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Spatial gap and two-dimensional
decomposition of urban
ecological resilience in China

Qing Wan, Mengyu Guo and Fangjie Pan*

School of Management, Wuhan Institute of Technology, Wuhan, China

Urban ecological resilience plays an important role in enhancing the ability
of urban areas to cope with environmental change and promote sustainable
development. On the basis of the panel data of 277 prefecture-level cities in
China from 2009 to 2023, a comprehensive evaluation index system of the
development level of urban ecological resilience is constructed in this paper.
This index system uses three dimensions: resistance, resilience, and adaptability.
The criteria importance through intercriteria correlation (CRITIC) weighting
method is employed to measure the development level of urban ecological
resilience in China, and the Gini coefficient two-dimensional decomposition
method is used to analyse the spatial gap and source structure of the
development level of urban ecological resilience in China. The study finds that:
(1) The overall gap in the development level of urban ecological resilience in
China is generally decreasing, with resistance making the greatest contribution
to this decrease. (2) The disparity in the development level of urban ecological
resilience across China generally tends to decrease; with the exception of
the northeastern region, the development level gap of ecological resilience in
the eastern, central and western regions has narrowed. (3) From a regional
perspective, the interregional gap is the main source of the overall gap. In
terms of indicator composition, the resistance gap is the primary contributor
to the overall disparity. Considering both regional and indicator compositions,
the main source of the overall gap has shifted from the resistance gap between
the eastern and western regions to the adaptability gap between the central and
western regions.

ecological resilience, CRITIC, gini coefficient two-dimensional decomposition, spatial
gap, structural analysis

1 Introduction

Global urbanisation is advancing at an unprecedented rate. As the main centre of human
economic and social activities, cities drive prosperity but also profoundly reshape and are
highly dependent on the natural ecosystems upon which they survive. The agglomeration
of population and industry occupies more natural ecological space, inevitably leading to
increased resource consumption and a series of ecological pressures, such as environmental
pollution, causing serious disturbances to the local ecosystem (WangS.]. et al., 2023).
Simultaneously, global climate change has led to a surge in the frequency and intensity
of extreme weather events, posing a severe threat to urban safety, and urban vulnerability
is becoming increasingly prominent under multiple shocks. Under the dual pressure of
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the accelerating evolution of global climate change and the
continued deepening of the “dual carbon” strategy, Chinese urban
ecosystems are facing severe challenges because of increasingly
strained resources and a diminished environmental carrying
capacity. The Central Urban Work Conference held in July 2025
saw the first proposal for building a “Modernized People-Centred
City”, clarifying six major directions, “innovation, liveability, beauty,
resilience, civilisation, and intelligence” and emphasising that
urban development should shift from “Incremental Expansion”
to “Stock Quality Enhancement and Efficiency Improvement”
Urban ecological resilience refers to the comprehensive ability of
an urban ecosystem to maintain the stability of its core functions
through self-regulation, adaptation, and resilience when facing
natural disasters, climate change, environmental pollution, and
other external disturbances and to promote its own transformation
towards a more sustainable state. As a key support for cities in coping
with environmental risks and promoting green transformation, the
construction of urban ecological resilience has become an important
component of urban planning and governance and a powerful
complement to sustainable urbanisation (Chen J. H. et al., 2023).
However, in reality, significant differences exist across different
regions of China in terms of ecological background conditions,
environmental governance capacity, and green technology
innovation. Consequently, this directly results in an uneven spatial
distribution of urban ecological resilience, resulting in spatial
differentiation characteristics. Therefore, scientifically assessing the
evolutionary trend and spatial characteristics of urban ecological
resilience is urgently needed to provide a reference for identifying
shortcomings in resilience construction and promoting balanced
resilience development.

This study quantitatively evaluates the urban ecological
resilience in China by constructing a comprehensive indicator
system and applying the criteria importance through intercriteria
correlation (CRITIC) weighting method. We further investigate
spatial disparities in urban ecological resilience using the Gini
coefficient two-dimensional decomposition method, which
separates overall inequality into regional distribution dimension
and indicator composition dimension. The analysis reveals both
the overall level and heterogeneity of urban ecological resilience,
offering deeper insights into the spatial and structural sources
in shaping these differences. Ultimately, this research provides
a solid scientific foundation for promoting balanced urban
ecological development in China and guiding differentiated policy
interventions.

2 Literature review

In the compound scenario of global environmental change
intertwined with rapid urbanisation, urban ecological resilience, as
a core capability for urban sustainable development, is undergoing
a process of dynamic deepening and continuous construction in
its theoretical understanding. Academic research into the spatial
distribution of urban ecological resilience mainly covers the
following aspects:

First, the conceptual definition of resilience. “Resilience” was
initially a concept in physics, describing the ability of a system
to return to its original state after disturbance. With continued
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urbanisation, Holling introduced this concept to the field of ecology,
which refers to the ability of an ecosystem to maintain a stable
state and adapt quickly when subjected to external shocks or
disturbances (Holling, 1973). A clear evolutionary context exists
within the connotation of resilience theory: it developed from
“engineering resilience” to “ecological resilience” and finally evolved
into “evolutionary resilience”. Its theoretical basis has also shifted
from static equilibrium theory to dynamic evolutionary theory.
According to equilibrium theory, urban ecological resilience is
the characteristic of an ecosystem that allows it to maintain
its shock resistance before a perturbation and to restore its
original steady state when a perturbation occurs (Yi and Jackson,
2021). The evolutionary theory perspective, however, emphasises
that urban ecological resilience is an inherent attribute of an
ecosystem, incorporating the prevention mechanism before a
perturbation, the rapid response mechanism after a perturbation,
and continuous innovation adaptability (Balland and Rigby, 2017;
Boschma, 2014).

Second, the measurement and analysis of resilience are
considered. Comprehensive evaluation methods are often employed
by scholars to conduct multifaceted quantitative assessments of
urban ecological resilience. Economic resilience and ecological
resilience have been measured by scholars such as Hu et al.
(2025)
capacity”. To examine the complex interactions between social,

in three dimensions: “resistance-absorption-renewal
ecological and technological systems in urban environments,
Cheng (2025) constructed the “social-ecological-technological”
(S-E-T) framework. An ecological resilience assessment system
was constructed by Li et al. (2023) from three dimensions:
environmental pollution generation, environmental pollution
control, and ecological security. The “pressure-state-response”
(PSR) model, recognised by the academic community and
usable as an assessment framework, was constructed as an
evaluation system by Chao etal. (Chao et al, 2024; Wang et al.,
2023; Wang Y. X. et al, 2022). With respect to the use of
quantitative models, the entropy weight method was employed
by Lee et al. (2024) to evaluate the ecological resilience of the
urban agglomeration in the middle reaches of the Yangtze River,
thereby analysing its temporal and spatial evolutionary pattern.
Jiao et al. (2023) used a GA-BP neural network to measure pressure
resilience, state resilience and response resilience and determined
the comprehensive development level of wurban resilience.
Ramadan et al. (2025) systematically assessed the impact of
physical and social factors on urban flood vulnerability through an
analytic hierarchy process. In addition, the entropy weight TOPSIS
method (Lan et al., 2025), principal component analysis (Gilgur
and Marquez, 2025), and other methods have been employed
to comprehensively evaluate the overall development level of
resilience. However, these conventional weighting methods have
notable limitations. The entropy weight method, for instance,
relies solely on the dispersion degree of indicators, ignoring
any potential correlation among them. This could lead to the
under-estimate of weights for highly correlated yet practically
important indicators and thus distorte the comprehensive
evaluation results. Conversely, subjective weighting methods, such
as the Analytic Hierarchy Process (AHP), incorporate expert
experience but inevitably remain constrained by the experience
and preferences of the decision-makers. This raises concerns
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regarding the universality and objectivity of their results. Therefore,
existing research requires refinement to more comprehensively
and objectively capturing the informational content of
indicators.

Third, spatial differences exist. The traditional Gini coeflicient
and Dagum Gini coefficient have mostly been used in existing
studies to analyse regional inequality and the sources of differences
in resilience. Jia et al. (2025) examined regional differences
in the resilience of Chinas manufacturing industry chain and
reported that the resilience of the industrial chain decreased
in the following order: the eastern region, the central region,
the western region, and the northeastern region. Cheng (2025)
reported that intraregional disparity is the main source of
inequality in urban ecological resilience, with the eastern region
exhibiting the most significant differences. Yang et al. (2024)
reported that spatial inequality in urban green resilience in
China has decreased, with green resilience in the eastern, central,
and western regions showing a converging trend. Despite the
success of these methodologies in elucidating the sources of
variation across geographical latitudes, they share a fundamental
limitation: the inability to identify the structural causes of these
disparities. While interregional disparities are a well-documented
phenomenon, the specific constituent indicators that drive such
imbalances remain insufficiently identified. This methodological
constraint hinders deeper insights into the intrinsic composition
of resilience gaps, thereby compromising the precision of policy
formulation.

In summary, there is a critical methodological gap in the
measurement of ecological resilience: the lack of an objective
weighting approach that can capture the volatility of indicator
data and the intrinsic correlations among indicators simultaneously.
Addressing this gap would facilitate the development of a more
robust and rational comprehensive evaluation system. Furthermore,
within the field of differential analysis, there exists an urgent need
for a framework that is capable of decomposing overall disparities
in both spatial and indicator-structural dimensions. Implementing
such a framework would enable variations to be identified at specific
spatial scales while simultaneously allowing the key indicator-level
factors underpinning these variations to be analysed. In view of
the identified methodological deficiencies identified, the study’s
contributions can be categorised into two distinct aspects. Firstly, in
terms of data objectivity, the CRITIC weighting method is applied
to evaluate the development level of urban ecological resilience,
considering both the contrast intensity and correlation of the
indicators, thereby providing a more comprehensive reflection of
the independent information content of the indicators. Secondly, in
contrast to the traditional Gini coefficient method and the Dagum
Gini coefficient method, the Gini coefficient two-dimensional
decomposition method is employed in this paper to simultaneously
capture the sources of differences in both regional and indicator
composition dimensions. The contributions of the interactions
between regional and indicator compositions to these differences
are precisely identified, and the spatial gap and source structure of
China’s urban ecological resilience development level are explored.
This provides theoretical support and practical guidance for the
construction and development of resilient cities. Figure 1 illustrates
the research approach of this paper.
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3 Research design
3.1 Research methods

3.1.1 CRITIC method

The CRITIC method is an objective weighting method that
determines weights by comprehensively considering the contrast
intensity between indicator categories and the conflict between
indicators (Diakoulaki et al., 1995). Contrast intensity reflects the
degree of dispersion of values of different categories under the same
indicator and is usually represented by the standard deviation. The
larger the standard deviation is, the more significant the difference
between categories, and the richer the information content carried
by the indicator. Conflict is measured on the basis of the correlation
between indicators. The stronger the negative correlation between
two indicators is, the greater the conflict, which means the greater
the differentiation of information provided in the evaluation results,
and the greater the weight assigned. This method can reflect not
only the degree of dispersion of the indicator data but also the
correlation between indicators and is suitable for complex weight
allocation problems in comprehensive multi-indicator evaluation of
urban ecological resilience. The CRITIC method weight calculation
steps are as follows:

Firstly, carry out data standardisation.

For positive indicators:

Ve X — min {xlj} W
7 max {x,]} — min {x,]}

For negative indicators:

, max {xu} %
o =

i~ .
max {x,]} —min {x,]}

(2

Then, calculate the standard deviation o;:

_ 1 n ! _/ 2
9 = ;Zi:l (xij B xj) G
Next, calculate the correlation coefficient matrix R:
R= (1) @

Computational conflict C;:

= (1-|ral) ®)

I.=0;,-C (6)

Finally, CRITIC weights obtained by normalisation:

Ij

Zz;lk

3.1.2 Gini coefficient two-dimensional
decomposition method

As a key indicator for measuring economic inequality, the
Gini coefficient has been widely used in related studies. The

W, = @)
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The spatial gap and two-dimensional
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Research framework.

Dagum Gini coefficient decomposition method analyses the
sources of regional disparities in depth by decomposing the
overall difference into intraregional disparity, interregional disparity,
and hypervariable density. The Gini coeflicient two-dimensional
decomposition method outperforms the traditional Dagum Gini
coefficient decomposition method by not only subdividing the
interregional gap between two regions but also deconstructing the
analysis on the basis of structural sources. The former is called
spatial source decomposition, and the latter is called structural
source decomposition. These two interconnected decomposition
dimensions are integrated to more accurately identify the root causes
of overall inequality and its subcomponents and to quantify the
contributions of various sources to intraregional and interregional
inequality components. This paper explores the spatial gap in urban
ecological resilience from the dual dimensions of region and index
composition. The formula for China’s urban ecological resilience
Gini coeflicient is as follows:

G- Z?:l z; |xPJ - va'|

- (8)

2un

Given a sample population P of size n with a mean of g,
the population is divided into k subgroups, each of which can
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be represented as p; (Vj = 1, 2, ..., k). The mean and size of
each subgroup are represented by y; and ), respectively. The Gini
coefficient can be calculated using Equation 8, where x,; and x,,
represent the ecological resilience of individual i and individual r
in sample population P (Vi, r = 1, 2, ..., n), respectively.

Given that China’s urban ecological resilience is divided into
q parts X (Vm = 1, 2, ..., q). In sample population P, the
ecological resilience of each city can be expressed as x,,; = anzlx;’i.
Since ‘xp),» - xp>,| =X,;+x,,~2min {xp’i,xp),}, the Gini coefficient

for population P can be expressed as follows:

G Z?:l Z:;] (xp,i +%p,—2min {xp,,-,xp),})

_ ©)

2un

The following is a breakdown of 2 min {xp),-,xp,,} based on the

source of urban ecological resilience:

q
Z 2xp*;'r’ =2 min {xp,,-,xpxr} (10)
m=1

. . 2 q _
Let 2x,; =2 min {xp,,v,xp,r}, if x,; = Xyt X0 then mzlx;gf =
2(le7 i+ ;). Therefore, the Gini coefficient can be measured
according to the development level of ecological resilience as follows:

frontiersin.org
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Zl IZr— (x +x ZX;;Z)

- (1)

q
G=

n;l 2un

Equation 11 shows that the Gini coefficient is decomposed
into g parts, each of which is the contribution of the indicator’s
development level to the overall gap. According to the
Gini coeflicient two-dimensional decomposition method of
Dagum, the Gini coefficient can be decomposed by subgroup

as follows:
k nj k -1 nj nh
ijl(z Xji XJEY|) ZZJ‘:Z :1<Zizlzﬁ1|xji_xh,f|)
= +
2un® 2un’
(12)
where x;; represents the ecological resilience development level

of the i- th city in the j-th subgroup. According to Dagum, the
Gini coefficient can be decomposed into two parts G=G, +
Gy where G,
interregional gap.

is the intraregional disparity and G, is the

Gini
decomposition can  be

Combining  Equations 11, 12, the coefficient’s

two-dimensional expressed  as

follows:

Y (EL Y (e

2

folrf))

m=1 2!’”1

+q ij (ZZ (x+x

2

- sz*hm"»

(13)
2un

3.2 Research data

3.2.1 Indicator system construction

The concept of resilience encompasses three core dimensions:
first, the ability of a system to absorb and buffer external disturbance
before structural change occurs; second, the ability of a system
to self-reorganise and achieve transformation during perturbation;
and, finally, the ability of a system to maintain its own survival
2016).
The construction of ecological resilience is a dynamic evolutionary

in the face of sustained external pressure (Zhang et al,

process involving evolutionary stages such as shock resistance,
system matching, and adaptive regulation. To comprehensively
evaluate the construction level of urban ecological resilience, in
this study, with reference to the research of relevant scholars
(Liang and Xue, 2025; Zhao and Sun, 2023; Peng and Cao, 2023;
Chen N. et al., 2023), an overall evaluation framework of urban
ecological resilience is constructed from the perspective of the
basic characteristics of ecological resilience (resistance, resilience,
and adaptability). Specific proxy variable selections are shown in
Table 1.

The resistance dimension index primarily reflects the
environmental pressure load borne by the urban ecosystem. The
greater the load is, the more difficult it becomes for the system
to maintain its original state, indicating a weaker resistance.
Industrial wastewater discharge, industrial sulfur dioxide emissions,
industrial smoke (dust) emissions, and carbon dioxide emissions
are all negative indicators within the resistance dimension.
High emissions are correlated with weak resistance, thereby
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increasing a city’s vulnerability when it is confronted with
a disturbance.

The resilience dimension indicators primarily reflect a city’s
infrastructure, natural resource buffer, and basic service guarantee
capacity. Green space serves as a vital component of a city’s
ecological infrastructure and “lungs” Sufficient green space aids
the ecosystem in recovering and stabilising more rapidly, thereby
enhancing the natural basis for ecological recovery. Drainage
systems are key engineering facilities that enable cities to cope with
urban flood disasters; a high-density drainage network signifies
an enhanced capacity for rainwater collection, transportation, and
discharge. This, in turn, can effectively reduce the scope, depth,
and duration of urban waterlogging and accelerate postdisaster
drainage and urban function recovery. A higher population density
implies more efficient infrastructure utilisation and a closer social
2016), urban
resilience levels remain stable at a high level of resilience when

network; as Zhang etal. reported (Zhang et al.,

the urban population maintains moderate growth. The per capita
water supply reflects the capacity of the urban water supply
system and the level of water resource security and is the most
basic need for postdisaster recovery. It follows that cities with a
high per capita water supply exhibit better social and ecological
system resilience.

The adaptability dimension indicators primarily reflect
a city’s capabilities in environmental governance, resource
recycling, and addressing emerging environmental issues. The
centralised treatment rate of sewage treatment plants, along with
the comprehensive utilisation rate of general industrial solid
waste, directly reflects a city’s proactive management capabilities
and the level of technological application when confronting
ecosystem problems. The higher these values are, the more
effectively the city’s environmental problems are alleviated,
and the stronger its adaptability. The volume of domestic
waste collected and transported reflects the coverage of the
urban waste collection system and its basic service capacity. A
high collection and transportation volume indicates that the
city has established a standardised waste collection network,
thereby strengthening its ability to block pollution diffusion and
respond to sudden environmental pressures. The concentration
of PM,; is a complex type of air pollutant, and its level
comprehensively reflects urban atmospheric environmental quality
and the effectiveness of long-term governance. It serves as a key
indicator for measuring a city’s ability to cope with complex
air pollution problems, adjust strategies, and achieve positive
outcomes. The lower the concentration is, the stronger the city’s
adaptability.

3.2.2 Research area

To ensure that the analysis results are more universal and
representative and to avoid skewing the overall conclusions
because of the special administrative status and economic
scale of municipalities directly under the central government,
the data used in this paper exclude four such municipalities:
Beijing, Tianjin, Shanghai and Chongqing. Furthermore, Tibet
is excluded because of severely incomplete data. This paper
focuses on panel data from 2009 to 2023 for 277 prefecture-
level cities in China. These cities are divided into four major
sections—eastern, central, western and northeastern—according
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TABLE 1 Ecological resilience comprehensive evaluation index system.

10.3389/fbuil.2025.1690346

Objective layer Criterion layer Indicator layer Nature Weig Source of literature
Industrial wastewater discharge Negative 0.095 Peng and Cao (2023)
Industrial sulfur dioxide emissions Negative 0.125 Peng and Cao (2023)
Resistance (0.442)
Industrial smoke (dust) emissions Negative 0.104 Peng and Cao (2023)
Carbon dioxide emissions Negative 0.117 Peng and Cao (2023)
Per capita park green space area Positive 0.035 Liang and Xue (2025)
Drainage pipe density in built-up areas Positive 0.062 Chen N. et al. (2023)
Resilience (0.174)
Ecological resilience Population density Positive 0.030 Peng and Cao (2023)
Per capita water supply Positive 0.047 Chen J. H. et al. (2023)
Centralised treatment rate of sewage treatment Positive 0.109 Zhao and Sun (2023)
plants
General industrial solid waste utilisation rate Positive 0.144 Zhao and Sun (2023)
Adaptability (0.384)
Volume of domestic waste collected and Positive 0.038 Liang and Xue (2025)
transported
PM, 5 concentration Negative 0.092 Zhao and Sun (2023)
TABLE 2 Regionalisation.
Region Province Number of prefecture-level cities
Eastern region Hebei, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Hainan 83
Central region Shanxi, Anhui, Jiangxi, Henan, Hubei, Hunan 80
Western region Inner Mongolia, Guangxi, Sichuan, Guizhou, Yunnan, Shanxi, Gansu, Qinghai, Ningxia, 80
Xinjiang
Northeastern region Liaoning, Jilin, Heilongjiang 34

to the regional division standards of the National Bureau
of Statistics to explore the evolutionary trend and spatial
differentiation characteristics of urban ecological resilience in
different regions. The samples cover the main cities in each
section, thus laying a foundation for regional comparative analysis.
The specific regional division is shown in Table 2. To illustrate
the spatial distribution of the samples covered by this study
clearly, a map of the sample cities has been produced (Figure 2).
The four major regions are distinguished using a colour-
coded legend.

3.2.3 Data source

The data for this study are primarily derived from the “China
City Statistical Yearbook” and the “China Urban Construction
Statistical Yearbook”, supplemented by the annual statistical
yearbooks and government statistical bulletins of relevant cities.
During data collation, we employed linear interpolation to address
missing values for specific years.

Frontiers in Built Environment 06

4 Results

4.1 Overall characteristics of urban
ecological resilience evolution

The measurement results of urban ecological resilience are
shown in Table 3 and Figure 3A. Overall, from 2009 to 2023, the
national ecological resilience index fluctuated from 0.566 to 0.658,
demonstrating an overall upwards trend. This fully reflects the
effective improvement in China’s urban ecological resilience under
a mechanism of systematic attention, comprehensive management
and long-term maintenance. In terms of the growth rate, the
development level of China’s urban ecological resilience mostly
maintained a positive growth rate during the sample period, with an
average annual growth rate of 1.10%, indicating a steady and positive
trend for China’s urban ecological resilience. As shown in Figure 3B,
when viewed from the perspective of the four major regions, the level
of urban ecological resilience clearly has tended to increase across
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FIGURE 2
Spatial distribution map of sample cities.

different regions, although disparities exist in the level of urban
ecological resilience across these regions. The urban ecological
resilience in the eastern region increased by 14.8% from 2009 to
2023 and significantly fluctuated before 2017 but has stabilised
thereafter. The central and western regions experienced the greatest
and second-largest increases, respectively, with urban ecological
resilience remaining at a high level during the later period. The

Frontiers in Built Environment

northeastern regions urban ecological resilience consistently ranked
lowest overall, with its growth rate slowing markedly after 2017.
Furthermore, the ecological resilience of cities in eastern
China is found to be significantly lower than that of cities
in the central and western regions. The following three points
provide a concise overview of the underlying reasons underlying
this phenomenon. Firstly, disparities in the intensity of pressure
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TABLE 3 Mean urban ecological resilience.

Urban Eastern @ Central | Western | Northeastern | Resistance | Resilience  Adaptability

ecological

resilience
2009 0.566 0.568 0.562 0575 0.552 0315 0.022 0.229
2010 0.581 0.578 0.581 0.585 0577 0314 0.023 0.244
2011 0.557 0.550 0.555 0.567 0.556 0.291 0.024 0.242
2012 0.571 0.559 0.574 0.581 0.565 0.297 0.024 0250
2013 0.574 0.564 0.570 0.590 0572 0.295 0.025 0.255
2014 0.566 0.550 0.566 0.589 0.549 0.283 0.026 0257
2015 0.579 0.563 0.573 0.608 0.560 0.290 0.026 0.263
2016 0.612 0.593 0.617 0.628 0.604 0320 0.027 0.265
2017 0.620 0.613 0.633 0.624 0.594 0332 0.026 0.262
2018 0.629 0.624 0.642 0.632 0.602 0335 0.027 0.267
2019 0.637 0.629 0.646 0.648 0.611 0335 0.028 0.274
2020 0.646 0.642 0.654 0.654 0.622 0.341 0.029 0277
2021 0.656 0.651 0.666 0.662 0.635 0344 0.031 0.282
2022 0.659 0.653 0.669 0.666 0.632 0.344 0.032 0.283
2023 0.658 0.652 0.667 0.667 0.624 0343 0.033 0.281

sources. The eastern region of China is characterised by its  relationship between ecological load and carrying capacity in
status. As the most densely populated, urbanized and economically ~ “per capita”. On this basis, eastern cities demonstrate substandard
developed area in the country, the eastern region experiences  performance with regard to a number of key indicators, such as
greater ecological and environmental pressures due to intensive  “per capita green space” and “per capita water resources” This is
land use, traffic congestion, pollutant emissions, and high energy = primarily due to the high population density and intensive resource
consumption. Ecological resilience is not a static attribute, but rather ~  utilisation that characterise these cities. Conversely, although central
a relative capacity to withstand disturbances. Despite increased  and western regions exhibit lower absolute levels of economic
investment in environmental governance, systemic pressures in  output and infrastructure, they experience reduced environmental
the east exceed those in other regions, weakening resistance,  pressure per unit of development. Within a standardised evaluation
resilience and adaptability across the entire urban system. Secondly, ~ framework, this results in a relative resilience advantage due to lower
systemic vulnerability is more pronounced in the eastern regions.  developmental intensity.

Intensive development in the eastern region has led to significant As shown in Figure 4, this study examines urban ecological
encroachment upon and fragmentation of natural ecological  resilience levels in China across four time periods: 2009, 2014, 2019
elements, including farmland, green spaces, and water bodies,  and 2023. It reveals a significant improvement in the quality of
posing a detrimental effect on ecosystem integrity and connectivity. ~ urban ecological resilience development between 2009 and 2023.
The process of “ecological fragmentation” has been demonstrated to ~ The proportion of areas with high resilience has gradually increased,
increase the vulnerability and sensitivity of urban systems, rendering ~ while the proportion of areas with low resilience has decreased,
them more susceptible to imbalances when exposed to disturbance. ~ narrowing the overall spatial disparity. Specifically, in 2009, overall
By contrast, many cities in the central and western regions, though  ecological resilience was generally low, with most cities exhibiting
less economically developed, often have more continuous and  moderate to low resilience. High-resilience areas were scattered
intact natural landscapes, such as forests, mountains and rivers. and exhibited “clustering characteristics” By 2014, most cities had
These provide greater inherent stability and buffering capacity, = improved upon their 2009 ecological resilience levels. Shanwei,
thus forming a stronger basis for ecological resilience. Thirdly, the =~ Luoyang, Laibin and Daqing were the cities that had increased
relative nature of the assessment framework shall be acknowledged.  their ecological resilience the most across the four major regions.
It is argued that the evaluation system tends to emphasize the = Meanwhile, declines in cities such as Baotou, Hohhot and Yulin
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FIGURE 3

Development level of urban ecological resilience in China. (A) Illustrates the overall evolution trend of urban ecological resilience; (B) depicts the
development levels of urban ecological resilience across the four major regions.

contributed to an increase in the number of low-resilience cities.
By 2019, overall ecological resilience had significantly improved,
resulting in an optimised resilience structure. Medium-to-high
resilience areas expanded markedly, broadly covering all four
regions. A preliminary network of resilient urban clusters has
emerged. In 2023, the number of highly resilient regions continued
to grow and consolidate, expanding their spatial distribution across
multiple areas. Notably, a belt-like distribution pattern is gradually
forming in the central and western regions.

To explore the key driving forces behind the improvement
in urban ecological resilience in China, this paper decomposes
ecological resilience into three aspects: resistance, resilience,
and adaptability. The resistance contributes the most, followed

Frontiers in Built Environment

by adaptability, with the resilience force having the least effect.
Ecological resistance is defined as the ability of a city to maintain
the basic functions of its system without collapsing when facing
pollution, ecological pressure or sudden environmental events. Its
continuous increase after 2014 indicates that the policy-driven
effect in China has been significant in recent years, with the
proposal of “dual carbon” goals and the implementation of strict
environmental protection regulations having a marked effect on
the treatment of “explicit” problems such as pollutant emissions.
Resilience is defined as the ability of a city to recover to its
original state, or a new equilibrium, through its own regulation
after suffering ecological damage or disasters. It has steadily
increased from 0.022 to 0.033, showing a gentle upwards trend;
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Spatial patterns of urban ecological resilience in China. (a) 2009, (b) 2014, (c) 2019 and (d) 2023.

however, its index is the lowest, indicating an imbalance between  repeated stress. It fluctuated from 0.229 to 0.281, showing a slow
rapid urbanisation and ecological carrying capacity. This suggests  rate of growth. This reflects both the effectiveness of engineering
that urbanisation has squeezed ecological space and that the  governance and the shortcomings of energy transformation. The
balance between infrastructure investment and ecological space  slow improvement in urban ecological resilience, influenced
protection urgently needs to be addressed. Adaptability refers to by factors such as a coal-dependent energy structure and
a city’s ability to adapt to new environments through structural  transportation emissions, partially weakened the overall level
adjustments and functional optimisation under long-term or  of adaptability.
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FIGURE 5

Overall gap in the development level of urban ecological resilience in China.

4.2 Overall characteristics of the urban
ecological resilience spatial gap

Figure 5 illustrates the overall gap and decline in China’s urban
ecological resilience from 2009 to 2023. Throughout the sample
period, the Gini coefficient for China’s urban ecological resilience
was generally high, averaging 0.0637, which indicates a significant
regional disparity. On the whole, the overall gap showed a decreasing
trend amid fluctuations; the Gini coefficient decreased from 0.0708
in 2009 to 0.0556 in 2023, a reduction of 21.47%, representing an
average annual decrease of 1.36%.

Figure 6 illustrates the changes in the urban ecological resilience
Gini coefficient of the four major regions from 2009 to 2023.
Overall, with the exception of the northeastern region, the
urban ecological resilience Gini coefficient of the other three
major regions exhibited the same trend as the overall urban
ecological resilience Gini coefficient for China, showing a relatively
significant decrease. The main years of decline were concentrated
in 2015-2017, possibly because (1) the Central Environmental
Protection Inspection System, which began its pilot phase in 2015
and was fully implemented in 2016, exerted a strong constraint on
local governments, compelling them to accelerate pollution control
and ecological restoration; and (2) the Air Pollution Prevention
and Control Action Plan (2013-2017) and the Water Pollution
Prevention and Control Action Plan (2015) entered a critical period
of implementation, prompting cities, especially those in the central
and western regions and small to medium-sized cities, to accelerate
improvements to environmental infrastructure weaknesses and
enhance overall ecological carrying capacity. (3) The long-term
reliance on coal and oil in Northeast China, coupled with the slow
development of green industries such as new energy and the digital
economy and the delayed transformation of resource-based cities,
which are forced to maintain traditional production capacity, has
caused the northeastern region’s urban ecological resilience and Gini
coeflicient to stagnate, with no significant decline observed.
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4.3 Regional dimension decomposition of
the urban ecological resilience spatial gap

As Table 4 illustrates, from 2009 to 2023, the interregional gap
of the four major regions contributed significantly more to the
overall gap than did the intraregional gaps. These intraregional gaps
mainly stemmed from the eastern, central, and western regions.
Specifically, the contribution rate of these three major regions to
the overall gap remained almost constant at 7%-9%, while the
contribution rate of the northeastern region to the overall gap
increased by approximately 1%. This is primarily attributable to the
marked heterogeneity of cities in the eastern, central, and western
regions, whereas urban development in the northeastern region
is highly homogeneous. First, the level of urban development in
the eastern region varies considerably. Significant disparities exist
in the economic development level, financial strength, technical
capabilities and governance level of megacities, second-tier cities,
and ordinary prefecture-level cities. Furthermore, some cities
have entered the post-industrialisation stage, prioritising green
innovation and the service industry, whereas others remain in the
mid-industrialisation stage and face greater environmental pressure,
resulting in diverse stages of development. Second, differences exist
in the underlying ecological environment of the western region. The
varied ecological baselines and environmental challenges faced by
different regions, such as plains, mountains, plateaus and deserts,
coupled with the diversity of ecosystem types, result in disparate
levels of urban ecological resilience across the region. In the
northeastern region, heavy industries, including steel and energy, are
concentrated. The development models and industrial structures of
its major cities are strikingly similar, and they commonly face issues
of resource depletion, industrial decline, and significant pressure for
ecological environmental restoration. Although absolute differences
between cities persist, in comparison with the eastern, central and
western regions, this intraregional disparity contributes only slightly
to the overall difference.
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Overall disparity in the development level of the four major urban ecological resilience sectors.

TABLE 4 Regional disparities in China's urban ecological resilience development level and contribution rate.

Intraregional Interregional

2009 8.05 7.47 9.35 1.67 26.54 15.60 17.74 7.56 17.21 7.21 8.14 73.46
2010 8.83 7.74 9.17 1.37 27.12 16.60 18.15 7.08 17.06 6.66 7.33 72.88
2011 9.67 7.76 8.19 1.44 27.07 17.50 18.06 7.55 16.16 6.74 6.92 72.93
2012 10.21 7.42 7.87 1.47 26.97 17.77 18.32 7.82 15.51 6.65 6.96 73.03
2013 9.77 7.55 8.20 1.41 26.93 17.40 18.50 7.51 16.18 6.56 6.91 73.07
2014 10.09 6.95 7.98 1.48 26.50 17.27 19.09 7.81 15.47 6.56 7.30 73.50
2015 9.79 7.51 7.45 1.47 26.22 17.41 18.75 7.65 15.94 6.72 7.32 73.78
2016 9.84 7.28 7.60 1.61 26.34 17.63 18.59 8.04 15.07 7.01 7.31 73.66
2017 8.37 7.41 8.75 1.67 26.20 16.39 17.42 7.72 16.35 7.83 8.09 73.80
2018 8.16 7.64 8.95 1.53 26.29 16.44 17.36 7.42 16.84 7.76 7.88 73.71
2019 8.01 7.91 8.78 147 26.17 16.73 17.60 7.12 16.77 7.63 7.99 73.83
2020 7.64 7.70 9.59 1.38 26.32 1591 17.82 6.90 17.46 7.46 8.13 73.68
2021 7.69 7.48 9.67 1.46 26.30 15.89 17.93 6.96 17.37 7.42 8.12 73.70
2022 7.67 7.30 9.60 1.52 26.09 15.48 17.90 7.32 17.06 7.67 8.48 7391
2023 7.63 7.40 9.37 1.56 25.95 15.49 17.65 7.51 16.91 7.88 8.61 74.05

1,2,3,and 4 represent the eastern region, central region, western region, and northeastern region, respectively; G; (i = 1, 2, 3, 4) represents the regional disparity within region i;and G; (i,j =1,
2,3, 4) represents the disparity between region i and region j.
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Figure 7 illustrates the sources of the development gap in China’s
urban ecological resilience at the regional level. During the sample
period, both the intraregional disparities and the interregional gap
generally tended to converge. Intraregional disparities decreased
from 0.0188 in 2009 to 0.0144 in 2023, a decrease of 23.40%, and the
interregional gap decreased from 0.0520 in 2009 to 0.0412 in 2023,
a decrease of 20.77%. The interregional gap is the primary source
of the overall gap in China’s urban ecological resilience. Therefore,
narrowing the interregional gap is important for improving urban
ecological resilience and preventing the continued expansion of the
development gap in China’s urban ecological resilience.

4.4 Decomposition of the index
composition dimensions for urban
ecological resilience development in
relation to the spatial gap

As shown in Table 5, the gap in resistance contributes the most
to the overall gap in China’s urban ecological resilience development
level, followed by adaptability, with resilience being the lowest. The
average annual contribution rates are 55.17%, 42.91%, and 1.93%,
respectively. In terms of changing trends, the contribution rate of
resistance to the overall gap tends to fluctuate downwards, whereas
the contribution rates of resilience and adaptability to the overall
gap tend to fluctuate upwards. This finding indicates that for future
urban ecological resilience construction in China, particularly
in narrowing the gap in ecological resilience development levels
between cities, the focus needs to shift from passive defence to
active adaptation and resilient recovery. Models that rely solely
on resistance input should transition to proactive learning and
rapid recovery.

Figure 8 illustrates the origins of the development gap in
urban ecological resilience across China, broken down by indicator
composition. It is evident that the gap in resistance tends to decrease,
whereas the gaps in resilience and adaptability tend to increase.
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TABLE 5 Contribution rate to the development level gap of China’s
urban ecological resilience under the dimension of index composition.

Year Resistance Resilience Adaptability
2009 58.91 021 40.87
2010 62.15 0.37 37.48
2011 66.94 0.50 32.56
2012 62.10 1.21 36.69
2013 67.79 1.14 31.07
2014 72.94 0.35 26.71
2015 72.43 0.58 26.99
2016 63.98 0.75 35.26
2017 51.55 218 46.27
2018 47.63 291 49.46
2019 47.35 323 49.43
2020 38.22 3.40 58.37
2021 37.02 4.08 58.90
2022 38.65 4.09 57.26
2023 39.88 3.87 56.24

Specifically, the resistance gap decreased from 0.417 in 2009 to
0.222 in 2023, a reduction of 46.83%; the resilience gap increased
from 0.0002 in 2009 to 0.0022 in 2023; and the adaptability gap
increased from 0.289 in 2009 to 0.313 in 2023, an increase of 8.07%.
Notably, prior to 2014, the resistance gap fluctuated, subsequently
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Decomposition of the development level gap in China’s urban ecological resilience as determined by indicator composition.

decreasing until 2018, at which point the adaptability gap surpassed
the resistance gap.

4.5 Two-dimensional structural
decomposition of urban ecological
resilience development gaps

Owing to space limitations, Table 6 reports only the Gini
coeflicient two-dimensional decomposition results for China’s urban
ecological resilience in 2009 and 2023. From an intraregional
perspective, the intraregional gap in 2009 primarily arose from
the resistance gap in the eastern region, whereas in 2023, it
mainly stemmed from the adaptability gap in the central region.
From an interregional perspective, the primary source of the
interregional gap shifted during the sample period from the
resistance gap between the eastern and western regions to the
adaptability gap between the central and western regions. These
findings indicate that the eastern region has achieved significant
progress through improvements to the basic urban ecological barrier
and infrastructure investment. However, the marginal benefits
of further large-scale infrastructure investment have diminished.
Consequently, the difference in the ability of the central and
western regions to actively learn, adjust to transformation, and
cope with long-term risks is becoming increasingly important.
Therefore, improving adaptability is the long-term core of urban
ecological resilience construction and the dominant factor in future
disparities. From the perspective of indicator composition, the
disparity in resistance is primarily attributable to the difference
between the eastern and western regions, whereas the main source
of the disparity in resilience shifted from the eastern-central
regions in 2009 to the central-western regions in 2023. The
difference in adaptability mainly arises from the central-western
regions. Compared with 2009, the gap in resistance between the
eastern-western regions and the gap in adaptability between the
central-western regions decreased by 2023. These findings indicate
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that the development gap in Chinas urban ecological resilience
is gradually narrowing and that regions are moving towards
coordinated development transformation. The disparity in resilience
has increased, highlighting the importance of the western region in
terms of constructing efficient early warning systems and enhancing
postdisaster reconstruction capabilities to reduce the resilience gap
between the central and western regions.

5 Discussion

The overall level of ecological resilience in Chinese cities
has demonstrated a consistent upward trend from 2009 to 2023,
extending the temporal frame in previous research that documented
an increase in urban resilience across all Chinese provinces between
2013 and 2019 (Jiao et al., 2023). Further, this study reinforces
these findings from the perspective of ecological resilience,
collectively indicating that China’s overarching strategies, such as
“ecological civilisation construction” and the “carbon neutrality”
goals, are being progressively implemented at the local level and
generating positive outcomes. However, the research also identifies
interregional disparities as the main source of overall resilience
gaps, aligning with the findings by Jia et al. (2025). This suggests
that China’s long-standing issue of regional development imbalance
extends profoundly into the ecological domain, reflecting spatial
mismatches in industrial development, natural environmental
conditions, and policy implementation efficiency.

Although Jiao et al. (2023) reported general improvements
in urban resilience nationwide, their study failed to uncover the
underlying source of drivers. By employing the CRITIC weighting
method and the Gini coeflicient two-dimensional decomposition
method, this study clearly shows that resistance is the most
important factor for improving ecological resilience. This suggests
that recent ecological improvements in Chinese cities may have
been driven by “hard” pollution control measures than from
systematic “soft” adaptations and transformative capacity-building.
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TABLE 6 Gini coefficient two-dimensional decomposition results for China’s urban ecological resilience development level.

Indicator 2009 2023

composition

Resistance Resilience Adaptability Resistance Resilience Adaptability
G, 0.0046 0.0001 0.0011 0.0014 0.0003 0.0026
G, 0.0032 0.0000 0.0021 0.0012 0.0002 0.0028
Intraregional
Gs 0.0032 0.0001 0.0033 0.0026 0.0002 0.0024
Gy 0.0005 0.0000 0.0007 0.0002 0.0000 0.0007
Gy, 0.0074 0.0001" 0.0035 0.0035 0.0003 0.0048
Gy 0.0081* 0.0000 0.0044 0.0051" 0.0003 0.0044
Gy, 0.0028 0.0000 0.0025 0.0008 0.0003 0.0031
Interregional
Gy 0.0066 0.0001 0.0056" 0.0039 0.0003" 0.0051*
Gy, 0.0025 ~0.0001 0.0027 0.0015 0.0002 0.0027
G, 0.0028 ~0.0001 0.0030 0.0020 0.0002 0.0026

Double underlines indicate the maximum intraregional (interregional) disparity in the regional dimension. *indicates the maximum disparity of the indicator under the dimension constituting
the indicator.

This distinction provides a more sophisticated comprehension of ~ to address the underlying causes of disparity and its temporal
the fundamental factors that have contributed to China’s ecological ~ progression. This methodological innovation underpins two key
advancement. Furthermore, while Jia et al. (2025) provided a static ~ findings: (i) resistance as the predominant contributor to resilience
assessment of regional disparities, our dynamic decomposition  improvement, and (ii) the dynamic shift in resistance as the
reveals a more significant and nuanced trend: as the overall  predominant contributor. Moreover, the study spans the period from
gap narrows, the primary source of disparity has shifted from 2009 to 2023, a timeframe that encompasses China’s transition from
differences in resilience between eastern and western regions to  comprehensive pollution control to refined quality management and
disparities in adaptability between central and western regions.  the implementation of the dual-carbon strategy. In the early stages,
This suggests that earlier policies may have effectively reduced  the governance focused on resistance yielded substantial outcomes.
hardware disparities, such as those observed in pollution control ~ However, governance bottlenecks related to adaptability have since
and green infrastructure, between eastern and western regions. ~ become more prominent at present. By capturing these structural
However, the prevailing central challenge pertains the necessity to  changes, this study provides fresh and deeper insights into the
address software deficiencies, including technological innovation  ecological resilience in response to policy transformation.
and environmental governance capabilities, in central and western Through systematic comparison, the present study corroborates
regions. Future policies exclusively focused on hardware investment ~ the widely held view that policy interventions generally enhance
are therefore inadequate for addressing these profound imbalances  ecological resilience, while introducing methodological advances
rooted in adaptive capacity. that reveal the dynamic evolution of internal drivers and the shifting
In light of the aforementioned consensus and discrepancies  origins of the spatial gap, thereby making a significant contribution
with prior studies, this study aims to elucidate the underlying  to the existing literature.
causes and highlight its own contributions. Firstly, it highlights how
centralised nature of Chinas policy system facilitates the expeditious
implementation of top-level strategies, such as ecological civilisation 6 Conclusion and recommendations
construction, at all levels of local government, the factor crucial
to enhancing ecological resilience. Concurrently, inherent path 6.1 Conclusion
dependencies and historical foundations perpetuate interregional
disparities, thereby rendering them the dominant source of On the basis of the panel data of 277 prefecture-level cities
overall gaps. Secondly, in contrast to both traditional Gini  in China from 2009 to 2023, a comprehensive evaluation index
coefficients and Dagum Gini coefficients, the Gini coefficient system of urban ecological resilience in China, which uses three
two-dimensional decomposition method employed in this study  dimensions: resistance, resilience, and adaptability, is constructed
is pivotal in elucidating the observed disparities. It is evident  in this paper. Furthermore, the Gini coeflicient two-dimensional
that conventional methodologies are capable of examining the  decomposition method is employed to measure the spatial gap
overall disparity and its primary sources, whereas the Gini  and its source structure in terms of urban ecological resilience
coefficient two-dimensional decomposition method has the capacity ~ in China. The conclusions drawn are as follows: (1) The overall
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development level of urban ecological resilience in China tends
to increase, with resistance contributing the most to this increase.
(2) The overall gap in the development level of urban ecological
resilience in China tends to decrease; the gap in the development
level of ecological resilience has narrowed in the eastern, central,
and western regions, with the exception of the northeastern region.
(3) In terms of the regional dimension, the primary source of the
overall disparity is the interregional gap. With respect to indicator
composition, the main source of the overall gap lies in the difference
in resistance. Considering both regional and indicator compositions,
the intraregional gap evolved from a resistance gap in the eastern
region in 2009 to an adaptability gap in the central region by 2023.
The interregional gap shifted from a resistance gap between the
eastern and western regions in 2009 to an adaptability gap between
the central and western regions in 2023. Furthermore, among the
three subindicators, the resistance gap primarily originated between
the eastern and western regions; the main source of the resilience gap
transitioned from between the eastern and central regions in 2009 to
between the central and western regions in 2023, and the adaptability
gap mainly arose between the central and western regions.

6.2 Recommendations

On the basis of the above conclusions, we propose the following
policy recommendations:

First, a multilevel regional coordination mechanism should be
constructed to address differences in resilience arising from varying
development gradients. The interregional gap has consistently
been the primary obstacle to the balanced development of urban
ecological resilience in China. Addressing this obstacle hinges
on strengthening the strategic links between developed and
underdeveloped regions and deepening collaboration in three
key areas: first, promoting the joint construction, sharing, and
interconnection of ecological infrastructure; second, establishing
an efficient platform for technology transfer and transformation,
alongside a knowledge-sharing network; and third, encouraging
the exchange of experiences and collaborative exploration of
institutional innovation. Simultaneously, cross-administrative
boundary ecological compensation mechanisms and scientifically
sound risk-sharing systems should be established and improved.
This will effectively facilitate the cross-regional flow of crucial
resource elements, such as funding, technology, and talent, which
are required for environmental change, and progressively resolve the
resilience fault lines caused by disparities in development gradients.
This study aims to establish a long-term governance framework for
reducing the ecological resilience gap between regions.

Second, the foundation of resistance should be consolidated,
with a focus on bridging the east-west divide and revitalising
the transformation of the northeast. Given that resistance is the
primary driver for enhancing urban ecological resilience and that
this gap has persisted between the east and west, it has become
a long-term challenge that restricts the overall improvement in
resilience. To address this shortcoming, there is an urgent need
for continuous and increased investment and for the systematic
strengthening of key infrastructure systems and comprehensive
disaster resistance capabilities related to regional ecological security.
At the regional policy level, the western region should receive
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more precise and substantially differentiated support policies, with
a focus on improving flood and drought control facilities and
ecological barrier functions, to bridge its infrastructure gap with
the eastern region. The transformation of the northeastern region,
on the other hand, needs to overcome the path dependence of
traditional development models. An ecological restoration fund for
old industrial bases could be established. Priority should be given
to modernising and upgrading environmental pollution control
facilities to a high standard in cities with a concentration of heavy
industry. Innovation should be harnessed to promote the ecological
restoration and resilient reuse of idle or abandoned industrial sites.
This would achieve a synergistic increase in the green and low-
carbon reshaping of industrial structures and regional ecological
resilience levels, injecting a sustainable new impetus into the
comprehensive revitalisation of northeastern China.

Third, to address the deep-seated contradictions arising from
imbalanced development within the adaptability dimension, the
construction of collaborative mechanisms should be strengthened
to promote regional balance. Currently, internal development
disparities within the central region, coupled with structural gaps
in adaptability levels between the central and western regions, have
become key contradictions hindering the coordinated optimisation
of the spatial pattern of national ecological resilience. To resolve
this, a systematic collaborative mechanism across different levels and
regions must be created. Strengthening internal integration within
the central region requires breaking down interprovincial barriers
and establishing robust and efficient interprovincial collaboration
platforms and resource coordination mechanisms. Consensus
should be fostered among provinces in the region regarding
ecological resilience construction standards, evaluation systems and
development paths, bridging the regional differentiation caused by
uneven development. Concurrently, the strategic alignment between
the central and western regions should be strengthened to construct
long-term strategic partnerships and alignment mechanisms based
on shared needs. Joint exploration and innovation should be
undertaken to establish cross-regional ecological technology and
knowledge synergy platforms, as well as resource sharing and
factor optimisation allocation mechanisms. By concentrating the
advantageous resources of both regions, common key bottlenecks
restricting the improvement of regional adaptability should be
accurately identified and addressed together. This will systematically
increase the overall adaptive capacity and resilience reserves
of interregional areas in response to long-term and complex
environmental changes and promote the formation of a more
balanced, coordinated, and sustainable new pattern of coordinated
regional ecological resilience development, thereby contributing to
a more balanced, coordinated, and sustainable ecological resilience
development landscape.
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