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Continuous warming climate conditions have triggered numerous extreme

weather events, exerting an unprecedented impact on agricultural and food

production. Based on the panel data of 3,050 small farmers engaged in maize

planting from 2009 to 2018 and collected by the National Rural Fixed

Observation Point in China, this study uses the Transcendental Logarithmic

Production Function model to estimate the impact of temperature,

precipitation, and sunshine hours on maize output. Further, considering

climate condition heterogeneity, this study analyzes the development

potential of five major maize production areas in China. Results show that

temperature and precipitation have a positive impact on maize output and that

insufficient sunshine hour is an obstacle to the growth of maize output. Five

major maize production areas are affected by climate condition differently,

entailing the need for tailored response measures. Additionally, land, labor, and

material capital input are key factors affecting maize output. Based on

conclusion, we put forward the following suggestions to promote

sustainable agricultural production, including strengthening the prediction of

temperature, precipitation, and sunshine hours in major maize production

areas, optimizing the agricultural production layout and the planting

structure based on local endowment, enhancing farmers’ adaptive behavior

training toward climate change, developing irrigation and water conservation

projects.
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1 Introduction

The global temperature has been rising in recent decades and

climate warming has been accelerating. Continuously warming

climate conditions have also triggered more extreme weather

events that affect agricultural production, which is highly

sensitive to natural resources (Crost et al., 2018). Research

suggests that climate change is placing great pressure on

agricultural production (Wilson et al., 2022). Under the stress

of climate change, food production has been facing prominent

negative shocks (e.g., the increase in disaster areas and food

production reductions), which may lead to hunger and

malnutrition. Thus, these issues have been catapulted into the

forefront of international discussions across numerous countries.

Indeed, researchers propose that various countries urgently need

to look for effective strategies to address the adverse effects of

climate change, such as promoting the training for farmers on

climate change adaptation behaviors (Moore and Lobell, 2014),

enhancing the irrigation facilities (Aragón et al., 2021), and

further developing a “climate-smart food system” (Wheeler

and von Braun, 2013).

China is one of the countries most affected by climate

disasters. Meteorological changes and extreme weather

adversely affect China’s agricultural production and have a

negative impact on agricultural total factor productivity and

input utilization rate. Global warming has also caused huge

economic losses to the country’s grain output (Chen et al.,

2016). Furthermore, China is one of the most populous

countries in the world. According to the data of National

Bureau of Statistics of China, in 2020, the national population

reached 1.41 billion, accounting for about 18% of the world’s

total population. Feeding more than one billion people entails

many problems, and solving these problems is important for both

the national economy and people’s livelihoods. Accordingly, the

impact of climate change on the food supply in China cannot be

ignored. Furthermore, climate change’s influence on agricultural

output leads to changes in market prices, which impacts the

livelihood of agricultural producers and causes social problems.

From this perspective, assessing the impact of climate change on

agricultural production is of great significance for studying the

relationships among climate change, agricultural product supply,

market prices, and other economic issues, as well as for effectively

formulating policies to tackle climate change (Aragón et al., 2021;

Filho et al., 2022; Oyinlola et al., 2022; Wheeler and von Braun,

2013).

Recent research on the effects of climate change on food

production mainly focus on natural and economic aspects.

Regarding the research on natural aspects, they mainly focus

on how to build crop models for the dynamic simulation of crop

growth and on the impact of climate change on crop growth

(Hasegawa et al., 2022; Hawkins et al., 2013; Tonnang et al., 2022;

Wang et al., 2022). Nonetheless, these studies require many

hypothetical parameters to be set, which may lead to

uncertain evidence (Carr et al., 2022). This may be the

limitation of research in this field. Regarding the research

focusing on economic aspects, for example, Lin et al. (2011)

used household data and a nonlinear production function model

to calculate the output elasticity of changes in temperature,

precipitation, and average sunshine hours for three major

food crops. In the United States of America, Coffel et al.

(2022) calculated the output elasticity of changes in

temperature, precipitation, and sunshine for maize and

soybean crops. In China, Song et al. (2022) calculated the

economic impact of climate change on maize yields based on

the Ricardian model. Despite these studies providing valuable

insights, they didn’t reach a consistent conclusion owing to

differences in data sets and methods. Other researchers show

that farmers can adjust their behavior to adapt to climate change

by collecting relevant information on the topic (Tazeze et al.,

2012). Based on these remarks, some scholars discuss the

influencing factors and effectiveness of farmers’ measures to

deal with climate change from the perspective of farmers’

subjective initiatives (Huang et al., 2015; Rijal et al., 2022;

Shariatzadeh and Bijani, 2022; Zobeidi et al., 2022).

These research highlights the significance of current studies,

mainly focusing on maize. According to the data of National

Bureau of Statistics of China, maize is the largest grain crop

regarding sowing area and output in China. Maize is also an

important feed and industrial raw material (Shukla and Cheryan,

2001; Klopfenstein et al., 2013). With the rapid development of

China’s economy, the dietary structure of national residents has

changed and the demand for meat has increased rapidly,

stimulating the development of animal husbandry and the

“rigid” growth trend of feed grain demand (Shimokawa, 2015;

Fukase and Martin, 2016). Accordingly, it is of great practical

significance to provide data for stakeholders that enables them to

effectively ensure maize output, reasonably plan maize

production areas according to local conditions, and optimize

the allocation of agricultural resources.

The above research has mainly given us the conclusion about

climate change’s influence on the agricultural output from the

regional level. However, few relevant studies have explored the

impact of climate change on China’s maize output using a

national scale panel data comprising data at the micro level

(e.g., farmer household level). Compared with previous studies

that assess the impact of climate change based on a regional level,

it is more meaningful to study the impact of climate change from

the farmers’ perspective. Farmers are the main bodymost directly

affected by climate change, especially for developing countries

like China, where small farmers are the main body. Whether

farmers can respond to climate change in a timely and effective

manner is crucial. Therefore, exploring the impact of climate

change on maize output at the farmer household level can more

accurately project the actual impact of climate change on

agricultural output in developing countries. This paper uses a

nationally representative farmer household-level panel data and
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employs the fixed-effect model to control for time-invariant

factors, such as the management ability of agricultural

producers, the quality of household contracted farmland and

other factors to more accurately identify the impact of climate

change on maize output.

Accordingly, using data including 3,050 small farmers

engaged in planting maize for 10 consecutive years from

National Rural Fixed Observation Point of China, and based

on the macro-overview of China’s maize production and climate

change, this study first tests the impact of temperature,

precipitation, and sunshine hours on farmers’ maize

production at the national level. Then, the heterogeneous

characteristics of the climate conditions of the five major

maize production areas in China are considered, and the

methods to stimulate the future development potential of

maize in each production area are employed. Finally, relevant

countermeasures and suggestions are presented.

2 Maize output change and climate
change in China

2.1 Output change in the five major maize
production areas in China

Maize has a variety of uses in the grain, economics, forage,

fruit, and energy fields. It is a grain crop with the longest

industrial chain in China and holds a great strategic

significance for the country. From 2009 to 2018, maize output

increasing from 163.97 to 257.17 million tons (growth rate:

56.84%) in the country (Supplementary Table A1). Maize is

playing an increasingly prominent role in the national

agricultural production.

Furthermore, this grain crop is widely planted across

31 provinces (autonomous regions and municipalities) of

China. In fact, by combining The Atlas of Growth Periods of

Major Crops in China with the available data, the country can be

divided into the northern spring sowing maize area (hitherto

Production area 1), HuangHuai Plain spring and summer sowing

maize area (hitherto Production area 2), southwest hilly maize

area (hitherto Production area 3), southern hilly maize area

(hitherto Production area 4), and northwest inland maize area

(hitherto Production area 5).

Supplementary Table A1 shows that Production area 1 is the

largest maize production area in China, accounting for nearly

50% of the country’s total maize output. From 2009 to 2018, its

maize output shows an increase from 67.17 to 119.64million tons

(growth rate: 78.12%). Production area 2 is the second-largest

maize production area, accounting for approximately 30% of the

country’s total maize output. From 2009 to 2018, its maize output

shows an increase from 58.53 to 80.19 million tons (growth rate:

37.01%). In the other production areas, the total maize output

accounted for approximately 20% of the total output during this

same period, as well as show an increase from 38.26 to

57.36 million tons (growth rate: 49.89%). Overall, China’s

maize shows a steady output increase over the analyzed

period, with slight fluctuations across the years.

2.2 Climate change in the five major maize
production areas in China

Generally, human activity relies on the natural environment,

and agriculture is one such activity that is highly sensitive to

climate change. Therefore, the impact of climate change onmaize

output cannot be ignored. Temperature, precipitation, and

sunshine are basic elements of the climate, as well as key

factors affecting maize output. The abnormal temperature and

water imbalance due to abnormal climate conditions have

different effects on maize growth. With the available data,

Supplementary Tables A2–A4 show the changes in

temperature, precipitation, and sunshine hours in the five

major maize production areas of China.

Supplementary Table A2 shows that from 2009 to 2018, the

monthly average temperature is the highest in Production area 4

(16.88°C) and the lowest in Production area 1 (7.81°C). Further,

Production areas 3, 2, and 5 show an monthly average

temperature of 16.15°C, 12.95°C, and 9.95°C, respectively.

Supplementary Table A3 shows that from 2009 to 2018, the

monthly average precipitation is the highest in Production area 4

(98.92 mm) and the lowest in Production area 5 (29.33 mm).

Further, Production areas 3, 1, and 2 show a monthly average

precipitation of 86.37, 51.36, and 49.27 mm, respectively.

Supplementary Table A4 shows that from 2009 to 2018, the

monthly average sunshine hour is the highest in Production area

5 (206.59 h) and the lowest in Production area 3 (125.62 h).

Further, Production areas 1, 2, and 4 show monthly average

sunshine hours of 195.62 h, 188.58 h, and 135.07 h, respectively.

In summary, Production area 1 has longer sunshine hours,

average precipitation levels, and the lowest temperature over the

analyzed period. Production area 2 has average temperature,

sunshine hours, and less precipitation. The temperature and

precipitation conditions in Production area 3 are high, but

sunshine hours are the lowest. Production area 4 has the

highest temperature and precipitation conditions, but

sunshine hours are shorter. Finally, Production area 5 has the

longest sunshine hours, cooler temperatures, and less

precipitation.

3 Model settings and data source

3.1 Model setting

Theoretically, input factors are key elements affecting maize

output, and they include land input, labor input, andmaterial inputs
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(e.g., seeds, fertilizers, pesticides, agricultural film, agricultural

machinery, and irrigation). Land is the material basis for maize

growth, and in theory, the sown area has an important positive

impact on maize output. Labor is also an important factor affecting

maize output. In this study, the number ofworking days is used as an

indicator of labor input in maize output. Materials are the main

input factors for maize output, and upon considering that the

quantity of different types of materials is not comparable, we

used total costs to reflect material input in maize output.

Based on previous research (Jones and Thornton, 2003; Lobell

andAsner, 2003; Lin et al., 2011), crop growth is affected not only by

the input of production factors but also by climate change. Hence,

maize growth results from the joint action of sunshine hours,

temperature, precipitation, and other factors. Although these

factors are not directly invested in maize production, they affect

the efficiency of the production factors.

In addition, researchers have shown that there may be a

quadratic relationship between climate factors and grain crop

output (Kabubo-Mariara and Karanja, 2007; Schlenker and

Roberts, 2009; Adhikari et al., 2015). A Cobb-Douglas

production function calculates the relationship between

production output and inputs (factors), which is used to

predict technological change (Zellner et al., 1966). Compared

to C-D production function, Translog production function may

be more general and flexible, which has been widely applied to

the area of agricultural production accounting. Compared to the

fixed elasticity of various input factors and output in C-D

production function, Translog production function can relax

this hypothesis, thereby more accurately estimating the impact of

climate change on agricultural output.

In this paper, controlling for the fixed effects of farmer

household and year, two-way fixed-effects model is used to

evaluate the impact of temperature, precipitation, and

sunshine hour variation on maize output. Farmer household

fixed effect denotes the farmer household-level time-invariant

unobservable factors which may be related to maize output, such

as farmer’s labor capacity and cropland quality; Year fixed effect

denotes the time-variant factors, including the other climate and

social factors. In summary, we constructed a transcendental

logarithmic production function of variable elasticity that is

easy to estimate and highly inclusive, as shown in Eq. 1:

LnY � α0 + α1LnS + α2LnL + α3LnK + α4

2
(LnS)2 + α5

2
(LnL)2

+α6
2
(LnK)2 + α7LnS × LnL + α8LnS × LnK + α9LnL × LnK

+α10LnTe + α11LnRa + α12LnSu + α13
2
(LnTe)2 + α14

2
(LnRa)2

+α15
2
(LnSu)2 + α16T + μ (1)

where Y is a farmer’s total maize output; S is the farmer’s sown

area of maize; L is the number of working days for maize

production; K is the material cost for maize production; Te is

the temperature condition (°C); Ra is the precipitation condition

(mm); Su is the number of sunshine hours; and T is the time

trend variable. We selected a two-way fixed-effects panel data

model for the analysis.

Notably, following previous literature (Rurinda et al., 2015;

Ureta et al., 2020; Wu et al., 2021), there are multiple reasons to

use maize output rather than maize productivity as dependent

variable. First, China’s small farmer households are still the main

body of cropping maize, and their production decisions are

mainly based on maize planting area and output (Huang and

Ding, 2016). Thus, using maize output is more in line with

Chinese farmers’ production condition. Second, in Translog

production function, maize planting area has been absorbed

as land input factors, which also helps to better estimate

maize output.

Since this study focuses on the contribution of different

factors to maize output changes, we also calculate the

contribution of factor changes to maize output changes by

obtaining the output elasticity of factors (i.e., the ratio of

output increases when factor input increases by 1%, while

other conditions remain constant).

3.2 Data sources

For the empirical analysis, we use farmer household-level

data from the National Rural Fixed Observation Point. The

National Rural Fixed Observation Point are a micro-level

panel data set based on farmer households. The survey

began in 1986 and now covers 31 provinces (autonomous

regions and municipalities), 368 counties, 375 sample villages,

23,000 account-keeping agricultural (pastoral) households,

and more than 1,600 new agricultural management

subjects. The survey covers all aspects of farmers’

production, operation, consumption, and investment.

Especially in grain production, detailed and reliable survey

records are available for the output, sown area, and

expenditure of related inputs of each crop. We selected

farmers who had been producing maize for 10 consecutive

years (from 2009 to 2018) as the sample for the empirical

analysis, totalizing 3,050 households. The climate data sources

are the monthly data of the China National Meteorological

Observatory from 2009 to 2018, which is provided by the

China Meteorological Science Data Sharing Network.

According to the coordinates of the county center point

and the meteorological observation point, based on the

principle of the shortest spatial distance, the connection

between the farmer household data set and the

meteorological data set is realized. It should be stated that

we use maize growing season data (The growing season of

Production area 1 is from May to October; the growing season

of Production area 2 is from June to October; the growing

season of Production area 3 is from March to September; the
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growing season of Production area 4 is from March to August;

the growing season of Production area 5 is from April to

September).

The main variables and their meanings are shown in

Supplementary Table A5. Farmers’ average total maize output

is 4,587 kg. Regarding inputs, farmers’ average sown area of

maize is 8.24 mu, labor input is 59.92 days, and material input

is 2,251.71 yuan. Regarding climate, during growing season the

monthly average temperature in the area where the sample

farmers are located is 20.65°C, the monthly average

precipitation is 97.15 mm, and the monthly average sunshine

hours are 188.14 h.

4 Results

4.1 Analysis of estimated results

4.1.1 Estimation results of the model of
influencing factors of maize output

For estimations using the 10-year farmer household panel

data set, we use a two-way fixed-effect model regression method.

Missing variables and time changes are controlled as much as

possible (through individual fixed-effects and time fixed-effects,

respectively) to identify the impact of climate change more

accurately on maize output. Supplementary Table A6 presents

the results of the influencing factor model for maize output. The

adjusted R2 of the entire model is 0.8962, indicating that the

independent variables explain 89.62% of the dependent variables.

In addition, we also conducted an over identification test and

rejected the assumption of using the random-effect model.

Furthermore, as shown in Supplementary Table A7, the

mean values of output elasticity of land, labor, and material

input (main input factors) are 0.6740, 0.0531, and 0.2470,

respectively. That is, for every 1% increase in land, labor, and

material input, maize output increases by 0.67%, 0.05%, and

0.25%, respectively. Overall, land inputs (sown area) remain the

most important factors affecting maize output, followed by

material and labor inputs. With the continuous development

of society and the economy, the problems of non-agricultural

land competition, non-grain use of farmland, and land

abandonment have become increasingly prominent. Further,

industrial and domestic pollution have led to a decline in the

quality of arable land and to a small number of farmlands with

high and stable outputs. Therefore, great importance should be

attached to stabilizing grain cultivation areas. Simultaneously,

under the influence of economic laws, the opportunity cost of

labor for agricultural production continues to increase, and more

farmers choose to work to increase their income. On the one

hand, this leads to reduced labor input; on the other, this leads to

a more aged and feminized labor force (Palacios-López and

López, 2015; Liu et al., 2019; Rigg et al., 2020), which in turn

reduces the quality of labor input and is not conducive to maize

output improvements. In addition, researchers have thoroughly

demonstrated the important role of agricultural capital

investment in promoting agricultural technological progress,

meaning that an increase in physical capital plays an

important role in promoting agricultural output (Binswanger

and Rosenzweig, 1986; Smith, 2004; Syed and Miyazako, 2013).

Regarding climate factors, temperature, precipitation, and

sunshine hours have significant effects on maize output, meaning

that climate change will increase maize output fluctuation. The

output elasticities of temperature, precipitation, and sunshine

hours are 0.3940, 0.0153, and −0.0515, respectively

(Supplementary Table A7). As maize is a temperature-loving

crop, it is very sensitive to temperature fluctuations, with an

increase in this variable being beneficial for maize output.

Precipitation has a significant positive impact on maize

output, indicating that an appropriate increase in precipitation

levels can also increase maize output. From the model results, the

output elasticity of sunshine hours is negative, meaning that there

is insufficient lighting to some extent.

4.1.2 Contribution of various factors to maize
output growth

In this section, the output elasticity of each factor is

multiplied by the change rate of the factor within the sample

year, and then divided by the change rate of maize output within

the sample year. This serves to express the contribution of factors

to maize output. The results are presented in Supplementary

Table A7.

Supplementary Table A7 shows the contribution of input and

climate factors to maize output. Regarding input factors, the

contribution rates of material, land, and labor input to maize

output are 53.71%, 46.33%, and −3.47%, respectively. These

results further illustrate the roles of land and material input in

maize output, which is in line with previous literature (Sheng

et al., 2019; Qiu et al., 2021). Regarding climate factors, the

contribution rates of temperature, precipitation, and sunshine

hours to maize output are 2.20%, 0.58%, and −0.51%,

respectively, indicating that these variables have limited

contributions to maize output. This may be because of the

high concentration of production in the analyzed areas.

Specifically, Production areas 1 and 2 account for nearly 80%

of the country’s total maize output, and both are less affected by

climate change. Therefore, it is necessary to further subdivide and

understand the impact of climate change in each area to propose

more effective measures to deal with climate change and ensure

the supply of maize in China.

4.2 Heterogeneity test

Since China has a vast territory, different production areas

have different natural conditions and socioeconomic

characteristics. In the process of maize production, farmers
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are affected not only by their own characteristics (individual

effects) but also by their living environment, that is,

environmental background effects. Accordingly, this section

further divides the sample into the five production areas,

repeats the analyses, and focuses on the impact of climate

factors on maize output. This serves to determine the

characteristics of the impact of climate change on maize

output in different production areas, grasp the future trend of

maize production layout, and put forward targeted policy

recommendations for stakeholders to reference.

Supplementary Table A8 presents the model estimation results

by area. The calculations for output elasticity of the climate

factors in each area and their contribution rate to maize output

growth (Supplementary Table A9) are based on the results

described in Supplementary Table A8.

In Production area 1, the impact of climate factors on maize

output is small, with temperature having a negative effect on the

output elasticity and contribution to maize output. This is mainly

because although Production area 1 has climate conditions that

are very suitable for maize growth and unique climate resources,

low temperatures and chilling damage are among the main agro-

meteorological disasters affecting this area. Hence, temperature

fluctuation is an important factor for changes in maize output. In

most regions of Production area 1, the temperature in spring is

relatively low, and there is the problematic phenomenon of “cold

springs.” Insufficient accumulated temperature leads to slow

maize growth, indicating another important explanation for

the negative output elasticity and contribution rate of

temperature in this production area.

In Production area 2, output elasticities for precipitation and

sunshine hours are negative, while the contributions to maize

output for temperature and precipitation are positive. Production

area 2 has a warm and semi-humid climate with abundant

rainfall, providing sufficient conditions for crop irrigation.

Accordingly, maize planting methods are more diverse in this

area, and intercropping and multiple cropping can coexist.

However, in two cycles of multiple cropping, the utilization of

solar thermal resources was low, only early maturing maize

varieties can be planted, resulting in a low maize output

(Wang et al., 2020; Zhai et al., 2017; Zhai et al., 2021). In

addition, owing to the high temperature and humidity in

summer, Production area 2 is prone to diseases and insect

disasters, which adversely affect its maize output.

In Production area 3, output elasticities for temperature and

precipitation are positive, and the contributions to maize output

for sunshine hours are negative. The topography of Production

area 3 is relatively complex when considering its natural

landscape. Specifically, mountains, hills, and plateaus account

for more than 90% of the total land area. Accordingly, regional

differences in ecological conditions are very large and production

conditions are poor. Due to the high temperature and humidity

in the growing season of maize in Production area 3, as well as the

lack of sunshine in the area, the problems of pests and diseases

tend to be more serious, and this situation is not conducive to

maize output and crop quality. From this point of view,

Production area 3 is not suitable for maize growth.

In Production area 4, output elasticities for temperature and

precipitation are positive, and contributions to maize output for

temperature is negative. Around 10°C is a suitable temperature

for the growth and development of maize, but Production area

4 has a higher temperature and abundant rainfall, which are more

suitable for rice cultivation. Accordingly, the climate conditions

in autumn and winter in Production area 4 are more favorable for

maize production.

In Production area 5, output elasticities for temperature,

precipitation, and sunshine hours are positive, and contributions

to maize output for sunshine hours is negative. Production area 5 is

characterized by dryness, and precipitation depends mainly on the

melting of snow or river irrigation systems in the region. This area

also has the advantage of abundance in heat resources, having great

potential for improving maize quality and increasing income. Still, it

is necessary to ensure appropriate supply of irrigation water. Since

the contribution of sunshine hours tomaize output is negative in this

area, attention should be paid to the selection of newmaize varieties

that are density-tolerant, high-output, drought-resistant, and

suitable for machine harvesting.

5 Analysis of the changes in maize
production in the five major
production areas in China

This section analyses the climate conditions and maize

production inputs and outputs characteristics in the five major

production areas at the farmer household level from 2009 to 2018. It

also investigates the future layouts of these five production areas and

proposes targeted countermeasures and suggestions.

5.1 Changes in the input of production
factors in the five production areas

Regarding land input changes, a horizontal comparison of

production areas shows that the average maize sown area per

household in Production area 1 (15.18 mu) is prominently higher

than that in other areas, being 193.27%, 433.82.32%, 479.90%,

and 295.38% higher than that in Production area 2, 3, 4, and 5,

respectively. Then, a vertical comparison of production areas

shows an overall upward trend from 2009 to 2018 for maize sown

area per household. In Production areas 1, 2, 3, and 5, the average

maize sown area per household in 2018 is 27.68%, 29.53%,

24.60%, and 25.71%, respectively, higher than that in 2009.

The exception is Production area 4, as its average maize sown

area per household diminished by 20.22% during this period.

Regarding labor force changes, a horizontal comparison of

production areas shows that the average labor force input per

Frontiers in Environmental Science frontiersin.org06

Zhang et al. 10.3389/fenvs.2022.954940

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.954940


household in Production area 1 is the highest, followed by

Production areas 5, 2, 3, and 4. Vertical comparison of

production areas shows an overall downward trend from

2009 to 2018 for average labor force input per household. In

Production areas 1, 2, 3, and 4, the average labor force per

household in 2018 is 29.09%, 25.79%, 6.10%, and 47.66%,

respectively, lower than that in 2009. The exception is

Production area 5, which shows an increase of 15.86% in the

average labor force input per household during this period.

Regarding material input changes, a horizontal comparison

of production areas shows that the average material costs of

maize production per household in 2018 is the highest in

Production area 1 (4,296.29 yuan), followed by Production

areas 2 (1,359.00 yuan), 5 (1,237.92 yuan), 3 (577.79 yuan),

and 4 (539.49 yuan). Vertical comparison of production areas

shows an overall upward trend from 2009 to 2018 for average

material cost of maize production per household, except for

Production area 4 (the average material cost of maize production

per household in 2018 is 0.03% lower than that in 2009). In

Production areas 2, 3, 1, and 5, the average material cost of maize

production per household in 2018 is 125.92%, 104.98%, 75.03%,

and 64.61%, respectively, higher than that in 2009. Regarding the

average cost per household, Production area 5 shows the smallest

increase margin and Production area 1 shows the largest absolute

value during this period.

5.2 Climate changes in the five production
areas

Regarding temperature changes from 2009 to 2018, there is a

rise in the monthly average temperature during the growing

season in Production area 1 of 0.64°C (increase of 3.46%), and the

temperature fluctuation is 0.23°C. For Production area 2, these

values are 0.40°C (increase of 1.79%) and 0.34°C. In Production

area 3, these values are 0.03°C (increase of 0.15%) and 0.25°C. In

Production area 4, these values are 0.77°C (increase of 3.58%) and

0.50°C. In Production area 5, these values are 0.09°C (increase of

0.48%) and 0.28°C. In general, the temperature remained stable

across areas with a relative upward trend, especially in

Production areas 1 and 2, the two largest maize production

areas in China. This temperature increase has advantages, such as

the promotion of maize growth.

Regarding precipitation changes from 2009 to 2018, the

monthly average precipitation during the growing season in

Production area 1 increased by 20.90 mm (increase of 26.89%)

with a standard deviation of 10.62 mm. For Production area 2,

these values are −0.57 mm (decrease of 0.63%) and 11.90 mm. In

Production area 3, these values are 34.90 mm (increase of

30.96%) and 14.31 mm. In Production area 4, these values

are −13.18 mm (decrease of 9.82%) and 16.80 mm. In

Production area 5, these values are 32.13 mm (increase of

91.62%) and 10.49 mm. In general, the precipitation in

Production areas 1, 3, and 5 show an increase from 2009 to

2018, and this increase is significant in Production areas 3 and 5.

Further, the increase in precipitation in Production area 3, which

generally has sunny days, led to maize production damages.

Therefore, measures need to be taken to deal with the difficulties

related to pests and diseases caused by high precipitation.

Nonetheless, in Production area 5, which generally has a

relatively arid climate, the increase in precipitation is

beneficial because it promotes the potential for greater local

maize output. Meanwhile, the precipitation in Production

areas 2 and 4 decreased slightly from 2009 to 2018, with more

obvious fluctuations appearing in Production area 4.

Regarding sunshine hours changes from 2009 to 2018, the

monthly average sunshine hours during the growing season in

Production area 1 and 2, 7 years show numbers lower than those

in 2009. In Production area 3, there is only 1 year with lower

numbers. In Production area 4 and 5, there are 4 years with lower

numbers. In general, sunshine hours in northern China are

significantly higher than those in southern China during the

period, and they are the highest in the northwest. Recently, due to

human activity intensification, the decrease in sunshine hours

has become more obvious. This emphasizes the need to develop

reasonable planting structures that enable the full use of solar

energy resources.

5.3 Maize output changes in the five
production areas

Production factors and climate factors jointly affect maize

output. A horizontal comparison of the production areas shows

that climate factors in Production area 1 are suitable for maize

crops, as well as that the land, labor, and material inputs are

higher, leading to a high maize output. Specifically, in 2018,

Production area 1 shows an average maize output per household

of 9,610.43 kg, which is 237.59%, 739.14%, 1288.90%, and

384.15% higher than that of Production areas 2, 3, 4, and 5,

respectively. This further verifies that production area 1 is the

largest dominant production area. Production area 5 has the

advantage of heat, and the increase in precipitation from 2009 to

2018 is conducive to solving the irrigation problems in the region;

therefore, Production area 5 has great potential for maize output,

albeit the small planting area per household is an obstacle.

A vertical comparison shows an upward trend for average

maize output per household from 2009 to 2018. In Production

areas 1, 2, 3, and 5, the average maize output per household in

2018 is 38.21%, 48.94%, 23.46%, and 61.76%, respectively, higher

than that in 2009. The exception here is Production are 4, which

shows a value in 2018 that is 32.74% lower than that in 2009.

Based on the analyses in this section, it seems necessary to adjust

the agricultural structure for maize production by local

conditions. Further, for regions where the natural conditions

are not suitable for maize cultivation, it is essential to emphasize
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their comparative advantages and improve agricultural

production efficiency as much as possible.

6 Conclusion and countermeasures

Usingmicro-level household data of the National Rural Fixed

Observation Point from 2009 to 2018, this study incorporates

climate factors such as temperature, precipitation, and sunshine

hours into the transcendental logarithmic production function

and constructs a two-way fixed effect model. With the

econometric model, then we empirically study the impact of

climate change on maize output in China and the changes in

farmers’ maize production in different production areas.

Furthermore, we analyse the developmental potential of each

main maize production area in China. The main conclusion are

as follows.

First, temperature, precipitation, and sunshine hours show

significant effects on maize output. The output elasticity of

temperature is 0.3940, that of precipitation is 0.0153, and that

of sunshine hours is −0.0515. Maize is a crop that likes

temperature and light and is most sensitive to temperature

fluctuations. An appropriate increase in precipitation can also

increase maize output, but there is the potential problem of

insufficient sunshine hours that may also hinder output.

Second, temperature and precipitation generally positively

contribute to maize output, and sunshine hours negatively

contribute to maize output. The contribution rates of

temperature, precipitation, and sunshine hours to maize

output are 2.20%, 0.58%, and −0.51%.

Third, from a subregional perspective, different

production areas are affected differently by the climate.

Production area 1 has climate conditions that are very

suitable for maize growth and is generally not greatly

affected by climate, but attention should be paid to

problems related to low temperature and chilling damage.

The climate of Production area 2 is hot and humid in summer,

easily leading to plant diseases, insect disasters, and adversely

affecting maize output. The geomorphic environment of

Production area 3 is complex, and in the growing season of

maize, high temperatures are usually reported together with

wet and rainy weather conditions, and these characteristics are

not conducive to improvements in maize output and quality.

The climate conditions of Production area 4 are suitable for

rice production. Production area 5 is characterized by

sufficient light for maize production, and it is also dry and

has little precipitation; therefore, attention should be paid to

ensuring the supply of irrigation water to maize crops.

Fourth, different production areas must take different

measures to deal with climate change. Regarding temperature

changes, the temperature conditions of the production areas are

generally stable and show an upward trend from 2008 to 2019 in

general. Regarding precipitation changes, the total precipitation

in Production areas 1, 3, and 5 increased. Production area

3 experienced adverse impacts related to the increase,

highlighting the necessity to strengthen pest control in the

region. In Production area 5, nonetheless, higher precipitation

can effectively alleviate the problem of droughts. Meanwhile,

Production areas 2 and 4 show a decrease in precipitation levels

over the studied period. Regarding sunshine hours changes,

human activities have caused a reduction in sunshine hours,

which are generally higher in the north than in the south; this

emphasizes the need for the development of a reasonable

planting structure and making full use of the available solar

energy resources.

Fifth, land, labor, and material input remain key factors

affecting maize output. Overall, the output elasticities of land,

labor, and material input are 0.6740, 0.0531, and 0.2470,

respectively. The opportunity cost of the labor force engaged

in agricultural production is increasing, and material capital

input has become an effective substitute for labor input.

Different production areas have various divergent advantages,

showcasing that the agricultural structure should be adjusted

according to local conditions and agricultural production

efficiency should be improved as much as possible.

Based on these conclusion, this study proposes relevant

countermeasures and suggestions: In terms of the agricultural

production layout, adjust the planting structure according to

local endowments and match the local climate and economic

condition during the process of crop selection. In terms of

farmer’s response to climate change, enhance technology

training for farmers’ adaptive behaviours toward climate

change and minimize the damage to farmers from climate

shocks. In terms of agricultural infrastructure constructure,

develop farmland and water conservation projects and further

strengthen irrigation facilities in areas with insufficient rainfall.

In terms of sustainable agriculture development, prevent soil

pollution and hardening from excessive application of pesticides

and fertilizers and thereby ensure the planting area of maize and

the cropland quality.

Data availability statement

The data is not publicly available and further inquiries can be

directed to the corresponding authors.

Author contributions

Conceptualization, ZZ and MG; methodology, ZZ; software,

JW; validation, JkL, ZZ, and JW; formal analysis, ZZ; resources,

MG; data curation, JW and YJ; writing—original draft

preparation, ZZ; writing—review and editing, JkL and WW;

visualization, ZL and JL; supervision, MG; project

administration, MG; funding acquisition, MG, ZZ, and JK. All

Frontiers in Environmental Science frontiersin.org08

Zhang et al. 10.3389/fenvs.2022.954940

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.954940


authors have read and agreed to the published version of the

manuscript.

Funding

This research was funded by National Natural Science

Foundation of China (72103109); Post-doctoral Science

Foundation of China (2020T130714; 2020M670575); Statistical

Science Research Project of China (2020LY065); General Project

of Sichuan Social Science Key Research Base (XJLL2021016);

China Scholarship Council (202003250063).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer WY declared a shared affiliation with the

author YJ to the handling editor at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.

954940/full#supplementary-material

References

Adhikari, U., Nejadhashemi, A. P., and Woznicki, S. A. (2015). Climate change
and eastern africa: A review of impact on major crops. Food Energy Secur. 4 (2),
110–132. doi:10.1002/FES3.61

Aragón, F. M., Oteiza, F., and Rud, J. P. (2021). Climate change and agriculture:
Subsistence farmers’ response to extreme heat. Am. Econ. J. Econ. Policy 13 (1),
1–35. doi:10.1257/POL.20190316

Binswanger, H. P., and Rosenzweig, M. R. (1986). Behavioural and material
determinants of production relations in agriculture. J. Dev. Stud. 22 (3), 503–539.

Carr, T. W., Mkuhlani, S., Segnon, A. C., Ali, Z., Zougmoré, R., Dangour, A. D.,
et al. (2022). Climate change impacts and adaptation strategies for crops in west
africa: A systematic review. Environ. Res. Lett. 17 (5), 053001. doi:10.1088/1748-
9326/AC61C8

Chen, S., Chen, X., and Xu, J. (2016). Impacts of climate change on agriculture:
Evidence from China. J. Environ. Econ. Manag. 76, 105–124. doi:10.1016/J.JEEM.
2015.01.005

Coffel, E. D., Lesk, C., Winter, J. M., Osterberg, E. C., and Mankin, J. S. (2022).
Crop-climate feedbacks boost US maize and soy yields. Environ. Res. Lett. 17 (2),
024012. doi:10.1088/1748-9326/AC4AA0

Crost, B., Duquennois, C., Felter, J. H., and Rees, D. I. (2018). Climate change,
agricultural production and civil conflict: Evidence from the Philippines. J. Environ.
Econ. Manag. 88, 379–395. doi:10.1016/J.JEEM.2018.01.005

Filho,W. L., Setti, A. F. F., Azeiteiro,U.M., Lokupitiya, E., Donkor, F. K., Etim,N. A.N.
A., et al. (2022). An overview of the interactions between food production and climate
change. Sci. Total Environ. 838, 156438. doi:10.1016/J.SCITOTENV.2022.156438

Fukase, E., and Martin, W. (2016). Who will feed China in the 21st century?
Income growth and food demand and supply in China. J. Agric. Econ. 67 (1), 3–23.
doi:10.1111/1477-9552.12117

Hasegawa, T., Wakatsuki, H., Ju, H., Vyas, S., Nelson, G. C., Farrell, A., et al.
(2022). A global dataset for the projected impacts of climate change on four major
crops. Sci. Data 191, 1–11. doi:10.1038/s41597-022-01150-7

Hawkins, E., Fricker, T. E., Challinor, A. J., Ferro, C. A. T., Ho, C. K., and
Osborne, T. M. (2013). Increasing influence of heat stress on French maize yields
from the 1960s to the 2030s. Glob. Change Biol. 19 (3), 937–947. doi:10.1111/GCB.
12069

Huang, J., and Ding, J. (2016). Institutional innovation and policy support to
facilitate small-scale farming transformation in China. Agric. Econ. 47 (S1),
227–237. doi:10.1111/AGEC.12309

Huang, J., Wang, J., andWang, Y. (2015). Farmers’ adaptation to extreme weather
events through farmmanagement and its impacts on the mean and risk of rice yield
in China. Am. J. Agric. Econ. 97 (2), 602–617. doi:10.1093/AJAE/AAV005

Jones, P. G., and Thornton, P. K. (2003). The potential impacts of climate change
onmaize production in Africa and Latin America in 2055.Glob. Environ. Change 13
(1), 51–59. doi:10.1016/S0959-3780(02)00090-0

Kabubo-Mariara, J., and Karanja, F. K. (2007). The economic impact of climate
change on Kenyan crop agriculture: A ricardian approach. Glob. Planet. Change 57
(3–4), 319–330. doi:10.1016/J.GLOPLACHA.2007.01.002

Klopfenstein, T. J., Erickson, G. E., and Berger, L. L. (2013). Maize is a critically
important source of food, feed, energy and forage in the USA. Field Crops Res. 153,
5–11. doi:10.1016/J.FCR.2012.11.006

Lin, T., Liu, X., Wan, G., Xin, X., and Zhang, Y. (2011). Impacts of climate change
on the people’s republic of China’s grain output - regional and crop perspective.
Adb. Econ. Work. Pap. Ser. 243, 1–25. doi:10.2139/SSRN.1806731

Liu, J., Zang, Z., Zheng, Q., and Hua, L. (2019). Is the feminization of labor
harmful to agricultural production? The decision-making and production
control perspective. J. Integr. Agric. 18 (6), 1392–1401. doi:10.1016/S2095-
3119(19)62649-3

Lobell, D. B., and Asner, G. P. (2003). Climate and management contributions to
recent trends in U.S. Agricultural yields. Science 299 (5609), 1032. doi:10.1126/
SCIENCE.1078475

Moore, F. C., and Lobell, D. B. (2014). Adaptation potential of European
agriculture in response to climate change. Nat. Clim. Change 4 (77), 610–614.
doi:10.1038/nclimate2228

Oyinlola, M. A., Reygondeau, G., Wabnitz, C. C. C., Frölicher, T. L., Lam, V. W.
Y., and Cheung, W. W. L. (2022). Projecting global mariculture production and
adaptation pathways under climate change. Glob. Change Biol. 28 (4), 1315–1331.
doi:10.1111/GCB.15991

Palacios-López, A., and López, R. (2015). The gender gap in agricultural
productivity: The role of market imperfections. J. Dev. Stud. 51 (9), 1175–1192.
doi:10.1080/00220388.2015.1028539/SUPPL_FILE/
FJDS_A_1028539_SM1509.PDF

Qiu, T., He, Q., Choy, S. T. B., Li, Y., and Luo, B. (2021). The impact of land
renting-in on farm productivity: Evidence from maize production in China. China
Agric. Econ. Rev. 13 (1), 22–39. doi:10.1108/CAER-08-2019-0135/FULL/XML

Rigg, J., Phongsiri, M., Promphakping, B., Salamanca, A., and Sripun, M. (2020).
Who will tend the farm? Interrogating the ageing asian farmer. J. Peasant Stud. 47
(2), 306–325. doi:10.1080/03066150.2019.1572605

Rijal, S., Gentle, P., Khanal, U., Wilson, C., and Rimal, B. (2022). A systematic
review of Nepalese farmers’ climate change adaptation strategies. Clim. Policy 22
(1), 132–146. doi:10.1080/14693062.2021.1977600/SUPPL_FILE/
TCPO_A_1977600_SM5731.DOCX

Frontiers in Environmental Science frontiersin.org09

Zhang et al. 10.3389/fenvs.2022.954940

https://www.frontiersin.org/articles/10.3389/fenvs.2022.954940/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fenvs.2022.954940/full#supplementary-material
https://doi.org/10.1002/FES3.61
https://doi.org/10.1257/POL.20190316
https://doi.org/10.1088/1748-9326/AC61C8
https://doi.org/10.1088/1748-9326/AC61C8
https://doi.org/10.1016/J.JEEM.2015.01.005
https://doi.org/10.1016/J.JEEM.2015.01.005
https://doi.org/10.1088/1748-9326/AC4AA0
https://doi.org/10.1016/J.JEEM.2018.01.005
https://doi.org/10.1016/J.SCITOTENV.2022.156438
https://doi.org/10.1111/1477-9552.12117
https://doi.org/10.1038/s41597-022-01150-7
https://doi.org/10.1111/GCB.12069
https://doi.org/10.1111/GCB.12069
https://doi.org/10.1111/AGEC.12309
https://doi.org/10.1093/AJAE/AAV005
https://doi.org/10.1016/S0959-3780(02)00090-0
https://doi.org/10.1016/J.GLOPLACHA.2007.01.002
https://doi.org/10.1016/J.FCR.2012.11.006
https://doi.org/10.2139/SSRN.1806731
https://doi.org/10.1016/S2095-3119(19)62649-3
https://doi.org/10.1016/S2095-3119(19)62649-3
https://doi.org/10.1126/SCIENCE.1078475
https://doi.org/10.1126/SCIENCE.1078475
https://doi.org/10.1038/nclimate2228
https://doi.org/10.1111/GCB.15991
https://doi.org/10.1080/00220388.2015.1028539/SUPPL_FILE/FJDS_A_1028539_SM1509.PDF
https://doi.org/10.1080/00220388.2015.1028539/SUPPL_FILE/FJDS_A_1028539_SM1509.PDF
https://doi.org/10.1108/CAER-08-2019-0135/FULL/XML
https://doi.org/10.1080/03066150.2019.1572605
https://doi.org/10.1080/14693062.2021.1977600/SUPPL_FILE/TCPO_A_1977600_SM5731.DOCX
https://doi.org/10.1080/14693062.2021.1977600/SUPPL_FILE/TCPO_A_1977600_SM5731.DOCX
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.954940


Rurinda, J., van Wijk, M. T., Mapfumo, P., Descheemaeker, K., Supit, I., and
Giller, K. E. (2015). Climate change and maize yield in southern africa: What can
farm management do? Glob. Change Biol. 21 (12), 4588–4601. doi:10.1111/GCB.
13061

Schlenker, W., and Roberts, M. J. (2009). Nonlinear temperature effects indicate
severe damages to U.S. crop yields under climate change. Proc. Natl. Acad. Sci. U. S.
A. 106 (37), 15594–15598. doi:10.1073/PNAS.0906865106

Shariatzadeh, M., and Bijani, M. (2022). Towards farmers’ adaptation to climate
change: The effect of time perspective. J. Clean. Prod. 348, 131284. doi:10.1016/J.
JCLEPRO.2022.131284

Sheng, Y., Ding, J., and Huang, J. (2019). The relationship between farm size and
productivity in agriculture: Evidence from maize production in northern China.
Am. J. Agric. Econ. 101 (3), 790–806. doi:10.1093/AJAE/AAY104

Shimokawa, S. (2015). Sustainable meat consumption in China. J. Integr. Agric. 14
(6), 1023–1032. doi:10.1016/S2095-3119(14)60986-2

Shukla, R., and Cheryan, M. (2001). Zein: The industrial protein from corn.
Industrial Crops Prod. 13 (3), 171–192. doi:10.1016/S0926-6690(00)00064-9

Smith, R. E. (2004). Land tenure, fixed investment, and farm productivity:
Evidence from Zambia’s southern province. World Dev. 32 (10), 1641–1661.
doi:10.1016/J.WORLDDEV.2004.05.006

Song, C., Huang, X., Les, O., Ma, H., and Liu, R. (2022). The economic impact of
climate change on wheat and maize yields in the north China plain. Int. J. Environ.
Res. Public Health 19 (9), 5707. doi:10.3390/IJERPH19095707

Syed, S., and Miyazako, M. (2013). Promoting investment in agriculture for
increased production and productivity. Rome, Italy: FAO.

Tazeze, A., Haji, J., and Ketema, M. (2012). Climate change adaptation strategies
of smallholder farmers: The case of babilie district, east harerghe zone of oromia
regional state of Ethiopia. J. Econ. Sustain. Dev. 3 (14), 1–12.

Tonnang, H. E., Sokame, B. M., Abdel-Rahman, E. M., and Dubois, T. (2022).
Measuring and modelling crop yield losses due to invasive insect pests under
climate change. Curr. Opin. Insect Sci. 50, 100873. doi:10.1016/J.COIS.2022.100873

Ureta, C., González, E. J., Espinosa, A., Trueba, A., Piñeyro-Nelson, A., and
Álvarez-Buylla, E. R. (2020). Maize yield in Mexico under climate change. Agric.
Syst. 177, 102697. doi:10.1016/J.AGSY.2019.102697

Wang, P., Wu, D., Yang, J., Ma, Y., Feng, R., and Huo, Z. (2020). Summer maize
growth under different precipitation years in the Huang-Huai-Hai Plain of China. Agric.
For. Meteorology 285–286, 107927. doi:10.1016/J.AGRFORMET.2020.107927

Wang, Y., Guo, S. S., and Guo, P. (2022). Crop-growth-based spatially-distributed
optimization model for irrigation water resource management under uncertainties and
future climate change. J. Clean. Prod. 345, 131182. doi:10.1016/J.JCLEPRO.2022.131182

Wheeler, T., and von Braun, J. (2013). Climate change impacts on global food
security. Science 341 (6145), 508–513. doi:10.1126/SCIENCE.1239402/ASSET/
4AC264E0-F5AA-4BF3-B0FB-31CCA3C3B0C7

Wilson, A. B., Avila-Diaz, A., Oliveira, L. F., Zuluaga, C. F., and Mark, B. (2022).
Climate extremes and their impacts on agriculture across the eastern corn belt region of
the U.S. Weather Clim. Extrem. 37, 100467. doi:10.1016/J.WACE.2022.100467

Wu, J. Z., Zhang, J., Ge, Z., Xing, L., Han, S., Shen, C., et al. (2021). Impact of
climate change on maize yield in China from 1979 to 2016. J. Integr. Agric. 20 (1),
289–299. doi:10.1016/S2095-3119(20)63244-0

Zellner, A., Kmenta, J., and Dreze, J. (1966). Specification and estimation of cobb-
douglas production function models. Econometrica 34 (4), 784. doi:10.2307/1910099

Zhai, L., Xu, P., Zhang, Z., Li, S., Xie, R., Zhai, L., et al. (2017). Effects of deep vertical
rotary tillage on drymatter accumulation and grain yield of summermaize in theHuang-
Huai-Hai Plain of China. Soil Tillage Res. 170, 167–174. doi:10.1016/J.STILL.2017.03.013

Zhai, L., Zhang, L., Yao, H., Zheng, M., Ming, B., Xie, R., et al. (2021). The optimal
cultivar × sowing date × plant density for grain yield and resource use efficiency of
summer maize in the northern huang–huai–hai plain of China. Agric. 2022 12, 7.
doi:10.3390/AGRICULTURE12010007

Zobeidi, T., Yaghoubi, J., and Yazdanpanah, M. (2022). Farmers’ incremental
adaptation to water scarcity: An application of the model of private proactive
adaptation to climate change (MPPACC). Agric. Water Manag. 264, 107528. doi:10.
1016/J.AGWAT.2022.107528

Frontiers in Environmental Science frontiersin.org10

Zhang et al. 10.3389/fenvs.2022.954940

https://doi.org/10.1111/GCB.13061
https://doi.org/10.1111/GCB.13061
https://doi.org/10.1073/PNAS.0906865106
https://doi.org/10.1016/J.JCLEPRO.2022.131284
https://doi.org/10.1016/J.JCLEPRO.2022.131284
https://doi.org/10.1093/AJAE/AAY104
https://doi.org/10.1016/S2095-3119(14)60986-2
https://doi.org/10.1016/S0926-6690(00)00064-9
https://doi.org/10.1016/J.WORLDDEV.2004.05.006
https://doi.org/10.3390/IJERPH19095707
https://doi.org/10.1016/J.COIS.2022.100873
https://doi.org/10.1016/J.AGSY.2019.102697
https://doi.org/10.1016/J.AGRFORMET.2020.107927
https://doi.org/10.1016/J.JCLEPRO.2022.131182
https://doi.org/10.1126/SCIENCE.1239402/ASSET/4AC264E0-F5AA-4BF3-B0FB-31CCA3C3B0C7
https://doi.org/10.1126/SCIENCE.1239402/ASSET/4AC264E0-F5AA-4BF3-B0FB-31CCA3C3B0C7
https://doi.org/10.1016/J.WACE.2022.100467
https://doi.org/10.1016/S2095-3119(20)63244-0
https://doi.org/10.2307/1910099
https://doi.org/10.1016/J.STILL.2017.03.013
https://doi.org/10.3390/AGRICULTURE12010007
https://doi.org/10.1016/J.AGWAT.2022.107528
https://doi.org/10.1016/J.AGWAT.2022.107528
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.954940

	The impact of climate change on maize production: Empirical findings and implications for sustainable agricultural development
	1 Introduction
	2 Maize output change and climate change in China
	2.1 Output change in the five major maize production areas in China
	2.2 Climate change in the five major maize production areas in China

	3 Model settings and data source
	3.1 Model setting
	3.2 Data sources

	4 Results
	4.1 Analysis of estimated results
	4.1.1 Estimation results of the model of influencing factors of maize output
	4.1.2 Contribution of various factors to maize output growth

	4.2 Heterogeneity test

	5 Analysis of the changes in maize production in the five major production areas in China
	5.1 Changes in the input of production factors in the five production areas
	5.2 Climate changes in the five production areas
	5.3 Maize output changes in the five production areas

	6 Conclusion and countermeasures
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


