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Introduction

In China, the sustainable development of the marine is facing a prominent contradiction between ecological security and economic development, as well as unbalanced and non-coordinated regional development. Exploring the regional differences in the synergy between marine ecological security (MES) and high-quality development of the marine economy (MHQD) and its driving mechanism is the key to optimizing the spatial distribution of marine development, promoting the synergistic and balanced development of the regional marine composite system during the “14th Five-Year Plan” period.





Methods

In this article, we employed the Dagum Gini coefficient decomposition model and Kernel density estimation methods to reveal the evolution of regional differences, sources, and distributional dynamics of synergistic development of the composite system from 2009 to 2020. Meanwhile, spatial econometric analyses were applied to identify the influencing factors and spatial spillover effects.





Results

The level of synergistic development of composite system has a fluctuating upward trend, with a significant positive spatial correlation and a significant “polarization effect”. Inter-regional differences in the synergistic development of the composite system are the main source of the overall differences. Factors such as innovation-driven, human capital, and opening up to the outside world are important driving factors for the synergistic development of the composite system.





Discussion

The MES-MHQD composite system exhibits a low level of synergistic development, with significant differences in the level of synergy both among the 3MMECs and within each circle. We infer that the expansion trend of overall difference will constrain the exploration of a sustainable development path for China’s coastal regions in the future. It is necessary to optimize the spatial layout of the composite system, establish robust mechanisms for regional cooperation and communication, accurately identify the development bottlenecks of the regional composite systems. This study provides a theoretical basis and decision-making reference for the promotion of the synergistic development of the composite system of the Three Major Marine Economic Circles (3MMECs) in China.
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1 Introduction

With the increasing pressure on land-based resources, energy, and space, the maritime domain has become an important area for all countries in the world to enhance their comprehensive national power and compete for long-term strategic advantages. To date, more than 100 countries have formulated detailed plans for the development of the marine economy, promoting it as a strategic national priority (Hussain et al., 2010; European commission, 2021). In China, the marine economy has become the most important part of the national economy (Zou et al., 2017), however, behind the high-speed development of the marine economy, the contradiction between the inefficiency of the marine industrial structure and the demand for marine resources is becoming increasingly prominent. Problems such as overfishing, escalating pollution, and worsening environmental degradation are persistently challenging marine ecosystems, disrupting their natural balance. These challenges imperil the sustainable progression of society and the economy, and pose a significant risk to human safety and survival (Liu C. et al., 2021). Therefore, the importance and urgency of marine ecological security(MES) are becoming increasingly prominent (Wang et al., 2023). Since 1989, when the International Institute for Applied Systems Analysis (IIASA) first proposed the concept of “ecological security”, more and more scholars have paid attention to ecological security issues and widely introduced the concept into the field of maritime domain (Dai et al., 2021). MES describes a condition where the marine ecosystem remains within a stable and secure range of natural environmental and human-induced activities over a defined period within a specific location. In such a state, the marine ecological environment does not represent a threat or cause damage to the marine economy, as well as to the sustainability of human existence and progress. Distinct from the narrower concept of marine ecological health, the definition of MES encompasses a broader scope, necessitating a harmonious coexistence of natural resources, ecological environment, and socio-economic development (Wang et al., 2023).

At a time when issues of MES are increasingly prominent, the Chinese government has placed greater emphasis on the sustainable relationship between MES and economic development. It has put forth a strategy for high-quality development and regards the maritime domain as a strategic priority for such development (CNR News, 2018). High-quality development of the marine economy (MHQD) is a development model that caters to people’s needs for a better life in the context of production activities and the distribution of the impacts and results of production-related outcomes in ocean development. It characterized by a high input-output ratios, efficient resource allocation, abundant technological content, sufficient regional and industrial development, balanced supply and demand, and high-quality sustainable development. It is also built on the principles of the “Five Development Concepts (innovative, coordinated, green, open and shared development)”. By integrating these concepts deeply, it represents a significant advancement over traditional development approaches, crafted to align with the distinctive features and needs of our contemporary era (Di et al., 2019; Di et al., 2022). Given the increasingly prominent negative impacts of economic growth that neglects ecological protection, the development of the marine economy requires a comprehensive transformation (Zhang et al., 2019). It is essential to integrate the concept of MES into the process of the MHDQ. Therefore, achieving a harmonious unity between MES and the MHQD is particularly important. In addition, as international and domestic marine regional cooperation further deepens, the pattern of the “three major marine economic circles” (3MMEC) in the north, east, and south of China, where the marine industry gathers, has been formed. But in fact, regional differences in China’s marine development are gradually expanding due to differences in geographic location, economic foundation, and natural resource endowment (Li et al., 2022). Further, the “14th Five-Year Plan (2021-2025) of China’s Marine Economic Development” underlines the importance of optimizing the spatial distribution of marine development, as well as promoting the synergistic and balanced development of the 3MMECs in the north, east, and south in an integrated manner. In this context, the key to high-quality construction of a marine power lies in promoting the coordinated development of MES-MHQD composite system. It is necessary to identify the factors influencing coordinated development and then address the issues of unbalanced, insufficient, and unsustainable development in coastal regions.

Research on the interaction between MES and MHQD is still in the exploratory stage. Previous studies mainly focused on the study of the relationship between marine economy, ecology, science, technology, and so on (Chen et al., 2020; Lin, 2020; Yu and Di, 2020). Especially under the guidance of the goal of building a global community of destiny for the oceans, the research on the relationship between the major conflicts of marine economic development and ecological protection, models and paths for the coordinated development of marine ecological-economic systems, and developmental differences in marine systems and influencing factors have been emphasized by scholars from all over the world (Martínez et al., 2007; Li and Teng, 2013).

In exploring the conflicting relationships, after the study of economic-ecological coupling derived from the Environmental Kuznets Curve (EKC) has been widely applied to the oceans, scholars have been examining the interactions and mechanisms between global marine activities, ecological environment, and socio-economic development by qualitative and quantitative methods. Jin et al. (2003) constructed a marine ecological and economic exchange matrix (G) to link ecology and economy in an attempt to illustrate the interactions between them. In the framework of the European Union’s “Blue Economy Growth”, how marine and coastal-driven economic activities can benefit from the optimization of the marine environment has become an important research topic for sustainable development (UNEP, 2015; European, 2016). Lillebø et al. (2017) analysed the relationship between the demand and supply of marine ecosystem services and good environmental status for blue growth activities, concluding that blue growth scenarios need to be strongly supported by economic and social, natural ecology, and marine environment. Masud et al. (2021) verified the above view using Structural Equation Modelling (SEM) with a case of marine nature reserves, and found that economic, social, cultural, and ecological development factors have a significant impact on the “sustainable use of marine natural resources”. In China, related studies have been emerging to seek a dialectical relationship between marine economic development and ecological protection, since the Chinese Government proposed a new concept of “green water and green mountains are gold and silver mountains” and issued a series of regulations (Wang et al., 2022). Scholars have used quantitative evaluation methods and models such as comprehensive evaluation (Bennett et al., 2021), ecological footprint (Zhang et al., 2022), energy value analysis (Sun et al., 2020; Ma et al., 2022), BP neural network (Tang et al., 2022), and system dynamics (Jiao et al., 2023) to explore the interactive response mode of the marine composite system and the degree of coupling and coordination.

How exactly can marine ecological protection and marine economic activities be coordinated? Some scholars argued that there is some coherence between land and sea in social and ecological systems (Fernandes et al., 2022). Drawing on management experience in the land area, scholars have explored from the perspective of marine management strategies, the coordinated development model and the effective path for balancing economic and social development, and environmental protection (Ren and Ji, 2021; Qian, 2023). By building a tripartite evolutionary game model using numerical simulation techniques, Li and Jiang (2023) argued that easing marine ecological-economic conflicts and achieving sustainable development of the marine economy is not only the responsibility of the Central Government but also requires the cooperation of multiple stakeholders, such as Local Governments and Sea-using Enterprises. Islam et al (Islam and Shamsuddoha, 2018). developed marine conservation strategies, targets, and action plans for nine interrelated sectors to achieve the blue growth and sustainable development goals of the Gala State Government. In terms of empirical simulation studies of pathways, Wang et al. (2021a) constructed a marine L-V symbiosis model focusing on socio-economics and marine ecology harmonization in terms of economic and environmental pressures, ecological status, and socio-economic responses. In addition, there are also studies covering marine sustainable ecological and economic assessment (Sun et al., 2020), the construction of an ecological footprint model for the rational planning of marine space (Ma et al., 2022; Tang et al., 2022), the establishment of a blue economic growth model to improve the marine ecological safety early warning system, which are aimed primarily at seeking a balance between the economy of the oceans and the protection of the environment and at proposing a scientific and integrated approach to their management (Jiao et al., 2023).

Regional differences and influencing factors are important element of synergistic research on marine systems (Wang et al., 2019). Research on the differences in global marine system development and the affecting factors has usually focused on one particular system, such as the marine economic system, ecosystem, resource system, and social system, involving marine industry development (Ji et al., 2023), marine pastures (Du and Li, 2022), eco-protected area construction (Zhang et al., 2021b), marine resources and energy dilemmas (Wang et al., 2018). Models and methods such as linear weighting models, Theil’s index, Tobit regression, and geographic factor detectors are mostly used (Wang et al., 2020; Cheng M. et al., 2023; Pan and Guo, 2023; Zhao et al., 2023). In terms of empirical research. Aiming at the unbalanced and uncoordinated status quo of China’s marine eco-tourism development, Ji and Wang studied the regional differences, dynamic evolution, and driving factors of tourism development for coastal cities (Ji and Wang, 2022). Scholars incorporated green development efficiency into the study of regional differences and influencing factors in order to promote the sustainable development of the marine economy (Zhou et al., 2023). In addition, other scholars have revealed the developmental characteristics and differences between land and sea socioecological systems from the perspective of land-sea coordination (Liu et al., 2017; Guo et al., 2022). Fernandes et al. (2022) explored spatial differences in socio-economic and marine-environmental characteristics between land-marine areas of the Portuguese, and developed the Marine Socio-Ecological Category, which informs the discrepancy management and planning under the different subdivisions.

Based on the research mentioned above, we can conclude that research on marine ecological-economic system synergistic relationships mainly focuses on the relationship between ecological protection and economic aggregates. Research on regional differences and influencing factors of multi-system synergies, especially considering the strategic context of MES and MHQD, is still lacking and unsystematic. Meanwhile, relevant empirical analyses need to be further developed.

In this study, we take the 3MMECs as the spatial scale, and adopt the method of Dagum’s Gini coefficient and its decomposition, Kernel density estimation, and spatial panel econometric modelling, to innovatively study the regional differences, dynamic evolution, and imbalance influences of the synergy between MES and MHQD in 3MMECs. We broaden the research perspective by combining mechanism analysis with empirical analysis to clarify the coupling mechanisms of synergy of the MES and MHQD. Our studies will be of great significance in alleviating the contradiction between MES and MHQD, and in promoting the coordinated development of 3MMECs during the “14th Five-Year Plan” period.




2 Theoretical framework: coupling mechanism for the synergy of MES and MHQD

China attaches great importance to “integrating development and security”, which has been incorporated into the guiding ideology of China’s economic and social development during the “14th Five-Year Plan” period. Meanwhile, MES and MHQD have become a powerful grip for “building a strong marine power with high quality”. Therefore, MES and MHQD should seek the best fit, and work together to achieve sustainable and stable spiral development. This provides policy and theoretical support for the construction of the coupling mechanism framework of MES and MHQD.

MES, starting from the perspective of human survival and development, promotes the harmonization of human-sea relations and the sustainable development of human society (Liu and Meng, 2021), ultimately contributing to the sustainable development of human society. The essence of MHQD is likewise livelihood-oriented, taking into account ecological and green development while enabling its economic results to benefit people’s lives in a sustainable manner. Therefore, MES and MHQD are complementary, interpenetrating, and mutually constraining. Here, we compare the logic of the interaction between the two systems and build a framework of the coupling mechanism of the composite system (Figure 1).




Figure 1 | Framework of the coupling mechanism between MES and MHQD in 3MMECs.





2.1 Mechanism of the role of MHQD on MES

MHQD empowers the prevention and control of marine environmental risks and promotes the ecological security system to achieve a virtuous cycle, which is the economic driving force to realize the ecological security of the national territory and build the marine community of destiny.

The role of MHQD on MES is as follows: (1) Provide financial guarantees and restoration funds. The establishment of MES barriers such as marine environmental pollution prevention and control, biodiversity protection, and orderly exploitation and utilization of resources is inseparable from the sustained and stable MHQD. MHQD can provide sufficient funds and advanced technology for the above MES construction links, ensure the implementation of MES early warning, green technology research and development, and specific pollution control projects, and effectively promote the smooth operation of the MES system. (2) Promote benign accumulation of the ecosystem. Green development is a particularly important part of MHQD. By optimizing the structure of marine industries, stimulating sea-related enterprises to innovate green production technologies, and investing in environmental technology R&D to counter the negative effects of sloppy production, we can reduce pollution emissions and resource waste, thus promoting the positive accumulation of marine ecosystems and improving MES. (3) The high-quality demands of the public drive the process of MES. MHQD reflects the desire of people in coastal areas for a high-quality living environment and the demand for sustainable development of the ocean. As people’s demand for high-quality green products and ecological services increases, the awareness of participation in environmental protection will also be enhanced. At the same time, the innovation requirements of MHQD can promote the improvement of MES-related regulations and systems and improve the modern governance system of MES. If the high-quality development is ignored, the extensive production mode will pose threats to the marine primitive ecology, resource environment, and human life, thus exerting a stressful effect on marine ecological security.




2.2 Mechanism of the role of MES on MHQD

MES not only characterizes good marine ecological resources and natural environment but also indicates that the human activities and socio-economic complex system related to marine ecology maintain a relatively safe and stable health status. A good MES system not only provides sustainable and safe environmental conditions for MHQD but also provides support for its continuous optimization and upgrading.

The role of MES on MHQD is as follows: (1) Provide a safe environment and resource guarantees to lay a material foundation and production factors for high-quality development. A well-established marine ecosystem can protect nature, economy, and society from external threats, providing a sustainable safe environment for production and daily life in human society. Given that the quantity of ecological resources is finite, MES is the fundamental guarantee for the sustainable use of marine ecological resources. It can provide high-quality natural ecological resources and sufficient production factors to support MHDQ. (2) Utilizing the wealth-enhancing functions of ecosystems. The value transformation of ecosystem services and ecological products within the MES system can drive wealth enhancement for MHQD. Firstly, ecological resources are converted into ecological products through the processes of ‘valorisation’ and ‘marketisation.’ Secondly, the transformation of ecological resources into ecological assets is achieved through mechanisms such as ecological value compensation and green finance (Shujah-ur-Rahman et al., 2019). Finally, the conversion of ecological assets into ecological capital is realized through the operation of ecological services, thereby generating wealth, which effectively promotes the MHQD. (3) Providing a “source” of motivational mechanisms. The construction of an MES system requires a shift in thinking, achieving a transformation from “end-of-pipe governance” to “source prevention and front-end innovation.” This shift can drive the transformation of economic development momentum backwardly, promoting economic transition and industrial structure upgrading from the ‘source,’ thereby providing momentum for the MHQD. Simultaneously, the market-oriented concept of eco-intensification encourages businesses to seek the most efficient combination of production factors, prompting them to prioritize investments in technological capital, innovation, and R&D, while reducing their reliance on traditional resource-intensive inputs, thereby promoting higher-quality development. Overall, MES and MHQD can be two-way promotion and two-way inhibition, once touched ecological security “red line”, will also have a binding effect on quality development.





3 Method and data



3.1 Construction of index system for MES and MHQD in 3MMECs

The establishment of a MES indicator system necessitates a dual consideration of the marine environment and resource status, while also thoroughly encompassing the pressures associated with emissions, consumption, and ecological restoration (Jiao et al., 2023). It should also account for the socio-economic system’s capacity to respond to and maintain ecological security pressures, facilitating comprehensive, multi-tiered, and multi-dimensional assessments. This process is both complex and pioneering. In terms of assessment logic, the International Organization for Economic Cooperation and Development (OECD) and the United Nations Environment Programme (UNEP) jointly proposed the “Pressure-State-Response” (PSR) model in 1990, which is widely used in ecological security assessment studies (Liu and Meng, 2021).The model is capable of reflecting the sustainability of ecosystems under human influence through dynamic causal relationships. By thoroughly collecting and organizing indicators for the previously studied PSR model (Wang et al., 2021a), we conducted theoretical analysis, field research, and expert consultations to construct an MES indicator system based on the classic PSR model (Table 1), which comprises 3 dimension layers and 13 indicator layers.


Table 1 | Evaluation system of MES comprehensive development of 3MMECs.



The ecological security “pressure” dimension takes into account the negative impacts of human beings, society, and nature on MES; the ecological security “state” dimension covers the situation of the oceans themselves and their carrying capacity for human activities; the ecological security “response” dimension refers to the measures taken by governments, enterprises, and individuals to maintain MES within a reasonable range. It represents the human capacity to respond to pressures and negative conditions affecting MES.

The MHQD is an integration of various systems. Clarifying and quantifying the characteristics of the MHQD and measuring its level is a complex system engineering task. It is not exclusively centred on the growth of the economic system; instead, it also emphasizes the need for coordinated interaction between the economic system and external factors, including the environment and society (Wu et al., 2023). Consequently, the “Five Development Concepts” proposed by the nation have indeed become the action guidelines for pursuing high-quality development (Liu and Zhou, 2023). The five dimensions they encompass, namely “innovative, coordinated, green, open and shared development”, form the logical framework for China’s high-quality economic development. Among these, “innovative” acts as the core driving force, “coordinated” is an intrinsic requirement, “green” is the predominant form, “open” is the only path, and “shared development” is the ultimate value destination. These five dimensions collectively guide the pursuit of high-quality development in various fields, including the marine economy. With reference to the objectives and tasks of the national high-quality development strategy, we have constructed an index system comprising 5 dimension layers and 31 indicator layers by drawing on the results of the existing research (Ma et al., 2019; Liu P. et al., 2021; Sun et al., 2021), including “economic development”, “innovation driven”, “green cycle”, “improvement of people’s livelihood”, and “land-sea coordination” (Table 2). The selection of indicators fully considers multiple dimensions such as the economy, society, resources, and environment, ensuring they possess comprehensiveness, scientificity, and effectiveness.


Table 2 | Evaluation system of MHQD comprehensive development of 3MMECs.



The “economic development” serves as a measure of the operational status of the marine economy, manifesting in three aspects: economic scale, economic vitality, and economic openness. We employ a suite of indicators, including the “GOP in coastal regions”, the “cargo throughput of coastal ports”, and the “value added by the marine industry”, to quantify the economic scale. Additionally, we track the “ratio of marine secondary industry to tertiary industry” and the “proportion of marine tertiary industry” to gauge the economic vitality. Furthermore, to assess the level of economic openness, we consider metrics such as the “actual utilization of foreign investment”, the “total value of imports and exports”, and the “foreign exchange earnings from coastal tourism”. The “innovation driven “ is the core driving force for the MHQD, characterized by innovation resources and innovation efficiency. The “investment intensity of marine scientific research funds”, the “marine R&D Staff”, and the “R&D topics for marine research and development institutions” are three indicators that effectively reflect the driving force of innovation. In terms of innovation efficiency, we represent this aspect with the following three indicators: the “number of marine science and technology patents granted per capita”、the “number of marine science and technology papers published per capita”, and the “marine labour Productivity. The “green cycle” concept is instrumental in assessing the level of circular governance. It encompasses several secondary indicators, including the “energy consumption per unit of GOP”、the “comprehensive utilization of coastal industrial solid waste”, “coastal industrial water reuse rate”, and others. The concept of “improvement of people’s livelihood” embodies the essence and goal of high-quality economic development, which is fundamentally people-oriented. This focus on the well-being of the population is manifested in three key areas: social security, education development, and economic conditions. These areas are further defined by seven secondary indicators that encompass a broad spectrum of social well-being, including aging, education, employment, healthcare, and income. The “land-sea coordination” is a key measure for accelerating the construction of a maritime power. It emphasizes the overall regional development and promotes regional economic growth as indicators of assessment. Below are five secondary indicators: the “urban to rural income ratio”, the “proportion of coastal marine GDP to national marine GDP”, the “proportion of the added value of marine industry to the GOP”, and others.




3.2 Coupled coordination degree model

MES and MHQD systems are complementary, interpenetrating, and constraining each other, the coupled coordination degree model we adopted to measure the level of synergistic development of the composite system is feasible (Bian et al., 2022):







In which   and   are the degree of coupling and coupling coordination between MES and MHQD, respectively (Equations 1, 3). The value interval is 0~1, the larger the value of  , indicating that the stronger the coupling coordination of the composite system.   is the integrated inter-system coordination index (Equation 2).   is the coefficient to be determined and  , in accordance with relevant national policies for integrated development and security, MES and MHQD systems are complementary and equally important (Geng and Ji, 2021) so take  .   represents the composite index of MES and MHQD. This paper examines the degree of coupling coordination of two subsystems, so the adjustment coefficient   is taken as 2.   is the integrated inter-system coordination index. In order to make a more accurate judgment of the degree of coupling coordination between the two systems in the study area, referring to the related research (Tsaur et al., 2006; Guo and Li, 2014; Song, 2021) we divided the coordination grade of the two systems based on the existing classification methods, the coupling coordination degree is classified by the median segmentation method (Cheng et al., 2019; Zameer et al., 2020; see Table 3).


Table 3 | Basis about coupling coordination degree level classification.






3.3 Dagum Gini coefficient decomposition model

In order to clarify the extent to which inter-regional (among 3MMECs) and intra-regional (among provinces and cities) discrepancy affect the overall regional differences in the synergy of MES and MHQD, we use the method of Dagum Gini coefficient and its decomposition to explore the magnitude, sources and evolutionary dynamics of the differentiation in the level of synergy. The formula is as follows (Equation 4):



In which   represents the total number of coastal regions,   and   is a regional subscript,   indicating the number of provinces and cities, i and m indicating the subscripts for provinces and cities, respectively.   represents the number of provinces and cities within region  ,   is a measure of the level of synergistic development of the provinces and cities   in   region, while   denotes the mean value of the coupling coordination of all examined Provinces and cities. The overall differences are decomposed into three parts: intra-group contribution ( ), inter-group net contribution ( ), and intensity of transvariation ( ),   (Zhang et al., 2021a; Li et al., 2022).




3.4 Kernel density estimation

Kernel density estimation is a method of applying continuous density profiles to describe the spatial distribution of a variable (Yu et al., 2021; Zhang et al., 2021a). We employ the method here to analyse the dynamic evolution trends of spatial patterns of distributional location, morphology, and polarization characteristics. We adopt the Gaussian kernel function in this paper (Chen et al., 2019).




3.5 Panel spatial econometric modelling



3.5.1 Selection of models

The classical spatial econometric models are represented by three differentiated spatial interaction effects, including the spatial Durbin model, the spatial error model, and the spatial lag model (Yu and Xiu, 2018; Venkadavarahan et al., 2023). The setting of the spatial weight matrix in this paper will be developed in terms of economic significance (Wang, 2013). Assuming that there is a strong spatial interaction effect between spatial units with similar levels of coupling and coordination development, the spatial weight matrix can be set according to the degree of coupling and coordination between spatial units, which is expressed as follows (Equation 5):



In which   is the weight assignment of spatial unit i to spatial unit  ;   and   is the average level of coupling coordination for spatial unit   and   over the research period.




3.5.2 Selection of control variables

The synergy theory suggests that the key to the transformation of a complex system from disorder to order lies in the synergy mechanism that can occur within the subsystems of the complex system, which mainly emphasizes the association and synergy within the complex system, as well as the coordination and coupling between the subsystems of the complex system when the system is evolving (Xu et al., 2016). The MES-MHQD composite system is influenced by a comprehensive range of factors. In the evolution of the system, these factors interact with each other through constraints, competition, connection, and collaboration. Factors affecting the collaborative development of the composite system should be comprehensively considered from three levels: economic, social, and ecological (Geng and Ji, 2021).

Referring to the research of relevant scholars in the field, we mined the common influencing factors (Guo and Li, 2014; Wang et al., 2021b; Yan et al., 2023), we selected the following indicators for analysing the synergy of MES and MHQD. (1) Innovation-driven (innov), Innovation is the primary driving force for the MHQD, playing a crucial role in enhancing economic benefits and reducing ecological and environmental pressures (Chemmanur et al., 2010). A composite index obtained by using the entropy method to calculate the number of scientific and technological patents granted by marine scientific research institutions, the number of R&D projects and the number of marine scientific and technological papers published by marine scientific research institutions. (2) Optimization of industrial structure (struc). The optimization of the marine industry structure plays a promotional role in the integration of marine spatial resources, is an essential path for the MHQD, and is an important factor influencing the improvement of the ecological environment, expressed as a percentage of marine tertiary output to marine secondary output (Zhao et al., 2020). (3) Opening up to the outside world (open). Opening up to the outside world can stimulate market vitality and promote marine ecological safety under the guidance of environmental policies, which can be quantified by the actual utilization of foreign investment (Li et al., 2017). (4) Human capital (lab). Marine professional technical talents provide important support for the sustainable development of the marine sector, expressed as the proportion of marine science and technology personnel among the employed in marine-related industries (Hayes, 1990). (5) Degree of government intervention (inter). Government intervention primarily refers to the use of regulatory measures such as environmental regulations to protect and influence the development status of marine ecological security. This ensures the smooth and effective operation of the system of high-quality development of the marine economy and marine ecological security, which is a necessary condition for the coordinated development of the marine complex system (Ehlers, 2016). It can be expressed in terms of the proportion of investment in environmental governance to the GDP. (6) Improvement of people’s livelihoods (wellb). Improving the lives of the people is an important measure and fundamental guarantee for the coordinated development of MES and MHQD. It can comprehensively enhance the overall quality of workers, increase environmental protection awareness, and strengthen social responsibility (Bertrand and Mullainathan, 2003), expressed as the proportion of the consumption level of residents of coastal cities to the national consumption level.





3.6 Study area and dataset

We select the 3MMECs in China as a study area, involving 11 coastal provinces and cities (excluding Hong Kong, Macao, and Taiwan). Among them, the Northern Maritime Economic Circle (NMEC) consists of the regions of Tianjin, Hebei, Liaoning, and Shandong. The Eastern Maritime Economic Circle (EMEC) consists of the regions of Jiangsu, Shanghai, and Zhejiang while the Southern Maritime Economic Circle (SMEC) includes Fujian, Guangdong, Guangxi, and Hainan. The data are mainly obtained from the 2009-2020 China Marine Statistical Yearbook, China Marine Economy Statistical Bulletin, China Marine Ecological Environment Status Bulletin, and statistical yearbooks of coastal provinces and municipalities directly under the central government, etc. The missing data are estimated by using the trend extrapolation method and interpolation method.





4 Analysis of results



4.1 Spatial and temporal characteristics of the synergy between MES and MHQD in China’s 3MMECs

We employed the ArcGIS10.8 software to explore the spatial distribution of the level of synergy of MES and MHQD. From 2009-2020, the evolution trend in the level of synergy between MES and MHQD has shown an incremental fluctuation, and there is a significant non-equilibrium development between different circles. EMEC had the highest coordination level, followed by NMEC and SMEC. The reason for this is that there are significant regional differences among these circles, leading to severe polarization and hindering the mutual promotion and coordinated development of the composite systems (Figure 2). The level of synergistic development of composite systems was distributed into four types, i.e., primary Coordinated, barely Coordination, on the verge of dissonance and mild dissonance (Figure 3; Table 3), and underwent the period of development, transitional and acceptable period of dissonance. Specifically, in 2009, Shandong, Jiangsu, Shanghai, and Guangdong as high-level regions were in the stage of barely coordinated, while Tianjin, Hebei, Liaoning, Zhejiang, and Fujian were on the verge of dissonance. From 2013 to 2017, the synergistic development of the composite system has undergone dynamic adjustments, resulting in an overall improvement. By 2020, with the advancement of the sustainable marine development goals, the regions that originally had a higher level of coordinated development among the 3MMEC are further developing. The characteristics are manifested by the fact that Shandong, Jiangsu, Shanghai, and Guangdong have consistently been high-level regions in the coordinated development of the marine complex system, belonging to the primary coordination and barely coordinated levels, indicating that there are regional high-level areas within each of the 3MMECs. The analysis also shows that Guangxi and Hainan have consistently been at a level of mildly dissonance and are considered low-level regions in terms of coordinated development. Liaoning, Zhejiang, and Fujian have transitioned from on the verge of dissonance in 2009 to a level of mildly dissonance in 2020, and these provinces are concentrated in the NMEC and SMEC. Tianjin and Hebei, which are located in the NMEC, are at a level of on the verge of dissonance. The results of these classifications indicate that there is significant regional heterogeneity among 3MMECs, and there is also a degree of spatial imbalance within each circle.




Figure 2 | Evolution trend of synergistic development level between MES and MHQD in 3MMECs from 2009 to 2020.






Figure 3 | Spatial and temporal distribution of the level of synergistic development of MES and MHQD in China.






4.2 Regional differences and decomposition of the level of synergistic development of MES and MHQD in 3MMECs



4.2.1 Overall differences and evolutionary trends

Overall differences in the level of synergy between MES and MHQD are increasing (Table 4), with a mean value of 0.1092. The highest value occurred in 2013 (0.1153) while the lowest value occurred in 2009 (0.1036). The evolution of the Gini coefficient can be roughly divided into two phases. The first phase is from 2009 to 2015, during which the curve of changes in the degree of coupled coordination differences experienced a peak in 2013, showing a fluctuating trend of “rising-declining-rising”, with an average annual growth rate is 0.15 percent. The second phase is from 2016 to 2020, which is in the crucial period of the “13th Five-Year Plan” for the marine economy. During this period, with the further optimization of the layout of 3MMECs, the degree of difference in synergistic development shows a yearly decline with an average annual decrease of 0.19 percent, but with a slight rebound in 2020.


Table 4 | Dagum Gini coefficient and its decomposition results.






4.2.2 Regional differences and evolutionary trends

Intra-regional differences in the level of MES-MHQD synergistic development have a clear hierarchical division (Figure 4A) and are ranked as SMEC> NMEC > EMEC. There is a serious polarization in SMEC, Guangdong and Fujian are ranked at the top while Guangxi and Hainan are relatively backward. EMEC has a minimum value, of less than 0.6. The Yangtze River Delta marine economy has expanded and upgraded from a double “V” shape to a “W” shape (Shen et al., 2023), and the integrated and synergistic development of the inter-region will be stepped up to a new level, which will contribute to the narrowing of the differences in synergistic development of the regional composite system. In terms of evolutionary trends, the intra-regional differences in the EMEC and SMEC show a fluctuating downward trend, while the NMEC shows an upward trend. In addition, in 2012, “the Ocean Power strategy” was promulgated and implemented, proposing the simultaneous promotion of marine economic development and ecological protection. This has, to a certain extent, increased the degree of regional equilibrium in the synergy of MES and MHQD in 3MMECs. Hence, the intra-regional differences in 3MMECs declined from 2013 to 2014.




Figure 4 | Evolution trend of regional differences in Level of synergistic development between MES and MHQD in 3MMECs.



The degree of inter-regional differences is in descending order of East-South, North-South, and North-East (Figure 4B). The evolutionary trend shows a decreasing trend in the East-South and an increasing trend in the North-East and North-South. Specifically, the East-South’s inter-regional differences show small amplitude fluctuations of “declining-rising “, with the peak occurring in 2013; North-South shows an inverted “N” pattern of “declining-rising-declining “; meanwhile, North-East shows an “N” pattern of “rising -decreasing- rising”. It is noted that NMEC and EMEC are the intersection and pioneer area of the national marine regional development plan and opening up to the outside world, which enhanced interregional synergies and openness, so the inter-regional differences value of North-East is minimal. Due to the “COVID-19 period” in 2020, the marine economy has been somewhat impacted, which has led to a further increase in synergistic development differentiation. Therefore, the value of the difference between regions in 2020 was slightly recovered in most of the groups.




4.2.3 Sources of regional differences and contribution

In terms of evolutionary trends (Figure 5), the contribution of intra-regional differences fluctuated less, with an overall slow decline from 28.34 percent in 2009 to 27.60 percent in 2020. The contribution of inter-regional differences fluctuates considerably, showing a “declining-rising” pattern, falling to a minimum in 2018, followed by a rapid rise. The contribution of the intensity of transvariation has increased with small fluctuations from the beginning of the period to 2018, with an overall smoother evolution, showing a “rising- declining” pattern, and peaking at 36.41 percent in 2018. In terms of contribution rate, the inter-regional difference was overall high throughout the study period except for 2018, followed by the intensity of transvariation and intra-regional differences. Indicating that inter-regional difference is the main factor contributing to overall regional differences, significant spatial disequilibrium exists among the 3MMECs. In addition, while the issue of overlap between different regions exists, its impact on the overall gap is limited.




Figure 5 | The origin of regional differences and contribution degree in the level of synergistic development.







4.3 Distributional dynamics evolution of the synergy between MES and MHQD in 3MMECs



4.3.1 Distribution location

From 2009 to 2020, the centres of the Kernel density curves nationwide and each of the 3MMECs show a clear rightward shift (Figure 6; Table 5), indicating a steady increase in the degree of coordination and a movement of the system towards mutual reinforcement, integration, and coordination. The curve of EMEC shifts rightward the most, indicating a large increase in the level of synergistic development. The rightward shift of the SMEC is smaller compared to the NMEC, indicating that the level of MES-MHQD synergistic development in the SMEC is relatively slow to improve and the synergistic pressure is high.




Figure 6 | Kernel density of the coupled coordination degree of the composite system in nationwide and 3MMECs. Figure (A–D) shows the results at the national level (Nationwide), as well as for the Northern Marine Economic Circle (NMEC), the Eastern Marine Economic Circle (EMEC), and the Southern Marine Economic Circle (SMEC).




Table 5 | Distribution and dynamic evolution characteristics of coupled coordination degree of the composite system in 3MMECs.






4.3.2 Distribution patterns

The distribution curves of nationwide, NMEC and, SMEC show an evolutionary trend of decreasing height and increasing width of the main peaks, indicating a gradual increase in the degree of dispersion. Due to the various bases of provinces, the ease of achieving synergistic development of composite systems varies considerably. The height of the main peak of the distribution curve of EMEC is increasing and its width is becoming smaller, indicating that the absolute difference in the level of synergistic development of the composite system is gradually narrowing. In 2017, the national side peaks exceeded the main peak, a further increase in the number of provinces and cities in the country with higher levels of coupled and coordinated marine composite systems, and the gap between regions continues to widen.




4.3.3 Distribution ductility

The distribution curves for the level of synergy between MES and MHQD in nationwide, NMEC, and SMEC have an obvious right-trailing phenomenon. Meanwhile, there are provinces with a higher level of synergistic development in each of 3MMECs. The left trailing phenomenon in EMEC is not significant. The distribution of synergistic development in nationwide and EMEC shows a converging trend, the gap between the higher-lower level and the average level is gradually narrowing. Core cities like Shanghai have led to the improvement of the level of synergy of the composite system in the neighbouring areas through the “radiation effect”. The curves of NMEC and SMEC show an extended broadening, provinces with higher scores have been further developed, and regional differences have increased, leading to the phenomenon of the “best of the best”.




4.3.4 Polarisation characteristics

The distribution curves of nationwide and EMEC show either a single peak or a double peak phenomenon, while NMEC and SMEC show bimodal characteristics, there is a polarization in the synergistic development of composite systems. Specifically, the distribution of curves at the national level undergoes a bimodal-unimodal-bimodal evolution. In a period of “bimodal”, regions with higher levels of synergistic development self-converge to higher values, which illustrates a certain gradient effect, but the degree of polarization is mitigated. EMEC showed a weak bipolar phenomenon in 2013, with the side peaks located to the left of the main peaks, other years showed an unimodal distribution. NMEC and SMEC have always been polarized, distance between peaks showing a tendency to expand, with bottlenecks in synergistic development in the low-value regions.





4.4 Drivers and spatial spillover effects of synergies between MES and MHQD in 3MMECs

The previous sections (sections 4.3) revealed the spatial imbalance characteristics of the coordinated development level of MHQ-MES composite system. To further explore the factors influencing regional differences, we here construct a spatial weight matrix with economic implications and introduces a spatial econometric model to analyse the key driving factors causing the differences in the level of coordination of the composite system, as well as to examine their impact magnitude and spatial spillover effects. The results of the Hausman test indicate that a fixed effects model should be chosen (Table 6). The LM test results show that, except for the LM-err test which is not significant, both the Robust LM-err, LM-lag, and Robust LM-lag tests have passed the 1% significant level test. Overall, the spatial lag model appears to be slightly superior to the spatial error model; the LR test indicates that the spatial Dubin model (SDM) cannot be degenerated into a Spatial Autoregressive model (SAR) or a Spatial Error Model (SEM).


Table 6 | Testing of spatial econometric models.



Therefore, we choose the SDM with spatial fixed effects for the analysis of influencing factors. We obtain the results of the total, direct, and indirect effects (Table 7), the sign of the spatial lag coefficient “ρ” is significantly positive, and there is a positive spatial correlation in the degree of coupling coordination of MES and MHQD among 3MMECs, with significant spatial spillover effects, which validates the rationality of the spatial measurement model construction.


Table 7 | Spatial effect decomposition of spatial Dubin model (SDM)based on fixed effects.



From the regression results at the national level, with the implementation of the “science and technology to develop the sea” strategy, “innov” has a positive driving effect on the synergy of MES and MHQD. The direct effect coefficient is 0.083, and the indirect effect coefficient is 0.0747, passing the test of significance level of 1% and 10%, respectively. The spatial spillover effect of “struc” on local and neighbouring areas is not significant. Industrial restructuring can revitalize economic vitality, but the spatial spillover effect of synergistic between MES and MHQD in local and neighbouring areas is not significant in a short period of time. The direct and indirect effects for “open” are 0.0351 and 0.1353, respectively, both of which pass the 1% significance level test. With the benefit of China’s reform and opening-up policy, the spatial spillover effect on neighbouring regions is significant, while the neighbouring regions can effectively benefit from the results of the region’s opening-up policy. The direct effect and indirect coefficient of “lab” both pass the 1% significance level test. Marine professionals, as a fundamental element in the growth of marine science and technology, play a decisive role in marine environmental protection. The positive indirect effect may be due to the sharing of scientific and technological achievements and the exchange of talents in the region, thus positively affecting the synergistic effect of the peripheral region-shaped composite system. The impact of “inter” on the local region has a positive but weak effect (0.0065), this probability is due to the lagged effect of policy adjustments. However, local impacts on neighbouring areas have not yet developed a statistically significant effect, so the focus is therefore on the influence of other factors. The direct effect coefficient of “wellb” is significantly positive, indirect effect is not significant. The reason may be that the social welfare policies of the region will attract the inflow of talents and other advantageous resources from the neighbouring regions, forming a “siphoning effect” on the neighbouring regions, thus making it difficult to promote the benign synergistic evolution of the composite system in the neighbouring regions.

We further discuss the effects of spatial effects by sub-region in order to compare the characteristics of the differences of different influencing factors of 3MMECs.

The direct effect coefficients of “innov” on the 3MMECs are all positive and pass the significance test of 1% and 5%, only the indirect effect coefficient for the NMEC passes the significance test and is significantly negative. Innovation-driven saves the consumption of resources and energy while promoting the transformation and upgrading of the marine economy, injecting new kinetic energy into the synergistic promotion of MES and MHQD. However, provinces of NMEC like Shandong with improved innovation capability enhance the “adsorption” effect on the innovation resources of the backward regions in the neighbourhoods, which further inhibits the benign spiral development of the composite system in the neighbouring regions.

The direct effect coefficients of “struc” on the EMEC and SMEC passed the significance level tests of 5% and 10%. The optimization and upgrading of industries have had a negative effect on the composite system of NMEC for a short period of time, but the overall impact is not significant. In terms of spatial spillovers, it shows a significant negative effect only on the SMEC. It shows that the industrial structure of the SMEC has obvious polarization effects and is susceptible to the negative influence of the “struc” from neighbouring provinces.

The direct effects of “open” on the 3MMECs are positive and tested at the 5% and 10% levels of significance, which are stronger than the indirect effects. This suggests that the implementation of marine international trade policies has a significant positive impact on the synergistic development of MES and MHQD, which is particularly strong in NMEC and EMEC. In terms of indirect effects, only the NMEC passes the significance test. The spatial “diffusion” effect led to a radiation-driven effect on the coordinated development of the neighbouring regions along the open route. At the same time, as an important “gateway” to the outside world, more attention has been paid to the restoration and improvement of the ecosystems.

The direct and indirect effects of “lab” on the 3MMECs passed the significance level tests of 1%, 5%, and 10%. In terms of spatial spillover effects, human capital has a significant positive contribution to the EMEC. There is a spatial “squeeze” effect of labour, which promotes the spillover of the coordinated development trend of the marine composite system in inter-regional exchanges, and effectively leads to the enhancement of the coordinated level of MES and MHQD in neighbouring provinces and cities. In SMEC and NMEC, the indirect effects are significantly negative. With economic and policy advantages, the “return effect” leads to the loss of human capital in neighbouring provinces, which in turn has a dampening effect on the coordinated development of composite systems.

The direct effect of “inter” did not pass the significance level test except for the SMEC. The coefficient of indirect effects on NMEC and EMEC are significantly negative. Local environmental regulation and preferential policies generate competitive advantages in relevant areas, which inhibits the coordinated development in the neighbouring regions. The central province led by Guangdong in SMEC, in collaboration with the remaining three provinces and cities, has effectively reduced the additional cost of marine environmental regulations by raising the standards of environmental regulations, and promoting the synergistic development of composite systems in the region.

The direct effect coefficients of “wellb” on the NMEC and EMEC are significantly positive while on the SMEC are insignificantly negative. The indirect effect coefficient on the NMEC and SMEC is significantly negative. The improvement of urban infrastructure support of NMEC and SMEC, especially the great abundance of education and medical resources, has produced a “siphon effect”, a phenomenon in which resource elements are gathered in resource-advantaged areas, which is conducive to the synergistic development of the region’s composite system.





5 Conclusions and policy implications

The prominent “ecology-economy” contradiction, unbalanced, and uncoordinated regional development have been the key issues constraining the sustainable development of China’s oceans and seas (Cheng J. et al., 2023). We innovatively constructed a framework for analysing the mechanism of synergy between MES and MHQD, on the basis of which regional differences in the level of synergistic development of the composite system, as well as its distribution and evolution trends, were revealed. Meanwhile, the factors influencing regional differences and their spatial spillover effects are also elucidated. This study provides theoretical and practical support for narrowing down the regional differences in the development of the marine composite system and promoting the synergistic development of the composite system in 3MMECs. The main conclusions are drawn as follows:

(1) The level of synergistic development of MES and MHQD showed an increasing trend in 3MMECs, and there is a significant spatial non-equilibrium. The synergistic development belongs to four categories of primary and barely coordinated, on the verge of dissonance and mildly dissonance, has not yet reached a high level of harmonization. (2) The overall differences in the level of synergistic development show a fluctuating upward trend, with intra-regional differences ranked as SMEC > NMEC > EMEC. The degree of inter-regional differences is ranked as East-South > North-South > North-East. Inter-regional differences are the main cause of overall regional differences. (3) In nationwide, NMEC, and SMEC, the absolute differences are widening, and that there are areas of high values of the level of coordinated development while the absolute differences within EMEC show a narrowing trend. The spatial distribution of the level of synergy in composite systems shows “multipolarity”. (4) The synergistic development of composite systems has a strong positive spatial correlation and aggregation; except for optimization of industrial structure, other influences contribute positively to the synergistic development of composite systems in this region; innovation-driven, opening up to the outside world and human capital play an active role in promoting the synergistic development of the composite system in the neighbouring regions.

The findings suggest that the MES-MHQD composite system exhibits a moderate level of coordination overall. Notably, the level of collaborative development among the 3MMECs and within each circle (between provincial regions) is significantly different, and the overall difference is showing a trend of expansion. This is bound to become a constraint on China’s coastal regions in exploring sustainable development paths in the future. Accordingly, to effectively reduce the regional differences and differentiate evolutionary trends in the collaborative development of the MES and MHQD composite system, we propose policy recommendations from the following three aspects:

(1) We should optimize the spatial layout of the composite system to foster balanced and harmonious development within the 3MMECs. Based on the measurement of the collaborative development level of the composite system, the coordinated development level of MES and MHQD among the 11 coastal provinces and cities in China is generally low. The results of Dagum coefficient decomposition reveals significant spatial inequality in the collaborative development of the composite system within the 3MMECs, and the intra-regional differences are becoming entrenched. To alleviate such differences, two approaches should be taken into consideration. On one hand, for regions where the collaborative development level of the marine composite system is low, tailored government regulatory strategies should be implemented. These strategies should focus on improving the quality and efficiency of the economy, rationally allocating marine resources, and practicing eco-friendly maritime policies. By taking these measures, we can foster a positive cycle of interaction between marine economic and ecological systems, which, in turn, will enhance the level of synergistic development of the composite system in these regions. On the other hand, each economic circle should fully utilize the spatial spillover effects of the regions within their marine composite system that have a competitive advantage in collaborative development, and strengthen the internal linkages and cooperation. For instance, the SMEC exhibits the most significant regional differences. As the leading region in the collaborative development of the composite system, Guangdong should capitalize on the advantages of its special economic zones. It should extend the influence of its marine economy, deepen ecological cooperation with neighbouring areas, and proactively advocate for the integration of Hainan and Guangxi into an overarching marine development strategy.

(2) We should enhance inter-regional cooperation and exchange mechanisms to foster coordinated integration and development of the MES-MHQD in coastal regions. Based on the Gini coefficient and Kernel density estimation results, the differences among the 3MMECs are the main factors contributing to the overall regional differences. Therefore, it is necessary to enhance the exchanges and cooperation, break down regional market barriers, and promote the flow of innovative and green resource elements among the 3MMECs. At the same time, taking opportunities from domestic and international economic cooperation strategies such as the “Belt and Road” Initiative and the concept of “building a community with a shared future in the sea”, we should consolidate the strategic cooperative relationships within the NMEC, EMEC, and SMEC, to further enhance the collaborative development level of the composite systems and balanced development among marine regions. Taking the EMEC and SMEC, which have significant inter-regional differences, as examples, it is necessary to encourage provinces in the SMEC such as Hainan and Guangxi to enhance cooperation with the EMEC’s Shanghai and Jiangsu, leveraging the strategic advantages of their region. They should fully utilize the natural resource advantages and integrate the high-quality innovative resources of the EMEC into the regional marine green development chain. These measures will effectively accelerate the industrial transformation and upgrading, establish long-term momentum for green innovation, and promote the balanced development of the composite systems between the EMEC and SMEC.

(3) We should accurately identify the shortcomings in regional development and adopt a differentiated strategy to promote the coordinated development of the MES and the MHQD complex system. The regression results of the spatial econometric model indicate that innovation-driven is a powerful engine leading the coordinated development of the MES and the MHQD complex system. It is imperative to persistently advance the conversion of marine science and technology towards more innovative domains. This involves conducting comprehensive technical research and development efforts focused on core, generic, and cutting-edge technologies within the realm of new marine green industries. In addition, human capital and government environmental regulations remain the primary drivers for promoting the coordination of marine ecological security and high-quality development of the marine economy. Therefore, regions should strengthen the cultivation of talent in marine-related fields, focusing on improving the quality of labour in the marine industry; simultaneously, there should be an increase in macro-control and financial support for marine ecological pollution prevention, control, and ecosystem restoration, actively guiding the marine industry towards a green and sustainable development path. Moreover, it is crucial to persist in the opening-up policy under the MES system, to deeply participate in global competition and cooperation in the marine economy and marine ecological environment governance and protection, and to seek the harmonious development of MES-MHQD from a more open perspective. Finally, the improvement of people’s lives plays a significant positive role in the collaborative development of the MES and MHQD complex system. Local governments should strengthen infrastructure construction, ensure and improve the standard of living, enhance the public’s sense of happiness and social responsibility, and contribute to the collaborative advancement of the MES and the MHQD.
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