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Abstract: The increased frequency of climate extremes associated with ongoing climate change has
the potential for significant impacts on maize grain yield in maize-producing regions worldwide.
In this study, we used a modeling approach to investigate the effects of different types of climatic
extremes on maize grain yield in Northeast China. We combined annual mean air temperature and
accumulated precipitation data and divided the climate years into 9 categories, using the 10th and
90th percentiles as extreme thresholds. The climate data were represented by 1 normal climate type,
4 individual climate extremes, and 4 combined climate extremes. Changes in the frequencies of
climate extremes and their impacts on maize grain yields were analyzed for two 30-year periods
(period I: 1960–1989; period II: 1990–2019) using the Agricultural Production Systems sIMulator
(APSIM-Maize). Compared with period I, the occurrences of the normal climate and all 3 cold-related
climate extremes (i.e., cold-normal, cold-humid, and cold-dry) decreased during period II, while
occurrences of the other climate extremes increased. Moreover, according to the APSIM-Maize model,
the estimated yield in the years with a normal climate decreased by 4.01%; the 3 cold-related climate
extremes increased yields by 26.56%, 12.10%, and 6.68%, respectively; the 2 warm-related climate
extremes (warm-normal and warm-dry) and normal-humid years decreased estimated yields by
6.39%, 24.12%, and 5.10%, respectively. The increase in the occurrence of warm-humid years increased
the estimated yield by 11.69%. This work confirms the adverse effects of warmer temperatures in
the absence of excess rainfall on grain yield and highlights the importance of extremely dry or wet
conditions under normal temperature conditions.

Keywords: maize; climate extreme; rainfed potential yield; Northeast China

1. Introduction

Widespread evidence suggests that the increase in frequency and intensity of extreme
weather events in the context of global climate change is a threat to agricultural production
and food security [1–5]. This is of particular relevance for maize production in Northeast
China. As one of the largest corn production regions in China, Northeast China accounts for
more than 32% of the annual production of maize in the country [6,7]. China ranks second
globally for maize production and consumption [8,9]. In 2019, the worldwide harvest area
of maize was 2.39 × 108 ha, and the total production was 1.41 × 109 tons [10].

The growth and development of crops are determined by genes and the environment.
From a macroscopic perspective, the growth and yield of maize are very sensitive to climate
change and extreme climate. From a microscopic perspective, the expression of genes,
inhibitors, and transcription factors in maize also plays a crucial role in growth and devel-
opment and stress response, affecting processes such as seed germination, morphogenesis,
flowering, and the abiotic stress response [11,12]. Therefore, plant breeders must be pre-
pared to meet the challenge of climate change and feed the world by cultivating varieties
that are more adaptable to environments with limited water resources [13].

Due to the lack of preventive measures to address frequent extreme climate events,
the annual agricultural disaster area in Northeast China reached 6.43 × 104 km2 by
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2016 [14], with an increasingly severe impact on agricultural production [15–18]. Zhang
and Huang [19] found that the decrease in precipitation negatively impacts yields as
temperatures increase in northern China.

The rainfed potential yield is the possible crop yield with no irrigation, no pests
or weeds, sufficient nutrients [20], and a specific combination of solar radiation, water,
temperature, and soil conditions. The potential yield of rainfed crops in a country or region
is greater than the actual yield because many restrictive factors affect the latter [21]. Due to
the lack of accurate observations of field management measures, obtaining reliable data
on the potential yield of rainfed crops in the field is difficult [22], and crop models are
often used for simulation. The Agricultural Production Systems Simulator (APSIM) model
has been widely used to study the impact of climate change on crop productivity and can
accurately simulate the growth and yield of crops [23,24]. In this study, the APSIM model
was used to simulate the rainfed potential yield of maize.

Most previous studies on the impact of climate change on maize grain yields in
Northeast China have focused on the changing trends of normal climate factors over a
certain period [25,26], while few researchers have separated normal climate from climate
extremes and analyzed the impact of individual climate extremes and combined climate
extremes in depth. There is a close relationship between precipitation and temperature.
Combining temperature and precipitation into different climate year types can more clearly
reflect the temporal and spatial distributions of extreme climatic changes. This study
set out to investigate the impact of changes in the frequency of occurrence of different
climate extreme types during 1960–2019 on maize yield in Northeast China, using long-
term climate datasets and a modeling approach to simulate maize grain yield. In this
study, we took 1990 as the time node and divided 1960–2019 into two 30-year periods
(period I: 1960–1989 and period II: 1990–2019). We combined annual mean air temperature
and accumulated precipitation data and divided the climate years into 9 categories (includ-
ing 1 normal climate, 4 individual climate extremes, and 4 combined climate extremes).
Different types of climate extremes were identified based on the 10th and 90th percentiles
as having extreme thresholds. Then, based on the maize grain yield estimated by the well-
validated APSIM-Maize model, we analyzed the effects of a normal climate and climate
extremes on maize grain yields in Northeast China. The purposes of this study were to
(1) explore the temporal and spatial changes in the frequencies of a normal climate and
climate extremes, and (2) explore the impact of a normal climate and climate extremes on
maize grain yield (estimated using the APSIM-Maize model). The results of this research
provide a reference for climate extremes and disaster prevention and mitigation.

2. Materials and Methods
2.1. Study Area and Climatic Data

The study area (Figure 1) was the cultivable area of maize (the area with an accumu-
lated temperature ≥ 10 ◦C or greater than 2100 ◦C d) in the three provinces in Northeast
China, including Heilongjiang, Jilin, and Liaoning [27]. The daily meteorological data
from 1960 to 2019 at 62 meteorological stations (Figure 1) were obtained from the China
Meteorological Data Network [28]. These data included maximum air temperature, mini-
mum air temperature, average air temperature, wind speed, precipitation, and sunshine
duration data.
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Figure 1. Study area and meteorological stations in Northeast China (the three provinces from north
to south are Heilongjiang, Jilin, and Liaoning).

2.2. Simulation of Rainfed Potential Yield

Since maize production is mainly rainfed in Northeast China, the rainfed potential
yield, which is defined as “the crop yield obtained with no other manageable limitation
apart from the water supply” [29], was simulated as the climate-related yield by the
APSIM-Maize model. The APSIM-Maize model can accurately simulate the growth and
yield of maize [1], including in Northeast China [30]. The APSIM-Maize model is based
on the interaction between climate, soil, management measures, and crop growth. In
this study, we constructed the model with historical climate data (1960–2019), soil data,
and management measures. The soil data were obtained from the China Soil Scientific
Database (CSSD) and included bulk density (BD), drained upper limit (DUL), 15-bar lower
limit (LL15), and saturated volumetric water content (SAT) in different soil layers [30].
The management measures were collected from the local agro-meteorological stations. A
detailed description of the model can be found in our previous report [30]. The Penman–
Monteith [31] formula was used to calculate the daily solar radiation. The stations and years
used for APSIM model adjustment and validation are shown in Table 1. The selected sites
were representative of each province, and the year was randomly selected. The model was
evaluated using international general statistics: R2, RMSE, NRMSE, and D value [32,33].
The specific calculation formulas for these metrics are as follows:

RMSE =

√
∑n

i=1(Oi − Si)
2

N
(1)

NRMSE =
RMSE

O
× 100% (2)

D = 1− ∑(Si −Oi)
2

∑(|Si −O|+ |Oi −O|)2 (3)
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where Si is the simulated value, Oi is the observed value, O is the observed average value,
and N is the number of samples.

Table 1. Field experimental sites and years of data were used for model calibration and validation in
each province.

Province Site Year

Heilongjiang Harbin 1994, 2002, 2011, 2014

Jilin
Siping 1985, 2009, 2011, 2013, 2014
Jiaohe 1993, 1994, 2007, 2010, 2014

Liaoning Shenyang 1999, 2000, 2008, 2011

2.3. Definitions of Normal Climate and Climate Extremes

The extreme state refers to the phenomenon in which the value of a weather or climate
variable exceeds a threshold. The threshold often has a value near the high end (or low
end) of the range of values for that variable [34]. In this study, the 10th and 90th percentiles
of the annual mean temperature and accumulated precipitation distribution of each station
were used to identify the upper and lower threshold values, and values above or below
these percentiles were regarded as extremes [35,36].

A year was classified as a warm-normal year if the annual mean temperature at the
station exceeded the 90th percentile (upper extreme) but as a cold-normal year if the an-
nual mean temperature at the station was lower than the 10th percentile (lower extreme).
Similarly, normal-humid years and normal-dry years were classified according to the accu-
mulated precipitation. Under these four conditions, only temperature or precipitation was
selected as the classification standard, so these four conditions are referred to as individual
climate extremes. A year was classified as a warm-normal year if the annual mean tempera-
ture was higher than the 90th percentile and the accumulated precipitation was also higher
than the 90th percentile. However, it was regarded as a warm-dry year if the accumulated
precipitation was lower than the 10th percentile. Similarly, cold-humid years and cold-dry
years were classified according to the accumulated precipitation when the annual mean
temperature was lower than the 10th percentile. Temperature and precipitation were se-
lected as the division criteria for these four conditions, so they are referred to as combined
climate extremes. Years within these four thresholds were classified as normal-normal,
which we refer to as a normal climate (Figure 2).
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2.4. Yield Change Rate Due to Climate Extremes

In this study, YCD was used to represent the degree of estimated yield change rate due
to climate extremes. YCDI and YCDII were used to represent the change rates in estimated
yield relative to a normal climate under different climate extremes in periods I (1960–1989)
and II (1990–2019), respectively. According to the definitions of climate extremes in Figure 2,
taking warm-normal as an example, the degree of climate extreme estimated yield change in
periods I and II relative to the normal climate was calculated based on Equations (4) and (5):

YCDWarm-Normal-I =
YWarm-Normal-I −YNormal-Normal-I

YNormal-Normal-I
× 100% (4)

YCDWarm-Normal-I I =
YWarm-Normal-I I −YNormal-Normal-I I

YNormal-Normal-I I
× 100% (5)

where YCDWarm-Normal-I and YCDWarm-Normal-I I are the estimated yield change rates in
periods I and II under the warm-normal climate relative to a normal climate, respectively
(%). YWarm-Normal-I and YNormal-Normal-I I are the maize rainfed potential yields in peri-
ods I and II under warm-normal conditions, respectively (kg·ha−1). YNormal-Normal-I and
YNormal-Normal-I I are the potential maize grain yields in periods I and II under a normal
climate, respectively (kg·ha−1).

Yield change rate between two periods (YCR):

YCRWarm-Normal = YCDWarm-Normal-I I −YCDWarm-Normal-I (6)

where YCRWarm-Normal is the potential maize change rate in warm-normal years between
the two periods (%).

To examine the significance of the yield change rate due to climate extremes, we
conducted a significance test using a two-way ANOVA. The statistical analysis results
were represented by MSE (Mean Square Error). MSE described the impact of differ-
ences between different climate extremes on yield change (where p-value ≤ 0.05 indicates
statistically significant).

3. Results
3.1. Validation of the APSIM Model for Simulating the Maize Growth Period and Yield Results

Figure 3 and Table 2 show the results and evaluation index of the adjustment and
validation of the number of days from sowing to flowering and from flowering to maturity,
as well as the yield of maize. Through comparison, we observed that the simulated and
observed results of the number of days from sowing to flowering and from flowering to
maturity and the yield of maize in the study area were evenly distributed on both sides
of the 1:1 line. The R2 values of the simulated and observed values of the number of days
from sowing to flowering and from flowering to maturity and the yield were 0.79, 0.75, and
0.88, respectively; the NRMSE values were 12.62%, 7.69%, and 7.36%, respectively; and the
D values were 0.92, 0.92, and 0.96, respectively, with all values being close to 1. The results
showed that the APSIM-Maize model, verified by parameter adjustment, can adequately
simulate the growth and yield formation of maize in Northeast China.
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Figure 3. Validation results for the simulated number of days from sowing to flowering and from
flowering to maturity as well as the maize grain yield after adjusting the parameters. ** Significant at
p ≤ 0.05.

Table 2. Validation results of the APSIM-Maize model in the study region.

Item
Validation

R2 RMSE NRMSE (%) D

Number of days from sowing to flowering (d) 0.79 9.72 12.62 0.92
Number of days from flowering to maturity (d) 0.75 9.91 7.69 0.92

Grain yield (kg ha−1) 0.88 503.66 7.36 0.96

3.2. Normal Climate and Climate Extremes
3.2.1. Annual Variation in Normal Climate and Climate Extremes

The changes in the frequency of normal climate years and the 8 climate extremes
during 1960–2019 are shown in Figure 4. Although the number of normal climate years still
accounts for a large proportion of total years, a decreasing trend can be observed in recent
years. Among the 4 individual extremes, the cold conditions (cold-normal) were mostly
concentrated in period I. The frequency of warm-normal years increased after 1990; there
was no obvious trend in the dry (normal-dry) and humid (normal-humid) conditions, and
they occurred alternately. Among the 4 combined climate extremes, cold conditions (cold-
dry and cold-humid) mainly occurred in period I, and cold conditions occurred at only
a few stations in 2010 and 2012. Warm conditions (warm-dry and warm-humid) mostly
occurred in period II. In the context of global warming, in the past 60 years, Northeast
China has changed from experiencing a high frequency of cold conditions in period I to
experiencing a high frequency of warm conditions in period II.
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3.2.2. Spatial Variation in Normal Climate and Extreme Climate Years

Compared with period I, the frequency of normal climate years showed a decreasing
trend in most areas of Northeast China in period II, especially in northern Liaoning and
southwestern Heilongjiang. An increasing trend can be observed in a small area in the
eastern part of Northeast China and central Heilongjiang (Figure 5a).

Among the four individual extremes, the frequency of warm-normal years increased
significantly throughout the study area, especially in eastern Jilin, and the frequency
increased more than eightfold. In contrast, the frequency of cold-normal years decreased
significantly. Normal-humid years showed an increasing trend in most parts of Northeast
China, but in central and eastern Heilongjiang and southern Liaoning, they showed a
weak downward or unchanged trend. Normal-dry years showed an increasing trend in
the southwestern portion of the study area and a decreasing trend in the northeastern
portion. The spatial distributions of both normal-humid and normal-dry conditions were
inhomogeneous (Figure 5b–e).

Among the four combined extremes, warm-humid showed a weak increasing trend in
eastern and northern Northeast China, and there was no change in the other areas. Warm-
dry conditions showed a weak increasing trend in most areas, but there was no change
in eastern Jilin and Heilongjiang. Both warm-humid and warm-dry conditions showed
an increasing trend. The frequency of cold-humid conditions decreased in western and
southeastern Liaoning, western and central Jilin, and eastern Heilongjiang and remained
unchanged in other areas. The frequency of cold-dry conditions decreased in a small part
of central and eastern Liaoning and central and northern Heilongjiang (Figure 5f–i).
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Figure 5. The difference in the frequencies of normal climate and climate extreme years in the two
periods from 1960 to 2019 at 62 meteorological stations. ((a) Normal-normal; (b) warm-normal;
(c) cold-normal; (d) normal-humid; (e) normal-dry; (f) warm-humid; (g) warm-dry; (h) cold-humid;
(i) cold-dry).

3.3. The Effect of Changing Climate Extremes on Yield
3.3.1. The Effect of a Changing Normal Climate on Yields

Under normal-normal conditions, period II showed higher maize grain yields (esti-
mated using the APSIM-Maize model, and the yield mentioned in the following results
section was the estimated yield simulated by the APSIM-Maize model) than period I in
northern Liaoning, eastern Jilin, and central-southern and eastern Heilongjiang. The in-
crease in maize grain yields ranged from 0.51% to 30.02%, especially at the Anda, Suifenhe,
Dunhua, and Donggang stations. The maize grain yield in period II decreased compared
with that in period I in southern and western Liaoning and most of Jilin and northern
Heilongjiang. The range of reductions was between 0.2% and 23.85%, especially in western
Liaoning and Jilin, showing a relatively obvious downward trend (Figure 6a).
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Figure 6. The temporal and spatial distribution characteristics of yield changes under a normal
climate. ((a) Spatial distribution of yield changes at 62 stations; (b) Comparison of the yield change in
the two time periods (each box represents the yield of normal climate during the period). The red
dots indicate the yield change of the stations under normal conditions. ** Significant at p ≤ 0.01.

On average, the yield in period II was slightly lower than that in period I (Figure 6b),
with the decreased frequency of occurrence of a normal climate.

3.3.2. The Effect of Changing Climate Extremes on Yields

Figure 7 shows the change in yield relative to a normal climate under different climate
extremes in period I (1960–1989) and period II (1990–2019), as calculated by Equations (4)
and (5) in Section 2.4. Table 3 shows the MSE values of yield changes between climatic
extremes and normal climates during periods I and II. Combined with the analysis of
variance, it could be seen that all climate extremes except warm-humid and cold-dry had
significant statistical significance between period I and period II, and most climate extremes
had statistically significant yield changes relative to normal climate.

Table 3. MSE values of yield changes between climatic extremes and normal climate during periods I
and II.

Climate Extremes
Normal-Normal

Period I Period II

Warm-normal 1046.36 756.85 **
Cold-normal 974.41 ** 470.52 *

Normal-humid 884.02 ** 812.71
Normal-dry 1380.27 ** 1203.62 **

Warm-humid — 969.50 **
Warm-dry 1238.54 1235.71 **

Cold-humid 1205.91 1541.12
Cold-dry 1828.70 * —

The asterisks indicate significant levels at * p-value ≤ 0.05 and ** p-value ≤ 0.01.
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Figure 7. The grain yield change degree under the climate extremes compared with the normal
climate and a comparison of the yield change rate in the two time periods (each box represents
the impact of the climate extremes on the yield relative to the normal climate during the period).
The red dots indicate the yield change rate of the stations corresponding to extreme conditions.
((a) warm-normal; (b) cold-normal; (c) normal-humid; (d) normal-dry; (e) warm-humid; (f) warm-
dry; (g) cold-humid; (h) cold-dry). * Significant at p ≤ 0.05; “NS” denotes no significance levels.

Compared with the normal climate yield, the average yield in warm-normal conditions
was higher in period I but lower in period II. In contrast, the average yield in cold-normal
conditions was lower than that in the normal state in period I but higher than that in the
normal state in period II (Figure 7a,b). The average yield in normal-humid conditions in
periods I and II was higher than that in the normal state, while the average yield in normal-
dry conditions in the two periods was lower than that in the normal state (Figure 7c,d).

Among the 4 combined extremes, warm-humid and cold-dry conditions showed no
change in yield in periods I and II because the frequency of occurrence of these extreme
states was 0 in the 2 periods. The warm-humid state did not affect the yield in period I, but
it did have an effect in period II by increasing the average yield of this period compared
to that in the normal state (Figure 7e). The effect of warm-dry conditions was similar to
that of warm-normal conditions. The average yield in period I was higher than that in the
normal state, and the average yield in period II was lower than that in the normal state
(Figure 7f). The average yield of cold-humid conditions in periods I and II was higher than
that in the mean state, but the extreme state had a higher impact in period II than in period
I (Figure 7g). The average yield of period I was lower than that of the normal state under
cold-dry conditions, but this effect disappeared in period II (Figure 7h).

Under warm-normal, normal-humid, normal-dry, and warm-dry conditions, the
increase in the frequency of climate extremes had a negative impact on the change rate
of the average yield relative to the normal conditions in period II compared to that in
period I, with decreases of 6.40% (p ≤ 0.05), 5.10% (p ≤ 0.05), 2.18% (p ≤ 0.05), and 24.12%
(p≤ 0.05), respectively (Figure 7a,c,d,f). Under cold-normal and cold-humid conditions, the
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reduction in the frequency of climate extremes significantly increased the change rate of the
average yield in period II relative to the normal state compared to that in period I by 26.56%
(p ≤ 0.05) and 12.10% (p ≤ 0.05), respectively (Figure 7b,g). The warm-humid condition
was not affected in period I, and the change rate of the relatively normal state in period II
was 11.69% (p ≤ 0.01). The change rate of cold-dry years relative to the normal state was
−6.68% (p ≤ 0.05) in period I and was unaffected in period II. Because the influence of
warm-humid conditions in period II was positive and the influence of cold-dry conditions
in period I was negative, these two climate extremes both had a positive effect on yields
(Figure 7e,h).

Overall, the three cold-related climate extremes had a greater positive impact on yields
in period II than in period I, and the warm-related climate extremes (except warm-humid)
had a negative impact on yields. The average lines of the three humidity-related climate
types were all above the zero line, and the average values of the three aridity-related climate
extremes were all below the zero line, indicating that the three humidity-related climate
extremes had a positive impact on the yield in the two periods. In contrast, compared with
the normal climate, the three aridity-related climate extremes had a negative effect on the
yield in the two periods.

4. Discussion

Our results show that the frequency of warm-related extremes (warm-normal, warm-
humid, and warm-dry) has increased significantly in Northeast China, the frequency of
cold-related extremes (cold-normal, cold-humid, and cold-dry) has decreased significantly,
and the frequency of normal-humid and normal-dry occurrences is increasing. These
findings indicate that the study region tends to be warm and that the probability of extreme
precipitation events has increased. The Northeast China region is experiencing more
intense extreme precipitation events [37]. These findings are consistent with global changes;
climate change has not only brought about an increase in the global average temperature
but has also led to frequent, widespread, intense, and concurrent trends of extreme weather
and climate events, making dry areas drier and humid areas wetter [38].

Our results show that the impact of climate extremes on estimated yields varied across
periods. High temperatures, which shorten the growth process of maize and reduce the
accumulation of dry matter, may be the direct cause of estimated yield decreases [39]. Water
stress reduces the leaf area and chlorophyll content and reduces photosynthesis [40]. Due
to water stress and high temperatures, drought continues to reduce maize grain yields [41].
With global climate warming, the temperature in the extremely high-temperature range
in period I may be more suitable for the growth and development of maize than that in
period II [42]. Under some extremely high temperatures (warm-normal and warm-dry), the
response of estimated yields to changes in climate extremes was negative as the frequency
of climate extremes increased. Similar results were observed for the extremely low tempera-
tures (cold-normal and cold-humid), and the temperature in the extremely low-temperature
range in period II may be more suitable for the growth and development of maize than that
in period I. High temperatures increased the atmospheric water demand and aggravated
the water deficit, and the reduction in yields caused by warm-dry conditions was much
greater than that caused by warm-normal and normal-dry conditions, which is consistent
with the results of the study by Li et al. [41]. Therefore, we can focus on the years in which
climate extremes with adverse effects will occur in future maize production in Northeast
China and enact disaster prevention and mitigation measures prior to their arrival.

Our results show that the increased frequency of warm-normal and warm-dry con-
ditions had a negative impact on estimated yields, indicating that drought and high
temperatures will affect the growth, development, and yield of maize [43]. The yield
reduction rate of the warm-dry condition was higher than that of the warm-normal or
normal-dry conditions; that is, the compound effects of high temperatures and drought
on yield reductions were higher than those of high temperatures or drought alone. High
temperatures accelerate the evaporation of water and enhance the water demand of crops.
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Exposure of maize crops to high temperatures and dry weather during the tasseling and
flowering periods leads to issues with maize tasseling and delayed tasseling. This delay
leads to the extension of the time between flowering and tasseling, the advance of tasseling
and pollen dispersal or the late extraction of the top filaments, and the loss of fertilization
opportunity, resulting in issues with pollination. Moreover, if there is an unbroken spell
of wet weather during maize pollination, the pollination ability will be greatly reduced,
which will reduce the chance of fertilization and affect the yield of fruits and seeds, thus
leading to a lack of kernels in the ear of maize, which also influences yield [44].

In this study, the rainfed potential yield in Northeast China was simulated by the well-
validated APSIM-Maize model. Due to the assumptions and uncertainties associated with
the APSIM-Maize model, the impacts of diseases and pests on crops were not considered
in the model; therefore, the simulation value would be higher in low-yield years [45].
Moreover, it was difficult to quantitatively estimate technical factors, including various
parameters and agronomic management data. In addition, when exploring the impact of
different extreme climate years, the phenological changes in maize in different periods were
not considered. The same variety was assumed to be sown in the study area within the
research period, but this assumption does not completely account for the difference in the
temporal and spatial distribution of maize. Therefore, a certain gap was observed between
the actual yield and the rainfed potential yield obtained by our simulation. However, the
yield difference between the two periods was the focus of this work, and the difference
between the potential yield and the actual yield of rainfed plants was negligible. This study
explored only the impact of frequency changes on yields; the impact of the intensity of
extreme states on yields and the mechanism of action of climate extremes should be studied
in depth in the future.

Our study mainly focused on the rainfed potential yield of maize. However, the
difference between the rainfed potential yield and the actual yield was small, and the
reanalysis of the simulated yield would certainly increase the error of the results. In this
paper, we ignored this uncertainty and attributed it to some nonobjective factors. Moreover,
this study is limited to assigning yield changes to climate change alone when comparing
data for two periods over 30 years. Biological progress and changes in agrotechnology are
also important in agricultural production. Biological progress can enhance the adaptability
of crops to extreme weather conditions (such as drought and salinity) [46]. Moreover, the
combination of effective agricultural systems and optimized land use can greatly reduce
the planting area and improve the efficiency of agricultural production [47]. Previous
studies have shown that plant traits at both the physiological and molecular levels and the
variation in the number of copies of phenological genes play a crucial role in improving
the adaptability of crops [13]. To realize sustainable development, we should focus on
genotype improvements through the full range of modern biological approaches to promote
biological progress and improve our understanding of ecology, agronomic management,
and agrotechnology [48]. Future yield loss of crops is reflected not only in individual
climate extremes but also in combined climate extremes. This requires us to improve our
understanding of and ability to model the impact of extreme climate events. This is not
only critical to accurately predicting the impact of climate change on agriculture but also
essential to developing effective management and adaptation measures (such as developing
crop varieties with strong adaptability, strengthening the construction of drainage systems,
improving agricultural disaster prevention, mitigation, and early warning systems, and
planning reasonable agricultural production layouts) to reduce the yield loss of crops. In
short, the success or failure of coping with the adverse effects of climate change depends
on the current environment (such as soil properties, climate types, high temperatures, or
drought severity) and the design of an ideal crop type that combines phenological genes
with high resistance and good field management prospects.
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5. Conclusions

In Northeast China, the rainfed potential yield of maize decreased as the climate
extremes increased, which had different effects on the estimated maize grain yields in each
period. In period I, the estimated yields under the warm-normal, normal-humid, warm-dry,
and cold-humid conditions were higher than the estimated yields under a normal climate,
while the estimated yields under the cold-normal, normal-dry, and cold-dry conditions
were lower. In period II, the estimated yields under the cold-normal, normal-humid,
warm-humid, and cold-humid conditions were higher than the estimated yields under a
normal climate, while the yields under the warm-normal and warm-dry conditions were
lower. As the frequency of warm-normal, normal-humid, normal-dry, and warm-dry
conditions increased, the impact on estimated yields became negative. As the frequency of
cold-normal and cold-humid conditions decreased, the impact on estimated yields became
positive. In general, warm-humid and cold-dry conditions had a positive impact on the
estimated yields. The results show the impact of different climate types on maize grain
yield and suggest that the compound effect of high temperature and drought and drought
alone are still the main reasons for the change in maize grain yield in Northeast China. In
future maize planting in Northeast China, we should fully consider maize varieties with
high-temperature tolerance, supplement water in a timely manner, and adjust the sowing
date to ensure maize yield and national food security.
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