warming and 2.0 °C warming scenarios (Mitchell et
al., 2016).

China is one of the major countries producing staple foods
including maize, rice and wheat. Crop productions in China
have accounted for roughly 21, 28 and 17 % of the global to-
tal production of maize, rice and wheat, respectively, during
the past decade. However, so far there has been no study of
the impacts of 1.5 °C warming and 2.0 °C warming on crop
production in China. Therefore, little information is available
on the question of what may probably happen to the future
crop production in China under a moderate temperature in-
crease. Here, we conducted a study to evaluate the influences
of climate change and climate extremes on these major crop
yields in China in the warming scenarios of 1.5 and 2.0°C.
We aimed to provide the spatial patterns of changes in crop
growth duration, crop yield, yield decrease probability, and
the impacts of heat and drought stress for three major crops
under these warming scenarios across China at a spatial res-
olution of 0.5° x 0.5°.

2 Materials and methods

2.1 Study area

This study focused on the cultivation area of maize, wheat
and rice across China. The crop cultivation areas are shown
in Fig. 1. The study was conducted at a grid scale with spa-
tial resolution of 0.5° x 0.5°. The maize was mainly sown in
northeast China, the North China Plain (NCP) and some ar-
eas of southwest China (Fig. 1b). The major cultivation areas
of winter wheat were across the NCP and Sichuan Basin, and
spring wheat was sown above 40° N (latitude) (Fig. 1c). The
rice was widely cultivated in northeast, southwest and south
China (Fig. 1d). The double rice cropping system (early rice
and later rice) was used in six provinces in south China,
while single rice cropping was practiced in other regions. The
dataset of cultivation area information was obtained from
Monfreda et al. (2008). The information for crop phenology
can be found at http://data.cma.cn/en (last access: 15 Au-
gust 2017). In addition, crop yields in each growing season
have been recorded by the National Bureau of Statistics of
China (http://www.stats.gov.cn/english/, last access: 20 Au-
gust 2017).

2.2 Data

The climate dataset used in this study were the outputs of
the half a degree additional warming, projections, progno-
sis and impacts (HAPPI) experiment, which provided his-
torical climate datasets during 2006-2015 and the projected
climate scenarios that were 1.5 and 2.0 °C warmer than the
pre-industrial level during 2106-2115 (Mitchell et al., 2017).
Data from four global climate models (GCMs) including
the CAM4, ECHAMG6, MIROCS5 and NorESM1 with 1.5°C
warming and 2.0°C warming scenarios were published by
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Figure 1. Terrain (a) and cultivation fractions of maize (b), wheat (c) and rice (d) in the study area. Province codes: 1: Heilongjiang; 2: Jilin;
3: Liaoning: 4: Inner Mongolia; 5: Hebei and Beijing and Tianjin; 6: Shanxi; 7: Shannxi; 8: Ningxia; 9: Gansu; 10: Shandong; 11: Henan;
12: Jiangsu; 13: Anhui; 14: Hubei; 15: Sichuan and Chongqing; 16: Zhejiang; 17: Jiangxi; 18: Hunan; 19: Guizhou; 20: Yunnan; 21: Fujian;

22: Guangdong; 23: Guangxi.

the National Energy Research Scientific Computing Center
(NERSC) at http://portal.nersc.gov/c20c/data.html (last ac-
cess: 20 October 2017). These datasets were bias corrected
using the methods in Hempel et al. (2013) and Frieler et
al. (2017) and the dataset EWEMBI (Frieler et al., 2017;
Lange, 2016). These climate datasets were generated using
ensemble simulations driven with different initial conditions.
In the datasets, the CAM4, ECHAM6 and NorESM1 pro-
vided 20 runs of simulation results and the MIROCS pro-
vided 10 runs of simulation results. All these runs were input
into crop models and treated equally. In this study, the period
of 2006-2015 was regarded as the historical period and the
period of 2106-2115 was regarded as the future period. The
soil texture and hydrological property data that were used
during crop model simulation were obtained from the FAO
soil dataset as described in Tao and Zhang (2013a).

2.3 The MCWLA and its parameterization

The Model to capture the Crop-Weather relationship over
a Large Area (MCWLA) model family, including the
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MCWLA-Maize (Tao et al., 2009a, b), the MCWLA-Wheat
(Tao and Zhang, 2013a) and the MCWLA-Rice (Tao and
Zhang, 2013b), were used as tools to simulate crop growth
in this study. The MCWLAs were designed for crop growth
simulation at a daily step and crop yield estimation. Briefly,
the MCWLAs take the temperature and photoperiods into
account to drive the simulation of daily crop development.
Meanwhile, the growth rates driven by heat and the wa-
ter stress were considered estimating leaf area index (LAI)
growth. In addition, the models adopted the process-based
representation of the coupled CO, and H,O exchanges in
the Lund—Potsdam-Jena (LPJ) model. The models adopted
a simplified method using a yield gap parameter to account
for the effects of pests, diseases and non-optimal manage-
ment such as fertilization. The differences in the calibrated
yield gap parameter in different regions represented the het-
erogeneity of managements.

The MCWLAs have been widely used to simulate the ef-
fects of climate change and climate extremes on crop growth
and yields in wide areas of the world (Asseng et al., 2013,
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Table 1. Validation of the MCWLA family models for maize, wheat and rice in different provinces of China.

Province code

Province name

Mean RMSE (kg hafl) and (r) of validation results

Maize Wheat Early rice Late rice
1 Heilongjiang 571.3 (0.45%) 497.9 (0.36%) 371.0 (0.36%) -
2 Jilin 887.5(0.41%) - 585.4(0.34%) -
3 Liaoning 689.9 (0.55*) — 498.0 (0.59%) -
4 Inner Mongolia 1433.9 (0.51*)  542.1 (0.31%) - -
5 Hebei and Beijing and Tianjin 785.7 (0.38*)  290.1 (0.46™) - -
6 Shanxi 555.1 (0.39%) 224.7 (0.84*) - -
7 Shannxi 1074.5 (0.41*)  364.3 (0.35%) - -
8 Ningxia 1714.0 (0.26*)  795.2 (0.32%) - -
9 Gansu 352.0 (0.39%)  584.9 (0.44*) - -
10 Shandong 805.7 (0.49*)  430.0 (0.50%) - -
11 Henan 675.4 (0.38%)  219.7 (0.53*) - -
12 Jiangsu 1578.6 (0.16)  254.5 (0.56*)  639.7 (0.33*) -
13 Anhui 833.0 (0.30*%) 315.5 (0.66%) 478.3 (0.27) -
14 Hubei 882.3 (0.32%) 196.9 (0.24)  558.5(0.53%) -
15 Sichuan and Chongqing 255.9 (0.54*) 345.7 (0.27) 529.5 (0.13) -
16 Zhejiang 929.2 (0.30*) 242.1(0.29) 490.5(0.59*) 533.9 (0.41%)
17 Jiangxi 386.6 (0.26*) —  255.8(0.63%) 316.0(0.34%)
18 Hunan 679.8 (0.38%) —  432.0(0.53%) 447.0 (0.45%)
20 Yunnan 969.0 (0.22) 611.3 (0.10) 368.0 (0.26) -
21 Fujian 355.9 (0.35%) - 486.5(0.22) 331.9(0.34%)
22 Guangdong 334.0 (0.38%) —  391.5(0.51%) 420.9 (0.21)
23 Guangxi 387.6 (0.44*) - 323.7(0.36%) 306.3 (0.42%)

* p < 0.1; - no cultivation.

2015; Bassu et al., 2014; Li et al., 2015; Tao et al., 2015;
Shuai et al., 2016; Wang et al., 2016; Chen et al., 2017a, b;
Zhang et al., 2017). The simulation results in previous stud-
ies indicated that the MCWLASs could capture the effects of
climate change, climate extreme and elevated CO; on crop
growth and yields fairly well, including crop yield variability
due to variations in temperature (Tao and Zhang, 2013a, b),
heat stress (Asseng et al., 2015) and CO, concentration (Tao
and Zhang, 2013a; Durand et al., 2017; Hasegawa et al.,
2017).

In this study, the MCWLAs were used to simulate the
yields of maize, wheat and rice in China at a grid scale un-
der different climate scenarios. The model parameters have
been well calibrated and validated in China by previous stud-
ies for maize (Tao et al., 2009a, b; Shuai et al., 2016), rice
(Tao and Zhang, 2013a; Wang et al., 2016) and wheat (Tao
and Zhang, 2013a; Chen et al., 2017b). In these studies,
MCWLASs were calibrated and validated at a province scale.
The Bayesian probability inversion, the Markov chain Monte
Carlo (MCMC) technique and a particle swarm optimization
algorithm have been applied to analyse uncertainties in pa-
rameter estimation and model prediction and to optimize the
model. Model calibration and validation were based on the
historical provincial yield statistics. The root-mean-square
error (RMSE) and the correlation coefficient () were used
to evaluate the simulation accuracy of models. For each crop
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in each province, 10 optimal sets of parameters that pro-
duced the minimum RMSE and appropriate r were selected.
Using multiple sets of parameters, crop models could bet-
ter represent the diverse cultivars and management practices
in a region and thus can have a better estimate of regional
yield, which has been addressed in previous papers (Tao et
al., 2009a, b). The validation results of MCWLAs for maize,
wheat and two growing seasons of rice in our study areas
were summarized in Table 1.

2.4 Methods to evaluate the impacts of climate change
and climate extreme

For each grid cell across the cultivation areas of each crop,
the bias-corrected climate datasets were used as input data
to drive the well-validated MCWLAs. According to the pro-
tocol of HAPPI, the emission scenario of 1.5°C warming
was close to that of RCP 2.6 and the emission scenario of
2.0°C warming was weighted between RCP 2.6 and RCP
4.5 (Mitchell et al., 2017). In this study, the simulation during
2006-2015 used a CO; concentration of 390.5 ppm. Mean-
while, the CO, concentration during 2106-2115 was set
to 416.1 and 490.5 ppm for warming scenarios of 1.5 and
2.0°C, respectively. The irrigation was considered during
model simulation. For maize and wheat, we assumed auto-
matic irrigation in simulation settings; that is, an irrigation of
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50 mm would be conducted if the ratio between transpiration
and potential transpiration was lower than 0.5. For rice, full
irrigation was assumed when necessary during simulation.

The annual average simulation results during 2006-2015
and 2106-2115 were compared at a grid scale. Because we
used 70 runs of climate data and 10 sets of parameters, we
could obtain an ensemble of 70 climate projections x 10 sets
of parameters = 700 sets of comparison results for each grid
under a single warming scenario. Then the median of these
results was used to demonstrate the changes between the two
periods for a certain variable such as crop growth duration
and crop yield.

In this study, we evaluated the changes in growth duration,
yield and the impacts of climate extreme events on crop yield
for each grid with crop cultivation across China in the warm-
ing scenarios of 1.5 and 2.0 °C. For growth duration and yield
in each grid under one set of climate data, the changes were
identified as Eq. (1):

St — Sh
Se = —— x 100 %, (D
Sh

where S was the change percentage between two periods
and Sy, and S were annual average simulation result for the
historical and the future period, respectively. Meanwhile, the
standard deviation (SD) of S; for yield was also calculated at
a grid scale to represent yield variability. Moreover, we also
computed the probability of a yield decrease by calculating
the percentage of simulation results that showed a yield de-
crease among the 700 simulated results at each grid.

Furthermore, to evaluate the impact of climate extreme
events, we selected heat stress on rice and wheat and drought
stress on wheat and maize as typical extreme events. The im-
pacts of heat stress and drought stress were considered in
MCWLASs by inhibited function, limiting the leaf growth,
root growth, photosynthesis, biomass accumulation and the
calculation of the harvest index. The impacts of climate ex-
treme events on crop yield were quantified as the differences
between the simulated yields with and without considering
the limitation of extreme event stresses:

_ Y1 — Y
=7,

YL

x 100 %, (2)

where YL was the yield loss percentage caused by ex-
treme events. Yy was the simulated yield using the original
MCWLA which considered the impacts of the extreme event.
Y1 was the simulated yield with the assumption that those ex-
treme events would not limit crop growth. We calculated the
YL for both the historical period and the future period. The
differences in YL between the historical and future periods
were used to evaluate the changes in the impacts of extreme
events on crop yield.

Beside the analysis at a grid scale, we also aggregated the
simulated yields to a country scale using the cultivation area-
weighted mean based on the crop cultivation ratios for each
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grid to present the impact of climate change on the national
food supply.

3 Results

3.1 Changes in critical climate factors in the warming
scenarios of 1.5 and 2.0°C

The spatial patterns of projected annual changes in average
temperature, precipitation and solar radiation during 2106—
2115, relative to 2006-2015, are shown in Fig. 2. These
changes are the median changes based on the 70 sets of cli-
mate projections. The spatial patterns of climate change in
the warming scenarios of 1.5 and 2.0°C were similar. An
increase in temperature was projected of approximately 0.7—
1.05 and 1.2-1.9 °C, respectively, in the warming scenarios
of 1.5 and 2.0 °C (Fig. 2a, b). The SD of temperature changes
could generally range from 0.3 to 0.5°C in most areas in
China (Supplement Fig. Sla, b). Significant differences in
temperature changes could be present in all of China between
the two warming scenarios (Fig. 2b). Temperature would in-
crease less in northeast China, the NCP, southwest China and
the Qinghai—Tibet Plateau. As for precipitation, the median
change showed that precipitation would increase by up to
8 % during 2106-2115 in most parts of China (Fig. 2c, d).
However, precipitation variability was large, with a SD up to
15 % in most cultivation areas (Fig. Slc, d). In general, the
increase in precipitation in the warming scenario of 2.0 °C
would be larger than that in the warming scenario of 1.5°C
except in some areas in southwest China although the dif-
ferences between the two warming scenarios were not sig-
nificant in general. For most of the cultivation areas of ma-
jor crops in China, the increase in precipitation would range
from 2 to 6 %. The increase in precipitation would be greater
in southeast China, by more than 6 %. Solar radiation would
increase in nearly the whole country (Fig. 2e, f). Under the
1.5 °C warming scenario, it was expected to increase by more
than 7 % in the southern parts of China, particularly Sichuan,
Chongqing, Guizhou and Hunan provinces. Moreover, solar
radiation in these areas would increase more significantly un-
der the 2.0 °C warming scenario. In other regions, solar ra-
diation would increase by less than 6 %, which was similar
under the two warming scenarios. In regions with a large in-
crease in solar radiation, the SD could be large too. In the
study area, the SD of solar radiation changes was projected
to be 2-7 % (Fig. Sle, f).

3.2 Impacts of climate change on major crops growth
durations

An increase in temperature would accelerate crop develop-
ment rate and consequently reduce crop growth duration. Re-
sults showed that an increase in temperature would ubiqui-
tously shorten the growth duration of the three major crops
(Fig. 3). The most prominent decrease in maize growth dura-
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Figure 2. Median changes in mean temperature (a, b), precipitation (¢, d) and solar radiation (e, f) during 2106-2115 under the 1.5°C
warming (a, ¢, e) and 2.0 °C warming (b, d, f) scenarios relative to 2006-2015. Hatching indicates the areas where the differences between

the 1.5 and 2.0 °C warming scenarios are not significant (P > 0.05).

tion could be expected in northeast China, southwest China
and the Loess Plateau by up to 6 and 10 % in the warm-
ing scenarios of 1.5 and 2.0°C, respectively (Fig. 3a, b).
The decrease in maize growth duration would be relatively
smaller (4-8 %) in south China. In addition, the impacts of
climate change on maize growth duration would be the small-
est in the NCP where it was expected to be reduced by less
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than 2 % in most areas. The decrease in growth durations of
wheat would be smaller than that of maize (Fig. 3c, d). In
most regions, wheat growth duration would decrease slightly,
by less than 4 %, particularly in the NCP (less than 2 %).
Wheat growth duration could decrease more in northeast,
southwest and northwest China. Under the 2.0 °C warming
scenario, the decrease in growth duration would be approxi-
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Figure 3. Median changes in growth duration for maize (a, b), wheat (¢, d) and rice (e, f) during 2106-2115 under the 1.5 °C warming (a, c, €)

and 2.0 °C warming (b, d, f) scenarios relative to 2006-2015.

mately 2 % more than that under the 1.5 °C warming scenario
in most cultivation areas, except the NCP. Rice phenology
would change more obviously in the double rice cropping
region (Fig. 3e, f). Rice growth duration was projected to de-
crease by 4-8 and 6-10 % in the warming scenarios of 1.5
and 2.0°C, respectively. By contrast, it was projected to re-
duce by less than 2 % in other regions, with slight differences
between the two warming scenarios.

3.3 Impacts of climate change on major crops yields

The projected impacts of climate changes on the three ma-
jor crops yields in China were investigated without (Fig. 4)
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and with taking the CO, fertilization effect into account
(Fig. 5). Without taking the CO; fertilization effect into ac-
count, the maize yield in most of the cultivation areas would
decrease by less than 10 % under the 1.5 °C warming sce-
nario (Fig. 4a). Under the 2.0 °C warming scenario, the yield
decrease would be less than 15 % in most areas. The yield
decrease would be larger than 15 % at 5.6 % of the grids
with maize cultivation (Fig. 4b). The maize yield was ex-
pected to increase mainly in northeast China and some parts
of northwest China. The proportion of grids with a yield in-
crease would be 45.5 % under the 1.5 °C warming scenarios
and 35.1 % under the 2.0 °C warming scenarios. In 50.5 % of
grids with maize cultivation, yield changes between the 1.5

Earth Syst. Dynam., 9, 543-562, 2018
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Figure 4. Median changes in projected yield for maize (a, b), wheat (¢, d) and rice (e, f) during 21062115 under the 1.5 °C warming (a, c, )
and 2.0 °C warming (b, d, f) scenarios relative to 20062015, without taking the CO, fertilization effect into account. Hatching indicates the
areas where the differences between the 1.5 and 2.0 °C warming scenarios are not significant (P > 0.05).

and 2.0 °C warming scenarios were not significant (Fig. 4b).
As for wheat, the areas with a yield increase would be in
the southern parts of the cultivation areas (Fig. 4c, d), where
yield was expected to increase by less than 10 % under both
warming scenarios. The regions with a yield decrease were
located in the northern parts of China and in Yunnan Province
in southwest China, where yield was expected to decrease
by up to 15 and 25 % in the warming scenarios of 1.5 and
2.0°C, respectively. Under the 2.0 °C warming scenario, the
areas with a yield increase would shrink slightly. Moreover,
the yield decrease would be aggravated clearly by approx-
imately 5 % in most areas with a yield decrease under the

Earth Syst. Dynam., 9, 543-562, 2018

1.5 °C warming scenario. The differences in yield changes
between the 1.5 and 2.0 °C warming scenarios were gener-
ally significant except in some grids (~ 14.5 %) in Gansu,
Guizhou and Jiangsu provinces (Fig. 4d). For rice, there was
a spatially explicit pattern of yield changes (Fig. 4e, f). The
rice yield would increase by 5-15 % or even more than 30 %
in northeast and southwest China. The yield increase in these
areas would be greater in a warming scenario of 2.0 °C than
that at 1.5 °C. However, in the central parts of rice cultivation
areas and the double rice cultivation region, the rice yield was
projected to decrease widely by less than 10 and 15 % in the
warming scenarios of 1.5 and 2.0 °C, respectively. The dif-
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Figure 5. Median changes in projected yield for maize (a, b), wheat (¢, d) and rice (e, f) during 21062115 under the 1.5 °C warming (a, c, )
and 2.0 °C warming (b, d, f) scenarios relative to 2006-2015, taking the CO, fertilization effect into account. Hatching indicates the areas
where the differences between the 1.5 and 2.0 °C warming scenarios are not significant (P > 0.05).

ferences in yield changes between the two warming scenar-
ios would be less significant in the Sichuan Basin and some
areas of northeast China than in other rice cultivation areas.
When considering the CO, fertilization effect, the effects
of CO; fertilization could enhance crop photosynthesis and
increase crop productivity to some extent for all the three
major crops (Fig. 5). For maize, the differences between the
simulated yields with and without considering the CO; fertil-
ization effect were small (Figs. 4a, b, 5a, b). The contribution
of the CO, fertilization effect to maize yields was generally
less than 6 %, and it would be a little more obvious in the
warming scenario of 2.0 °C than that at 1.5°C. In regions
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such as the NCP and middle and lower reaches of Yangtze
River (MLYR), the maize yield would increase in more ar-
eas than those without the CO; fertilization effect. Never-
theless, yield would still decrease in more than half of grids
with maize cultivation. In comparison with maize, the yields
of wheat and rice benefited more from the elevated CO, con-
centrations. The contribution of the CO, fertilization effect to
wheat yield could reach 4 and 15 % in the warming scenar-
ios of 1.5 and 2.0 °C, respectively (Fig. 5c, d). With the CO,
fertilization effect, the decrease in wheat yield in northeast
China and the NCP could be compensated for entirely. As a
result, yield could be expected to increase by approximately
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Figure 6. Projected yield change using climate projection from different GCMs at a country scale during 2106-2115 in the warming scenarios
of 1.5°C (a, ¢) and 2.0 °C (b, d) relative to 20062015, without (a, b) and with (c, d) the CO, fertilization effect.

5-15% in most of the wheat cultivation areas (Fig. 5c, d).
The increase in wheat yield under the 2.0 °C warming sce-
nario would be 5 % larger than those under the 1.5 °C warm-
ing scenario. In addition, the wheat yield decrease in Inner
Mongolia and Yunnan Province would be less than 10 %,
suggesting that the risks of yield decrease caused by climate
change could be reduced by the rising of CO, concentration
in these areas. As for rice, the contribution of the CO, fertil-
ization effect could be 2-5 and 8-16 % in the warming sce-
narios of 1.5 and 2.0 °C, respectively (Fig. Se, f). The yield
decrease in central China and double rice cropping regions
could be compensated for, and a widespread yield increase
would be expected across the entire rice cultivation areas.
The yield increase under the 2.0 °C warming scenario would
be 5-10 % larger than that under the 1.5°C warming sce-
nario. The elevated CO; concentrations would lead to a more
significant difference between yield changes under the 1.5
and 2.0 °C warming scenarios for wheat and rice. In general,
there were significant differences between simulation results
under the 1.5 and 2.0 °C warming scenarios in nearly the en-
tire cultivation region (Fig. 5d, f). However, the maize yield
was less sensitive to the rising of CO; concentration. The sig-
nificance of differences between yield changes under the 1.5
and 2.0 °C warming scenarios was similar to those without
considering the CO; fertilization effect (Figs. 4b, 5b).

To evaluate the possible effects of climate change on
country-level crop productivities, the simulation results at
a grid scale were aggregated to a country scale. The yield
changes for the three major crops at a country scale un-
der different climate scenarios are shown in Fig. 6. With-
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out the CO; fertilization effect, maize yields at country level
would decrease by 0.1 and 2.6 % in the warming scenarios of
1.5 and 2.0 °C, respectively (Fig. 6a, b). By contrast, wheat
and rice would slightly benefit from climate change in the
warming scenario of 1.5 °C but suffer from negative impacts
in the warming scenario of 2.0°C (Fig. 6a, b). The wheat
yield would increase by 1.2 % but decrease by 0.9 % in the
warming scenarios of 1.5 and 2.0 °C, respectively. The rice
yield would increase by 0.7 % under the 1.5 °C warming sce-
nario but decrease by 2.4 % under the 2.0 °C warming sce-
nario. When considering the CO, fertilization effect, crops
would obtain a larger yield increase or a lesser yield decrease
(Fig. 6¢, d). The maize yield would increase by 0.2 % under
the 1.5 °C warming scenario, and the yield decrease would be
reduced by 1.7 % under the 2.0 °C warming scenario. Wheat
and rice yields would increase by 3.9 and 4.1 %, respectively,
under the warming scenario of 1.5°C (Fig. 6¢c), and by 8.6
and 9.4 %, respectively, under the warming scenario of 2.0 °C
(Fig. 6d).

3.4 Impacts of climate extremes on major crops yields

The influences of climate extreme events, including heat
stress and drought stress, on yield have been explicitly ac-
counted for in this study. The impacts of heat stress on wheat
and rice (Fig. 7) and the impacts of drought stress on wheat
and maize (Fig. 8) have been shown here. Without consider-
ing CO;, fertilization effects, wheat yield loss caused by heat
stress would increase in the northern parts of China by up
to 8 % under the warming scenario of 1.5 °C (Fig. 7a), par-
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Figure 7. Median changes in yield loss caused by heat stress for wheat (a-d) and rice (e-h) during 2106-2115 under the 1.5°C warm-
ing (a, ¢, e, g) and 2.0 °C warming (b, d, f, h) scenarios relative to 2006-2015, without (a, b, e, f) and with (¢, d, g, h) the CO, fertilization
effect. Hatching indicates the areas where differences between the 1.5 and 2.0 °C warming scenarios are not significant (P > 0.05).
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ticularly in Inner Mongolia, the Loess Plateau and the NCP,
and it would become significantly larger in the warming sce-
nario of 2.0 °C (Fig. 7b). In other regions, such as southwest
China, the risk of heat stress would not change noticeably. In
addition, the heat stress risk would not change significantly
between the 1.5 and 2.0 °C warming scenarios in these areas.
As for rice, yield loss caused by heat stress would increase
by less than 2 and 5 % under the 1.5 and 2.0 °C warming sce-
narios, respectively, mainly in the MLYR (Fig. 7e, f). Under
the 2.0 °C warming scenario, the increase in heat stress risk
would be more significant in these areas than those under
the 1.5 °C warming scenario. In other regions, such as north-
east China and southwest China, the risk of heat stress would
not change much compared with the historical period, and
the increase in temperature from the 1.5 °C warming to the
2.0 °C warming scenario would not significantly increase the
heat stress risk. When taking the CO; fertilization effect into
account, the results were quite similar to those without con-
sidering the CO, fertilization effect (Figs. 7c, d, g, h and S2),
indicating that the rising of CO, concentration would not no-
ticeably influence the changes in heat stress risk.

The impacts of drought stress on the wheat and the maize
yield are shown in Fig. 8. The impacts of drought stress on
wheat yield would be more severe in nearly the entire cul-
tivation areas (Fig. 8a, b). Under the 1.5°C warming sce-
nario, wheat yield loss due to drought stress would increase
by less than 4 % in most areas (Fig. 8a). Yield loss would in-
crease by more than 2 % in 45.5 % of the grids with wheat
cultivation. Under the 2.0°C warming scenario, the yield
loss would be significantly larger in northeast China, Inner
Mongolia and Guizhou Province than that under the 1.5°C
warming scenario (Fig. 8b). Yield loss in the southern parts
of the NCP would decrease noticeably. In general, the yield
loss would increase by more than 2 % in 50.8 % of the grids
with wheat cultivation. As for maize, the impacts of drought
stress would decrease in southeast China by approximately
2 % (Fig. 8e, f). By contrast, in most parts of maize cultiva-
tion areas, the maize yield loss due to drought stress would
increase by up to 8 %, mainly in the Loess Plateau, the NCP
and some areas in northeast China and southwest China.
Grids with a yield loss increase of more than 2 % would be
expected in 31.6 % in the warming scenarios of 1.5°C. Im-
pacts of drought would be significantly aggravated under the
2.0°C warming scenario, particularly for the Loess Plateau,
the NCP and northernmost China. Overall, 53.5 % of all grids
would suffer from a yield loss increase of more than 2 %.

Elevated CO; concentration would reduce impacts of
drought stress on crop growth, consequently reducing yield
loss. Yield loss would be reduced more significantly under
the warming scenario of 2.0 °C than 1.5 °C. For wheat, the
percentage of grids with an increased yield loss of more than
2% would be reduced by 18.8 % in the warming scenario
of 1.5°C (Fig. 8c). Meanwhile, yield loss under the 2.0°C
warming scenario was expected to decrease in nearly 60 %
of the grids (Fig. 8d). By contrast, a decrease in yield loss
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could be found in only 5.7 % of grids when the CO, fertil-
ization effect was not taken into accounted. For maize, yield
loss due to drought stress could be expected to decrease in a
larger area, particularly northeast China and southwest China
(Fig. 8g, h). The Loess Plateau would still be the hotspot of
areas suffering from increased drought stress; however, the
increase in yield loss would be less than 6 % generally.

3.5 Variability in the projected yield changes

The SD of the projected yield changes between the histori-
cal and future periods is shown in Fig. 9. For maize, the SD
would be relatively larger in south China and some marginal
areas of northeast China, where it could be larger than 20 %.
By contrast, it was generally less than 10 % in most parts of
northeast China, the NCP, the Loess Plateau and southwest
China (Fig. 9a, b). The SD under the 2.0 °C warming sce-
nario would generally be larger than that under the 1.5°C
warming scenario except the areas with a relatively smaller
SD in the NCP and the Loess Plateau. For wheat, under both
warming scenarios, the SD of simulated yield changes was
less than 9 % in most of the cultivation areas. However, it
could be up to 12 and 18 %, respectively, in the NCP and In-
ner Mongolia (Fig. 9c, d). The SD under the two warming
scenarios was similar in most cultivation areas, while the SD
under the 2.0 °C warming scenario would increase in some
areas of the NCP and southern parts of cultivation areas. As
for rice, the simulated yield changes in the double rice crop-
ping region and most parts of southwest China were rela-
tively stable, with a SD of generally less than 9 % under both
warming scenarios (Fig. 9e, f); by contrast, the SD would
range from 9 to more than 20 % in northeast China, central
China and the Sichuan Basin (Fig. 9e, f). The SD in MLYR in
the warming scenario of 2.0 °C would be larger than that in
the warming scenario of 1.5 °C. In other regions, the variabil-
ity of rice yield changes was similar under the two warming
scenarios.

Changes in the coefficient of variation (CV) of simulated
yields were used to show the changes in variability of sim-
ulated yields between the 1.5 and 2.0 °C warming scenarios
(Fig. S3). For maize, CV would increase mainly in northern-
most China and southeast China by 4-8 %. In other regions,
the changes in CV were generally within £2 %. As for wheat,
the changes in CV were generally within +2 % in the entire
study area, indicating small changes between the two sce-
narios. For rice, the CV of simulated yields would decrease
mainly in northeast and southwest China by more than 2 or
even 4 %. In other regions, the changes in CV were within
+2 %.

The SD of the changes in yield loss due to heat stress and
drought stress are shown in Figs. S4 and S5, respectively. The
CO;, fertilization effect would not noticeably affect the SD of
projected changes in yield loss. However, the changes in the
warming scenario from 1.5 to 2.0 °C would more or less af-
fect the projected changes in yield loss. For heat stress, the
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Figure 8. Median changes in yield loss caused by drought stress for wheat (a—d) and maize (e-h) during 2106-2115 under the 1.5°C
warming (a, ¢, e, g) and 2.0 °C warming scenarios (b, d, f, h) relative to 20062015, without (a, b, e, f) and with (¢, d, g, h) the CO,
fertilization effect. Hatching indicates the areas where differences between the 1.5 and 2.0 °C warming scenarios are not significant (P >

0.05).
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Figure 9. Standard deviation of the projected yield changes for maize (a, b), wheat (¢, d) and rice (e, f) under the 1.5 °C warming (a, c, )
and 2.0 °C warming (b, d, f) scenarios, taking the CO, fertilization effect into account.

projected changes in wheat yield loss showed large variabil-
ity in the northern parts of the study area, while the variability
for rice was large in the double rice cropping region in south
China, with a SD ranging from 4 to 10 % in these areas.By
contrast, the SDs in other areas were generally less than 2 %.
For drought stress, the SD of projected changes in wheat
yield loss could be larger than 8 % in northeast China, the
NCP and southwest China. The SD of projected changes in
maize yield loss was larger in the NCP and the Loess Plateau
than in other cultivation areas, with a SD of 4—6 %.

Earth Syst. Dynam., 9, 543-562, 2018

3.6 Probability of a yield decrease in the warming
scenarios of 1.5 and 2.0°C

Based on the large number of ensemble simulations, the
probability of a major crop yield decrease was estimated
and presented in Fig. 10. For maize, yield would decrease
with a probability of more than 60 % in the warming sce-
nario of 1.5°C in southwest China, southeast coast areas,
some parts of north China, the NCP and northeast China
(Fig. 10a). Moreover, the probability of a yield decrease in
these areas would increase in the warming scenario of 2.0 °C
(Fig. 10b). In contrast, the probability of a maize yield de-
crease would be less than 40 % in the MLYR and northeast
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Figure 10. Median of projected yield decrease probability for maize (a, b), wheat (c, d) and rice (e, f) during 2106-2115 under the 1.5°C
warming (a, ¢, e) and 2.0 °C warming (b, d, f) scenarios, taking the CO, fertilization effect into account. Hatching indicates the areas where
more than 70 % of the ensemble simulations agree on the sign of yield change.

China (Fig. 10a). In addition, the yield decrease probability
in these areas would decrease to less than 30 % in the warm-
ing scenario of 2.0 °C (Fig. 10b). For wheat, the probabil-
ity of a yield decrease was projected to generally less than
30 % in more than half of the wheat cultivation areas in the
warming scenario of 1.5 °C (Fig. 10c). However, yield would
decrease with a probability of more than 60 % in southwest
China, north China and some marginal areas in northeast
China. In the warming scenario of 2.0 °C, the probability of
a yield decrease would be reduced in the areas with a low
decrease probability (Fig. 10d). Overall, 66 % of grids would
have a yield decrease probability of less than 30 %, while
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the number of grids with a yield decrease probability larger
than 70 % would not change much. For rice, the probability
of a yield decrease was projected to be less than 30 % across
most of the cultivation areas under the 1.5 °C warming sce-
nario, and the probability would be even less under the 2.0 °C
warming scenario. But in some areas in the MLYR, the prob-
ability of a yield decrease could range from 40 to 60 and 40
to 50 % in the warming scenarios of 1.5 and 2.0 °C, respec-
tively.

Taking the CO; fertilization effect into account, at a coun-
try scale, the SD of simulated yield changes ranged from
1.5 to 4 % under different ensemble members (Fig. 6c, d).
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Meanwhile, the SD under the 2.0 °C warming scenario would
be generally larger than that under the 1.5 °C warming sce-
nario. For maize, wheat and rice, respectively, the proba-
bility of a yield decrease was 46.1, 18.3 and 4.3 % under
the 1.5 °C warming scenario and 70, 0.6 and 0 % under the
2.0 °C warming scenario.

4 Discussion

4.1 Impacts of climate change on future crop
productivity in China

The results showed there was a similar spatial pattern be-
tween changes in growth duration and that of yield decrease
without the CO, fertilization effect, for example, wheat in
the northern parts of China, rice in the double rice cultivation
regions and maize across China. These results suggested that
growth duration should play a critical role in affecting crop
yields. Beside changes in growth duration, varieties in tem-
perature and solar radiation would also impact crop yields by
affecting the photosynthesis process. A moderate increase in
mean temperature and the increase in solar radiation would
promote the yield increase by enhancing crop canopy photo-
synthesis and consequently biomass accumulation and yield
(Tao et al., 2013). These positive effects could underlie the
crop responses of yield increase in the current study. For ex-
ample, in cultivation areas of maize with a growth duration
decrease of less than 2 %, the yield would generally increase,
which would be due to the increase in solar radiation and the
warmer environment that is close to the optimal temperature
for photosynthesis. As for wheat, in southern parts of the cul-
tivation areas, although the growth duration would noticeably
decrease because of the relatively large increase in tempera-
ture, the yield loss could be compensated for by the positive
effects of increasing temperature and solar radiation on pho-
tosynthesis. For rice, the contribution of increased tempera-
ture and solar radiation would be more distinct in southwest
and northeast China where growth duration would decrease
by less than 2 %. The large increase in rice yield in these
areas indicated a more appropriate environment, particularly
a more suitable thermal scenario, for photosynthesis (Tao et
al., 2008b; Zhang et al., 2017).

According to the simulation results, impacts from extreme
events would still be a critical limitation factor for crop
growth in the future. Although their impacts might be slightly
mitigated in some areas, the projected increases in stress im-
pacts were always remarkable. The increase in impacts of
heat stresses on wheat in the northern parts of China and on
rice in south China would significantly aggravate the yield
loss in these areas, suggesting the requirement for improving
adaptation strategies with a higher priority. Meanwhile, the
increase in drought impacts indicated that water requirement
would widely increase the risk of a water crisis in most of the
cultivation areas.
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The elevated atmospheric CO; concentration, which is a
critical factor in global warming, also has positive impacts
on crop yields. The interactions between a moderate in-
crease in temperature, solar radiation and CO, concentration
would enhance photosynthesis (Sage et al., 1995; Hikosaka
et al., 2006; Sage and Kubien, 2007; Zhu et al., 2008). The
combination of these effects would consequently benefit the
biomass accumulations and yield. In this study, the CO, fer-
tilization effects have compensated for a yield decrease in
wheat and rice in most of the cultivation areas. As for maize,
although it is less sensitive to the elevated CO, concentra-
tion, the CO, fertilization effect could reduce yield loss to
some extent. In addition, the rising CO; could also be ex-
pected to effectively reduce drought stress because of the
stomatal “anti-transpirant” response of plants and the in-
crease in root density and canopy closure which would re-
duce the transpiration rates at leaf level and increase the
water availability (Polley et al., 2007; Jiahong et al., 2010).
However, for hotspot areas of drought stress aggravation, par-
ticularly wheat production in north China and maize produc-
tion in the Loess Plateau, the increase in irrigation would be
inevitable and more input in agricultural infrastructure would
be necessary.

4.2 Risks and opportunities in regard to crop production
in China with climate change

Climate change will substantially alter the growing environ-
ment of crops and consequently change the yield potential
and yield expectation in future periods (Gourdji et al., 2013;
Nelson et al., 2014; Rosenzweig et al., 2014; Assenget al.,
2015). In past decades, there has been a critical focus on the
negative impacts of climate change since the predicted pop-
ulation growth and more frequent extreme events may lead
to a pessimistic conclusion regarding food supply (Wheeler
and Von Braun, 2013; Trnka et al., 2014). In this study, the
projected yield changes under the 1.5 and 2.0 °C warming
scenarios presented possible risks to crop production but also
suggest opportunities and potentials for agricultural develop-
ment. The negative impacts generally resulted from the de-
crease in growth duration and the aggravation of the impacts
of extreme events. However, the negative impacts under mod-
erate warming scenarios would be very limited at a country
scale, suggesting low risks for crop production and food se-
curity. Moreover, the negative impacts of warming scenarios
could be compensated for by the increase in solar radiation
and temperature, the more appropriate temperature environ-
ment in some relatively colder areas, and the fertilization ef-
fects of elevated atmospheric CO, concentration. As a con-
sequence, yield would increase with a high probability for
rice and wheat under both warming scenarios. The yield of
maize, which was not sensitive to CO, fertilization effects,
would slightly decrease in a 1.5°C warmer world and de-
crease more under the 2.0 °C warming scenario. However,
the contribution of climate change to increasing wheat and
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rice productivity would be always much larger than the de-
crease in maize productivity, indicating that the overall na-
tional food supply would benefit from climate change.

We concluded that the 1.5 or 2.0°C warming scenario
would bring more opportunities than risks to the food sup-
ply in China, particularly for wheat and rice. When compar-
ing the effects between warming scenarios of 1.5 and 2.0 °C,
although the variability of yield changes would be larger un-
der the 2.0 °C warming scenario, the probability of a wheat
and rice yield decrease would be less, and their yields would
increase much more in the warming scenario of 2.0 °C than
that at 1.5°C.

4.3 Uncertainties of the study

The uncertainties in the simulation results have been ex-
plicitly quantified in this study. Uncertainties in GCMs and
model parameterization are critical sources of uncertainties
in simulation results (Elliott et al., 2014; Lobell et al., 2014,
Tao et al., 2018). Here, we used ensemble GCM data to ad-
dress the uncertainties from climate change scenarios. Mean-
while, we used multiple sets of parameters to account for
the uncertainties in cultivars and management on a province
scale. In order to provide more accurate evaluation of cli-
mate change impacts, the input data, the quality of the crop
model and the climate projection should be further elabo-
rated. More elaborate parameters for a smaller scale might
help better clarify and reduce the uncertainties from model
parameterization. Furthermore, crop model selection could
be another source of uncertainties. The processes and meth-
ods used to simulate crop growth, development and yield for-
mation are different among crop models, and consequently
the simulation results could be different to some extent when
using different crop models (Tao et al., 2018). Evaluating cli-
mate change impact with multiple crop models can be more
robust (Asseng, et al., 2013; Martre et al., 2015). When dis-
cussing the future crop responses, the parameter that was cal-
ibrated based on the current crop datasets may lead to new
uncertainties. The changes in cultivars and the development
of adaptation methods in future may lead to more optimistic
results than the current study, given the rapid update of adap-
tive cultivars. In future studies, the combination of assessing
results across multiple sectors, such as the accurate predic-
tion of changes in climate factors, cultivars and adaptation
capacity, could be expected to help better quantify the fu-
ture risks and opportunities for agricultural development and
provide more accurate and effective suggestions for the gov-
ernment and farmers.

5 Conclusions

In the current study, using the well-validated MCWLA fam-
ily crop models, their 10 sets of optimal parameters and
70 climate projections from four GCMs, we evaluated the
potential changes in major crop growth and yields during
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2106-2115 relative to 2006-2015 under the 1.5 and 2.0°C
warming scenarios. Results showed that the decrease in crop
growth duration and the increase in extreme event impacts
would be critical reasons for a yield decrease in the future.
Meanwhile, agricultural climate resources such as light and
thermal resource could be ameliorated, which would enhance
canopy photosynthesis, biomass accumulations and yield and
could partly compensate for the yield decrease or even con-
tribute to the yield increase. In general, without considering
CO;, fertilization effects, the food supply at a country scale
would not change much under the 1.5 °C warming scenario,
while the crop production for all three kinds of major crops
would tend to be reduced slightly under the 2.0 °C warming
scenario. Maize production in most cultivation areas, wheat
production in north and southwest China, and rice production
in south China, would be hotspots that encounter adverse im-
pacts caused by climate change. The combination of a mod-
erate increase in temperature, solar radiation, precipitation
and CO, fertilization effects, would result in a more appro-
priate growth environment for wheat and rice and slightly
worsen the growth environment of maize. Overall, the ben-
efits from climate change would be larger than the crop loss
caused by the adverse factors in a moderate warming en-
vironment. Thus, we could expect that the 1.5 and 2.0°C
warming scenarios would bring more opportunities than risks
for agricultural production and food supply in China in gen-
eral. Moreover, because of the larger increase in crop pro-
ductivity and the lesser probability of yield loss, the 2.0 °C
warming scenario might be more suitable for crop produc-
tion in China than the 1.5 °C warming scenario.
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