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Abstract

:

The rapid pace of urbanization and global climate change necessitates a thorough assessment of urban ecological resilience to cultivate sustainable regional ecosystem development. Cities along the Yangtze River face an intensifying conflict between ecological preservation and socio-economic growth. Analyzing the ecological resilience of these urban centers is essential for achieving equilibrium in regional urban ecosystems. This study proposes a “system process space” attribute analysis framework, taking into account urban development processes, ecosystem structure, and resilience evolution stages. Utilizing data from 45 Yangtze River cities, we establish a “Driver, Pressure, State, Impact, and Response” (DPSIR) evaluation index system to evaluate changes in ecological resilience levels and evolution trends from 2011 to 2022. Our findings indicate that: (1) The ecological resilience index of Yangtze River cities increased from 0.177 to 0.307 between 2011 and 2022, progressing through three phases: ecological resilience construction, rapid development, and stable development. (2) At the city level, ecological resilience along the Yangtze River exhibits uneven development characteristics. Upstream cities display a significant “stepped” pattern, midstream cities exhibit a significant “Matthew effect”, and downstream cities present a pyramid-shaped pattern. While regional differences in ecological resilience persist, overall polarization is gradually decreasing, intercity connections are strengthening, and there is a growing focus on coordinated regional development. (3) The spatial distribution of ecological resilience in Yangtze River cities demonstrates both continuity and evolution, generally forming a “core-edge” clustered pattern. Based on these findings, we recommend enhancing inter-city cooperation and connectivity, addressing imbalances in urban ecological resilience, and promoting high-quality ecological resilience development along the Yangtze River through tailored development strategies for each city.
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1. Introduction


In the context of global urbanization, cities have become powerful hubs attracting population growth. Projections indicate that by 2050, 66 percent of the world’s population will live in urban areas, illustrating a significant “polarizing effect” [1]. The China Statistical Yearbook reports that by the end of 2022, China’s urban population had reached 921 million, with the urbanization rate rising from 36.22 percent in 2000 to 65.22 percent in 2022. This expansion, fueled by factors such as population growth and industrial development, has intensified urban connection and resulted in significant spatial agglomeration effects [2]. As complex social ecosystems, cities face challenges from both external risks and internal structural changes [3]. These consist of acute emergencies such as natural disasters (earthquakes, floods), terrorist attacks, public health crises, and workplace accidents, as well as ongoing issues such as climate change. These persistent challenges highlight the shortcomings of traditional linear and static management approaches in addressing “black swan” or “gray rhino” events, placing significant strain on urban ecosystems [4]. The ecological environment plays a crucial role in human survival and development and is essential for cultivating high-quality urban growth. To enhance public safety and explore effective strategies for urban ecological adaptation and transformation, it is necessary to guide urban ecosystem development utilizing a resilience-based approach [5].



The concept of resilience has evolved to encompass two main perspectives: equilibrium and evolutionary. Engineering and ecological resilience fall under the equilibrium theory, which evaluates a system’s capacity to recover from disturbances [6,7]. In contrast, the evolutionary approach emphasizes structural adjustments, the disruption of steady states, and the enhancement of adaptive capabilities [8]. The conceptualization of resilience has shifted from a focus on equilibrium to an emphasis on evolutionary processes. This transformation highlights the significance of system interactions, elemental flows, and the capacity to handle external shocks, balance internal vulnerabilities, and achieve sustainable growth. It marks a significant transition from prioritizing stability and equilibrium to exploring adaptive development pathways [9]. From an evolutionary standpoint, Holling [10] proposes that the essence of evolutionary resilience is rooted in adaptive cycle theory. This theory outlines four stages of system development: exploitation, conservation, release, and reorganization. Each phase exhibits varying degrees of potential, coping ability, and capacity for reorganization and transformation, thereby influencing overall system resilience. The effect of the “adaptive cycle” has extended the application of resilience concepts from natural ecosystems to human-dominated environments [11]. As cities, which are central to human ecology and hubs of activity, increasingly incorporate resilience principles, this has set the stage for the development of resilient city theory.



An analysis of the development logic of urban ecological resilience is essential for enhancing urban resilience systems and cultivating sustainable urban development. Current research in this field can be categorized as follows: (1) Conceptualizing urban ecological resilience: In the face of challenges posed by globalization, urbanization, and ecological fragility, assessing urban ecological resilience has become a critical component of evaluating overall urban resilience. This concept primarily addresses the capacity of urban ecosystems to swiftly and effectively adjust and optimize their structural elements in response to acute shocks or chronic pressures. Accordingly, these systems maintain a dynamic balance between the urban environment and external factors, emphasizing the continuous development of adaptation, change, and learning capabilities [12,13]. (2) Evaluating urban ecological resilience: Several approaches have been employed: (a) Functionalism: This perspective evaluates resilience in terms of reducing external disturbances and addressing internal pressures [14]. For instance, LU [15] analyzes resource-dependent cities, arguing that resilience is crucial for managing risk shocks, overcoming transformation challenges, and achieving sustainable development. (b) Structural theory: This approach is rooted in the characteristics of resilience [16]. BAO, for instance, utilizes the “potential connection resilience” framework to study spatiotemporal patterns of landscape ecological risks in the Minjiang River Basin [17]. (c) Process theory: This method focuses on the sequential stages of resilience development [18]. Zhang, for instance, evaluates the dynamic evolution of resilience and evaluates the ecological resilience of urban agglomerations in the Pearl River Delta from pressure, state, and response perspectives [19]. (d) Spatial correlation network: This approach constructs networks based on physical social information [20], production–life–ecological [21] spatial characteristics. Huang [22] has developed an urban ecological resilience network analysis framework including overall structure, component quality, and network function. (3) Identifying factors influencing urban ecological resilience: The urban ecological resilience system is complex, necessitating a study of various factors and their relationships in urban development [23,24]. SHI evaluates the ecological resilience of the Beijing–Tianjin–Hebei urban agglomeration utilizing a multiple linear regression model to explore how physical, social, and economic variables impact ecological resilience [25]; whereas, Lee argues that population density and economic development negatively affect the ecological resilience of the urban agglomeration in the middle reaches of the Yangtze River, while government green investment has a positive spatial spillover effect [26]. (4) Exploring urban ecological resilience governance: Global climate change presents significant challenges to urban ecosystems, making the integration of climate adaptation planning into urban development crucial for future sustainability [27]. Simultaneously, environmental pollution and resource shortages resulting from human activities have increased governmental emphasis on collaborative stakeholder governance and tangible improvements in urban green spaces [28]. Research on urban ecological resilience primarily evaluates its evolutionary characteristics, theoretical frameworks, development status assessments, influencing factors, and governance strategies. It comprises various scales, including national, watershed, and urban levels. Methodologically, studies employ the Moran index, Dagum Gini coefficient, kernel density estimation, and Markov chain models to analyze regional differences in urban ecological resilience patterns [29]. Besides, the entropy weight method, indicator system method, and coupled coordination model are utilized to study the temporal evolution and spatial distribution of urban ecological resilience [30,31]. Geographic detectors, geographically weighted regression models (GWR), spatial Durbin models, and projection pursuit evaluation models (RAGA-PP) are applied to explore relationships and mechanisms in urban ecosystems [32,33,34,35].



Current UER research has produced significant findings relevant to this study. Nevertheless, several crucial issues remain unaddressed and require immediate attention: (1) The concept of UER lacks comprehensive multidimensional analysis, adequate supporting indicator systems, and sufficient localized innovation; (2) Existing studies on UER’s spatial characteristics are primarily limited to geographic proximity. The flow and interaction of UER system components across provinces extend beyond conventional geographic boundaries, highlighting the need to explore spatial relationships of ecological resilience that transcend physical location; (3) Most research relies on static and single-level resilience measurements, neglecting the connection between internal and external systems and spatial elements across different regions. In addition, studies focusing on cities along the Yangtze River are comparatively scarce in terms of research scale. In light of these gaps, this paper makes the following contributions: Firstly, it establishes a localized theoretical analysis framework based on the multidimensional characteristics of “process system space,” incorporating resilience theory, three-dimensional space theory, and adaptive cycle theory. This framework explains the UER process mechanism and evaluates effective practical approaches for UER governance, offering fresh perspectives on the sustainable development of urban ecological resilience. Secondly, the study applies the “Driver, Pressure, State, Impact, and Response” (DPSIR) model to analyze UER along the Yangtze River, utilizing the entropy method to calculate the UER index from 2011 to 2022. Thirdly, it employs the kernel density estimation method to appraise the dynamic evolution of UER along the Yangtze River, enhancing the practical application of the DPSIR framework and offering a reference for regional urban ecosystem collaborative governance. This research not only advances the theoretical understanding of ecological resilience but also offers policy recommendations for government departments managing ecological resilience.



The structure of the paper is organized as follows: Section 1 introduces the topic and reviews relevant literature. Section 2 establishes the theoretical framework. Section 3 outlines the methodology, including an overview of the study area, the development of the urban ecological resilience index system for the Yangtze River, data sources, and research methods. Section 4 presents the analysis of results, followed by a discussion in Section 5. Finally, Section 6 summarizes the main conclusions and findings of this study.




2. Theoretical Framework


Since Holling introduced the concept of resilience to the social and ecological field, researchers have advanced theoretical frameworks for urban ecological resilience from various perspectives, including “urban scale, density and morphology” as well as “resistance adaptability resilience,” etc. [36,37]. UER represents a complex system comprising elements such as urban infrastructure and residents. This system exhibits dynamic and nonlinear characteristics in response to internal and external disturbances, facilitating the flow and exchange of information, materials, and energy both in the system and with the external environment through their interconnections [38,39]. Accordingly, the urban ecological resilience system exhibits characteristics related to system structure, processes, and spatial dimensions, as illustrated in Figure 1.



When considering system characteristics, the objectives of UER span three dimensions: element integration, spatial structure reconstruction, and system function enhancement [40]. In factor integration, the approach addresses economic and resource disparities among cities, cultivating bidirectional factor flows between urban centers and optimizing resource allocation. As for structural reconstruction, efforts concentrate on optimizing and upgrading industrial structures, enhancing quality of life, and improving the connectivity of ecological landscapes. Regarding functional improvement, the UER system places emphasis on production, living, and ecological aspects to achieve a comprehensive enhancement of its capabilities. The interactions between the UER system and its external environment facilitate a continuous exchange of factors, energy, and information. This process, in conjunction with factor integration, spatial structure reconstruction, and system function enhancement, collectively advances the reshaping of urban production, living, and ecological spaces, thereby further strengthening the resilience of the urban ecosystem.



From a process-oriented perspective, this study categorizes the UER process into three phases: pre-disturbance, disturbance, and post-disturbance, aligning with the DPSIR [41]. In the development phase, urban ecosystems exhibit low risk and resilience levels. The preservation phase, reflected by rapid urbanization, contributes to a temporary surge in resilience but is accompanied by high risk due to excessive energy resource exploitation, impeding significant progress in adaptive development. The onset of a conflict between resource depletion and urban growth marks a period of decline, wherein the UER system enters a release phase. During this stage, cities face high risks and low resilience due to internal and external environmental pressures, such as climate change and ecological degradation. Finally, the restructuring phase achieves high-resilience development through element integration, reorganization, and functional optimization.



Regarding spatial characteristics, cities can be conceptualized as a “triadic space”, comprising physical, social, and informational components [42]. In this triadic spatial framework, UER is subject to spatial and temporal fluctuations. Spatially, cities in a region display variations in economic development, resource endowment, and other conditions. The advent of information technology has facilitated a high degree of convergence among the information space, physical world, and human society. This convergence transcends traditional geographical boundaries, resulting in interspatial geographic risk dissemination. Therefore, it is essential to construct a triadic spatial network and establish a resilience network that integrates these elements. To enhance urban resilience across these spatial dimensions, systematic governance, comprehensive policy implementation, and a dynamic adaptive approach are necessary.




3. Methods


3.1. Construction of the UER System


This paper utilizes established Urban Ecological Resilience (UER) indicators to construct a comprehensive five-dimensional framework [19,43]. The model integrates system, process, and spatial characteristics, utilizing the DPSIR approach as depicted in Table 1. Socioeconomic factors, including population influxes and extensive rapid urbanization, act as the primary drivers for UER (D). The convergence of these elements, coupled with accelerating industrialization and external shocks such as “gray rhinoceros” and “black swan” events, exerts pressure on urban ecological carrying capacity and resource utilization (P). Therefore, this leads to challenges such as resource depletion and environmental degradation. These drivers and pressures transform the UER system’s structure and function, influencing urban economic growth, air quality, and ecological civilization (S). The condition of the ecological resilience system affects urban production, living standards, ecology, and climate (I). In response to negative environmental effects, society implements various measures, including investments in pollution control, technological advancements, and environmental oversight. These actions generate positive feedback loops, resulting in enhanced resilience and improved system conditions (R). This feedback mechanism ensures the coordinated operation of the UER system.




3.2. Study Area


The Yangtze River Basin spans latitudes 24°30′ to 35°45′ N and longitudes 90°33′ to 122°25′ E. Its topography descends from west to east, including plateaus, mountains, basins, hills, and plains. The basin extends across nine provinces and two cities, including Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Yunnan, and Guizhou, covering eastern, central, and western China. Annual precipitation in the basin averages around 1000 mm, with irregular spatial and temporal distribution. Comprising approximately 21% of China’s land area, the basin housed approximately 43.01% of the national population by the end of 2022. It contributed 46.25% of China’s regional GDP and contained 40.23% of the nation’s water resources, indicating its significant economic power and resource wealth. In recent years, the intensification of global climate change, ongoing human activities, and growing resource demands have resulted in risks such as deteriorating ecological quality, high resource carrying capacity, and insufficient coordination between socioeconomic development and ecological conservation. These factors pose challenges to urban ecological governance and sustainable development.



This research focuses on 45 cities along the Yangtze River, excluding Enshi City due to missing data for several years. Linear interpolation to estimate these missing values would compromise the accuracy of results. The selected cities constitute the research sample for the period from 2011 to 2022. Following the classification scheme established by the Yangtze River Water Resources Commission, the river segment upstream of Yichang City in Hubei Province is designated as the “Upstream Yangtze Economic Belt.” The segment from Yichang City to Jiujiang City in Jiangxi Province is termed the “Midstream Yangtze Economic Belt.” The segment downstream of Jiujiang City in Jiangxi Province is referred to as the “Downstream Yangtze Economic Belt,” as depicted in Figure 2.




3.3. Data Sources


The social, economic and other data involved in this study were sourced from the following publications:




	(1)

	
the China Urban Statistical Yearbook, 2011–2022 (https://navi.cnki.net/knavi/yearbooks/YZGCA/detail, accessed on 18 March 2024);




	(2)

	
China Urban Construction Statistical Yearbook (https://navi.cnki.net/knavi/yearbooks/YCJTJ/detail, accessed on 18 March 2024);




	(3)

	
China Environmental Statistics Yearbook (https://navi.cnki.net/knavi/yearbooks/YHJSD/detail, accessed on 18 March 2024);




	(4)

	
National Economic and Social Development Bulletin of the municipalities









Missing data were completed by linear interpolation. Vector data in shp format for municipal administrative boundaries were obtained from the following publications:




	(1)

	
the National Earth System Science Data Center (http://www.geodata.cn/, accessed on 20 March 2024);




	(2)

	
Digital Elevation Model (DEM) data (30 m resolution) from Geospatial Data Cloud (https://www.gscloud.cn/, accessed on 20 March 2024);




	(3)

	
NDVI from the Resource and Environmental Science Data Platform (https://www.resdc.cn, accessed on 20 March 2024).










3.4. Research Methods


3.4.1. Entropy Weight TOPSIS Method


This research utilizes the entropy weight TOPSIS approach to comprehensively evaluate Urban Ecological Resilience (UER) along the Yangtze River [44]. First, the entropy method normalizes the raw data and allocates weights to indicators based on data variability. The TOPSIS method then computes the distance between each city’s indicator values and both the optimal and worst-case scenarios to derive the ecological resilience composite index for previous years. The procedure involves the following steps:




	(1)

	
Standardize positive, negative, and moderate indicators of the raw data utilizing the extreme variance method:











   Y  i j   =     x  i j   − min    x  i j       max    x  i j     − min    x  i j         










   Y  i j   =    m a x    x  i j     −  x  i j     m a x    x  i j     − m i n    x  i j         










   Y  i j   =           x  i j   −  x  m i n      x 0  −  x  m i n      ,  x  i j   <  x 0            x  m a x   −  x  i j      x  m a x   −  x 0     ,  x  i j   ≥  x 0         











	(2)

	
Entropy method for calculating indicator weights


        E   j   = − k    ∑  i = 1   m               x   i j   /    ∑  i = 1   m           x   i j     × l n ⁡     x   i j   /    ∑  i = 1   m           x   i j               W   j   = ( 1 −   E   j   ) /    ∑  j = 1   n         ( 1 −   E   j   )      















	(3)

	
Determine the positive and negative ideal solutions, and calculate the distance of each indicator from these ideal solutions:


    S   i   +   =    ∑  j = 1   m              f   i j   −   f   j   +       2          i = 1,2 , … , n       j = 1,2 , … , m        










    S   i   −   =    ∑  j = 1   m              f   i j   −   f   j   −       2          i = 1,2 , … , n       j = 1,2 , … , m        















	(4)

	
Calculate the closeness of each metric in relation to the ideal solution:








    C j  =     S i −     S i −  +  S i +           i = 1 , 2 , … , n       j = 1 , 2 , … , m         










3.4.2. Kernel Density Estimation


Kernel density estimation, a nonparametric statistical method, is utilized to approximate density functions. This approach facilitates explaining various distributional characteristics, including the centroid, pattern, and variability of a variable across time [45]. In this research, we utilize kernel density estimation to shed light on the temporal progression of Urban Ecological Resilience along the Yangtze River. Increased kernel density values signify a more robust UER. The mathematical expression for this calculation is as follows:


  f ( x ) =    1   n h      ∑  i = 1   n        k        X   i   − x   h       








where    X i    represents the observation,    x   denotes the mean of the observations,   k       X i  − x  h       expresses the Gaussian kernel function, n depicts the number of sample observations, and h indicates the bandwidth.






4. Results


4.1. Temporal Evolution of UER


The comprehensive ecological resilience index for cities along the Yangtze River exhibited a significant increase from 0.177 in 2011 to 0.307 in 2022, with an average annual growth rate of 5.15%. This upward trend is depicted in Figure 3a. The period from 2011 to 2014 saw a gradual improvement in UER. During this time, China introduced the concept that “lucid waters and lush mountains are invaluable assets,” which required a period of adaptation in terms of industrial structure and ecological civilization. The years 2015 to 2018 marked a phase of sustained growth in UER development. Policies such as the “2016–2017 Action Plan for Ecological Environment Protection of the Yangtze River Economic Belt” and the “Outline of the Development Plan for the Yangtze River Economic Belt” prompted cities along the Yangtze River to place ecological environment construction at the forefront of their development strategies. The period from 2019 to 2022 witnessed rapid progress in ecological resilience, fueled by initiatives such as the “Yangtze River Delta Ecological Green Integrated Development Demonstration Zone” and the “Chengdu Chongqing Twin Cities Economic Circle ‘Six Rivers’ Ecological Corridor Construction Plan (2022–2035)”. These programs emphasized interregional and cross-basin collaboration, resulting in significant improvements in ecological protection and restoration. The quality of the ecological environment, including air quality and pollutant emissions, experienced significant enhancements, which cultivated the growth of green industries and urban agglomeration development. Throughout the study period, the average composite index value stood at 0.249, indicating significant room for further improvement and advancement of UER along the Yangtze River.



Regionally, ecological resilience index along the Yangtze River in upstream, midstream, and downstream cities aligns with the overall development trend. However, significant regional differences exist, as illustrated in Figure 3a. For upstream cities, the index rose from 0.160 in 2011 to 0.291 in 2022, deriving an average of 0.243 and an annual growth rate of 5.35%, which most closely approximates the UERI growth rate. Midstream cities, while exhibiting the lowest index, increased from 0.143 in 2011 to 0.272 in 2022, averaging 0.216. Specifically, these cities achieved the highest annual growth rate of 5.73% among all regions. Downstream cities maintained the highest index, climbing from 0.207 in 2011 to 0.337 in 2022. Their average surpasses that of both upstream and midstream regions, albeit with a lower annual growth rate of 4.35%.



In the cities situated along the upstream, midstream, and downstream sections of the Yangtze River, provincial capitals and municipalities under direct central government control typically have higher ecological resilience indices. UER exhibits an unbalanced developmental pattern overall. As presented in Figure 3b, the upstream region’s UER presents a clear tiered structure. Chongqing and Chengdu occupy the top tier with the highest ecological resilience index values, while Guiyang and Kunming form the second tier. The remaining cities display lower index values, though the differences among them are relatively minor. Specifically, Guiyang City experienced the most rapid growth, with its ecological resilience index soaring from 0.139 in 2011 to 0.389 in 2022, achieving an annual growth rate of 10.35%. In contrast, Zunyi’s ecological resilience index followed a “rising–declining–rising” pattern.



Zunyi’s impressive ecological resilience index can be attributed to its swift economic progress, which has led to significant advancements in ecological infrastructure, technological advancements, and environmental management. Nevertheless, Zunyi still suffers from obstacles, including the need to restructure its industrial sector and address soil and water conservation concerns, potentially hindering the qualitative enhancement of its ecological resilience. The “Matthew effect” is particularly evident in midstream cities, indicating an unbalanced “hourglass” configuration, as depicted in Figure 3c. Provincial capitals such as Wuhan, Changsha, and Nanchang—situated in Hubei, Hunan, and Jiangxi provinces—exhibit UERI values of 0.452, 0.393, and 0.340, respectively, exceeding the overall annual average UERI for the Yangtze River. In terms of average annual growth rate, Nanchang City stands out with the most rapid progress, its ecological resilience index rising from 0.153 in 2011 to 0.427 in 2022, reflecting an average annual growth rate of 9.35%. The UER in the downstream region exhibits a clear pyramid-shaped structure, as illustrated in Figure 3d. Shanghai, leveraging its advantageous location, leads as the “top performer” with an annual average ecological resilience index of 0.514. Other cities, including Hangzhou, Nanjing, Hefei, Suzhou, Ningbo, and Wuxi, also rank prominently in UERI and demonstrate comparatively swift growth rates.




4.2. Spatial Distribution of UER


To further analyze the spatial distribution patterns of cities along the Yangtze River, we classified the ecological resilience index into five categories, drawing from previous research: low (UERI < 2), lower (2 ≤ UERI < 4), medium (4 ≤ UERI < 6), higher (6 ≤ UERI < 8), and high (UERI ≥ 8). To capture the temporal shifts in UER, we selected average ecological resilience indices for three periods—2011–2014, 2015–2018, and 2019–2022—as well as the 12-year average. These were then visualized utilizing ArcGIS 10.2 software to illustrate their spatial distribution. It should be emphasized that throughout the entire study period, the ecological resilience index for each city consistently remained below 0.6. Accordingly, the ecological resilience along the Yangtze River was categorized into three levels: low, lower, and medium resilience, as illustrated in Figure 4.



Figure 4 depicts the spatial distribution of UER along the Yangtze River, indicating both evolutionary continuity and significant spatial differences. The distribution exhibits a clustered pattern, with provincial capitals and municipalities in upstream, midstream, and downstream regions demonstrating higher UER values, while other cities exhibit lower figures. Specifically, downstream cities present significantly higher UER compared to their upstream and midstream counterparts. Regarding ecological resilience classifications, 22 cities along the Yangtze River are under the low UER category, constituting 48.89% of the total. This is followed by 17 cities in the lower UER bracket (37.78%), and six cities with medium UER (13.33%) (Figure 4a). The period from 2011 to 2014 saw 26 cities with low UER, with only Shanghai and Chongqing achieving medium UER status (Figure 4b). Between 2015 and 2018, overall UER improved, as the proportion of low UER cities decreased from 57.78% to 51.11%, while medium UER cities increased from 4.44% to 15.56%. Chengdu, Wuhan, Changsha, Nanjing, and Hangzhou joined the medium UER category (Figure 4c), resulting in a “dual city” configuration in the upstream region, featuring Chengdu and Chongqing.



From 2019 to 2022, the count of cities with low UER fell to 17, while those with medium UER rose to 12 (Figure 4d). Midstream cities demonstrate a “triad” configuration centered on provincial capitals, and downstream cities have moved beyond the low UER category, establishing an ecological resilience “highland.” These shifts in the distribution of ecologically resilient cities along the Yangtze River indicate an “inverted pyramid” spatial pattern, suggesting a progressive reduction in ecological resilience disparities among these urban areas.




4.3. Trends in UER


The kernel density curve’s location, distribution pattern, extent, and number of peaks illustrate the course and tendencies of UER variations along the Yangtze River as a whole, as well as in its upstream, midstream, and downstream cities. A general rightward movement in the density curves of cities along the Yangtze River (Figure 5a) reflects similar trends observed in upstream (Figure 5b), midstream (Figure 5c), and downstream cities (Figure 5d). This shift points to a steady enhancement in UER levels throughout the study period.



The distribution pattern demonstrates that the main peak’s height in the UER along the Yangtze River, as well as in the upstream, midstream, and downstream cities, has increased to varying degrees, while their widths have contracted. This indicates a trend towards decreasing absolute differences in UER across these regions. The kernel density curve for downstream cities exhibits a “rising–declining–rising” pattern, reflecting a significant narrowing of the absolute UER differences in these urban areas.



The kernel density curves for upstream and midstream cities exhibit narrower and more significant peaks, indicating significant UER fluctuations in specific urban areas. The distribution of cities along the Yangtze River, including upstream, midstream, and downstream regions, displays varying degrees of rightward skewness. This pattern points to the existence of several high-value urban centers, such as Shanghai in the downstream area, Wuhan, Nanchang, and Changsha in the midstream region, and Chengdu in the upstream section. As time progresses, a noticeable convergence in UER distribution is evident for downstream cities, suggesting a decreased likelihood of extreme UER values. In contrast, the distribution for midstream and upstream cities has widened, implying an increase in the prevalence of cities with high UER. Regarding the number of peaks, cities along the Yangtze River exhibit a multi-peaked distribution, reflecting a gradual decrease in overall polarization and an enhancement of intercity connections. This trend highlights a growing focus on regional synergistic development. In contrast, the kernel density curve for cities in the middle reaches demonstrates two peaks: the secondary peaks are lower and more distant from the primary peak, indicating a clear trend towards polarization.





5. Discussion


5.1. Comparison of Previous Research


Prior research has established urban ecological resilience index systems drawing from theoretical frameworks such as “Production–Living–Ecology” [21], “Resistance–Adaptation–Vitality” [46], and “Pressure–State–Response” [35]. These analyses have primarily focused on national and watershed scales, employing diverse theoretical models, research parameters, and analytical approaches to assess urban ecological resilience indices [47,48]. While these studies have offered a thorough overview of urban ecological resilience, they have generally neglected to explore the fundamental mechanisms and dynamic interactions in urban ecological systems.



The evaluation of ecological resilience in cities along the Yangtze River indicates that those in the lower reaches exhibit comparatively high resilience levels, exhibiting strong resistance and adaptability to disaster risks, which aligns more closely with Zhang C.’s study [35]. Besides extreme risks such as flooding that push cities to enhance infrastructure, advance scientific and technological innovation, and human resources training, several other factors contribute to this resilience. These include a favorable geographic location, strict environmental regulations, high environmental consciousness among residents, an advanced industrial structure, robust scientific and technological progress, and a high level of economic growth [49]. In contrast, cities in the midstream of the Yangtze River have lower UER values, in line with Xiao S.’s findings [50]. Currently, midstream cities are undergoing a period of intense resource transformation. Coupled with rising urban populations and high resource consumption, these cities face significant ecological pressures that challenge the carrying capacity of their environments [26,34]. This observation supports the notion that increased “driving forces” escalate “pressure,” which subsequently affects the “state” of the environment and indirectly influences its outcomes. Urban clusters and regional integration policies can enhance urban ecological resilience at the “response” level. Moreover, identifying a coupling mechanism between urban development and the ecological environment is vital for enhancing regional ecological resilience. Earlier studies have demonstrated a complementary relationship between urbanization and ecological resilience [51,52]. However, a persistent conflict between economic growth and environmental preservation continues to be widespread in the region. This highlights the need for policymakers to explain the connection between urban ecosystems and socio-economic development when formulating policies. Encouragingly, policies such as the “Outline of the Development Plan for the Integration of the Yangtze River Delta Region”, the “Outline of the Construction Plan for the Chengdu Chongqing Dual City Economic Circle”, and the “Development Plan for the Chengdu Metropolitan Area” advocate leveraging the “dual core” effect to cultivate coordinated and balanced regional development. The creation of urban clusters, metropolitan areas, and regional integration mechanisms can significantly improve the overall capacity to manage risks and enhance the region’s ecological resilience.




5.2. Research Insights and Contributions


This paper establishes an analytical framework for UER according to resilience theory, ternary space theory, and adaptive cycle theory. In contrast to previous research that primarily concentrates on single-dimension analyses, this paper shifts the UER study from singular characteristics to a multidimensional perspective including “system process space”. It evaluates the spatial and temporal aspects of urban ecological resilience along the Yangtze River through this multidimensional approach. This methodology enriches UER evaluation, enhances the theoretical explanatory capacity of the aforementioned theories, and offers fresh perspectives and avenues for improving urban ecological resilience.



In addition, earlier studies typically frame UER in the “pressure state response” paradigm. However, considering the regional and developmental variations among specific cities, the selection of indicators must reflect these unique characteristics. This paper develops an urban ecological resilience index system utilizing the DPSIR model, taking into account both the multidimensional characteristics of UER and the specific developmental features along the Yangtze River. This system sheds light on the spatial and temporal distribution patterns of ecological resilience in cities along the Yangtze River and its evolutionary trends.



Addressing both regional development and intracity variations, this paper puts forward strategies to strengthen the ecological resilience of cities along the Yangtze River from both macro and micro perspectives. These recommendations aim to broaden the approaches for high-quality regional UER development.



On a broader scale, cultivating superior ecological progress in urban areas along the Yangtze River hinges on establishing an innovative framework for harmonized regional growth. This approach should be anchored in the principles of “ecological priority and green development”, with the connectivity of infrastructure representing a fundamental prerequisite. Advancements in science and technology should spearhead this effort, complemented by the optimization of industrial structures and rational spatial layout. Synergistic ecological management plays a critical role, while enhanced management systems offer essential backing. This strategy may cultivate a regional ecological network that promotes comprehensive green and high-caliber development across the urban centers lining the Yangtze River [53].



At the microscopic level, three critical strategies should be employed. First, the emphasis should be placed on synergy and linkage. Urban centers must prioritize integration and high-caliber development by facilitating the flow of resources and information in regional collaborative efforts, thus addressing the issue of “one city dominating”. City clusters can enhance the construction of safe and efficient integrated transport networks through technologies such as the Internet of Things and big data, thereby improving overall transport efficiency [19]. Secondly, innovation and sharing should take center stage. It is crucial to establish an innovation community that transcends administrative boundaries. This involves optimizing the allocation of innovation resources, ensuring their dissemination, and cultivating the integrated development of the ecological supply chain, industrial chain, innovation chain, and value chain. Such efforts will protect ecological security and drive the optimization and advancement of industrial structures [30]. Finally, planning and balance are indispensable. The concept of “resilience building” should be woven into urban development planning. This comprises improving social security systems in areas such as healthcare, education, and employment, tailored to the unique resilience histories of each city. In addition, developing specialized industries and rationalizing the distribution of functional zones in urban management will contribute to reducing regional differences.





6. Conclusions and Outlook


6.1. Conclusions


This paper proposes a resilience analysis framework incorporating process, system, and spatial characteristics. It utilizes 30 indicators across five dimensions (DPSIR) and applies the entropy weight TOPSIS model to assess UER of 45 cities along the Yangtze River. The research yields several key findings:




	(1)

	
The UER along the Yangtze River exhibits a three-stage progression: initial gradual improvement, sustained development, and rapid growth. While UER has advanced, significant room for enhancement and further development remains.




	(2)

	
Although the UER trend is consistent across upstream, midstream, and downstream cities of the Yangtze River, significant spatial differences exist, represented by cluster distribution patterns. The downstream region demonstrates the highest UER. City-level analysis indicates that provincial capitals and municipalities along the Yangtze River exhibit superior UER, yet overall development remains uneven. Midstream cities display a more significant “Matthew effect” in UER, indicating insufficient momentum for coordinated UER development.




	(3)

	
Kernel density estimation results suggest a gradual reduction in the absolute UER gap along the Yangtze River. This trend points to a decreasing city polarization and strengthening intercity connections, reflecting an increasing focus on regional synergistic development.










6.2. Future Outlook and Deficiencies


This study has derived significant advancements; however, it faces certain constraints that future research must address. First, while the article presents an innovative theoretical framework combining complex social networks and resilience theory—offering a fresh perspective on regional urban ecological resilience—it does not fully incorporate previously established dimensions such as infrastructure, organizational, and economic resilience. Additionally, the heterogeneity in natural conditions and social resource endowments among cities highlights the necessity for a more universally applicable evaluation index system for urban ecological resilience.



Second, while the study evaluates regional differences in urban ecological resilience, it fails to evaluate the underlying causal mechanisms. This oversight restricts the accurate implementation of resilience strategies for both the entire region and individual urban areas. Future research should explore these causal mechanisms to optimize the theoretical framework and enhance its practical utility.



Third, the selection of research methodologies can influence results, and obtaining accurate indicator data for urban ecological resilience remains challenging. The absence of both subjective evaluations and objective data may introduce biases in resilience assessments. Therefore, establishing evaluation criteria and databases from multiple sources, based on land use changes and ecological landscapes resulting from urban expansion, could enhance the accuracy of urban ecological resilience assessments.
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Figure 1. Theoretical framework for UER. 






Figure 1. Theoretical framework for UER.



[image: Land 13 01588 g001]







[image: Land 13 01588 g002] 





Figure 2. Overview of the study area. (a) Geographic location of the Yangtze River Basin in China. (b) Location of the study area. (c) Upstream cities in the research area. (d) Midstream cities in the research area. (e) Downstream cities in the research area. 
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Figure 3. UERI of cities along the Yangtze River (a), Upstream cities (b), Midstream cities (c), Downstream cities (d). 
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Figure 4. Spatial distribution of UER along the Yangtze River (a), 2011–2014 average (b), 2015–2018 average (c), 2019–2022 average (d). 
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Figure 5. UER core density curve (a), upstream cities (b), midstream cities (c) and downstream cities (d) along the Yangtze River. 
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Table 1. Index system of UER along the Yangtze River.
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Tier1

Indicator

	
Tier2

Indicator

	
Tier3 Indicator

	
Connotation of Indicator

	
Attribute

	
Weight






	
Driving Force

	
Economy

	
GDP per capita (CNY)

	
Economic development intensity drives UER

	
+

	
0.0269




	
Per capita disposable income of urban residents (CNY)

	
+

	
0.0273




	
Total retail sales of consumer goods (CNY 1,000,000)

	
+

	
0.1025




	
Society

	
Rate of urbanization (%)

	
Reflecting urbanization processes driving UER

	
+

	
0.0108




	
Road area per capita (m2)

	
+

	
0.0184




	
Pressure

	
Production

	
Industrial Sulphur dioxide emissions (tonnes/km2)

	
Reflecting the impact of the scale and intensity of production on UER

	
−

	
0.0017




	
Industrial wastewater discharge per unit of GDP (tonnes/CNY million)

	
−

	
0.0024




	
Industrial soot emissions per unit of GDP (tonnes)

	
−

	
0.0019




	
Society

	
Urban built-up land area (km2)

	
Reflecting ecological pressures from urban carriers

	
−

	
0.0024




	
Population density (persons/km2)

	
−

	
0.0076




	
Share of primary sector output in GDP (%)

	
−

	
0.0070




	
State

	
Production

	
Number of industrial enterprises above designated size (units)

	
Reflecting the state of the city’s industrial structure

	
+

	
0.0895




	
Revenue from telecommunication services (CNY)

	
Reflecting the state of urban communications capacity

	
+

	
0.0842




	
Road freight volume (tonnes)

	
Reflecting the state of the urban transport structure

	
+

	
0.0626




	
Life

	
Water resources per capita (cubic meters)

	
Reflecting the saving capacity of water resources

	
+

	
0.0123




	
Parkland per capita (m2)

	
Reflecting the extent of livable urban living space

	
+

	
0.0073




	
Average wage of employed workers (CNY)

	
+

	
0.0256




	
Ecology

	
NDVI (%)

	
Reflecting the status of biodiversity levels

	
+

	
0.0068




	
Impact

	
Climate

	
Annual precipitation (mm)

	
Reflecting the impact of ecosystems on urban climate

	
*

	
0.0081




	
Average annual temperature (°C)

	
*

	
0.0042




	
Ecology

	
Urban air quality index (%)

	
Reflecting the degree of purification of the ecosystem itself

	
+

	
0.0078




	
Green coverage of built-up areas (%)

	
Reflecting the level of greening of urban spaces

	
+

	
0.0049




	
Society

	
Value added of the tertiary sector as a share of GDP (%)

	
Reflecting the impact on the development of the industrial structure

	
+

	
0.1600




	
Number of students enrolled in higher education (thousands)

	
Reflecting the impact on the quality of labor capital

	
+

	
0.1214




	
Response

	
Social Inputs

	
Number of Internet broadband access subscribers (10,000)

	
Reflecting the level of information input

	
+

	
0.0768




	
Share of personnel in public administration, social security of social organizations, health, social security and social welfare (%)

	
Reflecting the intensity of social security inputs

	
+

	
0.0620




	
Environmental Protection

	
Domestic waste disposal rate (%)

	
Reflecting ecological and environmental governance capacity

	
+

	
0.0011




	
Urban sewage treatment rate (%)

	
+

	
0.0016




	
Technology and Innovation

	
Proportion of science and technology expenditure to general public budget expenditure (%)

	
Reflecting the intensity of science and technology investment in urban ecological resilience

	
+

	
0.0420




	
Proportion of education expenditure to general public budget expenditure (%)

	
+

	
0.0129








Note: (1) “+” represents positive attributes; “−” represents negative attributes and “*” represents neutral attributes; (2) NDVI, Normalized Difference Vegetation Index; GDP, Gross Domestic Product; CNY, Chinese Yuan; (3) To objectively and accurately reflect the socio-economic development of China’s regions, we use CNY as the price label in this study. As of August 2024, based on the interbank market middle rate, 1 CNY is approximately USD 0.1405.
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