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Abstract: Agricultural land, as an important carbon source, has produced about 20% of carbon
dioxide globally. The calculation and spatial-temporal distribution of carbon emissions resulting from
agricultural land utilization (ALU) has attracted a great deal of attention from scholars. Most of the
existing literature widely agrees that China’s carbon emissions from ALU showed significant regional
discrepancies, but rarely pays attention to the evolutionary characteristics of the discrepancies.
This study calculated the total carbon emissions from ALU based on six kinds of carbon emissions
sources in the 31 provinces of mainland China, which showed obviously different characteristics
in terms of their abundances of agricultural land resources, relative scarcities of production factors,
levels of science and technology and economic prosperity. We then analyzed the evolutionary process
and characteristics of regional discrepancies in carbon emissions from ALU at the national level
and regional level with the method of kernel density estimation. The key results demonstrated the
following: (1) The carbon emissions from ALU in the whole country and the eastern, central and
western regions of China have increased sharply during the study period. From 2000 to 2015, the
carbon emissions from ALU in the whole of China, the eastern region, central region, and western
region were increased by 2626.11 (104 tons), 441.32 (104 tons), 1054.45 (104 tons), and 1130.3 (104 tons),
respectively, with an average annual growth rate of 2.75%, 1.29%, 3%, and 4.35%, respectively; (2)
The scale of carbon emissions from ALU showed significant spatial disparities at the regional and
inter-provincial levels. From 2000 to 2015, the central region had the highest carbon emissions from
ALU, while the eastern and western regions had the second and third highest carbon emissions;
(3) The distribution curves of carbon emissions from ALU in the whole country and each region
all moved in the right direction gradually during the study period, and the width of the curves
increased, indicating the regional discrepancies of carbon emissions from ALU was expanding at
different spatial scales. Distribution curves of carbon emissions from ALU in the eastern, central and
western regions all showed a “multi-polar” differentiation phenomenon in 2000, while presented a
“tri-polar”, “bipolar” and “multi-polar” division in 2015, respectively.

Keywords: carbon emissions; agricultural land utilization; regional discrepancies; kernel density
estimation; China

1. Introduction

Global warming caused by greenhouse gas (GHG) emissions has raised worldwide concern [1]
and has become a major challenge to the sustainable development of human society and natural
eco-systems [2]. Many countries, like China, Canada, and so on, have realized the threat of global
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warming and have taken a lot of measures to reduce GHG emissions and limit the rise of average global
temperature [3–5]. However, the effect of mitigating GHG is not significant and the emissions have
increases continuously [6,7]. Reducing GHG emissions has therefore become a hot topic worldwide.

It is generally believed that carbon dioxide (CO2) is a significant contributor to the accelerated
global GHG emissions [8,9], among which a great proportion of emissions have come from
anthropogenic activities, especially the overconsumption of coal, oil, natural gas and other fossil
fuels [10]. In fact, the agricultural production activities based on agricultural land utilization (ALU),
which is also a main source of carbon emissions in the atmosphere, have a great impact on the carbon
cycle [5,11]. In Canada, the agricultural sector contributes approximately 20% to the total GHG
emissions [5]. According to the Word Bank [12], agriculture practices including agricultural land
conversion and agricultural land utilization have produced about 20% of carbon dioxide globally.

China, as a large agricultural country, has achieved rapid urbanization and agricultural economic
development since its reform and opening-up policy in the late 1970s [13]. Especially, China now
successfully feeds 20% of the world’s population with less than 10% of the world’s cultivated land.
However, this high-speed development has consumed excessive resources and the environmental
cost has been huge. From 1990 to 2010, China’s carbon emissions expanded from 2461 million tons to
8241 million tons [14], and now China is the largest carbon emitter in the world [14]. Considering nearly
17% of China’s carbon emissions are from agriculture [15] and the important status of China in the
world, scholars from different countries have their eyes on agricultural carbon emissions in China. Their
studies mainly concentrated on the calculation method [16,17], regional discrepancies [17–19], driving
forces [17–20] and the reduction strategies [21,22] of carbon emissions from agricultural practices in
different time and space standards. Xiong et al. [23] and Luo et al. [24] explored the relationship
between agricultural carbon emissions and economic growth using data of Hotan prefecture and
30 Chinese provinces, respectively.

All the above studies have made a great contribution to the expansion of the research breadth
and depth of carbon emissions. In fact, the main agricultural carbon sources, like the generation of
agricultural waste, the extensive use of agricultural supplies and energy, the widespread planting
of rice and the burning of biological tissue, are directly related to the activities of agricultural land
utilization [25]. A number of studies have sought to explore the scale and distribution characteristics of
the carbon emissions from ALU at different spatial scales in China. Li et al. [26] examined the carbon
effects of ALU across China during 2000 to 2008 with correlation analysis. Wu and Wang [27] took the
Pingdu county, Shandong Province, China, as the case example, and calculated the carbon emissions
from ALU by selecting the main sources of emissions and establishing a measurement system for the
sources during the period 1995–2013. Li [28] calculated the carbon emissions from ALU of China’s
provinces between 1993 and 2010, and found that the average annual growth rates of carbon emissions
from ALU in Inner Mongolia, Guangxi, Guizhou, Yunnan, Tibet, Qinghai, Ningxia and Xinjiang were
8.59%, 4.09%, 3.04%, 5.48%, 8.20%, 2.06%, 6.63% and 6.95%, respectively.

Due to the equality of natural resources, social and economic development in China [29], the
regional discrepancies in China’s carbon emissions from ALU has been widely recognized by scholars,
and some scholars have discussed the influencing factors that result in the discrepancies of carbon
emissions from ALU in China [26,30]. However, to our knowledge, few studies exploring the
evolutionary characteristics of the discrepancies of the carbon emissions from ALU. To bridge this gap,
this study aims to investigate the dynamic evolution of regional discrepancies in carbon emissions
from ALU at the national level and the three regional systems of China during the period 2000–2015.
The results of this study will provide reference for the low-carbon utilization of agricultural land and
the construction of ecological civilization. Methods applied in this study include the calculation model
of carbon emissions from ALU and kernel density estimation. The rest of this study is organized as
follows. Section 2 offers the methods adopted in this study and the data information. Section 3 describes
the empirical results. Section 4 concludes this study and provides some policy recommendations.
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2. Methods and Data

2.1. Calculation of the Carbon Emissions from ALU

Carbon emissions from ALU refers to the direct or indirect carbon emissions generated by
agricultural production activities based on agricultural land resources. The development and
utilization of cultivated land, garden, forest and grassland will all result in carbon emissions.
Considering that forest and grassland mainly act as natural carbon sinks, while the proportion of
garden is small [28]. Therefore, carbon emissions from ALU in this study mainly refer to the emissions
from cultivated land utilization, which usually consists of the following three main parts according to
the existing research [26–28]. The first is the carbon emissions from the use of chemical substances in
the process of cultivated land utilization, including the chemical fertilizers, pesticides and agricultural
film. The second is the carbon emissions from the energy consumption, such as the consumption of
fossil fuels by agricultural machinery and electricity by agricultural irrigation. The third is the organic
carbon loss caused by agricultural land cultivation and tillage.

According to IPCC [24], the total carbon emissions from ALU can be calculated by Equation (1):

E =
n

∑
i=1

Ei =
n

∑
i=1

Ti · δi (1)

where E indicates the total carbon emissions from ALU, Ei is the emissions from the i-th carbon source,
Ti represents the consumption (amount) of the i-th carbon source and δi is the coefficient of the i-th
carbon source. The carbon sources and coefficients of ALU are shown in Table 1.

Table 1. Carbon emission coefficients of major carbon sources of agricultural land utilization (ALU).

Carbon Sources Calculation Method Emission
Coefficient Unit References Data Sources

Chemical Fertilizer
Consumption of

Chemical Fertilizers in
Rural Areas

0.8956 kg C/kg West and Marland
[31]

China Rural
Statistical
Yearbook
(CRSY)

Pesticide Consumption of
Pesticides 4.9341 kg C/kg Post and Kwon

[32]

Agricultural Film Consumption of Plastic
Film for Farm Use 5.18 kg C/kg IREEA [33]

Agricultural
Machinery

Total Power of
Agricultural Machinery 0.18 kg C/kW Li et al. [28]

Agricultural Irrigation Effective Irrigation Area 25 kg C/hm2 Dubey and Lal [34]
Tillage Sown Area of Farm Crops 312.6 kg C/km2 Wu et al. [35]

2.2. Kernel Density Estimation

Kernel density estimation (KDE), developed by Mood [36] and Silverman [37], is a method of
detecting the distribution of data. As one of the non-parametric test methods, the KDE is mainly used
to estimate the probability density of random variables, and the continuous density curve is used
to describe the distribution patterns of random variables. Compared with the parameter estimation
method, KDE does not need to set the function form in advance, and has a good adaptability to the
unknown distribution of estimation form. At present, the KDE has been widely used for the regional
discrepancies in geographical or specific phenomenon. Suppose the density function of the random
variable X is f (x), and the probability density at point x can be estimated by Equation (2):

f (x) =
1

Nh

N

∑
i=1

K
(

Xi − x
h

)
(2)

where N is the number of observations, h is the bandwidth, K(·) is the kernel function, which is a
weighting function or smoothing transfer function, Xi is the independent and identically distributed
random variable, and x is the mean value. Choosing the appropriate bandwidth and kernel function is
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crucial for obtaining the optimal fitting results. When the data characteristic and kernel function are
given, the larger the bandwidth, the smoother the density function curve, but the lower the estimation
accuracy. On the contrary, if the bandwidth becomes smaller, the density function curve would be less
smooth, but the estimation accuracy will increase [37]. In practice, the h is generally determined by its
relationship with N, and they should satisfy Equation (3):

limh
N→∞

(N) = 0 lim
N→∞

Nh(N) = N → ∞ (3)

There are many types of kernel functions depending on the manifestation, such as Gaussian
kernel function, Epanechnikov kernel function, triangular kernel function, quartic kernel function,
and so on. However, the type of kernel function has little effect on the accuracy of the estimation
result [38], which means that any available kernel function can be selected in the process of KDE.
According to Burkhauser and Rovba [39], we can analyse the changes in the location, shape and
extensibility of the horizontal distribution of carbon emissions from ALU by observing the graphs
of KDE, so as to achieve the purpose of describing the dynamic evolution of carbon emissions from
ALU. Specifically: (1) As the distribution curve of carbon emissions from ALU shift to the right (left)
as a whole over time, the level of carbon emissions from ALU generally improved (decreased). (2) If
the distribution of peak heights becomes flat (steep), the gap between carbon emissions from ALU
is widening (narrowing). (3) Continual increase (decrease) in the number of peaks means there is
a phenomenon of polarization (convergence) in the carbon emissions from ALU. As an important
concept in economic geography, polarization refers to the imbalances in carbon emissions from ALU.
The shape of “unimodal”, “bimodal”, “tri-modal” and “multi-modal” indicates a “unipolar”, “bipolar”,
“tri-polar” and “multi-polar” differentiation phenomenon in carbon emissions from ALU, respectively.
(4) The phenomenon of the increasing of the width of the peak or the location of the peak moved in the
left direction means the gap increased, and decreased on the contrary. (5) The lengthening (shortening)
distribution of the left and right tail means the increase (decrease) of the regional discrepancies of
carbon emissions from ALU (Table 2).

Table 2. The relationship between the distribution curve of density function and the degree of discrepancies.

Items
Degree

Height of
the Peak

Width of
the Peak

Location of
the Peak

Number of
Peaks

The Left
Tail

The Right
Tail

Increase Flat Increase Move left Increase Longer Longer
Decrease Steep Decrease Move right Decrease Shorter Shorter

According to the research of Fan and Wang [40], the Epanechnikov kernel function was selected
in this study. Based on the calculation results of the carbon emissions from ALU, the kernel density
distribution of the carbon emissions from ALU in the whole country and each region in the main years
was plotted by Eviews 8.0 (IHS Markit Global, London, UK).

2.3. Data Sources

According to China’s 7th Five Year Plan and the disparities of economic development, China
can be divided into eastern, central, and western regions [41]. The eastern region contains eleven
provinces or municipalities, namely, Beijing, Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang,
Fujian, Shandong, Guangdong and Hainan. The central region contains eight provinces, that is,
Shanxi, Jilin, Heilongjiang, Anhui, Jiangxi, Henan, Hubei and Hunan. The remaining twelve provinces,
municipalities and autonomous regions belong to the western region, namely, Sichuan, Chongqing,
Inner Mongolia, Guangxi, Guizhou, Yunnan, Tibet, Shaanxi, Gansu, Qinghai, Ningxia and Xinjiang.
The area of agricultural land, the area of cultivated land, population and other important indicators in
2015 of each region are shown in Table 3 according to China Statistical Yearbook of 2016, which can
help us to have a better understanding of the three regions.
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Table 3. Main indicators of the eastern, central and western regions in 2015.

Indicators Unit National
Total

Eastern
Region

Central
Region

Western
Region

Area of Agricultural Land at Year-end 103 hectares 645,456.8 82,244.5 138,790.3 424,422
Area of Cultivated Land at Year-end 103 hectares 134,998.9 31,191.5 53,378.8 50,428.6

Population at Year-end 104 persons 137,462 56,901 43,054 37,507
Gross Domestic Products 100 million yuan 722,767.9 401,651.7 176,097.3 145,018.9

Gross Output of Agricultural Products 100 million yuan 57,636 21,177.5 19,217.9 17,240.6
Per Capita Disposable Income of Rural

Households yuan 11,421.7 15,789.61 10,940.55 8914.13

Output of Grain 104 tons 62,143.8 16,952.1 28,690.7 16,501
Crop Area Affected by Natural Disaster 103 hectares 21,770 6778 6692 8300

The data of this study is mainly from China Rural Statistical Yearbook (2001–2016) (CRSY) (see
Table 4). These yearbooks are compiled by the Rural Social and Economic Investigation Department of
National Bureau of Statistics of the People’s Republic of China, and published by China Statistics Press.

Table 4. Descriptive statistics used in this study.

Variable Mean
Standard
Deviation

(SD)
SD/Mean Max Min Samples

Consumption of Chemical Fertilizers in
rural areas (104 t) 165.867 136.5736 0.8234 716.1 2.5 496

Consumption of Pesticides (t) 51,052.55 43,354.291 0.8492 173,461 583 496
Consumption of Plastic Film for Farm

Use (t) 64,005.09 62,057.471 0.9696 343,524 128 496

Total Power of Agricultural Machinery
(104 kW) 2608.976 2656.100 1.0181 13,353 95.3 496

Effective Irrigation Area (103 hm2) 1899.166 1453.426 0.7653 5530.8 137.4 496
Sown Area of Farm Crops (103 hm2) 5103.706 3572.396 0.7000 14,425 173.7 496

3. Result Analysis

3.1. Descriptive Analysis of Carbon Emissions from ALU

We calculated the carbon emissions from ALU in China based on Equation (1) (see Table 5).
Overall, a progressive increase in the carbon emissions from ALU in China was showed in Table 5
during the period 2000–2015. In 2000 and 2015, the total emissions in China were, respectively, 5232.83
(104 tons) and 7858.93 (104 tons), with an average annual growth rate of 2.75%. As the most populous
country in the world, China is in great need of food and other agricultural products. This means that
the development intensity of agricultural and carbon emissions from ALU in China will continue to be
high if the demands of agricultural products are to be met [42].

In addition, as shown in Table 4, the scale of carbon emissions from ALU showed significant
spatial disparities at the regional and inter-provincial levels. The carbon emissions from ALU in the
eastern region, central region, and western region all increased continuously between 2000 and 2015,
with an average annual growth rate of 1.29%, 3%, and 4.35%, respectively. The emissions in the central
region were much higher than the other two regions throughout the study period, whose average
emissions were 308.20 (104 tons), and the average carbon emissions from ALU in the eastern region and
western region were 216.99 (104 tons), and 147.71 (104 tons), respectively. This distribution pattern is
largely due to the combined effect of natural and socio-economic factors, which including agricultural
land endowment, management level of agricultural inputs, economic development, agricultural
technology development and the conditions of farmers themselves [43].
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Table 5. Carbon emissions from ALU of China in main years (104 tons).

Region Province 2000 2003 2006 2009 2012 2015 Average

Eastern Region

Beijing 24.82 23.76 22.03 21.78 21.20 16.79 21.68
Tianjin 22.32 25.04 31.28 32.83 31.22 27.75 29.32
Hebei 325.84 352.16 386.44 403.33 417.59 428.91 387.46

Liaoning 162.69 169.68 188.27 215.61 240.84 244.92 205.37
Shanghai 34.67 30.89 29.25 26.09 23.36 20.98 27.90
Jiangsu 392.08 391.78 406.36 415.04 408.44 396.96 403.40

Zhejiang 133.90 138.13 146.20 149.13 150.51 145.89 144.77
Fujian 150.31 152.04 164.51 170.18 170.96 174.18 163.56

Shandong 581.67 646.97 718.27 687.11 688.51 664.09 671.11
Guangdong 219.59 244.48 259.24 287.53 305.31 316.51 272.64

Hainan 30.98 40.55 55.05 73.15 72,53 83.22 59.63

Central Region

Shanxi 105.56 109.91 121.98 132.21 149.45 151.67 128.59
Jilin 133.85 148.89 177.89 210.01 245.52 275.26 199.56

Heilongjiang 159.13 165.14 215.68 257.48 316.08 331.27 241.85
Anhui 305.52 337.54 362.02 386.80 418.04 423.85 375.03
Jiangxi 147.58 149.85 184.02 199.31 209.71 210.11 185.79
Henan 487.40 536.43 618.55 714.97 775.35 808.42 661.26
Hubei 313.42 334.81 364.29 413.84 430.80 406.07 378.56
Hunan 235.96 251.49 289.77 311.39 336.25 336.21 294.96

Western Region

Inner Mongolia 97.32 114.05 153.50 201.07 230.05 281.70 177.78
Guangxi 178.19 205.81 234.54 259.36 283.45 300.35 245.11

Chongqing 86.55 89.12 99.04 113.40 119.74 122.94 105.63
Sichuan 267.40 265.09 292.61 319.02 332.32 331.91 301.29
Guizhou 81.52 87.60 96.42 112.01 122.16 130.09 103.82
Yunnan 143.28 166.57 192.46 222.93 274.73 302.46 216.79

Tibet 3.12 3.96 5.26 5.62 6.19 7.68 5.42
Shaanxi 140.61 148.64 156.75 191.84 246.12 241.37 184.78
Gansu 100.87 112.96 124.72 149.67 201.67 226.83 153.26

Qinghai 8.57 8.36 8.80 10.12 12.69 14.58 10.43
Ningxia 25.79 28.09 34.46 40.95 46.33 47.11 37.49
Xinjiang 132.33 147.95 191.28 240.68 293.48 388.85 230.73

Total emissions in China 5232.83 5627.75 6330.94 6974.46 7580.61 7858.93 -

The spatial discrepancies of carbon emissions from ALU was also obvious from the perspective
of each province. Also shown in Table 4, carbon emissions from ALU in Beijing and Shanghai were
decreased during the study period, while other provinces all presented a trend of increasing with
different growth rates. In addition, we can clearly see that the average emissions were lower in some
developed provinces. In Beijing, Tianjin, and Shanghai, the average value of carbon emissions from
ALU were only 21.68 (104 tons), 29.32 (104 tons), and 27.90 (104 tons), respectively. One possible
interpretation for this phenomenon is that a more developed economy, more developed secondary
and tertiary industries, and more efficient ways of using agricultural inputs [44], so that the resource
consumption and pollutant emissions in the process of agricultural land utilization were relatively
low. At the same time, China’s major agricultural provinces and grain producing areas, like Henan,
Shandong, Jiangsu, Hebei, Hubei, Sichuan and Hunan, trend to have higher average carbon emissions
and growth rates than other provinces. There was evidence that the utilization intensity of agricultural
land in these provinces was usually higher because of their important role in China’s food security [45].
These areas still have the problem of high consumption and high emissions [28].

3.2. Evolution Characteristics of the Carbon Emissions from ALU for the Whole Country

As can be seen from Figure 1, the distribution of carbon emissions from ALU of 31 provinces
in China has the following three characteristics. Firstly, the distribution curve of carbon emissions
from ALU moved in the right direction during the study period, indicating that the amount of
carbon emissions in each province increased gradually. The result also consistent with the findings
in Li et al. [28], which finds that the average annual growth rate of China’s carbon emissions from
agricultural land use being 2.47% from 2000 to 2008. Secondly, the height of the distribution curve’s
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peak has become much lower and the width has become much wider from 2000 to 2015, which means
that the discrepancies of carbon emissions from ALU between different provinces expanded gradually.
Thirdly, the distribution curves of carbon emissions from ALU in the whole country in 2000 and 2005
were in “multi-modal” shape, and presented “tri-modal” shape in 2010 and 2015. This phenomenon
means that there may be “multi-polar” differentiation in China’s carbon emissions from ALU in 2000
and 2005 but “tri-polar” differentiation in 2010 and 2015.
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3.3. Regional Analysis of the Evolution Characteristics of the Carbon Emissions from ALU

As can be seen from Figure 2, the total carbon emissions from ALU of 11 provinces in the eastern
region increased during the study period [15], with the discrepancies increased and accompanied by a
phenomenon of “multi-polar” division. As shown in Figure 2, the center of the distribution curve of
the eastern region moved in the right direction in the period 2000–2005, with the height of the peak
decreased, indicating that the discrepancies in carbon emissions from ALU have increased during this
period. From 2005 to 2010, the height of the peak continues to decrease, while the variation of the width
of the distribution curve is not obvious. Compared with that in 2010, the right tail of the distribution
curve in 2015 moved in the left direction slightly, which means that the degree of discrepancies in
carbon emissions from ALU have decreased from 2010 to 2015. In 2000 and 2005, the distribution
curve of carbon emissions from ALU in the eastern region were in “multi-modal” shape, with a clearly
“multi-polar” differentiation trend. With time going by, eastern region has gradually switched from
“multi-modal” into “tri-modal” distribution. In 2015, the distribution curve presented with a pattern
of a main peak and two sub-peaks, indicating that the distribution of carbon emissions from ALU in
this region demonstrated a “tri-polar” differentiation phenomenon.

Similar to the results of the whole country and the eastern region, the total carbon emissions from
ALU in central region also showed an upward trend in 2000–2015 [17]. As can be seen from Figure 3,
the peak value of the distribution curve in this region decreased evidently from 2000 to 2005, showed a
marked decrease again between 2005 and 2010, and increased slightly from 2010 to 2015. The change of
the peak value means that the discrepancies of carbon emissions from ALU in this region showed three
stages of change, i.e., “increased, continued to increase and then decreased”, during the study period.
From the change of the number of the peaks, the distribution pattern of the carbon emissions in central
region has gradually switched from “multi-polar” to “bipolar” in the period 2000–2015. From Figure 3,
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we can clearly see that, the distribution curve consisted of a main peak and a sub-peak in 2015, and the
density value corresponding to the main peak was much higher than that of the sub-peak.

Sustainability 2018, 10, x FOR PEER REVIEW  8 of 14 

3.2. Evolution Characteristics of the Carbon Emissions from ALU for the Whole Country 

0.0000

0.0004

0.0008

0.0012

0.0016

0.0020

0.0024

0.0028

0.0032

0.0036

-200 -100 0 100 200 300 400 500 600 700 800 900 1,000

2000 Kernel

2005 Kernel

2010 Kernel

2015 Kernel

D
e

n
si

ty

 

Figure 1. The kernel density distribution of the carbon emissions from ALU in China (Note: 

X-axis represents the carbon emissions from ALU). 

As can be seen from Figure 1, the distribution of carbon emissions from ALU of 31 provinces in 

China has the following three characteristics. Firstly, the distribution curve of carbon emissions from 

ALU moved in the right direction during the study period, indicating that the amount of carbon 

emissions in each province increased gradually. The result also consistent with the findings in Li et 

al. [28], which finds that the average annual growth rate of China’s carbon emissions from 

agricultural land use being 2.47% from 2000 to 2008. Secondly, the height of the distribution curve’s 

peak has become much lower and the width has become much wider from 2000 to 2015, which 

means that the discrepancies of carbon emissions from ALU between different provinces expanded 

gradually. Thirdly, the distribution curves of carbon emissions from ALU in the whole country in 

2000 and 2005 were in “multi-modal” shape, and presented “tri-modal” shape in 2010 and 2015. This 

phenomenon means that there may be “multi-polar” differentiation in China’s carbon emissions 

from ALU in 2000 and 2005 but “tri-polar” differentiation in 2010 and 2015. 

3.3. Regional Analysis of the Evolution Characteristics of the Carbon Emissions from ALU 

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

-300 -200 -100 0 100 200 300 400 500 600 700 800 900 1,000

2000 Kernel

2005 Kernel

2010 Kernel

2015 Kernel

D
e

n
si

ty

 

Figure 2. The kernel density distribution of the carbon emissions from ALU in the eastern 

region. (Note: X-axis represents the carbon emissions from ALU). 
Figure 2. The kernel density distribution of the carbon emissions from ALU in the eastern region.
(Note: X-axis represents the carbon emissions from ALU).

Sustainability 2018, 10, x FOR PEER REVIEW  9 of 14 

As can be seen from Figure 2, the total carbon emissions from ALU of 11 provinces in the 

eastern region increased during the study period [15], with the discrepancies increased and 

accompanied by a phenomenon of “multi-polar” division. As shown in Figure 2, the center of the 

distribution curve of the eastern region moved in the right direction in the period 2000–2005, with 

the height of the peak decreased, indicating that the discrepancies in carbon emissions from ALU 

have increased during this period. From 2005 to 2010, the height of the peak continues to decrease, 

while the variation of the width of the distribution curve is not obvious. Compared with that in 

2010, the right tail of the distribution curve in 2015 moved in the left direction slightly, which means 

that the degree of discrepancies in carbon emissions from ALU have decreased from 2010 to 2015. 

In 2000 and 2005, the distribution curve of carbon emissions from ALU in the eastern region were in 

“multi-modal” shape, with a clearly “multi-polar” differentiation trend. With time going by, eastern 

region has gradually switched from “multi-modal” into “tri-modal” distribution. In 2015, the 

distribution curve presented with a pattern of a main peak and two sub-peaks, indicating that the 

distribution of carbon emissions from ALU in this region demonstrated a “tri-polar” differentiation 

phenomenon. 

0.0000

0.0004

0.0008

0.0012

0.0016

0.0020

0.0024

0.0028

0.0032

-100 0 100 200 300 400 500 600 700 800 900 1,000 1,100

2000 Kernel

2005 Kernel

2010 Kernel

2015 Kernel

D
e

n
si

ty

 

Figure 3. The kernel density distribution of the carbon emissions from ALU in the central 

region. (Note: X-axis represents the carbon emissions from ALU). 

Similar to the results of the whole country and the eastern region, the total carbon emissions 

from ALU in central region also showed an upward trend in 2000–2015 [17]. As can be seen from 

Figure 3, the peak value of the distribution curve in this region decreased evidently from 2000 to 

2005, showed a marked decrease again between 2005 and 2010, and increased slightly from 2010 to 

2015. The change of the peak value means that the discrepancies of carbon emissions from ALU in 

this region showed three stages of change, i.e., “increased, continued to increase and then 

decreased”, during the study period. From the change of the number of the peaks, the distribution 

pattern of the carbon emissions in central region has gradually switched from “multi-polar” to 

“bipolar” in the period 2000–2015. From Figure 3, we can clearly see that, the distribution curve 

consisted of a main peak and a sub-peak in 2015, and the density value corresponding to the main 

peak was much higher than that of the sub-peak. 

Figure 3. The kernel density distribution of the carbon emissions from ALU in the central region. (Note:
X-axis represents the carbon emissions from ALU).

As shown in Figure 4, during the period 2000–2015, the peak value of the distribution curve in
the western region decreased continuously, and the width of the peak was increasing year by year,
indicating that the degree of the discrepancies in the carbon emissions from ALU was increasing in this
region. In 2010, the curve of the kernel density presented a pattern of bimodal distribution, and the
polarization in 2015 is extremely obvious from Figure 4. The left value of the distribution curve moved
in the left direction while the right value moved in the right direction from 2000 to 2015, indicating
that the gap tends to expand among regional carbon emissions from ALU. As for the number of
the peaks, distribution of carbon emissions from ALU in the western region showed fluidity with a
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“multi-polar” differentiation phenomenon in 2000, 2010 and 2015. In 2005, it presented a “unipolar”
division phenomenon.Sustainability 2018, 10, x FOR PEER REVIEW  10 of 14 
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4. Conclusions and Policy Recommendations

4.1. Conclusions

Based on the data of 31 provinces in mainland China and the method of kernel density estimation,
this study analyzed the spatial-temporal discrepancies of carbon emissions from ALU and its
evolutionary characteristics from 2000 to 2015. The main conclusions are as follows.

(1) The carbon emissions from ALU in the whole China and the eastern, central and western
regions of China have increased sharply during the study period. From 2000 to 2015, the carbon
emissions from ALU in China increased by 2626.11 (104 tons), with an annual increase of 175.07
(104 tons) and an average annual growth rate of 2.75%. The total increase in the eastern, central, and
western region were 441.32 (104 tons), 1054.45 (104 tons), and 1130.33 (104 tons), respectively, the
average annual growth rates of which were 1.29%, 3%, and 4.35%, respectively. Carbon emissions
from ALU of each province all demonstrated significant increasing trend, with the exception of Beijing
and Shanghai. Shandong produced the largest carbon emissions from ALU, followed by Henan and
Jiangsu, whose average carbon emissions were, respectively, 671.11 (104 tons), 661.26 (104 tons), and
403.40 (104 tons).

(2) The scale of carbon emissions from ALU showed significant spatial disparities at the regional
and inter-provincial levels. Due to the differences of the abundances of agricultural land resources, the
level of the economic development and the agricultural technology, etc., the regional discrepancy of
China’s carbon emissions from ALU was obvious [43]. The central region, which is a concentrated
distribution area of major agricultural provinces and major grain producing areas in China, has the
highest carbon emissions from ALU throughout the study period. The average carbon emissions
from ALU in the central, eastern and western regions were 308.20 (104 tons), 216.99 (104 tons) and
147.71 (104 tons), respectively. The emissions of the provinces in central region were much higher than
other provinces.

(3) The regional discrepancies of carbon emissions from ALU were expanding and showed various
degrees of polarization at different spatial scales. From the results of the kernel density estimation, the
distribution curves of carbon emissions from ALU in the whole country and each region all moved in
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the right direction gradually during the study period, and the width of the curves increased. All these
characteristics meant that the regional discrepancies of carbon emissions from ALU were expanding at
different spatial scales. Density estimation has a strong internal mobility in the distribution of China’s
carbon emissions from ALU, with a “tri-polar” differentiation trend. Three regions have different
trends. The eastern region has gradually switched from “multi-polar” into “tri-polar” distribution
during the period 2000–2015. The central region presented a “multi-polar” division in 2000, while a
“bipolar” differentiation phenomenon appeared in 2015. Distribution of carbon emissions from ALU
in the western region showed a “multi-polar” differentiation phenomenon in 2000, 2010 and 2015, and
a “unipolar” division phenomenon in 2005.

4.2. Policy Recommendations

As the world’s major agricultural countries, China and the United States have similar GHG
emissions currently. However, the carbon emissions from agricultural practices in the United States
account for only 6.3% of their total carbon emissions [25], which is much lower than that of China’s
17%. How to achieve the orderly development of grain production and agricultural economy while
realizing a low-carbon and green utilization of agricultural land resources has become a key issue for
the Chinese government in the future [46]. In particular, the Chinese government should innovate ways
and modes of ALU based on the current situation and the advantages of agricultural development of
different regions so as to reduce the carbon emissions from ALU and improve the low-carbon efficiency
of agricultural land utilization.

(1) The eastern region has the advantages of geographic location, economic development and
agricultural technology innovation, which contribute to lower resource consumption and carbon
emissions in the process of ALU [15,17]. For the provinces in this region, the key measure to reduce
carbon emissions from ALU is to develop modern agriculture and ecological agriculture based on its
various advantages. Another important way is to reduce the proportion of traditional agriculture and
improve the versatility of agricultural production.

(2) The central region is a major agricultural production base in China and enjoys superior
agricultural production conditions, which has made a great contribution to China’s food security
and urbanization. However, the agricultural development in this region is largely dependent on the
high-intensity development and utilization of agricultural land, especially the over investment in
chemical fertilizers, pesticides, and other factors [28], thus resulting in the highest carbon emissions
from 2000 to 2015. Therefore, improving the efficiency of agricultural production will be an effective
means of carbon emission reduction for the provinces in this region. It is important to abandon this
unsustainable agricultural land utilization model and follow the development path of “resource-saving”
and “environment-friendly”.

(3) The agricultural production resources in the western region of China are relatively scarce, and
the carbon emissions from ALU in the western region are much lower than that in the eastern and
central regions. However, the low-carbon utilization of agricultural land resources in the western
region is confronted with the dual constraint of small scale agricultural land and low productivity
in agricultural inputs [14]. For the provinces in this region, it is necessary to speed up the process of
agricultural land transfer and promote the transformation of agricultural production and management,
which will ensure basic carbon emissions reduction from ALU.

Apart from the measures mentioned above, cultivating new-type professional farmers,
constructing a low-carbon agricultural technology extension system and optimizing the structure of
agricultural production are all effective ways to achieve the efficient and low-carbon utilization of
agricultural land resources in China.
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