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Abstract: Cultivar and sowing date selection are major factors in determining the yield potential of
any crop and in any region. To explore how climate change affects these choices, this study performed
a regional scale analysis using the well-validated APSIM-maize model for the Northeast China Plain
(NEC) which is the leading maize (Zea mays L.) producing area in China. Results indicated that
high temperature had a significantly negative effect on grain yield, while effective accumulated
temperature and solar radiation had significant positive effects on grain yield and kernel number.
Cloudy and rainy weather in flowering stage had significant negative effects on kernel number.
Delayed sowing led to less cloudy and rainy weather during flowering and reduced the negative
effect on kernel number. Higher diurnal thermal range and less precipitation during the grain-filling
stage also increased the 1000-kernel weight. Delayed sowing, however, also significantly increased
the risk of early senescence and frost (>80%) in middle and high latitude areas. In the middle and
high latitude areas of the NEC, the grain yield of a long-season cultivar (LS) under early sowing
(I) (6.2–19.9%) was significantly higher than under medium sowing (II) or late sowing (III), and
higher than that of an early sown (I) short-season (SS) and medium-season cultivar (MS). In the low
latitude area of the NEC, the grain yield of MS under medium sowing date (II) was higher than that
under I and III, meanwhile, this was also higher than that of SS and LS. Therefore, under climate
warming, LS sown earlier in high and medium latitudes and MS sown medium in low latitude
were the appropriate cultivar and sowing date choices, which could mitigate the stress of high
temperatures and reduce the risk of early senescence and frost. Cultivar and sowing date selection
are effective measures to alleviate negative effects of climate change on maize production in the
NEC, and provides valuable advice for breeders on cultivar selection, and the choice of varieties and
sowing dates for farmers in actual production.

Keywords: spring maize; APSIM; sowing date; growth environment; Northeast China Plain;
climate change

1. Introduction

Climate change is one of the major challenges of the 21st century. A rapid, 3 ◦C
increase in the global average surface temperature is expected by the end of this century,
due to huge emissions of greenhouse gases since the 1970s [1], extensively affecting the
agriculture sector [2–4]. Higher temperatures may benefit increasing some crops, but are
disadvantageous to maize production [5]. Therefore, the impact of climate change on maize
cultivar selection and sowing date adjustment across temporal and spatial scales in this
area has been an important focus of research.

Maize is one of the three major food crops, while China’s annual maize yield is second in
the world [6], and the Northeast China Plain (NEC) is an important maize production and
processing base in China and one of the three “golden maize belts” in the world [3]. The
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NEC accounts for 31.5% of the total maize sown and 32.8% of the total maize production
in 2020 [7]. Since the 1960s, maize yields in the NEC have increased continuously, but this
increase has slowed down, and maize yield has been fluctuating greatly in recent years [8].
Under the current management practices (water management, fertilizer, planting density, etc.),
it is enough to meet the demand of maize growth and development, so the uncertainty of
weather factors (high temperature, drought, etc.) has been the main reason for the yield
variations. However, inadequate temperature accumulation from April to October is one of
the main reasons for spring maize production decreasing in the NEC [9,10]. With the impact
of global climate change, the effective cumulative temperature during the crop growing
season has increased significantly, and the effective cumulative temperature (≥10 ◦C)
increased by 200–400 ◦C d in most areas of the NEC since the 1970s [2,4]. The increase in the
effective cumulative temperature has shifted the medium-season and long-season maize
cultivars’ planting boundaries northward and expanded the plantable area [11]. However,
climate change will not be advantageous to the development of maize production in low
latitude areas. High temperatures, and especially extreme temperatures, before and during
the flowering period, can seriously affect pollen germination and pollination, and can lead
to the grain-filling time shortening and the yield decline [12]. Moreover, other studies
showed that while higher average temperatures during sowing and maturity are beneficial
for maize yields, excessive rainfall or prolonged cloudy and rainy weather, especially during
sowing and flowering, is harmful [10,13]. Therefore, the interaction of rising temperatures,
cloudy and rainy weather during flowering, and the amount of temperature accumulation
needed by various maize cultivars in the NEC needs to be urgently addressed.

Though global change is happening—agriculture scientists are developing ways to
tackle it. Planting measures, such as adjusting sowing dates and planting patterns, and
adopting heat-tolerant/drought-tolerant cultivars, have been adopted to adapt to climate
change and reduce crop yield losses [14]. Maize production depends heavily on local
climate conditions, as temperature, rainfall, and solar radiation are important factors
affecting maize yields [15]. The climatic conditions at each growth stage of maize also
changed with the change of cultivar and sowing date, which affected its growth and
yield formation, leading to the change of spring maize yield with the change of cultivar
selection and sowing date [16,17]. Previous studies have shown that early sowing is more
productive than late sowing [13], while late sowing effectively mitigates heat stress [17].
Meanwhile, heat-tolerant cultivars that can mitigate the effects of high temperature on leaf
area, photosynthetic rate, and growth and development, to some extent can be used to
reduce yield losses. This approach will help reduce yield losses under high-temperature
conditions due to reduced kernel number [18].

Therefore, the present study focused on maize cultivar selection and sowing adjust-
ment to adapt to the growth conditions, promote plant growth and development, and
achieve stable and high yields. The objectives were (1) to evaluate the effects of climate
factors on the kernel number, 1000-kernel weight and grain yield, and analyze the risks of
high temperature, low radiation interception due to cloudy weather, and harvest losses
caused by early senescence and frost and (2) to evaluate the effects of cultivar and sowing
date selection on grain yield in the NEC using the APSIM model.

2. Materials and Methods
2.1. Study Site

The study area lies in the Northeast China Plain (NEC) and the field experiment was
conducted at the three experimental stations (Figure 1). The soil parameters (0–40 cm) of the
three stations are shown in Table 1. The mean temperature of frost-free stage in the region is
17.4 ± 1.7 ◦C (Figure A1), and the mean precipitation is 411.1 ± 150.1 mm (Figure A3).
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Figure 1. Distribution of experimental stations selected for this study.

Table 1. Soil parameters (0–40 cm) of the three stations in Northeast China Plain.

Site BD 1 (g cm−3) TN (%) TP (%) TK (%) TOC (%) pH

Keshan, North 1.01–1.17 0.10–0.21 0.11–0.17 2.76–2.88 2.11–4.11 6.90–7.00
Gongzhuling, Central 1.26–1.38 0.06–0.12 0.04–0.08 2.31–2.37 1.21–2.39 6.82–7.04

Shenyang, South 1.34–1.35 0.06–0.10 0.02–0.04 1.53–1.86 0.75–1.52 6.70–6.90
1 BD: bulk density, TN: total N, TP: total phosphorus, TK: total potassium, TOC: total organic carbon.

2.2. Experimental Design

The field experiment was conducted in 2017–2019. Cultivars and sowing dates were
set for each experimental station, using the maize cultivars widely grown in the area
where each station is located. To explore the impact of cultivars on maize yields for each
experimental station, we grouped the maize cultivars by the growing degree days (GDD)
from sowing to physiological maturity (PM) for each station: relative short-season (SS),
medium-season (MS), and long-season (LS). The planting density was the local conventional
planting density (Table 2). The field experiment was conducted in a completely randomized
block design with three replicates. The area of each plot was 195 m2. Basal fertilizers were
applied at 225 kg N ha−1, 90 kg P ha−1, and 120 kg K ha−1 as urea (46% N), calcium
superphosphate (12% P2O5), and muriate of potash (60% K2O) before sowing. Then,
tillage was carried out to a depth of 15 cm using a rotary tiller, and seeds were sown in
conventional ridges (ridge width 45 cm, ridge height 15 cm). The time of flowering (VT)
and physiological maturity (PM) were recorded, as well as the grain yield (14% water
content), kernel number, and 1000-kernel weight (14% water content) at PM.
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Table 2. Details of field experiments at each experimental station.

Station Latitude Longitude Plant Density
(Plants m−2) Cultivar 1 Sowing Date 2

Keshan, North
48◦2′ N 125◦52′ E 7.5 SS: Keyu17 (1111 ◦C d) I: 5 May

MS: Keyu18 (1131 ◦C d) II: 15 May
LS: Keyu19 (1153 ◦C d) III: 25 May

Gongzhuling, Central
43◦31′ N 125◦18′ E 7.5 SS: Xinxin1 (1559 ◦C d) I: 22 April

MS: Fuin985 (1653 ◦C d) II: 4 May
LS: Shenyu21 (1743 ◦C d) III: 16 May

Shenyang, South
41◦48′ N 123◦25′ E 6.0 SS: Zhengdan958 (1607 ◦C d) I: 20 April

MS: Xianyu335 (1678 ◦C d) II: 5 May
LS: Shenyu21 (1743 ◦C d) III: 20 May

1 SS: relative short-season cultivar, MS: relative medium-season cultivar, LS: relative long-season cultivar; the
growing degree days (GDD) was calculated from sowing to physiological maturity. 2 I: early sowing date,
II: medium sowing date (traditional sowing date), III: late sowing date.

2.3. Weather Data

Weather data, including daily maximum temperature (Tmax), minimum temperature
(Tmin), sunshine hours, and precipitation between 2017 and 2019 were collected from
the automatic meteorological station at the experimental site. The historical weather
data of the NEC were downloaded from State Meteorological Administration of China
(http://data.cma.cn/, accessed on 3 September 2020), including Tmax, Tmin, sunshine hours,
and precipitation. The Penman–Monteith formula was used to convert sunshine duration
into solar radiation [19].

2.4. APSIM Model Calibration, Validation, and Simulation Scenarios

The Agricultural Production Systems sIMulator, APSIM, version 7.10 (build number
r4219), is an open source, field scale simulator of farming systems that includes many
crops, soil, and environmental models. APSIM was used to simulate days from sowing
to flowering, days from sowing to maturity, and grain yield of maize crop at the study
site [20,21]. In APSIM, phenological development of maize from emergence to maturity
is driven by the accumulation of thermal time, with photoperiod before floral initiation
regulating the accumulation rate. However, the model does not consider the impact of
biotic constraints, such as insects and diseases.

The 2017–2018 field experiment data were used to calibrate the APSIM model for
simulating maize growth and yield based on the measured phenology and grain yield.
First, the genetic coefficients were derived using a trial-and-error method to match the
simulated crop anthesis and maturity dates with the observed data. Then, the model was
run with the derived crop parameters, and the performance was evaluated based on the
grain yield. After calibration, the model was validated against the 2019 experimental data.

To further investigate the impact of management practices (sowing date and maize
cultivar) and weather factors on maize yield, the calibrated APSIM model was used to
simulate the following scenarios in 1980–2019: three different maize cultivars (SS, MS, and
LS maize cultivar) and three sowing dates, for each station, same as the field experiments
(Table 2). Irrigation was not performed for any of the simulations, fertilizer and rotary
tillage were applied at sowing, same as the field experiments. Lastly, we considered the
effect of elevated CO2 on maize yields to be negligible for this analysis, even though CO2
concentration increased from 1980 (350 pm) to 2019 (410 pm), as maize is a C4 crop [22].

2.5. Statistical Analysis and Calculations

Statistical analyses were performed with the R platform (v4.0.5, https://www.r-project.
org/, accessed on 5 April 2021). Significant differences were performed to identify the
difference among treatments in grain yield using a significance threshold of p < 0.05.
Linear correlation analyses were applied to characterize the relationship between various

http://data.cma.cn/
https://www.r-project.org/
https://www.r-project.org/
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parameters, and Pearson’s correlation coefficients were determined at p < 0.05. All figures
were created using ggplot2 package with the R platform.

The growing degree days (GDD) was estimated with the Equation (1) [23,24].

GDD = ∑n
i=0 Di, Di =


0, Ti < Tbase
Ti − Tbase, Tbase ≤ Ti ≤ Topt
Topt − Tbase, Ti > Topt

, (1)

where n is the number of days, Ti is the daily average temperature, Topt is the optimum
temperature for maize growth and development, and Tbase is the lower limits. Tbase and
Topt were set at 10 ◦C and 32 ◦C, respectively [12].

We used the Standard Score Normalization method to transform the data [25]. In
standard score normalization, also called z-normalization, each value was replaced by its
z-score and estimated with the Equation (2).

x′ i =
xi − µ̂

σ̂
, (2)

where µ̂ is the sample mean and σ̂2 is the sample variance of X.
Linear regression analysis was used to detect the trend in the observed data. The

linear regression coefficient (α), the nodal increment (β), the relative root mean square
error (RMSE%), the index of agreement (D), and the coefficient of determination (R2) were
used to evaluate the accuracy of the simulation against the field observations using the
Equations (3)–(5).

RMSE% =

√
∑n

i=1(obsi−simi)
2

n

obs
× 100% (3)

D = 1− ∑n
i=1(obsi − simi)

2

∑n
i=1

(∣∣obsi − sim
∣∣+ ∣∣∣simi − obs

∣∣∣)2 (4)

R2 =

 ∑n
i=1

(
obsi − obs

)(
simi − sim

)√
∑n

i=1

(
obsi − obs

)2
∑n

i=1
(
simi − sim

)2


2

(5)

where simi is the ith simulated value, obsi is the ith observed value, n is the number of data
pairs, obs is the average of all observed data, and sim is the average of all simulated data.
Model simulations with RMSE% < 10%, D > 0.7, and R2 > 0.70 were considered acceptable [26].

3. Results
3.1. APSIM Calibration and Validation

The slopes (α) of the regression lines for all parameters for the APSIM model calibration
were close to 1.0 (Figure 2), indicating no significant overestimation or underestimation. The
comparison between the simulated and observed values showed that the model explained
87% of the variation in yield. Overall, the model-simulated phenological dates (flowering
date and maturity date) and grain yield agreed with the observed data of 2017–2019. During
validation, the APSIM model predicted the flowering date, maturity date, and grain yield
with R2 of 0.94, 0.79, and 0.91; D values of 0.98, 0.94, and 0.97, and RMSE% values of 2.70,
3.89, and 6.13, respectively (Figure 2). These calibration and validation results indicate the
ability of the APSIM model to capture the interannual variations in phenology and yield of
maize cultivars with variations in weather conditions and sowing dates in the NEC.

3.2. Effects of Cultivar and Sowing Date on Grain Yield

In the central NEC, medium sowing (II) of SS resulted in higher grain yields than early
sowing (I, 5.9%) and late sowing (III, 5.3%), but there was no significant difference in SS yields
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among sowing dates in the north and south of the NEC (Figure 3). The grain yield of MS II
was higher than MS I and MS III for all study locations. In the northern and central NEC, the
grain yield of LS I was highest (11.0 and 14.4 t ha−1, respectively), but yields significantly
decreased with delayed sowing dates (8.1–13.6% and 5.9–16.6% for II and III respectively).
Sowing date did not, however, significantly affect LS yields in the southern NEC.
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Keshan station; (b) Central, Gongzhuling station; (c) South, Shenyang station. SS: short-season
cultivars; MS: medium-season cultivars; LS: long-season cultivars; I: early sowing date; II: medium
sowing date (traditional sowing date); III: late sowing date. Different letters above the error bars are
significantly different at the 0.05 probability level. Bars represent the standard errors.

3.3. Relationship between Grain Yield and Its Composition and Climate Factors

Grain yield was positively correlated with 1000-kernel weight and kernel number
(p < 0.05, Figure 4) for all study locations. However, it was not correlated with kernel
number (p > 0.05, Figure 4) in the southern NEC. As Table 3 shows, during morphogenesis
stage, the Tmin was negatively correlated with grain yield (p < 0.05), while the diurnal
thermal range (∆T), rainy days (RD), precipitation, solar radiation (SRAD), and growing
degree days (GDD) were positively correlated with grain yield (p < 0.05). Meanwhile, the
Tmin was negatively correlated with kernel number (p < 0.05), while ∆T, RD, SRAD, and
GDD were positively correlated with kernel number (p < 0.05). Positive correlations were



Agronomy 2022, 12, 984 7 of 15

observed between 1000-kernel weight and ∆T, RD, and SRAD of morphogenesis stage
(p < 0.05). Negative correlations were observed between 1000-kernel weight and Tmax,
Tmin, and GDD (p < 0.05). For flowering stage, the heat stress days (HSD), ∆T, and SRAD
were negatively correlated with grain yield (p < 0.05), while precipitation was positively
correlated with grain yield (p < 0.05). Precipitation had a negative correlation with kernel
number (p < 0.05). A positive correlation between 1000-kernel weight and precipitation was
observed for flowering stage (p < 0.05), while 1000-kernel weight was negatively correlated
with RD and ∆T (p < 0.05). At grain-filling stage, ∆T, RD, precipitation, and SRAD had
a positive effect on grain yield (p < 0.05), but HSD and Tmin were opposite. Meanwhile,
1000-kernel weight was positively correlated with Tmax, ∆T, HSD and SRAD, and
1000-kernel weight negatively correlated with RD (p < 0.05). Kernel number was pos-
itively correlated with ∆T, RD and SRAD. For the whole growth stage, grain yield had a
positive correlation with ∆T, RD, precipitation, SRAD and GDD, and a negative correlation
with Tmin and HSD. Increasing ∆T, RD, SRAD and GDD positively influenced kernel num-
ber, and Tmax and Tmin negatively influenced it (p < 0.05). Additionally, increasing Tmax
and SRAD had a positive effect on 1000-kernel weight (p < 0.05).
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3.4. Yield Simulation and Risk Assessment

For all study locations, the heat stress (T > 32 ◦C) was inevitable for maize from sowing
to physiological maturity; the frequency of heat stress was 5.2–14.3%, which occurred
much of the early to mid-season, but temperatures were consistently below 32 ◦C for the
later season (Figure 5). During the whole growth stage of maize, the fluctuation of the
precipitation in the northern NEC was lower than that in the central and south of the
NEC. In the central and south of the NEC, the precipitation was extremely uneven, with
less in the early and later stage (even 0 mm per ten-day) and more in the flowering stage
(even more than 200 mm per ten-day). The mean precipitation of the flowering stage in
the northern NEC (25.2 ± 5.1 mm per ten-day) was lower than that in the central and
south of the NEC (50.7 ± 37.5 and 54.8 ± 52.9 mm per ten-day, respectively) (Figure 5).
After September, the precipitation began to decrease (Figure 5). Meanwhile, precipitation
during grain-filling stage decreased with delaying of sowing date (Figure 6b). The trend
of solar radiation was consistent among all study locations, the mean solar radiation was
137.8 ± 35.2, 140.9 ± 31.1 and 140.0 ± 29.0 MJ m−2 (10 d)−1, respectively, during the whole
growth stage (Figure 5). The accumulated solar radiation at grain-filling stage increased
with delayed sowing date, while in the central NEC, the solar radiation decreased with
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delayed sowing date (Figure 6c). Similarly, the diurnal thermal range (∆T) increased with
delayed sowing date, and the ∆T of LS cultivar was the highest, followed by MS and SS
cultivars (Figure 6a).

Compared with 1980–1999, the grain yields of 2000–2019 decreased for all study
locations, the sowing date for maximum grain yield was delayed, and yield fluctuation
increased (Figure 7), but the frost risk decreased (Figure 8). In the northern NEC, the grain
yield of LS was the highest, which was 9.6–10.8 t ha−1 in 1980–2019, followed by MS and
SS. There was no significant difference among sowing dates for three cultivars. In the
central NEC, the grain yield of MS and LS cultivars was higher than that of SS cultivars,
and from 2000 to 2019, the grain yield of LS cultivars was the highest in early sowing
(14.7–15.4 t ha−1), and the risk of frost was the lowest (≤20%), but the sowing date had no
significant difference in the grain yield. In the southern NEC, the grain yield of MS was
the highest, which was 11.4–12.9 t ha−1 in 1980–2019. Delayed sowing caused a significant
increase (up to 80%) in early senescence and frost risk.

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. Distribution of maximum temperature (Tmax), precipitation and solar radiation in 
April−October (1980−2019) for the NEC: North, Keshan station (a,d,g); Central, Gongzhuling station 
(b,e,h); South, Shenyang station (c,f,i). E: the first ten days of a month; M: the middle ten days of a 
month; L: the last ten days of a month. 

 

Figure 5. Distribution of maximum temperature (Tmax), precipitation and solar radiation in
April–October (1980–2019) for the NEC: North, Keshan station (a,d,g); Central, Gongzhuling station
(b,e,h); South, Shenyang station (c,f,i). E: the first ten days of a month; M: the middle ten days of a
month; L: the last ten days of a month.



Agronomy 2022, 12, 984 9 of 15

Table 3. Relationships between maize yield attributes (grain yield, yield components) and meteorological conditions during morphogenesis stage, flowering stage,
grain-filling stage, and the whole growth stage.

Climate
Variable 1

Morphogenesis Stage 2 Flowering Stage Grain-Filling Stage Whole Growth Stage

Grain
Yield

Kernel
Number

1000-Kernel
Weight

Grain
Yield

Kernel
Number

1000-Kernel
Weight

Grain
Yield

Kernel
Number

1000-Kernel
Weight

Grain
Yield

Kernel
Number

1000-Kernel
Weight

Tmax −0.02 ns −0.06 ns −0.13 * −0.06 ns 0.00 ns 0.00 ns −0.03 ns −0.06 ns 0.24 *** −0.02 ns −0.19 ** 0.21 **
Tmin −0.14 * −0.14 * −0.21 ** 0.04 ns −0.02 ns 0.12 ns −0.14 * −0.12 ns 0.09 ns −0.26 *** −0.35 *** −0.05 ns
HSD −0.02 ns 0.05 ns −0.05 ns −0.26 *** 0.03 ns −0.11 ns −0.15 * 0.01 ns 0.19 * −0.24 *** 0.07 ns 0.01 ns
∆T 0.25 *** 0.20 ** 0.14 * −0.19 ** 0.02 ns −0.17 ** 0.26 *** 0.15 * 0.17 ** 0.27 *** 0.28 *** 0.11 ns
RD 0.22 *** 0.31 *** 0.13 * 0.07 ns −0.06 ns −0.23 ** 0.21 ** 0.13 * −0.21 ** 0.32 *** 0.23 *** −0.11 ns

Precipitation 0.26 *** 0.04 ns 0.02 ns 0.13 * −0.19 ** 0.16 * 0.19 ** 0.01 ns −0.07 ns 0.29 *** 0.06 ns −0.02 ns
SRAD 0.30 *** 0.46 *** 0.20 ** −0.13 * −0.00 ns 0.09 ns 0.38 *** 0.24 *** 0.18 ** 0.41 *** 0.50 *** 0.25 ***
GDD 0.25 *** 0.44 *** −0.15 * −0.03 ns −0.01 ns 0.04 ns 0.12 ns 0.07 ns 0.11 ns 0.31 *** 0.45 *** −0.02 ns

1 Tmax: maximum temperature; Tmin: minimum temperature; HSD: heat stress days; ∆T: diurnal thermal range; RD: rainy days; SRAD: solar radiation; GDD: growing degree days.
2 Morphogenesis stage: from sowing to 10 days before flowering; flowering stage: from 10 days before flowering to 10 days after flowering; grain-filling stage: from 10 days after flowering
to physiological maturity; whole growth stage: from sowing to physiological maturity; ns: no significant; *, **, and ***: significant at the 0.05, 0.01, and 0.001 probability level, respectively.
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station; Central: Gongzhuling station; South: Shenyang station; SS: short-season cultivars; MS:
medium-season cultivars; LS: long-season cultivars; I: early sowing date; II: medium sowing date
(traditional sowing date); III: late sowing date.
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Figure 7. Simulated grain yield based on APSIM for different sowing dates and cultivars. The red
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4. Discussion

Extreme temperatures, especially during the flowering stage, severely restrict maize
growth and development. Persistent extreme-temperature conditions will decrease the
setting rate, or even cause extinction lasting for several days with heat stress [27–29]. Mean-
while, reduction of solar radiation and frequent rainy and overcast weather at flowering
(July and August) lowered the seed setting rate and grain yield in maize [28]. In this
study, although the frequency of high temperatures in the NEC is low (Figure 5), the
high-temperature weather still negatively affected yield formation. However, with the
intensification of global change, the frequency of extremely high temperatures is expected
to increase, and maize production will face serious challenges [30]. Besides, the heat stress
risk (Tmax > 33 ◦C) around flowering for all cultivars and sowing dates was 23–36%, and ad-
justing the sowing date alone will not avoid the impact of high stress on maize production [16]. In
this study, we obtained similar results and found that the negative effects of heat stress and
cloudy and rainy weather on maize grain yield could be reduced by delaying sowing date
to increase the rainfall during morphogenesis stage, and reduce the days of heat stress and
cloudy and rainy weather during flowering stage and grain-filling stage. Under the climate
change, grain yield would be reduced drastically without changing the field management
practices and breeding the new cultivars [31,32]. Therefore, changing the sowing date needs
to be coupled with the choice of cultivars (e.g., heat-tolerant cultivars) and improvement in
management measures (e.g., fertilization, irrigation) to reduce yield losses.

Weather conditions such as temperature, solar radiation, and precipitation influence
maize growth and development, grain formation, and dry matter accumulation. Among
these factors, temperature and solar radiation have the most significant influence on
maize growth [33]. Each growth stage (seedling, flowering, and grain filling) has specific
temperature requirements, and the grain-filling stage is the most critical in grain formation.
The 1000-kernel weight and grain yield were positively correlated with ∆T, and negatively
correlated with Tmin (Table 3), while the negative effect of increasing Tmin on grain yield
was higher than the positive effect of ∆T (Figure A2a), indicating that climate change
had a negative effect on maize yield in the NEC. In addition, higher temperatures and
lower yields, due to the effects of global change, are closely related to the shortened maize
reproductive period. In general, high solar radiation in the plains leads to high temperatures
and low solar radiation leads to low temperatures [34]. Solar radiation is the direct source
of energy acquisition for crops. A decrease in solar radiation (shading) subsequently leads
to a decline in biomass and yield [27,35–37]. In the present study, grain yield was closely
related to solar radiation; grain yield was positively correlated with solar radiation at the
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grain-filling stage (Table 3). This correlation indicates that grain yield will increase as light
interception increases under suitable temperature and water conditions. Therefore, it is
essential to consider solar radiation when determining the optimal sowing date for different
cultivars. The study’s results also indicate that maize breeders should develop cultivars that
efficiently use climatic resources, such as temperature, solar radiation, and precipitation.

However, with the intensification of global change, the frequency and intensity of
extreme events are expected to increase, seriously threatening the development of agri-
cultural production [38]. At the mid and high latitudes, high temperatures will increase
GDD, making the area suitable for longer season cultivars (Figure 7), which will extend
the grain-filling period and benefit yield formation [39]. In the low latitudes, it is nec-
essary to plant the relatively medium-season cultivars taking into account the effects of
heat and drought on maize. The yield decline due to climate change is mainly because
of accelerated crop growth and development, shortening crop reproductive period with
higher temperature stress (Figure 5, Figure A2b), and increased crop evapotranspiration
reducing photosynthetic rate and water availability [40,41]. The slight yield decrease
(Figure 7, Table 3) with the 0.91 ◦C lower maximum and 0.46 ◦C higher minimum temper-
ature during the frost-free period (Figure A1) was due to (i) decreased precipitation by
34.23 mm on average (Figure A3), (ii) decreased heat stress days by 2.81 days on average
(Figure A2b), and (iii) increased water stress due to higher evapotranspiration demand,
as increasing temperature corresponds to a higher vapor pressure deficit and thus, higher
water stress [42]. However, in this study, we did not consider advances in cultivar genetics
over time, which may further increase yields under climate change [43].

While most research focused on yield projections for different climate scenarios [44–46],
we focused on management decisions because these decisions are also affected by climate
change, but the previous studies were not given that. In the future, the current analysis
can be expanded to the entire Chinese Maize Belt or even to a global scale, and incorporate
predictions from more crop models and/or projected weather scenarios using a variety
of global climate models. In this way, uncertainties in predictions with regards to model
structure, soil inputs, and weather inputs can decrease, producing an actionable solution to
decision-makers to assess the relative risks and cost of mitigating climate change [39,43].

5. Conclusions

In this study, maize grain yield in the NEC showed large inter-annual differences
in the past 40 years, mainly as a consequence of different sowing dates, cultivars, and
weather factors. The calibrated APSIM-maize model could simulate well the yield and
phenological development under the changing conditions of those factors. The decreased
rainy days, and the increased diurnal thermal range during the grain-filling stage were
conducive to increasing 1000-kernel weight and promoting grain yield, under delayed
sowing. Under climate change conditions, long-season cultivars should be sown early in
high and medium latitudes and medium-season cultivars sown medium in low latitude,
which were the appropriate cultivar and sowing date choices, thus, mitigating the stress of
high temperatures, and reducing the risk of premature harvest caused by early senescence
and frost. Therefore, our study provides valuable advice for breeders on cultivar selection,
and the choice of varieties and sowing dates in actual production.
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