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In this study, we calculate the urban land green use efficiency (ULGUE) in the

Yangtze River Economic Belt from 2005 to 2019 by using the epsilon-based

measure (EBM) model. Further, the spatial-temporal distribution, regional

differences and evolution trends of ULGUE in the Yangtze River Economic

Belt are investigated in depth by using the Dagum Gini coefficient, Kernel

Density estimation and Markov Chain method. The following results are

obtained. 1) From the perspective of spatial-temporal evolution, the ULGUE

in the Yangtze River Economic Belt show a fluctuating upward trend from

2005 to 2019, and it is manifested as diffusion from downstream to middle and

upper reaches. 2) From the perspective of regional differences, there is a

relatively obvious imbalance of ULGUE within the Yangtze River Economic

Belt, but the differences narrow over time. 3) Considering the distribution

dynamic evolution, the box diagram and distribution curve of ULGUE in the

Yangtze River Economic Belt have a tendency to move to high values, but there

is a more obvious phenomenon of spatial polarization. 4) For the part of time

and space transfer, theULGUEwithin the Yangtze River Economic Belt show the

characteristic of “club convergence”, and the Spatial Markov Chain results show

an obvious “spatial spillover” effect.
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1 Introduction

As a material means of production, land is an important carrier of urban economic

activities and the basis for the exchange and interaction of factors (Krekel et al., 2016;

Zhao, 2016; Lu et al., 2020; Lin and Ling, 2021; Tong et al., 2021), which is related to urban

development and the wellbeing of residents’ lives. However, with the continuous

acceleration of China’s urbanization, the land use problems caused by it have become

increasingly prominent. For example, the excessive expansion and extensive use of urban

construction land occupied a large number of agricultural lands, resulting in the
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increasingly acute contradiction between people and land

(Cartier, 2001; Lambin and Meyfroidt, 2010; Zhang et al.,

2022). Problems such as extensive use of urban land, circle

instead of use, and insufficient degree of intensification had

led to irrational land use structure and inefficient utilization

(La Rosa et al., 2014; Choi andWang, 2017; Zhang L. et al., 2020).

In addition, due to the excessive emphasis on economic benefits

of urban land use, a large number of pollution emissions had

been generated, resulting in the destruction of ecosystems and

endangering the sustainable development of cities (Martínez-

Zarzoso and Maruotti, 2011; Chen, 2015; Verma and

Raghubanshi, 2018). In the face of the above-mentioned

serious practical problems, it has become particularly vital to

integrate the concept of green development throughout the entire

process of urban land use (Liang et al., 2019; Wang A. et al.,

2021). The ULGUE is a comprehensive mapping between the

input system of urban production factors and the output system

of urban land use in urban space, which emphasizes the efficient

and sustainable use of urban land and can guarantee the

coordinated development of man-land system. ULGUE is a

fundamental transformation of land use mode and a

breakthrough improvement of land use quality in China. It

has great significance to reduce ecological and environmental

risks in urban land development and promote sustainable, green

and coordinated development of social economy. It is also an

important practical activity to implement the concept of “Lucian

waters and lush mountains are gold and silver mountains”.

Therefore, exploring the efficiency of green use of urban land

is of great practical significance to solve the problem of ecological

environment improvement lagging behind urbanization

development, and to promote the coordinated development of

economy, society and ecology (Cui et al., 2021; Lu et al., 2022).

Among China’s economic regions, the Yangtze River

Economic Belt is not only one of the regions with the

strongest comprehensive strength and the greatest strategic

support, but also a leading demonstration zone and ecological

security barrier zone for ecological civilization construction, and

an important position to promote the coordinated development

of China’s economic regions (Yin et al., 2021; Tan and Zou, 2022;

Wang et al., 2022).

The Yangtze River Economic Belt covers 11 provincial-level

regions1, with land area accounting for about 21.5% of China’s

national land area and about 42.9% of China’s total population,

showing a mismatch between the high concentration of

population and the limited supply of land (Zhang et al.,

2022). At the same time, with the continuous acceleration of

industrialization and urbanization, the land use problem in the

Yangtze River Economic Belt is facing a huge threat, and the

disorderly expansion and inefficient use of land have seriously

hindered the sustainable development of resources and

environment in the region and the optimization of the layout

of land space (Cui et al., 2021), which has become the main crux

restricting the transformation and development of cities in the

Yangtze River Economic Belt. In 2017, the “Yangtze River

Economic Belt Ecological and Environmental Protection Plan”

pointed out that it is necessary to establish and improve the

coordination mechanism for the protection, development and

utilization of the Yangtze River shoreline, and coordinate the use

andmanagement of the shoreline and the rear land. It can be seen

that how to achieve the rational allocation, intensive utilization

and green sustainable development of land resources has become

a new topic in the management and utilization of land resources.

At present, some scholars have paid attention to the issue of

green land use efficiency and have achieved a series of research

results (Liang et al., 2019; Wang and Pang, 2019; Xu and Liu,

2021; Chen et al., 2022; Lu et al., 2022), but the research scale is

mostly based on the national level of China (Lu et al., 2020; Xu

and Liu, 2021), and the Yellow River basin (Ding et al., 2021; Su

and Yang, 2022). Only a few literatures focus on the green land

use efficiency of the Yangtze River Economic Belt (Zhong et al.,

2022). At the same time, in terms of measurement methods, most

of the existing studies use the SBM model to measure the

ULGUE, but the SBM model cannot effectively deal with the

input-output relationship between “non-radial” factors inputs

(land and other factors) and “radial” undesirable outputs, which

leads to the underestimate of the efficiency value (Li et al., 2020;

Zhao et al., 2021). In addition, when analyzing the evolution

trend of ULGUE, the existing literature usually uses the Kernel

density estimation and Moran index to analyze the spatial-

temporal evolution of land use efficiency ((Lu et al., 2020).

However, the above methods are more inclined to provide the

overall regional information, but cannot capture the internal

dynamic changes of ULGUE in the evolution process.

Therefore, this study mainly expands the existing research

from the following aspects. 1) In terms of research scope, the

Yangtze River Economic Belt is selected as the research object,

environmental factors are included in the research framework of

urban land use efficiency, and targeted analysis is made on the

ULGUE in the Yangtze River Economic Belt. 2) In terms of

measurement, this study uses the EBM (Epsilon Based Measure)

model proposed by (Tone and Tsutsui, 2010), which includes

“radial” and “non-radial” distance functions, to measure the

ULGUE of the Yangtze River Economic Belt. The input-

output relationship between the “non-radial” factor inputs and

the “radial” undesirable outputs is comprehensively considered

to form the input-output bidirectional solution programming

model, so as to effectively solve the underestimation problem of

efficiency value in the SBM model. 3) In terms of analysis

methods, this study comprehensively uses the Dagum Gini

coefficient, the Kernel density estimation and spatial Markov

1 The Yangtze River Economic Belt traverses the three major regions of
East, West, central China, covering 11 provinces and cities including
Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chongqing,
Sichuan, Yunnan and Guizhou.
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chain method to analyze the spatial distribution, regional

differences and evolution trend of ULGUE in the Yangtze

River Economic Belt. By introducing the spatial transfer

probability matrix analysis method, the dynamic evolution

process of each city in different periods is investigated to

reflect the possibility of upward or downward transfer of

ULGUE of each city.

The organizational structure of this work is arranged as

follows. Section 2 provides a literature review of ULGUE.

Section 3 illustrates the methodology and data used in this

work. Section 4 analyzes the ULGUE in the Yangtze River

Economic Belt quantitatively, so as to reveal its spatial

distribution, regional differences and dynamic evolution trend.

Section 5 provides a conclusion, a brief discussion on policy

implications and a validity and limitations of this study.

2 Literature review

With the gradual intensification of global warming,

resource and environmental issues have become a hot topic

of discussion in the academic circles of various countries (Skea

and Nishioka, 2008), and the related research on land use has

gradually paid attention to the impact of urban land use on

green development, and then the ULGUE has gradually

become the focus of land use research (Li et al., 2009; Liu,

2018). The research on ULGUE mainly focuses on the

following aspects.

1) The measurement of ULGUE. First of all, in the measurement

of ULGUE, existing studies have basically agreed on the

connotation of ULGUE, and it is believed that ULGUE is a

comprehensive evaluation index, which is the unity of

economic, social and ecological benefits. Under the

conditions of established production technology, it is

committed to obtaining higher desirable outputs and

reducing “undesirable” outputs through the least factor

input (land and other factors) (Yu et al., 2020; Lu et al.,

2022). In terms of measurement methods (Fukuyama and

Weber, 2009), used the SBM Model to measure the ULGUE,

which is proposed by (Tone, 2001). Subsequently, many

scholars used the SBM model to measure the green land

use efficiency (Liang et al., 2019; Lu et al., 2020; Ge et al.,

2021a; Ge et al., 2021b, Wang S. et al., 2021). Although the

SBM model has been used by many scholars to measure

ULGUE, the SBM model has lost the proportion information

between the actual value of input and output and the target

value, so it cannot deal with the situation of both “radial” and

“non-radial” characteristics between input and output

variables, resulting in a large deviation in the measurement

results of the efficiency value. Therefore, it is necessary to

further explore more accurate measurement methods for the

measurement of ULGUE.

2) The research scope of ULGUE. At present, the research on

ULGUE considering environmental factors is still in the

exploratory stage, and the research scope is mainly focused

on the national and watershed scope. Among them, most

studies have been researched on ULGUE at the national scope

of China (Liang et al., 2019; Xu and Liu, 2021; Lu et al., 2022).

At the watershed scope, the Yellow River Basin and the

Yangtze River Basin are the two major river basins in

China, but the existing literature mainly focused on the

study of ULGUE of the Yellow River Basin (Han and

Tongtong, 2022; Su and Yang, 2022), while only a few

literatures focused on ULGUE of the Yangtze River

Economic Belt (Ge et al., 2021a; Ge et al., 2021b; Zhong

et al., 2022). And the existing literature did not conduct in-

depth analysis on the spatial differences and spatial-temporal

evolution of ULGUE in the Yangtze River Economic Belt, so

relevant studies need to be further supplemented and

expanded.

3) The spatial characteristics of ULGUE. Based on the

measurement of ULGUE, many scholars further analyze

the characteristics of ULGUE mainly from two

perspectives: regional differences and spatial-temporal

evolution of the ULGUE. First of all, in terms of regional

differences, some scholars have used Theil index, Gini

coefficient and other methods to verify that there are

significant differences in land green use efficiency in

different regions (Hu et al., 2018; Liang et al., 2019), due

to the significant differences in geographical location

environment and economic development level among

different regions (Ahmad et al., 2021). Secondly, in terms

of spatial-temporal evolution characteristics, although some

studies have used Kernel density estimation and Moran index

to describe the spatial-temporal evolution of ULGUE (Lu

et al., 2020), these can describe the spatial evolution

characteristics and rules of the overall distribution pattern,

it cannot directly reflect the spatial dynamic evolution process

of ULGUE, and lacks relevant research on the targeted

analysis of the spatial transfer of ULGUE in each region.

In summary, abundant research results have been achieved in

the study of ULGUE, which lays a foundation for the smooth

development of this study, but there are still the following

deficiencies and expansion space. First of all, most of the

existing studies uses SBM model to measure ULGUE, which

may lead to the underestimate of the final measured efficiency

value. Therefore, this study uses the EBM model which

includes “radial” and “non-radial” distance functions to

measure the ULGUE in the Yangtze River Economic Belt,

so as to effectively make up for the shortcomings of the

traditional SBM model. Secondly, in terms of the research

scope of ULGUE, the existing literature mainly focuses on the

national scope and the Yellow River basin, while the literature

on ULGUE in the Yangtze River Economic Belt is less. As one

of the most important economic belts in China, the ULGUE
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of the Yangtze River Economic Belt is directly related to the

sustainable use of land resources in the Yangtze River Economic

Belt and even the healthy development of urbanization in China.

Therefore, this study choice the Yangtze River Economic Belt as

the research object to supplement the existing research. Finally,

when analyzing the spatial characteristics of ULGUE, the

dynamic transfer process of ULGUE has not been considered

in the existing studies. Therefore, this study uses the spatial

Markov chain method to supplement, and calculates the

probability of conditional state transition by introducing the

“spatial lag” condition, so as to reveal the possibility of upward or

downward transfer of ULGUE in the Yangtze River

Economic Belt.

3 Methodology and data

This study uses the EBM model to measure the ULGUE in

the Yangtze River Economic Belt, and analyzes its spatial and

temporal evolution routes (Study1). On this basis, Dagum Gini

coefficient method is used to analyze the spatial difference

analysis of ULGUE in the Yangtze River Economic Zone

(Study2), Kernel Density Estimation is used to analyze the

dynamic evolution of green land-use efficiency distribution in

the Yangtze River Economic Zone (Study3), and Spatial Markov

Chain is used to analyze the spatial and temporal transfer routes

of ULGUE in the Yangtze River Economic Zone (Study4). The

more detailed research framework is shown in Figure 1.

3.1 Measurement method of ULGUE

Data Envelopment Analysis (DEA) can evaluate multiple

input and multiple output decision making units. It projects the

Decision Making Units (DMU) onto the frontier by using linear

programming, and evaluates its relative effectiveness by

comparing the degree of deviation of the DMU from the

frontier, so as to obtain the information of DMU As a major

direction, DEA model includes DEA-CCR, DEA-BCC, SBM,

EBM and many other models. Considering the undesirable

output, the current method widely used in the academic circle

is the SBM model, which is “non-radial” and “non-angular”.

However, the SBM model loses the proportion information

between the actual value of input and output and the target

value, and cannot handle the case of both “radial” and “non-

radial” characteristics between the input and output variables,

which leads to a large deviation in the measurement results of the

efficiency value. The EBM model can deal with the situation that

both “radial” and “non-radial” exist simultaneously. It can not

only measure the improvement ratio between the target value

and the actual value, but also find out the gap between the target

value and the actual value by solving the “non-radial” value of

each input and output, so as to measure the ULGUE more

accurately, and make up for the shortcomings of the SBMmodel.

Therefore, this study uses the EBMmodel proposed by (Tone

and Tsutsui, 2010) to measure the ULGUE from 2005 to 2019.

The EBM model can be represented as follows:

γ* � min

θ − εx 1∑m
i�1

ω−
i

⎛⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎠∑m
i�1

ω−
i s

−
i

xik

φ + εy 1∑l
r�1

ω+
r

⎛⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎠∑l
r�1

ω+
r s

+
r

yrk
+ εb 1∑p

t�1
ωb−
t

⎛⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎠∑m
i�1

ωb−
t sb−t
btk

(1)

st.

∑n
j�1
xijλj + s−i � θxik, i � 1,/, m

∑n
j�1,j ≠ k

xrjλj + s+r � φyrk, r � 1,/, m

∑n
j�1,j ≠ k

brjλj + sb−t � φbtk, t � 1,/, p

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
∑n
j�1
λj � 1, λj ≥ 0, s−i , s

+
r , s

b−
t ≥ 0, θ ≤ 1,φ≥ 1

(2)

FIGURE 1
Research methods and framework.
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In the equation, γ* is the ULGUE value under the variable

return to scale from 2005 to 2019, θ is the planning parameter of

the radial part, and εx is a key parameter which combines the

radial and the non-radial slacks terms, which satisfies

0≤ εx ≤ 1. ω−
i represents the relative importance of each

input index. s−i represents the relaxation amount of the i th

input element. k is the evaluated decision making unit

(DMU), xik and xrk are the i th input and the r th output

of the k th DMU, λj is the linear combination coefficient of

DMU, and m and l are the input and output quantities,

respectively. s+r , s
b−
t , ω+

r , and ωb−
t are the relaxation amount

of the r th expected output, the t th unexpected output, the

weight of the r th expected output and the t th unexpected

output indicators, and btk represents the t th unexpected

output of the k th DUM.

3.2 Dagum Gini coefficient

This work uses the Dagum (1997) Gini coefficient to measure

the difference in ULGUE in the Yangtze River Economic Belt.

This method can not only reveal the internal difference sources of

ULGUE in the upper, middle and lower reaches of the Yangtze

River Economic Belt, but also intuitively observe the dynamic

change process of the contribution rate of these three types of

differences, which is conducive to characterizing the regional

imbalance caused by the overlap between regions. Assuming that

there are n cities in total and these cities can be divided into k

regions, the Dagum Gini coefficient can be expressed as follows:

G �
∑k
j�1

∑k
h�1

∑nj
i�1
∑nh
r�1

yji − yhr

∣∣∣∣ ∣∣∣∣
2n2 �y

(3)

Where yji represents ULGUE of i city within region j, nj and nh
represent the number of cities in region j and region h,

respectively. �y indicates average value of ULGUE of all cities.

The Dagum Gini coefficient decomposes the overall Gini

coefficient G into intraregional differences Gw, interregional

differences Gnb, and super variable density Gt, which are

satisfied G � Gw + Gnb + Gt. According to the above equation,

the decomposition equation of the contribution degree of

regional differences can be obtained as follows:

Gw � ∑k
j�1
GjjQjsj (4)

Gnb � ∑k
j�2

∑j−1
h�1

Gjh Qjsh + Qhsj( )Djh (5)

Gt � ∑k
j�2

∑j−1
h�1

Gjh Qjsh + Qhsj( ) 1 −Djh( ) (6)

Where Gjj represents the Gini coefficient for individual region j,

Gjh represents the Gini coefficient between any regions j and h.

Qj represents the proportion of the number of cities in the j area

to the number of all cities, sj represents the proportion of the

total ULGUE of all cities in area j in the total land use efficiency

of all cities.Djh is used to measure the mutual influence degree of

ULGUE between area j and area h.

3.3 Kernel density estimation

Kernel density estimation is a non-parametric estimation

method used to estimate the density function of random

variables. Compared with the parametric method, it has a

weak spatial dependence on the model and is often used to

describe the phenomenon of uneven distribution of research

objects. It is assumed that the density function of the random

variable y composed of green use efficiency of all urban land is as

follows:

f y( ) � 1
nl
∑n
i�1
K

yi − �y

l
( ) (7)

Where, n is the total number of cities, yi is the observed value

of ULGUE, and �y is the average value of all ULGUEs. K(·) is
the function of Kernel density estimation. In this study,

Gaussian Kernel density function is used, that is,

K(y) � exp(−y/2)/ �
2

√
. l is the bandwidth of Kernel density

estimation. The smaller the bandwidth, the higher the

estimation accuracy. Therefore, the smaller bandwidth

should be used for actual density estimation.

As far as this work is concerned, the distribution position of

the density function calculated by Eq. 10 can reflect the degree of

ULGUE in the Yangtze River Economic Belt, and the distribution

pattern can be used to judge the spatial difference and

polarization degree of ULGUE in the Yangtze River Economic

Belt. The height and width of the curve peaks jointly reflect the

spatial difference, and the number of peaks reflects the

polarization degree; The distribution extensibility is used to

describe the spatial difference between the cities with the

highest green land use efficiency in the Yangtze River

Economic Belt and other cities within the Yangtze River

Economic Belt. The longer the tail is in the high value

direction, the greater the difference between cities.

3.4 Spatial Markov chain

In this study, it is assumed that the ULGUE can be divided

into M states according to the numerical value within the sample

interval (in this study, the samples are divided into 4 states of

“low level (L)”, “Medium-low level (ML)”, “Medium-high level

(MH)” and “high level (H)” according to the percentile points of

25%, 50% and 75%), then the probability matrix P of state

transition can be expressed as:

Frontiers in Environmental Science frontiersin.org05

Cui et al. 10.3389/fenvs.2022.1098924

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1098924


P �
P11 P12/P1M

P21 P22/P2M

..

...
...

...
.

PM1 PM2/PMM

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (8)

Where, the element pij � nij/ni (i � 1, 2,/M; j � 1, 2,/M) in
the state transitionmatrix represents the probability that ULGUE

will change from the state i in the period t to the state j in the next

period, which is equal to the ratio of the number nij of cities in the

period t from the state i to the state j in the next period to the

number ni of all cities in the current period t in the state i.

Assuming the spatial lag value ỹa of the city a is the weighted

average of the observed values of the neighboring units around it,

the equation is as follows:

ỹa � ∑n
b�1

ybWab (9)

Where yb is the ULGUE of city b; Wab is the element in the

spatial weight matrix W of prefecture level cities, indicating the

spatial connection between city a and city b. Similarly, the spatial

lag of the sample is divided intoM types according to the size of

the spatial lag value ~y, and the state transition probability P|l
under the condition of each spatial lag l state is calculated:

P l| �
P11|l P12|l/P1M|l
P21|l P22|l/P2M|l

..

...
...

...
.

PM1|l PM2|l/PMM|l

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, l � 1, 2,/M (10)

The element Pij|l � nij|l/ni/l (i � 1, 2,/M; j � 1, 2,/M;

l � 1, 2,/M)) in the matrix represents the probability that

the ULGUE will change from state i in period t to state j in

the next period under the condition that the spatial lag type is l,

which is equal to the ratio of the number nij|l of cities from state i

in period t to state j in the next period under the condition that

the spatial lag type is l to the number ni|l of all cities in state i in

period t in the current period.

3.5 Selection of variables and data
description

This study selects eleven variables to construct the ULGUE

evaluation system based on previous research (Table 1). It includes

input, desirable output and undesirable output. 1) Input variables

include land, labor, capital, and energy (Yu et al., 2019; Wang P.

et al., 2021). Specifically, urban land input is represented by the

area of urban construction land, labor input is represented by the

number of employees in urban secondary and tertiary industries,

and capital input is represented by urban capital stock. The

measurement of capital stock is calculated using the perpetual

inventory method, and the depreciation rate of fixed assets is

10.96% (Shan, 2008; Huang, 2021). 2) Desirable output indicators

include environmental benefits, economic benefits and social

benefits) (Xu and Liu, 2021). Among them, the ecological

environment benefits are expressed in terms of the park green

space area and the green coverage rate of the built-up areas under

the municipal jurisdiction, the economic benefits are expressed in

terms of the added value of the secondary and tertiary industries of

the city, and the social benefits are expressed in terms of the public

financial revenue of the city. 3) The selection of undesirable output

TABLE 1 Definitions and measurements of variables.

Index Variable Variable description Unit Reference

Input indicators Land Area of built districts (X1) km2 Lu et al. (2018)

Labor The number of employees in the city’s secondary and tertiary
industries (X2)

10000 persons Liang et al. (2019)

Capital Capital stock of whole city (X3) 100 million yuan Wang S. et al. (2021)

Energy Electricity consumption of the whole society (X4) 10000 kw·h Zhou et al. (2019)

Desirable outputs Environmental
benefits

Green area of parks in the municipal area (X5) hm2 Tan et al. (2021)

Green coverage rate of urban built-up area (X6) % Ge et al. (2021a), Ge et al.
(2021b)

Economic benefits The added value of the city’s secondary and tertiary industries (X7) 100 million yuan Xie et al. (2018)

Social benefits Fiscal revenue (X8) 100 million yuan Xu and Liu, (2021)

Undesirable
outputs

Pollution emissions Total discharge of industrial wastewater(X9) 10000 tons Cui et al. (2021); Lu et al.
(2022)

Total urban industrial SO2 emissions (X10) 10000 tons

The total amount of industrial smoke (powder) dust emissions (X11) 10000 tons
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takes into account the availability of data and the heavy pollution

of industry. It is measured by three major urban pollution

emissions, including industrial wastewater emissions, industrial

sulfur dioxide emissions and industrial smoke emissions (Cui et al.,

2021; Lu et al., 2022). The original data sources of the indicators

involved in this paper are China Urban Statistical Yearbook and

the EPS data platform. And the descriptive statistics of variables are

shown in Table 2.

4 Analysis of the characteristics of
ULGUE in the Yangtze river economic
belt

4.1 Temporal and spatial evolution of
ULGUE in the Yangtze river economic belt

4.1.1 Temporal evolution of ULGUE in the
Yangtze river economic belt

According to the EBM model, we measure the ULGUE of the

Yangtze River Economic Belt from 2005 to 2019, and based on the

measurement results, we plot the time series change trend of

ULGUE of the Yangtze River Economic Belt from 2005 to 2019.

At the same time, according to the economic and social development

overview report of the Yangtze River Economic Belt, the Yangtze

River Economic Belt is divided into upstream, midstream and

downstream. The temporal changes of ULGUE in the Yangtze

River Economic Belt as a whole and in different watersheds are

shown in Figure 2. In Figure 2, the ordinate represents the average

value of ULGUE in each year. It can be seen that during the period

from 2005 to 2019, the overall green use efficiency of land in the

Yangtze River Economic Belt showed a fluctuating upward trend,

from 0.263 in 2005 to 0.438 in 2019, an increase of 66.36%.

The main reason for the gradual increase of ULGUE in the

Yangtze River Economic Belt is that, the Chinese Government

has put forward many planning concepts and development tasks

such as the “Outline of the Yangtze River Economic Belt

Development Plan” and the “Yangtze River Economic Belt

Ecological Environment Protection Plan” for the development

of the Yangtze River Economic Belt, and these positioning and

assumptions also reflect the requirements for innovation in land

use methods. For example, in the process of promoting the

construction of new urbanization, the spatial layout of land

use is optimized from various levels such as urban

agglomerations, large, medium, and small cities, and new

rural communities, and a land use structure with reasonable

distribution of production, living and ecological space is formed,

which is conducive to promoting the improvement of ULGUE.

From the perspective of the time-series evolution trend of

ULGUE in various regions, the green land use efficiency in

the upper, middle and lower reaches of the Yangtze River

Economic Belt is consistent with the overall change trend, and

also shows a fluctuating upward trend, but the growth rate of

each region varies greatly. Before 2011, the ULGUE in the

upstream area is the highest, followed by the downstream

area, and the land use efficiency in the middle reaches is the

lowest, mainly because the urbanization process in the upper

reaches of the Yangtze River is relatively slow, the distribution of

construction land is relatively small, and the distribution of forest

land and grassland was more, so the green use efficiency of land is

higher. The urban agglomeration in the middle reaches of the

Yangtze River is a heavy chemical industry layout concentration

area with the Wuhan Urban Agglomeration, the “ChangZhutan”

Urban Agglomeration, the Poyang Lake Urban Agglomeration

and the “Jianghuai”Urban Agglomeration as the main body, and

the land use model of industrial development with high input,

TABLE 2 Descriptive statistics of variables.

Variable Variable description Mean SD Min Max Obs

X1 Area of built districts 142 247 5 2429 1512

X2 The number of employees in the city’s secondary and tertiary industries 58 90 5.200 952 1512

X3 Capital stock of whole city 564459 732662 24931 7704969 1512

X4 Electricity consumption of the whole society 1074264 1896363 9535 1600000 1512

X5 Green area of parks 14 21 0.360 199 1512

X6 Green coverage rate of urban built-up area 39 7.300 4.400 94 1512

X7 The added value of the city’s secondary and tertiary industries 226626 340144 7017 3815600 1512

X8 Fiscal revenue 22186 52566 299 716510 1512

X9 Total discharge of industrial wastewater 7898 10541 60 85347 1512

X10 Total urban industrial SO2 emissions 23109 46542 488 1300000 1512

X11 The total amount of industrial smoke (powder) dust emissions 45455 60542 212 682922 1512
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high consumption and heavy quantitative expansion makes it

difficult to improve the efficiency of land green use in the region

(Chen et al., 2018). However, after 2011, the ULGUE in the

middle and downstream areas increase significantly, while the

upstream areas show a significant decline, especially after 2017,

the differences between the three regions further increase,

showing a “trumpet-shaped” evolution trend. This is mainly

because the State Council issued the “National Plan for

Functional Zones” in 2011, which pointed out that a strategic

ecological security pattern of “two screens and three zones”

should be built, with emphasis on the prevention and control

of soil erosion and the protection of natural vegetation, so as to

ensure ecological security in the middle and lower reaches of the

Yangtze River. This require that urban land use in the middle and

lower reaches of the Yangtze River should give more

consideration to the coordination and unity of economy and

ecology, which is conducive to the improvement of ULGUE in

the lower reaches andmiddle reaches to a certain extent. To some

extent, this reflects the effectiveness of the National Plan for

Functional Zones.

In order to verify the validity of the EBM measurement

results and compare with the SBM model, we also present the

time series variation chart of ULGUE measured by SBM model.

As can be seen from Figure 3, the time variation trend of the

measured results of the SBM model is consistent with that of the

measured results of the EBMmodel, indicating that the measured

results of the EBM model in this paper are robust. At the same

time, it can be seen from the efficiency value size that the

measurement results of SBM model are relatively small,

compared with the measurement results of EBM model. This

is mainly due to the fact that SBM cannot effectively deal with the

relationship between the “non-radial” factor input and the

“radial” undesired output, leading to the underestimation of

the efficiency value, which also verifies the above analysis.

4.1.2 Spatial evolution of ULGUE in the Yangtze
river economic belt

In order to intuitively reflect the spatial evolution of

ULGUE in the Yangtze River Economic Belt, this study first

divides the green land use efficiency of the Yangtze River

Economic Belt into four types according to the quartile

method, namely low level (L), medium and low level (ML),

medium and high level (MH) and high level (H). The cross-

sectional data of 2005, 2009, 2013 and 2019 are selected, and the

spatial distribution map of ULGUE in the Yangtze River

Economic Belt is drawn by ArcGIS software.

According to Figure 4, the overall ULGUE of the Yangtze

River Economic Belt has gradually increased with the

evolution of time, which is manifested in the gradual

decrease in the number of cities with low ULGUE and the

gradual increase in the number of cities with high levels. In

2005, the ULGUE in the Yangtze River Economic Belt was

initially mainly based on L and ML, and the cities with MH

and H were mainly scattered on both sides of the Yangtze

River Basin. Subsequently, the growth of ULGUE in the

Yangtze River Basin show an evolution trend of diffusion

from the downstream to the middle and upper reaches, which

is manifested in the increase in the number of cities with MH

and H in 2009, 2013 and 2019 from the downstream to the

middle and upper reaches. Finally, it should be noted that

FIGURE 2
Time series trend of ULGUE in the Yangtze River Economic Belt.
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compared with the cities in the middle and lower reaches, the

increase rate of H cities in the upstream areas is slower, such as

in 2005, the cities with H in the upstream areas were the

most, but the growth was always slow, and the green use

efficiency level of some cities even declined. The reason for

this phenomenon is that on the one hand, it has an

important relationship with geographical relations, on the

other hand, due to the impact of the large-scale

development of the western region and the construction of

the “One Belt and One Road”, the economic development

and urbanization process in the upper reaches of the Yangtze

River has accelerated, and the pollution emissions caused by it

have gradually increased, resulting in a slow growth in

ULGUE.

The reasons for this phenomenon mainly lie in the following

two aspects. On the one hand, the upper reaches of the Yangtze

River Economic Belt mainly include Chongqing, Sichuan,

Guizhou, Yunnan and other provinces and cities, which suffer

FIGURE 3
Time series trend of ULGUE in the Yangtze River Economic Belt measured by SBM model.

FIGURE 4
Spatial distribution pattern of ULGUE in the Yangtze River Economic Belt.
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from severe soil erosion, desertification, environmental pollution

and ecological damage, and severe pollution in and around the

city. At the same time, the economic development and

technological level of these western cities are relatively

backward, the average production efficiency of per unit land

is low, and the undesirable output is high, which leads to the

slow growth of ULGUE in the upper reaches of the Yangtze

River Economic Belt. On the other hand, the cities in the middle

and lower reaches of the Yangtze River Economic Belt have a

relatively higher level of economic development, and the

relatively high level of production technology makes the

production process of enterprises cleaner and more efficient,

so that the industrial added value brought by the unit land

production is higher, rather than the desirable output is less.

Therefore, in the future development, we should focus on the

ULGUE of the upstream cities of the Yangtze River Economic

Belt, and promote the continuous improvement of the

environmental quality of the Chengdu-Chongqing urban

agglomeration. In the process of undertaking the industrial

transfer in the downstream areas, the corresponding

environmental threshold should be set, so as to realize the

unification of the economic effect and environmental benefit of

land use, and improve the ULGUE in the upper reaches of the

Yangtze River Economic Belt.

4.2 Spatial difference analysis of ULGUE in
the Yangtze river economic belt

It can be seen from the previous description of the

characteristics and facts that the ULGUE of the Yangtze River

Economic Belt shows spatial imbalance on the whole. In order to

analyze the difference sources of the whole Yangtze River and the

three regions of the upper, middle and lower reaches, this study

uses Dagum method to calculate the Gini coefficient of the

ULGUE of the Yangtze River Economic Belt. The results are

shown in Table 3. It can be seen from column 2 in Table 3 that the

Dagum Gini coefficient of the overall ULGUE in the Yangtze

River Economic Belt show a gradual downward trend from

2005 to 2019, specifically from 0.410 in 2005 to 0.324 in 2019,

a decrease of 26.54%. This indicates that the gap in ULGUE in the

Yangtze River Economic Belt has narrowed over time, mainly

because with the continuous promotion of China’s economic

regional integration strategy. The following is a detailed

description from three aspects: intra-regional differences,

inter-regional differences and sources of differences.

4.2.1 Intra-regional differences
There is a significant gap in the efficiency of land green use

within the three major regions of the Yangtze River Economic

TABLE 3 Disparities in ULGUE in the Yangtze river economic belt (I).

Year Overall Gini coefficient Gini coefficient within
the region

Interregional Gini coefficient Contribution rate

Up Mid Down Up-Mid Up-Down Mid-Down Gw Gnb Gt

2005 0.410 0.506 0.363 0.325 0.465 0.453 0.346 0.318 0.137 0.545

2006 0.406 0.464 0.393 0.355 0.441 0.422 0.378 0.328 0.103 0.57

2007 0.384 0.423 0.408 0.318 0.419 0.38 0.372 0.328 0.047 0.625

2008 0.382 0.408 0.4 0.334 0.409 0.38 0.373 0.33 0.08 0.59

2009 0.332 0.369 0.334 0.293 0.355 0.339 0.32 0.33 0.059 0.611

2010 0.355 0.437 0.328 0.287 0.399 0.384 0.313 0.322 0.095 0.583

2011 0.349 0.412 0.325 0.306 0.379 0.369 0.323 0.328 0.084 0.588

2012 0.357 0.382 0.369 0.321 0.377 0.356 0.351 0.333 0.054 0.613

2013 0.336 0.356 0.346 0.302 0.356 0.34 0.33 0.333 0.131 0.537

2014 0.331 0.38 0.357 0.258 0.371 0.317 0.329 0.327 0.034 0.64

2015 0.328 0.362 0.347 0.273 0.357 0.327 0.321 0.328 0.086 0.586

2016 0.329 0.359 0.365 0.259 0.365 0.326 0.318 0.327 0.032 0.642

2017 0.304 0.28 0.337 0.271 0.313 0.292 0.32 0.33 0.183 0.487

2018 0.339 0.369 0.348 0.289 0.369 0.339 0.335 0.326 0.145 0.53

2019 0.324 0.303 0.344 0.29 0.328 0.319 0.347 0.325 0.249 0.426

Mean 0.351 0.387 0.358 0.299 0.380 0.356 0.338 0.327 0.101 0.571
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Belt, and the average DagumGini coefficient is ranked from large

to small in the upstream region> the middle reaches >
downstream areas, and only the Gini coefficient in the

downstream area is less than the Gini coefficient in the whole

basin. From the perspective of the evolution trend of Gini

coefficients within each region, since 2005, the Gini

coefficients in the upstream and downstream regions have

shown a fluctuating downward trend, while the Gini

coefficients for ULGUE in the middle reaches are relatively

flat. Among them, the upstream area decreased from 0.506 in

2005 to 0.303 in 2019, a decrease of 41.12%, and the downstream

area decreased from 0.325 in 2005 to 0.290 in 2019, a decrease of

10.79%. It can be seen that the initial value of ULGUE in

upstream areas is larger, but the rate of decline is faster, and

the initial value of ULGUE in downstream areas is relatively low,

and the rate of decline is relatively slow. The ULGUE in the

middle reaches of the region basically remained fluctuating

around 3.5, showing a relatively “stable” development trend.

The possible reason is that there are cities with low efficiency

levels catching up with cities with high efficiency levels, and then

the development of ULGUE among cities in the middle reaches

of the group tends to be stable.

Inter-regional differences. Table 3 (6)–(8) lists the differences

in ULGUE between regions in the Yangtze River Economic Belt.

During the sample investigation period, the regional differences

between “Up-Mid” and “Up-Down”were relatively obvious, with

the mean Dagum Gini coefficients being 0.380 and 0.356,

respectively, while the interregional Gini coefficients of “Mid-

Down”were relatively low. From the perspective of change trend,

the regional difference trend of “Up-Mid” and “Up-Down” is

similar, showing a downward trend of fluctuation, but the overall

fluctuation amplitude is not large, maintained within 0.20, while

the regional difference between “Mid-Down” is relatively small,

but there is no obvious downward trend, and during the sample

investigation, it is always maintained at about 0.35. Specifically,

the regional differences between “Up-Mid” and “Upstream-

Down” were both greatest at the beginning of the sample

expedition in 2005, at 0.465 and 0.453, respectively, indicating

that in the early stage of the sample investigation, the regional

differences between “Up-Mid” were the largest, followed by “Up-

Down”, and the interregional differences between “Mid-Down”

were the smallest. From the perspective of change, the Dagum

Gini coefficient between “Up-Mid” regions decreased from

0.465 in 2005 to 0.328 in 2019, a decrease of 29.49%, and the

Dagum Gini coefficient between “Up-Down” regions decreased

from 0.453 in 2005 to 0.319 in 2019, a decrease of 29.66%. While

the Dagum Gini coefficient between “Mid-Down” area rose from

0.346 in 2005 to 0.347 in 2019, during which the “N” type change

trend of first rising and then falling and then rising, but the

overall fluctuation range was not large. Through the analysis of

the above characteristics and facts, it can be seen that the

coordinated development of ULGUE in the “Mid-Down” area

is relatively high, and the difference between the upstream region

and the middle and lower reaches is the main reason for the

interregional difference, but the gap is gradually narrowing.

Therefore, it is necessary to promote targeted policy measures

and regulatory mechanisms that are conducive to improving the

efficiency of urban land green use in the upper reaches of the

Yangtze River Economic Belt.

4.2.2 Contributions and sources of regional
differences

Items (9)–(11) in Table 3 are the decomposition results of the

Dagum Gini coefficient for ULGUE in the Yangtze River

Economic Belt. It can be seen that the average contribution

rates of the intraregional differences Gw, interregional

differences Gnb, and super variable density Gt in the Yangtze

River Economic Belt from 2005 to 2019 were 32.74%, 10.13% and

57.13%, respectively, of which super variable density is the main

source of the difference of ULGUE in the Yangtze River Basin. The

super variable density between the groups reflects the contribution

of the cross-overlapping parts between the sub-samples to the

overall difference, and the increase in their share indicates that the

major strategies of the country are conducive to promoting the

coordinated development of ULGUE in the upper, middle and

lower reaches of the Yangtze River Economic Belt, which has

strong rationality. From the perspective of change trend, in

2005–2019, the contribution rate of regional differences tended

to be stable as a whole, while the contribution rate of

interregional differences showed a “U” shaped change trend,

and the contribution rate of super variable density showed an

inverted "U" shaped change trend, especially in recent years, the

contribution of interregional differences has grown

significantly, so it is necessary to pay further attention to the

coordination of urban land green use between different regions.

The heterogeneity of ULGUE in different regions of the

Yangtze River Economic Belt has been analyzed previously.

This study further analyzes the difference between core

environmental protection cities and non-core environmental

protection cities of the Yangtze River Economic Belt. The

results are shown in Table 4 below. It can be seen from

Table 4 that from 2005 to 2019, the Gini coefficient of core

environmental protection cities is 0.304 on average, while that

of non-core environmental protection cities is 0.367. It can be seen

that the Gini coefficient of core environmental protection cities is

significantly lower than that of non-core environmental protection

cities, indicating that there is a large difference in ULGUE within

the non-core environmental protection cities. The main reason is

that the core environmental protection cities pay more attention to

clean development. In order to promote the green development of

the city, there is a mutual learningmechanism between enterprises

in environmental protection behavior, through adjusting

production and life style, improving technology and

management level and other ways to achieve collaborative

development, which is conducive to reducing the ULGUE

difference between core environmental protection cities.
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From the perspective of change trend, Gini coefficient of both

core and non-core environmental protection cities show a

fluctuating downward trend, and the decline of non-core

environmental protection cities was greater. The Gini

coefficient between core and non-core environmental

protection cities also show a trend of fluctuation and decline.

The above trend indicates that with the continuous promulgation

of China’s environmental protection policies, such as “promoting

governance by awards” and “promoting governance by

examination”, non-core environmental protection cities are

catching up with core environmental protection cities, and the

ULGUE difference within non-core environmental protection

cities and between non-core environmental protection cities and

core environmental protection cities has decreased significantly.

From the perspective of contribution rate of difference, the

average contribution rate of intra-city difference, inter-city

difference and super variable density of different

environmental protection types is 53.2%, 10.4% and 36.4%,

respectively. Among them, intra-city difference of different

environmental protection cities is the main source of ULGUE

in the Yangtze River Economic Belt. From the perspective of the

trend of change, the difference within cities of different

environmental protection cities and the contribution rate of

super variable density showed a decreasing trend, while the

contribution rate of inter-city difference showed an increasing

trend. The possible reason is that different environmental

protection cities have different degrees of green development,

and the undesired output generated by unit land production is

quite different, which has a strong rationality. Therefore, we

should pay more attention to the coordination of ULGUE in

different environmental protection cities.

4.3 Distribution and dynamic evolution of
ULGUE in the Yangtze river economic belt

Although the Dagum Gini coefficient can describe the

relative differences in ULGUE and their sources in the

Yangtze River Economic Belt, it is impossible to judge the

absolute differences in ULGUE in the Yangtze River

Economic Belt by the evolution of the crests as in the Kernel

function. To this end, this study uses Origin software to plot

the box line diagram and Kernel density estimation map of

urban land green utilization in the Yangtze River Economic

Belt as a whole and in the upstream, middle and lower

reaches, and explores the dynamic evolution of its

empirical distribution and fitted distribution, and the

results are shown in Figure 5.

TABLE 4 Disparities in ULGUE in the Yangtze river economic belt (II).

Year Gini coefficient within the
region

Interregional Gini coefficient Contribution rate

Core Non-core Core-non-core Gw Gnb Gt

2005 0.333 0.442 0.399 0.558 0.071 0.371

2006 0.349 0.431 0.399 0.555 0.068 0.378

2007 0.311 0.415 0.374 0.555 0.050 0.395

2008 0.340 0.401 0.377 0.540 0.035 0.425

2009 0.291 0.352 0.327 0.545 0.017 0.439

2010 0.300 0.379 0.348 0.548 0.007 0.445

2011 0.309 0.367 0.345 0.538 0.055 0.407

2012 0.310 0.379 0.351 0.542 0.038 0.420

2013 0.261 0.372 0.327 0.549 0.023 0.428

2014 0.293 0.346 0.329 0.531 0.106 0.363

2015 0.284 0.345 0.328 0.526 0.136 0.338

2016 0.305 0.328 0.338 0.507 0.206 0.287

2017 0.276 0.299 0.315 0.500 0.233 0.267

2018 0.299 0.343 0.349 0.503 0.225 0.272

2019 0.301 0.304 0.345 0.479 0.298 0.223

Mean 0.304 0.367 0.350 0.532 0.104 0.364
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4.3.1 Distribution location
During the sample period, the box line diagram and

distribution curve of ULGUE of the Yangtze River Economic

Belt as a whole and the upstream, middle and downstream cities

all had a tendency to move to high values, indicating that the

ULGUE in the Yangtze River Economic Belt generally showed an

increasing trend, which is consistent with the typical fact that the

Yangtze River Economic Belt should become a demonstration

belt for the construction of ecological civilization. From the

perspective of the three major regions, relatively speaking, the

distribution curve of ULGUE in the lower reaches of the Yangtze

River move to the high value the most, followed by the middle

reaches, and the lowest in the upstream, indicating that the

ULGUE in the downstream areas of the investigation period

was the most improved, which is consistent with the

characteristic factual analysis of the timing evolution trend of

the previous context.

4.3.2 Distribution situation
Although the average value of ULGUE in the Yangtze River

Economic Belt generally showed an upward trend between

2005 and 2019, the deviation between the majority and mean

value is large, and most of the representative cities are gathered in

the low-value part, and only a few prefecture-level cities move

closer to the high value, which show that although the ULGUE is

generally on the rise, the differences between cities are more

obvious and have an unbalanced development trend. To a certain

extent, this reflects that the degree of dispersion of the level of

ULGUE in the Yangtze River Basin has increased, which is due to

the large area and wide range of the Yangtze River Basin, the soil

quality, resource environment, and economic development level

in different regions are very different, and there are large

differences in the choice and difficulty of achieving the

improvement of ULGUE. Specifically, during the period

2005–2008, the size of the range of 25% and 75% quantiles of

the box map remains basically unchanged, indicating that the

absolute difference in ULGUE between cities during this period

remained basically unchanged. During the period from 2009 to

2013, the intervals of 25% and 75% quantiles of the box diagram

become significantly larger, and the density curve is flattered,

indicating that the absolute difference in ULGUE between cities

increase significantly in this period. After 2013, the range of 25%

and 75% quantiles for boxplots has shrunk significantly

compared to 2009–2013.

4.3.3 Distribution polarization
The overall distribution curve of ULGUE in the Yangtze

River Economic Belt has always exist in the polarization

phenomenon of “main peak” and “side peak” during the

investigation period, of which the main peak is mainly located

FIGURE 5
Distribution dynamics of ULGUE in the Yangtze River Economic Belt.
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near the median and gathers to a low value, while the side peak is

mainly located near 1, the reason for this phenomenonmay be: 1)

The use of super efficiency DEA to measure the green use

efficiency of urban land, the use of high efficiency of the city

as the frontier and the efficiency value is set to greater than or

equal to 1. Other inefficient cities will be compared to these cities

and the efficiency value will tend to be less than 1, resulting in the

fact that the values of high ULGUE are mostly concentrated

around 1, while inefficient cities are far away from 1. In

particular, if measured directly using the non-super-efficient

DEA method, the value of high utilization efficiency will be

equal to 1. 2) There is indeed obvious polarization between cities,

mainly reflected in the large gap between 75% of the digits and

the efficiency equal to 1, which shows that ULGUE of most cities

in the Yangtze River Economic Belt is still at a low level, and only

a small number of cities are at a high level of ULGUE. For the

upstream region, polarization decreased significantly in 2013 and

2017, and remained largely unchanged in other years. For the

midstream region, the polarization phenomenon has a significant

inverted “U” trend from 2005 to 2011, that is, the distance

between low value aggregation and high value aggregation in

the region is reduced. In the downstream areas, except for the low

polarization phenomenon in 2005, the polarization phenomenon

in other years is more obvious.

4.4 The spatial and temporal transfer law
of ULGUE in the Yangtze river economic
belt

The Kernel density function can characterize the distribution

dynamics and evolution trend of ULGUE in the Yangtze River

Economic Belt, but it is impossible to judge the transfer law

between different levels and the influence of neighboring cities on

the ULGUE in the region, so this study uses ordinary Markov

chain and spatial Markov chain method to analyze it. Specifically,

according to the hierarchical classification method described

above, the sample data from 2005 to 2019 are divided into

four types of quartile methods, namely low level L), medium

and low level (ML), medium and high level (MH) and high level

H), and the maximum likelihood method is used to estimate the

probability matrix of spatial Markov transfer of the two types,

where the main diagonal line indicates the probability that the

state of ULGUE remains unchanged, and the non-diagonal

indicates the probability of state change, that is, the

probability of upward or downward transfer.

4.4.1 Analysis of traditional Markov chain
estimation results

Table 5 shows the estimation results of Markov chains

without spatial lag and different types of spatial hysteresis. It

can be seen that during the investigation period, the dynamic

evolution of ULGUE in the Yangtze River Economic Belt without

considering the geospatial pattern has the following

characteristics: 1) There is a phenomenon of “four kinds of

club convergence” in the change of ULGUE. The transfer

probability on the diagonal is greater than the transfer

probability on the non-diagonal line, indicating that the green

use efficiency of land in the Yangtze River Economic Belt is more

likely to remain in its original state. Among them, the probability

of L, ML, MH and H maintaining the original state is 78.4%,

67.1%, 74.2 and 84.5% respectively, which shows that the

probability of convergence of H, L and MH is larger than L,

indicating that under normal circumstances, the state of high

level of ULGUE will continue to maintain a high level of

development without regression, while cities with low level of

ULGUE will not easily develop to the next level. It reflects the

path dependence characteristics of ULGUE change. 2) For ML

and MH where there is an upward and downward transfer, the

probability of upward transfer is greater than the probability of

downward transfer. Among them, the probability of ML to MH

and L transfer is 18.8% and 9.4%, and the probability of MH to H

and ML is 15.5% and 9.8%, respectively, indicating that with the

promotion of interregional coordinated development strategy

and the deepening of inter-regional exchanges, the ULGUE has a

trend of upward transfer, but it is also necessary to be vigilant

against the possibility of reverse transformation of ULGUE. 3)

The cross-stage transfer probability of L, ML, MH and H is very

small. Among them, the probability of L to MH and H transfer is

1.0% and 0.8%, the probability of ML to H transfer is 4.7%, the

probability of MH to L transfer is 0.5%, and the probability of H

to L and ML transfer is 1.6% and 2.2%, indicating that the

ULGUE is not prone to cross-level transfer.

4.4.2 Analysis of spatial Markov chain estimation
results

In this study, the Q statistics of 777.07 obtained by

calculation are much greater than χ20.05(12) � 21.03, which

rejects the null hypothesis that the transfer of ULGUE in the

Yangtze River Economic Belt is spatially independent, so that the

spatial Markov chain can be used for empirical analysis, and the

results are shown in Table 6. It can be seen that during the

investigation period, the dynamic evolution of ULGUE in the

Yangtze River Economic Belt under the consideration of

geospatial pattern has the following characteristics: 1) The

TABLE 5 Traditional Markov transfer probability matrix of ULGUE in the
Yangtze River Economic Belt.

t/t+1 n L ML MH H

L 394 0.784 0.198 0.010 0.008

ML 383 0.094 0.671 0.188 0.047

MH 368 0.005 0.098 0.742 0.155

H 367 0.016 0.022 0.117 0.845
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“four kinds of club convergence” in the ULGUE in the Yangtze

River Economic Belt will be affected by the state of neighboring

cities and show “convergence of space clubs”. For example, in the

ordinary Markov chain, the probability of maintaining the L level

of ULGUE without considering spatial lag is 78.4%, while in the

space Markov chain, the probability of maintaining the L level of

ULGUE under different spatial lag types is 78.4%, 77.8%, 75.5%

and 72.8%, respectively, which are obvious differences, indicating

that the ULGUE in the Yangtze River Economic Belt has the

characteristics of spatial agglomeration, and the spatial lag factor

has a certain degree of influence on regional transfer. 2) Changes

in the ULGUE of adjacent regions in the Yangtze River Economic

Belt show a “spatial spillover” effect, and the ULGUE between

neighboring cities will affect each other. When cities with a

higher rank than themselves are adjacent, the probability of their

own transfer to a higher level tends to become greater, and the

probability of transferring to a lower level tends to become

smaller; When cities with lower ranks than themselves are

adjacent, the probability of their own transfer to a higher level

tends to be smaller, and the probability of transferring to a lower

level tends to become larger. For example, in ordinary Markov,

the probability of ULGUE rating L, ML and H transfer to MH is

1.0%, 18.8% and 11.7%, respectively. In the space Markov chain,

when the neighborhood is also L level, the probability of L and

ML transfer to MH is reduced by 0.8% and 17.4%, respectively,

while the probability of H to MH transfer is 18.6%. It should be

noted that the results obtained by using the maximum likelihood

estimate in a small sample cannot fully satisfy the above laws,

such as when the neighborhood is L, the probability of H-to-ML

transfer is reduced. Nevertheless, the above law can be reflected

in general: when the neighborhoods are L and ML, the local

transfer probability rise is mainly concentrated in the lower

triangle of the transfer matrix, that is, from high grade to low

grade; When the neighborhoods are MH and H, the probability

increase is mainly concentrated in the upper triangle of the

transfer matrix, that is, from the low grade to the high grade.

4.4.3 Spatial distribution of Markov state
transfers

The spatial distribution of traditional Markov state transfers

is shown in Figure 6. From the perspective of the number of state

transfers, during the inspection period, the number of cities in the

Yangtze River Economic Belt where the ULGUE is transferred

upwards accounted for the majority, and the number of cities that

maintained stability and downward transfer is relatively small.

Among them, the prefecture-level cities that have shift upward

account for 61.11% of the total number of research cities in the

Yangtze River Economic Belt, the prefecture-level cities that have

shift downward account for 4.63% of the total number of study

cities, and the prefecture-level cities that have maintained a stable

state account for 34.26% of the total number of research cities.

From the perspective of state transfer distribution, the upward

TABLE 6 Markov transfer probability matrix of ULGUE in the Yangtze River Economic Belt.

Spatial lag type t/t+1 n L ML MH H

L L 119 0.857↑ 0.126↓ 0.008↓ 0.008*

ML 98 0.133↑ 0.653↓ 0.174↓ 0.041↓

MH 92 0.011↑ 0.130↑ 0.707↓ 0.152↓

H 70 0.043↑ 0.014↓ 0.186↑ 0.757↓

ML L 81 0.778↓ 0.210↑ 0.000↓ 0.012↑

ML 119 0.050↓ 0.740↑ 0.160↓ 0.050↑

MH 106 0.009↑ 0.113↑ 0.774↑ 0.104↓

H 71 0.014↓ 0.028↑ 0.169↑ 0.789↓

MH L 102 0.755↓ 0.206↑ 0.029↑ 0.010↑

ML 89 0.090↓ 0.652↓ 0.214↑ 0.045↓

MH 85 0.000↓ 0.059↓ 0.753↑ 0.188↑

H 108 0.000↓ 0.009↓ 0.102↓ 0.889↑

H L 92 0.728↓ 0.272↑ 0.000↓ 0.000↓

ML 77 0.117↑ 0.610↓ 0.221↑ 0.052↑

MH 85 0.000↓ 0.082↓ 0.729↓ 0.188↑

H 118 0.017↑ 0.034↑ 0.059↓ 0.890↑

Note: Red font plus ↑, black font plus * and green font plus ↓ indicate that the probability increases, invariants, and decreases compared with the spaceless lag model, respectively.
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transfer area is mainly concentrated in the cities on both sides of

the Yangtze River, of which the downstream areas are more

widely distributed, and the areas that maintain stability are

mainly concentrated in the middle and lower reaches of the

area, while the areas that are transferred downward are mainly

Lincang City, Baoshan City, Loudi City, Anqing City and

Huainan City.

The spatial distribution of spatial Markov state transfers is

shown in Figure 6B. From the quantitative point of view, during

the investigation period, the number of upward, invariant and

downward transfers of urban neighborhoods is comparable to

the number of urban areas, and the upward transfer still accounts

for the majority, followed by stability, and the number of cities

moving downward is the smallest. From the perspective of state

transfer distribution, the upward transfer area is still mainly

concentrated in the cities on both sides of the Yangtze River, of

which the downstream areas are more widely distributed, the

areas that remain stable are mainly concentrated in the middle

and lower reaches of the area, and the areas that are transferred

downward are mainly Lincang City, Loudi City, Anqing City and

Huainan City. It is worth noting that the combination of

neighborhood transfer and regional transfer can be found that

there is no jumping transfer phenomenon (“neighborhood shift

down-regional transfer upward” or “neighborhood transfer

upward-regional transfer downward”), which once again

verifies that the transfer of ULGUE in the Yangtze River

Economic Belt has the convergence of space clubs and spatial

spillover effects.

5 Discussion

5.1 Conclusion and comparison with
current research results

1) The green use efficiency of urban land in the Yangtze River

Economic Belt increased in a fluctuating manner. As for the

growth trend, the ULGUE of the Yangtze River Economic Belt

show a fluctuating upward trend from 2005 to 2019, which is

consistent with previous conclusions (Li and Zhang, 2018;

Zhang L. S. Y. et al., 2020) on the traditional land use

efficiency of the Yangtze River Economic Belt. However,

compared with their research, we find that after

considering the undesired output of land use, the ULGUE

in the Yangtze River Economic Belt is lower than the

traditional land use efficiency measured in previous

studies. At the same time, compared with the growth rate

of the same period in previous studies, the growth rate of

ULGUE is also lower than that of traditional land use

efficiency. The above two points indicate that there may be

an overestimation of land use efficiency, if undesired output is

not considered. Therefore, under the current background of

China’s green transformation development and ecological

civilization construction, it is necessary to study the

ULGUE of the Yangtze River Economic Belt, which can

more suitably reflect the current situation and trend of the

urban green transformation development of the Yangtze

River Economic Belt.

2) Reasons for regional differences of ULGUE in the Yangtze

River Economic Belt. In terms of regional differences,

ULGUE in the Yangtze River Economic Belt shows spatial

imbalance, with significant differences between

upstream, middle and downstream, which is consistent

with the previous research (Jin et al., 2018) on traditional

land use efficiency. The main reason for the regional

differences of ULGUE in the Yangtze River Economic

Belt is that, there are obvious differences between the

actual input of labor, capital, land and energy in different

regions and the desired and undesired outputs. The

unreasonable spatial allocation of input factors leads to

the waste of land resources. Therefore, it is necessary to

further clarify the geographical spatial form of ULGUE.

At the same time, according to the research in this study,

the regional differences of ULGUE in the Yangtze River

FIGURE 6
Spatial pattern of ULGUE transfer type in the Yangtze River Economic Belt.
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Economic Belt has narrowed. The main reason is that,

with the continuous promotion of China’s regional

economic integration strategy, urban economic growth

strategies in different spatial areas have gradually

changed from mutual competition to horizontal

cooperation. This change has brought about

government policy support, industrial structure

selection, the agglomeration of resource elements and

the innovation of production technology will directly or

indirectly affect the green use efficiency of urban land

from the macro, meso and micro levels (Ge et al., 2021a;

Ge et al., 2021b), thus helping to reduce the differences of

ULGUE in the Yangtze River basin.

3) Spatial polarization of ULGUE in the Yangtze River

Economic Belt. According to the research conclusion, the

distribution dynamics of ULGUE in the Yangtze River

Economic Belt has an unbalanced development trend from

2005 to 2019. The overall distribution curve has a double peak

feature of “main peak” and “side peak”, which indicates that

there is a relatively obvious spatial polarization phenomenon

in ULGUE in the Yangtze River Economic Belt, and there is a

gradient effect between ULGUE in different regions. The

reason for this phenomenon may be that the soil quality,

resource environment, and economic development level in

different regions are quite different, and the path selection

and difficulty of improving the ULGUE are quite different. At

the same time, it reflects that the green land-use efficiency of

most cities in the Yangtze River Economic Belt is still at a low

level, and a few cities have a high level of green land use

efficiency.

4) Spatial spillover effect of ULGUE in the Yangtze River

Economic Belt. The ULGUE of the Yangtze River

Economic Belt has obvious characteristics of “spatial club

convergence”. At the same time, using the spatial Markov

chain, the change of ULGUE in the vicinity of the Yangtze

River Economic Belt shows a “spatial spillover” effect. This is

consistent with the relevant research conclusions (Cui, 2014;

Lu et al., 2020). It shows that ULGUE has obvious spatial

correlation, and is strongly affected by land use in adjacent

areas. Moreover, land use between different regions has

obvious “feedback effect” (Ward and Gleditsch, 2018).

Policy measures and strategic actions taken in land

resource management, environmental governance intensity,

etc. have imitation effect and competition effect. At the same

time, compared with previous studies, this study finds that

when a city with a higher level is adjacent to itself, the

probability of self-transfer to a higher level tends to

increase, which proves that there is not only a “feedback

effect” between different regions, but also an obvious “positive

feedback effect”.

5.2 Policy implications

In view of the above research conclusions, this study believes

that narrowing the gap in the green use efficiency of urban land,

gradually eliminating the polarization phenomenon in the

process of land green utilization, and promoting the balanced

development of urban land green use efficiency are favorable

measures to enhance the green development of the Yangtze River

Economic Belt. We make the following policy recommendations:

At the national level as a whole, the implementation of the

Yangtze River Protection Law of the People’s Republic of China is

of great importance, and the government should optimize the

spatial structure and layout of the Yangtze River Basin and

implement the zoning and classified use control system. At

the same time, it is of great significance to scientifically and

orderly arrange the ecological, agricultural, urban and other

functional spaces in the Yangtze River Basin, and delineate

the ecological protection red line, permanent basic farmland

and urban development boundary. In addition, under the

framework of top-level design, the spatial structure and layout

of the national land should be optimized, and the ecological

transfer compensation should be given to the key areas of

ecological environmental protection.

At the regional level of the Yangtze River Basin, the

government should deepen the structural reform of the land

supply side, fully consider the differences in geographical

location, land resource endowments and economic

development stages of cities, and take comprehensive

management measures for land according to local conditions

due to the combination of district policies and urban policies. In

terms of projects, funds, talents, management, etc., support

should be given to the implementation of ecological

environment restoration and other protection measures in the

source and upstream areas of the Yangtze River Basin, so as to

enhance the ability of ecological environment restoration and

implementing other protection measures in the ecologically

fragile areas of the Yangtze River Basin.

At the inter-regional level of the Yangtze River Basin, it is

needed to pay more attention to the spatial spillover effect

between neighboring cities, and strengthen the cooperation

and exchange of land development and utilization and

ecological environment protection among regions. Under the

guidance of the new development concept, to construct a

reasonable urban hierarchy is crucial. In addition, to play the

leading role of high-level urban land green use in innovative

ecology, ecological collaborative governance, higher level

opening up, urban-rural integration, etc., and promote the

coordinated development of urban land green use efficiency in

the Yangtze River Basin from the fields of economic synergy,

social synergy and ecological synergy are suggested.

Frontiers in Environmental Science frontiersin.org17

Cui et al. 10.3389/fenvs.2022.1098924

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1098924


5.3 Validity and limitations of this study

This study uses the EBM model to calculate the ULGUE of

the Yangtze River Economic Belt from 2005 to 2019, and makes a

deeper discussion based on Dagum Gini coefficient, Kernel

density estimation and Markov chain method to reveal that

there are still some shortcomings in this study and the

relevant results have certain limitations in guiding practice.

On the one hand, the issue of ULGUE in the Yangtze River

Economic Belt is a complex system involving nature, economy,

society, culture and ecology. Although the EBM model can take

both expected and unexpected outputs into consideration, a

comprehensive measurement of ULGUE may also include

more indicators of expected output, unexpected output and

input factors. At the same time, how to build an evaluation

index system of ULGUE more in line with its own characteristics

in view of the current situation of urban green land-use in the

Yangtze River basin plays an important role in more accurately

grasping the context of urban land development in the Yangtze

River basin, which needs to be deepened in the follow-up

research. On the other hand, it is found in the study that

there is a spatial spillover effect on ULGUE in the Yangtze

River Economic Belt. However, how to estimate the size of

this spatial effect, we need to use the spatial panel regression

econometric model for specific parametric estimation in the

next step.

5.4 Discussion of future research

In addition to the above limitations, we believe that future

research can be deepened from the following two aspects. 1) We

need to analyze the efficiency of green land use from the

perspective of the whole life cycle of land use. The research

on green land use is a complex system, involving the

investigation, monitoring and accounting of different types of

land use, the analysis of land green use efficiency at different

spatial and temporal scales, and the low-carbon target-oriented

land use management and other aspects. Therefore, a systematic

framework for the study of ULGUE can be constructed from the

perspective of the whole life cycle of land green use in the future.

2) We need to expand the research scope of land green use. In

terms of vertical dynamic development, factors affecting land

green use efficiency can be deeply explored from the micro-scope

such as terrain, slope, soil layer thickness, soil biology and

mineral content. At the same time, we can discuss the

characteristics of green land use efficiency development

through coupling and comparative analysis of different scope,

and establishing a model or indicator system with universal

applicability.
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