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The bay area is a crucial land–sea junction zone containing essential urban clusters while receiving extremely complex internal and external disturbances that challenge more on its resilience management. However, a sound management tool based on the bay area’s resilience is widely lacking due to the difficulty of unifying resilience indicators and quantifying resilience relationships between regions. This paper tries to establish a comprehensive resilience index for coastal bays from four major resilience-related dimensions, namely, physical structure, social development, ecological environment, and hazards, and applies it into the three major developed bay areas in China. A coupling coordination degree model was used to further reveal the resilience development and its internal coordination by temporal and spatial differences. The results show that the index could clearly reveal the resilience changes from the year 2000 to 2020 of the three bays with the common key drivers of socioeconomic development. It also explains the resilience changes among three bay areas through analyzing synergistic and conflict relationships between the four sub-resilience systems.
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1 Introduction

Resilience is the ability of a system to adapt, overcome external disturbances, maintain its own stability, and restore its own function through a series of processes such as “resistance, absorption, repair, enhancement, and learning” (Adger et al., 2005). Resource depletion and potential environmental damage have triggered considerable concern about introducing resilience theory into regional management framework to achieve sustainable development (Brand, 2009; Yang et al., 2018). The resilience concept is permeating policymaking, for example, the National Science & Technology Council (NSTC) of the US published the “Opportunities and Actions for Ocean Science and Technology 2022–2028,” which encouraged the development of key elements for building resilient coastal communities, such as knowledge, technology, and capital (NSTC, 2022). Moreover, China has included the concept of urban resilience in the 14th Five-Year Plan and outline of long-term goals for 2035. However, even if increasing academic research and debates have discussed resilience management from multiple perspectives, there still a lack of comprehensive general discussions on evaluation strategies in this new and growing field (Li et al., 2020; Liu et al., 2022). A critical but largely inadequate need for resilience management is scientific information (Brown and Williams, 2015). Thus, government occupies the primary position in promoting resilience development systemically through public policies. For practical policy guidance, understanding the overall character of the systemic resilience based on quantifying interactions of impact factors within the system would facilitate better results (Nathwani et al., 2019). Since resilient development of the coastal zone requires consideration of the nexus between the land and sea, it is difficult to process in coastal areas.

The degree of resilience in land–sea intersection areas remains poorly understood, as the difficulty on unraveling interaction relationships between coastal community development and marine ecosystem changes. Nevertheless, coastal cities, especially in bay areas, are, in many cases, global economic centers (e.g., manufacturing, technology, trade, and finance) where the massive population aggregation and speeding up of industrialization make them vulnerable in facing complex disturbances from both the land and sea areas (Gao et al., 2022). For example, Bohai Bay, Yangtze river Delta, and Pearl River Delta of Chinese important bay areas and other international bay areas, e.g., the Tokyo Bay, San Francisco Bay, and New York Bay, are in a dilemma between economic growth and ecological degradation. In particular, the coastal urban ecosystem is vulnerable to disturbance (Nathwani et al., 2019). Thus, improving the resilience of the bay area has become a critical way to pursue sustainable development and tackle multi-risks (Sellberg et al., 2018; Jozaei et al., 2020; Wang et al., 2021). Among the existing literatures about urban resilience, conceptual studies have received more attention than analytical studies. Resilience is an important attribute to describe the dynamics of urban social–ecological system (SES), which has been studied in many fields from different perspectives (Adger et al., 2005; Folke et al., 2010). The Land–Ocean Interactions in the Coastal Zone (LOICZ) project constructed the framework of resilience and transformation on urban coasts (Ramesh et al., 2015), while contemporary studies have not devoted enough concern to the resilience assessment of the bay area ecosystem (Adger et al., 2005; Nathwani et al., 2019; Büyüközkan et al., 2022). An integrated vision of resilience evaluation suggests quantifying the dynamics and interactive relationships among various factors within the system to identify holistic properties of resilient systems. Otherwise, as is the case with most studies, qualitative or quantitative evaluation of the integrated resilience generally does not capture the breadth and depth of resilient evolution (Gari et al., 2015; Angeler and Allen, 2016; Liang and Li, 2020). Moreover, one issue that stands out in these studies is that they mostly focus on one risk, one disaster, or one region, which makes results lack comparability and universality (Diaz-Sarachaga and Jato-Espino, 2020; Kasmalkar et al., 2020; Li et al., 2021). In consequence, it is necessary to develop a comprehensive and informative resilience assessment framework tailored to the characteristics of the bay area and help formulate strategies in these areas to respond positively to crisis that might occur in the future.

The understanding of how changing patterns of resilience in the bay area is related to the broader dimensions of socioeconomic and environmental development is thus far largely unresolved. Here, we addressed these knowledge gaps by estimating the temporal and spatial variation in resilience of typical bay areas of China and then relating these resilience changes to human stressors and socioeconomic status. By subdividing the structure, impact, and process of resilience in the bay area system, the study innovatively constructed a resilience framework including the internal resilience structure and the external resilience of the bay area, and a total of 15 indicators were selected. Subsequently, we took the Bohai Bay, Hangzhou Bay, and Pearl River Delta as research objects, applied the framework to measure the resilience dynamic in the region, and analyzed differences in the development of resilience levels between regions by means of spatial and temporal variability analysis. Furthermore, coupling coordination degree model (CCDM) is often used to analyze the relationship between economic and ecological open systems with coupled characteristics (Jia et al., 2008, Zhang and Mo, 2014, Luo et al., 2021). Thus, the coupling coordination degree model (CCDM), correlation analysis, and significance test were used to illustrate the variation of resilience in the bay area through analyzing synergistic and conflict relationships between internal-resilience-related attributes. In a continuous changing world, this work can be used to explore enabling conditions for resilience building and guide effective policy and actions for promoting sustainable development of the bay area.



2 Methods


2.1 Study areas

We chose the three major bays as study areas, namely, Bohai Bay, Hangzhou Bay, and the Pearl River Delta from the north coast to the south coast of China, which ensured regional representativeness. They have been experiencing rapid economic development in the recent 30 years, accounting for 15.6% of the 2020 gross national product (GNP), and thus represented a high level and intensity of economic activities and dense urban development. As the epitome of many coastal cities in China, they have been already struggling with coastal ecosystem degradation, inadequate urban infrastructure and services, and so on, which may in turn restrict the resilient development of bays (Gao et al., 2013). Therefore, bays are especially sensitive to threats due to high population density and resource consumption but are capable of coping with resilient threats as an important engine for ocean economic development. The dual characteristics of high economic development level and high marine ecological stress in Chinese coastal areas are the motivation to study the resilience of Chinese bays. The locations and socioeconomic information are shown in Figure 1. Among them, Bohai Bay covers Qinhuangdao, Tangshan, Tianjin, Cangzhou, and Binzhou; Hangzhou Bay covers Shanghai, Jiaxing, Hangzhou, and Ningbo; and the Pearl River Delta covers Shenzhen, Dongguan, Guangzhou, Zhongshan, and Zhuhai.




Figure 1 | Location of Bohai Bay, Hangzhou Bay, and the Pearl River Delta in China. GDP and population are counted in 2020.





2.2 Index construction

Frameworks play an important role in analyzing social–ecological systems (Joerin et al., 2014), which provide shared concepts and variables that enable comparison across multiple cases. Some studies have proposed the conceptual framework of urban resilience (Galderisi, 2014; Ribeiro and Gonalves, 2019; Zhang et al., 2020), most of which reflect the ability of urban systems to resist, recover, adapt, or transform in the face of a series of disturbances. The adaptive cycle, a central mechanism of resilience theory, characterizes the dynamics of social–ecological systems (Yan and Tang, 2020). As a complex adaptive system in the bay area, current studies have focused strongly on a single subsystem and the single threats affecting that subsystem (Kuenzer et al., 2020). Therefore, to better make a reasonable and valid assessment of the resilience of the bay, we instantiated the complex framework of multiple subsystems (Figure 2) to reveal the changes in resilience resulting from the spatial and temporal variability of the three major bay area in China. The interactions between the internal attributes of coastal zone resilience were further explored. In light of the conceptual framework, specific indicators were selected based on previous studies (Zheng et al., 2018; da Silva et al., 2019; Oke et al., 2020), field survey, and adaptive resilience theory (Lak et al., 2020; Wardekker et al., 2020) (Table 1). Fifteen indicators in the index were extracted from the bay areas’ status of urban economy and social and coastal ecological environment. Thus, the evaluation index system of bay areas’ resilience was composed of four sub-resilience systems: physical space resilience, social development resilience, ecology resilience, and disasters resilience.




Figure 2 | The conceptual framework of resilience assessment. The resilience system consists of four sub-resilience systems, namely, physical space, social development, ecology, and disasters, and the sub-resilience system of disasters may act negative impacts on the overall coastal resilience while the other three sub-resilience systems form the basic resilience with multiple internal properties of the coastal bay areas.




Table 1 | Indicators for assessing the resilience of the bay area.





2.3 Mathematical processing


2.3.1 Assessment of bay area resilience

Due to the inconsistency of the units of the indicators in the resilience assessment framework, it is necessary to first standardize the original indicator data across multiple regions using the range method according to the effect direction of indicators on bay areas’ resilience.

 

where Nij refers to the specific value of the j indicator in the ith year.

The entropy method is an objective weighting method widely used in evaluating environmental time series data (Delgado and Romero, 2016) that is calculated according to the degree of variation in the data series. The advantage of the entropy method in multidimensional comprehensive evaluation is that it is more objective, avoiding the influence of human factors in subjective evaluation (Zhang et al., 2011). Compared with the analytic hierarchy process (AHP), principal component analysis (PCA), and other subjective weighting methods, this method is more objective and convenient (Lin et al., 2022). Therefore, it was applied to give weight to the bay area resilience index system. In this study, the weights of indicators determined by entropy method were calculated by Equations (2–4):

 

 

 

where Nij indicates the normalized data of Equation (1), and ej and wj are the entropy value and the calculated weight of each indicator, respectively. In Equation (3),   hich is used to make sure that the logarithm has meaning.

Ultimately, the quantifying results of resilience through standardized values and weights of indicators are:

 



2.3.2 Correlation analysis

In order to better explore the interactions between the internal attributes of coastal zone resilience, this paper adopts the method of calculating Pearson’s coefficient to determine the degree of correlation between two factors. This paper also used the one-way ANOVA method for significance testing of indicators in different bays.

Overall correlation coefficients ρ for the two factors X, Y are as follows:

 

Pearson correlation coefficient r:

 

where r can also be estimated by (Xi,Yi)

 



2.3.3 The coupling coordination degree model

The coupling coordination degree model (CCDM) were employed to analyze the coupling coordination relationship among the four sub-resilience systems in the three bay areas of China. According to the ecological coupling evaluation model (Li et al., 2019), the formulas were given as follows.

 

where D represents the coupling coordination degree, D∈[0,1]; C denotes the coupling degree, C∈[0,1]; and T represents the integrated evaluation index of the four sub-resilience (physics, social economy, ecology, and disaster). The closer the D value is to 1, the better is the coordination relationship, anssd the closer the D value is to 0, the worse is the coordination relationship. In the study, the criteria for classifying the coupling coordination level are determined according to the distribution function (Liao, 1996).

 

where R, S, E, and D denote the calculation result of the physics, social economy, ecology, and disaster sub-resilience, respectively.

 

where α, β, γ, and δ represent their contribution. In the study, it is assumed that ∝=β=γ=δ=1/4 , considering that the core of bay area’s resilience is coordination.




2.4 Data sources

The index data of social development status was obtained from the National Bureau of Statistics, the China City Statistical Yearbook, and the statistical yearbooks/bulletins of various provinces and cities. Environmental data came from the Bulletin on the State of China’s Marine Ecological Environment and the Environmental Protection Bulletin of various provinces and cities. Disaster data came from China Marine Disaster Bulletin, China Sea Level Bulletin, and Marine Disaster Bulletin of various provinces and cities. Physical space resource data came from the literature (Zhang et al., 2016; Sun et al., 2017; Li, 2020; Peng et al., 2020). Although very little data were missing, a nearest neighbor interpolation method was used to fit the data when needed to ensure the data continuity. More information about the data sources could be found in Table 2.


Table 2 | Data sources of the indicators for assessing the resilience of the bay area.






3 Results


3.1 The spatiotemporal evolution of bays’ resilience and sub-resilience over 21 years

As shown in Figure 3, the resilience in Bohai Bay (BHB), Hangzhou Bay (HZB), and the Pearl River Delta (PRD) presented positive improvement overall with slight fluctuation over 21 years, mainly due to the positive growth of the social development sub-resilience. The highest growth rate of resilience was in HZB where resilience level raised from 0.32 in 2000 to 0.72 in 2020, an increase of approximately 127.61%, followed by the PRD with value of +110.35% and BHB with value of +46.16%. This indicated that the development level of resilience in BHB lagged behind that in other two bays. Among them, troughs occurred in 2005, 2005, and 2010 for the PRD, HZB, and PRD, respectively. The time nodes coincided with the frequent emergence of marine disaster in China, which largely affected resilience growth (Figure 4). It was worth noting that ecological resilience in all the study areas fluctuated greatly and remained at a low level during the observation years.




Figure 3 | Changes in the three bays’ resilience scores by regions from 2000 to 2020. The percentage below it shows that the change rate in the resilience scores from 2000 to 2020 HZB and PRD have higher increasing rates of the resilience score than BHB.






Figure 4 | Line chart of resilience value for bays from 2000 to 2020. Different color indicates the four sub-resilience systems within the resilient system of bays. The ecological sub-resilience system has maintained a low level in the three bay areas, while the social development sub-resilience system has maintained an upward trend.



Regarding physical space resources resilience, the resilient level in BHB was relatively stable and increased slightly, and the resilience level dropped first then grew and ultimately dropped in HZB, and the resilient level dropped first then grew and ultimately grew in PRD. The resilient level of physical space resources developed in a differentiated manner among different regions, which resulted from local disparities in socioeconomic status, policies, technology, and so on. The resilient level of social development showed a rapid upward trend in the three bay areas.



3.2 Interaction relationship of properties within resilience

Figure 5 demonstrates how all factors affecting the resilience level interacted. The result shows that the resilient change in BHB was significantly positively correlated with those of in HZB (R=0.56, p<0.01), followed by those of in PRD (R=0.36, p<0.01). For BHB, we found that the disasters sub-resilience trend was significantly positively correlated with the social development sub-resilience trend (R=0.12, p<0.0001) and was significantly negative correlated with the ecology sub-resilience trend (R=−0.19, p<0.0001), followed by those of the physical resources sub-resilience (R=−0.16, p<0.0001). For HZB, the social development sub-resilience trend was significantly positively correlated with sub-resilience of physical resource (R=0.33, p<0.01) and ecology trends (R=0.087, p<0.0001) and was significantly negative correlated with the disaster sub-resilience trend (R=−0.14, p<0.01). For PRD, the sub-resilience trend of physical resource was significantly positive correlated with that of social development (R=0.7, p<0.001) and was significantly negative correlated with that of the ecology trend (R=−0.52, p<0.05). Physical space resources have a very obvious positive correlation with social development, which were the two sub-resilience systems with the strongest correlation found in this study.




Figure 5 | The interactive relationships between sub-resilience systems in and among three bay areas. t significance test below the value (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001). The correlations among the four sub-resilience systems show significant spatial heterogeneity in Chinese bay areas.





3.3 Coupling and coordinated development between sub-resilience

The spatiotemporal evolution of the coupling coordination level is shown in Figure 6. The coupling coordinated level of the three bay areas increased slightly in the long term, and the overall growth gradient was between grades 1 and 2. Up to 2019, the coupling coordination level of the three bay areas was still imbalanced, which regional social, ecological, and environmental coordination developments in Chinese bay areas affecting integrated resilience growth. In the past 20 years, the spatiotemporal evolution characteristics of the coupling coordinated level in the three bay areas are different. The coupling coordinated level of BHB fluctuated greatly, and the degree of coordinated development reached the highest around 2009, showing a trend of fluctuation improvement. The coupling coordinated levels of HZB and PRD have shown a stable upward trend since 2001. The worst level of coupling coordination was observed in BHB compared with other regions. In summary, the coupling coordination level within resilience for the bay areas was not optimistic, and the coordinated development of the four sub-resilience among regions was biased.




Figure 6 | Coupling coordinated level of the three bay areas during 2001–2019. The coupling coordination level in the three bay areas is overall imbalance, but they show a trend of fluctuation improvement. The coordinated development of PRD and HZB in south China is better than that of BHB in north China.






4 Discussions


4.1 Resilience assessment for coastal bays

It is an essential effort in the field of sustainable development to explore quantifying the resilience of the bay area and analyzing the synergistic and conflict relationships among sub-resilience systems. In this study, an assessment framework of resilience in the bay area was constructed, including four sub-resilience systems: physical space resilience, social development resilience, ecology resilience, and disasters resilience, and a total of 15 indicators were selected. Our results show that the indicator system in the study can be used to clarify the evolution of resilience in the bay area. As we all know, constructing the indicator system and quantifying the comprehensive score have been a mature method used in scientific research (Davies and Tonts, 2010; Meerow et al., 2016; Zhang, 2016). The resilience assessment in coastal areas mainly achieves the purpose of quantification by constructing the evaluation indicators system, selecting the corresponding mathematical method, and establishing the operation model. At present, the construction of resilience assessment indicator system mainly considers the comprehensive performance of resilience in coastal social–ecological systems under multiple disturbances of human and nature (Joerin et al., 2014; Lam et al., 2015). The indicator system generally covers multiple dimensions such as ecology, society, economy, infrastructure, and policy, which has been applied in the resilience assessment of coastal areas such as Shenzhen (Liang and Li, 2020) in China and Saudi Arabia (Alshehri et al., 2015).

In our study, we first standardized the original data of each indicator, then used entropy method to determine the weight of each indicator, and finally carried out Pearson correlation test and calculate coupling coordination level. The concept of entropy first appeared in thermodynamics, developed by Rudolph Clausius in 1865, as a way of describing the disorder of a system. In the information theory, entropy is a measure of the uncertainty associated with a random variable (Zhang et al., 2011). Therefore, in the entropy method, the greater the change range, the higher the index weight, which makes the system score more different. In other similar studies, PCA and AHP are also important methods for assigning index weights. At the same time, some scholars use DPSIR, ENA, and other methods to analyze the direct and indirect environmental interactions among economic components, which provides a framework for the investigation of the function, resilience, and dynamics of an ecosystem (Xu et al., 2018; Nathwani et al., 2019). Compared with subjective weight determination methods such as AHP, the entropy method is more objective and accurate and can better explain the obtained results (Prachee et al., 2005; Lee and Philip, 2013). This method can modify the obtained weight and has high adaptability. Nevertheless, the method determines the weight of the indicator according to the variation degree of the indicator, ignoring its importance degree (Tomson and Danny, 2021). Therefore, when the indicator value changes suddenly or not much, the weights given by it may be far from the reality. To sum up, the entropy weight method can provide basis for multidimensional comprehensive evaluation and avoid the influence of human factors in subjective evaluation; we finally adopt this method (Zhou et al., 2021; Huang and Ling, 2018).

The selection of indicators directly affects the final results. In this paper, a total of 15 indicators are selected and clustered into four sub-resilience systems to represent the physical space resources, social development, ecology, and disasters in the bay area. In view of the special geographical conditions of the bay area, we comprehensively consider the coupling of land and sea, focus on the changes in the coastal zone, and take into account the conditions of land and sea. Although there are few studies on the resilience in bay areas at present, based on similar studies, we believe that the percent of attainment days meeting excellent air quality standard, renewable resource recycling rate (Liang et al., 2020), urbanization rate, total economic losses due to marine disasters (Nathwani et al., 2019), dumping amounts of dredged materials in unit sea area (Gao et al., 2022), and other indicators can be further defined. Due to the limit of data, we failed to collect these data. If relevant data can be obtained and analyzed, the research results will be more convincing.



4.2 Spatial heterogeneity and internal interconnections of coastal resilience

The ecological sub-resilience at a low level revealed great vulnerability for marine ecosystem to answer the threats of environmental risks and disasters, which may be attributed to serious environmental problems under sustained high economic growth and prosperity. Nevertheless, social development sub-resilience currently became the key driver in bay areas to promote overall resilience even though the overall ecological resilience was low. There was not enough evidence to show that social development sub-resilience would have a significant negative impact on ecological sub-resilience system. Our results showed that there were significant differences in the sub-resilience systems of the three bay areas. There are two main reasons for spatial heterogeneity: physical geographical conditions and different patterns of development in the three bay areas. Different from HZB and PRD, BHB is not conducive to the diffusion of pollutants objectively because there is no river with large runoff into the sea and the ocean current activity is not active, resulting in the water exchange time being longer. It may lead to the easier correlation between marine disasters (especially algal bloom) and human activities. From the time scale, the regional development patterns can be summarized as four stages of prepare, absorb, recover, and adapt (Linkov et al., 2014; Liang and Li, 2020). Different development patterns in the three bay areas also make their resilience have different characteristics. Comparing the results of resilience trends in the study with previous studies, BHB and HZB are more likely to be in the recover stage, while PRD may have evolved into the adapt stage. Therefore, PRD has stronger resilience than BHB and HZB. Greater resilience is also the next evolution trend of BHB and HZB.

At present, there have been several studies on the resilience of HZB and PRD (Xiao et al., 2019a; Bi et al., 2020; Liang and Li, 2020), but the research on the relationship among sub-resilience in the bay areas is widely lacking. During our study period, the social economy in the PRD developed rapidly, but due to the negative effects caused by the pressure of socioeconomic system, pressure on marine ecological of the area has not been reversed in recent 20 years. Most cities are in the stage that socioeconomic development and marine ecological damage coexist (Gao et al., 2022). Although abundant financial resources supported marine ecological restoration projects, the improvement of ecological environment often lagged behind the restoration effect of physical space. Ignoring the role of the ocean and the impact of global climate change will lead to significant deviation in the sustainability assessment of coastal cities or regions (Li et al., 2021). For HZB, the regional ecosystem health status continued to degrade at city scale in 2001–2013, and this decline spread to the surrounding areas from Shanghai and Jiaxing (Xiao et al., 2019a; Xiao et al., 2019b). Only from 2001 to 2013, the resilience in HZB did not show an improvement trend, but after 2013, HZB began to improve significantly. To a large extent, the increasing governance capacity given by the social development to environmental issues promoted improvements in regional marine physical resources and ecology sub-resilience, and serious marine disasters produced the negative impact on social development sub-resilience. Studies on BHB found that islands are most sensitive to stressors from inland activities and coastline development (Shen et al., 2016), but there is lack of overall analysis for this bay area. Although disasters sub-resilience had a certain destructive effect on the sub-resilience of physical space resources and ecology, it had a certain promoting effect on the sub-resilience of social development through facilitating the construction of urban infrastructure. Urban resilience levels in the Beijing–Tianjin–Hebei region (BTH) have shown an upward trend with slight fluctuation between 1998 and 2019, and the differences between cities have gradually decreased (Liu et al., 2022), which also confirmed with the results of our research.

Meanwhile, few studies involve quantitative analysis of the interaction relationship within resilience. From the comprehensive performance of coupling coordinated level, the coordinated development of PRD and HZB (in southern China) was better than that of BHB (in northern China), which was also consistent with the existing research conclusion (Fan et al., 2019). Although the disaster sub-resilience level was high, serious environmental pollution and low level of economic development led to the low level of coordinated development. In HZB and PRD, where ocean economy was developing rapidly, the sub-resilience of ecology and physical space resources was slightly improved, benefiting from the implementation of marine ecological protection strategy. This made their internal resilience more coordinated than that of BHB. However, it is not optimistic that economic development and urbanization process are exerting strong pressures on the ecological security system, which makes it in a passive and restrained position in Chinese coastal cities (Nathwani et al., 2019; Gao et al., 2022). In addition, coastal cities have efficiency disaster response, which could decrease the negative impact in case marine disasters occur. The conclusions of these studies are mutually confirmed with the results of this paper, which further enhances the credibility of our study. In summary, owing to the complex influence of multiple sub-resilience factors, the study could provide some implications and help urban managers to develop an integrated vision to better understand resilience.




5 Conclusions

This paper proposed a sound resilience index system for the bay areas by considering both the internal resilience structure and the external disturbances and has been validated through the practical assessment in three major bay areas in China from 2000 to 2020. The resilience indicator system effectively evaluated the temporal and spatial variation of resilience level in the bay areas. It also revealed the resilience level changes among three bay areas and the interaction relationships between the four sub-resilience systems. Base on the results, the resilience level in BHB, HZB, and PRD presented positive improvement overall with slight fluctuation during the study period, and the social development was the key driver factor. In the three bay areas, the interaction relationship between sub-resilience systems obviously showed regional heterogeneity, which could be explained by regional development patterns. Moreover, what was not so optimistic was that the coupling coordination level in the three bay areas remained imbalanced for long term even though it has increased slightly. Furthermore, we innovatively connected the resilience changes to human stressors and socioeconomic status, which was of great significance to explore enabling conditions for resilience building and guide effective policy and actions for promoting sustainable development in the bay area.

It should be noted that coastal resilience as a core ability for maintaining coastal health and sustainability is of great importance but is very challenging understand and manage. Our study is an early trial to quantify the resilience, the connections with coastal ecosystem health are still unclear, and the proposed index system is still lacking of some key indicators due to the unavailability, e.g., marine food web information and coastal hydrological attributes. More research efforts including theoretical and practical investigations should be invested both for research institutes and coastal government to explore, uncover, and regulate the coastal resilience for promoting coastal sustainability.
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