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Abstract

Background: China is one of the world’s fastest-aging countries. Population aging and social-economic
development show close relations. This study aims to illustrate the spatial-temporal distribution and movement of
gravity centers of population aging and social-economic factors and thier spatial interaction across the provinces in
China.

Methods: Factors of elderly population rate (EPR), elderly dependency ratio (EDR), per capita gross regional product
(GRPpc), and urban population rate (UPR) were collected. Distribution patterns were detected by using global spatial
autocorrelation, Kernel density estimation, and coefficient of variation. Further, Arc GIS software was used to find
the gravity centers and their movement trends yearly from 2002 to 2018. The spatial interaction between the
variables was investigated based on bivariate spatial autocorrelation analysis.

Results: The results showed a larger variety of global spatial autocorrelation indexed by Moran’s I and stable trends
of dispersion degree without obvious convergence in EPR and EDR. Furthermore, the gravity centers of the
proportion of EPR and EDR moved northeastward. In contrast, the economic and urbanization factors showed a
southwestward movement, which exhibited an reverse trend compared to population aging indicators. Moreover,
the movement rates of EPR and EDR (15.12 and 18.75 km/year, respectively) were higher than that of GRPpc (13.79
km/year) and UPR (6.89 km/year) annually during the study period. Further, the bivariate spatial autocorrelation
variation is in line with the movement trends of gravity centers which showed a polarization trend of population
aging and social-economic factors that the difference between southwest and northeast directions and exhibited a
tendency to expand in China.

Conclusions: In sum, our findings revealed the difference in spatio-temporal distribution and variation between
population aging and social-economic factors in China. It further indicates that the opposite movements of gravity
centers and the change of the BiLISA in space which may result in the increase of the economic burden of the
elderly care in northern China. Hence, future development policy should focus on the social-economic growth and
distribution of old-aged supporting resources, especially in northern China.

Keywords: Spatial-temporal patterns, Population aging indicators, Per capita GRP, Gravity centers, Social-economic
factors
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Background
The elderly population is increasing in number and in
the share of the total population, which is becoming one
of the most severe demographic challenges in the world
[1]. Population aging and social-economic development
show close relations. For one thing, the potential influ-
ence of population aging on the economy and society
has been widely discussed and acknowledged [2–6]. For
another, national social-economic development and
poverty-reduction strategies were considered to be prior-
ity actions to meet the challenge of an aging society in
the world [7]. Meanwhile, the spatial distribution of the
elderly population exhibits an obvious difference at the
global level [8, 9] and country-level such as China [10],
Japan [11], South Korea [12], and some European coun-
tries [13].
In fact, the concept of a center of gravity mainly refers

to the point on which the distribution pattern would
balance by using weighted points on a weightless plane
or sphere [14]. This concept was first applied to probe
the population problems in the United States, which
provided a concise and accurate method for the popula-
tion distribution study [15]. Then, this concept has been
applied in the study of geographic distributions [16, 17].
As with other geographical phenomena, spatial distribu-
tion patterns and processes of population aging also vary
over time. Thus, appropriate assessment of population
aging and social-economic development should be able
to include the features of spatial-temporal variations
with the change of gravity centers in geographic space,
which can be expected to provide more in-depth impli-
cations for the policymaking of the elderly-care and sus-
tainable socio-economic development.
China, with an increased ratio and size of the elderly

population, is one of the world’s fastest-aging countries
[18]. In 2019, about 11.5% of the total population were
above 65 years old in China, and it is expected to reach
16.9% by 2030, estimated by the United Nations [19].
The accelerated population aging process may place a
heavy burden on China’s social security and economic
systems, thus, maintaining the well-being of an elderly
population has become a major concern for policy-
makers. Extensive studies have been conducted on
spatial-temporal distribution and variation of population
aging in China [10, 20–25]. Huge spatial differences of
the elderly population were found at the national level
and provincial levels in China based on these studies.
Importantly, spatial effects such as spatial spillovers and
spatial dependence were found in geographic data of
population aging and social-economic factors [9, 23, 24].
Nevertheless, there have been no studies of the distribu-
tion of gravity centers in population aging and how the
patterns changed over time in China. Furthermore, the
difference in the spatial-temporal distribution and

evolution of population aging and social-economic fac-
tors in China is obscure as well.
Consequently, in this study, we mainly focused on the

evolution of the patterns of population aging indicators
and social-economic factors at the provincial level from
2002 to 2018 based on their centers of gravity in China.
Moreover, different from previous studies in China, two
main population aging indicators were collected and cal-
culated in this study to measure the level of aging which
included the elderly population rate and elderly depend-
ency ratio which may show more social-economic mean-
ings than before. In addition, per capita Gross Regional
Product and urban population rate were collected as
proxy indicators to measure the social-economic devel-
opment levels. In this paper, the methods of global
spatial autocorrelation, kernel density estimation, and
coefficient of variation were performed to measure the
spatial patterns. Further, evolution patterns analysis was
performed by using the method of gravity center detec-
tion, and the spatial interaction between variables was
investigated based on bivariate spatial correlation ana-
lysis. In sum, our findings can reveal the distribution
and variation of population aging and social-economic
factors and contribute to a better understanding and the
implications to the coordinated social-economic devel-
opment in China that is facing severe challenges from an
aging society.

Data and methods
Data sources and indicator selection
Data source
In the current paper, the demographic data in 2010 were
based on the national census of China [26]. Data in 2005
and 2015 were from the 1% Population Sample Survey,
and data in other years were from the 1‰ Population
Sample Survey of China. These census data are at the
provincial level (including province-level autonomous
regions and municipalities) in mainland China. The data
of the social-economic indicators were from the China
Statistical Yearbooks. The collected panel data included
the provincial administrative units of mainland China
with sufficient data and covers the period 2002–2018.
Hong Kong, Macau, and Taiwan were not included in
this study for the non-available data.

Population aging indicators

Elderly population rate The elderly population rate
(EPR) refers to the percent of the aged population of the
total population, which has been widely applied in the
studies of population aging [1, 7, 27]. As the standard
threshold for population aging, 60 or 65 years old were
used as commonly accepted national retirement ages
[28]. In this study, the elderly population is defined as
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people aged 65 and over based on the current
chronological-age structure in China [29]. The ratio of
population aged 65 and above (% of the total population)
was calculated as one of the indicators to measure the
population aging at the provincial level in China.

Elderly dependency ratio The elderly dependency ratio
(EDR) is commonly defined as the ratio between the eld-
erly population and the working-age population [30].
This indicator has been widely used as an indicator to
monitor the population’s age structures and to provide
implications on socioeconomic development [31, 32]. In
this paper, in line with UN definitions, the population
aged between 15 and 64 are considered as the margins
of the working-age population. Thus, the ratio of popu-
lation aged and above 65 and the working-age popula-
tion is considered another indicator to measure the
population aging level in this study.

Social-economic factors
The association between population aging and social-
economic development (e.g., GDP and urbanization
levels) has been widely conducted at the country level
[23, 33, 34]. Therefore, in this study, two main social-
economic factors including per capita Gross Regional
Product (GRPpc) and urban population rate (UPR) were
collected at the provincial level in China (Table 1). The
UPR was calculated as the proportion (%) of people liv-
ing in urban areas of the total population.

Methodology
Distribution pattern detection

Global spatial autocorrelation Global spatial autocor-
relation indexed by Moran’s I method is a powerful tool
to quantitatively provide the indicators varying geo-
graphically and to explore the spatial autocorrelation
among samples [35]. This method has been widely ap-
plied to examine spatial patterns, i.e., clustered, dis-
persed, or random distributions [36–39]. To explore the
spatial autocorrelation of population aging indicators,
Moran’s I was adopted in this paper, which can be calcu-
lated as follows [40]:

I ¼ n�Pn
i

Pn
jW ij xi−xð Þ x j−x

� �
Pn

i

Pn
jW ij �

Pn
i xi−xð Þ2 ð1Þ

In Eq. (1), n represents the number of spatial units
(the province in this case) indexed by i and j; x repre-
sents the selected variables; x is the mean of x; the
weights Wij are written in an (n × n) weight matrix
which depicts the relationship between the variable and
its surrounding ones. In the current study, the
contiguity-based method was conducted for identifying
the weight matrix, and the queen criterion as spatial
units sharing a common edge or a vertex was selected to
determine neighbors. The global spatial autocorrelation
was performed by using GeoDa software (version 1.18).

Kernel density estimation Kernel density estimation
(KDE) is commonly used to estimate the density func-
tion based on a set of observations and random variables
from an unknown distribution function. This method
does not need any hypothesis for the data distribution.
Thus, the general distribution patterns in population
aging indicators can be described visually based on the
kernel density function curves. In this study, the KDE
calculation is presented as follows [41]:

f xð Þ ¼ 1
nh

Xt

i¼1
K

xi−x
h

� �
ð2Þ

In Eq. (2), n is the total number of locations, xi is the
value of ith population aging indicators, and h is the
bandwidth. K is a kernel density function and the Gauss-
ian kernel was adopted in this paper.

Coefficient of variation The coefficient of variation
(COV) is an effective method to measure the dispersion
degree of an indicator [42, 43]. The COV is indicated in
convergence analysis because it does not depend on the
measurement unit and the measure order of the indica-
tors [44]. In this paper, this method is adopted which
could be shown as follows:

σ t ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1
xt−xtð Þ2

r

xt
ð3Þ

In Eq. (3), t refers to the year, and n denotes the total
number of provinces. x represents the population aging

Table 1 Indicator selected in the study (2002–2018)

Variable Abbreviation Unit

Population aging indicators Elderly population rate EPR %

Elderly dependency ratio EDR %

Social-economic indicators Per capita Gross Regional Product GRPpc RMB yuan

Urban population rate UPR %
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indicators and x is the mean value in year t. σt repre-
sents the COV of the selected indicators. In this paper,
the calculation of COV expresses the dispersion degree
of the population aging indicators compared to the aver-
age levels.

Evolution patterns analysis
The center of gravity is a physical concept. Then, it has
been widely adopted to investigate spatial distribution,
such as population [14], energy consumption [45], car-
bon emissions [46], and economic growth [47], etc. In
this paper, the center of gravity method was used to
analyze the spatial evolution of population aging and
social-economic indicators. Each provincial-level admin-
istrative region is assumed to be located on a homoge-
neous two-dimension surface without accounting for the
altitude dimension, and that the indicators by each re-
gion are concentrated in the provincial capital cities.
Each provincial capital city then acts as a particle on the
surface, with weights determined based on the indica-
tor’s quantity. This simplification is a necessary step be-
cause finer-grained data (e.g., at the prefectural and
county levels) is not yet available in this study. Then, the
spatial positions of the gravity centers were calculated
according to a combination of the geographical coordi-
nates of the provincial capital cities and their corre-
sponding weights. The position of the gravity center is
expressed in terms of longitude and latitude, which can
be calculated as follows:

Xt ¼
P

MtixiP
Mti

ð4Þ

Y t ¼
P

MtiyiP
Mti

ð5Þ

In Eq. (4) and (5), Xt and Yt are the longitude and lati-
tude coordinates of the gravity center in year t, respect-
ively. Mti represents the population aging and social-
economic indicators by province i in year t. (xi, yi) repre-
sent the longitude and latitude coordinates of the pro-
vincial capital city of province i, respectively.
Furthermore, the spatial movement distance for the
gravity center can be expressed as follows:

Dt2−t1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xt2−Xt1ð Þ2 þ Y t2−Y t1ð Þ2

q
ð6Þ

In Eq. (6), Dt2-t1 is the movement distance of the grav-
ity center (km) between the year t2 and t1, and Xt1, Xt2,

and Yt1, Yt2 are gravity center coordinates for the years
t1 and t2. The differences in the movement of these grav-
ity centers represent the changes in the balance over
time. In this paper, Arc GIS software (version 10.2) was
used to calculate the gravity centers in each year and
connect each center in turn to define the movement

paths followed by these centers annually from 2002 to
2018.

Bivariate spatial autocorrelation analysis
Bivariate spatial autocorrelation is considered to be the
correlation between one variable and the spatial lag of
another variable [48]. The bivariate spatial autocorrel-
ation analysis is commonly indexed by bivariate Moran’s
I, whereas the original Moran’s I statistic measured the
degree of linear association of the values of a variable in
neighboring regions. The bivariate Moran’s I statistic
provides an indication of the degree of linear association
between one variable and a different variable in neigh-
boring regions. Meanwhile, the bivariate local indicators
of spatial association (BiLISA) which closely follows that
of its global counterpart was applied in this study to cap-
ture the relationship between the value for one variable
at a location and the average of the neighboring values
for another variable [48]. In this study, bivariate Moran’s
I between population aging indicators and social-
economic factors were calculated and the cluster maps
of BiLISA were drawn with a p-value < 0.05 which were
performed by using GeoDa software (version 1.18).

Exploratory data analysis
Pearson correlation coefficients were calculated between
population aging indicators and social-economic factors
during the study period. The results showed that Pear-
son’s correlation coefficients were positively significant
in most years based on two-tailed tests (see the supple-
mentary tables).

Results
Spatial-temporal variations and distribution patterns
Overall spatial-temporal variations
The variation of population aging and social-economic
factors at the provincial level in China with a five-year
interval in 2005, 2010, and 2015 were depicted in Fig. 1.
Several key points of the spatial-temporal variation trend
can be concluded. First, the spatial difference of two
population aging indicators showed a similarity that the
eastern part of China (e.g., Liaoning, Beijing, Jiangsu)
and Sichuan Province exhibited the highest values,
and most provinces in the western part of China showed
relatively lower values. Further, several provinces in
southern China such as Guangdong and Fujian prov-
inces showed relatively low values of EPR and EDR com-
pared with the surrounding provinces (Fig. 1a-f).
Second, the spatial difference of GRPpc and UPR showed
a similar trend that the high values most concentrated in
the eastern coastal areas and northeastern part of China,
while the low values were mainly in the western part of
China (Fig. 1g-l). Additionally, the variation of these four
indicators exhibited stable increasing trends in most
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provinces in China, and the spatial difference presented
a stable trend that has not been changed substantially
from 2002 to 2018.

Moran’s I statistics
To compare the global spatial autocorrelations of the
four indicators, univariate Moran’s I statistics were cal-
culated. The results showed that the Moran’s I indices of

the four indicators were all significantly greater than
zero, indicating that both population aging and social-
economic indicators presented an obvious spatial ag-
glomeration and significant positive spatial autocorrel-
ation (i.e., cluster of provinces with similar indicators
surrounded by provinces with similar values) at the pro-
vincial level in China from 2002 to 2018 (Table 2).
Moreover, the annual variation of the Moran’s I indices

Fig. 1 Spatial distribution and variation of EPR, EDR, GRPpc, and UPR at the provincial level in China in 2005, 2010, and 2015. The studied factors
are divided into five levels based on natural breaks (Jenks) in ArcGIS. Data in Hong Kong, Macau, and Taiwan are not available in this study
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of these indicators showed some difference (Fig. 2a).
First, Moran’s I statistics of EPR and EDR showed a
similar trend with continuous decreasing from the values
around 0.5 to 0.1 from 2002 to 2014, and then these two
indicators presented an increasing trend to 2018. Sec-
ond, the GRPpc and UPR exhibited a relatively stable
trend with limited variation around the value of 0.4 (Fig.
2a).

Coefficient of variation
COV values of the four indicators were calculated (Table
2) and depicted (Fig. 2b). Obvious differences between
these indicators can be found. First, a stable trend of
COV in EPR and EDR can be identified which was
around the value of 0.2 (Fig. 2b). It indicated that the
distribution and the dispersion degree of these two
population-aging indicators did not change obviously
during the study period. In comparison, COV of GRPpc
showed an obvious decline trend which was from 0.7 de-
creased to lower than 0.5, indicating the dispersion de-
gree of GRPpc declined during the study period.
Furthermore, a slight decline trend can be found in UPR
from higher than 0.3 to lower than 0.2 during the same
period (Fig. 2b).

Kernel density estimation
KDE distribution of the studied indicators was illustrated
respectively (Fig. 3). The KDE curves of EPR and EDR

presented similar patterns with bell-shaped curves, and
the variation of the curves showed a slight decreasing
trend of the peak values from 2002 to 2018, and the
movement of the curves exhibited a right trend (Fig. 3 a,
b). In addition, GRPpc exhibited steep KDE curves with
right-skewed distribution and long-tails, indicating
stronger disparities among different provinces, and it
showed a sharp decreasing trend of the peak values dur-
ing the study period (Fig. 3c). Further, KDE curves of
UPR showed a stable twin-peaked distribution and the
curves moved to the right from 2002 to 2018 (Fig. 3d).
According to the analysis performed above, several

features of the spatial-temporal variation and distribu-
tion patterns can be drawn. EPR and EDR showed a lar-
ger variety of spatial autocorrelation and stable trends of
dispersion degree without an obvious convergence trend.
In contrast, GRPpc and UPR exhibited stable trends of
spatial autocorrelation features. Specifically, GRPpc
showed the most obvious disparities and an obvious
convergence trend, and UPR showed a slight conver-
gence trend indexed by COV. Furthermore, convergence
trends by COV are consistent with the KDE curves that
EPR and EDR exhibited relatively small dispersion than
GRPpc which presented a repaid decline of the disparities
over time.

Identifying the movement of the gravity centers
From 2002 to 2018, the gravity centers of EPR and EDR
were mainly concentrated in the areas with latitude and
longitude ranges between 112°E and 113°E and between
33°N and 34°N, which located in the middle of Henan
Province in China (Fig. 4). Further, the movement of the
gravity centers of EPR and EDR showed a similar pattern
during the study period, which presented an overall
movement towards the northwest and then to the north-
east. The total movement distances of EPR and EDR
were 226.87 and 281.30 km, with an average rate of
15.12 and 18.75 km/year, respectively. Meanwhile, the
gravity centers of GRPpc were mainly distributed to the
northeast of the areas of EPR and EDR (Fig. 4). Add-
itionally, the movement of the gravity centers of GRPpc
showed an opposite trend of the population aging indi-
cators, which presented an overall movement towards
the southwest. The total movement distance of GRPpc
was 206.81 km with an average rate of 13.79 km/year. In
comparison, the gravity centers of UPR were mainly to
the west of GRPpc, which concentrated in a limited area
around 113°E and 34°N with a total movement distance
of 103.37 km with an average rate of 6.89 km/year. The
movement of the gravity centers of UPR exhibited a
similar southwest toward with GRPpc (Fig. 4).
Accordingly, several points can be obtained based on

the gravity center analysis. First, the gravity centers of
the four indicators were mainly concentrated in the

Table 2 Univariate Moran’s I and coefficient of variation of
population aging and social-economic indicatorsa

Year Univariate Moran’s I Coefficient of variation

EPR EDR GRPpc UPR EPR EDR GRPpc UPR

2002 0.47 0.50 0.39 0.35 0.22 0.20 0.70 0.35

2003 0.45 0.46 0.41 0.36 0.26 0.24 0.69 0.34

2004 0.39 0.39 0.42 0.36 0.23 0.21 0.68 0.33

2005 0.39 0.38 0.44 0.35 0.18 0.17 0.66 0.32

2006 0.31 0.32 0.44 0.34 0.20 0.19 0.64 0.31

2007 0.33 0.30 0.44 0.35 0.19 0.18 0.61 0.30

2008 0.29 0.23 0.45 0.35 0.18 0.17 0.56 0.30

2009 0.29 0.29 0.45 0.40 0.19 0.18 0.54 0.29

2010 0.30 0.31 0.46 0.40 0.17 0.18 0.51 0.28

2011 0.21 0.24 0.45 0.40 0.21 0.23 0.47 0.27

2012 0.23 0.28 0.44 0.39 0.19 0.20 0.45 0.26

2013 0.25 0.23 0.43 0.36 0.19 0.20 0.44 0.25

2014 0.16 0.13 0.41 0.38 0.20 0.21 0.43 0.24

2015 0.34 0.30 0.41 0.40 0.19 0.19 0.43 0.22

2016 0.31 0.26 0.43 0.42 0.20 0.20 0.45 0.21

2017 0.39 0.35 0.45 0.42 0.21 0.21 0.45 0.20

2018 0.36 0.32 0.37 0.42 0.22 0.23 0.47 0.19
aAll significant at the 95% confidence level
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middle of Henan Province, which is to the east of the
geodetic origin of China (34°32′27″N, 108°55′25″E) lo-
cated in Shaanxi Province. It can be pointed out that the
gravity centers of these four indicators do not match the
location of geometric centers at the national scale. Our
findings further indicated that the population aging and
social-economic factors were not evenly distributed in
China. Second, both the gravity centers of the elderly
population proportion and elderly dependency levels
moved northeastward from 2002 to 2018, which showed
similar directions and tracks. However, the economic
and urbanization factors showed a southwestward
movement, which exhibited obvious reverse evolution
trends compared to the population aging indicators.
Meanwhile, the distances between the gravity centers
of population aging and social-economic factors be-
came smaller during the study period. Furthermore,
the movement rates of population aging indicators
presented higher levels than that of GRPpc and UPR
annually. The movement rate of the economic factor
showed a faster level with an accelerating trend espe-
cially in 2018.

Spatial interaction between variables
Spatial interaction was measured by bivariate Moran’s I
between population aging indicators and social-
economic factors (Table 3). The results demonstrated
that the bivariate Moran’s I indices between the four in-
dicators were all significantly greater than zero except
for the period from 2010 to 2014. It indicated that the
significant positive of the association between population
aging variables and social-economic variables in neigh-
boring regions. Further, BiLISA maps with a five-year
interval in 2005, 2010, and 2015 were illustrated (Fig. 5).
Based on the maps, the provinces with p-values below
0.05 were colored blue or red, and provinces with non-
significant BiLISA statistics were colored gray (see map
legend as well).
Several points of distribution patterns and variation

trends can be obtained based on bivariate autocorrel-
ation analysis. First, the significant Low-Low (LL) prov-
inces were mainly located in the southwestern and
northwestern parts of China, but Shaanxi and Guizhou
Provinces were changed from LL areas to the non-
significant area and Tibet was changed from non-

Fig. 2 The variation of Moran’s I (a) and COV (b) of population aging and social-economic indicators in China from 2002 to 2018
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Fig. 3 Kernel densities estimation curves of population aging indicators (a-b) and social-economic indicators (c-d) in China from 2002 to 2018

Fig. 4 Annually movement of the gravity centers of population aging and social-economic indicators in China from 2002 to 2018
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significant to LL areas. In comparison, the High-High
(HH) areas changed from Jiangsu Province in 2005 to
Hebei Province in 2015 (Fig. 5). Second, it further sug-
gested that in the provinces in western areas such as
Xinjiang, Qinghai, Tibet, and Yunnan Provinces, the
population aging variables in these provinces and the
social-economic variables in the neighboring provinces
are both at lower levels. In contrast, population aging
variables in Jiangsu and Hebei Provinces and the social-
economic variables in the neighboring provinces are at
higher levels. Further, the change of the BiLISA in space
indicated that the LL provinces showed a southwestern-
direction movement and the HH provinces showed a
northern movement, which is consistent with the oppos-
ite movement trends of gravity centers of the aging and
social-economic factors in China.

Discussion
The population aging level and social-economic develop-
ment are closely related. In this study, four indicators
were selected to represent the levels of population aging
and social-economic development. Then, this study illus-
trated the marked spatial-temporal variability of popula-
tion aging and social-economic indicators in China from
2002 to 2018. In addition, our findings identified signifi-
cant positive spatial autocorrelation by Moran’s I as well
as the obvious spatial disparities determined by kernel
density estimation and coefficient of variation. Further-
more, spatial distribution and movement of gravity cen-
ters of the four indicators were investigated. Our study

is one of the first that investigated the gravity center
evolution of population aging and social-economic fac-
tors with spatial-temporal distribution patterns in China.
In this section, we would like to further compare our re-
sults and discuss the future implications.
First, the spatial distribution pattern of population

aging has been investigated by extensive studies, and a
positive spatial autocorrelation was found at the global
level [9] and the country level such as Japan [11], South
Korea [12], Italy [49], and China [25]. Those papers indi-
cated that the population showed wide-ranging multipli-
city and place specificity with complex spatial-temporal
processes [50], and the aging population between re-
gions can be attributed to their proximity to one another
[9]. The results in this study are mainly consistent with
the results from the previous studies, which demon-
strated that population aging indicators including EPR
and EDR cluster in space at the national level from 2002
to 2018. Moreover, the temporal variation of spatial
autocorrelation indexed by Moran’s I and distribution
patterns indexed by COV and KDE of the population
aging and social-economic factors during the study
period was illustrated in this paper. For the first time,
our results demonstrated the different variation features
among these factors which showed opposite variation
trends between the population aging and social-
economic factors in China. Specifically, this study re-
vealed a larger variety of spatial autocorrelation and
stable trends of dispersion degree without convergence
in EPR and EDR. In contrast, spatial autocorrelation of

Table 3 Bivariate Moran’s I of population aging and social-economic indicators

EPR-lagged GRPpc EDR-lagged GRPpc EPR-lagged UPR EDR-lagged UPR

2018 0.22a 0.19a 0.26a 0.20a

2017 0.29a 0.25a 0.32a 0.26a

2016 0.29a 0.23a 0.30a 0.24a

2015 0.26a 0.18a 0.26a 0.18a

2014 0.09 −0.01 0.12 0.02

2013 0.16 0.05 0.18a 0.09

2012 0.08 −0.05 0.13 0.02

2011 0.07 −0.05 0.10 0.00

2010 0.17a 0.04 0.17a 0.06

2009 0.28a 0.21a 0.26a 0.19a

2008 0.32a 0.24a 0.29a 0.22a

2007 0.32a 0.24a 0.28a 0.20a

2006 0.31a 0.23a 0.25a 0.17a

2005 0.28a 0.17a 0.23a 0.12

2004 0.35a 0.30a 0.28a 0.23a

2003 0.37a 0.35a 0.29a 0.26a

2002 0.36a 0.33a 0.27a 0.23a

aSignificant at the 95% confidence level
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GRPpc and UPR exhibited stable trends and dispersion
degree showed obvious convergence during the study
period from 2002 to 2018 in China. The analysis con-
ducted above demonstrated the difference in the spatial-
temporal distribution and variation patterns between
population aging and social-economic factors.

Furthermore, our study revealed an opposite trend of
the gravity centers movement in space of the aging and
social-economic factors in China. According to previous
studies, the economic gravity centers moved from the
north to the south in China, and the movement of total
population gravity centers showed a southwest forward,

Fig. 5 Spatial distribution and variation of bivariate Local Moran cluster (BiLISA) between population aging indicators and social-economic factors
at the provincial level in China in 2005, 2010, and 2015. Islands in the dataset they would be shown as missing values because they have no
adjacent neighbors
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indicating a similar movement trend of the economy
and population [51, 52]. The results of the current study
found that the gravity centers of the elderly population
proportion and elderly dependency levels moved north-
eastward from 2002 to 2018, which was opposite of the
movement direction of social-economic factors, though
the distances between the gravity centers of population
aging and social-economic factors became smaller.
Moreover, the average movement rates of population
aging indicators were higher than that of GRPpc and
UPR during the study period. The difference of the grav-
ity center movement directions and movement rates fur-
ther indicates the imbalance patterns may extend and
the social-economic burdens of population aging may
become increased in China in the future.
Additionally, spatial interaction between the variables

can provide more information. Our results detected sig-
nificant positive associations between population aging
variables and social-economic variables in neighboring
regions by using bivariate Moran’s I. It may indicate that
the population aging variables in a province have a spill-
over effect on the social-economic variables in its neigh-
boring provinces. Further, the spatial visualization of the
BiLISA and its variation across time is in line with the
movement trends of gravity centers of the aging and
social-economic factors in China. Thus, the spatial inter-
action between variables during the study period demon-
strated a polarization trend that the difference between
southwest and northeast directions of China exhibited a
tendency to expand from 2002 to 2018 and it may be
widened over time.
More broadly, our results further demonstrated several

considerations for policymakers. Firstly, the regional un-
balance of population aging and social-economic devel-
opment in China has been reflected by the spatial-
temporal variation and distribution patterns. It was sug-
gested that policymakers should consider the conse-
quences of economic policies for population aging [53].
Hence, a coordinated development plan should be con-
sidered by the central and local governments in China.
Secondly, the regional unbalance trend of the population
aging and social-economic levels was detected by the
movement of gravity center analysis. Importantly, both
the gravity centers of the elderly population propor-
tion and elderly dependency levels moved northeast-
ward, which were opposite to the total population
and social-economic development in China which
showed southwestward movement directions of grav-
ity centers [51, 52]. Further, these opposite patterns
exhibited continuous trends, which may result in the
increase of the financial burden of pension in north-
ern China in the future. Hence, the government
should focus on the spatial disparity of social-
economic development levels and reasonable

distribution of old-aged supporting resources across
regions especially in northern China.
There are some limitations to this study. First, our em-

pirical results are based on the provincial-level data, and
a local scale (e.g., prefecture and county levels) was not
performed in this study, which limited our understand-
ing of the spatial-temporal distribution of population
aging and social-economic indicators. Hence, future
studies on the finer spatial scale will be meaningful to
reveal the refined patterns of population aging levels in
China. Second, although we captured the temporal evo-
lution of the gravity centers movement of the four indi-
cators, a more extensive study such as the coordination
degree analysis of population aging and social-economic
development with spatial-temporal modeling would be
extremely valuable. Third, natural environmental factors
(e.g., heat and air pollution) also showed a strong influ-
ence on the elderly [54, 55], which indicates that we can-
not ignore the indirect effects of the natural
environment factors on population aging. Moreover, the
Chinese population is experiencing a rapid aging
process, thus, it will be interesting to compare our re-
sults in this paper to other countries at different stages
of aging and social-economic development levels.

Conclusions
This study illustrated the spatial-temporal distribution of
population aging indicators (elderly population rate and
elderly dependency ratio) and social-economic factors
(per capita Gross Regional Product and urbanization
population rate) and explored the spatial distribution
and movement of gravity centers of the four indicators
across the provinces in China from 2002 to 2018. Several
major conclusions were drawn as follows:

1) It was revealed a larger variety of global spatial
autocorrelation indexed by Moran’s I and stable
trends of dispersion degree without obvious
convergence in EPR and EDR. In contrast, GRPpc
and UPR exhibited stable trends of spatial
autocorrelation features. Specifically, GRPpc showed
the most obvious disparities and an obvious
convergence trend, and UPR showed a slight
convergence trend indexed by COV. Furthermore,
convergence trends by COV were consistent with
the KDE curves that EPR and EDR exhibited
relatively small dispersion degrees than GRPpc
which presented a repaid decline of the disparities
over time.

2) It further indicated that the population aging and
social-economic factors are not evenly distributed
in China. Specifically, both the proportion of the
elderly population and elderly dependency levels
centers of gravity moved northeastward from 2002
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to 2018, which indicated a similar direction of the
two indicators. However, the economic and
urbanization factors showed a southwestward
movement, which exhibited obvious reverse evolu-
tion trends than the population aging indicators.
The distances between the gravity centers of popu-
lation aging and social-economic factors became
smaller during the study period. Furthermore, the
annual movement rates of population aging indica-
tors are higher than GRPpc and UPR. The move-
ment rate of the economic factor showed a faster
level with an accelerating trend especially in 2018.

3) Our findings revealed the difference in spatio-
temporal distribution and variation between popula-
tion aging and social-economic factors. Further, the
spatial visualization of the BiLISA and its variation
is in line with the movement trends of gravity cen-
ters which showed a polarization trend that the dif-
ference between southwest and northeast directions
of China exhibited a tendency to expand from 2002
to 2018 and it may be widened over time. Thus, it
may exacerbate the social-economic burden of eld-
erly care in northern China in the coming intensi-
fied aging society. Hence, future development policy
should focus on the economic growth and the rea-
sonable distribution of old-aged supporting re-
sources across the regions especially in northern
China.
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