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Abstract
The scienti�c evaluation and identi�cation of the relationship between urban comprehensive carrying capacity (UCC) and urbanization in
Northeast China under serious urban shrinkage is an important basis for realizing the all-around revitalization of the region. Using a panel
data set of 34 prefecture-level cities with six nonshrinking cities and 28 shrinking cities in Northeast China from 2003 to 2019, this study
constructs an ordinary panel data model and a static and dynamic spatial econometric model, the spatial Durbin model (SDM), to identify
the relationship between the UCC and urbanization and to empirically investigate the impacts of the key control variables on UCC
improvement. The results show a signi�cant U-shaped curve relationship between the UCC and urbanization for the shrinking cities and a
signi�cant inverted U-shaped curve relationship for the nonshrinking cities, and the spillover effect of the urbanization is not signi�cant.
Moreover, social urbanization has a signi�cant negative spatial effect on the local and neighborhood UCC of the nonshrinking cities,
while demographic and spatial urbanization have signi�cant positive spatial effects on the local and neighborhood UCC of the shrinking
cities. In addition, �xed asset investment signi�cantly promotes the UCC of the nonshrinking and shrinking cities and has signi�cant
positive spillover effects on the neighboring regions. R&D investment has a signi�cant positive spatial effect on only the local and
neighborhood UCC of the shrinking cities, while it has a signi�cant positive effect on only the local UCC of the nonshrinking cities. New-
type urbanization, industrial structure adjustment, new infrastructure construction and technological innovation are effective measures
for improving and enhancing the comprehensive carrying capacity of cities in Northeast China.

Introduction
Urbanization is one of the most important human activities affecting the earth (Cui et al. 2019) and is also a dynamic, multiscalar, and
complex process (Ernstson et al. 2010; Hussain and Imitiyaz 2018). Urbanization includes not only the agglomeration of the population in
cities but also changes in the mode of economic development, life and land use (Chen et al. 2018; Guan et al. 2018; Yu 2021). The
extensive path of urbanization development is an important reason for the decline in urban carrying capacity. Hence, urbanization has
inevitably resulted in land shortages, an insu�cient supply of public services, environmental pollution and other ‘city diseases’ (Cui et al.
2019; Taagepera 2014; Lu and Chen 2015). Many cities globally are under threat of being overloaded, and the carrying capacity of cities
is unable to support the scale of urban development (Meng et al. 2020; Oh et al. 2005). As the world continues to urbanize, urban carrying
capacity has become a major concern and a widespread challenge facing sustainable urban development (Huang et al., 2015).

To address this problem, practical approaches and concepts that incorporate the concept of carrying capacity into managing urban
development have been proposed, for example, inclusive green growth (Bank 2012), eco-cities (Bibri and Krogstie 2020; Kenworthy 2006),
low-carbon cities (Gri�ths and Sovacool 2020), sustainable cities (Jenks and Jones 2010), smart growth (Daniels 2001; Joss et al. 2019),
and resilient cities (Bigger and Webber 2021; Jabareen 2013; Lawrence and Thomas 2005). The core idea of these practices and
concepts is to promote sustainable urban development based on the carrying capacity of cities (Wei et al. 2015b). Urban carrying
capacity implies the level of population or development that can be sustained in an area without adversely affecting the area beyond an
acceptable level (Oh et al. 2005; Tehrani and Makhdoum 2013; Wei et al. 2015b) or refers to the maximum load that a city can survive in a
given environment without any damage and can fully consider the pressure factors of resources and services with the concept of
sustainable development (Su et al. 2019). Urban carrying capacity has been used as an essential barometer and scale of sustainable
urban development (Wei et al. 2015b). Previous studies have contributed to single element carrying capacity research, mainly focusing on
land (Lane 2010; Luo et al. 2020; Shi et al. 2019; Yang et al. 2021a), water (Liao et al. 2020; Wang et al. 2021; Zhao et al. 2021), resources
and the environment (Hakim et al. 2021; Peng and Deng 2020; Tan et al. 2022; Wu et al. 2021; Zhang et al. 2019), and culture (Seidl and
Tisdell 1999; Ye et al. 2020).

Sustainable development necessitates harmonious and balanced relationships among natural resources, bioecology, demographic
growth, and human socioeconomic activities (Wei et al. 2016). In fact, urban carrying capacity is not a static and �xed value but a
dynamic and improvable value with changes in economics, technology, human preferences, and society (Bugliarello 2006; Graymore et al.
2010; Su et al. 2019). The urban comprehensive carrying capacity (UCC) of integrated social, economic and environmental aspects
should be considered and strengthened. Some achievements have been made in this �eld. For example, Oh et al. (2005) established an
integrated framework including energy, green areas, roads, subway systems, water supplies, sewage treatment, and waste treatment for
assessing Gangnam District’s carrying capacity, one of the most densely developed districts in Seoul, South Korea. Wei et al. (2016)
established an integrated framework based on infrastructure and urban services, environmental impacts and natural resources, public
perception, institutional setting, and society supporting capacity that was effectively validated for China’s megacities and found that
infrastructural and environmental factors were important in the evaluation of the UCC. Zhao et al. (2020) built an integrated indexing
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system based on social, economic, environmental, and transportation dimensions to evaluate the UCC of the Beijing–Tianjin–Hebei
region.

However, most current research focuses on closed systems and static studies, and the dynamic UCC research in an open urban system is
insu�cient (Feng et al. 2017; Liu and Zhu 2017). In addition, the current methodology does not seem to have transitioned from case
studies to mature econometric model consensus, and the exact quantitative relationship between urbanization development and its
comprehensive carrying capacity is not su�cient (Gao et al. 2021). Importantly, current UCC research is limited to rapidly urbanizing
areas such as the Beijing–Tianjin–Hebei region, Guangdong-Hong Kong-Macao Greater Bay Area, and Tehran metropolis (Shao et al.
2020; Tehrani and Makhdoum 2013; Zhao et al. 2020), but there is a noticeable lack of adequate analyses conducted in shrinking urban
areas, such as Northeast China (NE China), one of the most important old industrial bases with the worst urban shrinkage in China (Sun
and Wang 2021). Although urban growth is an uncontested reality in both developed and developing countries, urban shrinkage is no less
a reality, despite being immersed within the ubiquitous discourse of growth (Cunningham-Sabot et al. 2013). Urban shrinkage is an
increasingly important fact and a major challenge for future urban policy and urban research (Wiechmann and Wolff 2013), but little is
understood about all its manifestations (Martinez-Fernandez et al. 2012). Hence, sustainable urban development should also consider
shrinking cities, and the comprehensive carrying capacity integrating socioeconomic, environmental and livelihood factors in the context
of urban shrinkage should be given enough attention and discussed in depth (Shetty and Reid 2013; Yang et al. 2021b; Zhou et al. 2021).

As the most populous country in the world, China is still experiencing high-speed and large-scale urbanization (Deng et al. 2019; Yang and
Pan 2020). However, China's shrinking cities have been widely distributed and have coexisted with growing cities for a long time (Yang et
al. 2021b). Now, these conditions have been further aggravated by high-speed rail (Deng et al. 2019) and internet technology (Jiang
2021). NE China is the region exhibiting the worst urban shrinkage (Yang et al. 2021b) and will experience long-term urban shrinkage in
the future (Ma et al. 2021), facing problems similar to those of the US's rustbelt and Germany’s Ruhr area, such as a declining economy,
job loss, and population out�ow (Ma et al. 2020; Martinez-Fernandez et al. 2016); it has lost its leading place and become a lagging
region (Ma et al. 2020; Zhang 2008; Wang 2018). To control the rising regional disparities and to improve regional development, the
Chinese government enacted the NE China Revitalization Strategy in 2003 and introduced a new revitalization plan in 2016 that aimed to
stop the rapid economic downturn, to improve employment, and to maintain social stability (the State Council 2003 and 2016). However,
the policy has been unsuccessful in achieving the expected goals, such as industrial transformation, economic growth, and employment
increases (Ren et al. 2020; Zhen and Wang 2019). To date, there has not been an in-depth discussion and analysis of the relationship
between the UCC and urbanization in areas facing urban decline and urban shrinkage in NE China, resulting in di�culty in formulating a
reasonable revitalization policy and providing a feasible path for sustainable urban development. Hence, a comprehensive and
systematic scienti�c understanding of the relationship between the UCC and urbanization in old industrial bases facing widespread urban
decline has become an urgent practical need for sustainable urban development and their full recovery and revitalization.

Based on static and dynamic spatial econometric models, this study explores the interlinkages, including spatial spillover effects,
between the UCC and urbanization in terms of shrinking cities in NE China from 2003 to 2019 and investigates the direct and indirect
spatial effects of control variables on the UCC. We study the econometric relationship between urbanization and UCC in an open system
from the dynamic perspective, as well as its spatial spillover effect, which makes up for the lack of dynamic and openness in current
carrying capacity research. Additionally, it makes up for the fact that the current carrying capacity research focuses more on rapidly
urbanizing areas and ignores declining cities and shrinking cities. This research not only expands the perspective and breadth from the
scienti�c level but also provides scienti�c guidance for the sustainable development of shrinking cities in old industrial bases.

Materials And Methods

Study area
NE China has an important strategic position in maintaining national security, food security, ecological security, energy security, and
industrial security and is of vital importance in China’s modernization. NE China consists of Liaoning Province, Jilin Province,
Heilongjiang Province and the eastern part of the Inner Mongolia Autonomous Region (including Hulunbuir City, Xing’an League, Tongliao
City, Chifeng City, and Xilingol League), with an area of 1.26 × 106 km2 and a population of 120 million (Ren and Ma 2018). In this study,
we adopt a narrow concept of NE China consisting of Liaoning Province, Jilin Province and Heilongjiang Province. Due to the severe lack
of data on Yanbian of Jilin Province and Daxinganling of Heilongjiang Province, to avoid analysis error, this study removes them, and
only 34 prefectural-level cities are chosen to explore the relationship between the UCC and urbanization. Of the 34 prefecture-level cities,
six cities, Shenyang, Yingkou, Panjin, Chaoyang, Changchun and Harbin, are not shrinking cities, and the remaining 28 cities are in
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different urban shrinking stages (Sun and Wang 2021). Of the six nonshrinking cities, Shenyang, Yingkou, Panjin and Chaoyang are
located in Liaoning Province, Shenyang is its provincial capital, and Changchun and Harbin are the provincial capitals of Jilin Province
and Heilongjiang Province, respectively. Of the remaining 28 shrinking cities, 10 cities are located in Liaoning, seven cities are located in
Jilin, and 11 cities are located in Heilongjiang.

Data

Data sources
The raw data used in this study are derived from the China City Statistical Yearbook, the China Regional Economy Statistical Yearbook,
the statistical yearbooks of Liaoning Province, Jilin Province, and Heilongjiang Province, and the statistical yearbooks and the national
economic and social development statistical bulletins of the prefecture-level cities under the jurisdiction of the three provinces. Some
missing values are extrapolated by an interpolation method. The geographical location coordinates of each city in the geographical
distance weight are calculated by the national electronic map using the software Geoda.

Urban comprehensive carrying capacity index system
Carrying capacity is in�uenced by ecological dynamics, human values and aims, institutional settings and management practices (Seidl
and Tisdell 1999). Oh et al. (2005) identi�ed energy systems, green areas, roads, subway systems, water supplies, sewage treatment, and
waste treatment as decisive factors of UCC. Wei et al. (2015a) developed a quantitative-based practical UCC assessment framework to
monitor and to evaluate sustainable urban development, including environmental and natural resources, infrastructural and urban
services, policy perception, institutional setting and societal supporting capacity. Then, they chose economic, resource, environmental,
infrastructural and transport subcategories to build an index system to evaluate the UCC of China’s megacities (Wei et al. 2016). Su et al.
(2019) selected the environment, resources, infrastructure, science and technology, social culture, urban security, ecological civilization,
and public services to evaluate UCC. Shao et al. (2020) used economic, social, environmental and transportation indicators to estimate
UCC. Combined with the above achievements and the actual situation of NE China, this study develops an integrated UCC evaluation
index system of social, economic and resource and environmental indicators with a pressure-state-response framework (Huang et al.
2015; Segnestam 2003), and indicators are chosen when they are valuable in academic research and practical application (Liu et al.
2020). The index system includes 32 indicators, in which 10 social carrying capacity (SCC), 11 economic carrying capacity (ECC) and 11
resource and environmental carrying capacity (RECC) indicators (Table 1), and the descriptive statistics of the �nal comprehensive index
value (total_ucc) are shown in Table 3.
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Table 1
Index system for urban comprehensive carrying capacity

System level First level
index

Basic level index Weight Symbol

Social carrying capacity (0.281) Pressure Annual natural population growth rate (‰) 0.013 -

Urban registered unemployed population to urban
employed population (%)

0.002 -

Teacher/student ratio in primary and secondary
schools

0.008 -

State Urban population (% of total) 0.035 +

Number of medical beds per 10,000 persons 0.014 +

Number of public library books per 100 persons 0.034 +

Response Education expenditure (% of �scal budget expenditure) 0.011 +

Number of doctors per 10,000 persons 0.014 +

Urban employed population (% of total population) 0.037 +

Number enrolled in higher education per 10,000
persons

0.076 +

Economic carrying capacity (0.446) Pressure Secondary industry GDP (% of total GDP) 0.018 -

Urban construction land (% of urban area) 0.017 -

Built-up area (km2) 0.018 -

State GDP per capita (Yuan) 0.044 +

Employees in secondary and tertiary industries to total
employment (%)

0.020 +

GDP per area of land (104 Yuan·km− 2) 0.070 +

Average salary of employees (Yuan) 0.039 +

Response Fixed asset investment (% of GDP) 0.033 +

Science and technology expenditure (% of �scal
expenditure)

0.0875 +

Foreign direct investment (% of GDP) 0.090 +

Tertiary industry GDP (% of total GDP) 0.012 +

Resource and environmental carrying
capacity (0.273)

Pressure Industrial wastewater discharged per 10,000 Yuan
GDP (ton)

0.011 -

Industrial sulfur dioxide emissions per 10,000 Yuan
GDP (kg)

0.011 -

Industrial soot (dust) emissions per 10,000 Yuan GDP
(kg)

0.009 -

Electricity consumption per 10,000 Yuan GDP (kWh) 0.005 -

State Natural and coal gas supply per 10,000 Yuan GDP
(m3)

0.111 +

Lique�ed petroleum gas supply per 10,000 Yuan GDP
(kg)

0.045 +

Per capita public green areas (m2) 0.038 +

Green coverage rate of urban built-up areas (%) 0.017 +

Response Harmless treatment rate of domestic waste (%) 0.027 +
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System level First level
index

Basic level index Weight Symbol

Ratio of general industrial solid waste utilized (%) 0.021 +

Centralized treatment rate of sewage treatment plants
(%)

0.025 +

Urbanization level index system
The measurement of the urbanization level mainly includes the single index method and comprehensive index method. Most existing
studies use the proportion of the urban population to measure the urbanization level, but the single index method measures only the
quantitative process of the �ow of the rural population to cities, which makes it di�cult to accurately re�ect the rich connotations of
urbanization (Chen et al. 2009). The comprehensive index evaluation method is widely used to assess the status of urban development
(Bai et al. 2018; Zhou et al. 2015). The comprehensive index system can more comprehensively and completely monitor the urbanization
process and clarify the coordinated evolution of population urbanization and regional landscape, economic structure and living methods
(Yang and Pan 2020; Chen et al. 2009). Ma et al. (2021) established a new urbanization evaluation system from the �ve dimensions of
population, economy, society, space and ecology; they used this system to explore the impacts of urbanization on China’s provincial
carbon dioxide emissions and found that China’s new urbanization has a signi�cant role in promoting carbon emissions.

Referring to existing research achievements and combining the actual situation in NE China (Jia et al. 2021; Yu 2021; Zhang et al. 2020;
Gan et al. 2015; Liang et al. 2013), we propose an index system composed of the four dimensions of demographic, economic, social and
spatial urbanization to evaluate the comprehensive urbanization level of NE China (Table 2). The index system involves four categories
and 17 subcategories. Demographic urbanization mainly re�ects the process and quality of population �ow to cities and towns, including
the proportion of urban population, population density of built-up areas, employment in tertiary industries and number of college students
per 10000 persons. Economic urbanization mainly re�ects the nonagricultural transformation of an economic structure, including the per
capita GDP, �xed asset investment, industrial output of enterprises larger than a designated size, total pro�t of enterprises above a
designated size and total sales of social retail products. Social urbanization mainly re�ects changes in lifestyle, including the number of
doctors per 10000 persons, number of public books per 100 persons, number of medical beds per 10000 persons, number of public
transport vehicles per 10000 persons and internet users per 100 persons. Spatial urbanization mainly re�ects the degree of urban spatial
sprawl, including the built-up area, proportion of construction land and per capita urban road area. The descriptive statistics of the
comprehensive urbanization level index value (total_urb) are shown in Table 3.
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Table 2
Index system for urbanization

First-level index Basic-level index Weight

Demographic urbanization

(0.245)

Urban population (% of total) 0.058

Population density (person·km− 2) 0.028

Employment in tertiary industry (% of total employment) 0.033

Number enrolled in higher education per 10,000 persons 0.127

Economic urbanization

(0.364)

GDP per capita (Yuan) 0.074

Fixed asset investment (108 Yuan) 0.116

Industrial output value of enterprises larger than a designated size (108 Yuan) 0.105

Total pro�ts of enterprises larger than a designated size (108 Yuan) 0.069

Total retail sales of social consumer goods (108 Yuan) 0.124

Social urbanization

(0.207)

Number of doctors per 10,000 persons 0.021

Number of public library books per 100 persons 0.055

Number of medical beds per 10,000 persons 0.023

Number of public transport vehicles per 10,000 persons 0.054

Internet users per 100 persons 0.053

Spatial urbanization

(0.061)

Built-up area (km2) 0.016

Urban construction land (% of urban area) 0.014

Per capita area of paved roads (m2/person) 0.031

Control variables
In addition to internal factors such as resource, environmental and socioeconomic systems, the UCC is affected by external factors such
as economic growth, industrial structure, population density, technological innovation, environmental quality, infrastructure construction,
government regulation, and urbanization (Sun et al. 2018; Chen et al. 2020; Shang and Wang 2019; Quan et al. 2018; Shi et al. 2013).
Moreover, trade openness and industrial structure have signi�cant impacts on sustainable urban development (Al-mulali et al. 2015; Chen
et al. 2019; Huang et al. 2018). Hence, to minimize the missing variables affecting the UCC, the control variables shown in Table 3 are
selected to explore their impacts on the UCC. These variables passed the variable in�ation factor (VIF) collinearity test in this study.

The per capita gross domestic product (GDP) (gdp_per) represents the level of economic development, and a higher value shows stronger
economic support for improvement in the RECC. The proportions of the output values of secondary industry in GDP (sec_indus) and
tertiary industry in GDP (thir_indus) represent industrial structure changes and the industrialization level. The average population per unit
area of land (pop_dens) and natural population growth rate (pop_grow) represent population changes. The opening level is measured by
the proportion of foreign direct investment (FDI) out of the GDP (fdi_gdp). The proportion of �scal science and technology expenditure in
the GDP (tech_exp) re�ects the expenditure level of scienti�c and technological progress and the attention of local governments. The
proportion of employees in the water conservancy, environment and public facilities management industries in population (empl_pulic),
the proportion of �scal expenditure in GDP after deducting education and science and technology expenditure (�scal_gdp) and the
proportion of �xed asset investment in the GDP (�x_gdp) represent the government regulation abilities. The general solid waste treatment
rate (uti_solid_waste), wastewater treatment rate (treat_wast_water) and per capita urban road area (urb_road_per) represent the
government’s management level and ability to provide public services. The statistical characteristics of each variable are summarized in
Table 3.
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Table 3
Descriptive statistics of each variable

Variable Obs Mean Std.Dev. Min Max

total_ucc (unit) 578 0.282 0.064 0.170 0.506

total_urb (unit) 578 0.221 0.104 0.095 0.702

pop_dens (person·km− 2) 578 200.026 129.875 21.200 588.180

pop_grow (‰) 578 0.423 3.859 -16.640 11.690

gdp_per (Yuan) 578 34923.240 25347.860 3560.740 148000.000

sec_indus (%) 578 43.426 13.439 10.680 85.920

thir_indus (%) 578 38.920 8.781 11.050 67.680

tech_exp (%) 578 1.771 3.969 0.033 27.877

�x_gdp (%) 578 51.262 29.181 0.370 163.168

fdi_gdp (%) 578 1.906 2.426 0.000 20.961

�scal_gdp (%) 578 16.030 9.062 2.806 57.578

empl_public (%) 578 0.274 0.131 0.045 0.871

uti_solid_waste (%) 578 72.212 24.262 6.000 100.000

treat_waste_water (%) 578 67.183 26.821 1.000 100.000

urb_road_per (m2·person− 1) 578 8.624 5.416 1.121 71.660

Data treatment
To avoid the in�uence of human factors and to make the evaluation index weight more scienti�c, the entropy method is used in the
objective weighting method. The entropy method is a mathematical method used to judge the dispersion degree of an index. The greater
the dispersion degree is, the greater the impact of this indicator on the comprehensive evaluation index, and vice versa. The traditional
entropy method has certain drawbacks. For example, negative values and extreme values cannot be directly involved in the calculation,
and some improvements should be made to the method. This study uses the standardized transformation method to improve the entropy
method. The improved entropy method is used to establish the evaluation index weight, and the speci�c calculation steps are as follows.

Step 1: Standardize the indicators:

The processing method of positive indicators is:

1
The processing method of negative indicators is:

2
Step 2: Calculate the proportion of the i-th indicator value in the j-th indicator:

X '
ij =

Xij − min(Xj)

max(Xj) − min(Xj)

X '
ij =

(maxXj−Xij)

(maxXj − minXj)

pij =
X '

ij + 0.1

∑m
i=1 (X

'
ij + 0.1)
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3
Step 3: Calculate the entropy of the j-th indicator:

4
Step 4: Calculate the weight of the j-th indicator:

5
According to the above calculations, the comprehensive indicator of urbanization level and urban carrying capacity can be obtained as
follows:

6
where  and  are the original value and the normalized value of indicator j for city i; m is the number of indicators; and 
and  refer to the maximum and minimum values of the indicator j of the cities, respectively.

In addition, to avoid spurious regression due to a unit root of the dependent variable, hypothesis testing (HT), Im, Pesaran and Shin (IPS),
Levin-Lin-Chu (LLC) and Fisher type tests are used to judge the stationarity of the variable. It is found that the initial form and logarithmic
form of the dependent variable are stationary. According to the Kao test in Stata, there is no cointegration relationship. Hence, this study
can use a spatial panel data model to explore the relationship between the UCC and urbanization. The control variable pop_grow has
many negative values, so this study does not use a logarithmic term to evaluate the effect on the UCC, and logarithmic terms of the
remaining variables used to explore their relationship with the UCEmpirical model

Based on the environmental Kuznets curve (EKC) model (Grossman and Krueger 1995), this study develops a basic ordinary panel
covariance model that includes the UCC and urbanization. To reduce the variance and in�uence degree of heteroscedasticity (Tian and
Sun 2018), pairs of variables are used to investigate the relationship between the UCC and urbanization, as shown in Eq. (7):

7
where i represents prefecture-level cities in NE China; t refers to the time or year; ucc denotes the UCC and equals total_ucc; and urb is the
urbanization level and equals total_urb. This study also introduces a quadratic term of urbanization level (urb2) to test whether an EKC
curve relationship exists between urbanization and the UCC;  is a vector of control variables that affect the UCC (measured in
standardized data);  and  represent estimated parameters;  and  are the individual effect and time effect, respectively; and 
represents the random disturbance term.

To explore the spatial relationship between the UCC and urbanization, we use static and dynamic spatial panel models to capture spatial
direct and spillover effects across the cities in NE China as follows in Eq. (8) and Eq. (9):

8

9
where  and  are the parameters to be estimated;  is a normally distributed error term;  is an individual �xed or random
effect; and  is the time effect.  is a spatial matrix that describes the spatial proximities between cities. To represent the spatial

ej = −
m

∑
i=1

(pijlnpij)
1

ln (m)

wj =
(1 − ej)

∑n

j=1(1 − ej)

Yij =
n

∑
j=1

wjX
'
ij

Xij X '
ij maxXj

minXj

lnuccit = β1lnurbit+β2(lnurbit)
2

+ ϕ1ilnxit + α1i+γ1t + ϵit

xit
β1 β2 αi γt ϵit

lnuccit = ψWlnuccit−1 + ρWlnuccit + β1lnurbit + β2(lnurbit)
2

+ θWlnZit+αi+γt + νit, νit = λWνit + uit

lnuccit = τlnuccit−1 + ψWlnuccit−1 + ρWlnuccit + β1lnurbit + β2(lnurbit)
2 + θWlnZit+αi+γt + νit, νit = λWνit + uit

τ,ψ,ρ,β θ νit αi

γt W
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spillover effect, this study uses the most commonly used geographical distance weight matrix ( ) following the reference (Jia et al.
2021), and its elements are as follows:

10
where  is the geographical distance (unit: km) between the i-th city and j-th city calculated by their latitudes and longitudes.

Results And Discussion

Changes in urban comprehensive carrying capacity
The RECC, ECC, SCC and UCC of the 34 prefecture-level cities in NE China have been improved from 2003 to 2019. However, the four kinds
of carrying capacities began to decline in 2014 and then recovered slowly up to approximately 2016. That is, the �rst round of the
Northeast China Revitalization Policy in 2003 promoted the improvement of the carrying capacity of the region, but the policy effect was
maintained only until approximately 2013. Since then, the economy of NE China has fallen precipitously, and the phenomenon of "New
Northeast China" has appeared (Zhao 2015). To overcome this phenomenon, China started the second round of the Northeast China
Revitalization Policy in 2016, and the carrying capacity of the region stopped falling and rebounded. Importantly, the times corresponding
to the UCC changing points are very consistent with the times of the implementation of the Northeast China Revitalization Policy, which
proves that the development of NE China seriously depends on the implementation of relevant national policies and that the endogenous
dynamic mechanism of sustainable development has not been fully formed in the region (Jin 2019).

Regarding the three aspects of carrying capacity, the RECC of NE China is relatively good, while the SCC is its weakest aspect, which is
closely related to the fact that most local urbanization in NE China is established around major activities such as the national heavy
chemical industry, grain production and resource demand (Chen 2008). These cities are established according to economic needs, with
the most attention paid to the pursuit of economic e�ciency and technology, while the fact that urbanization development should be
people-oriented and should meet social needs and improve overall social bene�ts is ignored. As a result, once the cities in NE China,
especially resource-based cities, are exhausted, the cities will fall into a serious recession, residents will lose their economic support, and
the cities will lose their populations. Meanwhile, the out�ow of talent will be aggravated due to serious environmental pollution and a lack
of basic social services, which seriously threatens the social stability and sustainable development of NE China.

Importantly, the average UCC indexes of the shrinking and nonshrinking cities are 0.271 and 0.334, respectively, demonstrating that the
UCC in the nonshrinking cities of NE China is better than that in the shrinking cities; i.e., economic decline, population loss, undeveloped
infrastructure and a degraded ecological environment may aggravate the deterioration of the UCC in shrinking cities. Additionally, the
unevenness of national policies, such as the Northeast China Revitalization Policy, drives the rapid development of core cities but ignores
the development needs of small and medium-sized cities, which intensi�es the unevenness of development between cities. The
unevenness of national policies has become the direct cause of the hierarchical nature of urbanization development (Liang et al. 2013).
Figure 1 shows the UCC spatial pattern of the 34 prefecture-level cities in 2003 and 2019; the �gure con�rms that the cities with high UCC
performance are gathered along the Harbin-Dalian High-speed Railway Line and mostly correspond to the nonshrinking cities, gradually
increasing from the north to the south of NE China.

Changes in the comprehensive urbanization level
The average comprehensive urbanization level (total_urb) of NE China increased by 76.7% from 2003 to 2019, with increases of 78.2%,
81.0% and 68.7% in Liaoning, Jilin and Heilongjiang, respectively. The quality of urbanization in NE China has been signi�cantly
improved. As the provincial capital and subprovincial cities, Shenyang, Dalian and Changchun are the only cities whose index values
exceed 0.500, followed by 0.455 in Harbin, exhibiting the best urbanization performance in NE China. The worst urbanization
performance is exhibited by Chaoyang and Tieling of Liaoning, indicating that the polarization of urbanization quality in Liaoning is more
signi�cant than that in the other two provinces, just as China's urbanization presents obvious characteristics of hierarchical differences
and regional imbalance (Jiang 2021), and regional development differences are an important factor leading to urban shrinkage.

W

wij = {
, i ≠ j

0, i = j

1
dij

dij
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Importantly, the average urbanization levels in shrinking and nonshrinking cities are as high as 0.201 and 0.311, respectively, indicating
that regional decline has severely affected the urban development of shrinking cities in NE China. Figure 2 shows the urbanization spatial
pattern of the 34 cities in 2003 and 2019. It reveals that the spatial pattern of urbanization tends to be unevenly distributed and that the
cities with the highest urbanization level, such as Harbin, Changchun, Shenyang and Dalian, are also concentrated along the Harbin-
Dalian High-speed Railway Line, which is consistent with the trend of the UCC distribution.

Relationship between urban comprehensive carrying capacity and
urbanization

Ordinary panel regression analysis
This study employs a �xed effect model based on the Hausman test to explore the relationship between the UCC and urbanization in NE
China. Table 4 reports the estimated results under different speci�cations, also proving the robustness of the results. This study uses the
last three evaluation results for analysis based on the �xed effect model in a robustness test. Urbanization (lnurb) has signi�cantly
positive effects on the UCC, and its effect coe�cient is the largest of those of the variables. The urbanization level increases by 1%, and
the UCC increases by 0.228%, 0.353% and 0.350% for all cities, the nonshrinking cities and the shrinking cities, respectively, indicating that
the local urbanization improvement can signi�cantly promote the local carrying capacity. Moreover, the quadratic term of urbanization
(lnurb2) does not have signi�cant impacts on the UCC; in other words, there is no inverted U-shaped curve relationship between
urbanization and the UCC in NE China.

In addition, demographic urbanization (lndem_urb) has a signi�cantly positive effect on the UCC of the shrinking cities at the 1% level and
a negative effect on the nonshrinking cities at the 10% level, which indicates that urban development can signi�cantly promote the UCC
improvement of the shrinking cities. Additionally, urban development in the nonshrinking cities inhibits their UCC improvement. Although
the regression coe�cient of the natural population growth rate (pop_grow) is very small, this variable has a signi�cantly negative effect
on the UCC at the 1% level in NE China, indicating that the continued decline in the birth population seriously inhibits the UCC
improvement. In addition, the proportion of the elderly population in the shrinking cities and towns in NE China has increased from
10.21–21.93%, and the population structure is rapidly aging (Ma et al. 2021). Moreover, NE China is the region with the most serious
population out�ow and scienti�c and technological talent out�ow (Ministry of Science and Technology of China 2020; Jiang 2021). The
loss of skills and talent quickly affects the local innovation system and seriously affects small and medium-sized enterprises that rely on
skilled workers for survival and growth (Martinez-Fernandez et al. 2016; Pallagst et al. 2014). Demographic change and urban shrinkage
are mutually causal, and the two form a cumulative cyclic effect that continuously exacerbates urban shrinkage and UCC deterioration.
However, economic recovery does not necessarily stimulate population regrowth (Haase et al. 2021), and a shrinking population does not
necessarily lead to a loss of economic vitality (Yang and Pan 2020); therefore, new methods must be used to determine the complex
interactions; the carrying capacity and urbanization quality cannot be improved simultaneously due to the combination of economic
decline, low birthrate, aging and talent out�ow in NE China.

In addition, economic urbanization (lneco_urb) has signi�cantly negative effects on the UCC of the nonshrinking cities and shrinking
cities. Economic indicators are the common limiting factor hindering the sustainability of most cities in NE China, and the resilience of the
urban economy in Northeast China is generally weak (Zhang et al. 2019), so the improvement in the sustainability performance in the
region is attributed to its good environmental performance (Chen and Zhang 2021). Spatial urbanization (lnspa_urb) has a signi�cantly
positive effect on the UCC of shrinking cities at the 5% level, indicating that the improvement of the spatial structure and quality of the
shrinking cities can signi�cantly contribute to the improvement of their UCC.

The coe�cients of most control variables for the nonshrinking and shrinking cities are signi�cantly different; for example, per capita GDP
(lngdp_per), representing wealth level, has a signi�cantly higher positive effect on the UCC of the nonshrinking cities than the shrinking
and all cities, showing that economic development based on common development and common prosperity in the future is one of the
fundamental ways to enhance UCC improvement and to realize comprehensive revitalization and all-around revitalization in NE China.
The secondary industry ratio (lnsec_indus) has a signi�cantly negative effect on the UCC of the nonshrinking cities at the 5% level but has
a signi�cantly positive impact at the 10% level for the shrinking cities. This means that the development of the secondary industry
dominated by the traditional equipment manufacturing and heavy chemical industries in the nonshrinking cities led by Shenyang,
Changchun and Harbin has been an obstacle to UCC improvement. Both research and development (R&D) investment (lntech_exp) and
FDI (lnfdi_gdp) signi�cantly promote the improvement in the carrying capacity of the nonshrinking and shrinking cities (at the 1% level).
Increasing R&D investment intensity and continuously attracting FDI are important ways to improve urban carrying capacity and



Page 12/29

sustainable urban development in NE China. Currently, China is beginning to enter the �fth economic long wave represented by
information technology, while NE China is still in the fourth economic long wave based on manufacturing, oil and steel, etc. The
advantages of industrial development will continue to be lost, and the region will experience long-term economic shrinkage in the future
(Ma et al. 2021). Therefore, moving toward a more diversi�ed industrial structure, highlighting endogenous momentum in economic
transition, technological and institutional innovation and advancing the equalization of social welfare for local residences are major
measures that can be taken to address urban shrinkage, and accordingly, the UCC can be continuously improved (Du et al. 2021).
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Table 4
Estimated results of Eq. (7)

VARIABLE (1) (2) (3) (4)

lnucc lnucc lnucc lnucc

OLS

All

FE_robust

All

FE_robust

Nonshrinking

FE_robust

Shrinking

lnurb 0.364*** 0.228*** 0.353** 0.350***

  (0.0565) (0.0614) (0.0924) (0.0714)

lnurb2 0.0153 -0.0125 -0.146 0.0264

  (0.0235) (0.0362) (0.0779) (0.0419)

lndem_urb 0.0173 0.152** -0.144* 0.208***

  (0.0318) (0.0619) (0.0670) (0.0655)

lneco_urb -0.0634*** -0.0698** -0.207** -0.0571*

  (0.0197) (0.0308) (0.0628) (0.0323)

lnsoc_urb 0.0486** 0.0280 -0.142 0.0298

  (0.0237) (0.0358) (0.112) (0.0365)

lnspa_urb -0.0602* 0.0602 -0.0407 0.102**

  (0.0309) (0.0394) (0.0358) (0.0390)

lnpop_dens 0.0205** -0.216 -0.553 -0.266

  (0.00861) (0.192) (0.399) (0.221)

lngdp_per 0.0787*** 0.0850*** 0.124*** 0.0659**

  (0.0140) (0.0226) (0.0299) (0.0267)

lnsec_indus 0.00622 0.0474 -0.194** 0.0683*

  (0.0159) (0.0355) (0.0732) (0.0383)

lnthir_indus 0.0602*** 0.109*** 0.0372 0.103***

  (0.0176) (0.0230) (0.0302) (0.0252)

lntech_exp 0.0274*** 0.0335*** 0.0307*** 0.0343***

  (0.00267) (0.00266) (0.00588) (0.00291)

ln�x_gdp 0.000888 0.0130** 0.00360 0.0183***

  (0.00438) (0.00603) (0.0137) (0.00657)

lnfdi_gdp 0.0407*** 0.0378*** 0.0443*** 0.0338***

  (0.00635) (0.00699) (0.00664) (0.00924)

ln�scal_gdp 0.000217 -2.73e-05 -0.00655 0.00750

  (0.00703) (0.00698) (0.00828) (0.00719)

lnempl_public -0.0238*** -0.0180*** -0.00733 -0.0226***

  (0.00676) (0.00530) (0.00536) (0.00658)

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1
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VARIABLE (1) (2) (3) (4)

lnucc lnucc lnucc lnucc

OLS

All

FE_robust

All

FE_robust

Nonshrinking

FE_robust

Shrinking

lnuti_solid_waste 0.0529*** 0.0283*** 0.0110 0.0268***

  (0.00656) (0.00764) (0.0274) (0.00794)

lntreat_waste_water 0.0339*** 0.0353*** 0.0233 0.0361***

  (0.00602) (0.00496) (0.0164) (0.00462)

lnurb_road_per 0.0136* -0.00939 0.0190 -0.0169*

  (0.00784) (0.00913) (0.0137) (0.00972)

pop_grow -0.00419*** -0.00415*** -0.00340*** -0.00413***

  (0.000942) (0.000746) (0.000593) (0.000863)

Constant -2.574*** -1.103 0.420 -0.349

  (0.290) (1.040) (2.436) (1.204)

Observations 578 578 102 476

R-squared 0.897 0.842 0.945 0.835

Number of city   34 6 28

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1

Spatial correlation analysis
The existence of spatial correlation in the UCC index is a prerequisite for the use of a spatial econometric model to conduct our empirical
study. Figure 3 presents the scatter plots of Moran’s I index in 2004 and 2018 as evidence to illustrate the spatial distribution of the UCC
index with the spatial weight matrices of  from the software Stata IC 16.1. The horizontal axis represents the standardized UCC index
values, while the vertical axis is its spatial lag values. The �gure proves that the original hypothesis of no spatial correlation can be
strongly rejected for most cities in NE China, indicating that there is signi�cant spatial agglomeration in the UCC. Therefore, the use of the
spatial econometric models based on Eq. (8) and Eq. (9) to quantitatively explore the effect of the comprehensive urbanization level on
the independent variable of the UCC is justi�ed.

Static spatial panel data model regression estimation
The �xed effect model is used in this study based on the Hausman test. Table 5 presents the estimated results of Eq. (8) with the time
and unit �xed-effect spatial Durbin model (SDM). The spatial autoregressive coe�cients ρ for all cities and the shrinking cites are
signi�cantly negative at the 1% level, indicating the negative spatial correlation for the UCC at the urban level, but for the nonshrinking
cities, the coe�cient is negative but not signi�cant. The results also show that the UCC in the neighboring regions has a negative effect
on the UCC of the local region, meaning that the improvement in the UCC in the neighboring regions by 1% reduces the UCC of the local
region by 0.344% and 0.525% for all cities and the shrinking cities, respectively. The UCC shows the spatial spillover effects. Only the
coe�cients of urbanization (lnurb) and the quadratic term (lnurb2) of the shrinking cities are signi�cantly positive at the 1% level,
indicating that there is a U-shaped curve relationship between the UCC and urbanization in the shrinking cities in NE China; that is, in the
initial stage of urbanization, the UCC is worse when the urbanization level is better, and when the urbanization level exceeds a turning
point, the development of urbanization contributes to the improvement in the UCC.

 

W
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Table 5
The estimated results from Eq. (8) with the �xed-effect SDM

VARIABLE All Nonshrinking Shrinking

  Main Wx Main Wx Main Wx

lnurb 0.268*** 0.568 0.128 -0.262 0.474*** 0.857

  (0.0741) (0.864) (0.156) (0.637) (0.0740) (0.671)

lnurb2 0.0376 0.596** -0.193*** -0.747*** 0.0982*** 0.667***

  (0.0337) (0.270) (0.0524) (0.239) (0.0291) (0.236)

lndem_urb 0.154** 0.859* -0.0863 -0.806* 0.181*** 1.122***

  (0.0638) (0.467) (0.137) (0.475) (0.0442) (0.294)

lneco_urb -0.0647** 0.240 -0.185** -0.511 -0.0588*** 0.252

  (0.0298) (0.171) (0.0881) (0.347) (0.0213) (0.156)

lnsoc_urb -0.00645 0.219 -0.187** -0.573** -0.00489 0.209

  (0.0243) (0.257) (0.0906) (0.290) (0.0231) (0.162)

lnspa_urb 0.0409 -0.0531 -0.0673 -0.306* 0.115*** 0.661***

  (0.0364) (0.188) (0.0504) (0.158) (0.0359) (0.197)

lnpop_dens 0.0642 0.192 -0.838** -3.448** 0.0170 -0.601

  (0.101) (0.791) (0.350) (1.553) (0.100) (0.737)

pop_grow -0.00119 0.00906 7.04e-05 0.00942 -0.00206** 0.00481

  (0.000780) (0.00663) (0.00144) (0.00580) (0.00101) (0.00594)

lngdp_per 0.0558* -0.0314 0.0705 0.266 0.0356 -0.0155

  (0.0311) (0.213) (0.0487) (0.167) (0.0226) (0.161)

lnsec_indus 0.0565 -0.00370 -0.278*** -1.111*** 0.0912*** 0.262*

  (0.0404) (0.169) (0.0700) (0.308) (0.0246) (0.134)

lnthir_indus 0.0494 0.412 -0.0435 -0.184 0.0739*** 0.677***

  (0.0343) (0.255) (0.0717) (0.165) (0.0232) (0.128)

lntech_exp 0.0130*** 0.0668*** 0.0401*** 0.0397 0.0109** 0.0567**

  (0.00407) (0.0251) (0.0126) (0.0349) (0.00461) (0.0237)

ln�x_gdp 0.0187*** 0.0775** 0.0450*** 0.159*** 0.0219*** 0.0607**

  (0.00641) (0.0308) (0.0120) (0.0445) (0.00575) (0.0288)

lnfdi_gdp 0.0608*** 0.0243 0.0570*** 0.0426* 0.0557*** 0.0501

  (0.00696) (0.0383) (0.00728) (0.0242) (0.00621) (0.0342)

ln�scal_gdp 0.00843 -0.00491 0.00783 0.0186 0.0188** 0.0670

  (0.00729) (0.0431) (0.0142) (0.0412) (0.00782) (0.0424)

lnempl_public -0.0133*** -0.153*** -0.0309*** -0.0513* -0.0105* -0.0962***

  (0.00480) (0.0354) (0.0109) (0.0290) (0.00567) (0.0319)

lnuti_solid_waste 0.0366*** 0.0655 0.0382 -0.0657 0.0371*** 0.0617*

Robust standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1
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VARIABLE All Nonshrinking Shrinking

  (0.00708) (0.0448) (0.0446) (0.250) (0.00634) (0.0323)

lntreat_waste_water 0.0351*** 0.0202 0.0444*** -0.0162 0.0348*** 0.0179

  (0.00469) (0.0334) (0.0149) (0.0421) (0.00488) (0.0318)

lnurb_road_per 0.00728 0.191*** 0.0759*** 0.217*** 0.000893 0.0993

  (0.00825) (0.0682) (0.0211) (0.0749) (0.00831) (0.0623)

ρ (rho) -0.344***   -0.268   -0.525***  

  (0.117)   (0.183)   (0.151)  

sigma2_e 0.00156***   0.000185***   0.00160***  

  (0.000167)   (2.40e-05)   (0.000105)  

Observations 578 578 102 102 476 476

R-squared 0.562 0.562 0.249 0.249 0.293 0.293

Number of city 34 34 6 6 28 28

Robust standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1

Table 6 reports the direct and indirect effects of each independent variable and control variables corresponding to the speci�cations in
Table 5. The direct effect of lnurb is signi�cantly negative at the 1% level for all cities and the shrinking cities. The direct effects of lnurb2
are signi�cantly negative and positive for the nonshrinking and shrinking cities at the 1% level, indicating that inverted U-shaped and U-
shaped curve relationships between the local urbanization level and UCC are statistically signi�cant for the nonshrinking and shrinking
cities, respectively; i.e., the impacts of urbanization on the UCC of the cities that are in a period of growth or decline are signi�cantly
different. Crossing the turning points of the curves, urbanization promotes improvement in the UCC for shrinking cities, while it is a
detriment for the nonshrinking cities. Moreover, the indirect effects of lnurb do not pass the signi�cance test, indicating that the spillover
effect of urbanization is not signi�cant, and local urbanization development has no signi�cant driving and demonstration effects on the
improvement in the carrying capacity of the neighboring cities.

The indirect effects of lnurb2 are signi�cantly negative and positive at the 1% level for the nonshrinking and shrinking cities, respectively,
showing inverted U-shaped and U-shaped curve relationships between urbanization in neighboring regions and the local UCC. As the UCC
is spatially correlated, the inverted U-shaped and U-shaped trend of urbanization’s effects on the UCC in the neighboring regions would
further out�ow to the local city, so the local UCC would show a trend similar to that of the neighboring regions.

For the urbanization subsystems in Table 6, lndem_urb and lnspa_urb in the neighboring cities have signi�cant spatial spillover effects on
the local UCC that are positive for the shrinking cities at the 1% level but negative for the nonshrinking cities at the 10% level, which
means that the population and spatial development in the cities neighboring the nonshrinking cities inhibits the improvement in the local
UCC of the nonshrinking cities, such as the provincial capital cities of Shenyang, Changchun and Harbin, while signi�cantly promoting the
UCC development of the shrinking cities.

Regarding the control variables in Table 6, lnpop_dens and lnsec_indus have signi�cantly negative direct and indirect effects on the UCC
of the nonshrinking cities, indicating that the agglomeration effect of these nonshrinking cities, including three important provincial
capital cities, is weak; population density and industrial development are becoming obstacles to improving the UCC in the nonshrinking
cities, but local industrial development in the shrinking cities could improve their UCC. The direct and indirect effects of lnthir_indus and
lntech_exp are signi�cantly positive for shrinking cities, indicating that the service industry and R&D play an important role in improving
the local and neighboring UCC. Moreover, R&D in the nonshrinking cities improves only the local UCC and does not have spatial spillover
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effects on the development of the UCC in the neighboring cities. lnfdi_gdp and lntreat_waste_water have signi�cantly positive direct
effects on only the local UCC but do not exhibit a spatial spillover effect. This shows that an increase in local FDI and the strengthening
of wastewater treatment and reuse can improve only their own UCC and cannot contribute to improvement in the UCC of the neighboring
regions. ln�x_gdp and lnurb_road_per have signi�cantly positive spatial spillover effects, which shows that urban road construction can
not only have a direct effect on the improvement in the UCC of the nonshrinking cities but also promote the UCC development of the
neighboring regions. This also shows that the aging and insu�cient coverage of roads and other infrastructure in NE China are serious;
the construction of new infrastructure requires very large investments but is vital for the sustainable development of the lagging region.
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Table 6
Direct and indirect effects of the models in Table 5

VARIABLE All Nonshrinking Shrinking

LR_Direct LR_Indirect LR_Direct LR_Indirect LR_Direct LR_Indirect

lnurb 0.264*** 0.359 0.151 -0.231 0.459*** 0.436

  (0.0718) (0.620) (0.133) (0.554) (0.0704) (0.463)

lnurb2 0.0276 0.446** -0.154*** -0.630*** 0.0804*** 0.430***

  (0.0316) (0.193) (0.0520) (0.219) (0.0256) (0.167)

lndem_urb 0.142** 0.619* -0.0394 -0.711* 0.154*** 0.713***

  (0.0626) (0.318) (0.123) (0.400) (0.0414) (0.205)

lneco_urb -0.0705** 0.204 -0.161** -0.430 -0.0676*** 0.193*

  (0.0299) (0.127) (0.0783) (0.308) (0.0208) (0.106)

lnsoc_urb -0.0109 0.173 -0.158* -0.476* -0.0114 0.145

  (0.0244) (0.189) (0.0821) (0.251) (0.0224) (0.112)

lnspa_urb 0.0426 -0.0498 -0.0495 -0.257* 0.0999*** 0.412***

  (0.0340) (0.139) (0.0454) (0.139) (0.0350) (0.140)

lnpop_dens 0.0607 0.116 -0.629* -2.844** 0.0333 -0.425

  (0.102) (0.602) (0.324) (1.309) (0.103) (0.514)

pop_grow -0.00230 0.00746 -0.000509 0.00823* -0.00227** 0.00407

  (0.0217) (0.00912) (0.00141) (0.00491) (0.00100) (0.00412)

lngdp_per 0.0597** -0.0410 0.0599 0.213 0.0378* -0.0222

  (0.0304) (0.160) (0.0454) (0.146) (0.0221) (0.109)

lnsec_indus 0.0585 -0.0185 -0.217*** -0.886*** 0.0859*** 0.147

  (0.0386) (0.117) (0.0691) (0.271) (0.0244) (0.0937)

lnthir_indus 0.0455 0.306 -0.0357 -0.142 0.0552** 0.449***

  (0.0319) (0.189) (0.0636) (0.130) (0.0221) (0.0854)

lntech_exp 0.0117 0.0461** 0.0393*** 0.0268 0.00984** 0.0337**

  (0.0151) (0.0197) (0.0114) (0.0292) (0.00494) (0.0167)

ln�x_gdp 0.0175 0.0534** 0.0357*** 0.125*** 0.0203*** 0.0339*

  (0.0142) (0.0258) (0.0115) (0.0406) (0.00564) (0.0199)

lnfdi_gdp 0.0603*** 0.00409 0.0558*** 0.0214 0.0554*** 0.0151

  (0.0150) (0.0278) (0.00703) (0.0190) (0.00664) (0.0221)

ln�scal_gdp 0.00835 -0.00332 0.00681 0.0150 0.0168** 0.0394

  (0.0204) (0.0325) (0.0128) (0.0343) (0.00738) (0.0284)

lnempl_public -0.0108 -0.114*** -0.0280** -0.0370 -0.00770 -0.0628***

  (0.00808) (0.0247) (0.0112) (0.0276) (0.00558) (0.0221)

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1
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VARIABLE All Nonshrinking Shrinking

LR_Direct LR_Indirect LR_Direct LR_Indirect LR_Direct LR_Indirect

lnuti_solid_waste 0.0367** 0.0413 0.0459 -0.0503 0.0364*** 0.0291

  (0.0143) (0.0321) (0.0310) (0.202) (0.00642) (0.0215)

lntreat_waste_water 0.0340* 0.00608 0.0465*** -0.0240 0.0346*** -0.000913

  (0.0205) (0.0256) (0.0140) (0.0376) (0.00476) (0.0207)

lnurb_road_per 0.00421 0.145*** 0.0653*** 0.174** -0.00230 0.0691*

  (0.00965) (0.0498) (0.0204) (0.0718) (0.00838) (0.0416)

Observations 578 578 102 102 476 476

R-squared 0.562 0.562 0.249 0.249 0.293 0.293

Number of city 34 34 6 6 28 28

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1

Dynamic spatial panel data model regression estimation
Although the static spatial panel model illustrates the impacts of the explanatory variable and the control variables on the UCC of the
cities in NE China, such as population density, natural population growth rate, industrial structure, �nancial expenditure, waste
management, and infrastructure construction, it may ignore the effects of potential variables or important factors, for example, the
innovation abilities of pillar industries, continuous industry development, pension infrastructure construction, urban-rural equity in public
service and revitalization policy. Hence, the �rst-order lag term of lnucc is used as an explanatory variable to characterize the impact of
the omitted variables on the UCC according to Eq. (9), and the estimated results are shown in Table 7.

First, the spatial correlation coe�cients for all cities and the shrinking cities are 0.338 and 0.542, respectively, and pass a 1% signi�cance
test, which is completely different from the negative spatial correlation coe�cient of the static model, indicating that the positive spatial
autocorrelation effect of the UCC in NE China is justi�ed and that the positive effect of the shrinking cities is more signi�cant than that of
the nonshrinking cities. The UCC of the neighboring regions has a positive effect on the local cities; that is, when the UCC in the
neighboring regions is improved, the local UCC accordingly develops, and vice versa. The estimated results of the dynamic model also
show that using only the explanatory variable and the control variables in the static model is not enough to explore the relationship
between the UCC and urbanization, and the omitted variables, such as the innovation ability of pillar industries, sustainable development
of continuous industries, pension infrastructure construction and urban-rural equity in public service and infrastructures, are also
important to UCC development in NE China and are needed to establish the dynamic spatial panel data model.

Second, the coe�cients of the lag term (L.lnucc) for all cities and the shrinking cities are signi�cantly positive at the 1% level, indicating
that the UCC in NE China, especially that in the shrinking cities, is spatiotemporally dependent. In addition to the signi�cant impacts of the
missing variables on the UCC, this shows that the UCC in NE China, especially that in the shrinking cities, has dynamic continuity or
viscosity and that the improvement of the UCC needs long-term attention.

Finally, the coe�cients of lnurb in all cities and the shrinking cities in the dynamic model are signi�cantly positive, while the coe�cient of
lnurb2 is signi�cantly positive and negative for the shrinking and nonshrinking cities, respectively, indicating that there are U-shaped and
inverted U-shaped curve relationships between the UCC and urbanization in the shrinking cities and nonshrinking cities, respectively, but
for all cities, the U-curve relationship is not signi�cant. This result is consistent with the estimated results of the static model, indicating
that the relationship between the UCC and urbanization is robust in this study. The control variables are basically consistent with the
evaluation results of the static model and do not change the major conclusions of the static spatial model.
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Table 7
The estimated results from Eq. (9)

VARIABLE All Nonshrinking Shrinking

Main Wx Main Wx Main Wx

L.lnucc 0.285***   -0.0173   0.266***  

  (0.0322)   (0.0949)   (0.0359)  

L.Wlnucc -0.355*   0.0418   -0.314  

  (0.200)   (0.294)   (0.192)  

lnurb 0.209*** -0.0145 0.157 -0.169 0.350*** -0.165

  (0.0525) (0.478) (0.155) (0.637) (0.0748) (0.663)

lnurb2 0.0338 0.287 -0.209*** -0.721*** 0.0804*** 0.238

  (0.0227) (0.191) (0.0545) (0.244) (0.0292) (0.242)

lndem_urb 0.135*** 0.898*** -0.0535 -0.718 0.167*** 1.088***

  (0.0398) (0.308) (0.128) (0.456) (0.0429) (0.284)

lneco_urb -0.0447** 0.261* -0.195** -0.551* -0.0356* 0.243

  (0.0191) (0.150) (0.0832) (0.328) (0.0206) (0.150)

lnsoc_urb 0.00591 0.195 -0.155* -0.314 0.0124 0.209

  (0.0211) (0.169) (0.0862) (0.278) (0.0229) (0.162)

lnspa_urb 0.0322 -0.0503 -0.119** -0.421*** 0.104*** 0.481**

  (0.0263) (0.157) (0.0519) (0.155) (0.0337) (0.187)

lnpop_dens 0.102 0.674 -0.463 -1.472 0.0550 0.0993

  (0.0872) (0.655) (0.428) (1.697) (0.0970) (0.726)

pop_grow -0.00167** 0.00701 0.00164 0.0133** -0.00219** 0.00378

  (0.000853) (0.00561) (0.00145) (0.00565) (0.000939) (0.00553)

lngdp_per 0.0346* -0.0431 0.0213 0.380** 0.0177 -0.0255

  (0.0198) (0.162) (0.0520) (0.167) (0.0220) (0.153)

lnsec_indus 0.0391* 0.0640 -0.331*** -1.391*** 0.0695*** 0.296**

  (0.0218) (0.137) (0.0679) (0.306) (0.0238) (0.128)

lnthir_indus 0.0316 0.298** -0.0899 -0.332** 0.0604*** 0.509***

  (0.0202) (0.143) (0.0715) (0.166) (0.0232) (0.130)

lntech_exp 0.0127*** 0.0754*** 0.0276** 0.0118 0.0106** 0.0690***

  (0.00392) (0.0255) (0.0121) (0.0346) (0.00444) (0.0255)

ln�x_gdp 0.0202*** 0.0650** 0.0452*** 0.174*** 0.0230*** 0.0569**

  (0.00487) (0.0266) (0.0116) (0.0427) (0.00542) (0.0269)

lnfdi_gdp 0.0512*** 0.00199 0.0663*** 0.0684*** 0.0483*** 0.0143

  (0.00512) (0.0323) (0.00728) (0.0257) (0.00602) (0.0344)

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1
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VARIABLE All Nonshrinking Shrinking

Main Wx Main Wx Main Wx

ln�scal_gdp 0.00386 -0.0327 0.0183 0.0198 0.0106 0.00941

  (0.00676) (0.0461) (0.0141) (0.0404) (0.00752) (0.0417)

lnempl_public -0.0142*** -0.117*** -0.0449*** -0.0548* -0.0116** -0.0821***

  (0.00498) (0.0336) (0.0109) (0.0302) (0.00544) (0.0308)

lnuti_solid_waste 0.0294*** 0.0721** 0.0830* 0.192 0.0313*** 0.0624**

  (0.00553) (0.0337) (0.0461) (0.263) (0.00604) (0.0306)

lntreat_waste_water 0.0330*** 0.0228 0.0347** -0.0200 0.0335*** 0.0264

  (0.00486) (0.0350) (0.0167) (0.0411) (0.00523) (0.0340)

lnurb_road_per 0.0140** 0.189*** 0.0706*** 0.199*** 0.00662 0.102*

  (0.00673) (0.0524) (0.0198) (0.0707) (0.00794) (0.0592)

ρ (rho) 0.338**   0.168   0.542***  

  (0.163)   (0.187)   (0.164)  

sigma2_e 0.00138***   0.000168***   0.00145***  

  (7.89e-05)   (2.24e-05)   (9.18e-05)  

Observations 544 544 96 96 448 448

R-squared 0.434 0.434 0.275 0.275 0.674 0.674

Number of cities 34 34 6 6 28 28

Standard errors in parentheses

*** p < 0.01, ** p < 0.05, * p < 0.1

Conclusions And Suggestions

Conclusions
This study develops index systems for the evaluation of the UCC and the comprehensive urbanization level from 2003 to 2019 in NE
China, which is now a lagging region in China with serious urban shrinkage. The two index systems are used to explore the relationship
between the UCC and urbanization in the context of the recession of NE China with panel data econometric models. Some important
�ndings are highlighted as follows.

The UCC in NE China has been improved, and the performance of the RECC is relatively good, while the SCC is the weakest aspect, which
is closely related to the orientation of urban development in NE China. The cities with relatively high UCC levels are gathered along the
Harbin-Dalian High-speed Railway Line and correspond with the nonshrinking cities. In addition, the comprehensive urbanization level in
NE China increased 76.7% from 2003 to 2019, but the level in the shrinking cities was worse than that in the nonshrinking cities.

The ordinary panel data model regression shows that the urbanization has signi�cantly positive effect on the UCC of NE China, not only
in the nonshrinking cities but also in the shrinking cities. Regarding the subsystems of urbanization, demographic urbanization
signi�cantly promotes UCC improvement in the shrinking cities while inhibiting improvement in the nonshrinking cities.
Economic urbanization has signi�cant negative effects on the UCC of the shrinking and nonshrinking cities, indicating that the recession
of NE China has limited UCC improvement. Social urbanization does not have signi�cant effects on the UCC in NE China, and spatial
urbanization has a signi�cantly positive effect on the UCC of only the shrinking cities. Economic growth, scienti�c and technological
innovation and openness are the most important factors for improving the UCC of NE China except for urbanization,
which has signi�cantly positive effects on the UCC. In addition, improving the current situation of negative birthrate and serious brain
drain is an important factor for promoting the UCC development of NE China.



Page 22/29

The static spatial panel data model regression shows that the UCC in the neighboring regions has a negative effect on the UCC of the
local region, showing that the UCC has spatial spillover effects. The dynamic model regression indicates that the UCC in NE China,
especially that in the shrinking cities, is spatiotemporally dependent and that the UCC in the shrinking cities has dynamic continuity or
viscosity, so UCC improvement in the context of urban recession needs long-term attention in NE China. There is inverted U-shaped curve
and U-shaped curve relationship between the UCC and urbanization in the shrinking and nonshrinking cities based on the static and
dynamic spatial panel data models, respectively, verifying the robustness of the curve relationship and proving that the urbanization
process has completely different effects on the carrying capacity of the cities in different life cycle stages. Additionally, the upgrading of
the industrial structure, scienti�c and technological innovation and infrastructure construction and investment are important factors for
UCC improvement in the local and neighboring regions of NE China.

Suggestions
The ultimate goal of this study is to improve the UCC of NE China. The results of this study show that the SCC is the �eld in which NE
China needs to take the lead and focus on improvement, where employment, pensions, medical treatment and education are the top
priorities. The second is the ECC; the economic downturn is the greatest challenge facing the region, and it is also an important reason
why its SCC cannot be effectively improved. Therefore, at present, the top priority in NE China is to adjust the economic structure and
industrial structure through technological and institutional innovation, to upgrade and transform advantageous industries based on
information technology, and to cultivate and expand strategic emerging industries. During the 14th Five Year Plan period of China, NE
China will focus on the integration of the digital economy and real economy and adhere to digital empowerment and innovative
development. It will vigorously promote the development of the region to eliminate path dependence, embark on a development path from
factor-driven and investment-driven to innovation-driven, and help NE China achieve comprehensive and all-around revitalization.

Importantly, we should pay more attention to the leading role of the four core cities of Shenyang, Dalian, Changchun and Harbin in
urbanization development and strengthen the construction of metropolitan areas with these four cities as the core. We should improve
regional conditions with high-speed rail, aviation and new infrastructure, and actively cultivate regional cities such as Panjin, Jilin and
Daqing to build core growth poles in the shrinking cities. Additionally, we should coordinate the relationship between core cities and
surrounding cities and clarify the functional positioning of different cities. We should strengthen the exchange, sharing and cooperation
between cities in term of information and accelerate the division of labor and cooperation between the nonshrinking and shrinking cities.
We should pay close attention to their respective comparative advantages, realize complementary advantages and promote e�cient and
coordinated development among cities. These are important measures for UCC improvement in the region, especially in the shrinking
cities.

Moreover, there are very different curve relationships between the UCC and urbanization for the nonshrinking and shrinking cities. For the
nonshrinking cities, demographic, economic, social and spatial urbanization have signi�cant negative spatial effects on the UCC, which
not only worsens the local carrying capacity but also indirectly inhibits the UCC improvement of the neighboring regions. Therefore, in
addition to the abovementioned efforts to develop the economy and to enhance the ECC, the nonshrinking cities should focus on
alleviating population out�ow, moderately increasing the birth rate, creating a mechanism to retain and attract talent, and �nally
improving population quality and providing high-quality human resource carrying capacity for regional sustainable development and
improving urban resilience. At the same time, we should focus on the construction of new infrastructure and the improvement of public
service capacity, improve the quality of urban functions, optimize the urban spatial layout structure, improve the e�ciency of spatial
allocation, and improve the quality of spatial functions to ultimately upgrade the quality of urban spatial development. For the shrinking
cities, only economic urbanization has a signi�cant negative spatial effect on the carrying capacity. Hence, a vigorously developing
economy is still the only way for the shrinking cities to escape recession. Innovation is the fundamental driving force of economic growth.
Therefore, to escape the mire of the economic recession, innovation-driven development must be the main direction of industrial
development transformation and economic development mode transformation in NE China.

Finally, continuing to strengthen �xed asset investment and to increase R&D investment and technological innovation can not only
signi�cantly improve the local carrying capacity of the nonshrinking cities and shrinking cities at the same time but also effectively
promote the improvement of the carrying capacity of the neighboring regions. Therefore, investment-driven development and innovation-
driven development are still effective ways to promote UCC improvement in NE China. For the shrinking cities that are suitable for
vigorous development, scienti�c and technological innovation and investment in scienti�c and technological innovation should be
encouraged, and the proportion of scienti�c and technological expenditure in �scal expenditure should be expanded. R&D investment
should be increased. Stable growth is an important factor in urban and regional innovation strategies. In addition, reducing the scale of
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local governments, attracting foreign investment and improving urban environmental management capabilities are effective measures
for improving and enhancing the carrying capacity. In short, innovative development, stable talent absorption and slimming are the main
ways to improve the carrying capacity of NE China.

The local urban shrinkage represented by NE China has begun to take shape in China. The traditional urban cognition and planning
paradigm based on "growth scenario simulation" needs to be transformed. Exploring sustainable urban development under the context of
slow growth or reverse growth is not only a major challenge for sustainable urban development in the future but also a new proposition
that urgently needs to be focused on and studied.
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Figures

Figure 1

Spatial pattern of the UCCs (total_ucc) in 2003 and 2019 in NE China
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Figure 2

Spatial pattern of the comprehensive urban levels (total_urb) in 2003 and 2019 in NE China
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Figure 3

Moran’s I scatter plot of the UCCs in 2004 and 2018


