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Rapid urbanization induces significant changes in land use, exerting a profound impact on regional habitat quality. Understanding the interconnectedness of urbanization and habitat quality is crucial for safeguarding the regional ecological environment and promoting sustainable urban development. Cities along the Yangtze River, as the core region of the Yangtze River Economic Belt in China, serve as a typical and critically important area to investigate the dynamic response of habitat quality to rapid urbanization. This study employs the InVEST model and entropy method to assess the spatiotemporal dynamics of habitat quality and urbanization in Yangtze River cities. Using the coupling coordination degree model, it analyzes the interplay between urbanization and habitat quality, elucidating dynamic response patterns and emphasizing the need for pertinent policy measures. Our findings reveal that from 1990 to 2019, urbanization levels in the study area surged by over six times, while habitat quality consistently declined, reflecting a 4.5% decrease. Notably, spatial variances were observed along the upstream, midstream, and downstream segments of the river. Although an inverse relationship between urbanization and habitat quality predominates, three cities demonstrated a positive correlation. The study also indicates a stable increase in the coupling coordination degree between urbanization and habitat quality, evolving from a phase of urbanization lag to one of synchronization followed by habitat quality lag. Among the cities, Chongqing emerges as an exemplary model for the coordinated development of urbanization and habitat quality. These insights provide a theoretical foundation and policy guidance for enhancing sustainable urban and ecological strategies in the region.
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1 INTRODUCTION
The process of urbanization has played a significant role in advancing human living standards and is considered an unavoidable trajectory of global development. The worldwide urbanization rate surged from 39% in 1980 to 55% in 2018 (Ouyang et al., 2021; Zhong et al., 2023), Projections indicate that by 2050, the global urban population is anticipated to hit 68% (Sun et al., 2024). Over the past three decades, China has undergone a notable surge in urbanization. The urbanization rate has witnessed a remarkable increase, rising from 17.9% during the initial phase of reform and opening up to 60.6% in 2019. By the year 2030, China is anticipated to achieve an urbanization rate of 70%, with its urban population projected to increase by nearly 200 million (Ning et al., 2022), a growth that will exceed the global average during that timeframe (National Bureau of Statistics of China, 2018). The acceleration of urbanization has been a catalyst for urban growth and advancement. Concurrently, this process has instigated a suite of eco-environmental concerns. These include the deterioration of urban soil and hydrological purity (Li and Liu, 2019), water resource shortage (Hongrui et al., 2017), biodiversity reduction (Leung and Gonzalez, 2024), habitat quality degradation (Wang et al., 2023a; Mondal et al., 2024), and ecosystem imbalance (Bai et al., 2023). As urbanization intensifies, there is an increasingly critical demand for ecosystem services within natural habitats to sustain environmental balance and biodiversity. The escalation of environmental degradation, coupled with its adverse effects (Wang et al., 2023a), leads to irreversible damage to both ecosystem vitality and human wellbeing (Song et al., 2020; Mahecha et al., 2022). Accordingly, mitigating urban sprawl’s adverse effects on ecological systems and promoting a sustainable equilibrium between urban development and ecological conservation remain imperative challenges confronting modern society.
Assessing the regional ecological environment frequently involves evaluating habitat quality, recognized as a crucial indicator (Lin et al., 2024). Habitat quality is indicative of an ecosystem’s ability to support the survival and growth of various species (Chen and Liu, 2024), acting as an indicator for both biodiversity and the provision of ecosystem services (Zhang T. et al., 2020). Numerous studies have pinpointed urbanization as the principal driver behind the degradation of habitat quality (Liu et al., 2022). As urbanization progresses, key ecological areas such as farmlands, forests, grasslands, and aquatic zones are increasingly encroached upon, transforming vast natural habitats into impermeable surfaces, which results in significant habitat loss (Ren et al., 2023). This transformation significantly affects the productivity and the capacity to provide services within regional ecosystems (Tang et al., 2020). However, urbanization is inevitable in the global process (Lyu et al., 2018). The aim is to identify the necessary policies and actions to facilitate the integrated and harmonious development of urbanization and habitat quality. This strategy seeks to ensure urban growth does not hinder progress while also safeguarding against the deterioration of habitat quality. Fortunately, the United Nations and governments have proactively implemented measures to safeguard the ecological environment of the Earth. For instance, in 1992, the United Nations Environment Program initiated the “Convention on Biological Diversity.” Subsequently, conferences held in 2016, 2019, and 2022 under the Convention on Biological Diversity focused on promoting biodiversity conservation and its sustainable use (Stephens, 2023). The Chinese government has implemented a strategic initiative known as “vigorously promoting ecological civilization”. This initiative involves heightened efforts to safeguard natural ecosystems and the environment, with the ultimate goal of collaboratively establishing a global community that values all forms of life on Earth. The implementation of these measures has effectively reduced the degradation of the local ecological environment and established a solid basis for achieving sustainable development.
To foster a synergistic development of urbanization and habitat quality, there is a critical need for understanding their intricate relationship. This imperative extends beyond academic focus, evolving into a pressing global strategic challenge for governments. Habitat quality is a vital indicator of ecological health, and recent scholarly discussions highlight urbanization as a key driver of changes in habitat quality (Qiao et al., 2023). Previous studies, including those conducted in Hangzhou, China, have demonstrated the negative effects of swift urbanization on habitat quality (Zhu et al., 2020). Similarly, investigations within the Pearl River Delta have demonstrated an association between expansive urban development and the declining condition of habitats over time (Wu J. et al., 2021). Rapid urbanization in coastal urban clusters has been associated with a deterioration in habitat quality and a reduction in biodiversity (Wang F. et al., 2022). Studies focusing on the Yangtze River Economic Belt have documented a 2.33% decrease in habitat quality amid urban growth between 2010 and 2018 (Chen et al., 2021). Urban expansion, propelled by urbanization, emerges as a significant contributor to the degradation of regional habitat quality. Yet, scholars note that policy interventions focused on ecological conservation and urban development can alleviate the decline in regional habitat quality. In some cities, an enhancement in habitat quality has been observed, indicating a more symbiotic interaction with urbanization and resulting in a mutually beneficial outcome for both urban development and ecological conservation. For instance, ecological preservation initiatives in the Yangtze River Economic Belt have effectively halted the decline in ecosystem services value (Luo et al., 2019; Yang et al., 2024). Further investigations indicate that efforts in ecological restoration, including the transformation of agricultural lands into forested regions, have played a role in decelerating the deterioration of habitat quality (Zhang X. et al., 2020; Jiang et al., 2023). Following the designation of the Grand Canal as a World Cultural Heritage site, there was a notable improvement in urban habitat quality, with most cities developing in a more harmonized direction, which is directly related to the implementation of ecological protection policies (Tang et al., 2022). While considerable study has been devoted to urbanization’s influence on ecological environmental quality, in-depth analyses focusing on urbanization’s effects on habitat quality are comparatively rare. The dynamic reactions and processes by which habitat quality responds to rapid urbanization remain unclear. Therefore, it is crucial to delve deeply into the interconnection between urbanization and habitat quality. These studies can enhance ecosystem service functions, drive progress towards sustainable urban development, foster coexistence between human societies and nature, and offer essential insights for formulating global strategic initiatives.
The Yangtze River Economic Belt covers the eastern, central, and western regions of China, serving as a crucial strategy for the country. This area stands as a globally significant inland economic corridor and a leading example of China’s efforts in building an ecological civilization. Cities located within the heart of the Yangtze River Economic Belt provide crucial perspectives and research value for examining how habitat quality reacts to swift urbanization. This research holds profound implications and provides essential reference value for global studies. However, there is currently a noticeable deficiency in conducting long-term quantitative research in the core area along the entire Yangtze River. The specific dynamics and underlying mechanisms by which habitat quality responds to rapid urbanization in this region are also not fully understood. Consequently, the objective of this research is to explore the following questions: How do habitat quality and urbanization patterns change over time in cities along the Yangtze River? What has been the evolution of the coupling and coordination between urbanization and habitat quality in these cities? Can regional urbanization and habitat quality achieve coordinated development as urbanization progresses in this area? To tackle these scientific inquiries, this research quantitatively evaluates the spatial and temporal dynamics of urbanization and habitat quality in cities along the Yangtze River. It investigates the linkage between habitat quality and levels of urbanization within these municipalities, revealing how habitat quality reacts to rapid urban development along the Yangtze River. The findings of this study offer a scientific and theoretical foundation for the development of policies aimed at sustainable urban growth and regional ecological conservation. Furthermore, they offer theoretical references for research in cities worldwide. The research framework for this study is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | The research framework.
2 MATERIALS AND METHODS
2.1 Study area
The Yangtze River, China’s longest and the world’s third-longest river, stretches over 6,300 km. Encompassing roughly 1.8 million km2, the Yangtze River Basin is among the largest globally. A subtropical monsoon climate prevails throughout the basin, yielding warm and moisture-rich conditions. Annual temperatures in the region average between 9°C and 18°C, with precipitation annually measuring from 500 to 2,500 mm. Situated in the Yangtze River Basin, the Yangtze River Economic Belt spans 11 provinces and cities across China, encompassing 21.4% of the country’s total land area. Representing over 40% of China’s population and its GDP, this region stands as a globally eminent inland economic zone (Wang L. et al., 2022). The urban centers situated along the Yangtze River constitute the Yangtze River Economic Belt’s core. Investigating how habitat quality dynamically responds to fast-paced urbanization in this zone is of particular representativeness and carries substantial strategic value. Consequently, this research concentrates on 30 prefecture-level cities along the Yangtze River, categorized into upper, middle, and lower sections, featuring cities like Chongqing, Wuhan, Nanjing, and Shanghai. The study area spans roughly 4,43,000 km2 (Figure 2). This research, conducted in the core area of the world’s most active inland economic belt, holds substantial research value and reference significance.
[image: Figure 2]FIGURE 2 | Overview of the Study Area: (A) Geographic location of the study area; (B) Elevation of the study area; (C) Spatial pattern of different land use/cover in the study area.
2.2 Data sources and processing
To assess habitat quality, this study utilizes land use/land cover (LULC) data derived from China’s 30-meter annual China Land Cover Database (CLCD) dataset, developed by Professor Huang Xin’s research team (Yang and Huang, 2021), and obtained from the Zenodo platform (https://zenodo.org/records/8176941). The CLCD offers comprehensive land cover data spanning from 1985 to 2022 across China. With a spatial resolution of 30 m and an overall accuracy of 79.31%, verified by 5,463 independent test samples, the CLCD fulfills the precision criteria required for this study. For our analysis, we selected data from five specific years—1990, 2000, 2010, 2015, and 2019—spanning the past three decades.
Urbanization is a multidimensional process that includes complex social and spatial aspects. Numerous scholars have evaluated China’s urbanization across four dimensions: population urbanization, social urbanization, economic urbanization, and spatial urbanization (Tang et al., 2020; Wang et al., 2023b). Data pertaining to demographics, societal aspects, economic factors, and other essential metrics for assessing urbanization in this study were sourced from the China Statistical Yearbook, as well as the statistical annuals from various provinces and municipalities. Due to the alterations in statistical standards and methodologies pertaining to certain crucial index data since 2020, the timeframe for this study is set from 1990 to 2019. Liangshan and Enshi do not have yearbook statistical data. Building upon a comprehensive review of previous studies, this research selects 15 indicators across four dimensions to establish an evaluative framework for urban development in the study area (Table 1) (Rui et al., 2019; Jiang and Lu, 2020; Tang et al., 2022). In cases where specific data are unavailable in the statistical yearbooks, the average values of the preceding and subsequent years were used to replace the missing data.
TABLE 1 | Urbanization evaluation index system and weight.
[image: Table 1]2.3 Methods
2.3.1 Habitat quality calculation
The InVEST (Integrated Valuation of Ecosystem Services and Trade-offs) model is employed to evaluate ecosystem service functions and support ecosystem management and policy decisions. In this study, considering the specific conditions of the study area and prior research, impervious surfaces, cultivated lands, and bare lands are identified as sources that negatively impact habitat quality, whereas woodlands, scrublands, grasslands, and water bodies are recognized as high-quality habitat areas. This study, by incorporating the InVEST model manual, comparing calculation results for various maximum threat distances and weights, and reviewing prior research, identifies the relative weights, maximum impact distances, types of spatial decay, and habit at suitability associated with each threat factor (Bai et al., 2019; Wu L. et al., 2021; He et al., 2022; Hu et al., 2022).
We employ the Habitat Quality module of the InVEST model to compute the HQ index, which serves to gauge habitat quality. The index value ranges from 0 to 1, with higher values indicating better habitat quality. The primary calculation methods reference the model operation manual and the studies by Hu et al. and Chen et al., as summarized below (Hu et al., 2022; Chen and Liu, 2024) (see Equation 1):
[image: image]
Where, [image: image] is the habitat quality of grid x in land use type j, [image: image] reflects the threat level at grid x for land use type j, [image: image] s the suitability of habitat for land use type j, K is the half-saturation sum constant, usually half of the maximum [image: image] and z is set as the normalized constant, typically 2.5.
2.3.2 The entropy method
In this research, the entropy method is applied to ascertain the weight of each indicator in the urbanization system. The calculation methods are based on the research by Wu et al., with the steps for determining the weights of each indicator outlined as follows (Wu and Yuan, 2018) (Equations 2–6):
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Where: [image: image] represents the standardized value of the j-th indicator for the i-th city. m is the evaluation year; n is the number of indicators.
2.3.3 Coupling coordination degree model (CCDM)
The coupling coordination degree model critically evaluates the interaction, collaboration, and synergistic enhancement among ecological and geospatial subsystems. This paper quantifies the extent of reciprocal influence and interaction between the urbanization level (U) and habitat quality index (Q) using a coupling degree index. The formulation of this index is cited according to Feng et al. (2021) (see Equation 7):
[image: image]
Here, U signifies the urbanization level index, Q the habitat quality index, and C the coupling degree, ranging from 0 to 1. Meanwhile, we utilized the CCDM, following the methodologies of Ma and Tang, to evaluate the coordinated development level between urbanization and habitat quality (Ma and Tang, 2022; Tang et al., 2022). The formula is as follows (see Equatons 8, 9):
[image: image]
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Where T is the comprehensive development level of urbanization and habitat quality system, and [image: image] and [image: image] are the undetermined coefficient, both of which are 0.5. D represents the coupling coordination degree (CCD), D∈[0,1]. The closer D is to 1, the better the coupling coordination degree (Tang et al., 2022). The assessment of the coupling coordination degree in this study relies on a thorough review of related studies and the current situation within the research area (He et al., 2017; Xiao et al., 2020) (Table 2).
TABLE 2 | Criteria for identifying coordinated coupling between urbanization (U) and habitat quality (HQ).
[image: Table 2]3 RESULTS
3.1 Habitat quality characteristics
3.1.1 Spatial and temporal dynamics of habitat quality
Based on the prevailing conditions in the study area, habitat quality has been classified into four distinct levels according to specific criteria: poor (0–0.2), moderate (0.2–0.4), good (0.4–0.8), and excellent (0.8–1.0). The comprehensive level of habitat quality is favorable, but it exhibits a sustained declining trend. For the years 1990, 2000, 2010, 2015, and 2019, habitat quality averages in the research area were recorded at 0.5940, 0.5893, 0.5811, 0.5732, and 0.5675, correspondingly. Over the period from 1990 to 2019, there was a decrease of 4.5% in habitat quality. According to the classification criteria, the extent and percentage of various habitat quality categories within the research zone from 1990 to 2019 have been quantified and are detailed in Table 3. Predominantly, habitat quality within the examined area was categorized as “medium” and “excellent,” which, combined, represented more than 85% of the aggregate habitat quality. The area proportion of “poor” and “excellent” grades showed a gradual exhibited a gradual upward trend. Notably, the proportion of “poor” grades experienced a more pronounced increase, with a rise of 3.3%. This increase in proportion corresponded to a spatial expansion of 14584.4 km2. The area proportion of “medium” and “good” grades showed a continuous decreasing trend, and the “medium” showed a more prominent decreasing trend, decreasing by 3.5% and decreasing by 15696.7 km2. Therefore, the findings also reveal a decrease in general habitat quality across the study region, accompanied by a notable bifurcation in quality levels.
TABLE 3 | Distribution and percentage of each habitat quality category from 1990 to 2019.
[image: Table 3]When examining habitat quality across 28 cities (Figure 3), it becomes evident that there are notable variations among the different urban areas. Yichang stands out with the highest habitat quality level, boasting an impressive average value of 0.7949. Following closely behind is Panzhihua with an average value of 0.7891. Shanghai, as the most urbanized area, shows the poorest habitat quality, averaging at 0.3075. In particular, its habitat quality average in 2019 was only 0.2641. For most cities, the average habitat quality values range between 0.4 and 0.7. Cities with habitat quality above the average, except for Chizhou and Anqing, are located in the middle and upper reaches of the Yangtze River. In contrast, those with below-average habitat quality, with the exception of Jingzhou, Wuhan, and Ezhou, are situated in the lower reaches of the Yangtze River.
[image: Figure 3]FIGURE 3 | Habitat quality in cities within the study area from 1990 to 2019.
An analysis of the spatial distribution (Figure 4) reveals noticeable disparities in overall habitat quality across various regions. Areas with poorer habitat conditions are mainly found in urban centers like Shanghai, Nanjing, and Suzhou, as well as in many parts of cities along the lower Yangtze River. Buffer zones at the extremities show reduced habitat quality as well. Areas categorized as having ‘good’ or ‘excellent’ habitat quality are primarily located along the upper Yangtze River and in regions farther from the river within its middle reaches.
[image: Figure 4]FIGURE 4 | Spatial distribution of habitat quality levels. (A) 1990; (B) 2000; (C) 2010; (D) 2015; (E) 2019.
3.1.2 Changes in habitat quality structure
Within the examined region, a significant portion, amounting to 83.8% or 371154.7 km2, preserved a consistent level of habitat quality. The remaining 16.2%, or 71,950.5 km2, experienced changes in habitat quality grade. Specifically, 7.5% shifted from a “high” to a “low” classification, indicating a deterioration in habitat quality, while 7.4% moved from “low” to “high”, signifying an improvement in habitat quality. From 1990 to 2000 (Figure 5A), a total of 18.7% of the study region displayed alterations, with the principal shifts being from “medium” to “excellent” and vice versa, constituting 2.4% and 2.3% of the entire area, respectively. Between 2000 and 2010 (Figure 5B), the percentage of areas with stable habitat quality closely resembled that of the previous decade. The most notable change was a 2.4% shift in the total area from “medium” to “excellent” habitat quality. Other changed habitat quality categories accounted for less than 2.0%. From 2010 to 2019 (Figure 5E), the most notable change was the shift from “excellent” to “medium” habitat quality, encompassing 2.6% of the territory, indicating a deterioration in habitat quality due to escalated urban expansion.
[image: Figure 5]FIGURE 5 | Changes and transitions in habitat quality grade area (km2) (A) from 1990 to 2000; (B) from 2000 to 2010; (C) from 2010 to 2015; (D) from 2015 to 2019; (E) from 1990 to 2019.
The analysis of habitat quality changes, as depicted in Figure 6, indicates that areas with declining habitat quality are predominantly located in major urban centers. These include Shanghai, Suzhou, Nanjing, Wuhan, and Chongqing, along with cities situated along the course of the Yangtze River such as Yangzhou, Wuhu, Jiujiang, Yichang, and Panzhihua. In contrast, signs of habitat quality improvement are distributed throughout the study area. Significantly, there is an increased occurrence of such enhancements in the vicinity of Ma’anshan and along the middle to upper segments of the Yangtze River.
[image: Figure 6]FIGURE 6 | Habitat quality variations from 1990 to 2019.
3.2 Dynamics of urbanization levels
3.2.1 Analysis of overall urbanization level
Figure 7 illustrates the urbanization rates for 28 cities for the years 1990, 2000, 2010, 2015, and 2019. From 1990 to 2019, the urbanization levels of these cities have steadily increased, with the mean urbanization rate in the study region escalating However, there are significant disparities in urbanization levels among different cities. Shanghai has seen the quickest expansion, holding the highest urbanization rate, which surged from 0.160 to 0.795. Conversely, Zhaotong demonstrates the minimal urbanization level, rising from 0.010 to 0.109.
[image: Figure 7]FIGURE 7 | Urbanization level of cities from 1990 to 2019.
In 1990, urban centers flanking the Yangtze River were just beginning to expand rapidly, starting from a relatively low base of urbanization. By the year 2000, there was a marked rise in urbanization across the region, notably in Shanghai, Nanjing, Wuhan, and Chongqing, which witnessed the most substantial surges. By 2010, urbanization levels in each city had steadily risen, although differences between cities were apparent. By 2019, every city within the study zone had an urbanization rate above 0.1, with cities such as Suzhou, Wuhan, and Chongqing surpassing 0.5, and Nanjing and Shanghai exceeding 0.6.
3.2.2 Analysis of urbanization level characteristics of the four subsystems
Overall, the urbanization level of the various subsystems in the 28 cities demonstrates a consistent upward trend. However, it should be emphasized that significant disparities exist across the various cities within the four subsystems. In terms of population urbanization level, all cities within the study zone saw a marked rise in urbanization from 1990 to 2000, mong which Chongqing, Shanghai and other cities increased the most significantly (Figure 8A). Post-2010, the rate of population urbanization began to stabilize. The urbanization levels across the three subsystems—economic, spatial, and social—showed a consistent upward trend and experienced changes. The overall trend of change in these subsystems was similar across cities (Figure 8). However, variations were observed among cities at different time points. Notably, Shanghai, Nanjing, Wuhan, and Chongqing, Suzhou demonstrated the highest levels. The urbanization levels of Zhaotong, Chizhou, Yibin and Tongling are observed to be the lowest.
[image: Figure 8]FIGURE 8 | Urbanization levels of subsystems in 28 cities from 1990 to 2019. (A) Population urbanization; (B) Economic urbanization; (C) Spatial urbanization; (D) Social urbanization.
3.3 The coupling coordination degree between urbanization and habitat quality
3.3.1 Analysis of spatio-temporal characteristics in coupling and coordination
Analysis of the data in Figure 9 reveals synchronized urban development across all cities from 1990 to 2019, showing a consistent trend of enhanced synergy between urbanization and habitat quality. The coupling coordination degree increased from 0.380 to 0.604, despite some variability among cities. From 1990 to 2000 (Figures 9A, B), significant progress in coupling coordination aligned with population urbanization trends, highlighting its critical role. Between 2000 and 2010 (Figures 9B, C), most cities saw improvement, with Chongqing showing the most substantial increase, moving from basic to high coordination. During 2010 to 2019 (Figures 9C, E), all cities experienced a gradual increase in coupling coordination, leading to overall stabilization. Chongqing, Kunming, and Wuhan reached the highest coordination levels, while Ezhou had the lowest, reflecting a foundational level of coordination.
[image: Figure 9]FIGURE 9 | Urbanization-habitat quality coupling coordination trends (1990–2019) (A) 1990; (B) 2000; (C) 2010; (D) 2015; (E) 2019.
The coupling coordination degree (CCD) between the four urbanization subsystems and habitat quality has shown a significant overall improvement over the past 30 years, indicating a gradual enhancement in the coordination between these subsystems and habitat quality during the urbanization process (Figure 10). Among these, the CCD values for the economic and social subsystems have increased most significantly, reflecting a notable optimization in the relationship between urbanization and habitat quality in these areas. In contrast, the spatial subsystem exhibited more fluctuation in its CCD values, highlighting the more complex challenges cities face in balancing spatial expansion with habitat quality. Despite these differences, cities have generally achieved higher levels of coordination between urbanization and habitat quality.
[image: Figure 10]FIGURE 10 | Coupling coordination degree between urbanization subsystems and habitat quality in the 28 cities (CCD, Coupling coordination degree; (A) Population urbanisation subsystems; (B) Economic urbanisation subsystems; (C) Social urbanisation subsystems; (D) Spatial urbanisation subsystems).
3.3.2 The coupling coordination degree characteristics between urbanization and habitat quality
To thoroughly investigate the characteristics of coupling coordination between urbanization and habitat quality, we applied the classification criteria from Table 2 along with the calculated features of coupling coordination. The findings, as illustrated in Figure 11, reveal a general transition in the coupling coordination characteristics across the study area, moving from an urbanization lag type to a synchronized urbanization-habitat quality type, and eventually to a habitat quality lag type. Initially, in 1990 (Figure 11A), urbanization lag was prevalent across all cities, with Zhaotong and Chizhou significantly uncoordinated, reflecting China’s early urbanization phase and limited anthropogenic impact on the Yangtze River Basin. By 2000 (Figure 11B), despite a dominant urbanization lag, coordination levels had improved, with Shanghai achieving synchronicity between urbanization and habitat quality. The year 2010 saw intensified human activity impacting habitat quality, prompting cities like Nanjing and Wuhan to evolve towards synchronization, whereas Chongqing attained high coordination (Figure 11C). By 2019 (Figure 11E), the pronounced increase in urbanization intensified its impact on habitat quality, yet a more synchronized urbanization-habitat quality relationship developed, with cities like Shanghai, Nanjing, Wuhan, Suzhou, Wuxi, and Chongqing indicating a shift towards balanced dynamics.
[image: Figure 11]FIGURE 11 | Characteristics of coupling coordination degree between urbanization and habitat quality from 1990 to 2019. (A) 1990; (B) 2000; (C) 2010; (D) 2015; (E) 2019.
3.3.3 Relationship between urbanization level and habitat quality
Within the study area, a significant spatial differentiation pattern is observed, marked by a clear negative correlation between habitat quality and urbanization levels. Specifically, habitat quality and urbanization levels display distinct patterns, highlighted by extreme values in provincial capital cities and gradient shifts along the Yangtze River, from the upper to the lower reaches (Figure 12). Habitat quality demonstrates a trend where provincial capital cities are low-value areas, and the upper reaches of the Yangtze River (average value of 0.713) > the middle reaches (average value of 0.592) > the lower reaches (average value of 0.465). In contrast, urbanization levels peak in provincial capital cities and exhibit an overall upward trend from the upper to lower reaches of the river.
[image: Figure 12]FIGURE 12 | Average urbanization level, habitat quality and coupling coordination degree of cities along the Yangtze River.
4 DISCUSSION
4.1 Comparison of the research results on the relationship between urbanization and habitat quality
Previous studies have shown that although urbanization has brought about economic prosperity and social progress, it has also had negative impacts on ecosystem services, biodiversity, and habitat quality (Kendal, 2023; Soni et al., 2024). This study finds that the rapid urbanization of cities along the Yangtze River has led to a decline in regional habitat quality, with 22 out of the 28 cities in the study area showing a downward trend in habitat quality. A significant negative correlation exists between urbanization levels and habitat quality, aligning with previous studies that consistently show urbanization contributes to regional habitat quality degradation (Ke et al., 2023; Chen and Liu, 2024). This degradation is primarily due to the expansion of urban construction land at the expense of highly suitable habitats such as forests, water bodies, and agricultural land, resulting in an overall decline in habitat quality. Moreover, this study observes that the coupling coordination between urbanization and habitat quality has gradually shifted from an urbanization-lagged type to a synchronous type and then to a habitat quality-lagged type, which aligns closely with related research findings (Luo et al., 2022; Tang et al., 2022). Additionally, relevant research indicates that effective ecological protection measures can alleviate the adverse effects of urbanization on habitat quality to some extent, promoting harmonious development between urbanization, the ecological environment, and habitat quality, which aligns with the main conclusions of this study (Tu et al., 2023; Huang et al., 2024).
4.2 Urbanization and habitat quality can achieve coupling and coordinated development
Analysis of the data shown in Figure 13 reveals a continuous rise in urbanization over the preceding three decades. This increment has catalyzed a shift in the interrelation of urbanization and habitat quality across the 28 cities assessed, transitioning from a state of discoordination to one of coordination. In particular, there has been a progression in the coupling coordination degree, transitioning from a phase of discoordination to one of coordination. Moreover, cities with higher urbanization levels tend to exhibit higher degrees of coupling coordination. This suggests that as urbanization increases, it is possible to achieve coordinated development with regional habitat quality. While urban growth impacts habitat quality, research shows that a synergistic relationship between urbanization and environmental conservation can be realized through the implementation of ecological protection measures (Luo et al., 2019; Huang et al., 2024). In the initial years of the 1990s, China commenced critical environmental conservation measures such as the Natural Forest Protection Project and the Grain for Green Program. Subsequently, the nation put forth the “Two Mountains” theory and advanced the concept of promoting ecological civilization construction. In 2016, strategic initiatives were focused on prioritizing the Yangtze River’s ecological rehabilitation, endorsing a comprehensive approach to conservation that outweighs unchecked development, and pursuing a course rooted in ecological primacy and green growth. Actions were taken to bolster ecological conservation (Pan and Dong, 2022). As urban areas expanded and efforts to foster an ecological civilization grew, public engagement with environmental protection also surged. These strategies have been instrumental in steering the coordinated evolution of urbanization and environmental sustainability.
[image: Figure 13]FIGURE 13 | Characteristic values of coupling coordination between urbanization and habitat quality from 1990 to 2019.
4.3 An ideal city for coupled and coordinated development of urbanization and habitat quality
Based on the criteria provided in Table 2, the ideal threshold for coupling coordination involves achieving a high level of coordination, especially in terms of synchronizing urbanization and habitat quality. Analyses indicate that Chongqing has exhibited an improvement in habitat quality, with a 3.0% enhancement observed over the last 30 years. Concurrently, the urbanization metric has significantly escalated, denoting an almost twelvefold surge (Wang X. et al., 2022). The degree of coupling coordination has improved from a moderately uncoordinated level to a state of high coordination, as depicted in Figure 14 (Note: Image is sourced from the internet). Chongqing emerges as the unique case among the 28 cities analyzed, achieving significant synchronization between urban development and habitat quality. This positions it as a prime model for the integrated progression of both urbanization and habitat quality metrics. This accomplishment is intricately connected to the assortment of policies and measures that have been put into place in Chongqing over the course of the past three decades. Since becoming a directly-controlled municipality in 1997, Chongqing has undergone significant urban development, becoming a key economic center in the upper Yangtze River region (Jin Xiao-bin et al., 2024). It plays a vital role in maintaining the ecological wellbeing of not only the upper stretches but also the middle and downstream areas of the river (Li et al., 2013; Zhang et al., 2022). The national government and the municipal government of Chongqing have implemented a series of ecological measures, beginning with the Yangtze River basin shelter forest system in 1989, incorporating the “Three Gorges Project” ecological techniques into priority areas in 2006, and issuing guidelines for afforestation along the Yangtze in 2018. These measures have significantly contributed to Chongqing’s ecological improvements and have been crucial in sustaining habitat quality amidst ongoing urbanization.
[image: Figure 14]FIGURE 14 | Habitat quality, urbanization level, coupling coordination degree, and ecological protection policies in Chongqing.
5 CONCLUSION
Urbanization significantly alters land use, profoundly impacting regional habitat quality. Understanding this relationship is crucial for safeguarding the ecological environment and promoting sustainable urban development. This study utilized the InVEST model, entropy method, and CCDM to reveal the spatiotemporal characteristics of urbanization and habitat quality in cities along the Yangtze River. It analyzed the evolution of the coupling coordination between the two, and discussed their interrelationship and coupling coordination characteristics, leading to the following main conclusions. From 1990 to 2019, habitat quality in the study area showed a general decline of 4.5%, with 16.2% of the region experiencing significant shifts, primarily in major cities. During the same period, urbanization levels across the 28 cities increased more than sixfold, with significant disparities—Shanghai exhibited the highest urbanization, while Zhaotong had the lowest. Although most cities showed an inverse relationship between urbanization and habitat quality, Chongqing, Kunming, and Zhaotong exhibited a positive correlation. The coupling coordination between urbanization and habitat quality evolved from an urbanization-lagged type to synchronization, and eventually to a habitat quality-lagged type. The coordination degree steadily improved across all cities, with Chongqing achieving the highest and Ezhou the lowest.
These findings underscore the importance of coordinated urban development and ecological protection, providing scientific basis and decision-making references for sustainable urban development along the Yangtze River. However, there are still limitations and areas for further research in this study. For example, although the study selects 15 indicators to comprehensively reflect the level of regional urbanization, to more fully and objectively represent regional urbanization levels, additional objective monitoring data (such as nighttime lights, urban expansion indices, and other remote sensing data) should be included. Furthermore, the land use data used to calculate habitat quality, though high-resolution at 30 m, employs primary classification, which can obscure more detailed content. The next step will involve using more detailed secondary classification land use data. Additionally, the sensitivity and threat tables used in the habitat quality calculations primarily rely on existing research and expert experience. Due to the lack of field verification, the parameters have some subjectivity and uncertainty. In subsequent studies, combining field survey data will allow for more accurate habitat quality predictions. Finally, future steps could include using geographic detectors and machine learning models to more deeply study the relationship between habitat quality and urbanization.
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