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Coordination and interaction among urbanization processes, efficient
resource utilization, and ecological protection have emerged as key
challenges for spatial development and protection of a territory. In this
paper, we quantitatively determined the urbanization level and eco-efficiency
by utilizing the entropy evaluation method and the SBM model with
undesirable outputs, and then employed kernel density estimation, center
movement method, and bivariate Moran’s | index method to examine the
spatial-temporal pattern as well as the interaction between the above two
factors. This study provides a new framework for the measurement of
urbanization and eco-efficiency and their interaction. The results of the study
in the research area demonstrate that: (1) From 2013 to 2017, the urbanization
level exhibited a steady increase from 0.2468 to 0.2789, while eco-efficiency
depicted an N-shaped development trend before suffering an overall decline
from 0.4364 to 0.3117; (2) the low-level units of urbanization level illustrated
a strong convergence trend, and each unit possessed low eco-efficiency with
weak spatial matching in general; (3) an ambiguous symbiosis exists between
the center of gravity of movements of the two factors within each region; and
(4) a global positive correlation was found between the urbanization level and
eco-efficiency in Liaoning Province. The global Moran's | index first increased
and then decreased.

interaction and synergy, spatial-temporal evolution, urbanization, Liaoning Province
in China, eco-efficiency

Introduction

Rapid urbanization has become a global phenomenon in recent decades, leading
to several environmental problems such as the heat island effect, habitat degradation,
congestion, and other challenges to human life (Ochoa et al,, 2018). Against this
backdrop, sustainable management, considering multiple aspects such as technology,
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economy, society, and environment, is on the agenda
2019;
United Nations, 2020). As an important indicator to measure

(Sheikhipour et al, 2018; Cohen-Shacham et al,
the input-output mode of factors, the concept of eco-efficiency
was first introduced by Schaltegger and Sturm (Schaltegger
and Sturm, 1990), and since then, its connotation has been
enriched by numerous international organizations and scholars
(Weizsdcker et al., 1997; Schaltegger and Synnestvedt, 2002;
Reith and Guirdy, 2003). Eco-efficiency is considered an
important basis for measuring the quality of urban resource
utilization and sustainable development capability from the
perspective of resource and environmental input and economic
output, to minimize the environmental impact and maximize
the value impact (Prothero, 1999; Jollands et al., 2004). There
is a complex interaction mechanism between eco-efficiency
and urbanization (Wei and Ye, 2014; Luederitz et al., 2015;
Hak et al., 2016). The urbanization process provides new input
factors for urban production activities, and the efficient and
reasonable utilization of input factors determines the urban
eco-efficiency. At the same time, the level of eco-efficiency
has positive feedback on the sustainability and efficiency of
urbanization. At present, the urbanization process in China
is in a transitional stage (Yang et al., 2019; He et al, 2022).
Being a vital old industrial base in China, Liaoning Province
faces several developmental challenges such as low-density
spatial expansion and the contradiction between the supply
and demand of resources, in tackling the dual pressure of
socio-economic development and resources and environment
(Yu et al, 2022). Counties are an integral component of
the urban system in China and provide key support for the
integrated development of urban and rural areas. Agricultural
counties and districts are currently in a critical period of
transformation and development and face problems such
as insufficient urbanization development capacity and low
long-term resource utilization. The conventional development
model featuring high investment, high consumption, and high
emission is unsustainable, and urbanization development where
there is a fusion of optimal utilization of energy resources
and effective protection of the ecological environment has
become a necessary trend. Therefore, scientific measurement
and an effective balance between the urbanization level and
eco-efficiency of counties are of immense significance in
achieving sustainable high-quality regional development and
in optimizing the spatial development pattern of the country.
The purpose of this study is to demonstrate a method to
balance coordinated county urbanization development and
ecological protection by analyzing the dynamic evolution
process of urbanization and eco-efficiency and the time-space
exchange relationship.

The term “urbanization” was first proposed by Serda in 1867
in “Introduction to Urbanization,” wherein urbanization was

defined as the process of gathering rural populations in cities
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and towns. Subsequently, urbanization is generally defined as
the process of growth in the proportion of a country’s population
living in urban areas, whereas, economists consider urbanization
as a process of transformation from a rural economy to an
urban economy (Fuchs and Pernia, 1987). In recent years,
scholars have increasingly suggested that urbanization is not just
a simple problem of population and economic agglomeration,
but a comprehensive concept (He et al, 2017; Chen et al,
2022). In this context, a new type of urbanization that focuses
on the coordinated development of population, land, economy,
society and environment has attracted the attention of Chinese
scholars (Zhang et al, 2022). Eco-efficiency was formally
proposed by the World Business Council for Sustainable
Development (WBCSD) (WBCSD, 1996), which is defined as
the goods and services provided by enterprises that can meet
the needs of human life and reduce the impact on ecology
and resources. The Organization for Economic Cooperation
and Development (Duggett, 1998) further expanded the scope
of the concept of eco-efficiency, extending the subject to
other organizations other than enterprises. Huppes et al. raised
the eco-efficiency to the macro-level economic activities on
the empirical relationship between environmental costs and
environmental impacts (Huppes and Ishikawa, 2005). Research
on eco-efficiency has gradually shifted from focusing on a certain
industry to the macro level, that is, the research on the evolution
of EE’s cross-regional spatiotemporal patterns, mainly involving
the national (Kounetas et al.,, 2021) and state scale (Grossman
and Krueger, 1991).

The British scholar, Howard (2003), put forward the
concept of an “idyllic city;” and pioneered research on the
connection between urbanization and the environment. Since
then, scholars around the world have conducted extensive
research on this issue. Current studies on urbanization and
eco-efficiency mainly focus on the following three aspects:
Firstly, to characterize the relationship between urbanization
and eco-efficiency, some scholars used an empirical approach,
proposing that urbanization and eco-efficiency present a U-
shape based on econometric theory, that is, the environmental
Kuznets curve (EKC curve) (Grossman and Krueger, 1991),
or N-shaped relationship (Bai et al., 2018). Secondly, scholars
focused on the interaction between urbanization and eco-
efficiency. Yao et al. (2021) analyzed the impact mechanisms
of urbanization dimensions and the internal structure effect
of each dimension on eco-efficiency using the Spatial Durbin
model based on panel data from 30 provinces of China, from
2008 to 2017. The results demonstrate that local eco-efficiency
exhibits a negative spatial effect on the surrounding areas,
and population and ecological urbanization have significant
positive impacts on local eco-efficiency, while social and spatial
urbanization had significant negative impacts. Yue et al. (2020)
constructed a spatial model to empirically analyze the effects
of urbanization on eco-efficiency at the national level, and
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at four regional levels, observing an effect of spatial spillover
in eco-efficiency, which was significant and positive for the
whole country, except for the western region. The influence
of urbanization on Chinas eco-efficiency exhibits a U-shaped
curve. However, the trend exhibited an inverted U-shaped
curve in the northeastern region. Thirdly, scholars conducted
research on the coupling relationship between urbanization
and eco-efficiency. Liu et al. (2021) evaluated and analyzed the
spatial-temporal change trends of comprehensive urbanization
level, energy eco-efficiency and their coupling coordination
degree in 281 prefecture-level cities in China, from 2006 to
2016, showing that the coupling coordination degree manifested
an increasing trend, which enabled China to move toward
a high coordination level. Ren et al. (2022) analyzed the
spatial correlation between urbanization efficiency and eco-
efficiency by applying the spatial association model. Based
on the relative development and spatial coupling models, the
spatiotemporal coupling relationship was estimated, and it was
found that the coupling relationship between the two is an
N-type relationship. These studies mainly focus on macro-
scales such as countries and urban agglomerations, but do
not pay enough attention to micro-scales. When revealing the
evolution law of urbanization and eco-efficiency, the dynamic
migration of the two in space was ignored. When characterizing
the spatial autocorrelation relationship between the two, the
influence of one system on another system in space cannot be
fully measured.

Although previous studies have described the time-series
characteristics, impact mechanism, and coupling coordination
relationship between urbanization and eco-efficiency, the
research at the county scale is still insufficient, and the
spatiotemporal  synergistic relationship model between
urbanization and eco-efficiency has not been established.
Analysis of ecological macro issues from a micro perspective
can help consider the particularity of eco-efficiency formation
in different regions and conduct more rigorous exploration
of spatial heterogeneity. Research on the temporal and
spatial evolution trends and interactive synergies between
eco-efficiency and urbanization can provide theoretical
and policy references for balancing the two processes,
the

and improving eco-efficiency utilization. To alleviate the

transforming development model of urbanization,
predicament of county development, we first constructed
an urbanization evaluation system and an eco-efficiency
evaluation system suitable for agricultural counties utilizing
available data, and second, we built a time-space interaction
model for the dynamic evolution of urbanization and eco-
efficiency, to demonstrate the sustainable development
path of agricultural counties under the dual pressures of
urbanization and eco-efficiency, in this paper. This study can
also provide reference for the development of other regions

and counties.
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Research methods and data

Research region and data source

Located in the southern part of Northeast China, Liaoning
Province has 14 provincial cities and 100 counties (county-
level cities and districts) under its jurisdiction. By the end of
2021, the rate of urbanization of the province was 72.81%. In
the process of long-term urbanization development, Liaoning
Province is faced with problems such as high structural pollution
pressure, unstable improvement of ecological environment
quality, and a large number of arrears in environmental
infrastructure. In 2016, the Implementation Opinions on
Deepening the Construction of New Urbanization proposed
to strengthen the weak links of counties and towns, promote
the optimization of the province’s urban structure, focus on
the control of “urban diseases” and promote harmony between
people and city development. After that, the 14th Five-Year Plan
for Ecological Economic Development of Liaoning Province
proposed that the structural, root and trend pressures of
ecological environmental protection will generally remain in the
14th Five-Year Plan period, making it particularly important
to quantify the level of urbanization development and the
quality and stability of ecosystems in Liaoning Province. There
are 81 agricultural counties and districts in Liaoning listed in
the Liaoning Statistical Yearbook; considering the continuity,
comparability, and availability of data as well as the adjustment
of administrative area divisions, Yuanbao District, Zhenxing
District, Wensheng District, Hongwei District, and Qianshan
District were excluded in this study. Finally, the remaining 76
agricultural counties and districts in Liaoning Province were
selected as the research units, with data from 2013 to 2017.

County-level administrative units (divided into municipal
districts, counties, county-level cities, banners, forest districts,
and special zones) are the most basic comprehensive
administrative unit in China (referred to as “counties and
districts” in this paper) connecting urban and rural areas
and are important spatial carriers for coordinating the
implementation of new urbanization and rural revitalization
strategies. So far, there is no consensus in academic circles with
respect to the concept of agricultural counties and districts. The
agricultural counties and districts mentioned in this paper are
selected from the list of agricultural counties and districts listed
in the Statistical Yearbook of Liaoning Province, which includes
35 districts, 16 county-level cities, and 25 counties. In general,
the level of economic development, pace of urbanization,
and population density of a district is greater than that of a
county-level city and that of a county. The economic base of
agricultural counties and districts is dominated by agriculture,
and the foundation of urbanization is relatively weak. In
recent years, with the development of in-situ urbanization in
agricultural counties and districts, the economic and social
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TABLE 1 Index system for measuring county urbanization level.

10.3389/fevo.2022.975426

Target layer Criterion layer Indicator layer Information Weight
entropy
Urbanization A Population urbanization Al Proportion of Urban Population (100%) 0.9652 0.0666

A2 Proportion of Non-agricultural Industry Employees (100%) 0.9877 0.0235
A3 Population Density (person/km?) 0.8841 0.2218

B Economic urbanization B1 GDP Per Capita (RMB 10,000/person) 0.9485 0.0986
B2 Per Capita Disposable Income of Urban Residents (RMB) 0.9752 0.0474
B3 Proportion of Added Value of Secondary and Tertiary 0.9938 0.0118
Industries in GDP (100%)

C Land urbanization C1 Proportion of Construction Land (100%) 0.9328 0.1285
C2 Road Area Per Capita (m?) 0.9655 0.0659

D Social urbanization D1 Public Expenditure on Science and Education as a Percentage 0.9627 0.0713
of GDP (100%)
D2 Technical Staff in Medical and Health Institutions Per 0.9678 0.0616
Thousand People (people/1,000 persons)
D3 Number of Beds Per Thousand People in Medical and Health 0.9594 0.0778
Institutions (units/1,000 persons)
D4 Urban and Rural Endowment Insurance Coverage (100%) 0.9835 0.0315
D5 Internet Broadband Penetration Rate (100%) 0.9531 0.0896

E Ecological urbanization E1 Domestic Sewage Treatment Rate (100%) 0.9979 0.0041

growth and ecological utilization of counties and districts have
shown significant differences, and it is imperative to study
the process and synergistic relationship between urbanization
and eco-efficiency in agricultural counties and districts to
explore the enhancement path of counties, to cope with
ecological problems.

The statistical data used in this paper were derived from
the Liaoning Statistical Yearbook (http://tjj.In.gov.cn/tjsj/sjcx/
ndsj/). In case of data missing for some years or regions, the
statistical yearbook of each city in the corresponding year was
used to supplement the same. If certain data were still missing,
they were processed using the moving average method. The
land use data were obtained from Landsat’s China Land Cover
Annual Dataset (CLCD) from 2013 to 2017, with a resolution of
30 m (http://doi.org/10.5281/zenodo.4417809).

Establishment of evaluation index system

Establishment of urbanization level index
system

Urbanization measurement needs to be considered
holistically. Towns and cities have many components or “urban
ingredients”— facilities, systems, and utilities, and the attributes
that are desirable for an urban area to possess (Thomas, 2009;
Van der Bruggen et al., 2010). Therefore, measuring the level of
urbanization requires in-depth consideration, comprehension

and balance of all urban elements, and appreciation for the local
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environment (Drakakis-Smith and Dixon, 1997; Enserink and
Koppenjan, 2007; Liu et al., 2016). Based on the evaluation index
system of the National New Urbanization Plan (2014-2020)
and existing studies, we established an urbanization level
measurement index system in this paper composed of the
following five aspects: population, economy, land, society, and
ecology (Table 1). The convergence of population to cities is
the most typical process and result of urbanization. We choose
proportion of urban population, proportion of non-agricultural
industry employees and population density to represent the
level of population urbanization. Urbanization is an inevitable
result of economic development and the economic development
level is a direct indicator that reflects the urbanization rate.
The sub-system of economic urbanization mainly focuses
on economic scale, residents income level and industrial
structure, in which the main indicators include GDP/capita
and per capita disposable income of urban residents and
proportion of added value of secondary and tertiary industries
in GDP. Land elements are the carrier and basic conditions
for promoting urbanization. The proportion of construction
land and per capita road area are used to characterize land
urbanization in this paper. The new urbanization adheres to
the people-oriented approach, emphasizing the transformation
of residents’ lifestyles, the improvement of life quality, the
acquisition of social recognition, and the full coverage
and equalization of basic public services in the process of
population citizenization. This paper uses public expenditure
on science and education as a percentage of GDP, technical

frontiersin.org
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TABLE 2 County-level eco-efficiency evaluation index.

Index Category

Input indicators Power consumption

Capital investment

Land resource consumption

Labor resource consumption

Output indicator Expected output Economic output

Unexpected output

staff in medical and health institutions per thousand people,
number of beds per thousand people in medical and health
institutions, urban and rural endowment insurance coverage
and internet broadband penetration rate to measure the
impact of social development. Urbanization is increasingly
emphasizing the concept of ecological civilization, advocating
reducing disturbance and damage to nature during urban
development. We choose domestic sewage treatment rate to
measure ecological urbanization.

Establishment of eco-efficiency index system
Eco-efficiency focuses on maximizing the economic value
output by minimizing resource consumption and environmental
pollution (Sadorsky, 2021). To ensure proper measurement of
concurrent progress toward environmental sustainability and
inclusive economic growth, eco-efficiency indicators should be
assessed by combining indicators from two or more dimensions
(Kuosmanen, 2005; Mickwitz et al., 2005). Referring to relevant
literature, we comprehensively describe eco-efficiency from
the perspective of input, expected output, and undesired
output. Relevant indicators of social capital, energy and labor
consumption, and natural resource are selected for the inputs.
Social and economic output are mainly considered for the
expected output, and the problem of environmental pollution
is mainly considered for the undesired output, with pollutant
discharge selected as the evaluation index. The combination
of these three systems in one score satisfies the question of
assessing the social development and environmental use trade-
offs between domains of sustainability (Wursthorn et al., 2011;
Bianchi et al., 2020; Kounetas et al., 2021). Furthermore, we
established a county-level eco-efficiency evaluation index system
that complies with scientific principles while keeping in mind
efficacy (Table 2). When selecting resource input indicators, we
selected social and natural resource indicators that are closely
related to human production and life. Specifically, power input
is measured by electricity consumption of the whole society,
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Specific indicators

Electricity Consumption of the Whole Society (10,000 kWh)

Total Investment in Fixed Assets of the Whole Society (RMB 10,000)
Construction Land Area (km?)

Cultivated Area (km?)

Industry Practitioners (persons)

General Budgetary Revenue of Local Finance (RMB 10,000)

Gross Regional Product (RMB 10,000)

Industrial Sulfur Dioxide Emissions (ton)

Nitrogen Oxide Emissions (ton)

Smoke (Powder) Dust Emission (ton)

capital input is measured by total investment in fixed assets
of the whole society, and land resource input is measured
by construction land area and cultivated area, labor resource
input is measured by industry practitioners. Regarding expected
output indicators, consistent with the majority of scholars,
general budgetary revenue of local finance and gross regional
product were selected for measurement. Pollutant emissions
are used to measure unexpected outputs, including industrial
sulfur dioxide emissions, nitrogen oxide emissions and smoke
(powder) dust emission.

Research methods

In this study, we scientifically measure and evaluate
the dynamic evolution and synergistic relationship between
urbanization and eco-efficiency in 76 agricultural counties
and districts in Liaoning Province through the following
methods and steps: (1) Construct an evaluation system for
the urbanization level and eco-efficiency using the entropy
evaluation method and the SBM model with undesirable
outputs and complete the measurement calculation. (2)
Measure the spatial-temporal evolution trend of urbanization
and eco-efficiency using kernel density estimation curve
and the gravity center transfer model to effectively measure
the
characteristics.

threshold distribution characteristics and direction
(3) Adopt bivariate Moran’s I index to
portray spatial-temporal interaction between county-level
urbanization and eco-efficiency, describe the spatial aggregation
and correlation of the two, and effectively resolve the
endogeneity of variable data. Through the above methods,
we clarify the development and evolution characteristics
of county urbanization and eco-efficiency, as well as the
dynamic and synergistic development ability of the two,
to provide a theoretical basis to further balance the level
of urban construction and eco-efficiency in the study area.
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FIGURE 1
Method flow chart of the article.

The research methods and main contents are shown in
Figure 1.

Entropy evaluation method

The entropy method can profoundly reflect the utility value
of the entropy value of the index information, and the index
weight determined by it can effectively overcome subjectivity
and has high reliability (Polesie et al., 2020). The entropy
evaluation method deals with the utilization of information
entropy to effectively transfer the information in accordance
with the degree of discreteness of each indicator, which in turn
helps to determine the weight of each indicator (Zhou and
Zhou, 2015). Herein, we adopted the entropy evaluation method
to measure the urbanization level; the calculation formula is
as follows:

1. Data standardization

Xii — Xps
Positive indicators:X/ij = 2 min

> o
Xmax—Xmin

i=12,....,mj=12,...,n (1)
Xmax — Xij
Negative indicators : X/ ij = M,
Xmax—Xmin
i=12,....mj=12,...,n (2)
2. Calculating information entropy
n 1 X,
1
e)' = —K*Zpij lnPij,K = —¢€ [0, 1]) Pij = =5 (3)
=1 In m > X
Frontiers in Ecology and Evolution 06

3. Calculating the difference coefficient (information utility)

g = 1-— & (4)
4. Calculating the weight of each indicator
m
Wi=g/ g ®)
=1
5. Calculating comprehensive indicators
(6)

n
Si:ZWj*Xij
j=1

SBM model with undesirable outputs

Most eco-efficiency measurement models choose “input +
expected output + undesired output,” and the measurement
methods mainly include data envelopment analysis including
DEA model (Picazo-Tadeo et al., 2011; Yasmeen et al., 2020;
Moutinho and Madaleno, 2021) and SBM mode (Li and Shi,
20145 Cecchini et al, 2018; Xu et al., 2020), and life cycle
assessments (Avadi et al, 2014; Lorenzo-Toja et al., 2015;
Beltran-Estevea et al.,, 2017). As a systematic analysis method
used to evaluate the relative efficiency of the same type of
decision-making units based on various inputs and outputs,
the data envelopment analysis is widely used to measure
eco-efficiency. To solve the long-standing traditional issue of
the DEA model being prone to relaxation of variables, Tone
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(Tone and Tsutsui, 2010, 2013) proposed a non-radial non-
angular-based SBM model, which could effectively circumvent
the deviation caused by the selection of radial and angular
outputs and could also overcome the problem of input-
output relaxation. Since multiple inputs and outputs need to
be entered into the evaluation system when measuring the
efficiency, Tone also upgraded the SBM model by considering
the negative externalities of the environment, so that the
relationship between the inputs and the outputs could be
estimated meticulously. In this paper, the eco-efficiency was
measured by employing the SBM model with unexpected
output, non-orientation, and constant payoff to scale. The model
is as follows:

p—Lym %

. m Lai=1 xj
ﬁj*zmm 7 k = (7)
1 1S 2 S

1+ argm ( =13 T 22 h%)
xj=X)\+sj_
ijY)\—Sjy

S.t.
bj=Dx+s]’?
— b
s; 20,5;20,51- >0,1>0

In the formula: sf and s]l-’ stand for the redundant value of

input and undesired output, respectively; the vector ¢/indicates
the state of the desired output, which does not reach the
maximum; the subscript j represents the jth DMU (Decision
Making Unit). At the time of 0 < 8* <1, the DMU is in
an inefficient state, while an efficient state can be achieved by
further optimizing the input or output. At the time of g* =1,

the DMU is in a relatively effective state and at that time, 5]'7 =
b_J _
Sj —s]}-l =0.

Kernel density estimation curve

Kernel density estimation is a non-parametric estimation
method that can describe the distribution state and distribution
characteristics of random variables with a continuous
probability density curve under the null hypothesis of a
parametric model, as it can objectively and truly reflect the
estimation; it is widely employed in measuring the regional
differences of spatial elements (Minoiu and Reddy, 2014).
In this paper, we employed kernel density estimation to
describe the distribution state and distribution characteristics of
random variables (Van Kerm, 2003). The calculation formula is

as follows:

n
1 — X
fo) =30 K

1=

) ®)

In the formula, / stands for the bandwidth, K represents the
kernel function, and # is the number of elements covered in the
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circle, with point x as the center and bandwidth £ as the radius.
The nearest neighbor distance method was adopted to determine
the bandwidth:

( =1 Zj“:l di]')

h:
k xn

9)

In the formula, d,-j stands for the distance between the points
iand j, n is the total number of interest points, and k denotes the
number of adjacent points around the interest point i.

The center of gravity transfer model

The center of gravity model is an important analytical tool
to study the spatial variation of factors in the process of regional
development. The regional center of gravity is an index to
measure the overall distribution of a certain attribute in the
region and the movement of the center of gravity reflects the
spatial trajectory of regional development (Zhao et al., 2020). In
this paper, the center of gravity transfer model was adopted to
determine the overall variation trend of the spatial distribution
of variables (Liang et al., 2021). The formula of the barycentric
coordinate solution model is as follows:

i MiX;

v_ i MiYi
=S50
i=1*"

X =
Z?:l Mi

(10)

In the formula: x and y stand for the center of gravity
longitude and latitude of a certain index for the total area,
respectively; X; and Y; represent the coordinates of the
geographic center of gravity in the sub-area, respectively; i stands
for the ith research unit, # stands for the total number of research
units, and M; for the weight of an index in the area.

The formula for solving the moving distance of the regional
center is as follows:

2 2 0.5
Dy g =C x (Vs = Vi + (X, - Xp? (11)

In the formula: D;_j stands for the moving distance of
the center in two different years; and s and k represent the 2
years, respectively; X, X5, Xj, Yj denote the longitude and
latitude coordinates of the geographic location of the regional
center in the sth year and the kth year, respectively; C represents
the conversion rate between geographic coordinates and
plane projection coordinates, which is generally a constant,
1°~111.111km; C x (X; — Xj) and C x(Ys — Y}) stand for
the absolute distance that the center of a certain element moves
in terms of longitude and latitude from the kth year to the sth
year, respectively.

Bivariate Moran’s | index
Spatial autocorrelation analysis is commonly used to
reveal whether the distribution of spatial variables and their
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adjacent regions have agglomeration. It includes two aspects—
global spatial autocorrelation and local spatial autocorrelation
(Wartenberg, 1985), which are represented by Moran’s I and
Local Moran’s I indices (Batlle and van der Hoek, 2018).
The bivariate Moran’s I index is an improved version of the
traditional Moran’s I index (Kruger et al., 2017; Antczak, 2020).
The global bivariate Moran’s I index is used in this paper to test
whether any spatial clustering and discrete features are present
in the global range of the variable. The formula is as shown in
Equation (12):

n n )
Y1 21 i ()

2N no
S0 iz Zj:l Wij

The local bivariate Moran’s I index was adopted to examine

(12)

Iy =

the local anomalies and spatial agglomeration triggered by the
spatial stagnation effect amongst the research units. The formula
is as shown in Equation (13):

R
Wl'j 3
Sl

j=1

/ x;{—fck

Igy=—5— (13)
Si

In the formula: x;c stands for the observation value of the

variable k on the space unit i, x; is the observation value of
the variable [ on the space unit j, x; and X; are the average
observation values for the variables k and [, respectively, wjj
stands for the spatial weight matrix, and Slzc and Sl2 stand for
the variances of the observation values for the variables k and
I, respectively.
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Result analysis

Spatial-temporal pattern of county-level
urbanization and eco-efficiency

In this paper, the natural discontinuity method was
employed to divide the measured urbanization levels and eco-
efficiency results into four grades, ranging from low to high.
As shown in Figure 2, the urbanization level of agricultural
counties and districts in Liaoning Province exhibited an overall
upward trend from 2013 to 2017, while the average index
rose from 0.2468 in 2013 to 0.2789 in 2017. In terms of
the variation range, the level of urbanization first increased
and then decreased, with 2014 being the turning point, and
subsequently the urbanization process became stable. The
highest value of urbanization was observed at the centers of
Fuxin City and Tieling City, demonstrating a unique and
prominent “siphon effect.” Furthermore, the two high-value
centers came into being in Dalian City and Shenyang City,
from where they diffused from inwards to outwards, thus
forming high-value agglomeration areas with a striking driving
effect of urbanization. In terms of spatial-temporal evolution
characteristics, the urbanization level of the agricultural counties
and districts in Liaoning Province depicted a positive shift from
exclusively northeast-southwest strip development to overall
regional development.

The measurement results of eco-efficiency (Figure 3) show
that the eco-efficiency of agricultural counties and districts
in Liaoning Province demonstrates an N-shaped development
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FIGURE 3
Spatial pattern of eco-efficiency in agricultural counties and districts of Liaoning province (2013-2017).
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Kernel density curve of urbanization level and eco-efficiency of agricultural counties and districts in Liaoning province (2013-2017). (A)
Urbanization levels. (B) Eco-efficiency.

curve (Kuznets curve), with the years 2014 and 2016 being even the spatial pattern of the two was characterized by an
the inflection points and subsequently undergoing an overall identical imbalance.

reduction. The average value declined from 0.4364 in 2013

to 0.3117 in 2017, reflecting poor stability of eco-efficiency.

The southern Liaoning region presented relatively better eco- . .
efficiency, but still endured depletion to some extent owing to Spatlal-temporal evolution trend of

urbanization development. The eco-efficiency of the western CountY'level urbanization and
Liaoning region fell behind. The eco-efficiency of the central, eco-efﬁaency

eastern, and northern parts of Liaoning thrived during the
initial period, but then suffered a declining trend with each Time series evolution characteristics of

year, with only certain regions recuperating. In a nutshell, county-level urbanization and eco-efficiency
the urbanization level and eco-efficiency of Liaoning Province In this paper, the kernel density estimation curve was
portrayed a reverse development trend in terms of time, and implemented to evaluate the quantitative change characteristics
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TABLE 3 Movement distance and rate of urbanization (U) and eco-efficiency (EE) of centers of agricultural counties and districts in Liaoning

province (2013-2017).

Liaoning Eastern
province Liaoning
Center movement distance (km) U 13.66 6.67
EE 49.14 18.98
Center movement rate (km/a) U 341 1.67
EE 12.28 4.74

of the values of the two factors on the time scale (Figure 4);
the results reveal that: (1) During the research period, the
urbanization level distribution curve of the agricultural counties
and districts in Liaoning Province shifted to the right on
the whole, indicating that the urbanization level was on the
rise; the wave crest was sharp and the height first decreased
and then increased, suggesting that no decline occurred in
the difference in the urbanization level between counties
and districts; a prominent diffusion phenomenon followed by
striking agglomerated development was observed within the
region. All the curves over the years exhibited the characteristics
of right-trailing, indicating that the number of units with higher
urbanization level were still small, whereas the low-value units
possessed a remarkable convergence trend. (2) The increase
and decrease in the eco-efficiency distribution curve varied
considerably, and the peak shape and tailing of the curve
also differed greatly, signifying that the eco-efficiency of each
unit failed to assume a highly correlated spatial matching; the
distribution curve showed a “right-left-right” movement trend,
with the year 2016 as the node. The eco-efficiency of agricultural
counties and districts in Liaoning province first increased, then
decreased, and then increased again. The ecological utilization
level first decreased and then increased slightly, but it still failed
to reach the previous level. The eco-efficiency curve over the
years presented characteristics of double peaks, and the two
peaks were at both the ends, which implied severe polarization
of eco-efficiency. The highest peak on the left side shows that
the eco-efficiency of each unit was still lower, by and large.
The peak location showed an “upward-downward” trend, and
the curve transformed from a wide front to a sharp peak and
then mitigated, suggesting that the difference in county-level
eco-efficiency was constantly widening, before being curbed to
some extent.

Spatial evolution characteristics of county-level
urbanization and eco-efficiency

To manifest the varying trends of urbanization and eco-
efficiency at different spatial scales, the center transfer model
was adopted to characterize the spatial evolution trajectories
of urbanization and eco-efficiency. The calculation results are
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Western Central Northern Southern
Liaoning Liaoning Liaoning Liaoning
8.64 5.14 9.52 442
56.14 10.67 39.67 32.80
2.16 1.29 2.38 1.10
14.04 2.67 9.92 820

shown in Table 3 and Figure 5. The center of county-level
urbanization in Liaoning Province demonstrated a relatively
smooth movement, and the center of eco-efficiency presented
a substantial movement, with a larger difference in the moving
trend between various regions. At the provincial level, the
urbanization development of Liaoning Province portrayed a
“southwest-northeast” movement during the study period, and
the center was positioned in Tai’an County and Panshan County
in the central part of Liaoning. The total distance covered by the
movement was 13.65 km, with an average movement rate of 3.41
km/a. The eco-efficiency presented a “southwest-northwest”
movement, with the center positioned in Liaoyang County, and
gradually shifting to Haicheng City. The total distance covered
by the movement was 49.14km, with an average movement
rate of 12.28 km/a, and the variation rate depicted an overall
increasing trend. No remarkable synergy was observed between
the variation rate and the direction of the two centers.

The center change characteristics of urbanization level
and eco-efficiency in different regions are as follows: (1) The
urbanization center of the eastern Liaoning region moved along
the “southeast-northeast” direction, with slight fluctuations
and a stable moving rate; the eco-efficiency center moved
southwards on the whole, and the movement rate tended
to be stable after a considerable change in 2014. The two
behaved relatively similarly in terms of the center location,
movement rate, and movement direction. (2) Urbanization
in the western Liaoning region occurred at a steady pace
and the movement rate declined with each year, whereas,
there was a slight change in the location of the center.
The center of eco-efficiency moved southwards, with weak
stability of the moving rate. A significant spatial change was
observed in the development of eco-efficiency. In addition,
an increase was witnessed in the spatial difference of the
development center between the two factors. (3) The center
location of urbanization and eco-efficiency in central Liaoning
suffered a slight change, but both the factors illustrated
prominent spatial stability during the development phase.
(4) The urbanization center of the northern Liaoning region
moved northwards overall, undergoing stable changes; the
center of eco-efficiency first moved southwards and then shifted
northwards, with the variation speed accelerating constantly. (5)
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The urbanization center of the southern Liaoning region moved
slightly around the same place but mostly remained fixed. The
center of eco-efficiency moved southwards overall, and enjoyed
considerable changes in 2014, with only stable changes in all the

other years.
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By and large, at the provincial and the regional level,
Liaoning Province exhibited a relatively stable urbanization
process and a relatively robust urbanization spatial pattern.
No remarkable trend was observed in the movement of
the urbanization center in each region. The urbanization
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TABLE 4 Changes in bivariate Moran's | index of agricultural counties and districts in Liaoning province over the years.

2013 2014
Urbanization-eco-efficiency 0.152 0.289
Eco-efficiency-urbanization 0.117 0.219

migration distance and rate ranking of the different regions
are attributable to the regional urbanization construction
base. The better the foundation of urbanization development,
the more stable is the movement trend. The eco-efficiency
presented significant movement changes, with an unbalanced
movement direction and rate among the regions. Except
for the eastern and the central Liaoning regions, the center
of eco-efficiency showed significant dynamic changes in all
the other regions of the province. Generally, Liaoning was
labeled with poor stability in eco-efficiency development, weak
trend of agglomeration development across the province,
shortage of proper guidance and specifications for eco-efficiency
development, and prominent development randomness and
variability. In terms of the coordinated development of
urbanization and eco-efficiency, there was some insufficient
correlation between the variations in the center of the two
within specific regions, and insignificant overlapping and
synchronization of the variations in the center of the two, within
specific regions.

Spatial-temporal interaction between
county-level urbanization and
eco-efficiency

In this paper, urbanization is considered as the first
variable and eco-efficiency as the second variable (urbanization-
eco-efficiency), while it is the vice-versa (eco-efficiency-
urbanization) when calculating the two-variable global Moran’s
I index. The calculation results are shown in Table 4. The
results reveal that a positive spatial correlation exists between
the urbanization level and eco-efficiency of Liaoning Province,
which indicates that a positive correlation exists between the
urbanization level and the eco-efficiency of the surrounding
areas as well as between the eco-efficiency and the urbanization
of the surrounding areas. The Moran’s I index of “urbanization-
eco-efficiency” exceeded the Moran’s I index of “eco-efficiency-
urbanization” in 2014, signifying that the impact of eco-
efficiency on the urbanization of the surrounding areas was
eventually greater than the impact of urbanization on the eco-
efficiency of the surrounding areas. Both the Moran indices
demonstrated an “up-down” trend, suggesting that the cluster
development or stagnant development capability of the two
factors first increased and then decreased.
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2015 2016 2017
0.170 0.141 0.109
0.170 0.172 0.133

The calculation results of the local Moran’s I index of
urbanization-eco-efficiency (Figure 6A) reveal that: (1) On
the whole, the research units presented a certain number
of abnormal agglomeration characteristics, with the LL
agglomeration forming the primary type. (2) In terms of space,
LL agglomeration areas emerged adjacent to each other in
the western Liaoning region, which was characterized with
backward urbanization development, relatively extensive
and inefficient development of the surrounding areas, and
inadequate emphasis on eco-efficiency utilization; furthermore,
small-scale HH agglomeration areas formed in the central
and southern Liaoning regions, which focused on input-
output efficiency and interaction between urbanization
level and eco-efficiency of the surrounding areas during
the course of rapid urbanization; HL agglomeration areas
emerged in the western, central, and southern Liaoning
regions, which were labeled with prominent urbanization
agglomeration effect and negative development externalities.
In the process of urban development, such areas are likely to
capture development resources of surrounding areas. The LH
agglomeration areas emerged in the central and eastern part of
the province, which were characterized with relatively backward
urbanization development and refined ecological protection
in the development process. (3) From the perspective of time
series variations, the number and distribution pattern of each
abnormal agglomeration type of urbanization-eco-efficiency
remained stable overall. LL type gradually moved from the
western Liaoning region along the southeastern direction,
and HH type shifted from the central Liaoning region to the
southern part, while the number of HL and LH areas reduced.

The calculation results of local Moran’s I index of eco-
efficiency-urbanization suggest that (Figure 6B): (1) The impact
of eco-efficiency in Liaoning Province on the urbanization level
of the surrounding areas was predominantly generated by the
LL and HL agglomeration types. (2) From the perspective of
space, the LL agglomeration areas were basically distributed in
the western, northern, and eastern parts of Liaoning Province
along the topographical characteristics, featuring low input-
output ratio of economic and ecological development, and
the relatively backward urbanization development of their
surrounding areas; local HL agglomeration areas emerged in
the eastern and the northern parts of Liaoning Province, which
enjoyed a superior level of eco-efficiency than the urbanization
development level of their surrounding areas; the concentrated
HH and LH areas were formed adjacent to each other in
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FIGURE 6
LISA agglomerations of urbanization and eco-efficiency of agricultural counties and districts in Liaoning province (2013-2017). (A)
Urbanization-eco-efficiency. (B) Eco-efficiency-urbanization.

the northwest Liaoning region, and eventually transformed to deplete eco-efficiency in exchange for the urbanization
into the LH type, demonstrating that these areas experienced development of their surrounding areas; HH agglomeration
higher agglomerated urbanization development, and were likely areas formed in the southern Liaoning region and subsequently
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exhibited poor development performance, establishing that
the high level of eco-efficiency in such areas weakened the
urbanization development of their surrounding areas. (3) From
the perspective of time series variations, the spatial pattern of the
LL areas remained stable; a drop was witnessed in the number
of HH and HL types of research units, and high eco-efficiency
promoted weaker urbanization development in the surrounding
areas. An increase was observed in the number of LH-type areas,
where the situation of promoting urbanization development
of the surrounding areas while ignoring eco-efficiency grew
increasingly severe during the study period.

Discussions

Spatial-temporal evolution trend of
urbanization and eco-efficiency

The level of urbanization in agricultural counties and
districts in Liaoning Province during the study period has
been increasing and gradually moving toward region-wide
development, which coincides with China’s acceleration into a
new stage of urbanization transformation and development that
focuses on improving quality after the issuance of the National
New Urbanization Plan (2014-2020) by the State Council and
the Central Committee of the Communist Party of China in
2014. This has caused the agglomeration capacity of central cities
to become increasingly prominent and surrounding counties
and districts have gradually formed a new growth pole for
coordinated regional development. Eco-efficiency has generally
decreased and become less stable during the study period.
Urbanization has promoted the non-agricultural transformation
of industries and resources, but the new economic and social
development model has brought about “urban diseases” such
as environmental pollution and imbalance in the input and
output of energy flow. Eco-efficiency has an N-shaped structure
with inflection points in 2014 and 2016, which may be a
response to the strategic decision of “vigorously promoting the
construction of ecological civilization” proposed at the 18th
National Congress of the Communist Party of China in 2012
and the General Plan for the Reform of the Ecological Civilization
System issued by the State Council and the Central Committee
of the Communist Party of China in 2015. However, due to the
immaturity of China’s internal structural system and operational
processes, as well as environmental debt, the positive impact of
ecological use transformation in counties and regions is still not
obvious (Yao et al., 2021).

Interactive relationship between
urbanization and eco-efficiency

Different from the results of previous studies, in this paper,
we propose that the temporal development of eco-efficiency
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and urbanization in the study area is not synchronized, and
the coupling coordination between the two is in the shape
of an inverted U, suggesting that coordinated development of
urbanization and eco-efficiency has not yet occurred in the study
area. And there is a disconnect between the pursuit of urban
construction and ecological protection in the development of
agricultural counties and districts. The spatial heterogeneity
of urbanization and eco-efficiency agglomeration development
in the counties and districts is strong, but generally speaking,
the low-urbanization level and eco-efficiency development
areas under the dual pressure of the two are obvious. The
development of urbanization has a positive impact on the eco-
efficiency of the surrounding areas, and the optimization of eco-
efficiency has an overall positive impact on the improvement of
urbanization in the surrounding areas. However, the negative
effects of urbanization spread to neighboring counties, forming
a “pollution refuge effect,” and the phenomenon of maintaining
eco-efficiency at the expense of surrounding urbanization
development still exists. The ability to coordinate and integrate
regional urbanization development and eco-efficiency still needs
to be further strengthened.

Limitations

Owing to the limitation of some objective factors, this study
still has some shortcomings. Firstly, the social statistical data
used in this paper may contain certain arbitrary fluctuations
attributable to different statistical calibers, which may lead to
certain errors in the calculation results. Secondly, in view of
the limited availability and continuity of the data, this paper
may lack a certain level of accuracy and comprehensiveness in
determining the evaluation years and indicators. The inclusion
of the panel data into longer time series and broader indicator
system may also be challenging for subsequent studies.

Conclusions

Based on the panel data of 76 county-level units in Liaoning
Province, we describe the spatial-temporal evolution trends
and interaction characteristics of the urbanization level and
eco-efficiency of agricultural counties and districts in Liaoning
Province, in this paper. The main conclusions drawn are
as follows:

(1) From 2013 to 2017, the average value of urbanization
of agricultural counties and districts in Liaoning Province
gradually climbed from 0.2468 to 0.2789, and the urbanization
process switched from strip development to regional
development, entirely. The eco-efficiency of agricultural
counties and districts in Liaoning Province exhibited an N-
shaped development trend and declined from 0.4364 to 0.3117.
Eco-efficiency was relatively better in the southern Liaoning
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region but was underdeveloped in the western Liaoning region.
Eco-efficiency of the other regions in the province had a good
foundation but was badly deteriorated due to urbanization
development. Overall, the urbanization level and eco-efficiency
of agricultural counties and districts in Liaoning Province
portrayed a reverse development trend, and the spatial pattern
of the two also showed similar unbalanced characteristics.

(2) From 2013 to 2017, no reduction was seen in the
urbanization difference among the agricultural counties
and districts in Liaoning Province. There were certain
diffusion characteristics, followed by the evident agglomerated
development within the region. Most of the research units were
low-level units and demonstrated a remarkable convergence
trend. After experiencing a fluctuating decrease, the eco-
efficiency slightly increased but failed to reach the previous
elevated level. Severe polarization of eco-efficiency was
observed, and the value of each unit was generally low. The
difference in the county-level eco-efficiency was curtailed to
some extent before it continued to increase again.

(3) From 2013 to 2017, the center of urbanization
in Liaoning Province moved in the “southwest-northeast”
direction, with an average movement rate of 3.41 km/a, and
the moving trend was stable. The center of eco-efficiency
moved in the “southwest-northwest” direction, with an average
movement rate of 12.28 km/a, and the overall variation
rate increased. There was insufficient correlation between the
changes in the center of the two factors in various regions, and
insignificant synchronization in changes in the movement of the
center of the two, within each region.

(4) From 2013 to 2017, there was a global positive correlation
between the urbanization level and eco-efficiency in Liaoning
Province, which exhibited an inverted “U” shaped development
trend, with the year 2014 as the inflection point. The global
Moran’s I index of “urbanization-eco-efficiency” rose from 0.152
in 2013 to 0.289 in 2014 and then continued to drop to
0.109 in 2017. The global Moran’s I index of “eco-efficiency-
urbanization” increased from 0.117 in 2013 to 0.219 in 2014,
and then reduced to 0.133 in 2017. The local autocorrelation
of “urbanization-eco-efficiency” was dominated by the LL
agglomeration type, which was adjacently distributed in the
western region and subsequently shifted to the southeastern
region. The southern region gradually replaced the central
region to form the HH agglomeration areas, and the HL and
LH agglomeration areas were minimal in number and declined
gradually. “Eco-efficiency-urbanization” agglomeration areas
primarily belonged to the LL and HL types. LL agglomeration
areas were distributed in the western, northern, and eastern
parts of Liaoning Province with a stable spatial pattern. A
gradual decrease was observed in the number of HL and HH
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agglomeration areas, while a surge was witnessed in the number
of LH agglomeration areas.

The results herein have important reference values for
ecological construction and sustainable development and can
effectively help guide regional managers in regional planning
and policy formulation, as well as provide reference for other
regions to conduct interactive research on urbanization and
eco-efficiency. This paper draws the following inspirations for
the development of the county: (1) Establish a comprehensive
evaluation system for the urbanization level and ecological
environment, and dynamically monitor the process of
urbanization and eco-efficiency. (2) Continue to follow the path
of sustainable development, optimize resource allocation, and
improve the coordination and interaction between regional
construction and ecological utilization. (3) Fully consider the
spatial spillover effects of urbanization and eco-efficiency,
and build regional integration, planning docking, and policy
coordination mechanisms, and

cross-regional ecological

compensation mechanisms.
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