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Abstract

Exploring the spatiotemporal characteristics and spatial correlation structure of the cou-
pling and coordination relationship between urban economic development and ecological
resilience is of great significance for optimizing the regional coordinated development
strategies of urban agglomerations and building high-quality economic development re-
gions. Taking 33 counties (cities, districts) in the Qianzhong Urban Agglomeration as the re-
search objects, this study adopts the analytical paradigm of “mechanism exploration—level
measurement—relationship evolution—spatial correlation”, expands and constructs a four-
dimensional ecological resilience evaluation index system based on the “risk resistance—
adaptation—recovery” framework, and systematically analyzes the spatiotemporal dy-
namics and spatial correlation characteristics of the coupling and coordination between
economic development and ecological resilience from 2005 to 2020 by combining the cou-
pling coordination model, trend surface analysis, and spatial gravity model. The research
results show that the overall coupling coordination degree between economic development
and ecological resilience in the Qianzhong Urban Agglomeration presents an upward trend,
and the key to optimizing the coupling coordination lies in improving the level of urban
economic development. The spatial correlation of regional coupling coordination degree is
increasingly close, and its spatial connection structure shows the characteristics of “core
polarization, edge collapse and multi-center germination”. The research results provide
important enlightenment for formulating differentiated sustainable development strategies
for urban agglomerations in ecologically fragile areas.

Keywords: Guizhou Central Urban Agglomeration; spatial trend; spatial correlation
network; ecological resilience; coupling coordination model

1. Introduction

With the growing exacerbation of global warming and the progressive deepening
of the sustainable development agenda, the synergistic relationship between the high-
quality development of regional economy and ecological resilience has become a critical
breakthrough point for resolving the “growth-environment” paradox [1]. As the United
Nations’ “2030 Sustainable Development Goals” emphasize, economic growth must be
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constrained within the thresholds of ecosystem carrying capacity, whereas ecological re-
silience, as a core capability of systems to withstand disturbances and sustain functionality,
underpins the sustainability of regional development [2]. China’s economy is currently
at a critical juncture of shifting from high-speed growth to high-quality development,
with the coordination of economic development and ecological protection emerging as a
core theme in achieving sustainable development goals [3]. As a pilot zone for China’s
ecological civilization construction and a key vehicle of the Western Development Strategy,
the Guizhou Central Urban Agglomeration is currently situated in a crucial transformative
phase between industrialization acceleration and ecological conservation. The proposal of
the dual carbon goals in 2020 and the deepened implementation of the National Plan on
Main Functional Zones have imposed dual imperatives on this region: achieving intensive
economic development while undertaking karst ecosystem restoration [4,5]. Against this
backdrop, investigating the coordinated development dynamics between economic growth
and ecological resilience in the Guizhou Central Urban Agglomeration carries significant
practical implications for guiding regional ecological environment restoration, governance,
and high-quality economic development.

Currently, academic research on the relationship between economic development
and the ecological environment is relatively mature. Scholars have gradually constructed
a systematic theoretical framework and proposed various analytical models to explore
the interaction mechanisms between the two. At the theoretical level, Boulding was the
first to integrate economic development and environmental protection into a unified an-
alytical framework, putting forward the concept of a “circular economic-environmental
system” and emphasizing the importance of a coordinated development model between
the economy and the environment [6]. Grossman’s empirical research revealed an “in-
verted U-shaped” relationship between economic growth and ecological environment
quality, namely the Environmental Kuznets Curve (EKC) theory [7]. Subsequent studies,
mostly based on the EKC theory, have explored whether the relationship between the two
presents an inverted U-shape or other forms from different perspectives. The research
methods mainly involve the ecological footprint method, coupling degree model, energy
analysis method, grey GM model, and system dynamics (SD) model [8], with research
scales covering different regions such as provinces, urban agglomerations, and typical
ecological zones.

However, traditional ecological environment assessment cannot depict the adaptive
adjustment ability of urban ecosystems in response to risk stress during economic develop-
ment. In 1973, Holling innovatively introduced the concept of “resilience” into the field of
ecology, proposing the concept of “ecological resilience,” which he defined as the ability
of an ecosystem to absorb shocks, maintain its functions, and self-reorganize when sub-
jected to disturbances [9]. The subsequent “Adaptive Cycle” model explained the response
mechanism of social-ecological systems (SES) to disturbances and the dynamic feedback
process of their changes, shifting the research focus from static equilibrium to dynamic
adaptation [10]. Based on this, scholars from interdisciplinary backgrounds have integrated
ecological resilience with climate change, urban development, and landscape planning,
promoting the in-depth development of theoretical research [11]. Colding et al. [12] found
that the complementarity of ecological land use helps improve biodiversity and landscape
functions, thereby enhancing urban ecological resilience. Folke et al. [13] proposed a
social-ecological system (SES) resilience framework, distinguishing between “adaptive”
and “transformative” resilience pathways. Ziervogel et al. [14] criticized the applicability
of Western resilience theory in non-Western contexts (such as African slums) and proposed
a “Community-led Resilience” framework that emphasizes localized practices.
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An overview of existing studies reveals that assessments of urban ecological resilience
primarily include two approaches: the comprehensive indicator evaluation method based
on social statistical data and land use data [15,16], and the ecological footprint method
grounded in ecological footprint and carrying capacity frameworks [17,18]. Multidi-
mensional evaluation frameworks have been constructed, including Natural-Economic—
Social [19], Resistance-Adaptability—Resilience [20], Pressure-State—Response [21], and
Scale-Density—Resilience frameworks [22]. Regarding the spatial patterns of ecological
resilience and their influencing factors, scholars have employed models such as the stan-
dard deviational ellipse, spatial autocorrelation, geographical detector, and spatiotemporal
geographically weighted regression to conduct studies across different scales and time
periods [20,23,24]. Some scholars have also employed the P-VAR model, Haken model, and
coupling coordination model to explore the interactive response mechanisms, synergistic
relationships, and coupling coordination dynamics between ecological resilience and new-
type urbanization, economic resilience, and economic development [25-27]. Additionally,
the hindrance degree model and coordination influence model are employed to analyze
the impacts of different indicators or subsystems on the coupling coordination degree [28].

In summary, existing research has provided relatively rich theoretical foundations
and methodologies for the coupling study of urban economic development and ecological
resilience, yet the following shortcomings persist: Firstly, in previous ecological resilience
evaluation frameworks, there has been insufficient construction of evaluation indicator
systems from the perspective of the “risk-resistance-adaptation-recovery” joint effects of
ecosystems. Secondly, discussions on the coupling coordination relationships between
economic development and ecological resilience have only focused on the development
changes within regions themselves, overlooking the spatial interdependencies of regional
development and lacking analyses of the spatial linkages in their coordinated develop-
ment. Thirdly, most existing studies have concentrated on developed regions, with less
attention paid to research on urban economic development levels and ecological resilience
in ecologically fragile less-developed areas.

The Guizhou Central Urban Agglomeration serves as the core economic region of
Guizhou Province, playing a pivotal role in propelling regional economic growth, industrial
upgrading, and the urbanization process. However, ecological vulnerability serves as a
critical factor trapping it in the “development-protection” dual dilemma [29]. Taking the
Guizhou Central Urban Agglomeration as the research area, this study aims to analyze the
spatiotemporal evolution characteristics and spatial connection structure of the coupling
coordination relationship between economic development and ecological resilience in the
agglomeration from 2005 to 2020. This analysis is conducted based on the comprehen-
sive levels of regional economic development and ecological resilience, employing the
coupling coordination degree model, trend surface method, and spatial gravity model.
The study aims to provide empirical insights and theoretical foundation for promoting
the benign interactive development between economic growth and ecological resilience in
the Qianzhong Urban Agglomeration, as well as for designing high-quality pathways to
achieve this coordination.

2. Materials and Methods
2.1. Overview of the Study Area

The Guizhou Central Urban Agglomeration is situated in the central region of Guizhou
Province, Located between 105°20'-107°25’ E longitude and 25°22/-27°25' N latitude
(Figure 1). Covering six cities/prefectures including Guiyang City, Zunyi City, Anshun
City, Bijie City, Qiandongnan Miao and Dong Autonomous Prefecture, and Qiannan Buyi
and Miao Autonomous Prefecture, as well as 33 counties (county-level cities and districts)
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in Gui’an New Area, the region has a total area of 53,800 square kilometers. It is explicitly
identified as one of the 19 national urban agglomerations in China. In 2022, the per
capita regional GDP reached 64,800 yuan, approximately 1.24 times the provincial average
per capita GDP. Its strategic positioning is to establish a pilot demonstration zone for
new-type urbanization with mountainous characteristics and a green ecological livable
urban agglomeration. However, geographically, it is situated in the upper reaches of the
Yangtze and Pearl Rivers, serving as a critical ecological barrier. Moreover, its unique karst
topography results in scarce land resources and a fragile ecological environment. Urban
agglomeration construction thus imposes enormous pressure on the region’s ecological
resources and environment. Therefore, measuring and analyzing the spatiotemporal
evolution characteristics and spatial connection structure of the coupling coordination
relationship between urban economic development and ecological resilience in the Guizhou
Central Urban Agglomeration can not only furnish new empirical content for research on
the coordinated development of regional economy and ecological environment but also
offer valuable perspectives for ecological protection and high-quality development in the
Guizhou Central Urban Agglomeration.
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Figure 1. Study area.

2.2. Data Sources and Preprocessing

This study takes the 33 counties (county-level cities and districts) in the Guizhou
Central Urban Agglomeration as research units and uses the period from 2005 to 2020
as the study period. The data employed includes land use data and statistical yearbook
data. (1) Land use data: The Guizhou Central Urban Agglomeration with 30 m spatial
resolution for 2005, 2010, 2015, and 2020 are all sourced from the Resource and Environment
Science Data Center of the Chinese Academy of Sciences (http:/ /www.resdc.cn accessed on
19 June 2025). The data were preprocessed using ArcGIS 10.7 and Frag 4.0. (2) Socioe-
conomic data. Economic development-related data, including regional GDP, total social
retail consumption, and fixed asset investment, are derived from the Guizhou Statistical
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Yearbook (2005-2020) and the statistical bulletins on national economic and social develop-
ment of each county (district/city). For missing data, linear interpolation was employed
for completion. The study applied a standardization approach to conduct dimensionless
processing on all data, normalizing them to the interval [0, 1], with all indicators computed
at the county-level scale.

2.3. Research and Framework

Under the strategic guidance of urban green and high-quality development, the
optimization and upgrading of the economic system and the enhancement of ecosystem
resilience do not exist in isolation. Instead, they form a coupled and interactive relationship
through a dynamic mechanism of “support-feedback-collaboration,” ultimately achieving
a synergistic and progressive linkage effect (Figure 2).
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Figure 2. The coupling mechanism between economic development and ecological resilience.

(1) The Supporting Mechanism of Ecological Resilience for Economic Development

A highly resilient urban ecosystem is the fundamental guarantee for the sustained
and stable development of the economy, and its supporting role is reflected in two core
dimensions: Risk buffering and stability assurance: By improving the ecosystem structure
(such as urban green spaces, wetlands, and shelterbelts), it exerts ecological regulation
functions (purifying air, mitigating the heat island effect) and disaster resistance effects
(retaining floodwaters during heavy rains, preventing wind and fixing sand). This re-
duces the direct impact of extreme climates, environmental pollution, and other events
on industrial and agricultural production and the operation of infrastructure, minimizes
economic losses, and ensures the continuity of production activities [30]. Resource conver-
sion and kinetic energy upgrading: The manifestation of the value of ecological resources
(such as the marketization of ecological products and carbon sink trading) promotes the
transformation of traditional resource utilization models, forcing economic growth to shift
from factor input-driven to innovation-driven. For example, relying on its high-quality
ecological background, the Central Guizhou Urban Agglomeration focuses on developing
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low-environmental-disturbance industries such as eco-tourism, green agriculture, and
health and wellness industries, realizing the synergistic effect of ecological protection
and economic value-added, which confirms the guiding role of ecological resilience in
optimizing the economic structure [31].

(2) The Feedback Mechanism of Economic Development on Ecological Resilience

In the stage of high-quality development, the economic system feeds back into eco-
logical resilience construction through three pathways, forming a positive feedback loop:
Financial support pathway: The enhancement of economic strength provides financial guar-
antees for ecological infrastructure. The government can increase investment in projects
such as sewage treatment, mine restoration, and biodiversity protection, thereby improving
the ecosystem’s restoration capacity and stress resistance. Technology empowerment path-
way: Economic vitality attracts talents and capital to gather in the environmental protection
field, promoting the research, development, and application of new energy technologies,
pollution control technologies, and ecological monitoring technologies. Technological
innovation solves ecological restoration problems (such as soil heavy metal treatment
and river ecological purification), providing solutions for enhancing ecosystem resilience.
Institutional optimization pathway: The upgrading of industrial structure (such as the
decline in the proportion of high-energy-consuming industries and the rise of green indus-
tries) gives birth to stricter ecological supervision standards, promotes the improvement of
ecological space management and control systems (such as delimiting ecological protection
red lines and establishing environmental access systems), curbs ecological damage at the
institutional level, and provides rule guarantees for resilience enhancement [32].

(3) Dynamic Balance between Bidirectional Stress and Collaborative Evolution

The coupled relationship between economic development and ecological resilience
presents a dialectical unity of “contradiction-collaboration”: Potential risks of bidirec-
tional stress: Economic expansion may damage ecological structure and functions by
occupying ecological space and emitting pollutants, leading to a decline in ecological re-
silience [32,33]. Meanwhile, ecological constraints (such as resource shortages and limited
environmental capacity) may restrict the input of production factors (such as restrictions on
high-energy-consuming industries) and increase the cost of disaster response, thereby in-
hibiting economic growth. Breakthrough pathways for collaborative evolution: By building
a two-way closed loop of “ecological background supporting the economy and economic
development feeding back into the ecology,” the synergistic promotion of ecological sus-
tainability and economic sustainability can be realized. This closed loop breaks through
the limitations of single-dimensional development, avoids the vicious cycle of “economic
imbalance stressing the ecology” or “ecological fragility restricting the economy,” and ulti-
mately deeply integrates ecological resilience with economic vitality. Its core breakthrough
pathways include:

Spatial optimization: Balancing the spatial layout of development and protection by
delimiting ecological red lines and constructing ecological corridors.

Technology empowerment: Promoting clean production and circular economy tech-
nologies to reduce the ecological disturbance of economic activities.

Institutional innovation: Establishing mechanisms such as ecological compensation
and carbon trading to incorporate ecological value into the economic accounting system.

Industrial upgrading: Developing low-carbon industries and green manufacturing to
promote the adaptation of economic growth models to ecological protection.



Systems 2025, 13, 776

7 of 31

2.4. Methods
2.4.1. Construction of an Indicator System for Economic Development Level

As the connotation of economic development continues to enrich, its evaluation criteria
have gradually evolved from initially relying solely on the gross domestic product (GDP)
indicator to a comprehensive set of multi-dimensional indicators [34]. Although there are
differences in the selection of economic development indicators across different regions,
the evaluation system for economic development level is mainly constructed from three
dimensions: economic strength, economic vitality, and economic structure (Table 1).

Economic strength mainly reflects the development scale and accumulation level of
the regional economy in various dimensions from the perspective of total volume, serv-
ing as the foundation and backbone of regional economic development [35]. Indicators
included in this dimension are regional GDP, fiscal revenue, and total social fixed-asset
investment [36]. Regional GDP directly presents the overall scale of the regional economy;
fiscal revenue reflects the government’s ability to regulate the economy and control re-
sources; total social fixed-asset investment indicates the investment intensity of the region
in infrastructure, industrial development, and other fields, providing support for economic
growth. Additionally, economic growth rate, as an important external manifestation of
economic strength, can intuitively show the growth trend of the regional economy within a
certain period, offering a key basis for judging the dynamic changes in economic strength.

Economic vitality [37], on the other hand, focuses on reflecting the operational effi-
ciency and development potential of the regional economy in different dimensions from the
perspective of per-unit output, and it is an important indicator for measuring the driving
force of urban economic development. This dimension includes per capita regional GDP,
per capita income of rural residents, per capita disposable income of urban residents, and
total retail sales of social consumer goods. Per capita regional GDP reflects the per capita
output efficiency of the regional economy and is an important indicator for measuring
the average economic level of residents. The per capita income of rural residents and
per capita disposable income of urban residents respectively reflect the income status of
different groups. The level of income directly affects consumption capacity and economic
activity. High economic vitality means that the region has advantages in resource allocation,
innovation-driven development, etc., which can inject vitality into sustained economic
growth. The total retail sales of social consumer goods show the consumption scale of the
regional market and reflect the regional consumption potential.

Economic structure mainly reflects the rationality and coordination of the regional
industrial structure, including the proportional relationship between the three industries
and the internal composition of each industry. The added value of the primary industry, the
added value of the secondary industry, and the added value of the tertiary industry are the
core indicators for measuring the economic structure, and their output values can clearly
reflect the regional industrial structure [38]. A reasonable economic structure can promote
the effective allocation of resources, improve the stability and risk resistance of economic
development, and serve as an important guarantee for the high-quality development of the
regional economy.
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Table 1. Comprehensive evaluation index system of economic development level.
Target Layer Dimension Indicator Units Weight (%) Category Author
L. A. Gallo.
8
Economic GDP 10° yuan 10.53 + (2025) [39]
Strength Fiscal Revenue 108 yuan 10.65 +
Total Social Fixed Asset 108 yuan 1221 .
Investment
Per Capita Regional GDP yuan pet 7.49 +
Economic capita
Vitalit Per Capita Income of yuan per 485 + Y.-Y. Yu.
Comprehensive y Rural Residents capita ' (2025) [40]
Index of Per Capita Disposable an per
Economic Income of Urban yt F 6.74 +
Development Residents captta
Total Retail Sales of Social 3
Consumer Goods 107 yuan 15.19 *
Added Value of Primary s C. Peng, Y.
Economic Industry 10% yuan 8.08 * (2025)
Structure Added Value of 3
Secondary Industry 107 yuan 10.89 * [41]
Added Value of Tertiary 108 yuan 13.37 .
Industry
2.4.2. Research Status and Innovation Path of Ecological Resilience Evaluation Framework
The academic community has developed a multi-perspective research system for
ecological resilience evaluation frameworks, which can be summarized into four core
categories: the perspective of core resilience capabilities, the perspective of system interac-
tion relationships, the perspective of urban spatial characteristics, and the perspective of
ecological footprint. There are significant differences in the core logic, advantages, and dis-
advantages of different frameworks (Table 2), and their common problems are concentrated
in two aspects.
Table 2. Comparison table of main ecological resilience evaluation frameworks.
Framework  Framework Core Logic Advantage Limitations Author
Type Name
Emphasizes the The “innovation”
Focus on the active initiative of the dimension is difficult
Resistance- behavior Chal.l"l of system and is to quant%fy and S E. Shmelev
Response- the system in suitable for susceptible to
. . . Do (2025) [42]
Innovation response to capturing dynamic subjective influences;
disturbances adaptation it ignores the source
Based on processes. of risks.
core Covers the entire Ignoring risk sources;
resiligr}(.:e Resistance- cycle of disturbance ~ Clear loglc., directly risk of indicator
capabilities Adaptation- response corresponding to the redundancy: static H. Han, X.
(resistance— core connotation of v . (2025) [43]
Recovery . .1 assessment neglecting
adaptation— resilience. d .
ynamic processes
recovery)
. Combining risk Strong spatial The definition of
Risk- ) e . . " s
. identification and  correlation, suitable potential” is vague;
Connectivity- . . s O
Potential system potential for fine-scale data acquisition is

evaluation

analysis.

difficult.
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Table 2. Cont.
Fra;;e;ork Frag::iv:rk Core Logic Advantage Limitations Author
Pressure- The causal feedback - Ignoring the.dynamlc
. It is highly operable changes in the
State- chain between A , S.S. Jatav.
A and easily linked to system’s own
Response human activities 7 2. (2023) [44]
(PSR) and ecosystems policies. resilience (such as
recovery speed)
Based on Based on the causal
system chain of “Drivers- Covers the entire The indicator system
interaction Pressures-State- chain of “root catse- is complex; data
relation- Impact-Response”, result-response” and acquisition is difficult; H. Wang.
ships DPSIR it systematically " Suitgble o and the (2024) [45]
framework depicts the macro-scale characterization of H. Ahtiainen.
interactive ) . “dynamic recovery (2025) [46]
. . ecological security Titv” i
relationship assessment capability” is
between humans ' weakened.
and ecosystems.
. . tis < losely aligned It focuses on spatial
The relationship with the actual s -
Scale- . ) form, with insufficient
. between urban situation of urban . X. 1. U. (2018)
Density- 1 d  devel d characterization of the A7
Resilience spatial structure an evelopment, an inherent resilience of [47]
Based on ecological resilience data is easily
. ecosystems.
urban accessible.
spatial char- Natural- It is highly Controversies over
acteristics Economic- The impact of comprehensive, weight allocation
Social multi-system taking both among dimensions; Y. Zhu, Y.
Complex synergy on ecological and economic indicators (2024) [48]
S tzm resilience human factors into  tend to dominate the
ys account. results.
Ecological
Sur- It is quantitatively Ignoring system
Ecolowical plus/Deficit Theory of intuitive and structure; failing to
FCO Ogr 1Cr?t Model Ecosystem suitable for reflect dynamic
IS/[O?; d Emergy Sustainability evaluating the limits adaptation; being
eo Ecological Threshold of ecological sensitive to spatial
Footprint resilience. scales.
Model

Existing frameworks show obvious differences in their emphasis on the core conno-
tations of “resilience” (such as key capabilities like resistance, adaptation, and recovery),
resulting in a lack of unified standards and comparability in evaluation results. For ex-
ample, some frameworks emphasize the “resistance” of the system, while others focus on
“recovery capacity”. A consensus definition of the full-cycle process of resilience has not
yet been formed.

From a methodological perspective, although the resistance-response—innovation
framework can capture the dynamic characteristics of resilience, the selection of indicators
is susceptible to subjective factors; although the ecological footprint method can reflect
the carrying capacity of the system through threshold judgment, it is difficult to describe
the active adaptation and recovery process of the ecosystem when facing disturbances.
In addition, mainstream frameworks (such as the PSR model and the natural-economic—
social composite system framework) mostly stay at the level of “state description” or
“system interaction analysis”, and the definition of the core “dynamic ability to respond
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to disturbances” of ecological resilience is vague, leading to a disconnection between
indicators and the essential connotation of resilience.

To address the existing shortcomings, this study introduces the “ecological risk”
dimension based on the “resistance-adaptation-recovery” framework, and constructs a
four-dimensional evaluation framework of “risk (disturbance identification)—resistance
(disturbance tolerance)—adaptation (system adjustment)—recovery (function restoration)”.
Its core advantages are as follows: It covers the entire process from the occurrence of
disturbances to the restoration of system functions through the four-dimensional chain,
transforming “resilience” from an abstract concept into an operable indicator system, and
solving the problem of disconnection between indicators and the essential connotation of
resilience. It not only retains the theoretical core of dynamic capability evaluation but also
strengthens the focus on the source of disturbances through the “risk identification” link,
improving the practical adaptability of the framework. Focusing on the continuous actions
of “resistance-adaptation-recovery” makes up for the deficiency of traditional frameworks
in depicting the “dynamic response process” and more accurately reflects the real resilience
level of ecosystems in responding to disturbances.

2.4.3. Construction of Ecological Resilience Index

This study fully considers the combined “risk-resistance-adaptation-recovery” effect
of ecosystems and constructs a comprehensive evaluation system for ecological resilience of
the Central Guizhou Urban Agglomeration from four dimensions: ecological risk, ecological
resistance, ecological adaptation, and ecological recovery (Table 3).

Table 3. Index system of ecological resilience.

Target Layer Indicator Weight (%)  Category Author
. . P.Vibhatabandhu.

Ecological Risk Index 7.05 - (2025) [49]
Ecological Ecological Resistance 38.80 N S. Deng, M
Resilience Index (2025) [50]
Ecological H. Han, X.

Index (ERI 5 ’
ndex (ERD -\ daptation Index 4081 * (2025) [43]
Ecological Recovery X. Zhao, Y.
Tndex 13.24 * (2025) [51]

1. Ecological Risk Index

The ecological risk index is used to characterize the degree to which urban ecosystems
are subjected to external risk stressors. In the process of urban development, the structure
and function of ecosystems will adjust accordingly with changes in land use patterns,
which to a certain extent increases the types of sources of ecological risks, as well as their
occurrence probability and intensity. From the perspective of landscape ecology, based
on the “source-sink” theory, different landscape types in the study area can be divided
into two categories: “source” and “sink”. Among them, woodlands and grasslands, as
main ecological land, can hinder the development process of ecological risks, and their
distribution area and spatial structure will affect the blocking effect on ecological risk
processes to varying degrees; while for construction land, as an agglomeration area of
social and economic activities, the frequent and high-intensity social production activities
in this area often greatly promote the development of ecological risk processes and increase
the occurrence frequency of ecosystem risks [52]. The formula is as follows:

A.
ERI=Y", I’ERi 1)
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ERI denotes the Ecological Risk Index; Ai represents the area of the i-th land use type;
A signifies the total land area; n is the number of land use types; ER; represents the risk
intensity index of land use type i. The ecological risk weights for various land use types are
determined based on existing academic research, with specific values as follows: cultivated
land (0.32), forest land (0.12), grassland (0.16), water area (0.53), construction land (0.85),
and unused land (0.82). A smaller ERi value means a lower degree of external risk stress
on the urban ecosystem.

2. Ecological Resistance Index

The ecological resistance index reflects the ability of urban ecosystems to resist external
risk stressors and provide services to the outside world, which can be evaluated through
ecosystem service value. A higher ecosystem service value means that the ecosystem has
stronger service capabilities and more prominent ability to resist and adapt to external
disturbances. The calculation of ecosystem service value is based on Costanza et al. [53]
ecosystem service value evaluation model, while referring to the value of main service
categories obtained by Xie et al. [54] through research on different dominant land use/land
cover (LULC) types in China, including supply services, support services, regulatory
services, and cultural services. In addition, based on the research results of Lin et al. [55],
the per unit area ecological service value of various land types in the study area was
obtained (see Table 4 for details). The specific calculation formula for the ecosystem service
value of the Central Guizhou Urban Agglomeration is as follows:

ESV =YY" A xVG 2)
Table 4. Table of ecosystem service value coefficients of the urban agglomeration in Central Guizhou
(yuan/ hm?).
Cultivated Forest Construction
Land Use Type Land Land Grassland  Water Area Land Unused Land
Guizhou Central Urban 50 g 18,792.84 1220472  89,880.76 0 1143.56
Agglomeration

In the formula, ESV represents the Ecological Resistance Index; Ai denotes the area of
the i-th land type in the study area; VCi signifies the ecosystem service value coefficient per
unit area of land type i.

3. Ecological Adaptation Index

The ecological adaptation index reflects the ability of urban ecosystems to maintain
stability through self-adjustment when facing risk stressors. Some scholars have proposed
that spatial patterns are important influencing factors in ecosystem process management at
the landscape scale, and the stability of ecosystems is determined by landscape patterns
related to spatial heterogeneity and landscape connectivity. Therefore, from the perspective
of landscape pattern, landscape heterogeneity and connectivity can be used to characterize
the adaptability of ecosystems. Among them, landscape heterogeneity is represented by
the area-weighted average patch fractal dimension and the Shannon diversity index, and
landscape connectivity is reflected by landscape fragmentation. The calculation formula is
as follows:

EA =0.255HDI 4 0.25AWMPFD + 0.5FI 3)

In the formula, EA represents the Ecological Adaptation Index; SHDI denotes the Shan-
non Diversity Index; AWMPED signifies the Area-weighted Mean Patch Fractal Dimension,
and FI stands for the Landscape Fragmentation Index.
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4. Ecological Restoration Index

The ecological recovery index reflects the ability of urban ecosystems to recover or
adjust their structure and behavior patterns to the original state after being impacted by
external disturbances. Since the recovery capacity of ecosystems is difficult to measure
directly, and land use has a significant impact on ecosystem resilience, different resistance
coefficients and recovery coefficients can be assigned to different land use types to measure
their ability to resist external disturbances and their contribution to the recovery of ecosys-
tems to their original state. The calculation formula of this index refers to the ecological
resilience model and coefficients proposed by Peng et al. [56]. assigning different ecological
resistance coefficients (Cresistance) and elasticity coefficients (Crestore) to different land use
types (Table 5). The formula is:

ERC = 0'42:'1:1 Aj X Cresistance.i + 0.6 X 27:1 Aj X Crestore,i 4)

Table 5. Resistance coefficients and elasticity coefficients of different land use types.

Land Use Category Cultivated Forest Land  Grassland  Water Area Construction Unused Land
Land Land

Resistance coefficient 0.5 0.9 0.6 0.8 0.5 0.3

Elasticity coefficient 0.5 0.7 0.7 0.8 0.3 0.2

In this equation, ERC represents the ecological restoration index. Ai denotes the area
proportion of the i-th land use type within the region. Ciegistance,i and Crestore i Signify the
resistance coefficient and elasticity coefficient of the i-th land use type, respectively.

2.4.4. Entropy Weight Method and Comprehensive Evaluation Method

This study adopts a comprehensive evaluation system with multiple indicators and
dimensions. As an objective weighting method, the entropy method determines indicator
weights based on the degree of data dispersion, which can effectively avoid deviations
caused by subjective weighting. This method has advantages such as strong objectivity,
high adaptability, and simple calculation, and is particularly suitable for comprehensive
evaluation problems involving multiple indicators and dimensions. However, the entropy
method also has limitations, such as high dependence on data quality. To avoid the possible
impact of differences in units and dimensions between different indicators on the results,
this study standardized each indicator after systematically sorting out the data, further
ensuring the scientificity and reliability of the evaluation results. The study uses the entropy
method to evaluate the economic development and ecological resilience of the Central
Guizhou Urban Agglomeration, with specific steps as follows.

uij _ xl] — Xmin (5)

Xmax — Xmin

_ Xmax — Xjj
W= ————

Xmax — Xmin ©)

Among them, Formula (5) is used for the standardization of positive indicators, while
Formula (6) is applicable to the standardization of negative indicators. Here, x;; represents
the original value of the indicator data, u; denotes the j-th indicator of the i-th subsys-
tem, and Xmax and Xmin correspond to the maximum and minimum values of the j-th
indicator, respectively.
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Calculate the indicator weights according to the definition of the entropy weight method:

1
o =~ (L fi % Infiy) 7)
where fi]- can be calculated as:
fiy = (Ut uy) /Y, (1 +uy), 0 < g <1 ®)

and calculate the information utility of the indicators:
Indicator weight calculation:
wj = di/} 5 (10)

xjj represents the original data of the j-th indicator in the i-th city, and n is the sample
size. The information utility d is the difference between 1 and the information entropy
e of each indicator and each dimension of indicators. A larger d value indicates that
the individual indicator has a more significant impact on the comprehensive indicator,
and its value directly affects the weight. w; denotes the weight of the j-th indicator. The
weights of each indicator for economic development and ecological resilience are shown
in Tables 1 and 2.

Comprehensive Evaluation Method:

ui = Z?:l wj X Ujj (11)

ui represents the comprehensive evaluation score of each system; Wij is the weight of

the j-th indicator; u’/ ij is the standardized sample value.

2.4.5. Construction of the Coupling Coordination Degree Model

In the context of physics, coupling refers to a phenomenon where two or more systems
interact through their own attributes and external effects. To analyze the interaction
mechanism and evolution law between the economic development level and ecological
resilience of the Central Guizhou Urban Agglomeration, this study introduces the coupling
coordination degree model from the field of physics for quantitative analysis. The model
construction process is as follows:

U, + U ?
C=2{ —= 12
{ (U1 + Uz)z } 12
T = all; + bU, (13)
D= (CxT)? (14)

In the model, the coupling degree (C) is used to measure the intensity of interaction
between the economic development system (U;) and the ecological resilience system (Uy),
and its calculation formula can be characterized as the degree of correlation between the
elements of the two systems. The value range of C is [0,1]: when C is closer to 1, it indicates
that the interaction between the two systems is more significant (such as the stronger
disturbance intensity of economic activities on the ecosystem or the stronger constraint
effect of the ecological state on economic development); when C is closer to 0, it means
that the mutual influence between the systems is weaker. The coordination index (T)
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reflects the overall development level and comprehensive benefits of the two systems, and
its calculation integrates the comprehensive contributions of the economic development
index (U;) and the ecological resilience index (Uy). A higher T value indicates a better
overall development quality of the two systems (such as a more significant synergistic
effect between economic growth and ecological protection); a lower T value reflects a lower
overall development level. In this study, the weights (a, b) of the economic development
index (Uj) and the ecological resilience index (U;) are both set to 0.5, assuming that they
are equally important in the overall development evaluation. It should be noted that the
coupling degree can only measure the degree of mutual influence between system elements,
but cannot objectively reflect the level of comprehensive coordinated development between
elements; while the coupling coordination degree (D), as an indicator to measure the
degree of harmony and consistency between systems or internal elements of a system, can
intuitively reflect the quality of coordination through quantifying the coupling coordination
level. In this study, a higher D value indicates a high-level mutually promoting relationship
between regional economic development and ecological resilience; a lower D value means
that the synergy between the two systems is weak, or even there is mutual restriction.

It is worth noting that the coupling coordination degree model is only used to judge
the coupling coordination level between economic development and ecological resilience,
and cannot directly determine the relative development status of the two. Therefore, this
study combines the coupling coordination grade classification standards in the existing
literature, and classifies the types according to the value of coupling coordination degree
(D) and the relative size of the two system indices (U1, U2): when D is in the unbalanced
type, if Ul > U2, it indicates that the development of ecological resilience is hindered; if
Ul < U2, it means that the economic development process is restricted. When D is in the
coordinated type, if Ul > U2, it shows that the development of ecological resilience is
relatively lagging; if Ul < U2, it indicates that the economic development speed is relatively
slow. The specific type classification scheme and corresponding value ranges are shown
in Table 6.

Table 6. Classification of evaluation levels of coupling coordination degree.

Coupling Coordination The Relative Coupling Coordination The Relative
Coordina- Level Num Magnitude U; Coordina- Level Num Magnitude U
tion Degree of and U, tion Degree of and U,
Extreme I-1 Ul > U2 Mareinal VI-1 Ul > U2
D[0.0,01) ol I-2 Ul< U2 D [0.5, 0.6) c a(;_gm; VI-2 Ul< U2
p -3 Ul~ U2 oordination vy 3 Ul ~ U2
Severe -1 Ul>U2 P VII-1 Ul>U2
D[0.L,02) e 11-2 Ul <02 D[0.6,07) . rgr,‘ary, VII-2 Ul<U2
p -3 Ul ~ U2 oordination  yyy 3 Ul ~ U2
II-1 Ul > U2 VIII-1 Ul > U2
D[0.2,0.3) é\;{sc;ierg; IM1-2 Ul<U2 D[0.7,0.8) Mog?rat? VIII-2 Ul<U2
p 11-3 Ul ~ U2 Coordination  ypyp_5 Ul ~ U2
. IV-1 Ul>U2 IX-1 Ul>U2
D [0.3, 0.4) Disll/ﬂlion V-2 Ul<U2 D[0.8,09) . S‘(’i‘_md. IX-2 Ul<U2
p V-3 Ul ~ U2 oordination v 3 Ul~ U2
Near- V-1 Ul > U2 Hiohauali X-1 Ul > U2
D[0.4,05)  Threshold V-2 Ul <12 D [0.9, 1.0] 18 C{,qua,“y X-2 Ul<U2
Disruption V-3 Ul ~ U2 coordination 3 Ul ~ U2
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2.4.6. Trend Surface Analysis

The trend surface method reflects the systematic spatial variations of data by using
mathematical fitting to simulate spatial surfaces, so as to analyze and describe the overall
trends in geographic or spatial data [39]. This study employs the trend surface method to
analyze the characteristics of spatial trend variation in the coupling coordination degree
between economic development and ecological resilience within the Guizhou Central
Urban Agglomeration.

2.4.7. Spatial Interaction Gravity Model

The Gravity Model is commonly used to measure the potential intensity of spatial
interactions between regions [57]. In this study, the model is applied to quantify the spatial
interaction potential of the coupled and coordinated development relationship between
economic development and ecological resilience among counties in the Central Guizhou
Urban Agglomeration. Furthermore, it aims to analyze the intensity and directionality
of their spatial connections, so as to identify the core growth poles of the coupled and
coordinated development of the regional composite system. It should be clearly stated that
the application of this model is based on the following core assumptions: The intensity of
spatial interaction between counties is mainly affected by their own coupled coordination
degree (representing “quality”) and geographical distance (representing “frictional resis-
tance”), and follows the distance decay law (usually the inverse square law). The specific
form of the model is as follows:

Rjj = K (15)
Dij
Ri =Y R (16)

In the formula [58,59], R;; is the gravitational value of the coupling coordination degree
between county i and county j, which represents the theoretical potential for spatial interac-
tion between the two counties in terms of the coordination level of economic development
and ecological resilience. A larger R; value theoretically indicates a stronger potential
for spatial interaction between the two counties. T; and Tj are, respectively, the coupling
coordination degrees of economic development and ecological resilience of county i and
county j, serving as the core parameters representing the “quality” of counties in the model.
D;; refers to the Euclidean distance between geometric centers, acting as a proxy variable
for spatial resistance; K is the gravitational constant, usually set to 1, aiming to eliminate
the influence of dimensions and focus on comparing the relative intensity between various
connection pairs. R; represents the overall connection potential of county i in the regional
coupling coordination network and is a key indicator for identifying core growth poles (a
larger R; value indicates a stronger radiation or agglomeration potential of the county as a
growth pole). It should be emphasized that the connection intensities (R;; and R;) calculated
by the gravity model reflect the theoretical potential of spatial interaction based on specific
variables (coupling coordination degree T and distance D), rather than the realized and
specific cooperative relationships. A stronger theoretical connection potential (R;;) does not
necessarily equate to the actual level of regional collaboration in reality.

3. Results

3.1. Temporal-Spatial Evolution Characteristics of Comprehensive Economic Development Level in
the Guizhou Central Urban Agglomeration

In this study, with the help of ArcGIS 10.8 software, the Jenks Natural Breaks method
was used to classify the comprehensive economic development indices of county-level
units in the Central Guizhou Urban Agglomeration in 2005, 2010, 2015, and 2020, which
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were sequentially defined as the low-level area, relatively low-level area, medium-level
area, relatively high-level area, and high-level area (Figure 3).

5 \
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Figure 3. Spatial distribution of the economic development level of the urban agglomeration in
Central Guizhou from 2005 to 2020.

From 2005 to 2020, the economic development level of the Central Guizhou Urban
Agglomeration showed a significant improvement. The average values of the comprehen-
sive economic development index were 0.041, 0.092, 0.235, and 0.345 in sequence, showing
an overall stepped growth trend. Among them, the period from 2010 to 2015 was the
stage with the fastest growth rate, with the comprehensive index increasing by 155%. This
growth trend is closely related to policy drivers. It is mainly because in 2012, the National
Development and Reform Commission of China officially approved the Development
Plan for the Central Guizhou Economic Zone, clearly designating the Central Guizhou
Economic Zone as a key area in the new round of China’s western development. The
institutional legitimacy endowed by the top-level design and the inclination of supporting
policy resources (such as financial support, industrial project layout, etc.) have injected
strong impetus into the regional economy. Although showing an overall growth trend, the
absolute value of the economic development level in the study area is still in a relatively
low range, reflecting the development characteristics of the Central Guizhou Urban Ag-
glomeration as an urban agglomeration in the cultivation stage, and the current situation
of a relatively weak economic foundation has not fundamentally changed [60].

In addition, there are obvious differences in the regional economic development
level. The high-level and relatively high-level areas of economic development show a
high degree of agglomeration, mainly distributed in the main urban areas of Guiyang
(such as Nanming District, Yunyan District), the main urban areas of Zunyi (Honghuagang
District, Huichuan District), and Kaili City and other central cities, forming obvious regional
development cores. This spatial pattern reveals the hierarchical characteristics of economic
development in the Central Guizhou Urban Agglomeration. Areas with high administrative
levels (such as municipal districts of prefecture-level cities), relying on advantages such
as the agglomeration of administrative resources and improved infrastructure, have a
significantly higher comprehensive level of economic development than the surrounding
counties. Counties at low and relatively low levels are mainly distributed on the edge of the
study area. Due to geographical isolation leading to the outflow of factors and the difficulty
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in breaking through the path dependence of the traditional agriculture-dominated model,
the marginal counties lag behind, showing a spatial locking effect.

3.2. Spatiotemporal Evolution Characteristics of the Comprehensive Level of Ecological Resilience
in Guizhou Central Urban Agglomeration

From 2005 to 2020, the average value of the comprehensive index of ecological re-
silience in the Central Guizhou Urban Agglomeration remained stable, being 0.522, 0.524,
0.524, and 0.523 in sequence, showing an overall trend of stabilization amid fluctuations.
From the perspective of the evolution of indicators in various dimensions (Table 7), the
dynamic balance of ecological resilience is mainly affected by the following factors: the
ecological resistance index and the ecological adaptation index have become the core driv-
ing forces for resilience improvement. From 2005 to 2020, the ecological resistance index
increased by 1.33%, reflecting a slight enhancement in the basic ability of the ecosystem to
resist external disturbances; the ecological adaptation index increased by 5.58%, indicating
that the flexibility of the system to respond to long-term changes through self-regulation has
improved, which is closely related to the implementation of regional ecological protection
policies (such as the delineation of ecological red lines and the improvement of resource
utilization efficiency). The ecological risk index and ecological recovery index continued to
decline, with decreases of 8.29% and 6.23%, respectively, over the 15 years. This change
reveals two major problems: first, the external risk pressure faced by the ecosystem is
constantly increasing; second, the self-repair ability of the system after damage is weak-
ened, the degree of ecosystem discretization is improved, and the response sensitivity to
disturbances is enhanced. The main reason is that in the process of rapid urbanization of
the Central Guizhou Urban Agglomeration, the intensity of human activities has continued
to increase, and a large amount of ecological land such as forest land and grassland has
been converted into construction land, resulting in damage to the integrity and connectivity
of the ecosystem.

Table 7. Average values and change rates of various indicators of ecological resilience in the urban
agglomeration in Central Guizhou from 2005 to 2020.

Year Ecological Risk Ecological Ecological Ecological Ecological
Index Resistance Index Adaptation Index Recovery Index Resilience Index
2005 0.874 0.484 0.421 0.683 0.522
2010 0.866 0.488 0.423 0.684 0.524
2015 0.857 0.487 0.426 0.679 0.524
2020 0.802 0.490 0.444 0.641 0.523
Change Rate in o o o o o
2005-2010 —0.98% 0.94% 0.46% 0.10% 0.39%
Change Rate o o o T a0k
120102015 —0.98% —0.20% 0.75% 0.81% 0.08%
Change Rate o o o o o
in2015-2020 —6.47% 0.58% 4.32% —5.56% —0.06%
Change Rate ~8.29% 1.33% 5.58% ~6.23% 0.26%

in2005-2020

In terms of spatial distribution (Figure 4), areas with high ecological resilience are

concentrated in the ecological barrier zone in the northwest (such as Qixingguan District,
Dafang County, and Jinsha County). Located in the protected area of the Chishui River
water ecological corridor, these areas rely on high forest coverage and low development
intensity, with comprehensive values stably above 0.600. This region is widely distributed
with karst landforms, and its ecological background is fragile. It still faces potential
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threats such as soil erosion, deterioration of mine geological environment, and water
ecological security, so the stability of the high resilience state is weak. Areas with weak, low
ecological resilience are centered on the central urban area of Guiyang (Yunyan District,
Nanming District, Guanshanhu District). Strongly affected by economic development and
urbanization expansion, the land use pattern has changed drastically (such as construction
land encroaching on ecological land), and the comprehensive value of ecological resilience
is generally lower than 0.450. This indicates that the spatial mismatch between ecological
pressure caused by urbanization and restoration input may be the key driver of the spatial
differentiation of ecological resilience. The counties in the transition zone (such as Qingzhen
and Kaiyang), with the help of ecological restoration projects and industrial transformation,
have seen their resilience values rise from 0.679 and 0.522 in 2005 to 0.706 and 0.559 in
2020, respectively, forming a secondary center of resilience improvement in the “northwest-
southeast” gradient differentiation.

N N
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[0 0.284-0.438 0 30 60km [ 0.260~0.425
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Figure 4. Spatial distribution of the ecological resilience level of the urban agglomeration in Central
Guizhou from 2005 to 2020.

3.3. Analysis of Coupling and Coordination Between Economic Development and Ecological
Resilience in Guizhou Central Urban Agglomeration

3.3.1. Characteristics of Time-Series Changes in the Coupling and Coordination Degree
Between Economic Development and Ecological Resilience

Overall, from 2005 to 2020, the average value of the coupling and coordination degree
between economic development and ecological resilience in Guizhou Central Urban Ag-
glomeration increased from 0.362 to 0.666, representing an 83.97% growth. This significant
change indicates that the synergy between regional ecological protection and economic
development has been gradually enhanced. As shown in Figure 5, in 2005, the coupling and
coordination degree of each county-level region in Guizhou Central Urban Agglomeration
fell within the interval of [0.239, 0.505], representing stages of moderate disharmony and
marginal coordination. Notably, since 2005, Majiang County has consistently recorded the
lowest coupling and coordination degree, primarily because its comprehensive economic
development index has remained the lowest, with its economic development lagging be-
hind urban ecological resilience. In 2010, the range of coupling and coordination degree in
Guizhou Central Urban Agglomeration expanded to [0.340, 0.619], with the coupling and
coordination degree of each county-level region showing an improvement. Among them,
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Zhenning County, Changshun County, and Majiang County showed the most significant
increases, with coupling and coordination degrees of 0.371, 0.371, and 0.34, respectively,
entering the mild disharmony category. In 2015, the coupling and coordination degree in
Guizhou Central Urban Agglomeration ranged from [0.417, 0.782], generally spanning the
stages from on the verge of disharmony to moderate coordination. Honghuagang District
and Bozhou District have consistently maintained the highest coupling and coordination
degrees from 2005 to the present by virtue of their high levels of economic development
and ecological resilience. In 2020, among all county-level regions in Guizhou Central
Urban Agglomeration, only the coupling and coordination degree between economic de-
velopment and ecological resilience in Yunyan District of Guiyang City experienced a
decline, dropping from 0.554 to 0.309, a decrease of 44.42%. In contrast, the coupling and
coordination levels of other regions improved to varying degrees. Qixingguan District,
Renhuai City, Bozhou District, and Honghuagang District further upgraded their coupling
and coordination types between economic development and ecological resilience from

moderate coordination to good coordination.
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Figure 5. Radar chart of the comprehensive results of the coupling and coordination between

economic development and ecological resilience from 2005 to 2020.

During the study period, the coupling and coordination relationship between eco-
nomic development and ecological resilience in the Central Guizhou Urban Agglomeration
continuously strengthened with the improvement of economic level, and the “economy-
ecology” system remained in a benign interaction range. The formation of this trend lies in
the strategic orientation of “ecological protection first” and the virtuous cycle of “economic

feedback to ecology” in regional development.

In terms of policies, the proposal of the “ecological province-building” strategy in
2006 established the core position of ecological protection in regional development. The
promulgation of the Regulations on Promoting Ecological Civilization Construction in Guizhou
Province in 2014 further set an ecological bottom line for economic activities through
rigid constraints such as the delimitation of ecological protection red lines, cross-regional
ecological compensation mechanisms, and accountability systems. The implementation
of a series of special actions (such as the comprehensive rocky desertification control
project, which has treated a total area of over 12,000 square kilometers, and the conversion
of farmland to forests and grasslands covering more than 8 million mu) has effectively
buffered the ecological risks caused by changes in land use patterns during urban expansion
(e.g., the proportion of construction land increased from 3.2% in 2005 to 6.8% in 2020),

keeping the ecological resilience index stable in the medium-to-high range.

In terms of economic support, the benefits of economic development have continu-
ously covered the costs of ecological protection. From 2005 to 2020, the GDP of the Central
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Guizhou Urban Agglomeration grew at an average annual rate of 11.3%, with the total
economic output increasing nearly 8 times, providing a solid financial guarantee for eco-
logical governance and promoting the upgrading of pollution control technologies. This
positive cycle of “ecological protection laying the foundation—economic development
empowering—ecological resilience enhancing” has become the key driving force for the
continuous rise in the coupling coordination degree.

3.3.2. Spatial Evolution Characteristics of Coupling and Coordination Degree Between
Economic Development and Ecological Resilience

Spatially (Figure 6), from 2005 to 2020, the coupling and coordination degree between
economic development and ecological resilience in Guizhou Central Urban Agglomeration
exhibited spatial heterogeneity, presenting a northwest-high and southeast-low spatial pat-
tern similar to the level of ecological resilience. This is linked to the ecological endowments
and economic development paths of each county (city, district) [61]. In the northwestern
region, counties (cities, districts) such as Dafang County, Jinsha County, and Qianxi County
have developed eco-tourism economies relying on high forest coverage. With the mani-
festation of eco-economic effects, a “dual-excellence corridor of ecology-economy” was
formed in 2020, and the coupling and coordination degree between economic development
and ecological resilience in these areas entered the moderate coordination stage. Renhuai
City, Qixingguan District, and the central urban area of Zunyi City, with their advanced
economic and social development, have prioritized regional ecological environment protec-
tion and restoration, thereby maintaining consistently high levels of ecological resilience.
As a result, their overall coupling and coordination degrees have led among county (city,
district) levels during the same period. The central region mainly includes the main urban
districts of Guiyang City and its adjacent counties (districts). As the provincial capital and
regional economic development center of Guizhou Province, the overall natural resilience
of its ecological system is relatively low. With the rapid regional economic development
and the increase in population base, the expansion of construction land in the core area
has led to fragmentation of ecological space, while the increase in industrial and domestic
sewage discharge has generally increased the pressure on the ecological environment,
causing a decline in ecological resilience and a slowdown in the growth rate of coupling
and coordination degree. From 2015 to 2020, the coupling and coordination degree growth
rates in Nanming District and Baiyun District of Guiyang City were 5.06% and 2.75%,
respectively, falling below the average growth rate of 9.66%. In Yunyan District, due to the
risk stress from urban economic development exceeding the carrying capacity of urban
ecological resilience, the coupling and coordination degree experienced a 44.22% decline,
regressing from the marginal coordination category to mild disharmony.

To further analyze the spatial trend changes in the coupling and coordination degree
between economic development and ecological resilience in Guizhou Central Urban Ag-
glomeration, ArcGIS 10.5 was employed to map the spatial trend change diagrams of the
coupling and coordination degree in 2005, 2010, 2015, and 2020 (Figure 7). During the
study period, the spatial trends in the coupling and coordination degree between economic
development and ecological resilience in Guizhou Central Urban Agglomeration generally
exhibited a “north-high south-low, west-high east-low” distribution pattern, demonstrating
obvious spatial directivity characteristics. Trend line changes differ across directions: the
north-south trend lines are steeper, while the east-west ones are relatively gentler, indi-
cating more pronounced differentiation characteristics in the coupling and coordination
degree along the north—-south direction. From the analysis of different time periods, the
differences in coupling and coordination degrees among county-level regions in the east—
west and north-south directions exhibited an expanding trend from 2005 to 2015. From
2015 to 2020, the differences in coupling degree changes among county-level regions in the



Systems 2025, 13, 776 21 of 31

north-south and east-west directions decreased. This is attributed to the implementation
of the Guizhou Central Urban Agglomeration development strategy, where the central
urban areas of Guiyang City and Zunyi City, along with developed urban districts, exerted
radiation and driving effects on the economic development of their neighboring counties.
This thereby promoted the improvement in the coupling and coordination degree between
economic development and ecological resilience in southern and eastern regions.

N

Coupling coordination grade
- Moderate imbalance
(2)2005 ()2010 - Mild imbalance

l:l On the verge of imbalance
l:l Barely coordination
- Primary coordination
- Intermediate coordination
- Good coordination

0 30 60km
[S———

(¢)2015 (d)2020

Figure 6. Spatial distribution characteristics of the coupling and coordination between economic
development and ecological resilience in the urban agglomeration in Central Guizhou.

Figure 7. Changes in the trend surface of the coupling and coordination degree between economic
development and ecological resilience in the urban agglomeration in Central Guizhou from 2005 to
2020. The X-axis points due east, and the Y-axis points due north. The red curve represents the fitting
line of the coupling coordination degree’s variation in the east-west direction, while the blue curve
denotes the fitting line of its variation in the north-south direction.
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3.3.3. Coupling and Coordination Type Transition Characteristics of Economic
Development and Ecological Resilience in Guizhou Central Urban Agglomeration

From the perspective of changes in coupling and coordination types between economic
development and ecological resilience (Figure 8), the coupling and coordination types of
each county (city, district) in Guizhou Central Urban Agglomeration experienced significant
changes during the study period. The key to optimizing the coupling and coordination
between economic development and ecological resilience lies in improving the level of
urban economic development. The distribution and change characteristics of coupling
and coordination types in each county (city, district) remain consistent with the above-
mentioned “northwest-high, southeast-low” spatial distribution pattern:

Longli

Huishui = IV-2
Nanming V-2
Yunyan IV-2
Qianxi V-2 VII-2 Wudang [I¥2| V-2 VI2 VI2  Majiang |[IBER V2 V2 V-2
Dafang V-2 VII-2 Baiyun (IV2 IV:2 VI3 VIl Xixiu I V.2 | Viz VI-2
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Jinsha V-2 Xifeng V2 V-2 VI2 VI2 Puding V-2 VI-2 VI-2
Zhyin [ IV-2 VII-2 Xiuwen v2 v-2 VI.2 VII-2 [ Zhenning V-2 V-2 VI2
Fuquan  IV-2 VI2 VI2 Kayang IV2 v2 Vi [Nl Kol B V.2 Vi2 VI2
Guiding 2N IV-2 [

Region 2005 2010 2015 2020  Region 2005 2010 2015 2020  Region 2005 2010 2015 2020
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V-2 VI2  Suiyang | IV2 VI2 VIL2 VI-2 Qixingguan V-2 vi2 [FSEN

Figure 8. Types of coupling and coordination between the ecological resilience and the level of
economic development of each city in the urban agglomeration in Central Guizhou from 2005 to 2020.

From 2005 to 2020 in the northwestern region, the coupling and coordination types
of Dafang County, Qianxi County, Jinsha County, and Suiyang County transitioned from
“imminent disharmony with hindered economic development” and “mild disharmony
with hindered economic development” to “moderate coordination with lagging economic
development” and “primary coordination with lagging economic development”. From 2005
to 2015, Renhuai City transitioned from “imminent disharmony with hindered economic
development” to “moderate coordination with lagging economic development”, during
which its economic development index exceeded the ecological resilience index, and the
coupling and coordination type upgraded in grade as the economic development index
increased. By 2020, its coupling and coordination type shifted to “good coordination
with ecological resilience lagging”, primarily due to the further integration of the regional
“liquor industry + cultural tourism” model, where the mutually reinforcing effect between
the high economic development index and high ecological resilience index achieved holistic
coordinated development. However, under the state of high coupling and coordination,
it is necessary to guard against the decline in ecological resilience caused by economic
development and prevent potential risks of ecological overconsumption.

In the central region of Guizhou, the coupled coordination development phase for
Huaxi District, Guanshanhu District, and Nanming District evolved from a mild dysfunc-
tional state with economic development constraints to an intermediately coordinated phase
characterized by ecological resilience lag during the 2005-2020 period. This transition
primarily stemmed from rapid economic advancement driven by high-tech industrial ex-
pansion, which maintained the comprehensive economic development index at an elevated
level. Concurrently, accelerated urbanization and large-scale population concentration con-
strained ecological resilience to a moderate range, resulting in a high-medium collaborative
configuration of robust economic growth and intermediate ecological resilience. Wudang
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District serves as the core ecological protection area in Guizhou and is endowed with abun-
dant natural resources. From 2005 to 2020, its coupling and coordination type transitioned
from “mild disharmony with hindered economic development” to “marginal synergy with
lagging economic development,” presenting characteristics of high ecological resilience
and low economic development level. This indicates that its ecological dividends have not
been fully translated into economic value. Baiyun District’s economic development relies
on traditional manufacturing industries, with its economic transformation having lagged
behind, resulting in both a low comprehensive index of economic development level and
a low ecological resilience index. From 2005 to 2020, its coupling and coordination type
transitioned from “mild disharmony with hindered economic development” to “marginal
coordination with ecological resilience lagging”. In Yunyan District, high-intensity de-
velopment, unipolar economic expansion, and the absence of ecological protection have
led to an imbalance between economic development and ecological resilience. The cou-
pling and coordination type transitioned from “mild disharmony with hindered economic
development” in 2005 to “mild disharmony with ecological resilience hindered”.

Due to differences in locational conditions, the radiation-driven effects from the central
urban area of Guiyang, and the influence of their natural background conditions, other coun-
ties (cities, districts) showed a transition from the “disequilibrium type—hindered economic
development” to the “coordination type—lagging economic development” during 2005—
2020. Majiang County in the southeastern region, as a core area for rocky desertification
control, features a fragile ecological environment and a traditional agriculture-dominated
development model. During 2005-2020, its economic development and ecological resilience
indices remained at persistently low levels, leading to its coupling coordination degree
consistently remaining in the “disequilibrium type with hindered economic development.
Most of the remaining counties are located in the periphery of the Guizhou Central Ur-
ban Agglomeration, distant from the central development core area. They face limited
radiation-driven effects on economic development, coupled with small urban scales and
weak transportation infrastructure. These counties are generally categorized as “barely
coordinated-lagging economic development” and “primary coordinated-lagging economic
development” types.

3.4. Analysis of the Spatial Connection Network Structure of Coupling Coordination Degree
Between Economic Development and Ecological Resilience in the Guizhou Central
Urban Agglomeration

The above research indicates that the spatial differentiation of the coupling coordina-
tion degree in the composite system of economic development and ecological resilience
within the Guizhou Central Urban Agglomeration is remarkably significant. To explore the
spatial association pattern of the coupling coordination degree in this composite system
and thus formulate targeted optimization measures, this study employs the spatial grav-
ity model to measure the connection strength of coupled and coordinated development
among various counties in the Guizhou Central Urban Agglomeration. Using ArcGIS 10.5,
the Natural Breaks method was employed to classify the spatial connection strength of
coupling coordination between economic development and ecological resilience in the
Guizhou Central Urban Agglomeration from 2005 to 2020 into five levels: weak connection,
relatively weak connection, general connection, relatively strong connection, and strong
connection, as shown in Figure 9 and Table 8.
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The spatial connection value of the coupling coordination degree
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Figure 9. The spatial connection structure of the coupling and coordinated development between

economic development and ecological resilience in the urban agglomeration in Central Guizhou.

Table 8. Potential values of coupling coordination degree of the urban agglomeration in Central
Guizhou from 2005 to 2020.

Region 2005 2010 2015 2020 Region 2005 2010 2015 2020 Region 2005 2010 2015 2020
Longli 12380  211.86 356.63  453.63 Wengan 45.97 81.79 133.07 167.88  Honghuagang  83.49 130.08  206.85  242.63
Huishui 51.45 90.79 15149  186.76 Changshun 44.56 84.52 140.82  175.00 Huichuan 71.06 112.81  175.74  213.02
Nanming  345.16  533.03  879.26  848.32 Qingzhen 15355  251.44 41898  493.06 Bozhou 100.04 15720  252.89  295.79
Yunyan 370.51 56224 90456  551.30 Huaxi 148.02 23578 44686  516.16 Renhuai 50.81 87.33 14216  185.44
Qianxi 78.34 13797  221.31  263.34 Wudang 17812 266.74  425.00  480.66 Majiang 42.30 78.35 12449  158.30
Dafang 50.55 90.93 148.68  175.20 Baiyun 24120 33941  614.69  632.27 Xixiu 68.20 11474  200.52  240.87
Duyun 46.97 80.76 13255  162.63  Guanshanhu  243.53  383.08 666.20  758.15 Pingba 87.44 153.08 25713  320.78
Jinsha 67.70 11923 19410 22871 Xifeng 88.67 147.17 24710  295.58 Puding 42.73 79.01 133.24  164.23
Zhijin 58.40 107.07  176.87  208.62 Xiuwen 13938 22645  380.28  447.32 Zhenning 22.55 43.28 73.29 91.85
Fuquan 54.06 94.12 152.84  190.44 Kaiyang 90.10 14712 24142  296.55 Kaili 33.26 57.09 100.09  123.82
Guiding 74.34 129.85  213.65  273.38 Suiyang 33.92 54.73 87.73 104.12 Qixingguan 33.19 58.50 97.59 116.89

From 2005 to 2020, the spatial connections of coupling and coordination among the
33 counties in the Central Guizhou Urban Agglomeration showed a continuous trend of
tightening, which echoes the policy orientation of strengthening regional synergy and
building an ecological-economic linkage network in the Development Plan for the Central
Guizhou Urban Agglomeration. In terms of spatial distribution, the connection structure
presents a differentiated pattern of “core polarization, edge collapse, and multi-center
sprouting”, which is the result of the dual role of geographical conditions and policy tools.

Core polarization: The strong linkage network along the Guiyang—Anshun-Zunyi axis.
This axis is located in the Central Guizhou Basin, where the flat terrain provides inherent
advantages for transportation construction. The construction cost of trunk lines such as the
Shanghai-Kunming High-speed Railway and the Guiyang-Zunyi Expressway is 30% lower
than that in other karst mountainous areas. Coupled with the policy of “strengthening
the main axis” proposed in the Guizhou Provincial 14th Five-Year Plan for New Urbanization
(with transportation investment accounting for 60% of the province’s total), a dual drive of
“industrial collaboration + ecological compensation” has been formed. Guiyang purchases
ecological services from Anshun through carbon sink trading in the Gui’an New Area, and
Zunyi realizes the synergy between the liquor industry and ecological protection relying
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on the Chishui River Ecological Economic Belt, keeping the coupling and coordination of
the core area in a “strong connection” state and radiating to the surrounding areas to form
a chain network.

Edge collapse: The predicament of weak connections in southwestern and southeast-
ern Guizhou. Karst landforms account for more than 60% of the area in these two regions.
The peak clusters and depressions result in high transportation costs, with the density
of expressway networks being only 1/4 of that in the core area. Moreover, they are not
included in the key nodes of the Master Plan for the New Western Land—Sea Corridor, leading
to insufficient policy support. Constrained by the triple factors of “rocky desertification
control areas + traffic occlusion + economic weakness”, the contradiction between ecologi-
cal protection and development is prominent, and the coupling and coordination have long
been in a “weak connection” state, forming a development fault with the core area.

Multi-center sprouting: The potential of secondary nodes and ecological zones to
break the deadlock. Relying on the positioning of “cultivating secondary growth poles” in
the Spatial Development Strategy of the Central Guizhou Urban Agglomeration, Duyun
and Kaili have developed characteristic ecological industries such as Maojian tea and Miao
embroidery with the help of the Xiamen-Chengdu Expressway and the Shanghai-Kunming
High-speed Railway, becoming local coordination centers. The Miaoling Mountains and the
Wujiang River Basin have transformed ecological advantages into economic value through
the control measures in the Guizhou Provincial Measures for the Administration of Ecological
Protection Red Lines and the pilot projects of forestry carbon sink trading, promoting the
connection intensity to transition to “relatively strong connection” and providing the
possibility to break the solidification of the “core-edge” pattern.

To sum up, geographical conditions lay the foundation for urban development, and
policy intervention reshapes the spatial pattern. The core area forms a collaborative network
by virtue of its terrain and policies, the edge areas lag behind due to natural and policy
constraints, and the secondary nodes show the potential to break the deadlock through
policy empowerment, providing a precise basis for differentiated coordination strategies.

4. Discussion
4.1. The Applicability of the Method

This study focuses on the temporal and spatial characteristics of the coupling and
coordination relationship between economic development and ecological resilience in
the Central Guizhou Urban Agglomeration, and has formed an innovative framework
for evaluating ecological resilience levels. On the basis of drawing on existing research
results, the dimension of “ecological risk” is incorporated into the evaluation system,
constructing a four-dimensional analytical framework of “risk (disturbance identification)—
resistance (disturbance bearing)—adaptation (system adjustment)—recovery (function
restoration)” [62].

The core values of this framework are as follows [63]: First, it fully covers the entire
chain process from the occurrence of disturbances to the restoration of system functions,
transforming the abstract concept of “resilience” into a quantifiable and operable indicator
system, which effectively solves the problem that indicators are disconnected from the
essential connotation of resilience in traditional evaluations. Second, while retaining the
theoretical core of dynamic capability evaluation, by adding the “risk identification” link, it
strengthens the attention to the source of disturbances, making the evaluation framework
more in line with the actual operation rules of regional ecosystems and improving practical
adaptability. This innovative exploration provides a new perspective and methodolog-
ical supplement for ecological resilience evaluation research, and also lays a theoretical
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foundation for similar regions to explore the complex interaction between economic and
ecological systems.

4.2. Policy Implications

Empirical studies show that economic development in the Central Guizhou Urban
Agglomeration has a positive feedback effect on the synergistic relationship between the
economic and ecological composite systems, indicating that a “win-win” situation for
economic development and ecological protection is the future development direction of
the Central Guizhou Urban Agglomeration [64]. However, in the evolution process of
the coupling and synergistic relationship between economic development and ecological
resilience, the problem of regional imbalance is significantly prominent [65]. Combining the
characteristics of counties with different coupling and coordination types and the intensity
of spatial correlation, we put forward the following optimization suggestions:

Counties with good coordination but lagging ecological resilience (such as Renhuai
City and Honghuagang District) have a solid regional economic foundation and close spa-
tial connection with core cities. It is necessary to focus on preventing the risk of ecological
overdraft. They can join hands with closely related surrounding counties to establish a
cross-regional ecological monitoring network, implement total sewage discharge control
for leading industries such as liquor brewing and equipment manufacturing, and include
ecological restoration costs into enterprise production costs. At the same time, relying on
the advantage of strong correlation, they should export green production technologies
to the surrounding areas and jointly build ecological economic belts in the Chishui River
Basin and Xiangjiang River Basin to realize two-way synergy between industrial upgrading
and ecological protection.

Counties with intermediate coordination but lagging economic development (such as
Dafang County and Qianxi County) have a good ecological background but insufficient
economic momentum, and most of them are in a general correlation state with the core
area in the northwest. They should take the initiative to undertake industrial radiation
from cities such as Zunyi and Bijie, and develop characteristic industries such as ecological
tourism and green agriculture. Promote transportation densification projects with the core
area to reduce logistics costs, and convert ecological resources such as Baili Azalea and
Huawuji Miao Village into economic advantages. Establish a pairing assistance mechanism
with counties with strong coordination such as Renhuai City, and improve the added
value of agricultural products through technology introduction to break the dilemma of
“excellent ecology but weak economy”.

Counties with intermediate coordination but lagging ecological resilience (such as
Huaxi District and Guanshanhu District) belong to the core circle of Guiyang, with ex-
tremely strong spatial correlation but prominent ecological pressure. It is necessary to
strictly delimit ecological protection red lines, include ecological spaces such as Ahha
Lake Wetland and Yueshan Lake into rigid control, and implement the “demolish illegal
buildings and build green spaces” project in urban renewal. Relying on the advantages
of the big data industry, we can develop smart environmental protection platforms to
provide ecological monitoring technical services for related regions. We must also promote
industrial upgrading to a higher end, reduce ecological consumption per unit of GDP,
and balance the relationship between population agglomeration and ecological carrying
capacity [66].

Counties with barely coordinated but lagging economic development (such as Wu-
dang District) have significant ecological advantages but loose connection with the main
urban area. It is necessary to break the transportation bottleneck with the core area of
Guiyang, extend urban rail transit, and meet the needs of urban leisure consumption; build
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a characteristic industrial chain of “forest health care + rural tourism”; jointly build an
ecological industry enclave park with Guanshanhu District, and promote the conversion
of ecological value through the model of “ecological resource shares + economic income
sharing” to make up for economic shortcomings.

Counties with mild imbalance and hindered ecological resilience (such as Yunyan
District), as the central urban area of Guiyang, have high correlation intensity but declin-
ing coupling and coordination degree. It is necessary to implement the “return urban
land to green space” campaign, transform inefficient industrial land into urban parks,
and strictly control the building floor area ratio; transfer high-pollution industrial links
to surrounding districts and counties, focus on low-carbon industries such as headquar-
ters economy and green finance, establish a horizontal compensation mechanism with
ecologically advantageous areas, and make up for ecological deficits through financial
feedback [67].

Counties with imbalance and hindered economic development (such as Majiang
County) are located in the marginal weak correlation zone, with both low economic and
ecological levels. They should promote transportation network connection with Kaili and
Duyun, and access the secondary urban correlation network; develop characteristic planting
such as Chinese prickly ash and honeysuckle in combination with rocky desertification
control, and realize production and marketing connection through Kaili’s market channels;
strive for assistance from Guiyang to build agricultural product processing bases, expand
sales channels through e-commerce platforms in the core area, and form a “governance—
income increase” cycle.

Marginal counties with barely coordinated development (such as border counties in
southwestern Guizhou) need to take the initiative to integrate into the industrial division of
labor of secondary nodes such as Duyun and Xingyi, and undertake supporting processing
links; tap karst landforms and ethnic cultural resources to create niche cultural and tourism
IPs, break through geographical restrictions through new media drainage, and jointly apply
for ecological protection special projects with surrounding counties to alleviate protection
pressure and create conditions for economic take-off.

Through such differentiated strategies, various counties can be promoted to develop
their strengths and avoid weaknesses, realize complementary advantages through spatial
correlation networks, and promote the “economic—ecological” synergy of the Central
Guizhou Urban Agglomeration towards balanced development in the whole region.

5. Conclusions

The article takes 33 counties (cities, districts) in the Central Guizhou Urban Agglomer-
ation as research units, follows the research paradigm of “mechanism exploration—level
measurement—relationship evolution—spatial correlation”, and systematically analyzes
the spatiotemporal evolution characteristics and spatial connection structure of the cou-
pling and coordination relationship between urban economic development and ecological
resilience, drawing the following conclusions:

(1) Analysis of the comprehensive development level of economy and ecology.

From 2005 to 2020, the economic development level of the Central Guizhou Urban
Agglomeration improved significantly, with the average comprehensive index increas-
ing from 0.041 to 0.346. Spatially, it showed a pattern of “core polarization and edge
locking”—the core urban areas (such as the main urban areas of Guiyang and Zunyi) had
prominent economic agglomeration effects, while the development of edge counties lagged
behind. The level of ecological resilience maintained a stable trend with significant spatial
differentiation: the northwest maintained a high level due to high forest coverage and
low karst proportion; the southeast remained low for a long time due to the impact of
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rocky desertification; and the central urban areas saw continuous degradation of ecological
resilience due to urbanization expansion.

(2) Spatiotemporal evolution logic of coupling coordination relationship.

During the research period, the average coupling coordination degree between eco-
nomic development and ecological resilience increased from 0.362 to 0.666, showing an
overall continuous upward trend. This indicates that the “economy-ecology” system has
always been in a benign interaction range, and the synergy between ecological protection
and economic development has gradually strengthened. Spatially, the coupling coordi-
nation degree presents a distribution characteristic of “high in the northwest and low in
the southeast”, which is highly consistent with the background of ecological resilience;
the trend surface analysis further reveals its spatial directivity of “high in the north and
low in the south, high in the west and low in the east”, and the differentiation in the
north—south direction is more significant than that in the east-west direction. This pattern
is not only constrained by the natural background of the eastern foot of the Miaoling
Mountains and the karst peak cluster landform, but also closely related to the policy incli-
nation towards the core growth poles in the “Development Plan of the Central Guizhou
Urban Agglomeration”.

(3) Conversion path of coupling coordination types.

From 2005 to 2020, the regional coupling coordination type as a whole changed from
“imbalanced—economic development lag type” to “coordinated—economic development
lag type”, which confirms that the improvement of economic development level is the core
driving force for coordination optimization, but the conversion path is profoundly affected
by industrial structure and ecological policies. Counties in the northwest have achieved a
leap from being on the verge of imbalance to intermediate coordination through ecological
industries such as “ecological tourism + under-forest economy” (e.g., Dafang County);
Renhuai City, relying on the industrial integration of “liquor + culture and tourism” and
the ecological compensation mechanism, has upgraded to a good coordination—ecological
resilience lag type, showing the synergistic potential of high economy and high ecology;
Baiyun District in the central region, due to its dependence on traditional manufacturing,
and Yunyan District, due to high-intensity urban development, have fallen into an unbal-
anced state of ecological resilience lag and ecological resilience obstruction, respectively.

(4) Formation and differentiation of spatial connection pattern.

The spatial connections of coupling coordination between counties have become in-
creasingly close, with the structure showing the characteristics of “core polarization, edge
collapse, and multi-center sprouting”. The Guiyang-Anshun—Zunyi axis, relying on the
flat terrain of the Central Guizhou Basin and transportation networks such as the Shanghai—
Kunming High-Speed Railway, has formed a strong connection chain network through
industrial chain extension and carbon sink trading pilots, with policy drivers and geograph-
ical advantages jointly strengthening the core radiation; edge counties in southwestern
and southeastern Guizhou, due to the barrier of karst landforms and insufficient policy
resources, are mainly dominated by weak connections and trapped in the dual constraints
of “ecological fragility—economic backwardness”; secondary nodes such as Duyun and
Kaili have gradually grown into local coordination centers with the help of characteristic in-
dustries and expressway networks; the Miaoling and Wujiang River basins have shown the
potential for multi-center linkage through ecological red line management and control and
carbon sink trading, providing the possibility to break the solidified “core-edge” pattern.
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