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Abstract

Against the backdrop of global demographic transition and widening regional disparities,
population shrinkage and population aging have become critical constraints on regional
development, posing severe challenges to the socioeconomic resilience of shrinking areas.
Taking China’s three northeastern provinces as the study area, this paper investigates the
impacts of population aging on county-level socioeconomic resilience and its spatiotempo-
ral heterogeneity. Based on population census and socioeconomic data from 143 counties in
Northeast China during 2010–2020, an evaluation index system of socioeconomic resilience
is constructed using the entropy weight method. Grey relational analysis, Tobit regression
models, and geographically and temporally weighted regression (GTWR) are employed to
conduct empirical tests. The results indicate that most counties simultaneously experience
population decline and deep aging, and their interaction forms an intensified negative
feedback mechanism that constrains the improvement of socioeconomic resilience. Com-
pared with other shrinking regions in China—such as selected counties in the Yangtze
River Delta and resource-rich counties in central and western China—Northeast China is
distinguished by a unique set of compounded pressures, driven by the simultaneous and
mutually reinforcing trends of sustained population decline and deep aging. Population
aging exhibits a strong correlation with socioeconomic resilience across all dimensions,
with the most pronounced association observed in transformation capacity. Population
density also plays an important role, although its correlation strength is relatively weaker.
Tobit regression results further confirm that population aging significantly suppresses
socioeconomic resilience, whereas population density exerts a positive effect, with notable
differences across various types of shrinking counties. GTWR analysis reveals significant
spatial heterogeneity in the impacts of these factors on socioeconomic resilience. Over-
all, this study provides robust empirical evidence for formulating targeted policies and
enhancing sustainable development capacity in shrinking and aging regions.

Keywords: population decline; population aging; socioeconomic resilience; spatial
heterogeneity; northeastern China

1. Introduction
With global population shrinkage, rising life expectancy, and improvements in health

conditions, population aging has become a worldwide phenomenon. As a complex process
of system evolution involving economic structures, social systems, and public service pro-
vision, population aging poses significant challenges to traditional regional development
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planning and policymaking based on growth-oriented scenarios [1], and has attracted
widespread attention in the international academic community. Existing research on popu-
lation aging has mainly focused on the measurement of aging levels [2], spatial distribution
patterns [3], formation mechanisms [4], the socioeconomic and environmental effects of
aging [5,6], and governance strategies [7].

Population aging exerts profound influences on socioeconomic development through
a series of mechanisms, including reductions in labor supply, increased pressure on so-
cial security systems, and shifts in the structure of public service demand. A clear un-
derstanding of these characteristics and their underlying mechanisms is crucial for the
formulation of effective governance strategies. However, existing studies remain divided
on the effects of population aging, with no consensus on whether its overall impact is
predominantly positive or negative. Some studies argue that aging leads to slower eco-
nomic growth [8], increased fiscal burdens [7], and the aggravation of rural poverty [9].
By contrast, other studies emphasize the potential positive effects of aging under specific
conditions, such as alleviating environmental pressure [6], promoting adaptive adjustments
in industrial structures [5], and stimulating the development of elderly care services and
social innovation [10].

Population aging is often accompanied by a decline in total population size, lead-
ing to population shrinkage; conversely, population shrinkage can further intensify ag-
ing. Existing research indicates a clear bidirectional feedback mechanism between the
two: population decline accelerates aging through the outmigration of young and middle-
aged groups, while aging, by weakening fertility intention and reducing migration attrac-
tiveness, further promotes population decline, creating an irreversible vicious cycle [11,12].
This structural dilemma places substantial pressure on economic development and public
finances, particularly in post-industrial and resource-based cities, where social security
expenditures rise sharply while fiscal capacity remains constrained, thereby necessitat-
ing innovative financial instruments and policy responses [7,8]. From an environmental
perspective, aging and shrinkage influence carbon emissions and ecological protection by
changing consumption patterns, land use, and industrial trajectories. In shrinking cities,
population aging has a significant threshold effect on industrial upgrading and emissions
reduction [5,6]. Within this context, population aging and regional sustainable develop-
ment capacity are closely intertwined, with socioeconomic resilience providing a critical
lens through which this relationship can be understood.

Socioeconomic resilience deserves particular attention in the context of demographic
transition. Research on social resilience has gradually shifted from a macro-level framework
toward micro-level analyses of the survival and adaptive capacity of regional social systems.
Drastic population changes profoundly reshape the foundations and functioning of social
resilience. On the one hand, the outflow of young and middle-aged populations and shrink-
ing family size directly weaken micro-level intergenerational support networks, which
have traditionally served as key pillars of resilience [13], thereby exacerbating poverty and
housing instability in rural areas [9]. This finding is consistent with the regional differentia-
tion mechanisms of aging identified by Li et al. [14] in impoverished areas of southwest
China, which together lead to a marked decline in the capacity of shrinking regions to
rely on internal family resources to cope with risks. On the other hand, in the context of
industrial decline and the contraction of public service provision, social collectives engage
in self-organization through dynamic capacities [15] to compensate for service gaps. At
the same time, the mechanism through which aging affects regional development via labor
supply, as emphasized by Martin and Sunley [16], becomes particularly pronounced in
shrinking regions. Migration [17,18] has thus emerged as a potential means of alleviating
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local population shrinkage and injecting new vitality, highlighting the growing importance
of cross-regional resilience networks.

Economic resilience is defined as a dynamic process in which a regional economy,
when exposed to external shocks, not only mitigates the impacts of decline through resis-
tance and rebounds through recovery, but also adapts and transforms through structural
reorganization and path renewal, thereby maintaining or enhancing long-term sustain-
able development capacity. Meerow et al. [19] were the first to propose a comprehensive
definition of urban resilience, constructing a four-dimensional framework that includes
the economic dimension and laying the theoretical foundation for understanding and
evaluating urban economic resilience through the “five W’s” approach. Building on this,
Rose [20] further narrowed the focus to the economic system itself and developed a more
refined assessment framework for economic resilience from the perspectives of conceptual
definition, modeling methods, and quantifiable indicators. Subsequently, Lin et al. [21]
extended this line of inquiry by establishing an operational evaluation system based on
economic strength, industrial structure, and innovation capacity. To more deeply reveal
the driving mechanisms of economic resilience, Martin and Sunley [16] further elaborated
the channels through which aging affects regional development via labor supply and
consumption structure. From the perspective of evolutionary economic geography, it has
been found that enhancing economic resilience plays a key role in mitigating the impacts
of aging [22], a view supported by numerous empirical studies [23,24]. In addition, factors
such as institutional quality [25], urban-rural structure [26], higher education and human
capital [27], immigration [18], industrial diversity [28], as well as digital finance and fi-
nancial capital [29,30] are also crucial for enhancing economic resilience. Focusing on the
county scale and considering the relatively small spatial units and limited availability of
indicators, this study constructs an indicator system based on resistance, adaptation, and
transformation capacity.

It should be emphasized that the demographic challenges faced by Northeast China
are not an isolated phenomenon. Comparable patterns have been extensively documented
in post-socialist and formerly communist regions of Eastern Europe. Following the polit-
ical and economic transformations that began in the late 1980s, many Eastern European
countries have undergone sustained population decline, selective outmigration of younger
and more mobile labor forces, and an accelerated intensification of population aging [31].
These interrelated demographic processes have generated profound structural constraints
on regional development capacity, fiscal sustainability, and social resilience. In partic-
ular, they have contributed to self-reinforcing demographic-economic feedback loops,
which are highly comparable to the challenges encountered by China’s old industrial
bases and resource-dependent regions [32]. Accordingly, incorporating insights from the
post-communist literature offers an important international perspective for advancing the
understanding of how population shrinkage and aging jointly shape regional socioeco-
nomic resilience [33].

Socioeconomic resilience reveals the sustainable development status of human social
and economic activities. The correlation between population aging and socioeconomic
resilience operates through multiple dimensions. Economically, aging directly leads to re-
ductions in labor supply and structural aging, potentially suppressing regional innovation
and productivity [16], while residents’ savings behavior, changes in consumption structure,
and the direction and efficiency of fixed asset investment together shape the economic
foundation for regional responses to shocks [29]. Socially, aging increases fiscal pressure on
social security and public services and, through the outflow of young and middle-aged
populations, weakens traditional intergenerational family support networks [13]. However,
crises may stimulate the emergence of new resilience organizations, with social collec-
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tives self-organizing through dynamic capacity to fill service gaps [15]. Migration-based
cross-regional social networks thus become an important resource for social resilience [17].
Environmentally and spatially, urbanization patterns, industrial structure, and correspond-
ing environmental pressures are closely linked to regional resilience, and unreasonable
urbanization and high-environmental-cost growth models may erode the long-term foun-
dations of resilience [5]. Population density, as an indicator of population concentration,
and spatial connectivity between regions influence resilience through mechanisms such
as knowledge spillovers, economies of scale, and market accessibility [34]. The rates of
change in population density and population size are two variables that reveal the degree
of population decline. In this study, the rate of change in population density is used as
an indicator to compare the extent of population decline and its subsequent effects on
socioeconomic resilience.

Existing research has primarily focused on the linear effects of single demographic
factors and has not systematically revealed how scale shrinkage and structural aging in-
teract with, offset, or reinforce each other at the macro level [35], thereby forming unique
regional social resilience feedback mechanisms and spatiotemporal heterogeneity. Al-
though substantial progress has been made in studies on multidimensional rural resilience
characteristics [36,37], the development of resilience concepts [38], and the foundational
role of economic resilience [16,20], clear limitations remain. Most studies emphasize the
linear effects of a single demographic factor and thus fail to fully uncover the synergistic
effects and feedback mechanisms operating under the dual pressures of scale shrinkage and
structural aging [39]. Furthermore, research scales tend to be primarily concentrated at the
urban or provincial levels, with insufficient attention paid to counties, which are the basic
units of regional development and key carriers of policy implementation. In particular, sys-
tematic investigations of county-level socioeconomic resilience remain scarce, constraining
a deeper understanding of intra-regional differentiation. Finally, previous analyses have
often relied on static or global models and therefore fail to capture the complex interac-
tions and non-stationary characteristics of demographic structure and regional resilience
across space and time, making it difficult to answer the key question of where and when
these mechanisms play a role. This limitation is especially pronounced in regions such
as China’s northeastern provinces, which are simultaneously confronted with population
decline and deep aging, where systematic analyses of spatiotemporal heterogeneity remain
lacking. Second, prior research has largely concentrated on urban or provincial scales,
paying limited attention to counties as the basic units of regional development and pivotal
arenas for policy implementation. In particular, systematic investigations of county-level
socioeconomic resilience remain scarce, which constrains a more nuanced understanding
of intra-regional heterogeneity. Third, from a methodological perspective, much of the
existing evidence is derived from static or global models that are ill-suited to capturing the
complex spatiotemporal interactions and non-stationary dynamics between demographic
structure and regional resilience. As a result, the literature has struggled to address the
core question of where and when specific mechanisms operate. This limitation is especially
salient in the three northeastern provinces, a representative context characterized by the
concurrence of population shrinkage and deep aging, yet lacking comprehensive spatiotem-
poral heterogeneity assessments. In terms of theoretical contribution, this study integrates
population shrinkage and population aging within a unified regional resilience framework.
Departing from earlier work that either isolates a single demographic dimension or remains
confined to macro-level analyses of economic resilience, we conceptualize at the county
scale a “shrinkage–aging–resilience erosion” mechanism, thereby extending the explanatory
reach of resilience theory to demographic transitions in shrinking regions. Empirically, this
study offers fine-grained county-level evidence for Northeast China. Existing research on
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resilience in this region has predominantly been conducted at provincial or prefecture-city
scales, which may mask substantial internal spatial differentiation. Using 143 county units,
we reveal pronounced within-province disparities and identify stage-contingent effects of
demographic factors across different phases of shrinkage. Methodologically, we employ the
GTWR model to characterize spatiotemporal non-stationarity in the relationship between
demographic structure and socioeconomic resilience. Compared with the global or static
models commonly used in provincial-scale studies, GTWR enables the detection of spatially
and temporally varying effects of population aging—including positive effects in some
contexts and negative effects in others—thus providing more policy-relevant evidence to
support place-based and differentiated interventions.

Population shrinkage has become a common challenge confronting post-industrial
cities and regions worldwide, and its formation mechanisms and impact pathways are
highly complex and spatially heterogeneous. This study seeks to clarify the complex causal
mechanisms linking demographic transition and regional resilience, with the “popula-
tion decline—aging—resilience weakening” feedback mechanism in counties of China’s
three northeastern provinces being both representative and nationally distinctive. Com-
pared with the stronger buffering capacity observed in eastern coastal regions and the
development constraints in central and western China that are often shaped by a single
dominant stressor, counties in Northeast China face a more complex configuration of com-
pounded and interacting pressures. Accordingly, Northeast China provides an informative
empirical setting for unpacking the underlying mechanisms through which demographic
structural change influences socioeconomic resilience.

The conclusions of this study deepen the understanding of the compounded effects
of population decline and aging, providing theoretical support for the formulation of
policies aimed at regional coordinated development and the enhancement of socioeconomic
resilience. In addition, the findings offer new insights into improving socioeconomic
resilience in regions facing the dual pressures of population decline and aging, which is
crucial for achieving sustainable regional development and advancing the modernization
of governance systems amid profound population structural transitions.

2. Study Area Overview and Data Sources
2.1. Study Area Overview

In the early period following the founding of the People’s Republic of China, the
northeastern region, relying on its strong economic base and resource endowments, estab-
lished itself as the industrial core and became a prominent driver of national economic
development. However, with the gradual southward shift in China’s economic center, the
northeast region has experienced a dramatic population decline. Over the past two decades,
the region has undergone sustained economic recession and population outflow, leading
to urban shrinkage and suburbanization. This study focuses on the three northeastern
provinces of China—Liaoning, Jilin, and Heilongjiang—and takes 143 county-level admin-
istrative units within these provinces as the empirical study area, see Figure 1. As one
of the most representative regions in China’s demographic transition process, the area
exhibited pronounced population decline and deep aging from 2010 to 2020. According to
data from the Seventh National Population Census, the total permanent population of the
three northeastern provinces has continued to decrease, with population loss at the county
level being particularly prominent, forming a pattern of widespread population shrinkage.
Simultaneously, the degree of population aging has intensified, further strengthening the
constraints on the stability and recovery capacity of county-level socioeconomic systems.
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Figure 1. The study area. Note: This map is based on the standard map (Review No. GS(2024)0650)
obtained from the Standard Map Service of the Ministry of Natural Resources of the People’s Republic
of China. The base map boundaries remain unaltered.

The “population shrinkage—aging—resilience weakening” feedback loop observed in
counties in the northeastern provinces is both typical and nationally distinctive. Compared
with the stronger resilience-buffering capacity of coastal eastern regions and the develop-
ment challenges of central and western regions, where single pressures tend to dominate,
northeastern counties face a more complex situation in which multiple pressures interact
simultaneously. As a result, this region provides an ideal case for exploring the intrinsic
mechanisms linking demographic changes and socioeconomic resilience. The selection of
this region for in-depth analysis not only helps to clarify its own path toward sustainable
development but also offers theoretical insights and practical references for counties across
China facing similar issues.

2.2. Indicator Selection

To systematically examine the mechanisms through which population decline and
aging affect county-level socioeconomic resilience, as shown in Table 1, a comprehensive
indicator system is constructed to reveal the relationships among the dependent variable,
core independent variables, and control variables (Table 1).

Table 1. The variable descriptions.

Variable Type Variable Name Variable Explanation

Dependent
Variable Socioeconomic resilience (Y) Level of socioeconomic resilience

Core Independent Variables Population decline (X1) Population per unit area (persons)
Population aging (X2) Proportion of population aged 65 and above

Control Variables

Per capita urban and rural residents’
savings balance (a1)

Individuals’ economic strength within the
economic system

Per capita fixed asset investment (a2) Total fixed asset investment per capita
Urbanization rate (a3) Proportion of urban population

Per capita carbon emissions (a4) Per capita CO2 emissions
Annual average PM2.5 concentration (a5) Annual average PM2.5 concentration

County-level socioeconomic resilience, as the dependent variable in this study [40–42],
is measured using the entropy weight method to construct a comprehensive evaluation
system. This system comprises three core dimensions: resistance, adaptability, and trans-
formation capacity. Resistance is characterized by five indicators—per capita regional
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GDP, economic growth rate, industrial upgrading index, fiscal self-sufficiency rate, and
per capita disposable income of rural residents—reflecting a county’s basic capacity to
withstand external shocks. Considering the specific regional context of Northeast China, its
development trajectory is jointly shaped by resource dependence–induced industrial path
lock-in and state-led revitalization initiatives. Many counties in the region exhibit highly
specialized and relatively undiversified industrial structures; the associated industrial
decline imposes persistent structural constraints on socioeconomic resilience. Accordingly,
the industrial upgrading index is incorporated as a key component of the socioeconomic
resilience measure. Moreover, the “Northeast Revitalization Strategy” and related talent-
retention policies are proxied by the local fiscal self-sufficiency ratio, which may partially
moderate the relationship between demographic structural change and socioeconomic
resilience. Taken together, these contextual conditions differentiate Northeast counties from
other shrinking regions and further underscore the distinctiveness of the study area. Adapt-
ability is measured by four indicators—per capita retail sales of social consumer goods,
number of medical and health beds per 10,000 people, number of social institutional beds
per 10,000 people, and the proportion of agricultural value added to total output—reflecting
the capacity for adjustment and adaptation under pressure. Transformation capacity is
assessed using five indicators—per capita total agricultural machinery power, proportion
of tertiary industry value added, proportion of the young and middle-aged labor force,
proportion of the population with higher education, and the teacher-student ratio in general
secondary schools—indicating a county’s long-term potential for structural transformation.
This evaluation system, comprising 14 specific indicators across three dimensions (see
Table 2), provides a methodological foundation for the comprehensive quantification of
county-level socioeconomic resilience [9,20,43,44].

Table 2. The socioeconomic resilience indicator system.

Primary Indicator Secondary Indicator Tertiary Indicators Indicator Explanation Indicator Attribute

Socioeconomic
Resilience Resistance Per capita regional

GDP (CNY)
Total regional GDP/Total

regional population +

Economic growth rate

(Current year’s
GDP—Previous year’s

GDP)/Current
year’s GDP

+

Industrial
upgrading index

Ratio of tertiary industry
value added to secondary
industry value added (%)

+

Fiscal
self-sufficiency rate (%)

General fiscal budget
revenue/General fiscal

budget expenditure
+

Per capita disposable
income of rural
residents (CNY)

Total final consumption
expenditure and savings

of rural residents
+

Adaptability Per capita retail sales of
social consumer goods

Retail sales of
social consumer

goods/Population
+

Number of medical and
health beds per
10,000 people

Reflects regional
healthcare level and
government’s public

service supply capacity

+

Number of social
institutional beds per

10,000 People

Reflects government
investment in social

welfare systems
+

Proportion of
agricultural value added

to total output

Agricultural value
added/Regional GDP +
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Table 2. Cont.

Primary Indicator Secondary Indicator Tertiary Indicators Indicator Explanation Indicator Attribute

Transformation
capacity

Per capita total
agricultural machinery

power (kW)

Level of
agricultural modernization +

Proportion of tertiary
industry value added to

total output

Tertiary industry value
added/Regional GDP +

Proportion of young and
middle-aged labor force

Proportion of the
population aged 19–44 in

the total labor force
+

Proportion of population
with higher education

Reflects the region’s
emphasis on cultural and
educational development

+

Teacher-student
ratio in general

secondary schools

Number of secondary
school teachers/Number

of students
+

In the selection of explanatory variables, this study focuses on two core dimensions:
population decline and population aging. Population decline is measured using the popula-
tion density indicator, which effectively reflects the degree of population concentration per
unit area and its changing trends. Population aging is measured using the aging coefficient,
defined as the proportion of the population aged 65 and above relative to the total popu-
lation. This indicator directly reflects the degree of aging in the county-level population
structure [45–48].

To control for the influence of other potential factors, a set of control variables is also
introduced. Per capita urban and rural residents’ savings balance reflects the financial
liquidity of the resident sector and the potential level of domestic demand. Per capita fixed
asset investment represents the driving role of capital investment in economic development.
The urbanization rate captures the urban-rural population structure and the stage of social
development. Additionally, environmental factors are considered, including per capita
carbon emissions, which indicate the environmental pressure associated with regional eco-
nomic development, and the annual average PM2.5 concentration, which reflects regional
air quality and the living environment [20,45].

2.3. Data Sources

The data used in this study were obtained from the China County Statistical Yearbook,
Heilongjiang Province County Statistical Yearbook, Liaoning Province County Statistical
Yearbook, and Jilin Province County Statistical Yearbook. Carbon dioxide emissions data
were derived from the Global Atmospheric Research Emissions Database (EDGAR) (https:
//edgar.jrc.ec.europa.eu/emissions_data_and_maps (Accessed 10 January 2025)). Using
Rsoftware (4.5.0), the original gridded data were converted into raster format and then
aggregated by administrative unit to obtain county-level carbon emissions data. NDVI
data were sourced from the MODIS-NDVI (MOD13A3) dataset released by NASA (https:
//ladsweb.modaps.eosdis.nasa.gov/search/ (Accessed 1 February 2025)), with a spatial
resolution of 1000 m.

3. Research Methods and Theoretical Framework
3.1. Entropy Weight Method

The entropy weight method [49] was applied to the quantitative assessment of devel-
opment levels by determining the weights of evaluation indicators, thereby providing a
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basis for comprehensive evaluation. In this study, the method was mainly used to measure
the development level of socioeconomic resilience. The calculation process was as follows.

1. Non-dimensional processing: To eliminate dimensional differences among indicators,
the range normalization method was adopted to standardize the data and obtain a
standardized matrix:

Y =
(
yij

)
m×n (1)

where m represents the number of indicators and n represents the number of counties.

2. The information entropy of indicator i was calculated as

Hi = −k
n

∑
j=1

sij ln sij (2)

where k = 1/ ln n and sij = yij/
n
∑

j=1
yij.

3. The weight of indicator i was calculated as

wi = (1 − Hi)/
m

∑
j=1

(1 − Hi) (3)

where wi ∈ [0, 1] and
m
∑

i=1
wi = 1.

4. The comprehensive evaluation of the x-th year for each subsystem is given by

f (x) = ∑m
i=1 wi × yij (4)

where f (x) is the comprehensive evaluation value of socioeconomic resilience.

3.2. Gray Relational Model

Gray relational analysis is primarily used to reveal the strength of relationships among
subsystems within a complex system [50]. Compared with correlation analysis and re-
gression analysis, gray relational analysis can more realistically and objectively reflect
key influencing factors and their differences within the system. In this study, gray rela-
tional analysis was applied to quantitatively assess the relationships between population
density and socioeconomic resilience, as well as between population aging and socioeco-
nomic resilience, across different dimensions and indicators. The calculation formulas are
as follows:

ξa =
1
i

n

∑
i=1

ξiaa (5)

ξia =
∆min + ρ∆max

∆ia + ρ∆max
(6)

where ξa represents the gray relational degree a between socioeconomic resilience and
population density or population aging, and ξia denotes the gray relational coefficient of
indicator i in year a with respect to population density or population aging, with values
ranging from [0, 1]; ∆ia is the absolute difference between the reference sequence and the
comparative sequence; ∆max the absin are the maximum and minimum values among all
absolute differences, respectively; and ρ is the distinguishing coefficient, which was set to
0.5 in this study. According to classification criteria commonly adopted in related studies,
the gray relational degree ξ is divided into three levels: 0 < ξ ≤ 0.35 indicates a weak
association, 0.35 < ξ ≤ 0.70 indicates a moderate association, and 0.70 < ξ ≤ 1 indicates a
strong association.
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3.3. Panel Tobit Model

To investigate the causal relationships between influencing factors and socioeco-
nomic resilience, and considering that the socioeconomic resilience values in the study
are bounded between 0 and 1 as limited dependent variables, the Tobit model [51] was
adopted to address regression issues associated with such data. Accordingly, a Tobit model
was constructed to analyze the relationships between county-level socioeconomic resilience
in the three northeastern provinces and its influencing factors. The model is specified
as follows:

Y∗
it = α + η1X1it + η2X2it + η3X3it + η4X4it + η5X5it + η6X6it + η7X7it + η8X8it + η9X9it + η10X10it + εit (7)

where Yit denotes the socioeconomic resilience level of region i at time t; Xjit represents the
j-th influencing factor at time t; η is the estimated coefficient; α is the constant term; and εit

is the random error term.

3.4. Spatiotemporal Geographically Weighted Regression Model

The geographically weighted regression (GWR) model [52] extends traditional global
regression models by explicitly incorporating spatial relationships, thereby revealing spatial
variation in the effects of independent variables on the dependent variable. Building
on this, the spatiotemporal geographically and temporally weighted regression (GTWR)
model introduces a time dimension, enabling a joint analysis of the factors influencing
socioeconomic resilience and effectively addressing the non-stationarity of spatiotemporal
processes. The basic form of the model is as follows:

Yi = β0(ui, vi, ti) + ∑
k

βk(ui, vi, ti)Xik + εi; i = 1, 2, · · · n, (8)

where Yi is the socioeconomic resilience level of unit i; n is the number of study units;
k is the number of explanatory variables for unit i; (ui, vi, ti) denote the spatiotemporal
coordinates of unit i; βk(ui, vi, ti) represents the regression coefficient of the k-th explanatory
variable; and εi is the residual term.

3.5. Theoretical Framework

Recent scholarship on shrinking regions has increasingly highlighted the particular
relevance of post-socialist contexts. Within these settings, population decline is deeply inter-
twined with deindustrialization, institutional reconfiguration, and large-scale outmigration,
forming a complex and path-dependent process of regional transformation [33]. Research
on post-socialist shrinking cities further suggests that shrinkage should not be interpreted
merely as a demographic outcome, but rather as a multidimensional restructuring trajectory
shaped by historical legacies and uneven patterns of regional development. In addition,
European scholars have developed typologies of urban shrinkage and demonstrated that
different stages and forms of population decline can generate highly heterogeneous socioe-
conomic consequences [33]. Empirical evidence from countries such as Poland indicates
that shrinkage is often accompanied by rising pressures on local governance capacity and
the emergence of differentiated policy response pathways [53]. Collectively, these insights
provide a valuable comparative foundation for the present study. Against this backdrop,
this research seeks to investigate how population aging interacts with varying degrees of
population shrinkage, thereby reshaping county-level socioeconomic resilience.

This study is situated within the macro context of demographic transition and regional
development disparities and focuses on the complex interactive relationship among pop-
ulation shrinkage, population aging, and socioeconomic resilience. Figure 2 presents a
theoretical analysis framework constructed by integrating perspectives from population
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geography and regional resilience research. The core of this framework comprises three
key concepts: population shrinkage, population aging, and socioeconomic resilience. In
this study, population shrinkage primarily reflects the continuous decline in county-level
permanent population size and the reduction in population density, indicating a weakening
of regional population agglomeration capacity [11]. Population aging refers to the process
by which the proportion of elderly people in the population increases, profoundly affecting
regional development through channels such as labor supply, consumption structure, and
social security expenditure [5,6]. Socioeconomic resilience is defined as a region’s ability
to resist, adapt to, and transform in response to internal and external shocks [16]. In this
study, socioeconomic resilience is operationalized as a comprehensive evaluation system
comprising resistance, adaptability, and transformation capacity [20,21].

Population 
decline

Population 
aging

Socioeconomic 
resilience

Weakened economic 
resilience to shocks

Heavier fiscal burden 
of old-age support

Deterioration in public services 
drives labor out-migration.

Employment instability and 
reduced fertility  

Figure 2. The theoretical framework of the relationships among population density, population aging,
and socioeconomic resilience.

These three elements form a dynamic and mutually reinforcing triadic interaction struc-
ture. Population shrinkage is often accompanied by the selective outmigration of young
and middle-aged labor, which directly accelerates the aging process. Deepening aging
further suppresses fertility intention and reduces regional attractiveness, thereby exacer-
bating population shrinkage and creating an irreversible negative feedback loop [12]. This
composite pressure of “shrinkage—aging” jointly affects regional socioeconomic resilience,
potentially weakening resistance, constraining adaptability, and ultimately challenging
transformation capacity, thus forming a closed-loop mechanism of “shrinkage—aging—
socioeconomic resilience weakening.” Consequently, the impact of aging on resilience may
differ in magnitude and even direction depending on a region’s industrial foundation
and innovation capacity [28], evolve dynamically over time with development stages and
policy interventions [35], and exhibit spatial non-stationarity, characterized by geographic
differentiation such as core-periphery and urban-rural patterns [18,26].

The association between population aging and socioeconomic resilience operates
through multiple pathways. Economically, aging directly leads to a reduction in labor
supply and structural aging, which may suppress regional innovation and productivity [16].
Changes in residents’ saving behavior, consumption structure, and the direction and ef-
ficiency of fixed asset investment jointly shape the economic foundation of regions in
responding to shocks [29]. Socially, aging intensifies fiscal pressure on social security and
public services, and weakens traditional intergenerational family support networks as a
result of the outflow of young and middle-aged populations [13]. However, crises may also
give rise to new organizational forms of resilience, with social collectives self-organizing
through dynamic capacity to fill service gaps [40], while migration-driven cross-regional
social networks become an important resource for social resilience [17]. From an environ-
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mental and spatial perspective, urbanization patterns, industrial structure, and associated
environmental pressures are closely linked to regional resilience, and unreasonable urban-
ization and high-environmental-cost growth models may erode the long-term foundations
of resilience [5]. Population density, as an indicator of population concentration, together
with spatial connectivity between regions, influences resilience through mechanisms such
as knowledge spillover, economies of scale, and market accessibility [34].

This study distinguishes different types of population shrinkage and adopts models
that capture spatiotemporal non-stationarity to reveal the heterogeneity of influencing
mechanisms across shrinkage stages and their spatiotemporal variation. In summary,
population shrinkage and population aging, as core explanatory variables, influence the
socioeconomic resilience system comprising resistance, adaptability, and transformation
capacity through economic, social, environmental, and spatial pathways. These effects
are moderated by a series of control variables, with both the intensity and direction of
impacts exhibiting pronounced spatiotemporal heterogeneity as well as heterogeneity
across different types of population shrinkage. By systematically linking macro-level
demographic transitions with micro-level regional resilience responses, this framework
provides a theoretical foundation for the empirical examination of the effects of population
aging on socioeconomic resilience in the context of population shrinkage.

4. Results
4.1. Spatiotemporal Patterns of Population Shrinkage, Population Aging, and County-Level
Socioeconomic Resilience
4.1.1. Spatiotemporal Pattern of Population Shrinkage

Population shrinkage is measured as the percentage change in the permanent resident
population between the Sixth National Population Census (2010) and the Seventh National
Population Census (2020). Consistent with widely used typologies in the shrinking-cities
and population-decline literature, we classify counties into four stages to capture the pro-
gressive deepening of shrinkage. Specifically, counties are categorized as mildly shrinking
(−15% to 0%), moderately shrinking (−30% to −15%), severely shrinking (−45% to −30%),
or extremely shrinking (<−45%). This staged classification has been extensively applied
in empirical research to differentiate levels of population loss and to examine their stage-
contingent socioeconomic consequences [4,11,54]. Conceptually, a decline exceeding 15%
is often regarded as indicating the onset of shrinkage, whereas losses of 30–45% or more
typically correspond to deep shrinkage, frequently associated with accelerated outmigra-
tion, mounting fiscal stress, and diminished public service capacity. Given the pronounced
heterogeneity in county-level demographic trajectories in Northeast China, this tiered
approach provides a clearer basis for identifying spatially heterogeneous resilience effects
across stages of shrinkage. The measurement results are reported in Table 3, and the spatial
distribution is illustrated in Figure 3. During 2010–2020, county-level population shrinkage
in Northeast China was pronounced. With the exception of Yanji City in Jilin Province—the
only unit experiencing population growth—the remaining 142 counties and county-level
cities recorded population decline, with shrinking counties accounting for 99.30% of the
total. Counties experiencing moderate shrinkage constituted the largest group (72 counties,
50.3%), followed by those with mild and severe shrinkage (34 counties each, 23.8%), while
only two counties fell into the extreme shrinkage category (1.4%). The average magnitude
of population change varied substantially across shrinkage types: the growth-type county
recorded a population increase of 47.308, whereas extreme-shrinkage counties exhibited an
average decline of 21.880. Overall, the region displayed a pattern of widespread shrinkage
with marked depth differentiation, as shown in Table 3.
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Table 3. The number, proportion, and degree of shrinkage of counties by population shrinkage type,
2010–2020.

Type of Shrinkage Number of Counties, 2010–2020 Proportion (%) Degree of Shrinkage (%)

Population growth 1 0.7 −47.308
Mild shrinkage 34 23.8 −35.380

Moderate shrinkage 72 50.3 −22.487
Severe shrinkage 34 23.8 −9.927

Extreme shrinkage 2 1.4 21.880

 
(a) 2010 Population Density (b) 2020 Population Density (c) Population Decline Levels, 2010–2020 

Figure 3. The population density and degree of population shrinkage in the three northeastern
provinces in 2010 and 2020.

In terms of spatial heterogeneity (Figure 3), population shrinkage across counties
in Northeast China exhibited a clear gradient of “higher in the north than in the south,
and higher in inland areas than in border/coastal areas”. Counties experiencing severe
shrinkage or above were mainly concentrated in three areas. The first cluster comprises
forest-region counties, represented by Mohe City (−35.219%), Tahe County (−29.885%), and
Huma County (−44.788%). Affected by the implementation of the Natural Forest Protection
Program, harsh climatic conditions, and poor accessibility, forestry-related employment
opportunities have contracted sharply, leading to sustained population out-migration.
The second cluster includes traditional agricultural counties, such as Baiquan County
(−38.175%), Mingshui County (−38.175%), and Qinggang County (−39.388%). Improve-
ments in agricultural mechanization have generated substantial surplus labor, while limited
local non-agricultural employment opportunities have further accelerated population loss.
In contrast, counties with relatively mild shrinkage are mainly of two types: (i) border port
cities (e.g., Yanji and Hunchun), which retain some population-attracting capacity through
cross-border trade, border tourism, and other specialized industries; and (ii) coastal coun-
ties or those located in the peri-urban belts of major cities (e.g., Changhai County in Dalian
and Liaozhong District in Shenyang), where the development of the marine economy or
spillover effects from core urban areas help to alleviate population shrinkage pressures.
Compared with other shrinking regions in China, county-level population shrinkage in the
three northeastern provinces is more prominently characterized by being territory-wide,
persistent, and shaped by the concurrence of multiple shrinkage types. By contrast, the
Yangtze River Delta—China’s most highly concentrated urban agglomeration in terms of
population and industry—continues to exhibit an overall tendency toward concentration
in core metropolitan areas and along major transport corridors. At the county scale, the
observed “shrinkage versus growth” pattern in the Yangtze River Delta more often reflects
population redistribution associated with industrial upgrading and spatial restructuring.
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Even when population decline occurs in some counties, it is typically embedded in an
internal reorganization process marked by “strong agglomeration–strong differentiation,”
rather than a region-wide, unidirectional contraction. Empirical evidence further indicates
that population dynamics in the Yangtze River Delta are closely linked to the evolving
structure of the urban agglomeration, migration networks, and inter-city spatial linkages,
giving rise to pronounced intra-regional differentiation and re-agglomeration processes [55].
This comparison underscores the regionally contingent nature of population shrinkage in
China and highlights the distinct demographic trajectory of Northeast China.

4.1.2. Spatiotemporal Pattern of Population Aging

Population aging was measured by the share of residents aged 65 years and above.
Following the United Nations classification, county-level aging was divided into six cate-
gories: young (0–4%), adult stage I (4–5.5%), adult stage II (5.5–7%), elderly stage I (7–10%),
elderly stage II (10–14%), and elderly stage III (>14%). In 2010, the distribution of pop-
ulation aging types across counties in Northeast China was highly diverse, covering all
categories from the young to elderly stage II. Elderly stage I dominated (67.13%), and no
county had yet entered elderly stage III. By 2020, this pattern had shifted fundamentally:
96.5% of counties had progressed to elderly stage III, while the remaining five counties
were classified as elderly stage II. All younger categories (young and adult stages) had
disappeared entirely, indicating that within just one decade, the counties of Northeast
China collectively transitioned from an “aging society” to a “deeply aging society”, as
shown in Table 4.

Table 4. Changes in the number of county units by population aging type.

Type of Aging Number of Units, 2010 Proportion, 2010 (%) Number of Units, 2020 Proportion, 2020 (%)

Young 1 0.70 0 0.00
Adult stage I 2 1.40 0 0.00
Adult stage II 15 10.49 0 0.00
Elderly stage I 96 67.13 0 0.00
Elderly stage II 29 20.28 5 3.50
Elderly stage III 0 0.00 138 96.50

Along the gradient of population shrinkage intensity, as shown in Table 5 and Figure 4,
the only population-growth county, Yanji City, was classified as elderly stage I in 2010,
with an aging level of 8.95%; by 2020, it had risen to elderly stage II (14.82%), representing
an increase of 65.59%, as illustrated in Table 5. In contrast, population aging accelerated
markedly in shrinking counties. Mild-shrinkage counties increased from 9.21% to 17.15%
(86.21% growth); moderate-shrinkage counties from 8.36% to 16.99% (103.23% growth);
severe-shrinkage counties from 8.27% to 17.13% (107.13% growth); and extreme-shrinkage
counties from 8.37% to 19.31% (130.70% growth). This clear gradient indicates that with each
upward shift in the shrinkage category, the growth rate of aging increases by approximately
20–25 percentage points. Such a pattern is likely related to the cumulative effects of
structural constraints, including uneven regional development, difficulties in industrial
restructuring, and spatially unequal provision of public services. From the perspective
of demographic structural pressures, county-level aging in Northeast China has rapidly
shifted within a relatively short period toward pervasive deep aging and has synchronously
overlapped with population shrinkage, thereby generating compounded pressures. By
contrast, although counties in the Yangtze River Delta have also experienced intensifying
aging, its spatiotemporal pattern is better characterized by differentiated trajectories along
core–periphery and district–county gradients. Between 2010 and 2020, aging levels across
counties in the Yangtze River Delta urban agglomeration increased overall, giving rise to
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several clusters of severe aging and belts of rapid aging growth. These patterns indicate that,
under sustained population inflows and relatively ample public-service resources, aging
pressures in the Yangtze River Delta are more likely to manifest as structural differentiation
rather than a region-wide, uniformly intensifying process [56].

Table 5. Population aging levels and distribution of county units by population shrinkage type,
2010–2020.

Shrinkage
Type

2010 2020
Growth Rate of

Population Aging
Level, 2010–2020 (%)

Population
Aging Level

Number of Units (n) Population
Aging
Level

Number of Units (n)

Young Adult
Stage I

Adult
Stage II

Elderly
Stage I

Elderly
Stage II

Elderly
Stage I

Elderly
Stage III

Population
growth type 8.95 0 0 0 1 0 14.82 0 1 65.59

Mildly
shrinking 9.21 0 1 2 20 11 17.15 2 32 86.21

Moderately
shrinking 8.36 1 0 7 54 10 16.99 1 71 103.23

Severely
shrinking 8.27 0 0 6 21 7 17.13 2 32 107.13

Critically
shrinking 8.37 0 0 1 0 1 19.31 0 2 130.70

Maximum
difference 0.94 - - - - - 4.49 - - 65.11

(a)2010 Aging level  (b) 2020 Aging level (c) 2010-2020 Rate of Change in 
Population Aging 

Figure 4. The levels and growth rates of population aging in the three northeastern provinces in 2010
and 2020.

During structural transition, resource-rich regions in central and western China often
exhibit a combination of relatively weak demographic system development, selective
outmigration, and industrial path dependence, which collectively intensifies age-structure
pressures. Studies of China’s resource-based shrinking cities further show that these regions
frequently face structural imbalances in coordinating the “population–land–industry”
system, with the population subsystem remaining a comparatively weak component.
Taken together, this evidence suggests that resource-rich areas in central and western China
are susceptible to the compounded challenges of population loss and aging; nevertheless,
the magnitude of shrinkage and aging there is generally far lower than that observed in the
three northeastern provinces [57,58].

4.1.3. Spatiotemporal Pattern of County-Level Socioeconomic Resilience

Figure 5 shows that county-level socioeconomic resilience in Northeast China followed
an overall upward trajectory during 2010–2020, rising from 0.210 to 0.388. Nevertheless,

https://doi.org/10.3390/su18042003

https://doi.org/10.3390/su18042003


Sustainability 2026, 18, 2003 16 of 28

pronounced regional heterogeneity persisted throughout the period. In 2010, the spatial
distribution of socioeconomic resilience exhibited a distinct “higher in the north and lower
in the south” gradient. High-resilience areas were predominantly concentrated in northern
border counties, whereas low-resilience areas formed contiguous clusters. Xunke County
ranked among the high-resilience counties, with a socioeconomic resilience level of 0.415 in
2010, indicating a relatively strong capacity for sustained development. In contrast, Kedong
County displayed a comparatively low initial resilience level, recording a value of only
0.130 in the same year.

(a) 2010 Socio-economic Resilience Levels (b) 2020 Socio-economic Resilience Levels (c) 2010–2020 Socio-economic Resilience 
Change Rates 

Figure 5. The county-level socioeconomic resilience and growth rates in the three northeastern
provinces in 2010 and 2020.

By 2020, the spatial pattern had evolved into a new configuration characterized by
“higher resilience in the northeast and lower resilience in the southwest,” accompanied
by increasingly pronounced spatial agglomeration. Raohe County exhibited the highest
level of socioeconomic resilience, at 0.617. Conversely, Chaoyang County in south-central
Liaoning Province recorded the lowest level, at 0.236, reflecting the uneven nature of re-
gional transformation and development. Several counties, including Mingshui and Taonan,
demonstrated rapid growth in socioeconomic resilience, with growth rates of 268.9% and
205.3%, respectively, underscoring their strong adaptive capacity and development poten-
tial. By contrast, counties such as Luobei experienced relatively modest growth, with an
increase of only 6.3%, highlighting the heterogeneous responses of counties to external
shocks. Further analysis by population shrinkage type reveals a clear negative relationship
between shrinkage intensity and the magnitude of resilience improvement. As the only
population-growth county during the study period, Yanji City experienced a steady increase
in socioeconomic resilience from 0.311 to 0.426, reflecting a relatively stable development
trajectory. Notably, counties undergoing moderate shrinkage still achieved rapid gains in
resilience despite demographic pressure, suggesting a comparatively strong capacity for
structural adjustment. However, as population shrinkage intensified, the overall level of so-
cioeconomic resilience declined, as shown in Table 6, underscoring the structural constraints
that severe population decline imposes on county-level sustainable development.
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Table 6. The levels of socioeconomic resilience by population shrinkage type, 2010–2020.

Type of Shrinkage Resilience Level, 2010 Resilience Level, 2020 Mean Resilience Level, 2010–2020

Population growth type 0.31084 0.42610 0.39730
Mildly shrinking type 0.23890 0.37610 0.30490

Moderate shrinkage type 0.20860 0.39020 0.29940
Severely shrinking type 0.17940 0.39840 0.28770
Critically shrinking type 0.19680 0.33820 0.26750

4.2. Grey Relational Analysis

To further clarify the strength of internal linkages among population aging, population
density, and the dimensions of socioeconomic resilience, the grey relational analysis (GRA)
model was applied, as shown in Figures 6–9. The results show that population aging and
population density have strong associations with overall socioeconomic resilience.
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Figure 6. The associations between the population aging level and overall and dimension-specific
socioeconomic resilience. Note: PG = population growth; MiS = mild shrinkage; MoS = moderate
shrinkage; SeS = severe shrinkage; CrS = critical shrinkage.
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Figure 7. The associations between population density and overall and dimension-specific socioeco-
nomic resilience. Note: PG = population growth; MiS = mild shrinkage; MoS = moderate shrinkage;
SeS = severe shrinkage; CrS = critical shrinkage.

From a temporal perspective, during 2010–2020, the mean grey relational grades be-
tween population aging and overall socioeconomic resilience across different shrinkage
types ranged from 0.942 to 0.953. In 2020, the severe-shrinkage group exhibited the highest
association (0.953), whereas the population-growth group showed a relatively lower value
(0.941). This gradient implies that in areas experiencing more pronounced population loss,
aging tends to impose stronger constraints on socioeconomic resilience, as illustrated in
Figure 6. Dimension-specific results further indicate that the transformation capacity di-
mension generally exhibited the highest association with aging. For the population-growth
county, the grey relational grade between aging and transformation capacity reached 0.970
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in 2020, underscoring the particularly prominent role of aging in shaping long-term struc-
tural transformation. By contrast, the association between aging and adaptive capacity
varied only slightly across shrinkage types, indicating a relatively stable effect of aging on
counties’ adaptive capacity, as shown in Figure 8.

(a) (b) 

Figure 8. The associations between the population aging level and the overall and dimension-specific
socioeconomic resilience under different types of population shrinkage. Note: The degree of association
in 2010 (a) and 2020 (b) was calculated and compared. PG = population growth; MiS = mild shrinkage;
MoS = moderate shrinkage; SeS = severe shrinkage; CrS = critical shrinkage.

(a) (b) 

Figure 9. The associations between population density and overall and dimension-specific socioeco-
nomic resilience under different types of population shrinkage. Note: The degree of association in
2010 (a) and 2020 (b) was calculated and compared. PG = population growth; MiS = mild shrinkage;
MoS = moderate shrinkage; SeS = severe shrinkage; CrS = critical shrinkage.

In comparison, population density was also found to be strongly associated with
socioeconomic resilience. The overall correlation degree between population density and
socioeconomic resilience across counties with different shrinkage types ranges from 0.928 to
0.953, but remains slightly lower than that associated with population aging, as illustrated
in Figure 7. This suggests that in the context of population shrinkage in Northeast China,
the influence of demographic aging (i.e., changes in population structure) is marginally
stronger than that of population scale reduction. Notably, population density exhibited
consistently high associations with the resistance dimension. For example, in extreme-
shrinkage counties, the grey relational grade between population density and resistance
reached 0.963 in 2010, suggesting that population concentration provides substantial sup-
port for baseline shock resistance. By contrast, the association between population density
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and transformation capacity was relatively weaker, suggesting that in areas undergoing
severe depopulation, relying on population size alone becomes less effective in sustaining
transformation momentum, as shown in Figure 9.

4.3. Tobit Model Regression Results

A Tobit model was employed to examine the effects of multiple determinants on
county-level socioeconomic resilience, as shown in Table 7. The baseline estimation results
reveal substantial heterogeneity in both the direction and magnitude of effects. Among the
key explanatory variables, population density was found to have a significantly positive
coefficient (0.1249897), suggesting that an appropriate degree of population agglomeration
can generate economies of scale and improve the efficiency of public service provision.
By contrast, population aging exerted a significant negative effect (−0.8114969), imply-
ing that declining labor supply and rising social security burdens constrain county-level
development and thereby weaken socioeconomic resilience. With respect to the control
variables, household savings were found to significantly promote resilience, whereas fixed
asset investment had a significantly negative effect, implying that an investment structure
oriented toward scale expansion does not necessarily translate into stronger resilience. The
coefficient of the urbanization rate is not statistically significant, indicating that increasing
urbanization alone is insufficient to improve resilience. Among environmental factors,
PM2.5 concentration was found to have a positive coefficient (0.0031729), pointing to a
more complex relationship between industrial development and environmental pressure,
while per capita carbon emissions did not exhibit a significant effect.

Table 7. The Tobit regression results for different types of population shrinkage.

Variable Overall Severe Shrinkage Moderate Shrinkage Mild Shrinkage

X1 0.12498972 *** (15.69) 0.1045039 ***
(4.39)

0.121915 ***
(9.48) 0.1246015 *** (6.71)

X2 −0.8114969 ***
(−3.52)

−1.806321 ***
(−1.70)

0.0406927 ***
(4.20)

−1.167741 ***
(−2.62)

a1 0.0000032 ***
(5.22)

0.0000036 **
(1.14)

−4.259666 ***
(−1.52) 0.0000023 *** (2.08)

a2 −0.0000005 ***
(−2.65)

0.0000009 ***
(1.64)

0.0000006 ***
(−2.05)

−0.0000048 ***
(−1.43)

a3 −0.0633186 **
(−0.80)

−0.5235348 **
(−0.54)

−0.2373132 ***
(−1.69)

−5.772561 *
(−0.31)

a4 −0.0000643
(−0.06)

0.0447071 **
(1.06)

0.0037673 *
(0.13) −0.6071843 * (−0.18)

a5 0.0031729 ***
(2.21) −18.44771 ** (−1.20) 0.003056 ***

(1.84)
0.0066106 *

(0.06)

_cons 0.2307976 ***
(2.80)

12.38794 ***
(1.94)

0.5629265 **
(1.47)

1.479558 *
(0.44)

vare.y 0.1533779 *** (13.81) 0.0151207 ***
(5.46)

0.1346208 ***
(16.97) 0.1651516 *** (6.73)

Note: *, **, and *** denote significance at the 10%, 5%, and 1% levels, respectively. X1 = population shrinkage;
X2 = population aging; a1 = per capita savings of urban and rural residents (yuan); a2 = per capita fixed asset
investment; a3 = urbanization rate; a4 = per capita carbon emissions; a5 = annual mean PM2.5 concentration.
_cons is the constant term, and vare.y is the residual variance.

As shown in Table 7, population density remained significantly positive in mildly,
moderately, and severely shrinking counties, but its coefficient was found to decline with
increasing shrinkage intensity, indicating a diminishing agglomeration effect under deeper
depopulation. Population aging was negative in mildly and severely shrinking counties
but became positive in moderately shrinking counties, revealing a nonlinear pattern char-
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acterized by “negative at both ends and positive in the middle”. Household savings were
positive in mildly and severely shrinking counties but negative in moderately shrinking
counties. Fixed asset investment shifted from significantly negative in mildly shrinking
counties to positive in moderately and severely shrinking counties. The urbanization rate
was significantly negative in both moderately and severely shrinking counties. Per capita
carbon emissions were negative in mildly shrinking counties but positive in moderately
and severely shrinking counties. PM2.5 concentration was positive in moderately shrink-
ing counties but became negative in severely shrinking counties. Overall, these findings
underscore pronounced heterogeneity in both the direction and magnitude of influencing
factors across different stages of population shrinkage.

4.4. GTWR Model Results
4.4.1. Analysis of Overall Effects

In this study, the geographically and temporally weighted regression (GTWR) model
was applied to investigate the spatially heterogeneous effects of multiple determinants on
socioeconomic resilience. Compared with the ordinary least squares (OLS) and geographi-
cally weighted regression (GWR) models, the GTWR model exhibited markedly superior
explanatory power and model performance. Specifically, the GTWR model achieved an R2

value of 0.956, exceeding those of the OLS model (0.849) and the GWR model (0.922). More-
over, its corrected Akaike Information Criterion (AICc) value (−527.355) was substantially
lower than those obtained from the OLS (−248.125) and GWR (−391.867) models. The
AICc differences were far greater than the commonly accepted threshold of 3, indicating
a significant improvement in goodness of fit. Therefore, the GTWR model was selected
as the most appropriate approach for capturing the spatiotemporal heterogeneity of the
influencing factors on socioeconomic resilience and for conducting subsequent spatial anal-
ysis. Because GTWR estimates are sensitive to the specification of the temporal bandwidth
and the spatial kernel function, we calibrate the model using a bandwidth selection pro-
cedure that minimizes the corrected Akaike Information Criterion (AICc). This approach
reduces the risk of both over-smoothing and excessive localization, thereby improving the
reliability of parameter estimates. Spatially, we employ an adaptive kernel that adjusts the
neighborhood size in response to local sample density. By allowing the effective bandwidth
to expand in sparse areas and contract in dense areas, the adaptive kernel alleviates the
instability associated with fixed bandwidths and enhances the robustness of the estimated
results [58,59]. Based on the GTWR results, pronounced spatiotemporal dynamics were ob-
served in the mechanisms shaping county-level socioeconomic resilience across Northeast
China. The estimated effects of the influencing factors varied not only across space but also
over time, indicating clear temporal non-stationarity, see Figure 10.

As illustrated in Figure 10, population aging and population density exhibited distinct
impact patterns. The effect of population aging showed strong regional differentiation.
In counties surrounding major metropolitan centers such as Shenyang and Dalian, the
estimated coefficients were the highest (reaching up to 1.506) and indicate a positive
association with socioeconomic resilience. These areas are better able to cope with aging-
related challenges due to stronger economic foundations, more comprehensive public
service systems, and more developed elderly care industries. In contrast, in rural and
resource-dependent counties—such as those around Hegang and Fushun—where the
outflow of working-age populations continues, population aging was found to be associated
with weaker socioeconomic resilience, with coefficients as low as −0.137. This spatial
contrast suggests that the development effects of aging are highly dependent on local
economic conditions and institutional capacity.
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(a) GTWR Coefficient Maps for PM2.5 Concentration (b) GTWR Coefficient Maps for Per Capita Balance of Household Savings 

Deposits in Urban and Rural Areas 

(c) GTWR Coefficient Maps for Urbanization Rate (d) GTWR Coefficient Maps for Total Per Capita Investment in Fixed Assets 

  
(e) GTWR Coefficient Maps for Population Density (f) GTWR Coefficient Maps for Population Aging Level 

Figure 10. The spatial distribution of the GTWR coefficients.

Unlike the spatially differentiated effects of population aging, population density
showed a broadly negative effect. The estimated coefficients reached a minimum of −5.053
and were mostly distributed between −0.5 and −5.0, with stronger negative effects concen-
trated in resource-based cities and densely populated county seats. This finding implies
that under sustained population outflow, higher-density areas may face compounded
development pressures, including aging infrastructure and increasing burdens on public
service provision. From a temporal perspective, the effects of these factors evolved system-
atically during 2010–2020: the spatial extent of positive aging gradually contracted, while
the negative effect of population density intensified, which is consistent with the overall
demographic trajectory of the region. Spatially, counties along the Harbin–Dalian (Ha–Da)
railway corridor tend to exhibit a stronger capacity to maintain socioeconomic resilience,
whereas resource-dependent areas and agricultural counties on the eastern and western
flanks face greater development constraints. This divergence reflects both historically
shaped industrial spatial configurations and differences in local adaptive capacity.
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4.4.2. GTWR Results for Different Types of Population Shrinkage

To further reveal heterogeneity in the underlying mechanisms under conditions of
population shrinkage, separate GTWR models were estimated for different shrinkage types.
The results indicate that the effects of the core explanatory variables and control variables
on county-level socioeconomic resilience differ substantially across shrinkage categories,
while several common patterns can be identified; see Figure 11.
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Figure 11. The changes in regression coefficients across different types of population shrinkage.
Note: X1 = population shrinkage; X2 = population aging; a1 = per capita savings of urban and rural
res-idents (yuan); a2 = per capita fixed asset investment; a3 = urbanization rate; a4 = per capita carbon
emissions; a5 = annual mean PM2.5 concentration.

As shown in Figure 11, a consistent finding across all shrinkage types relates to house-
hold savings and fixed asset investment. Household savings were found to exert a stable
positive effect in every shrinkage category, indicating that savings—an important source of
local capital accumulation—can support improvements in socioeconomic resilience even in
shrinking regions. In contrast, fixed asset investment is generally associated with negative
effects, suggesting that the prevailing investment structure is not well aligned with the
practical requirements of enhancing regional socioeconomic resilience. Despite these com-
monalities, the magnitude of effects varied markedly by shrinkage type. In mildly shrinking
counties, population density emerged as the most important driver, with a coefficient of
0.185, implying that agglomeration forces remain an important contributor to resilience.
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In moderately shrinking counties, population aging showed the strongest positive associ-
ation (coefficient = 0.215), which may reflect relatively stable demographic structures in
these areas, where the accumulated experience and social capital of older residents can
contribute positively to development. In severely shrinking counties, however, population
density exhibited the strongest negative effect, with a coefficient of −1.247, indicating that
under conditions of pronounced depopulation, maintaining relatively high population
density may become a burden rather than an advantage. Overall, mildly shrinking counties
can still benefit from conventional agglomeration effects, with the combined influence of
population density and household savings supporting resilience. Moderately shrinking
counties display stronger adaptive capacity and may transform aging-related pressures
into developmental momentum. In contrast, severely shrinking counties face the most
acute challenges, where low effective density and inefficient investment are particularly
prominent, and the effectiveness of traditional development pathways deteriorates sharply.

5. Discussion
5.1. Spatial Differentiation of County-Level Socioeconomic Resilience and Underlying Mechanisms

County-level socioeconomic resilience across Northeast China was found to exhibit
a complex spatial pattern, evolving from a gradient of “higher in the north and lower in
the south” to a configuration characterized by “higher in the northeast and lower in the
southwest.” Border counties (e.g., Xunke and Raohe) generally maintain relatively higher
levels of resilience, in sharp contrast to the comparatively lagging performance of some
traditional industrial counties in central–southern Liaoning. This spatial differentiation is
jointly shaped by historical path dependence, industrial structure, and policy responses.
Border areas benefit from place-specific policy support—such as border-opening initia-
tives and ecological compensation—as well as from the relative stability of specialized
sectors (e.g., agriculture/forestry and tourism), which partially buffer the shocks associ-
ated with population shrinkage. In contrast, parts of central–southern Liaoning remain
constrained by the path-dependent “Northeast China phenomenon,” in which the decline
of heavy and chemical industries, together with insufficient cultivation of new growth
engines, has substantially weakened transformative capacity. The GTWR estimates further
demonstrate pronounced spatial heterogeneity in the effects of population shrinkage and
aging—together with fixed-asset investment and the urbanization rate—on socioeconomic
resilience. This pattern substantiates the context-dependent and spatially non-stationary
nature of regional resilience processes [16,22]. Population shrinkage undermines resilience
primarily through labor-force depletion, market contraction, and intensifying fiscal stress,
culminating in a “shrinkage trap” in counties experiencing severe outmigration [7]. By
contrast, counties located near central cities or at border-port nodes tend to retain ag-
glomeration advantages that buffer these adverse impacts, yielding a clear core–periphery
gradient [33]. The influence of population aging is likewise spatially differentiated. Aging
can constrain long-run transformative capacity by deteriorating the labour-force structure
and increasing welfare burdens [1,16]. Nevertheless, core counties with stronger public
service systems may partially offset these pressures through adaptive adjustments and the
expansion of the silver economy [5]. In resource-dependent peripheral counties, however,
vulnerability is further amplified as outmigration erodes intergenerational support net-
works [13]. Crucially, bidirectional feedback between shrinkage and aging reinforces these
spatial disparities. In counties along the Harbin–Dalian railway corridor, where infras-
tructure endowments are relatively strong and locational advantages persist, fixed-asset
investment and urbanization can still exert positive effects. In severely shrinking inland
counties, by contrast, similar inputs exhibit markedly weaker returns and may even become
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counterproductive. These findings imply that resilience-oriented policies should adopt
place-based, differentiated pathways rather than uniform, one-size-fits-all interventions.

5.2. Multidimensional Pathways Linking County-Level Demographic Structure and Socioeconomic Resilience

Evidence from the GRA and Tobit regression jointly suggests that population aging
influences regional socioeconomic resilience through multiple pathways encompassing
economic, social, and governance dimensions. Economically, aging is most strongly as-
sociated with transformation capacity, supporting the core mechanism whereby aging
weakens long-term transformation potential by reducing labor supply and suppressing
innovation dynamics [16]. Socially, aging intensifies pressure on social security systems
and, through the outflow of working-age populations, erodes traditional intergenerational
support networks that constitute a key foundation of social resilience [13]. Importantly,
this study identified nonlinear effects of aging and heterogeneity across stages of popu-
lation shrinkage. Population aging exerts significantly negative impacts in mildly and
severely shrinking counties, but shows a positive effect in moderately shrinking counties.
One plausible explanation is that under moderate shrinkage, demographic pressure may in-
duce adaptive industrial restructuring [5] and stronger forms of social self-organization [15],
thereby partially offsetting the disadvantages associated with aging. Once shrinkage sur-
passes a certain threshold, such as in severely shrinking counties, regions may lose this
adaptive capacity and re-enter a negative feedback loop. Similar mechanisms have been
widely documented across post-communist Eastern Europe. In many shrinking regions
of Poland, Romania, and other post-socialist countries, the combination of population
aging and sustained outmigration has aggravated a growing mismatch between rising
demand for elderly care services and declining local fiscal capacity. This imbalance has
consequently weakened regional adaptive and transformative capacity [32,53]. Empirical
evidence from these contexts further indicates that once population decline surpasses a
critical threshold, conventional development strategies become progressively less effective.
Local communities then encounter increasing challenges in maintaining public service
provision and sustaining social support networks [31]. These international experiences cor-
roborate the stage-dependent heterogeneity identified in this study and underscore the need
for differentiated, resilience-oriented governance pathways in response to demographic
decline [54].

5.3. Policy Implications and Practical Pathways for County Development

Based on these findings, policy priorities should be differentiated according to the
stage of population shrinkage. For counties trapped in a deep negative cycle character-
ized by “high aging–low socioeconomic resilience,” policy efforts should focus on social
protection and the maintenance of basic functioning. This includes safeguarding essential
public services through fiscal transfers, while enabling local social capital and community
organizations to maintain stable social networks. For moderately shrinking counties that
exhibit adaptive potential, policy should emphasize industrial cultivation and structural
upgrading, encouraging the development of aging-friendly sectors such as the silver econ-
omy, ecological agriculture, and local service industries. Meanwhile, fixed asset investment
should be redirected away from scale expansion toward efficiency enhancement and liveli-
hood improvement. Finally, for the small number of border or specialized counties with
relatively high resilience, policy should aim to foster them as regional “resilience growth
poles,” leveraging their spillover and driving effects to mitigate broader regional declines
in resilience. Overall, policy interventions should be oriented toward breaking the vicious
cycle of “population shrinkage–aging–resilience weakening” and promoting synergistic
improvements in both social and economic resilience.
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5.4. Study Limitations and Future Directions for County-Level Research

This study has several limitations. First, the analysis is conducted primarily at the
county (macro) scale, which enables the identification of broad associations and potential
mechanisms but does not directly capture the behavioral decision-making of micro-level
actors (e.g., households and firms). As a result, the underlying drivers of resilience for-
mation cannot be fully established. Second, the indicator system is not explicitly tailored
to regional development characteristics, which may constrain the interpretability of re-
silience comparisons across heterogeneous contexts. Future research could strengthen and
extend this work in at least three directions: (1) Develop a more fine-grained measurement
framework for socioeconomic resilience that integrates objective and subjective indica-
tors, and incorporates policy-related variables to more explicitly assess how policy and
institutional arrangements shape resilience outcomes. (2) Combine qualitative approaches
(e.g., interviews, case studies) and survey-based evidence to examine, from a micro perspec-
tive, the adaptive strategies of individuals and communities under demographic change
and their contributions to regional resilience. (3) Expand the empirical scope to other
representative shrinking regions across China for comparative analysis, thereby testing
the generalizability of the findings and further identifying place-specific pathways for
enhancing socioeconomic resilience under diverse regional conditions.

6. Conclusions
To systematically evaluate how population aging shapes regional socioeconomic

resilience under population shrinkage, this study introduced resilience theory into the
shrinking population literature and proposed a triadic “population shrinkage–aging–
socioeconomic resilience” analytical framework. Using 143 counties in the three northeast-
ern provinces of Northeast China as the empirical context, and integrating the entropy-
weight method, GRA, Tobit regression, and GTWR, the spatiotemporal interactive relation-
ships between demographic structural change and socioeconomic resilience were revealed.
The main conclusions are as follows.

Counties in Northeast China are characterized by the simultaneous occurrence of
region-wide population shrinkage and deep aging, together forming a pronounced negative
feedback loop. During 2010–2020, all counties except Yanji experienced population decline,
and counties with moderate or higher levels of shrinkage accounted for as much as 75.5%.
Meanwhile, population aging accelerated rapidly: by 2020, 96.5% of counties had entered
the deep-aging stage. Although socioeconomic resilience increased overall, substantial
regional heterogeneity persisted, with the spatial pattern evolving from “higher in the
north and lower in the south” to “higher in the northeast and lower in the southwest”.
Relative to the three northeastern provinces, where both population shrinkage and aging
are markedly more severe, partially shrinking counties in the Yangtze River Delta tend to
exhibit more localized population decline, while aging follows a differentiated trajectory
rather than a uniform, synchronous intensification. Resource-rich regions in central and
western China are also prone to the compounded pressures of outmigration and aging;
however, the magnitude of shrinkage and aging there remains substantially lower than that
observed in the Northeast. Together, these cross-regional contrasts further accentuate the
distinctive demographic profile of the three northeastern provinces as the focal study area.

GRA further revealed strong associations between population aging and overall so-
cioeconomic resilience as well as all resilience dimensions, with the strongest association
observed for transformative capacity, particularly in severely shrinking counties. Pop-
ulation density was also found to be strongly associated with socioeconomic resilience,
although its influence was slightly weaker than that of aging.
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The effects of determinants on socioeconomic resilience are complex. Tobit estimation
results indicated that population density and household savings promote socioeconomic
resilience, whereas population aging, fixed asset investment, per capita carbon emissions,
the urbanization rate, and PM2.5 concentration exhibit negative or nonlinear effects. Popu-
lation density was found to remain significantly positive across shrinkage types, but its
effect diminished as shrinkage deepened. The impact of aging was found to be nonlin-
ear and to vary by shrinkage stage: it was significantly negative in mildly and severely
shrinking counties but shifted from negative to positive in moderately shrinking counties,
demonstrating pronounced stage-dependent heterogeneity.

The GTWR results confirmed substantial spatiotemporal heterogeneity in the effects
of influencing factors. Counties at different shrinkage stages respond differently to key
drivers: mildly shrinking counties can still benefit from conventional agglomeration effects;
moderately shrinking counties display stronger adaptive capacity, transforming part of the
demographic pressure into developmental momentum; while severely shrinking counties
face the most severe challenges, with the effectiveness of traditional development pathways
deteriorating sharply.
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