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Ensuring a harmonious coexistence between man and nature is crucial for China’s economic and social devel-
opment. However, with increasing industrialization and urbanization, there is a growing mismatch between
China’s ecological resilience (ER) and economic level (EL) of development, which poses a notable social
threat. Currently, the link between ER and EL in China remains unclear, especially in terms of spatial disloca-
tion (SD), referring to the disconnect between the locations where environmental impacts occur and those
where economic benefits or activities are concentrated. Therefore, this paper aims to provide theoretical sup-
port and an empirical basis for policy-based solutions to address this gap. Based on the SD theory, this study
systematically discusses the temporal changes, spatial patterns, and SD characteristics of China’s ER and EL
using spatial auto-correlation and barycentric analysis to analyze data from 30 provinces covering the period
2011-2021. The key results are as follows. China’s ER shows a general trend of growth; however, its distribu-
tion is uneven. The spatial pattern generally decreases from the southeastern coastal provinces to the north-
west. Moreover, a gradually increasing positive correlation is observed between the ER and EL, but this corre-
lation varies by region, with some showing regional linkages and others developing independently. Finally,
the dislocation index of ER and EL presents divergent results based on region—the eastern and central regions
primarily show a high level of dislocation, whereas the western and northeastern regions show a low level of
dislocation. The results provide a comprehensive overview of the spatiotemporal patterns in the association be-
tween ER and EL in China. The results emphasize that to balance sustainable regional development and eco-
logical governance, a region-specific approach must be employed, prioritizing innovation-driven strategies for
high ER in more developed regions and market-oriented strategies in less developed regions.

1. Introduction energy consumption, resulting in a series of problems such as environ-

mental pollution, resource shortage, and ecological damage. Accord-

In the context of ecological resilience (ER) and the economic
level (EL) of development, spatial dislocation (SD) refers to the sepa-
ration between the locations where environmental impacts occur and
the places where economic benefits or activities are concentrated. In
large countries such as China, with substantial inter-regional differ-
ences, the uneven distribution of ecological degradation and eco-
nomic gain is very concerning. Here, ER refers to an ecosystem’s car-
rying capacity concerning external disturbances while maintaining a
relatively stable structure and process, and serves as the core for a
harmonious relationship between man and nature (Zhang and Li,
2018). With the continuous advancement of industrialization and ur-
banization, regional development has affected the ecological environ-
ment through population accumulation, economic development, and
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ing to the IEA’s International Energy Agency’s Carbon Dioxide Emis-
sions Report of 2022, China’s CO, emissions in 2022 were approxi-
mately 11.48 billion tons. According to the Ministry of Ecology and
Environment, the average concentrations of SO,, PM,, and NO, in
2022 were 9, 29, and 21 ug/m?® respectively. A large amount of car-
bon dioxide and pollutant emissions have brought great challenges to
the ecological environment. Given these figures, China’s 14th Five-
Year Plan points out the necessity of continuously promoting the im-
provement of the ecological environment while strengthening its secu-
rity. The State Council’s (2023) White Paper on China’s Green Develop-
ment in the New Era further indicated the necessity of strengthening
the protection and restoration of ecosystems. Therefore, the forma-
tion of a reasonable and logical pattern of ER across China has be-
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come an urgent issue. In particular, ER, as an important aspect of the
harmonious coexistence of man and nature, is not only a result of so-
cioeconomic development but a crucial determiner of future high-
quality development.

A scientific understanding of the relationship between ER and
EL is needed to achieve coordinated regional development. There-
fore, the spatiotemporal patterns of ER are of vital significance for
policymakers, including a detailed discussion on the relationship be-
tween ER and EL and the moderating factor of China’s green devel-
opment.

In recent years, ER and its relationship with EL have attracted in-
creasing scholarly interest. So far, researches in related fields have
mainly focused on three aspects. First, scholars have explored the
spatiotemporal patterns of ER in China. Some scholars have found
that China’s urban ER in its eastern, central, and western regions
show a trend of fluctuation and decline, with gradual stabilization
(Li and Wang, 2023). In contrast, other researchers note that China’s
ER shows a slow growth trend despite fluctuations (Li et al., 2023).
From the perspective of space, China’s ER shows significant hetero-
geneity and aggregation, with it being higher in the southeast and
lower in the northwest (Wang et al., 2023). For example, the ER
level of the Pearl River Delta urban agglomeration is significantly
lower than that of the Beijing-Tianjin-Hebei region and the Yangtze
River Delta (Zhang et al., 2023). Moreover, in recent years, the ER of
the coastal complex ecosystem in the East China Sea has shown a de-
clining trend, with significant spatial heterogeneity and a sea-land
gradient (Zhang et al., 2023). Meanwhile, in the Awang Basin, the so-
cial ER fluctuates moderately but does not linearly increase or de-
crease (He et al., 2021). China’s transportation ER is generally low
and decreases from the eastern regions to the western ones (Hu et
al., 2021).

Second, researchers have examined the relationship between ER
and other socioeconomic factors, finding a nonlinear relationship be-
tween landscape patterns and some elements of ER, such as water
yield, soil retention, carbon sequestration and oxygen release, and
grain production (Ma et al., 2023). Wang et al. (2023) found that, in
the Chengdu-Chongqing economic circle, the coupling coordination
of urban ER and new types of urbanization show trends of rapid but
balanced growth. In the northern Tianshan Mountains, the compre-
hensive urbanization level shows a significant positive correlation
with urban ER, with the number of double-high cities (with high ER
and EL are high) increasing and double-low cities (with low ER and
EL) decreasing (Wang et al., 2023). Meanwhile, the socioeconomic ER
in the Yangtze River Economic Belt was found to be moderately im-
balanced (Lin et al., 2022). In the Chengdu—Chongging city cluster,
the economic and social resilience of most cities lags behind the ER
(Han et al., 2023). In the “new normal” following the COVID-19 pan-
demic, environmental resilience has been positively correlated with
urban resilience (Fu et al., 2023).

Finally, scholars have explored the factors driving ER and its im-
provement. Galappaththi et al. (2017) showed that the entrepreneur-
ial motivation of small-scale shrimp farmers did not have a significant
impact on social and ecological resilience; however, in protected ma-
rine areas, social-ecosystem resilience varies with the scale of fishing
(Bueno and Schiavetti, 2019). High-speed rail (Wang et al., 2023) and
regional integration policies (Jiang and Jiang, 2024) have a negative
impact on urban ER; however, industrial transformation has a posi-
tive impact (Tang et al., 2023). The ER of the Qinghai-Xizang Plateau
is most significantly affected by temperature (Liu et al., 2023). More-
over, the construction of green infrastructure has been found to be an
important factor in improving urban ER (Wu et al., 2020).

This provides a scientific basis and strategic suggestions for im-
proving regional ER and promoting sustainable development. Despite
the insights provided above, few scholars have explored the spatio-
temporal patterns of ER and its relationship with EL at the provincial
level based on SD. Therefore, based on the SD theory, this study uses
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panel data from 30 Chinese provinces from 2011 to 2021 and an SD
index model to explore the spatiotemporal patterns of ER and its rela-
tionship with EL. Initially, it was used to examine spatial differences
in housing and employment opportunities of disadvantaged groups in
the context of urban spatial reconstruction (Liu and Painter, 2012;
Martin, 2001; Martin, 2004; Wang et al., 2011). In this study, it was
used to investigate spatial differences between ER and EL. The study
contributes to the literature in three major ways. First, it constructs a
province-level evaluation index system for ER, enabling a comprehen-
sive discussion of its spatiotemporal patterns. Second, the SD index
model enables a detailed exploration of the relationship between ER
and EL as informed by SD, contributing to the literature on ER. Third,
In contrast to existing studies that overemphasize the presence of dis-
turbances and the resilience of ecosystems (Wang and Niu, 2023), the
social nature of ER is emphasized.

2. Methods
2.1. Spatial auto-correlation

2.1.1. Global spatial auto-correlation

This study used global spatial auto-correlation to analyze the spa-
tial correlation of ER on a global scale, represented by the global Mo-
ran’s I index, whose calculation formula is detailed in the references
(Dong et al., 2023; Ping et al., 2004; Ren et al., 2020).

2.1.2. Local spatial auto-correlation

Local spatial auto-correlation was used to reflect the degree of
correlation between micro-spatial units and their neighboring units
on a certain attribute value in local space (Flahaut et al., 2003;
Premo, 2004).

2.2. Analysis of barycenter and space overlap

The barycenter is the moment equilibrium point of the spatial dis-
tribution of nodes. This study used a barycentric analysis model to
calculate the SD barycenter of ER and EL and reveal the relationship
between them according to their dynamic evolution. Its expression is
detailed in the references (Guerin et al., 2021; Li et al., 2016; Li et al.,
2023; Ling et al., 2022; Wang et al., 2018).

The spatial overlap is used to investigate the spatial coupling be-
tween the ER and EL barycenters in China, and is expressed using the
distances between the centers of gravity; the closer the distance, the
greater the overlap (Kain, 1968).

2.3. SD index

Kain proposed the SD theory in the 1960s; initially, it was used
to examine spatial differences in housing and employment opportuni-
ties of disadvantaged groups in the context of urban spatial recon-
struction (Liu and Painter, 2012; Martin, 2001; Martin, 2004; Wang
et al., 2011). We introduced the SD index in this study to explore the
spatial equilibrium development status of ER and EL in China. The SD
and contribution indices constructed in this study are detailed in the
references (Liu and Painter, 2012; Martin, 2001; Martin, 2004; Wang
et al.,, 2011). Among them, the contribution indices are the ratio of
the absolute value of the spatial dislocation index of the province and
the sum of the absolute value of the spatial dislocation index of all
provinces in the current year.

2.4. Index system construction
The existing literature overemphasizes the existence of distur-

bances and the self-resilience of ecosystems, ignoring their social at-
tributes. This makes it difficult to comprehensively evaluate the es-
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sential factors and innovative development ability of ER. From the
perspective of evolutionary resilience, ER is an inherent attribute of
an ecosystem. Regardless of whether the ecosystem is disturbed or
not, it always has the dynamic ability to defend against disturbances
before they occur, respond in time when disturbances occur, and
continue to learn and innovate (Wang and Niu, 2023). Based on this
concept, we proposed three stages of ER, namely, resistance, re-
sponse, and innovation, based on which we constructed an ER index
system (Table 1). First, resistance depends on conditioned endow-
ments formed before the disturbance, manifested as the ecosystem’s
ability to withstand disturbances and stabilize the structure. There-
fore, this study considers ecological factors such as water, soil, and
biological resources. Second, the response indicates that in the pro-
cess of disturbance, rapid and diverse measures are adopted as a re-
sponse to the shock, and an ecosystem’s response ability emphasizes
the coping measures of active subjects to disturbances. Finally, an
ecosystem’s innovation ability is its ability to respond rapidly to dis-
turbances through learning, innovating, achieving breakthroughs,
and updating the structure. In this context, the development of an
ecosystem’s resilience is primarily embedded in its innovation abil-
ity, which includes the intensity, output, and input of innovations.
Based on the evaluation index system, this study used the entropy
weight method to synthesize the comprehensive value of the ER
level of China’s provinces.

Table 1
Construction of ER evaluation index system

Primary index Secondary index

Total water resources (billion cubic meters)

Urban park green area (ha)
Resistance
Green coverage rate of urban built-up areas (%)

Forest coverage (%)

Comprehensive utilization of general industrial solid
waste (10 000 tons)

Centralized treatment rate of sewage treatment plant
Responsiveness (%)

ER Harmless treatment rate of domestic waste (%)

Fiscal expenditure on energy conservation and environ-
mental protection (100 million yuan)

R&D personnel full-time equivalent (man-year)

R&D expenditure intensity (%)
Innovation

ability

Number of green and low-carbon technology patent ap-
plications

Number of university students per 100 000 population
(persons)

2.5. Data sources

ER and EL data were mainly retrieved from the China Statistical
Yearbook, China Environmental Statistical Yearbook, China Science and
Technology Statistical Yearbook, and the China Economic Network
from 2012 to 2022. Furthermore, the number of patent applications
for green and low-carbon technology was retrieved from Green and
low-carbon technology patent application data from the China Na-
tional Knowledge Infrastructure patent analysis database, including
fossil-fuel-certified energy reduction technology; energy conserva-
tion, recovery, and utilization; clean energy; energy storage; and
greenhouse gas capture, utilization, and storage. All maps were
based on the standard base map (GS(2023)2762) of the standard
map Service System of the Ministry of Natural Resources, and the
base map was not modified. All analysis was conducted using ArcGIS
(Version 10.8).
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3. Results and discussions
3.1. Spatiotemporal patterns of ER in China

3.1.1. Overall spatial pattern characteristics

Using ArcGIS10.8, we visually expressed China’s ER for the
years 2011, 2016, and 2021, divided into gradients from large to
small using natural breakpoints (Figure 1). Overall, China’s ER shows
a growth trend. Moreover, the spatial pattern shows decreasing ER
from the southeast coast to the northwest inland, bounded by the Hu
Huanyong line.

In 2011, provinces with the first ER gradient included Beijing,
Shandong, Jiangsu, Zhejiang, and Guangdong, accounting for about
16.67% of the land mass. Second-gradient provinces included Liaon-
ing, Hebei, Shaanxi, Sichuan, Chongqing, Henan, Anhui, Shanghai,
Hubei, Hunan, Jiangxi, Fujian, and Yunnan, accounting for 43.33%.
The third gradient contained Heilongjiang, Jilin, Inner Mongolia,
Shanxi, Tianjin, and Guangxi, accounting for 20%. Other provinces in
the fourth gradient accounted for 20%. In 2016, the first-gradient
provinces included Beijing, Shandong, Jiangsu, Zhejiang, and Guang-
dong (16.67%). Second-gradient provinces included Hebei, Henan, Si-
chuan, Yunnan, Hubei, Hunan, Anhui, Jiangxi, Fujian, Guangxi, and
Shanghai (36.67%). Third-gradient provinces included Heilongjiang,
Jilin, Liaoning, Inner Mongolia, Tianjin, Shanxi, Shaanxi, Chonggqing,
and Guizhou (30%). Fourth-gradient provinces accounted for 16.67%.
Meanwhile, in 2021, the first-gradient provinces included Shandong,
Jiangsu, Zhejiang, and Guangdong (13.33%), second-gradient prov-
inces included Beijing, Hebei, Henan, Shaanxi, Sichuan, Anhui, Hu-
bei, Hunan, Jiangxi, and Fujian (33.33%), third-gradient provinces in-
cluded Heilongjiang, Jilin, Liaoning, Inner Mongolia, Tianjin, Shanxi,
Chongqing, Guizhou, Guangxi, Yunnan, and Shanghai (36.67%), and
fourth-gradient provinces accounted for 16.67%.

The temporal changes in ER can be explained as follows. First,
government departments have actively promoted environmental pro-
tection and ecological restoration (e.g., Action Plan for the Prevention
and Control of Air Pollution, Action Plan for the Prevention and Control
of Water Pollution, and Several Opinions on Delineating and Strictly Ob-
serving the Red Line for Ecological Protection). Second, China has also
implemented a series of national-level ecological protection projects
to protect the northern glaciers and wetlands and restore degraded
ecosystems. Third, the government continues to promote urbaniza-
tion, ecological restoration, and general “greening” to improve the
stability of urban ecosystems. Fourth, scientific and technological in-
novation has been promoted and supplemented with a focus on educa-
tion. Fifth, the public awareness of environmental protection has in-
creased, and most citizens actively participate in environmental pro-
tection actions.

The spatial pattern of ER can be explained as follows. First,
China’s natural environment is very complicated. The southeast re-
gion has undulating mountains, abundant water resources, and high
vegetation coverage, whereas the northwest region has a dry climate
with a fragile ecological environment. Second, the southeast coastal
areas have also experienced large-scale industrialization and urbaniza-
tion after the reform and opening up, creating new ecological and en-
vironmental challenges such as industrial emissions and municipal
waste. However, these areas enjoy strong economic growth, allowing
governments and businesses to embrace ecological and environmental
protection. In contrast, the northwest inland region has suffered sig-
nificant ecological damage due to extensive mineral and energy ex-
ploitation, and its EL is relatively low. Third, the Chinese government
has applied different policies on ecological environment protection
and restoration in different regions. For example, the southeast region
is more highly regulated than the northwest. Fourth, under the back-
ground of “green development”, tourism and ecological agriculture
have become an important part of the economic development of
South and Southwest China, providing a protective effect on the eco-
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Figure 1. Overall spatial pattern of ER in China from 2011 to 2021
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logical environment.

3.1.2. Spatial correlation pattern characteristics of ER

Although the above text analyzed the trends and distribution of
provincial ER in China from the spatiotemporal dimension, it did not
reflect the spatial correlation characteristics of ER. Therefore, this
study further adopted global spatial auto-correlation to calculate the
global Moran’s I index of provincial ER in China (Table 2). In 2012
and 2014, the index was 0.092 and 0.098, respectively, and both
were significant at the 10% level. In 2016, the index was 0.121,
which was significant at the 5% level. In 2018 and 2020, the values
were nonsignificant. Thus, in the early periods, the spatial distribu-
tion of high- and low-value ER areas showed significant spatial aggre-
gations and positive correlations. That is, regions with high or low ER
were clustered, and the ER among neighboring provinces had spill-
over effects. Later in the study period, there were no significant spa-
tial aggregations.

Table 2

Spatial auto-correlation: Moran’s I index of ER from 2011 to 2021
Year 2012 2014 2016 2018 2020
Moran’s I 0.092" 0.098" 0.121" 0.016 0.070
P value 0.088 0.077 0.037 0.492 0.155

Note: *, and " indicate that Moran’s I is significant at 5%, and 10% levels, re-
spectively.

Additional analysis showed that the ER of China’s provinces
has changed from “regional linkages” to “independent develop-
ment.” First, during the early study period, to achieve economic
growth and social development, provinces generally adopted a re-
gional linkage model, where different provinces are closely con-
nected in resource allocation, industrial cooperation, and economic
cooperation. Through regional linkages, provinces could borrow
from each other and leverage their advantages, thereby improving
overall economic benefits and development levels. Second, with the
rapid development of China’s overall economy, provincial strength
and competitiveness gradually increased. Some provinces accumu-
lated rich resources and advantageous industries and demonstrated
substantial innovations and market competitiveness, which explains
the relatively independent development trend. Based on these find-
ings, more developed regions should attend to independent develop-
ment and actively explore development models and roads suitable
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for local development.

Using ArcGIS10.8 software, we analyzed the local spatial auto-
correlation characteristics of ER in China and drew a local-
indicators-of-spatial-association map (Figure 2). As can be seen
from Figure 2, China’s ER in 2011 demonstrated high-high (H-H)
clustering in Shandong, Jiangsu, Shanghai, Zhejiang, Anhui, and Fu-
jian (i.e., both the province and its neighbors had high ER). Mean-
while, in Jiangxi, low-high (L-H) clustering was observed (i.e., the
provincial ER was low, but the neighbor’s ER was higher). H-L clus-
tering was seen in Sichuan province, and L-L was seen in Qinghai
and Gansu. In 2016, H-H clustering was observed in Jiangsu, Zheji-
ang, Anhui, Jiangxi, Fujian, and Hubei, L-H clustering was seen in
Henan and Shanghai, H-L was seen in Sichuan province, and L-L
clustering was seen in Xinjiang, Qinghai, and Gansu. In 2021, H-H
clustering was seen in Jiangsu, Zhejiang, Anhui, Jiangxi, Fujian,
and Hubei, L-H clustering was seen in Shanghai, H-L clustering was
seen in Sichuan, and L-L clustering was seen in Xinjiang, Qinghai,
and Gansu.

There was a high level of aggregation in the eastern and central
regions, but some provinces had low ER because the geographical dif-
fusion in the high-level aggregation area was not fully developed. A
low aggregation area emerged in the western region, but some prov-
inces had high ER. That is, the low-level aggregation area did not es-
tablish learning and knowledge-tracking mechanisms. As such, the ER
in China is characterized by a double aggregation of high and low lev-
els that tends to be differentiated among regions. First, the eastern
and central regions have superior geographical locations, good natu-
ral conditions, and strong advantages in economic and cultural devel-
opment, as well as favorable climate. As such, their natural ecosystem
is resilient. Moreover, these regions receive more investments and
policy support for infrastructure construction, key industries, and eco-
logical protection. The implementation of these policies has driven
the development of local industries and an improved ecological envi-
ronment, enhancing its ER. Furthermore, in the course of China's his-
torical development, the eastern and central regions have always
played important roles as economic and cultural centers, whereas the
western region has remained in a relatively backward state due to its
geographical location and natural conditions. In recent years, many
people have moved into the western region, but the population of the
eastern and central regions has remained relatively stable, which has
led to the ER of the eastern and central regions being higher than that
of the western region.
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3.3. SD between ER and EL in China

3.2.1. Spatiotemporal relationships between ER and EL

We conducted Pearson correlation analysis on the ER and EL in
China, finding a significant positive correlation with a yearly rising
trend, from 0.885 in 2011 to 0.951 in 2021. However, the rate of the
correlation coefficient is slow, indicating a significant positive correla-
tion between the ER of China’s provinces and their EL, with the rela-
tionship becoming stronger, albeit with a slow rate of improvement.
Therefore, clarifying the evolution characteristics of this dislocation
relationship is crucial to provide a reference for coordinated regional
development and the adjustment and optimization of relevant policies
and measures.

Subsequently, barycenter and spatial overlap methods were used
to quantitatively reveal the spatial inconsistencies between provincial
ER and EL, and the center of gravity and dislocation distance in each
study year were calculated using ArcGIS10.8 (Table 3). The results
are as follows. From 2011 to 2021, the center of gravity of ER in
China varied between 113°74’E-113°82E and 32°77'N - 32°92'N,
showing a migration trajectory of northeast — southwest — north-
west. The center of gravity of EL was between 114°45’E-114°93’E and
32°01'N - 32° 65N, showing a migration trajectory of northeast —
southwest — southwest. By comparing the displacement linkages, we
found that the change trend of the center of gravity of ER and EL
demonstrated consistency as both showed general characteristics of
moving westward movement; however, substantial differences were
observed in the distribution position, transfer path, transfer distance,
and speed in each period. Most notably, the center of gravity of EL is
always located to the southeast of the ER, and the westward move-
ment of EL is greater.

China has a vast territory, and there are obvious differences in
the distribution of natural resources. Most are found in the western re-
gions, whereas economic development is mainly concentrated in the
East. Due to the demand for resources in the East, the economic cen-

Table 3
Distribution and dislocation of ER and EL gravity centers

ER gravity center EL gravity center Dislocation
vear Longitude Latitude Longitude Latitude distance (km)
2011 113'82’E 3318'N 11493’ 32'65'N 132.08
2016 11381'E 3277'N 114 85'E 3253'N 111.41
2021  11374E 3292’N  11445E 3201'N  137.37
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ter of gravity has gradually moved west. However, due to the dense
traffic and population in the eastern region, a relatively stable devel-
opment foundation has been established; therefore, the EL center of
gravity is always located to the southeast of the ER center of gravity.
Moreover, the Chinese government has consistently advocated for
green development, and under this framework, it has continuously
promoted ecological protection and sustainable development in the
western region through policies and financial investments, due to
which the barycenter of ER has moved to the west.

Additionally, the eastern region’s first-mover advantage and su-
perior economic foundation have generated the necessary invest-
ments to develop industries. Furthermore, China’s geographical con-
ditions are different in different regions, such as terrain, climate, and
water resources. Due to the limitations of the geographical environ-
ment, there is limited space for economic development and resource
utilization in the eastern region, resulting in the economic center of
gravity moving to the west. Further, the western region has a rela-
tively large carrying capacity, which is conducive to the development
and protection of the ecological environment. Finally, from the per-
spective of dislocation distance, the barycenter dislocation distance
between ER and EL has a positive U-shaped change trend over time.
The distance decreased from 132.08 km in 2011 to 111.41 km in
2016 and then to 137.37 km in 2021.

In the early development stage, China’s EL was relatively low,
with a relatively small impact on the ecological environment. There-
fore, the barycenters of EL and ER were relatively close. Next, with
the rapid development of China’s economy, the speed of the move-
ment of the economic center of gravity to the west gradually acceler-
ated compared with that of the ER center of gravity, which has led to
an increase in dislocation distance. With increasingly prominent eco-
logical and environmental problems, government departments have
gradually realized the importance of sustainable development and
taken relevant measures, such as adjusting the economic structure
and implementing environmental policies. Therefore, the EL and ER
centers of gravity movements have tended to become stable, with the
dislocation distance reducing. Therefore, the dislocation and separa-
tion trend between ER and EL in China exists but is gradually easing.

3.2.2. Characteristics of SD patterns between ER and EL

Correlation and barycentric analyses can only provide a macro
perspective; they cannot explain local dislocation intensities and dis-
tribution modes. Therefore, we applied the SD index to each region to
quantitatively reveal the SD phenomenon and its effect on the degree
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of ER and EL

The overall dislocation pattern from 2011 to 2021 was assessed
using ArcGIS10.8. We divided the average SD index value of Chinese
provincial units into 11 research years and 4 grades based on the
natural break-point classification method (Figure 3). The dislocation
index showed a clear positive regional differentiation pattern (SMI >
0), where ER lagged behind the EL. There were 19 negative disloca-
tion regions (SMI < 0) where EL lagged behind ER. Notably, the dis-
location pattern agreed with the spatial pattern of ER, with positive
dislocation regions with high dislocation indices mainly concentrated
in eastern and central regions. Although the eastern and central re-
gions had relatively high ER, they lagged behind their EL. Thus, it is
necessary to continue to improve regional ER to match the EL and
give full play to the supporting role of EL in ER. Meanwhile, negative
dislocation regions with a low dislocation index were widely distrib-
uted in the western and northeastern regions, indicating that the EL
of these regions lagged significantly behind their ER. Thus, increasing
efforts to undertake industrial transfers and accelerating the economy
will be necessary.

The evolution of the dislocation pattern from 2011 to 2021 was
assessed by dividing the SD indices of Chinese provincial units into
three research years and four grades based on the natural break-point
classification method (Figure 4). The results indicate that the disloca-
tion index of ER and EL shows obvious regional differences, with a
generally stable differentiation pattern. The positive dislocation areas
were mainly in the eastern coastal provinces (e.g., Hebei, Shanghai,
Jiangsu, Zhejiang, Fujian, Shandong, and Guangdong) and central
provinces (e.g., Henan, Hubei, and Hunan). In western China, only Si-
chuan had a positive dislocation. Additionally, the dislocation index
of the eastern coastal region was larger than that of the central re-
gion. Although the eastern coastal region had a high ER, it lagged be-
hind EL, with a high degree of dislocation. Compared with the south-
east coastal region, the ER of the central region was lower. The nega-
tive dislocation area was mainly distributed in the western, northeast,
and parts of the central region. First, the eastern coastal area has a su-
perior geographical location and good transportation conditions,
which attracts investment and industry and therefore rapid economic
development. However, this situation also causes heavy resource con-
sumption and environmental pressures. Second, the eastern coastal re-
gion plays an important role in China’s national development strat-
egy and has generally received more policy support and financial in-
vestments. This includes infrastructure construction, economic-
opening policies, and industrial transfers. Third, the eastern coastal re-
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gion underwent earlier economic development, resulting in a high
level of urbanization, a strong economic foundation, and resource ad-
vantages. By contrast, the western, northeast, and central regions lag
in economic development and face challenges such as inadequate in-
frastructure and industrial layout.

This study also assessed the patterns in the contribution rate of
dislocation from 2011 to 2021, where the contribution rates of the SD
index of Chinese provincial units were split across three study years
and divided into four levels based on the natural break-point classifi-
cation method (Figure 5). The contribution rate of the eastern coastal
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region is the highest, followed by the western and central regions. Af-
ter calculating the standard deviations and coefficients of variation,
we found that the standard deviation and coefficient of variation de-
creased from 0.030 3 to 0.026 6 and 0.908 7 to 0.798 3, respectively,
from 2011 to 2021. This shows that each research unit’s contribution
rate was balanced over time, and the polarization phenomenon was
significantly alleviated. Figure 5 also shows that regions with a higher
contribution rate gradually spread from the eastern and western re-
gions to the central regions. This phenomenon is primarily caused by
the SD between ER and EL in some research units. In summary, the
ER of the eastern coastal region lags behind its EL, resulting in a
strong positive dislocation, resulting in the highest contribution rate
of dislocation. Meanwhile, as the EL lags behind the ER in the west-
ern region, a negative dislocation is observed, with the next-highest
contribution rate. Finally, the contribution rate of dislocation in the
central region was the lowest because the ER and EL were relatively
balanced. The possible explanations for this phenomenon are as fol-
lows. First, the eastern coastal region plays an important role in
China’s economic development, gathering considerable investments
and innovation resources, and it has an established industrial chain
and market system. In contrast, the economic foundation of the west-
ern region is relatively weak with a low level of development. In this
regard, the central region has moderate economic strength. These dif-
ferences in economic development have led to the highest contribu-
tion rate being observed in the eastern coastal regions. Second, the
eastern coastal areas have relatively rich natural and industrial re-
sources, including marine resources and transportation and logistics
advantages compared to the central region, where resource allocation
and the industrial structure are relatively balanced, and the western
region, which has scarce resources. Third, the eastern coastal region
has strong capabilities and attractiveness in scientific and technologi-
cal innovation and industrial upgrading, providing strong support for
economic development. Moreover, this region has been supported by
a series of fiscal, tax, and industrial development policies, which have
promoted its economic development and innovation capacity. In con-
trast, the western and central regions lag in terms of policy support
and regional planning. Finally, although the eastern coastal areas are
developing rapidly, they also face problems such as industrial pollu-
tion, land use pressure, and resource shortages. As the western and
central regions are relatively less industrial and dense in terms of
population, and possess more abundant ecological and resource condi-
tions, they face fewer ecological and environmental problems.

In general, compared with the existing studies that only analyzed
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the spatiotemporal evolution characteristics of ER (He et al., 2021;
Hu X et al. 2021; Li and Wang, 2023; Li et al., 2023; Wang et al.,
2023; Zhang et al., 2023; Zhang et al., 2023), this study further clari-
fied its spatial correlation characteristics and its spatial dislocation re-
lationship with EL, which is conducive to guiding the coordinated de-
velopment of ecological environment and economic level.

4. Conclusions and policy implications
4.1. Conclusions

Our study systematically addressed the temporal changes, spatial
patterns, and SD characteristics of China’s ER and EL using spatial
auto-correlation, barycentric analysis, and SD index model. We found
that China’s ER is growing overall, and the spatial pattern decreases
from the southeast to the northwest regions, bounded by the Hu
Huanyong line. The provincial ER values are characterized by a shift
from regional linkages to independent development, presenting high
and low aggregation characteristics. High aggregation exists in the
eastern and central regions, whereas in the western regions, a low-
level gathering area was formed, indicating differentiation among re-
gions. A significant positive correlation is observed between provin-
cial ER and EL; however, the improvement speed is slow. Both cen-
ters of gravity show a general westward movement. However, their
migration distribution, transfer path, transfer distance, and speed dif-
fer considerably. Most noticeably, the EL center of gravity is always
located to the southeast of the ER, presenting a positive U-shaped
trend over time, where positive dislocation regions with high disloca-
tion indices are primarily concentrated in the eastern and central re-
gions. Meanwhile, negative dislocation regions are widely distributed
in the western and northeastern regions. Finally, the ER of the eastern
coastal region lags behind its EL, resulting in a strong positive disloca-
tion. As such, the contribution rate of dislocation is the highest in
that region. In the western regions, the EL lags behind its ER, which
leads to negative dislocation. Meanwhile, the contribution rate of dis-
location in the central region is the lowest because the ER and EL are
relatively balanced.

4.2. Policy implications
ER is crucial for the modernization of the harmonious coexis-

tence between man and nature in China. From the perspective of sus-
tainable development, China’s strategic goal is to coordinate and syn-
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chronize ER and EL and maintain this synchronization. Compared
with previous studies (Liu and Painter, 2012; Wang et al., 2011), this
study uses provincial-level data to provide a holistic geographical
scale analysis, and our SD model allows us to systematically investi-
gate the SD characteristics of ER and EL, illuminating existing prob-
lems in the coordination relationship between ER and EL at a spatial
level. The findings hold significant implications for government de-
partments in the formulation of relevant policies and measures. Spe-
cifically, the policy implications of this study are as follows. First, ER
tends to lag behind EL in relatively developed areas such as the east-
ern coastal region. In this regard, policymakers should focus on adher-
ing to high-quality development, with innovation at the center. Be-
sides, ensuring continued economic development with industrial
transformation and upgrading, realizing efficient operations of the
economic system, and providing fundamental guarantees for the ulti-
mate improvement of ER are crucial. In this process, with the in-
crease in demand for technological solutions, personnel training and
green and low-carbon technological innovations must be strength-
ened.

Second, the EL in western and other relatively underdeveloped re-
gions lags behind their ER. In these regions, traditional development
modes of resource exploitation for economic growth should be up-
dated. Moreover, market forces and competition should be introduced
to give full play to the reshaping effect of the market on location and
promote the formation of the geographical agglomeration of enter-
prises and industries in regions with resource endowments. Moreover,
the integration of national and global industrial systems should be pri-
oritized to create new sources of economic growth, where market-
oriented transformations will stimulate the vitality of regional green
and low-carbon innovations.
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