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The ocean is the largest carbon sink on Earth and an important pathway to China achieving carbon neutrality. From a consumption perspective, studying the capacity of marine carbon sink in each of China’s provinces and its inter-regional transfer is of great significance in harnessing the increase in ocean carbon sink driven by final demand. This article first calculates the production-side carbon sink in coastal provinces. Then, based on the 2007, 2012, 2015, and 2017 Chinese inter-regional input-output tables, each province’s consumption-side marine carbon sink is calculated. The article further examines the influencing factors and key transfer paths for the growth of marine carbon sink through Structural Decomposition Analysis (SDA) and Structural Path Analysis (SPA) methods. The results show that each province’s total consumption-side carbon sink continues to rise, with significant regional disparities, demonstrating a trend of higher carbon sink in coastal provinces than inland provinces. Among the nine coastal provinces, Hainan and Guangdong are in a net input state regarding carbon sink transfer, while the other seven are in a net output state. SDA results indicate that the carbon sink intensity effect and the consumption demand effect are important factors inhibiting and promoting carbon sink growth, respectively, while the influence of the input-output technical effect is weak and variable. SPA analysis reveals that carbon sink outputs are primarily transferred to the food and tobacco sector, the agricultural and forestry products and services sector, and the wood processing and furniture industry. The key transfer paths mostly occur within a province, with a relatively small proportion of interprovincial transfer paths. Based on the research findings, this article suggests steadily increasing the proportion of marine product consumption, actively expanding the value chain of shellfish and seaweed industries, continuously strengthening coordination between land and marine industries, and further promoting the domestic circulation of marine carbon sinks.
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1 Introduction

Climate change has become a significant challenge facing humanity. As the world’s largest emitter of greenhouse gases, China has actively responded to the Paris Agreement, setting the ‘dual carbon goals’ of peaking carbon dioxide emissions by 2030 and achieving carbon neutrality by 2060. Increasing the absorption of atmospheric carbon dioxide is an important pathway to achieving carbon neutrality, in addition to reducing greenhouse gas emissions such as CO2 (Gao et al., 2021).

Carbon sequestration refers to the processes, activities, and mechanisms through which carbon dioxide is absorbed from the atmosphere, thereby reducing greenhouse gas concentrations. By enhancing ecosystem carbon sinks, more carbon emission space can be allocated to national development, contributing to achieving carbon neutrality goals and promoting sustainable economic development. Currently, carbon sequestration is primarily categorized into ‘green carbon’ and ‘blue carbon’. ‘Green carbon’ typically refers to land-based carbon sinks, where green plants absorb atmospheric carbon dioxide through photosynthesis. Forest, grassland, and cropland carbon sinks are all examples of this (Watson et al., 2000). In contrast, ‘blue carbon’ mainly refers to marine carbon sinks. The concept originated from the ‘Blue Carbon Report’ published by the United Nations Environment Programme in 2009, which defines ‘blue carbon’ as the methods by which ocean activities and marine organisms absorb atmospheric CO2 and fix it in the ocean.

Oceans possess a substantial carbon sequestration capacity and provide stable carbon storage capabilities compared to land carbon sequestration. Covering approximately 70% of the Earth’s surface, oceans constitute the largest active carbon reservoir on the planet. About one-fourth of the CO2 emitted by humans is absorbed by oceans (Doney et al., 2014), and their carbon storage capacity is 20 times that of land carbon reservoirs (Amon, 2016). Moreover, the storage period of ocean carbon sinks can extend for thousands of years (Gruber et al., 2019; Gregor and Gruber, 2020), making them an effective pathway for achieving carbon neutrality through increased sequestration.

China boasts significant potential in marine carbon sequestration, stemming not only from its vast territory of nearly 3 million square kilometers and favorable natural conditions but also from a series of internationally recognized marine carbon sink ecosystems such as seagrass beds, mangroves, and salt marshes, whose roles in marine carbon sequestration cannot be overstated. Among them, shellfish and seaweed have garnered considerable attention in scientific research in recent years as major contributors to marine carbon sequestration (Lai et al., 2022a; Feng et al., 2023).

Shellfish, with their unique filter-feeding mechanism, effectively extract particulate organic carbon from seawater and convert it into their own biomass, significantly promoting carbon fixation and storage (Feng et al., 2023). Additionally, during their growth, shellfish form shells rich in calcium carbonate, which further solidifies carbon in the ocean through the process of biomineralization, contributing to a long-term stable carbon storage reservoir for marine carbon sinks (Tamburini et al., 2022). On the other hand, algae convert inorganic carbon (primarily carbon dioxide and dissolved inorganic carbon) in seawater into organic carbon through photosynthesis, an efficient process that not only provides energy for algae but also serves as a crucial carbon source for the entire marine ecosystem, promoting carbon cycling and energy flow (Sun et al., 2020). The distinct carbon sequestration mechanisms of shellfish and algae collectively constitute a significant component of marine carbon sequestration (Zhang et al., 2017), vital for maintaining the health and stability of marine ecosystems and mitigating the challenges posed by global climate change.

China’s marine carbon sinks hold enormous potential. On the one hand, China’s marine territory covers nearly 3 million square kilometers, with exceptional natural endowments. It is one of the few countries in the world that possesses multiple internationally recognized marine carbon sink ecosystems, including seagrass beds, mangroves, and salt marshes. Additionally, as the main contributor to the marine fishery carbon sink, China’s shellfish and seaweed aquaculture industry has developed rapidly, ranking first in terms of cultivation area and production for several years (World Health Organization, 2023). With the maturation of algae processing technology and changes in residents’ dietary structure, China’s demand for shellfish and seaweed consumption has continued to rise. In 2022, the demand for algae exceeded 7.2 million tons, with shellfish becoming the leading species in marine aquaculture in China. However, research on China’s carbon sinks has long focused only on green carbon sinks such as forests and grasslands (Jiang et al., 2022; Lai et al., 2022b), while studies on blue carbon sinks, especially from the perspective of consumption-driven dynamics, are scarce.

This gap in research is concerning, as consumption patterns play a pivotal role in determining carbon emissions and, subsequently, the efficacy of blue carbon sinks. By examining blue carbon sinks through the lens of consumption, we can gain deeper insights into the complex interplay between human activities and the marine carbon cycle. This understanding is vital for crafting holistic strategies aimed at climate change mitigation and the promotion of environmentally sustainable practices.

This paper examines the impact of consumption on China’s ocean carbon sinks and emissions and explores the impact mechanism and design improvement measures to help the country achieve its ‘dual carbon’ goal. This paper uses data from China’s inter-regional input-output tables for 2007, 2012, 2015, and 2017 to analyze the number of marine carbon sinks on the consumption side of each province by constructing an EE-MRIO model. It explores the differences between provinces, the impact of the type of final consumption, and the transfer of marine carbon sinks. In addition, the paper uses the structural decomposition analysis (SDA) method and structural pathway analysis (SPA) method to investigate the factors influencing the growth of marine carbon sinks and the key transfer pathways. The main findings of this paper are as follows. First, the total capacity of carbon sinks on the consumption side is increasing in all provinces and is significantly higher in coastal areas than inland areas. Second, the carbon sink intensity effect and the consumption demand effect are important factors inhibiting and promoting the growth of carbon sinks, respectively. Finally, carbon sinks are mainly transferred to the food and tobacco sectors, agriculture, forestry, and fishery products and services, and the wood processing products and furniture industry, primarily within provinces.

The contributions of this study are as follows. First, in terms of research perspectives, the issue of consumption side resources and environmental accounting has become a research hotspot in recent years. Many scholars (Wang et al., 2019; Hou et al., 2020) have pointed out that in the post-Kyoto-Protocol era of global climate governance, the current carbon accounting system based on production-side emissions should be reformed and shifted to a more effective system based on consumption-side emissions. In other words, this means moving the focus from product manufacturing product emissions to product consumption emissions. This paper innovatively examines the transfer of marine carbon sinks in China’s provinces and the influencing factors and key pathways from a consumption-side perspective. It is conducive to a deeper understanding of the relationship between consumption and ocean carbon sinks, thus supporting the formulation of more effective policies to increase sinks and help achieve the dual carbon goal.

Second, from the perspective of research content, previous research on ocean carbon sinks has remained at the level of ‘discussing the sea in relation to the sea’ without considering the current needs for the integrated development of sea and land. This paper uses an EE-MRIO model and structural pathway analysis to analyze the linkage effects of ocean carbon sinks between land and sea industries. This research helps formulate more scientific and precise environmental protection policies, thus contributing to the achievement of sustainable development goals.

Third, in terms of research methodology, this paper adopts an environmentally extended MRIO model (EE-MRIO), combining China’s marine sector carbon sink data as a satellite account with an MRIO model to achieve a multi-regional linked analysis of marine carbon sink transfer. This allows a more accurate assessment of inter-industry carbon sink transfers and a better understanding of inter-regional ocean carbon sinks by considering the transfers and impacts of these sinks between individual regions.




2 Literature review



2.1 Current status of research on “carbon sinks” in the marine industry

In the face of the worsening situation of global warming and environmental damage, the development of energy conservation and emission reduction has become a global imperative (Zhang et al., 2024). Current research on carbon emission reduction in the marine industry mainly focuses on the marine fishing industry (Greer et al., 2019), mariculture (Shi et al., 2023), marine shipping (Chen et al., 2024; Xiao et al., 2024) and so on. At the same time, the carbon sink attributes of the marine industry have also received widespread attention. Research on the “carbon sinks” of the marine industry has focused mainly on the formation mechanism and sources of marine carbon sinks. With regard to the mechanism for the formation of the ocean carbon sink, research has focused on the processes of ocean carbon sink generation, including the solubility pump (Aldama-Campino et al., 2020; Watson et al., 2020), the biological pump (Aldama-Campino et al., 2020), the microbial carbon pump (Jiao et al., 2010; Jiao et al., 2011; Polimene et al., 2017) and carbon sink fisheries (He and Zhang, 2023; Li et al., 2023; Tang and Liu, 2016). Together, these processes form the basis of the ocean carbon cycle, with carbon uptake, transfer and storage occurring through photosynthesis, respiration and physico-chemical reactions in marine organisms. In studies focusing on marine carbon sinks, the marine ecosystem is often viewed as a unified entity, with an emphasis on the ecological perspective to assess the role of these sinks in climate change. Specific ecosystems like salt marshes (Chmura, 2013), mangroves (Kandasamy et al., 2021), and seagrass beds (Ramírez-Zuñiga et al., 2024) have received attention for their unique ecological functions and ability to sequester carbon. Additionally, the idea of shellfish and algal carbon sinks in marine fisheries is gaining recognition, as these organisms absorb carbon dioxide through photosynthesis and convert it into organic matter (Jia et al., 2023; Li et al., 2024). This organic matter is either sequestered or forms stable carbon pools on the seabed. Not only do shellfish and algae in aquaculture have economic value, but they also enhance marine carbon sinks, playing a crucial role in mitigating climate change (Alleway et al., 2019).




2.2 Research on methodologies for estimating marine carbon sinks

The most common methods for estimating carbon sink capacity include atmospheric inversion (Piao et al., 2022), remote sensing estimation (Wang et al., 2020; Tu et al., 2021), and ecosystem modeling and material quality assessment (Ren, 2021). The atmospheric inversion method estimates the carbon sink of terrestrial ecosystems by inverting the atmospheric CO2 concentration changes based on atmospheric CO2 molar fraction measurements and atmospheric transport models combined with anthropogenic CO2 emission inventories (Piao et al., 2022). It has the advantage of assessing carbon sinks and their responses to climate change on a global scale in near real-time. The limitations of atmospheric inversion are that its accuracy is affected by several factors, such as the number and distribution of atmospheric CO2 observation sites, uncertainties in atmospheric transport models, and limitations in CO2 emission inventories. Remote sensing estimation is a method that uses remote sensing to monitor and assess ecosystem carbon sinks, providing data with a wide spatial extent, large coverage area, and a high temporal resolution. However, this method also requires precise calibration and validation to ensure the accuracy of the estimates. Ecosystem modeling refers to providing gridded carbon sink estimates by simulating the processes and mechanisms of the ecosystem carbon cycle. However, ecosystem modeling requires accurate input data and parameters to ensure precise simulation results. Physical quality assessment methods provide a comprehensive and holistic evaluation of the services provided by ecosystems from the perspective of their physical quality through an in-depth understanding of the mechanisms by which their services are generated. Of these methods, atmospheric inversion, remote sensing estimation, and ecosystem modeling are computationally complex and unsuitable for national-level studies (Ren, 2021). In contrast, physical assessment methods do not require direct measurement and can be used to assess the provision and value of ecosystem services by collecting and integrating data from multiple sources. Therefore, it is widely used to measure marine fisheries’ carbon sink capacity. This paper draws on fishery production data from the China Fisheries Statistical Yearbook, using shellfish production data to make the corresponding measurements.




2.3 Factors affecting the ocean carbon sink

The factors influencing ocean carbon sinks have mainly been explored from the production side. For example, Ren (2021) studied the role of mariculture in mitigating climate change and constructed a preliminary accounting system to assess the removable carbon sinks of mariculture shellfish and algae. The study found that shellfish and algae in Chinese mariculture can absorb and store an average of 927,000 tons of carbon dioxide per year, demonstrating an overall upward trend. Guan et al. (2022b) used the two-stage LMDI approach to comprehensively explore the net carbon sink capacity mechanism of mariculture in China, using aquaculture structure, aquaculture efficiency, culture scale, the competitiveness of shellfish and algae, and culture mode as analysis factors. Guan et al. (2022a) analyzed the carbon emissions and carbon sinks of pelagic fisheries in China’s coastal provinces and decomposed the drivers of net carbon emissions. The results showed that the main positive driver is industrial development, and the main negative driver is population size, while the net carbon coefficient and energy intensity also influence net carbon emissions to some extent.

Although previous research results have referenced research objects, content, and methods, the following shortcomings remain. (1) In terms of research objects, there is a lack of research on ocean carbon sinks, especially fishery carbon sinks, which does not match China’s status as a major ocean carbon sink country. (2) In terms of research content, most existing studies have focused on the formation mechanism of marine carbon sinks, but less research has been conducted on sinks caused by final demand, which is not conducive to fully understanding the value of marine carbon sinks driven by final consumption. (3) In terms of time span, there is still no research on the changes in ocean carbon sinks over a longer period of time and the factors influencing the changes.

In view of this, this paper constructs input-output tables of extended environmental marine industries based on carbon sink accounting in the marine sector of China’s coastal provinces. It uses input-output analysis, SDA, and SPA to (1) sort out the change characteristics in the amount of ocean carbon sinks on the consumption side of each province in China and its relationship with final demand, (2) analyze the factors influencing the changes in consumption-side ocean carbon sinks, and (3) identify the key pathways for transferring ocean carbon sinks between regions and industries.





3 Research methods and data



3.1 Methods



3.1.1 Environmental Extended MRIO Model

Input-output tables reflect the intrinsic correlation between inputs and outputs across products (or sectors) at a given time. In a non-competitive input-output model, the input-output relationship for a single region is

[image: Mathematical equation showing the summation from j equals 1 to n of a subscript i j times x subscript j plus f subscript i equals x subscript i, for i equals 1, 2, up to n.] 

where [image: Formula representing \( a_{ij} = \frac{x_{ij}}{x_j} \) where \( i, j = 1, 2, \ldots, n \).]  is the direct consumption coefficient of sector [image: Please upload the image or provide a URL so I can generate the alt text for you.]  to sector i, meaning that one unit of output in sector j requires the consumption of direct input from sector [image: A scenic view of a wooden pathway leading through lush green foliage in a dense forest, with sunlight filtering through the tree canopy.] . [image: It seems the image did not upload correctly. Please try uploading the image again, and I will be happy to help you with the alternate text.]  is the final demand of sector [image: Please upload the image so I can help you create the alternate text.]  and [image: Mathematical notation displaying the variable \( x_i \), indicating the ith element of a set or sequence.]  is the total output of sector i. The direct consumption coefficients of the different sectors are formed into a matrix, creating the direct consumption coefficient matrix [image: Matrix representation of \( A \), shown as a square matrix with elements \( a_{11}, a_{12}, \ldots, a_{nm} \) along the diagonal and other unspecified elements, indicating a typical layout of a matrix.] . Equation 1 can be expressed in matrix form as

[image: Equation showing \( A \times y = x \).] 

Deforming Equation 2, it can be expressed as Equation 3

[image: The equation shows \( x = (I - A)^{-1} f \).] 

where [image: It seems like there's an error displaying the image. Please try uploading the image again or provide a URL so I can help you with the alt text.]  is the total output column vector, [image: Please upload the image or provide a URL for me to generate the alt text.]  is the final demand column vector, [image: It seems there's no image uploaded. Please try uploading the image again, and I'll be happy to help with the alternate text.]  is the unit matrix, and [image: Matrix equation showing the inverse of the difference between matrix I and matrix A, written as open parenthesis I minus A close parenthesis raised to the power of negative one.]  is the Leontief inverse matrix.

The single-region non-competitive input-output model can be extended to the multi-region case, forming a multi-region input-output model. The MRIO model reflects the input-output relationship between sectors in a region and the input-output relationship between different sectors in different regions. Assuming that there are m regions, the MRIO model can be expressed as

[image: Equation showing the multiplication of a column vector \(x_1, x_2, \ldots, x_m\) by a matrix \(A\) with elements \(A_{11}, A_{12}, \ldots, A_{mm}\), equaling the sum of a column vector \(x_1, x_2, \ldots, x_m\) multiplied by a matrix with elements \(f_{11}, f_{12}, \ldots, f_{mm}\).] 

where [image: Lowercase letter "x" with a subscript lowercase letter "i".]  is the total output of each sector in region [image: It looks like the image is missing or not visible. Please upload the image again, and I will help you create the alt text.] , [image: The image displays a mathematical notation: "i equals 1, 2, up to m," indicating a sequence or range of values for the variable i.] . [image: Subscript notation displaying "A" with indices "i" and "j" written in subscript.]  is the matrix of direct consumption coefficients from region [image: It seems the image is not visible. Please upload the image again or provide a link, and I will help with the alternate text.]  to region [image: It looks like there is an issue with the image upload. Please try uploading the image again or provide a URL if it is hosted online. You can also add a caption for more context if needed.] , and [image: The image shows the mathematical notation for the variable \(f_{ij}\), with \(f\) as the main symbol and \(i, j\) as subscripts.]  is the matrix of final demand from region [image: Please upload the image you would like me to describe.]  to region [image: It seems there's an issue with the image upload. Please try uploading the image again or provide a URL to the image.] .

The matrix form of Equation 4 is

[image: Equation showing "A times X plus F equals X" with the number five in parentheses on the right.] 

Deforming Equation 5 by shifting the terms, it can be expressed as Equation 6

[image: Equation labeled as six shows X equals the inverse of the quantity I minus A, multiplied by F.] 

The paper uses the EE-MRIO model, which combines China’s marine sector carbon sink data as a satellite account with the MRIO model, to study marine carbon sinks from a consumer-side perspective. To this end, the row vector E (i.e., the carbon sink intensity) of carbon sink emissions due to the total output per unit of each production sector is introduced, which is calculated as follows:

[image: Mathematical equation showing \( E = S/X \), with the equation labeled as number 7.] 

The EE-MRIO model is represented as Equation 8:

[image: Equation describing a mathematical expression: Q equals E times X equals E times open parenthesis I minus A close parenthesis to the power of minus one times F equals E times L times F. Equation is labeled as number eight.] 

Where S denotes carbon sink emissions of each sector, Q denotes the carbon sink on the consumption side due to final demand for each sector in each region, and L denotes the Leontief inverse matrix.




3.1.2 Structural decomposition analysis

Structural decomposition analysis (SDA) can be used to analyse the impact of various final demand factors and regional sectoral interlinkages on the increase in carbon emissions (Su and Ang, 2023), and with the continuous improvement of input-output data, SDA has become the mainstream methodology for analyzing changes in regional carbon emissions. SDA models typically use four types of decomposition. The first includes the retention of cross-sectional terms. The second does not retain the cross terms but assigns them to their respective variables. The third type uses a weighted average approach to decomposition. The fourth type is bipolar decomposition. This paper adopts the two-level decomposition method (Chen et al., 2022; Zhao et al., 2024), as it can obtain a better approximation. In this paper, the total effects of changes in ocean carbon sinks are decomposed into the effect of changes in carbon sink intensity, changes in technological structure, and changes in final demand. The basic principle of SDA is as Equation 9:

[image: Equation showing a change in quantity ΔQ as a product of changes in factors. It expands to ΔQ = E₁L₁F₁ - E₀L₀F₀, followed by detailed steps of distribution and combining terms: E₁L₁F₁ - E₀L₁F₁ + E₀L₁F₁ - E₀L₀F₁ + E₀L₀F₁ - E₀L₀F₀, resulting in ΔE · L₁ · F₁ + E₀ · ΔL · F₁ + E₀ · L₀ · ΔF, where E, L, and F represent different factors. Equation (9).]

The subscripts ‘0’ and ‘1’ refer to the starting and ending years, respectively. The four time points of 2007, 2012, 2015, and 2017 are selected. The decomposition results include [image: ΔE · L₁ · F₁] , which is the effect of changes in carbon intensity, denoted as [image: Greek letters delta, uppercase Q, and lowercase E, likely representing a change in a specific quantity E in a scientific or mathematical context.] ; [image: The formula shown is \( E_0 \cdot \Delta L \cdot F_1 \).] , which is the effect of changes in input-output technology, denoted as [image: Delta Q sub L, representing a change in quantity denoted by Q with a subscript L.] ; and [image: \( E_0 \cdot L_0 \cdot \Delta F \)] , which is the effect of changes in consumption demand, denoted as [image: Uppercase delta followed by uppercase Q, subscript uppercase F.] .




3.1.3 Structural path analysis

Structural path analysis (SPA) dissects an economy’s total emissions into various pathways within its production system, prioritizing each pathway based on its direct emissions to pinpoint the main contributors to gas emissions (Nagashima, 2018). This methodology enhances comprehension of the intricate interconnections and interdependencies among industries, shedding light on how these relationships impact the functioning of the broader economic system. It has been widely used in pathway analyses of supply chains for energy (Hong et al., 2016), pollutants (Song et al., 2020), and greenhouse gases (Liu et al., 2022). In this paper, the Leontief inverse matrix in Equation 7 is expanded using a power series approximation as Equation 10:

[image: Equation showing \( Q = E(I - A)^{-1}F = EIF + EAF + EA^2F + EA^3F + \ldots \). Marked as equation (10).]

where [image: The image shows a mathematical expression with the characters "E A over n F".]  represents the production sector’s environmental impact at level n. The carbon sink at the ‘node’ is the sum of the direct carbon sink of the sector at the node to meet the final demand and the carbon sink of all the sub-paths that unfold from the node. In this paper, the top ten most influential pathways are chosen to analyze key transmission pathways using SPA.





3.2 Data

Marine carbon sinks generally consist of coastal zone and marine water carbon sinks. The coastal zone comprises the carbon sinks of mangroves, seagrass beds, and salt marshes. Marine fishery carbon sinks dominate marine water carbon sinks. As this paper focuses on consumption-pulled carbon sinks, the role of demand-pull from outside the region must be clarified. Because coastal zone carbon sinks mainly serve local environmental protection, therefore, this study mainly examines carbon sinks from water bodies, i.e., marine fisheries, focusing on carbon sinks generated by shellfish farming. The methodology is based as much as possible on the marine carbon sink methodology developed by Chinese scholars (see Table 1), considering that the relevant emission and carbon sequestration factors are more relevant to the Chinese reality (see Table 2). Data on shellfish production were mainly obtained from the China Marine Statistical Yearbook and the China Fishery Statistical Yearbook, among other yearbooks.


Table 1 | The carbon sink calculation formula.

[image: Table showing carbon sink calculation formulas. Under "Category," it lists Algae and Shellfish. For Algae, the formula is algae carbon sink equals algae production times dry weight ratio times algae carbon sink factor. For Shellfish, the formula is shellfish carbon sink equals shell carbon sink plus molluscan tissue carbon sink. Further, shell carbon sink equals shell production times dry weight ratio times shell specific gravity times shell carbon sink factor. Mollusk carbon sink equals shellfish production times dry weight ratio times mollusk tissue specific gravity times mollusk tissue carbon sink factor. References: Tang et al., 2011; Xu and She, 2020; Ren, 2021.]


Table 2 | The carbon sink factors for marine aquaculture in China.

[image: Table detailing wetness coefficient, mass specific gravity, carbon content, and dry weight carbon sink factor for various species, including clams, scallops, oysters, mussels, seaweed, wakame, and others. Each species has specific percentages for soft tissues and shells. References are provided at the bottom.]

In constructing the marine MRIO table, as a traditional multi-regional input-output table only contains land-based industries, this paper uses content analysis and synthesizes information from papers and government literature to construct a cross-reference table between the Classification of Marine Related Industries and the National Economic Classification of Industries (see Table 3). This is followed by splitting and merging the primary industries in the sector to which they correspond. The ‘value-added rate’ method (Avelino, 2017) was then used to separate twelve marine sub-sectors from the MRIO table: marine fisheries, marine oil and gas, marine mining, marine salt, marine chemical industry, marine biomedical industry, marine power, marine water utilization industry, marine shipbuilding, marine engineering construction, marine transportation, and coastal tourism. Specifically, the total value of production is broken down into components by calculating the value-added rates of these sub-sectors. From the data availability perspective, this paper transforms the traditional MRIO table of 42 sectors into 54 sectors in 31 provinces for four nodes, 2007, 2012, 2015, and 2017.


Table 3 | A comparison of the classifications of marine-related industries with the national economic classification of industries.

[image: Table displaying the relationship between marine-related industries and corresponding national economy sectors. Industries include marine fisheries, oil and gas, mining, salt, chemical, power, shipbuilding, engineering, transportation, and tourism. Corresponding sectors include agriculture, oil extraction, metal mining, food, chemical products, electricity production, water management, transport equipment, construction, accommodation, and recreation.]

Finally, the ocean carbon sink data is added to the ocean MRIO table as satellite data to obtain the Environmentally Extended Ocean MRIO table (EE-MRIO).





4 Results and discussion



4.1 The calculation of ocean carbon sinks from a consumption-side perspective



4.1.1 National marine carbon sinks

Figure 1 shows the changes in the national total ocean carbon sink from 2007-2017. Overall, China’s consumption-side ocean carbon sink capacity grew rapidly from 2007-2017, mainly due to the increase in demand for shellfish and algae and their production driven by population growth, reflecting the increased use of and reliance on marine resources for China’s economic and social development. At the same time, this growth indirectly reflects China’s efforts in rational management and conservation of marine resources and their effectiveness.


[image: Stacked area chart showing ocean carbon sinks in tons from 2007 to 2017. Data categories include rural consumption (orange), urban consumption (green), inventory increase (yellow), fixed capital formation (blue), and government consumption (purple), all showing a gradual increase.]

Figure 1 | Total national marine carbon sinks, 2007-2017.



From a vertical perspective, China’s consumption-side marine carbon sinks capacity also grew rapidly from 2007 to 2017, increasing by 60.4%, from 695,900 tons to 1,116,000 tons. Among them, the growth in marine carbon sinks due to rural residents’ consumption demand, urban residents’ consumption demand, government consumption demand, and fixed capital formation were 32.9%, 41.0%, 294.6%, and 276.1%, respectively. This increase is mainly due to the stimulating influence of government consumption demand and fixed capital formation, which may be related to more government investment in public services and infrastructure development. In addition, ocean carbon sinks due to increased inventories have experienced a slow upward trend after plummeting by 74.9% in 2012. However, this increase was not significant, and overall, it still fell by 61.1%. This suggests that the impact of increased inventories on marine carbon sinks is unstable and may be related to factors such as market supply and demand and inventory reconciliation.

From the horizontal perspective, the average share of ocean carbon sinks capacity due to rural residents’ consumption demand, urban residents’ consumption demand, government consumption demand, inventory increase, and fixed capital formation are 16.9%, 52.3%, 7.1%, 4.1%, and 19.5%, respectively, over the four-year period. Urban consumer demand accounts for more than half of the marine carbon sinks, followed by fixed capital formation and rural consumer demand, with inventory increase resulting in the lowest capacity of marine carbon sinks. This leads to the following conclusions. (1) Urban residents’ consumption demand is the main pulling force for marine carbon sinks, potentially because urban residents consume more marine resources, such as seafood and marine tourism. (2) Fixed capital formation is the second major pulling force for marine carbon sinks, which may be related to infrastructure construction and investment in marine engineering in coastal areas. (3) Consumption demand from rural residents is the third major pulling force, which may be related to rural residents’ reliance on and protection of marine resources, such as fisheries and aquaculture. (4) Inventory increase is the weakest pulling force, likely because its impact on marine carbon sinks depends on the type and source of inventory and generally does not directly affect marine ecosystems.




4.1.2 Comparing ocean carbon sinks by province

Figure 2 compares ocean carbon sinks by province in 2007 and 2017. The x-axis shows the ocean carbon sinks in 2007, and the y-axis shows the ocean carbon sinks in 2017. In terms of volume, the top five provinces with the largest ocean carbon sinks due to final demand are Shandong, Fujian, Guangdong, Liaoning, and Zhejiang. Due to final demand. Coastal provinces, apart from Hainan Province, contribute relatively more to marine carbon sinks than inland provinces, with Ningxia, Qinghai, and Tibet in the inland areas contributing the least to marine carbon sinks. The final demand-driven ocean carbon sinks show a gradual decrease from coastal to inland. There are three possible reasons for this. One is that coastal areas have a higher level of economic development, and residents have more disposable income, which means they have a higher level of consumption and consume more seafood. Second, coastal residents prefer seafood, while inland residents (especially in areas such as Ningxia, Qinghai, and Tibet) prefer beef and mutton. Thirdly, the marine industry is important in coastal provinces, and transporting seafood inland is difficult and costly. Thus, compared to inland residents, residents in coastal areas consume greater quantities of seafood more economically and conveniently.


[image: Scatter plot comparing data from 2007 and 2017 in tons, labeled with various Chinese provinces. The main plot highlights regions like Hebei and Beijing, while a detailed inset focuses on other provinces like Jilin, Yunnan, and Shaanxi. A red circle highlights dense data clusters.]

Figure 2 | A comparison of demand-pulled ocean carbon sinks by province in 2007 and 2017.



In terms of the magnitude of change in carbon sinks, the vast majority of provinces saw an increase due to demand. However, three provinces, Shanghai, Beijing, and Shaanxi, experienced less demand-driven marine carbon sinks compared to 2007, with decreases of 69.02%, 46.11%, and 4.61%, respectively. A possible reason for this is that marine carbon sinks mainly comprise shellfish and algae carbon sinks. However, as the economy continues to grow, people may consume more high-end seafood, such as fish, shrimp, and sea cucumbers, which are not considered carbon sinks like shellfish; thus, this consumption pattern may reduce the contribution of marine carbon sinks. In addition, there are several other provinces where the increase in marine carbon sinks due to demand is more than 1-fold, namely Hunan (322.44%), Heilongjiang (284.66%), Tianjin (197.06%), Inner Mongolia (195.78%), Yunnan (160.76%), Shanxi (145.45%), Ningxia (134.94%), Xinjiang (127.66%), and Henan (126.74%).




4.1.3 Comparing different demand-pulled ocean carbon sinks

Figure 3 presents the average ocean carbon sinks on the consumption side and the average proportion driven by the five types of consumption for the 31 provinces over four years. A comparison of the five types of final demand shows that three types of consumption demand (rural, urban, and government) result in a larger share of ocean carbon sinks. Guangdong Province accounts for the largest share, at 87.9%, followed by Shanghai (85.7%), Beijing (84.2%), Jiangsu (78.3%), Shandong (77.5%), Fujian (77.1%), and Liaoning (76.5%). Tibet and Jilin have the smallest proportions, accounting for 49.4% and 45.3%, respectively. This shows that coastal provinces have a larger proportion than inland provinces, mainly due to economic development levels and carbon sequestration sources. On the one hand, coastal cities tend to have relatively developed economies and high consumption demands, which drive a larger share of marine carbon sinks. In contrast, Tibet, which is inland, has a less developed economy and a sparse population, resulting in relatively low consumption demand and, therefore, a smaller proportion of ocean carbon sink driven by consumption. On the other hand, due to their geographical location, coastal cities are closer to the ocean and have a stronger culture of consumption of marine products than inland provinces. However, despite being coastal, Jilin Province has the lowest share of marine carbon sinks due to the three types of consumption demand. This is not because of low consumption demand but is rather caused by excessive fixed capital formation, such as investment in building large infrastructure such as ports, docks, and marine engineering. Thus, the three types of consumption demand have caused an increase in fixed capital investment, resulting in a lower share of marine carbon sinks.


[image: Map of China with pie charts indicating regional final demand components: rural consumption, urban consumption, government consumption, inventory change, and capital formation. Regions are color-coded by total final demand, with lighter shades representing lower demand. A scale and legend are included.]

Figure 3 | Marine carbon sinks by province driven by different demand types.



An internal comparison of the three types of final consumption shows that the amount of marine carbon sinks driven by urban residents’ consumption is much larger than that of rural residents. Shanghai, Tianjin, and Beijing have the largest gaps, with ratios of 17.5, 9.5, and 9.4, respectively. The ratios of most other urban and rural areas are around 2-4, and even the smallest gap in the Tibet Autonomous Region reaches 1.13 times. This difference is consistent with the actual development situation and is related to the local urbanization rate and the income gap between urban and rural areas.





4.2 Inter-provincial carbon sink transfer analysis

Figure 4 shows the transfer of ocean carbon sinks due to total final demand and the five sub-divisions of final demand. From the perspective of an outward transfer, Figure 4A shows that the main coastal provinces from which China’s marine carbon sinks are transferred out are Liaoning (29,000 tons, accounting for 23.14%), Fujian (22,600 tons, accounting for 18.05%), and Shandong (19,300 tons, accounting for 15.42%). By exporting marine carbon sinks, net-exporting provinces are in effect providing ecological services to other provinces, but this may also put pressure on local marine ecosystems. These provinces need to find a balance between economic development and ecological protection to ensure the sustainable use of marine resources. As shown in Figure 4B, Liaoning’s urban residents’ consumption demand and government consumption demand are the main reasons for its carbon sink transfer. For Fujian, urban residents’ consumption demand and fixed capital formation are the main reasons for its carbon sink diversion. For Shandong, the increase in inventories causes the transfer of carbon sinks.


[image: Sankey diagram and network graphs illustrating provincial data flows. The Sankey diagram in panel A shows the distribution of data from provinces like Liaoning and Fujian to various destinations, with values assigned to each. Panel B features network graphs labeled Sink_rural, Sink_urban, Sink_government, and Sink_inventory, displaying connections between provinces such as Guangdong, Shandong, Jiangsu, and others. Each graph represents interactions in different contexts, with nodes named after provinces and connecting lines indicating relationships.]

Figure 4 | Transfer of marine carbon sinks in China. (A): The transfer of ocean carbon sinks due to total final demand (four-year average across regions)in tons. (B): Carbon sink transfer due to the five final demands.



From the perspective of an inward transfer, Figure 4A shows that the main provinces to which China’s marine carbon sinks are transferred are Guangdong (13,400 tons, accounting for 10.72%), Shanghai (9,600 tons, accounting for 7.67%), Beijing (8,500 tons, accounting for 6.81%), Zhejiang (7,200 tons, accounting for 5.76%), Henan (6,200 tons, accounting for 4.95%), Tianjin (5,600 tons, accounting for 4.5%), and Heilongjiang (5,400 thousand tons, accounting for 4.34%). By transferring marine carbon sinks from other provinces, net-importing provinces are able to alleviate the pressure on local marine ecosystems to a certain extent, which is conducive to the protection and restoration of the marine ecosystem. Figure 4B shows that Guangdong’s carbon sink sources are mainly caused by rural and urban residents’ consumption demands. Zhejiang’s main carbon sink source is inventory accumulation. For Shanghai, Beijing, and Tianjin, the main source of their carbon sinks is urban residents’ consumption demands. For Henan, carbon sinks are primarily from fixed capital formation. Heilongjiang’s carbon sinks result from government consumption demands.

Overall, among the nine coastal provinces, Hainan and Guangdong are in net import positions in terms of carbon sink transfer. Of these, 47.8% of Hainan’s carbon sink transfer is due to the increased consumption demand of urban residents. The remaining seven coastal provinces are in a net export position. This pattern reflects the differences in the use of marine resources and ecological protection among China’s provinces, and reveals the need to strengthen interregional cooperation and coordination to jointly promote the sustainable use of marine resources.




4.3 Structural decomposition analysis of changes in ocean carbon sinks

Figure 5 shows the SDA decomposition of the change in ocean carbon sinks from 2007-2017. Overall, the increase in consumption level (F) is the primary driving force behind the growth of ocean carbon sinks, leading to an increase of 67.9%(year 2007-2012), 14.9%(year 2012-2015), and 14.5%(year 2015-2017), respectively. This is mainly because as the Chinese economy has rapidly developed, consumption of marine products has gradually increased, leading to a continuous expansion of consumption-side ocean carbon sinks.


[image: Six bar charts display annual consumption data from 2007 to 2017, segmented by category: total final demand, rural consumption, urban consumption, government consumption, inventory increase, and fixed capital formation. Each chart includes colored bars and percentage changes over different years, highlighting trends such as increases or decreases in demand, consumption, and inventory. The years with significant changes are marked in red, green, and yellow, indicating various percentage shifts.]

Figure 5 | SDA decomposition of changes in ocean carbon sinks, 2007-2017.



The input-output effect (L) reflects the interdependence of different sectors within the economic system and the circulation and consumption of intermediate products in the production process. It has resulted in changes of -5.4%(year 2007-2012), 9.2%(year 2012-2015), and -3.8%(year 2015-2017), respectively, in ocean sinks. Its impact on marine carbon sinks is weak and irregular. This is mainly because China’s marine carbon sink construction is still in the exploratory stage. It has only been since 2012 that China has gradually called attention to the function of blue carbon sinks in the ocean. After 2015, requirements for the construction of ocean carbon sinks began to appear in the national-level policy system. This has led to insufficient investment in technological improvements and innovation in marine carbon sink products across industries and a lack of strong technological linkages.

The carbon sink intensity effect (E) is the main factor inhibiting the growth of ocean carbon sinks from the consumption side. It offsets most of the increase in these sinks due to higher levels of final demand, resulting in a decrease of 41.5%(year 2007-2012), 3.5%(year 2012-2015), and 0.9%(year 2015-2017) in ocean carbon sinks, respectively. This is mainly because the sinks in this context refer to shellfish consumption. However, as consumption continues to escalate, the structure of Chinese consumers’ demand for marine products is changing. More consumers are turning to higher-end marine products such as salmon, shrimp, and crab, which cannot generate ocean carbon sinks. The proportion of shellfish and algae consumption, which can produce marine carbon sinks, is declining. In addition, the dampening effect of carbon sink intensity is decreasing, as the Chinese government has focused on guiding consumers towards consuming eco-friendly seafood products such as shellfish and algae in recent years.




4.4 Key pathways for regional inter-industry transfer of ocean carbon sinks

The transfer pathways of marine carbon sinks in fact depict how carbon sinks generated by marine industries “flow” or “transfer” to other industries in response to various types of consumer demand. Such transfers reveal not only the economic ties between the fisheries industry and other industries, but also their interdependence. Table 4 presents the top ten key pathways for the transfer of marine carbon sinks between regional industries in terms of the different final demands. Combining urban and rural consumption demand, the key pathways for carbon sink transfer are mainly to the food and tobacco industries. For government consumption demand, carbon sinks are primarily transferred to water conservancy, environment and public facilities management, and coastal tourism. For inventory-raising demand, the key transfer pathway is mostly to the food and tobacco industries, i.e., marine fisheries meet the stock-raising demand of the food and tobacco sectors, either directly or indirectly, which in turn meets the regional inventory-raising demand. For capital formation demand, the key transfer pathways are mainly in the processed wood products and furniture sectors, as capital investments in fisheries to increase production capacity, such as the purchase of new equipment and the construction of infrastructure, lead to the development of the wood-processing and furniture sectors, which provide the necessary tools and materials for production.


Table 4 | Top ten important pathways.

[image: Table displaying carbon credit transfers across different demand categories including Urban, Rural, Government, Inventory, Capital, and Aggregate Demand. It lists transfer pathways and corresponding carbon credits in tons. Urban category shows Marine fisheries in Shandong and Fujian with credits up to 25,062 tons. The Rural section includes regions like Guangdong and Hebei with up to 10,175 tons. Government and Inventory sections show diversified pathways with lower credits. Capital illustrates credits primarily in Zhejiang and Fujian, while Aggregate Demand highlights Ocean fisheries in Shandong with the highest credit of 35,612 tons.]

A comparison of the top 450 key pathways for total final demand for carbon sinks shows that the food and tobacco sectors appear most frequently and have the largest values in the primary pathway for carbon sinks from marine fisheries, totaling 104 times and a massive 212,800 tons. This indicates that the provinces have the highest amount of carbon sinks from marine fisheries to meet demand from the food and tobacco sectors. The agriculture, forestry, and fishery products and services sector and the wood processing products and furniture sector are the next highest. This also holds true for the secondary transfer pathways.

Finally, the carbon sequestration within marine fisheries in the province is considerably greater than the carbon sequestration outside of it, in order to meet the final demand, largely attributed to their distinct mix of marine resources, economic development, consumption habits, industrial setups, and geographical location. These factors together affect the development path of marine fisheries and the direction of carbon transfer. In order to achieve the goal of sustainable development, we need to take these factors into account and formulate reasonable policies and measures to promote the green and low-carbon development of marine fisheries. Through the development of a domestic macro-cycle and the establishment of stronger industries and supply chains, we can make better use of marine resources and promote a win-win situation for both economic growth and environmental protection.





5 Conclusion and policy implication

Based on the above research, this paper calculates China’s ocean carbon sinks from the consumption side by constructing an EE-MRIO model, analyzing the transfer of carbon sinks caused by various demands, and decomposing the influencing factors and structural paths. The main conclusions are as follows:

	(1) From 2007 to 2017, China’s ocean carbon sink from the consumption side showed a rapid growth trend, increasing by 60.4%, from 695.9 thousand tons to 1.116 million tons.

	(2) Among the five types of final demand, urban residents’ consumption demand is an important driving force for the growth of ocean carbon sinks, accounting for 52.3% of total demand. Moreover, compared to inland provinces, economically developed coastal provinces have a larger share of ocean carbon sinks driven by consumption.

	(3) Of the coastal provinces, Hainan and Guangdong are in a net input state in terms of carbon transfer, and the remaining seven coastal provinces are in a net output state, which reflects the differences in the use of marine resources and ecological protection, and highlights the need for cross-regional cooperation to promote the sustainable use of marine resources.

	(4) Among the factors affecting the changes in ocean carbon sinks, the growth of consumption demand is the main promoting factor, and its impact is far greater than the sum of the carbon intensity effect and the input-output technology effect.

	(5) From the perspective of the structural pathway of carbon sink transmission, ocean fisheries have the highest carbon sink amount to meet the demands of the food and tobacco sector, the agricultural and forestry products and service industry, and the wood processing and furniture industry. The ocean fishery also has a significantly higher carbon sink amount to meet the final demand within the province than outside the province.



Based on the above results, we propose the following policy suggestions:

	(1) China should increase the proportion of seafood consumption and vigorously develop marine aquaculture. At present, the increase in consumption demand is the main reason for the growth of ocean carbon sinks, but inland provinces’ consumption is significantly lower than that of coastal provinces. Compared with land-based food, most marine products have higher nutritional density and can reduce greenhouse gas emissions. To achieve a green and low-carbon economy, reduce carbon emissions, and tap the potential of blue carbon sinks, China should actively optimize its logistics network and upgrade cold-chain logistics technology to ensure the freshness and quality of seafood during long-distance transport. At the same time, it should establish stable supply chain partnerships between inland regions and major seafood production areas, and develop new types of marine products to meet diversified consumer demand. Against the background of the “all-encompassing approach to food”, the government should encourage farmers to invest in carbon sinks fisheries through multiple channels and actively develop offshore fisheries to ensure a stable supply of seafood.

	(2) China should strengthen the coordination of land-sea industries and promote the circulation of marine carbon sinks. Currently, the transfer of marine carbon sinks in China mainly satisfies the final demand within a province, and there is little effect from inter-regional consumption. Meanwhile, technological factors among industries have weakly influenced the promotion of carbon sink increases over the past decade. Efforts should be made to accelerate establishing a marine fishery carbon sink trading platform, explore constructing carbon sink fishery demonstration bases and carbon trading pilots, and facilitate in-depth linkage and technological innovation between the marine and terrestrial industries through policy guidance and market mechanisms. By relying on the coupling and interaction between marine and land-based industries, the transfer of marine carbon sinks can be promoted across the country, and the domestic circulation of marine carbon sinks can be advanced.

	(3) China should expand the seaweed industry chain and implement full-chain carbon sink management. Currently, the downstream industries of marine carbon sinks mainly include food and tobacco, agriculture, forestry, animal husbandry, and fishery products and services, as well as wood processing and furniture. The overall industry chain is short, and its high-end development is weak. Therefore, there should be increased investment and research in high-end areas of the seaweed industry. By directing capital and technology towards deep processing of seaweeds and developing high value-added products, not only can the industrial chain be extended, but the overall competitiveness of the industry can also be enhanced. As consumption continues to shift to higher value-added industries such as fish, shrimp, and sea cucumber, which cannot produce carbon sinks, marine carbon sinks will likely decline if the breadth of the seaweed industry chain cannot be further improved. It is recommended that the Government introduce relevant policies to encourage and support the diversification of the seaweed industry, particularly in enhancing carbon sinks. For instance, a special fund could be established to support research, development, and innovation in seaweed farming technology to enhance the carbon sequestration capacity of seaweeds. Furthermore, ‘carbon credits’, ‘blue carbon trading’, and other green financial behaviors should be further promoted. This will support enterprises’ low-carbon transformation and encourage the high-quality development of China’s entire industrial system.
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Introduction

Coastal erosion is widely distributed globally, with sandy coasts being particularly prominent, causing significant economic losses to coastal areas. This study focuses on the coastal areas of Liaoning Province, China, which represent typical sandy beach erosion.





Methods

Based on the assessment of coastal erosion disaster losses, a multivariate variable-weight combination prediction model is utilized to predict the losses caused by coastal erosion disasters, providing an effective mathematical modeling approach for predicting such losses. Furthermore, the cluster analysis method is employed to delineate vulnerability risk zones for coastal erosion along the Liaoning Province coast.





Results and discussion

The research findings indicate the following: (1) From 2023 to 2025, the losses due to coastal erosion disasters in Liaoning Province are projected to decrease significantly from a scale of 36 million RMB yuan to 5 million RMB yuan; (2) Based on the magnitude of disaster vulnerability risk, the coastal areas of Liaoning Province are categorized into four risk zones: high-risk zones (Jinzhou District), moderately high-risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District), medium-risk zones (Lvshunkou District, Bayuquan), and low-risk zones (Gaizhou City, Suizhong County, Xingcheng City). Recommendations are proposed accordingly: (1) Effective measures should be implemented to mitigate the losses incurred by coastal erosion on land, buildings, infrastructure, agricultural output; (2) In the selection of disaster prevention and control measures,economic factors should be carefully considered in line with the specific circumstances of the losses. Specifically, the economic efficiency of disaster prevention and mitigation measures should be taken into account; (3) Precise efforts should be made to implement coastal erosion disaster prevention and control measures in different regions.
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1 Introduction

As the interface between the ocean, land, and air, the coastal zone accommodates over 60% of the world’s population, more than two-thirds of major cities, and over two-thirds economic belts. Most of the economically developed regions in the world are located in coastal areas, so are most populations, urban areas, and advanced infrastructure. Therefore, the environmental evolution of the coastal zone directly bears on human living space, quality of life, and societal sustainable development. However, continuous sea level rise, long-term reduction of sediment entering the sea, and intensified human activities have gradually made coastal erosion and coastline retreat the main threats to the sustainable development of coastal zones (Chen et al., 2010).

Coastal erosion is a geological disaster phenomenon where the coastline retreats and beaches erode due to the impact of seawater dynamics (Marchand, 2010). It is widely distributed worldwide (Cai et al., 2009), particularly prominent in sandy coasts (Mangor, 2004). Studies indicate that 70% of beaches globally have been threatened by coastal erosion disasters (Bird ECF, 1985). Over the past 100 years, approximately 86% of the U.S. East Coast has experienced coastal erosion disasters (Zhang et al., 2004). Among Japan’s 34,386 km of coastline, approximately 66% have erosion rates exceeding 1 m/year, and 47% of the total length of Japan’s coastline requires engineering measures for protection (Mimura and Kawaguchi, 1996). The Korean government discovered that the main causes of erosion were the construction of coastal structures, the extraction of marine sand, and disruptions to currents (Ministry of Oceans and Fisheries, 2014).Coastal erosion issues accounted for 70% of the 580 coastal maintenance projects submitted in 2008. A series of 120 erosion monitoring tests found erosion in 44% of the tested areas in 2005 and 73% in 2012. Video monitoring of the subject areas shows that beach width has shrunk by 3.5% (Chang and Yoon, 2016). Around 1349.3 km of Malaysia’s coastline is continuously eroding due to coastal development and sea-level rise. There are 44 places in the Critical Erosion category with a total length of approximately 55.4 km, 309 sites in the Significant Erosion category with a total length of around 376.1 km, and 2344 areas in the Acceptable Erosion category with a total length of ≈916.5 km (Wan et al., 2024). In Bekasi, a city in the province of West Java in Indonesia, Desa Pantai Bahagia is the most vulnerable area to coastal erosion, with a maximum rate of 132.55 m/year from 1990 to 2020. The combined extents of eroded and accreted shorelines along the coast of Muaragembong are approximately − 1,707.09 and + 512.14 hectares respectively (Tubagus et al., 2024). The erosion rate of China’s coastline exceeds one-third, with preliminary estimates indicating that 46% of the Bohai Sea coastline, 49% of the Yellow Sea coastline, 44% of the East China Sea coastline (including Taiwan Island coastline), and 21% of the South China Sea coastline (including Hainan Island coastline) are subject to erosion (Ji, 1996). In 2004, the EUROSION project research indicated that 15% of European coastlines were undergoing erosion (National Institute for Coastal and Marine Management of the Netherlands (RIKZ), 2004). As shown in Table 1, 50% of the coastline segments with protective structures have been experiencing erosion.


Table 1 | Coastal erosion status in some european countries.

[image: Table showing coastline data for various countries, including total length, eroded length, length with artificial protection, those experiencing erosion despite protection, and total affected by erosion. Key figures include United Kingdom with longest coastline at 17,381 km, and France with highest eroded coastline of 2,055 km. Total coastline length is 100,925 km, with 15,111 km eroded, 7,546 km under artificial protection, 2,925 km experiencing erosion despite protection, totaling 19,732 km affected by erosion.]

Coastal erosion, as a typical and common disaster in coastal zones, has long been widely studied and addressed by scholars from various perspectives. Currently, research on coastal erosion disasters mainly focuses on disaster assessment, causal mechanisms, and protective measures. In 1962, Bruun proposed a relevant rule for assessing coastal erosion caused by sea-level rise (Bruun, 1962). However, due to numerous assumptions made in this rule, it was found impractical for actual engineering applications. Subsequently, it was refined and improved by several scholars (Bruun, 1988; Bray and Hooke, 1997), and became successfully applicable in practical engineering (Tan and Yu, 2012). In 1968, Edelman proposed a method for predicting beach dune erosion, which was further enhanced by Graaff and others (Graaff, 1982). However, due to a scarcity of field measurement data, erosion prediction relied solely on rough assumptions. Since the mid-1980s, the European Union has successively implemented research programs such as CORIN, SEDMOC (1998–2002), HUMOR (2001–2005), and EUROSION (1999–2004), and conducted research on the long-term and short-term evolution laws of coastlines, sediment movement mechanisms, intensity and laws of coastal erosion, prediction models, and protective measures. In 2004, the EU EROSION project quantitatively evaluated coastal erosion risks in various regions of Europe based on the concept of the impact radius of coastal erosion and flood disasters. Subsequently, scientists from various countries carried out a lot of research on coastal erosion. Dean et al. determined the impact of waves on coastal erosion under breakwater wave action through years of observation on Plam Beach in the United States (Dean et al., 1997). Research by Japanese scholar Uda found that coastal erosion caused by port engineering was due to the obstruction of alongshore sediment transport (Uda et al., 2005; Uda, 2007). Barrie et al. studied the coastline of the Canadian Pacific region, elaborated on the mechanisms of sea-level change affecting the coast, and thought that sea-level change plays a dominant role in coastal evolution (Barrie and Conway, 2002). Pethick proposed that changes in coastal geomorphology are responses to dynamic factors both perpendicular and parallel to the coast (Pethick, 2001). Mimura et al. and Sakashita et al. respectively studied the effects of pure waves on offshore barrier morphology changes and the effects of breakwaters on coastline changes (Mimura et al., 2010; Sakashita et al., 2011). Guo (2018) revealed the evolution characteristics of coastlines and the erosion and deposition changes in sea areas with the application of technologies such as GIS, RS, and the Delft 3D mathematical model. Based on the hydrodynamic field, sediment sources, and sediment transport characteristics of the sea area, the mechanism of coastal deposition evolution was elucidated from multiple perspectives. Li (2018) explored the mechanisms and reasons for the impact of alongshore hard protection works, fishing port breakwater perpendicular structures, and offshore artificial island projects on the shoreline and profile morphology of adjacent beaches. In the field of coastal erosion protection and restoration research, numerical simulation and physical models have become hot topics for coastal erosion protection and restoration research (Yüksek et al., 1995). Raudkivi et al. used analysis of measured data and physical model simulation methods to discuss coastal protection methods such as artificial beach nourishment, construction of spur dikes, and embedded diaphragm walls (Raudkivi and Dette, 2002). As for specific technologies, beach nourishment is the most commonly used method for restoring sandy coasts, and relevant theories have matured and been widely applied in practice. In addition, protective afforestation, halophytic vegetation, etc., have shown significant effects on the restoration of erosion-prone coasts such as soft rock coasts (Lee, 2008; Walkden and Dickson, 2008). In recent years, in the application and practice of beach maintenance technology, Chinese scholars have innovatively proposed a large number of key innovative technologies such as the numerical simulation of strong tidal beach profile evolution (Shi et al., 2013), compound beach restoration for strongly eroded coasts (Zhu et al., 2021), capacity-boosting and silt-reducing for muddy coasts (Wen et al., 2021), and ecological design of beach maintenance ancillary projects (Yang et al., 2014). In terms of intelligent monitoring of coastal erosion, Hanying Li et al. combined multi-temporal remote sensing images with measured beach data to explore the impact of island engineering on coastal sedimentation (Li et al., 2019). McCarroll et al. used drone and satellite remote sensing technology to identify coastal erosion areas (McCarroll et al., 2024). Patel et al. monitored coastal erosion in the coastal region of Gujarat, India, using multi-temporal remote sensing and sea surface temperature data (Patel et al., 2024). Wan et al. identified the correlation between climate change and coastal erosion in Southeast Asia from aspects such as sea-level rise, storm surges, and monsoon patterns, and proposed the urgent need to establish robust adaptation strategies (Wan et al., 2024).In addition, scholars have also explored the factors affecting the vulnerability of coastal erosion and the constructed the evaluation indicators (Iwan et al., 2022; Badal et al., 2023),which helps in the selection and implementation of effective protective measures.

However, there is currently limited research on the socio-economic losses caused by coastal erosion disasters. Coastal erosion disasters receive significant attention because they often result in massive losses. Increased erosion will have a direct or indirect impact on coastal communities, such as coastal property loss, declining tourism activities (Wan et al., 2024). According to statistics, in 2001, European countries spent 3.2 billion euros to protect against coastal erosion (National Institute for Coastal and Marine Management of the Netherlands (RIKZ), 2004). This figure is quite astonishing, considering that Europe, where coastal erosion is not severe compared to other regions of the world. In 2017, China lost 14.3 hectares of land due to coastal erosion, resulting in economic losses of nearly 350 million yuan (Bulletin of China Marine Disaster in 2017, 2018). In Buenos Aires, Argentina, there has been erosional trends in 70% of the shoreline between 1965 and 2021 (Pedro et al., 2023).On the other hand, research on the vulnerability risk zoning of coastal erosion disasters is also very rare. The vulnerability risk zoning of coastal erosion disasters is based on the varying degrees of impact that coastal erosion disasters will have on society, economy, production, etc. In the target area, different risk areas are divided, which can help people intuitively understand the future erosion risk situation, and then efficiently and accurately take disaster prevention and reduction measures (Feng et al., 2022; Zhu et al., 2024).

Therefore, in light of the socio-economic development of coastal areas, comprehensive analysis and prediction of the potential losses caused by coastal erosion disasters in the future, revelation of the regional distribution of coastal erosion disaster risks from the perspective of economic vulnerability, as well as evaluation of the susceptibility of different regions to coastal erosion disasters, help to offer guidance for national economic development, promote rational production layout, and minimize the losses caused by disasters. This holds significant economic and strategic importance for regional sustainable development.

The authors selected the coastal areas of Liaoning Province, which are typical for sandy beach erosion in China, for research. Based on the evaluation of coastal erosion disaster losses, a combination prediction model is used to predict disaster loss values, and coastal erosion vulnerability risk zoning is conducted for each constituent area. The detailed research process is shown in Figure 1. The main contributions of this study are as follows: (1) In fully considering the influences of multiple factors, a variance reciprocal method is used to construct a variable weighting function, and a multivariate variable-weight combination prediction model is established on the basis of OGM(1,N), ARIMA model, and BP neural network. The established models are applied to predict the numerical losses of coastal erosion disasters in Liaoning Province, serving as an effective mathematical modeling method for predicting coastal erosion disaster losses. (2) Predictions of coastal erosion disaster losses in Liaoning Province for the years 2023–2025 are made to support the scientific implementation of regional coastal erosion disaster prevention and control management. (3) Through the cluster analysis method, entropy method, and grey relational analysis method, coastal erosion vulnerability risk zoning in Liaoning Province is carried out, which helps promote a rational layout of coastal development and utilization activities in the region and provides a reference for exploring the law of coastal erosion disaster vulnerability risk distribution.


[image: Flowchart depicting the sequence of selecting single prediction models (OMG, BP, ARIMA), leading to the construction of a combination prediction model. It then branches into cluster analysis, employing entropy method and grey relational analysis, converging on vulnerability risk zoning, and concluding with research results.]

Figure 1 | Research process.



The remainder of this study is structured as follows: Section 2 introduces the basic situation of Liaoning Province, elaborates on the reasons for selecting the research methods, and explains the composition of the indicator system and data sources. Section 3 compares and analyzes the results of economic loss prediction and vulnerability risk zoning for coastal erosion. Finally, Section 4 summarizes the research content of the study and proposes relevant policy recommendations based on this analysis.




2 Research area, methods, and data



2.1 Overview of the research area

Liaoning Province is located in the southernmost part of Northeast China, at the core area of the Northeast Asia Economic Circle. Its geographical coordinates range from 118°53′to 125°46′ east longitude and from 38°43′to 43°26′north latitude. It boasts a maximum width of 550 kilometers from east to west and an approximate length of around 550 kilometers from north to south. It shares borders with Jilin Province to the northeast and Inner Mongolia Autonomous Region to the northwest, serving as a vital link between North China and Northeast China. To the southwest, it adjoins Hebei Province, while to the southeast, the Yalu River serves as the boundary river with the Democratic People’s Republic of Korea, facing across the river. To the south, it borders the Bohai Sea and the Yellow Sea (Figure 2).


[image: Map highlighting Liaoning province in northeastern China, bordered by Jilin, Hei Long Jiang, and the Bohai Sea. A detailed inset shows city names and coastal geography. A scale indicates 1:25,000,000.]

Figure 2 | Location of Liaoning Province.



Liaoning Province has a land area of 148,600 square kilometers and a sea area of 41,300 square kilometers. To the west of the Liaodong Peninsula lies the Bohai Sea, while the east is bordered by the Yellow Sea. The total length of the coastline is 2,110 kilometers, stretching from the mouth of the Yalu River in the east to the Liaoning-Hebei border in the west. The terrain of the province can be summarized as “60% mountains, 10% water, and 30% plains”, with higher elevations in the north and lower elevations in the south. Mountainous and hilly areas are distributed in the eastern and western parts, gradually descending towards the central plain.

The province is divided into 14 prefecture-level cities and 100 counties and county-level cities, including 16 county-level cities, 25 counties, and 59 districts. As of the end of 2022, the permanent population of the province reached 41.97 million.

Under the influence of global climate change, Liaoning Province has experienced marine geological disasters such as coastal erosion, seawater intrusion, and soil salinization due to natural factors like rising sea levels and some human factors. In recent years, areas experiencing coastal erosion are mainly located along the sandy coasts of Suizhong County in Huludao City and Dalian City. In Suizhong County, the most eroded section of the coast has retreated 48.66 meters over seven years, with an average annual retreat of 6.95 meters. The beach has been eroded downwards by 420.98 centimeters, with an average annual downward erosion of 60.14 centimeters, making it one of the most severely affected areas by coastal erosion in China. Meanwhile, multiple rounds of beach restoration projects have been carried out along the coasts of Baisha Bay and Moon Bay in Yingkou City, effectively protecting the damaged coasts and mitigating coastal erosion disasters.




2.2 Selection of single prediction models

At present, prediction methods are mainly divided into three categories: econometric model prediction, time series prediction, and machine learning prediction. Each type of method has its own unique advantages. Therefore, based on the characteristics of the research object and the data situation, this study selects one of the research methods from each category as the single prediction model.



2.2.1 Optimized multivariate grey prediction model

Grey prediction is a prediction method that utilizes a small amount of incomplete information to develop mathematical models for prediction, which can effectively predict and describe the behavioral changes and development trends of uncertain systems(Deng, 2010).The grey prediction model (GM) is the fundamental model of grey prediction theory. It can be categorized into univariate grey prediction models and multivariate grey prediction models based on the number of variables involved in modeling. The multivariate grey prediction model addresses the limitations of the univariate model, such as its simplistic structure and restricted modeling capacity (Luo et al., 2020). However, traditional multivariate grey prediction models have shortcomings such as background value construction errors and a single model structure (Hsu, 2009).Hence, to ensure predictive accuracy, this study employs the optimized multivariate grey prediction model, specifically the OGM(1,N) model (Zeng et al., 2016), for establishing a combination prediction model. The OGM(1,N) model is represented as Equation 1:

[image: Equation with terms: \( x_1^{(0)}(k) + a x_2^{(1)}(k) = \sum_{i=2}^{N} b_i x_i^{(1)}(k) + h_1(k-1) + h_2 \), labeled as equation (1).] 

Where x (0) 1 represents the original dependent variable sequence, and x (0) i (i = 2,3,…,n) represents the original independent variable sequence. x (1) 1 (k) and x (1) i (k) denote the first-order cumulative generation sequences of x (0) 1 and x (0) i respectively. Additionally, z (1) 1 (k) = 1/2(x (1) 1 (k) + x (1) 1 (k - 1)) (k = 1,2,…,n) represents the adjacent generation sequence.




2.2.2 ARIMA time series prediction

ARIMA, which stands for Autoregressive Integrated Moving Average, is a time series analysis method. It is an extension of the autoregressive moving average model. The fundamental concept of the ARIMA model involves establishing a model that describes the data’s characteristics through transformations such as autoregression, moving average, and differencing, to forecast future data changes(Box and Pierce, 1970). It can predict future trends and changes by analyzing and fitting historical data of time series, without the need for assumptions about the data (Siluyele and Jere, 2016).Thus, it’s extensively used for prediction and modeling to time series data (Lu and He, 2009).

The basic expression of the model is as Equation 2:

[image: ARIMA model equation is shown as ARIMA(p, d, q) equals AR(p) plus I(d) plus MA(q), labeled as equation two.] 

Where AR(p) represents the autoregressive model, I(d) represent the differencing model, and MA(q) represents the moving average model. Here, p is the autoregressive order, d is the differencing order, and q is the moving average order.




2.2.3 BP neural network prediction

Back Propagation (BP) neural network is a type of artificial neural network. It is a multi-layer feedforward neural network consisting of an input layer, a hidden layer, and an output layer. It is an algorithm model for exploratory learning. Each layer comprises several neurons, and each neuron transmits information from the hidden layer to the output layer through activation function operations. This facilitates the forward propagation of information from the input layer to the output layer, while error backpropagation is achieved based on the principle of minimizing the sum of squared errors. Through iterative forward and backward propagation, the neural network approximates the output based on the input layer features, resulting in a smaller mean square error. Therefore, it can map complex nonlinear relationships (Lu et al., 1993; Ma et al., 1993),which makes it find wide applications in the field of nonlinear prediction (Wen and Yuan, 2020).





2.3 Determination of combination prediction models and weights

Since Bates and Granger first proposed the combination prediction theory in 1969, which has attracted wide attention (Bates and Granger, 1969), breakthroughs have been made in the field of prediction. Different perspectives and levels can yield different prediction methods for the same issue. Single models may not encompass comprehensive prediction information. To fully leverage each model’s advantages and effectively extract more information from the original sequence, combining single models linearly or nonlinearly can maximize each model’s strengths and enhance prediction accuracy. Presently, the most commonly used combination model is the one constructed through the weighted average of single models, categorized into fixed-weight and variable-weight combination prediction models. Variable-weight combination models are more practical and suitable for time series data-based predictions (Zhang, 2018). Therefore, in consideration of multiple factors, this study employs the variance reciprocal method to construct a variable-weight function and establish a multivariate variable-weight combination prediction model based on optimized single models to yield superior prediction results.



2.3.1 Construction of combination prediction model

Assuming there are m different single prediction models for a certain prediction problem, let {yt, t = 1, 2,…, n} denote the actual observed data sequence, yit denote the predicted value of the i-th single prediction model at time t, and wit denote the variable weight coefficient of the i-th single prediction model at time t, where i = 1, 2,…, m, t = 1, 2,…, n. Then, the variable-weight combination prediction model composed of m single prediction models is represented as Equation 3:

[image: Formula labeled as equation three, where y subscript t equals the sum from i equals one to m of y subscript i, t multiplied by w subscript i, t.] 

The value of variable weight coefficient is as Equation 4

[image: Summation from i equals one to m of w sub i t equals one, equation four.] 




2.3.2 Variable weight method based on variance reciprocal

The focal point of the variable-weight combination model lies in determining the weights. The variance reciprocal method entails using the proportion of the reciprocal of the sum of squares of errors of each single prediction model within the total reciprocal of the sum of squares of errors to determine the weights. This method ensures the non-negativity of weights and assigns greater weights to single models with higher prediction accuracy, effectively improving prediction precision. However, single prediction models with smaller sums of squared errors cannot guarantee small errors at each time point. To address this deficiency, this study employs the variance reciprocal weighting method to assign weights to each single prediction model at each time point.

Let eit =(yt - yit) 2 denote the squared prediction error of the i-th single prediction model at time t. Then, the weight of the i-th single prediction model at time t within the combination model during the sample period is as Equation 5:

[image: The formula shows \( w_{it} = \frac{e^{x_{it}}^{-1}}{\sum_{k=1}^{m}e^{x_{it}}^{-1}} \), where \( t = 1, 2, \ldots, n \). It is labeled as equation (5).] 





2.4 Vulnerability risk zoning method

Risk zoning is a comprehensive evaluation based on the causes of events, potential hazards, frequency, and other aspects to divide different risk areas (Zaid et al., 2022; Wang et al., 2024).Common zoning methods include comprehensive analysis and partition unit merging, or a combination of both. This study opts for the partition unit merging method, which consolidates various partition units into distinct coastal erosion vulnerability risk areas. To aggregate regions with significant disparities into different categories, cluster analysis is selected. Additionally, with reference to relevant research (Bagyarajm et al., 2023; Liang et al., 2024), entropy method and grey relational analysis are chosen as supplementary methods for cluster analysis.

Cluster analysis makes judgments based on the similarity of sample data. According to the clustering results, regions with similar vulnerability risks of coastal erosion can be classified into the same category. However, this method cannot quantify the risk magnitude of different categories of regions. Therefore, it is necessary to combine other comprehensive evaluation methods to rank regions of different categories by risk magnitude.

The entropy method determines the weight of each variable’s influence on coastal erosion vulnerability risk by calculating information entropy. The weighted sum of each variable multiplied by its corresponding original data yields the comprehensive score of the corresponding region. Combining the scoring results of cluster analysis and entropy method enables direct calculation of the average score of each category of regions and ranking. However, the entropy method makes weight judgments based on the information characteristics of sample data itself, lacking lateral comparison between indicators. Therefore, grey relational analysis is selected to make zoning results more reliable.

Grey relational analysis is primarily utilized for the comprehensive evaluation of systems with small sample spaces and ambiguous indicator relationships. By calculating the correlation coefficient θi(k) of the i-th object’s k-th indicator, an equal-weight grey relational degree is obtained. A higher degree of correlation indicates closer proximity to the optimal indicator value, resulting in a higher evaluation value for the area under evaluation. Coastal erosion vulnerability risk is a complex system characterized by the fuzziness of structural relationships, dynamic changes, incompleteness, and uncertainty of indicator data. Currently, coastal-related statistical data not only have few samples but also suffer from errors, omissions, and fuzziness. Therefore, using grey relational analysis to comprehensively evaluate coastal erosion vulnerability risk is appropriate.




2.5 Indicator selection



2.5.1 Loss prediction indicators

According to the Technical Specification for Coastal Erosion Monitoring and Disaster Losses Evaluation (GB/T 42435–2023) issued by the Chinese Ministry of Natural Resources in May 2023, coastal erosion disaster losses refer to the land loss caused by coastal erosion and its attached object loss, as well as the costs of coastal protection and restoration projects. Therefore, the economic losses of coastal erosion disasters mainly include economic losses of land, buildings, infrastructure, and agricultural output such as crops or trees caused by coastal erosion, and the costs of new coastal protection and restoration projects. Based on the above technical specifications, given that the economic losses of coastal erosion disasters are mainly influenced by the degree of coastal erosion, as well as economic factors such as land prices, output prices of goods, the value of buildings and infrastructure, and the construction costs of protection and restoration projects, the authors propose the following indicators for predicting economic losses from coastal erosion disasters (Table 2): (1) Coastal Erosion Intensity: Using indicators such as coastline retreat rate, beach erosion rate, and average sediment particle size change rate to analyze the disaster extent of coastal erosion in the region; (2) GDP: Refers to the gross domestic product in the region; (3) Per Capita Land Area: Calculated by dividing the total land area in the region by the total population; (4) Urbanization Level: Represents the proportion of the urban population to the total population in the region; (5) Agricultural Output Value: Represents the total value of all agricultural, forestry, animal husbandry, fishery, and sideline products in monetary terms, reflecting the total scale and results of agricultural production in the region. In the study, we select Suizhong County, Xingcheng City, Gaizhou City, Wafangdian City, Lvshunkou District, and Jinzhou District in Liaoning Province, where disaster losses occurred during the investigation period, for research to predict economic losses from coastal erosion disasters.


Table 2 | Research indicators.

[image: Table with two columns labeled "Research contents" and "Indicator". "Loss prediction" includes indicators: coastal erosion intensity, GDP, per capita land area, urbanization level, agricultural output value. "Vulnerability risk zoning" includes stability of coastal terrain and geomorphology, proportion of coastal development, area of seas, urbanization level, proportion of primary industry output value to GDP, and GDP.]




2.5.2 Vulnerability risk zoning indicators

According to the general understanding of disaster risk factors, the risk factors of coastal erosion disasters mainly include the hazard of causative factors, the vulnerability of exposed bodies, and disaster prevention and mitigation capabilities. Vulnerability (or fragility) of exposed bodies represents the potential harm of disasters to the risk-bearing subjects (Paul et al., 2019), revealing the extent of damage or loss that may occur to any property existing in hazard-prone areas due to potential hazard factors, and comprehensively reflecting the degree of loss that coastal erosion disasters may cause. Hazard of coastal erosion disasters refers to the degree of natural variability causing coastal erosion disasters, representing the characteristics such as frequency, intensity, and duration of causative factors triggering coastal erosion disasters (Chen, 2007). Disaster prevention and mitigation capabilities represent the extent to which the disaster-stricken area reduces losses from coastal erosion disasters in the long and short terms and recovers from them.

The purpose of coastal erosion disaster vulnerability risk zoning is to reveal the spatial regional differences in vulnerability risks of coastal erosion disasters. The zoning principles should be consistent with the zoning objectives. Combining the analysis of risk factors, this study proposes the following principles: (1) Relative Consistency of the Impact and Hazard Levels of Coastal Erosion Disasters on Various Regions: This principle is the basic principle of coastal erosion disaster risk zoning. The impact and hazard levels of coastal erosion depend on various factors, not only on natural factors but also on various social and economic factors; (2) Relative Consistency of the Difficulty of Resisting Coastal Erosion and the Measures for Coping with It: This principle is a supplement to the basic principle. The size of the impact and hazard levels of coastal erosion disasters in a certain region, as well as the level of prediction and defense capabilities, fundamentally determine the difficulty of resisting coastal erosion in that area and the measures that should be taken; (3) Relative Consistency of the Main Causative Factors of Coastal Erosion Disasters: This determines the various types of losses that coastal erosion disasters may cause.

Based on this, given that the hazard of coastal erosion disaster factors is mainly related to the stability of coastal terrain and geomorphology, the vulnerability of exposed bodies is mainly related to the area of regional seas and the intensity of coastal development, and disaster prevention and mitigation capabilities are mainly related to the level of regional economic and social development, this study proposes the following indicators for coastal erosion disaster vulnerability risk zoning (Table 2): (1) Stability of Coastal Terrain and Geomorphology: Generally inversely related to the severity of coastal disasters, and represented by the reciprocal of coastal erosion intensity; (2) Proportion of Coastal Development: Represented by the ratio of artificial coastline length to total coastline length; (3) Area of Seas: Refers to the area of seas under regional jurisdiction; (4) Urbanization Level: Represents the proportion of the urban population to the total population in the region; (5) Proportion of Primary Industry Output Value to Gross Domestic Product: Represents the proportion of agriculture (including forestry, animal husbandry, fisheries, etc.) to the gross domestic product of the region; (6) GDP: Represents the gross domestic product of the region. In this study, we select Suizhong County, Xingcheng City, Gaizhou City, Bayuquan, Wafangdian City, Ganjingzi District, Lvshunkou District, Jinzhou District, and Zhuanghe City in Liaoning Province for the analysis of coastal erosion disaster vulnerability risk zoning in areas where future coastal erosion disasters may occur (i.e., areas with sandy coastlines).





2.6 Data sources

The authors select the period from 2016 to 2022 as the research period. The data on coastal erosion intensity mainly came from on-site monitoring of key coastal sections conducted by the research group over the years as part of studies on the mechanism of coastal erosion disasters and assessments of the impact of sea level changes. According to the Technical Specification for Coastal Erosion Monitoring and Disaster Losses Evaluation (GB/T 42435–2023), the degree of erosion in coastal erosion areas was analyzed based on on-site monitoring data, including coastline retreat rate, beach erosion rate, and average sediment particle size change rate. Data on economic losses from coastal erosion disasters were mainly sourced from on-site investigations of coastal erosion disasters conducted in Liaoning Province. The data included coastline erosion distance, retreat area of key beach sections in Liaoning Province, as well as the destruction of buildings, infrastructure, output goods, and the situation of coastal engineering that needed repair or reconstruction due to coastal erosion disasters. Economic losses from coastal erosion disasters in various coastal sections were assessed based on the Technical Specification for Coastal Erosion Monitoring and Disaster Losses Evaluation (GB/T 42435–2023). The economic losses from coastal erosion disasters in each research area were then calculated. Data on the area of the sea in each research area were obtained from the official website of the Liaoning Provincial People’s Government(https://www.ln.gov.cn/web/zfsj/index.shtml). Data on land area, GDP, urbanization level, agricultural output value, etc., were sourced from various government department websites, such as the website of Liaoning Provincial Bureau of Statistics(https://tjj.ln.gov.cn/tjj/tjsj/index.shtml), the China County Statistical Yearbook, and Liaoning Statistical Yearbook. For missing data, interpolation methods were used for completion.





3 Results and analysis



3.1 Loss prediction results



3.1.1 OGM(1,N) model prediction results

According to the modeling principles of OGM(1,N), the loss values for the entire province and areas (areas with historically relatively large losses such as Suizhong County, Wafangdian City, Lvshunkou District, Jinzhou District are selected) from 2016 to 2022 were fitted, and the relative errors of the fitting were calculated. The results are shown in Tables 3 and 4. The fitted values and error data over the years indicate that the model is applicable(The average error for both of the province and the regions is 4.65%, with the maximum error occurring in Wafangdian City at 5.75%).


Table 3 | Results of single model fitting.

[image: Table comparing real values and fitted values using OGM(1,N), ARIMA, and BP neural network models from 2016 to 2022. The table includes real values and fitted values in ten thousand RMB yuan, along with error percentages for each model. Average relative errors: OGM(1,N) 4.53%, ARIMA 6.93%, BP neural network 3.04%.]


Table 4 | Results of single model fitting by area.

[image: A table comparing real versus fitted values of economic data in four areas: Suizhong County, Wafangdian City, Lvshunkou District, and Jinzhou District, from 2016 to 2022. The table displays data for three methods: OGM(1,N), ARIMA, and BP neural network. Each method lists fitted values in ten thousand RMB yuan and corresponding error percentages. Average relative errors for each method and area are also included.]

Furthermore, the predicted loss values for the province for the years 2023 to 2025 were obtained, as shown in Table 5. The prediction results show a significant downward trend in losses, decreasing from a scale of 38 million RMB yuan in 2023 to 5 million RMB yuan in 2025.


Table 5 | Prediction results of single model.

[image: Predicted values in 10,000 RMB yuan for 2023, 2024, and 2025 are compared across three models: OGM(1,N), ARIMA, and BP neural network. For 2023, values are 3813.38, 3793.82, and 3560.06 respectively. For 2024, values are 2196.53, 2178.66, and 2195.08. For 2025, values are 511.12, 533.47, and 504.19.]




3.1.2 ARIMA model prediction results

We fit the loss values from 2016 to 2022 for the entire province and areas (areas with historically relatively large losses such as Suizhong County, Wafangdian City, Lvshunkou District, Jinzhou District are selected) according to the modeling principles of ARIMA, and calculated the relative fitting errors. The results are shown in Tables 3 and 4. The fitted values and their error data over the years indicate that the model applicability is relatively good, but in both tables, the average relative error is the highest among the three single models(The average error for both of the province and the regions is as high as 7.32%, with the maximum error occurring in Suizhong County at 8.42%).

Furthermore, the predicted values of loss for the province from 2023 to 2025 are obtained, and the results are shown in Table 5. The prediction results indicate a significant decrease in losses from a scale of 38 million RMB yuan in 2023 to 5 million RMB yuan in 2025,same as the result of OGM (1, N) model.




3.1.3 BP neural network prediction results

Analysis is conducted through a three-layer BP neural network model with a Sigmoid transfer function. Since there are 5 factors influencing coastal erosion losses, and the prediction indicator is instantaneous, the input layer is set to 5 and the output layer to 1. The hidden layer is selected according to the relationship n=2m+1 (n is the number of neurons in the hidden layer, and m is the number of neurons in the input layer). However, considering the specific situation of the data, here the input layer is simplified to the independent variable, so the value is taken as 1, resulting in 3 layers. After repeated simulation training, the maximum training times are finally set to 1,000.

We fit the loss values from 2016 to 2022 for the entire province and areas (areas with historically relatively large losses such as Suizhong County, Wafangdian City, Lvshunkou District, Jinzhou District are selected) according to the modeling principles of BP neural network and calculated the relative fitting errors. The results are shown in Tables 3 and 4. The fitted values and their error data over the years indicate that the model applicability is the best, and overall, the average relative error is the lowest among the three single models in both tables(The average error for both of the province and the regions is only 3.5%, with the maximum error occurring in Lvshunkou District at 4.71%).

Furthermore, the predicted values of loss for the province from 2023 to 2025 are obtained, and the results are shown in Table 5. The prediction results also indicate a significant decrease in losses, which is from a scale of 35 million RMB yuan in 2023 to 5 million RMB yuan in 2025.




3.1.4 Combination model prediction results

The comparison of empirical results of OGM(1, N), ARIMA, and BP neural network models reveals that different models have certain differences in predicting coastal erosion disaster losses. The predicted values of some single models are greater than the actual values, while others are smaller. Different prediction methods have varying degrees of applicability, so it is necessary to utilize combination prediction to integrate the advantages of various methods. By comprehensively applying data from different information sources, we can effectively mitigate the disadvantages of single prediction models, thereby improving prediction accuracy.

The weights of each single prediction model for each year are calculated according to the formula of the variance reciprocal, and the weight calculation results are shown in Table 6.


Table 6 | Weights of each single model.

[image: A table showing weights from 2016 to 2022 for three models: OGM (1,N), ARIMA, and BP neural network. In 2016, OGM has 0.0188, ARIMA 0.0275, BP 0.9537. By 2022, weights are 0.2030 for OGM, 0.0671 for ARIMA, and 0.7299 for BP neural network.]

According to the formula of the combination prediction model, the results of the combination prediction model are obtained. We fit the loss values from 2016 to 2022, calculated the relative fitting errors, and obtained the predicted values of loss for the entire province from 2023 to 2025. The results are shown in Tables 7 and 8. The results show that from 2023 to 2025, the loss of coastal erosion disasters in Liaoning Province will be reduced from 36 million yuan to 5 million yuan, which is consistent with the conclusions of the aforementioned single prediction models. The possible reason is that since 2017, Liaoning has clearly set the goal of promoting the “Blue Bay” remediation action, such as returning reclaimed land to the sea and restoring beaches, focusing on the protection and restoration of typical marine ecosystems, to strengthen the protection of sandy shorelines. Based on ecological projects such as “Green Liaoning”, Yingkou, Dalian and other cities have successively carried out marine resource and environmental protection and restoration activities such as the protection and restoration of the coastal wetlands at the mouth of the Daliao River, and the enhancement of the ecological function of the Tuanshan National Protected Area, which have alleviated and reduced the degree of coastal erosion. The effectiveness of these engineering projects will be further demonstrated in the future. Therefore, the losses caused by coastal erosion disasters in Liaoning Province is showing a significant decrease in the future period.


Table 7 | Fitting results of the combination prediction model.

[image: Table showing real and fitted values in ten thousand RMB yuan from 2016 to 2022, alongside error percentages. The average relative error is 2.98 percent. Real and fitted values for 2022 are 4980.35 and 5140.62, respectively, with an error of 3.22 percent.]


Table 8 | Prediction results of the combination prediction model.

[image: Table showing predicted values in ten thousand RMB yuan. For 2023, the value is three thousand six hundred sixty-six point two four. For 2024, it is two thousand one hundred ninety-three point five four. For 2025, it is five hundred nine point eight six.]




3.1.5 Comparison of model results

According to the results of the three single prediction models and the combination prediction model, it can be observed that the average fitting error of the combination prediction model established through the variance reciprocal method is only 2.98%, lower than the result of any single prediction model. This indicates that the combination prediction model can not only leverage the advantages of single prediction models but also improve prediction accuracy. Therefore, the variable-weighted multivariate combination prediction model constructed through the variance reciprocal method serves as an effective mathematical model for predicting losses from coastal erosion disasters.





3.2 Vulnerability risk zoning results

The dendrogram of cluster analysis for vulnerability risk zoning of coastal erosion disasters in Liaoning Province is shown in Figure 3. Based on the results of cluster analysis, Liaoning Province can be divided into four categories: Category I: Xingcheng City, Gaizhou City, Suizhong County; Category II: Bayuquan, Lvshunkou District; Category III: Wafangdian City, Zhuanghe City, Ganjingzi District; Category IV: Jinzhou District.


[image: Dendrogram displaying hierarchical clustering of eight locations, including Xingcheng City, Gaizhou City, and Jinzhou District. The vertical axis shows cluster distance using the average linkage method, scaled by ten million.]

Figure 3 | Cluster analysis results of vulnerability risk zoning for coastal erosion disasters in Liaoning Province.



To elucidate the disparities in vulnerability risk of coastal erosion disasters among these four categories, the entropy method and grey relational analysis are utilized to compute the comprehensive scores for each zoning unit. The scores obtained from the entropy method and grey relational analysis (shown in Table 9) reveal that the ranking of vulnerability risk of coastal erosion disasters in Liaoning Province generally aligns between the two methods. Based on the average scores calculated from the clustering analysis results (shown in Table 10), Liaoning’s coastal areas are segmented into four risk zones according to the magnitude of vulnerability risk from coastal erosion disasters: high-risk zones (Jinzhou District), moderately high-risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District), medium-risk zones (Lvshunkou District, Bayuquan), and low-risk zones (Gaizhou City, Suizhong County, Xingcheng City)1.


Table 9 | Vulnerability risk assessment results of coastal erosion disasters in Liaoning based on two evaluation methods.

[image: Table comparing results and rankings of various areas using entropy method and gray relational analysis. Suizhong County has scores of 0.2161 (entropy) and 0.2413 (gray relational), ranked 8th in both. Xingcheng City scores 0.1660 and 0.1886, ranked 9th. Gaizhou City scores 0.2884 and 0.3171, ranked 7th. Bayuquan scores 0.4127 and 0.4031, ranked 6th. Wafangdian City scores 0.4800 and 0.4777, ranked 4th and 3rd. Ganjingzi District scores 0.4812 and 0.4630, ranked 3rd and 5th. Lvshunkou District scores 0.4495 and 0.4669, ranked 5th and 4th. Jinzhou District scores 0.7365 and 0.7089, ranked 1st. Zhuanghe City scores 0.5521 and 0.5755, ranked 2nd.]


Table 10 | Average scores of each area.

[image: Table comparing scores of areas based on three methods: entropy, gray relational analysis, and both. Each method ranks areas from Class I to IV. Jinzhou District scores highest across all methods, while Xingcheng City, Gaizhou City, and Suizhong County score lowest. Scores vary slightly between methods, with entropy scoring ranging from 0.2235 to 0.7365, gray relational analysis from 0.2490 to 0.7089, and both methods from 0.2363 to 0.7227.]





4 Conclusion and recommendations

The authors adopt the variance reciprocal method to construct a variable weighting function and establish a multivariate variable-weight combination prediction model based on OGM (1, N), ARIMA model, and BP neural network to compute the predicted values of coastal erosion losses in Liaoning Province from 2023 to 2025. Furthermore, utilizing cluster analysis, an analysis of regional coastal erosion vulnerability risk zoning was conducted. The findings are as follows: (1) Overall, the fitting error of the variable weighting multivariate combination prediction model proposed in this study is lower than that of single prediction models. This model not only capitalizes on the strengths of each model but also compensates for some of the shortcomings of the original models, thereby providing an effective mathematical model approach for predicting coastal erosion disaster losses. (2) From 2023 to 2025, the losses from coastal erosion disasters in Liaoning Province are projected to decrease significantly from a scale of 36 million RMB yuan to 5 million RMB yuan. (3) Based on the magnitude of disaster vulnerability risk, Liaoning’s coastal areas can be classified into four risk categories: high-risk zones (Jinzhou District), moderately high-risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District), medium-risk zones (Lvshunkou District, Bayuquan), and low-risk zones (Gaizhou City, Suizhong County, Xingcheng City).

Based on the foregoing research conclusions, the following policy recommendations are proposed:

4.1 Effective measures should be implemented to mitigate the losses incurred by coastal erosion on land, buildings, infrastructure, agricultural output such as crops or trees, in order to decrease disaster losses. Additionally, efforts should be intensified to enhance the construction of a monitoring network for coastal erosion, enabling comprehensive observation and monitoring capabilities for critical coastal erosion factors. It is imperative to conduct thorough observation, early warning, comprehensive investigation, and assessment of coastal erosion, as well as to undertake coastal protection and restoration endeavors. Moreover, there is a need to harmonize coastal development with the coastal ecosystem, ensuring the maintenance of the health and stability of coastal ecosystems and providing essential support for the effective prevention of coastal erosion disasters.

4.2 Although Liaoning Province is experiencing a downward trend in losses from coastal erosion disasters, it is crucial to continue prioritizing disaster prevention and control efforts. Additionally, in the selection of disaster prevention and control measures, economic factors should be carefully considered in line with the specific circumstances of the losses. Specifically, the economic efficiency of disaster prevention and mitigation measures should be taken into account to ensure optimal outcomes.

4.3 Precise efforts should be made to implement coastal erosion disaster prevention and control measures in different regions. Based on the vulnerability risk zoning, particular attention should be given to high-risk zones (Jinzhou District) and moderately high-risk zones (Zhuanghe City, Wafangdian City, Ganjingzi District), through the establishment of a disaster early-warning system, formulation of practical and effective countermeasures, and increased allocation of funds for disaster prevention and control; a comprehensive management demonstration zone for coastal erosion disasters should be established, focusing on disaster management mechanisms, fundamental theoretical research, and disaster remediation. This initiative aims to develop a replicable and scalable disaster management system. Regarding the unregulated tourism development in Wafangdian City and other areas, which has led to coastline recession and building damage, it is recommended to consider the risks of coastal erosion comprehensively during the construction planning phase and to plan construction reasonably. For medium-risk zones (Lvshunkou District, Bayuquan) and low-risk zones (Gaizhou City, Suizhong County, Xingcheng City), stringent oversight on coastal development management is essential, and both the extent and methods of coastal development and utilization should be regulated. Restoration projects should be implemented in disaster-affected regions, accompanied by the establishment of protective facilities to mitigate disaster losses. And for the existing severe coastal erosion in Suizhong County and Bayuquan, primarily caused by illegal sand excavation in river channels and nearshore areas, it’s necessary to implement environmental damage compensation alongside strict law enforcement and supervision.
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Footnote

1The delineation of these zones does not imply that Jinzhou District, situated in the high-risk zone, experiences the most severe coastal erosion disaster losses. Rather, it indicates that when areas of various categories endure destruction of equal intensity, Jinzhou District incurs the greatest losses. This zoning outcome distinctly delineates the distribution pattern of vulnerability to coastal erosion disasters among different regions.
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Corporate green investment is the key driver for achieving low-carbon transition and sustainable marine economy. Existing literature has identified several influencing factors of corporate green investment, but there is still limited research on the relationship between climate policy uncertainty and corporate green investment. To fill this gap, this paper innovatively explores the nonlinear impact of climate policy uncertainty on corporate green investment, simultaneously focuses on the moderating role of corporate financing constraints and analyzes the coastal characteristic heterogeneity. Using the sample of listed companies in China from 2014-2020, we find that climate policy uncertainty has an inverted U-shaped impact on corporate green investment. From the perspective of heterogeneity, the inverted U-shaped effect is more significant in coastal areas. Moderating effect test indicates that corporate financing constraints strengthen the inverted U-shaped relationship and shift the turning point of curve to the left. Additionally, we further find that climate policy uncertainty has an inverted U-shaped impact on environmental performance of companies in coastal areas through green investment. Our research will provide some potential insights for China’s climate policy making and corporate green transformation, so as to contribute to sustainable marine development.
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1 Introduction

In recent years, frequent environmental problems and climate events have not only put significant pressure on ecosystems, but posed major threat to sustainable economic development and marine management. As a responsible developing country, with global warming and ocean temperatures rising, China attaches great importance to climate change and has successively introduced various climate policies. However, frequent announcements and adjustments of climate policies will cause the increase in China’s climate policy uncertainty, which inevitably affects corporate behavioral decisions. On the one hand, the increasing uncertainty of climate policy will increase the financial risks and operational costs of companies (Ren et al., 2022, 2024). On the other hand, companies can gain new development opportunities from policy fluctuation and then adjust strategic decisions (Bai et al., 2023). Therefore, exploring the potential impact of climate policy uncertainty on corporate behavior has become a new hot topic (Bai et al., 2023; Huang and Sun, 2023; Mo and Liu, 2023; Zhang and Ge, 2024).

As a special corporate activity with environmental benefits, green investment reflects the harmonious development among economy, society and ecology, presenting a strong public product attribute (Liu et al., 2023). Companies are the main role of economic growth and environmental issues (Song and Liu, 2019; Bendell, 2022), and increasing their green investment contributes to China’s environmental quality and green financial system. Meanwhile, promoting the green investment of companies is also of great significance for reducing pressure on marine ecosystems and achieving high-quality development of China’s marine economy. However, the enthusiasm of Chinese companies to carry out green investment activities remains low, and the scale of green investment is generally inadequate (Huang and Lei, 2021). Existing literature has studied the factors that affect green investment from the perspective of policy and uncertainty (Gao and Zheng, 2017; Dalby et al., 2018; Hu et al., 2023; Ma et al., 2024; Zhang et al., 2024). However, as a new measure of climate policy change at the macro level (Huang and Sun, 2023; Shang et al., 2022), the relationship between climate policy uncertainty and corporate green investment has hardly been analyzed. Then, how does climate policy uncertainty affect corporate green investment? What does the relationship between the two differ when the coastal characteristic is different? What environmental consequence can the two bring for companies in coastal areas? These are key issues that need to be analyzed and studied.

In addition, capital is the cornerstone of companies. However, there is no perfect capital market in reality, where information asymmetry and agency problems often cause a certain difference between the costs of internal and external financing (Kaplan and Zingales, 1997). Therefore, financing constraints are the common reality for companies and the important factor affecting their investment behavior (Guariglia and Yang, 2016; Liu and Lin, 2018). Numerous scholars have focused on the role of financing constraints in corporate environmental behavior. One is the direct impact of corporate finance constraints (Tian and Lin, 2019; Yu et al., 2022). Another is taking financing constraints as moderating or mediating variables to explore the role (Tang et al., 2023; Wang et al., 2023). However, existing research has not yet answered the important question of how corporate financing constraints affect the relationship between climate policy uncertainty and corporate green investment.

Table 1 summarizes the main relevant studies. It can be observed that the impact of climate policy uncertainty on corporate green investment has not been widely explored, and there is little literature focusing on the role of corporate financing constraints and coastal characteristic in this process. To fill the above gaps, this paper takes the listed companies in China from 2014 to 2020 as the research sample to empirically analyze. The potential marginal contributions of this paper are mainly reflected in the following four aspects:


Table 1 | Summary of the main research contents in existing literature.

[image: Comparison table listing various studies with columns for climate policy uncertainty, green investment, financing constraints, and main contextual factors. Marks indicate presence or absence of focus in each study. Contextual factors include green innovation, greenwashing behavior, energy demand, policy uncertainty, regulation, and environmental concerns. "This paper" row highlights a focus on coastal characteristics and environmental consequences of companies in coastal areas.]

Firstly, compared with existing studies (Syed et al., 2023; Borozan and Pirgaip, 2024; Zhang and Ge, 2024), we focus on the nonlinear relationship between climate policy uncertainty and corporate green investment. Taking the perspective of macro-policy changes’ impacts on corporate micro-behavior, this paper contributes the literature on climate policy uncertainty, as well as provides a new perspective for the study of corporate green investment. Secondly, we incorporate corporate financing constraints into research framework, clarifying its moderating role. This paper provides evidence for the boundary condition of climate policy uncertainty and corporate green investment. Thirdly, considering the differences in coastal characteristic, this paper investigates the different effects of climate policy uncertainty in non-coastal and coastal areas. We expand the research scenario mechanism, enrich the studies about coastal characteristic heterogeneity (Li and Li, 2022; Li et al., 2023). Our research also helps to make targeted climate policies. Fourthly, we extend the analysis of the environmental consequence of companies in coastal areas brought by climate policy volatility through green investment. This paper supplements the relevant literature on the environmental management of companies in coastal areas (Shi et al., 2019; Chen et al., 2020) and is of great significance for sustainable economic development and ecological environment protection in coastal areas. Our conclusions provide certain references for formulating climate policies, simultaneously form a valuable complement for reducing the pollution of marine ecosystems and promoting the sustainable development of ocean economy.

The rest sections are organized as follows. Section 2 is the theory and hypothesis. Section 3 presents the research design. Section 4 shows the detailed empirical results analysis. Section 5 is further analysis. Section 6 gives the conclusions and policy implications based on the results we obtained. Section 7 presents the limitations and future research directions.




2 Theoretical analysis and research hypothesis



2.1 Climate policy uncertainty and corporate green investment

On the one hand, a certain range of climate policy uncertainty may incentivize corporate green investment behavior. Increased policy uncertainty may have some incentive and selection effects on companies (Bai et al., 2023). When companies face climate policy announcements and adjustments within an acceptable range, they tend to consider profit opportunities to adjust their company strategies. Companies will make policy-oriented decisions to gain acceptance from investors and society, thus increasing profitability.

Meanwhile, from the signal transmission perspective (Tong et al., 2021; Li et al., 2024), the release of climate policies signals to the public that environmental sustainability is valued, bringing compliance pressure on companies while guiding their green transformation. After receiving signals on climate issues, companies may consider whether their behavior is in line with the upcoming policy regulations. Companies may then change their strategies and increase green investment to enhance their behavioral compliance. Furthermore, with the increasing uncertainty of regional climate policy, corporate behavior will further receive attention from society and investors, facing greater public opinion and reputation pressure. Corporate reputation determines the business performance to a certain extent. Therefore, considering their image, companies may increase green investment.

On the other hand, as climate policy uncertainty increases to a certain level, the effect on corporate green investment behavior may be reversed, from incentive to inhibition. At first, according to the real options theory, companies may choose to delay their investment in situations of higher external environmental uncertainty (Gulen and Ion, 2016). Green project is viewed as an option, and whether to invest is the result of a trade-off between current investment return and future return. Companies will choose to invest only if the net present value of the current investment return is higher than the sum of investment cost and real option’s value. With the frequent changes in climate policy, it is difficult for companies to accurately predict the direction of future policies. And green investment involves significant capital input and sunk cost. Therefore, when the uncertainty of climate policy is too high, companies prefer to invest in the future to gain a higher value.

Secondly, most decision-making participants will exhibit avoidance behavior when facing higher uncertainty (Wen et al., 2021). As rational market individuals, profit maximization is the core objective of companies. Systemic risk brought by excessive climate policy uncertainty implies the unstable investment environment. Reducing green investment is considered as a conservative investment strategy to minimize possible losses and maintain business stability.

Additionally, different from other investment activities, corporate green investment is characterized by longer return cycle and uncertain short-term return. From the cost-benefit perspective, companies are more inclined to invest in projects with shorter payback cycles and higher short-term returns when facing highly uncertain external environment. This helps to better maintain cash flow and profitability to hedge against the risks associated with policy volatility. Excessive climate policy volatility exacerbates the uncertainty of green investment returns, and companies may reduce the level of green investment as a result. Also, green investment usually requires large amounts of capital and resources. Higher climate policy uncertainty may cause the volatility of financial markets, which in turn causes companies to reduce their green investment behavior due to the capital costs.

Summarizing the above analysis, different levels of climate policy uncertainty may have different impacts on corporate green investment. Within a certain range, climate policy uncertainty will promote corporate green investment behavior due to incentive effect. However, when climate policy uncertainty exceeds the a certain level, its impact on corporate green investment may be reversed, which means that corporate green investment level decreases with the increase of climate policy uncertainty. Based on this, we propose hypothesis 1:

Hypothesis 1(H1): Climate policy uncertainty has an inverted U-shaped impact on corporate green investment.




2.2 The moderating effect of financing constraints

Initially, when companies face financing constraints, if external environmental changes are within acceptable limits, the companies will consider potential opportunities with a view to alleviating and breaking out of their financing and operational difficulties. Thus, when companies with financing constraints are faced with an acceptable range of climate policy fluctuation, they will actively increase their green investment. It is beneficial to build better corporate image, release compliance information and alleviate the financing dilemma.

However, as a high-cost investment activity, corporate green investment requires vast capital sources and diversified financing channels (Ding et al., 2023). High climate policy uncertainty can lead to a shift in corporate decision makers’ attitudes, from believing in potential profit opportunities to worrying about the policy environment and financial situations. At this point, higher financial pressure can make corporate green investment behavior more sensitive to excessive climate policy uncertainty. Simultaneously, financing constraints make companies pay more attention to investment projects’ returns, especially short-term profits. Compared with companies with lower degree of financing constraints, the managers of financially struggling companies will pay more attention to investment returns and potential external risks. Climate policy uncertainty can lead to high unpredictability of returns, and companies with higher level of financing constraints may reduce green investment to a greater extent due to risk aversion.

To summarize, financing constraints may make the impact of climate policy uncertainty on corporate green investment more sensitive. Based on this, this paper proposes hypothesis 2:

Hypothesis 2(H2): The increasing degree of corporate financing constraints can strengthen the inverted U-shaped relationship between climate policy uncertainty and green investment.




2.3 Coastal characteristic heterogeneity

Companies in coastal areas are more likely to be exposed to the direct threats from climate change such as sea level rise and storm surges, whilst often being the focus of national and regional policies (Cui et al., 2024). Firstly, as coastal areas are the forefront of economic development, local companies are increasingly concerned with the development of green and marine economy, thus having the greater sensitivity to climate policies. When climate policies fluctuate, companies in coastal areas usually receive policy signals more quickly and adjust accordingly. Secondly, companies in coastal areas tend to be in highly competitive markets with more export-oriented companies. International markets are increasingly concerned about the environmental standards and climate change, climate policy uncertainty may bring market opportunities or challenges. As a result, companies need to constantly adapt their strategies to gain a favorable position in the market.

Given the above, there is coastal characteristic heterogeneity in the effect of climate policy uncertainty. Therefore, we propose hypothesis 3:

Hypothesis 3(H3): The impact of climate policy uncertainty on corporate green investment is more significant in coastal areas.




2.4 Environmental consequence of companies in coastal areas

Coastal areas are usually the economic engines and trade hubs of country, with a large number of industries and port facilities. The production activities of companies in coastal areas have significant impact on the surrounding environment and the whole ecosystem. As green investment increase, companies could reduce energy waste and improve resource utilization by investing in green projects (Zhu et al., 2020). Industries in coastal areas are well developed, and corporate green investment incentivized by climate policy uncertainty can directly reduce the pollutant emissions of companies in coastal areas, which in turn improves environmental performance. On the contrary, the environmental performance of companies in coastal areas is negatively affected. Meanwhile, environmental issues in coastal areas have received focused policy attention. Companies in coastal areas can gradually increase their environmental awareness in the process of making green investment. It helps companies to establish the sense of social responsibility and improve environmental performance on their own.

Considering the above analysis, climate policy uncertainty may further affect the environmental performance of companies in coastal areas through green investment. Accordingly, this paper proposes hypothesis 4:

Hypothesis 4(H4): Climate policy uncertainty has an inverted U-shaped effect on environmental performance of companies in coastal areas through corporate green investment.

Based on the above analysis, the theoretical framework diagram of this paper is shown in Figure 1.


[image: Flowchart depicting the relationship between climate policy uncertainty and corporate green investment. It shows climate policy uncertainty leading to incentive and inhibition effects on corporate green investment. Financing constraints have a moderating effect. Additionally, coastal characteristic heterogeneity influences environmental consequences of companies in coastal areas.]

Figure 1 | Theoretical framework diagram.







3 Research design



3.1 Empirical methodology

Most studies on the consequences of climate policy uncertainty and the factors of corporate green investment adopted linear models (Bai et al., 2023; Huang and Sun, 2023; Liu et al., 2023; Xi et al., 2023; Borozan and Pirgaip, 2024), providing positive, negative or neutral relationships. However, the relationship between climate policy uncertainty and corporate green investment may be complex. Therefore, we use nonlinear model which can describe the complex relationship between variables more accurately and determine the optimal level of climate policy uncertainty that maximizes corporate green investment (Haans et al., 2016; Ben Lahouel et al., 2022). To test the nonlinear impact of climate policy uncertainty on corporate green investment, we construct Equation 1:

[image: Equation showing a regression model: G L sub i t equals alpha sub zero plus alpha sub one C P U sub i t plus alpha sub two C P U squared sub i t plus alpha sub three Control sub i t plus Year sub t plus I D sub i plus epsilon sub i t, labeled as equation one.] 

Where i represents the company, t represents the year; [image: Text showing "G l subscript u".]  is the dependent variable of this paper, representing corporate green investment; [image: The image shows the mathematical notation "CPU" with a subscript "i, t."]  is the core independent variable of our interest, representing climate policy uncertainty; [image: Text showing "CPU" with a superscript "2" and subscript "it".]  is the squared term of climate policy uncertainty; [image: Italic text "Control" with a subscript "i, t".]  denotes the control variables; [image: Text in italic font displaying the word "Year."]  denotes year-level fixed effect; [image: Id blurred, so I can't extract that text or give alt text.]  is individual-level fixed effect; and [image: The mathematical expression shows the letter "e" followed by a subscript "i, t".]  is the random error term. If [image: Lowercase Greek letter alpha with subscript one.]  is significantly positive and [image: Greek letter alpha with subscript two in italic font.]  is significantly negative, then hypothesis 1 holds.

Meanwhile, in order to explore the moderating effect of financing constraints, this paper constructs Equation 2:

[image: Equation for GI sub i,t: β sub 0 plus ρ sub 1 times CPU sub t plus ρ sub 2 times CPU sub t squared plus ρ sub 3 times CPU sub t times KZ sub t plus ρ sub 4 times CPU sub t squared times KZ sub t plus ρ sub 5 times KZ sub t plus ρ sub 6 times Control sub t plus Year sub t plus ID sub i plus ε sub i,t.] 

Where [image: The text "KZ" is shown with a subscript lowercase "u".]  is the moderating variable, representing corporate financing constraints; [image: Formula showing "CPU" subscript "it" multiplied by "KZ" subscript "it".]  denotes the interaction term between climate policy uncertainty and corporate financing constraints; [image: Mathematical expression showing CPU subscript i t squared multiplied by KZ subscript i t.]  is the interaction term between squared term of climate policy uncertainty and corporate financing constraints. The others are the same as Equation 1.




3.2 Variables

	(1) Dependent variable: corporate green investment (GI). Referring to the studies of Jiang et al. (2022); Zhao and Yuan (2024), this paper manually screens and collects the expenditures related to environmental protection and green governance in the construction in progress subject of listed companies, and sums them up to get the total amount of corporate green investment in the year. Then we measure the corporate green investment level using the ratio of green investment amount to total assets.

	(2) Core independent variable: climate policy uncertainty (CPU). The measurement of climate policy uncertainty has attracted wide discussion among scholars. Gavriilidis (2021) searched for articles in eight leading US newspapers containing terms, constructed the macro-level climate policy uncertainty index. Xu et al. (2023) measured the macro-level climate policy uncertainty index in China based on Chinese news data. However, there are significant differences in climate conditions and policy implementation among different regions. Ma et al. (2023) used a deep learning algorithm—the MacBERT model to construct climate policy uncertainty index at various levels in China. In this paper, we adopt the provincial level results of Ma et al. (2023) as the measure of climate policy uncertainty.

	(3) Moderating variable: financing constraints (KZ). In this paper, KZ index is used to measure the corporate financing constraints degree (Liu et al., 2022; Yao et al., 2022). The larger the KZ, the more serious the financing constraints.

	(4) Control variables: to exclude other factors’ influence on regression results, this paper selects the following control variables: corporate size (Size), return on equity (ROE), growth rate of operating income (Growth), book-to-market ratio (BM), price-to-book ratio (PB), years of listing (ListAge), proportion of shares held by the first largest shareholder (Top1), number of employees (Employee), fixed assets proportion(Fixed), intangible assets proportion (Intangible), average age of management (TMTAge) and loss or not (Loss). Specific descriptions are shown in Table 2.




Table 2 | Variable definitions.

[image: Table listing variables with their definitions and descriptions. Variables include Size, ROE, Growth, BM, PB, ListAge, Top1, Employee, Fixed, Intangible, TMTAge, and Loss, each defined with specific financial formulas or descriptions. For example, Size is defined as the natural logarithm of corporate annual total assets, and ROE as net profit over the average balance of shareholder equity.]




3.3 Sample selection and data sources

This paper selects the data of Chinese A-share listed companies from 2014 to 2020 as the initial sample. We process the data as follows: (1) Samples of listed companies in the financial industry are excluded; (2) Samples of ST, *ST and PT companies are excluded; (3) Samples with missing main variables are excluded; (4) The variables are winsorized by 1% each before and after. Finally, 3641samples are obtained as observations.

The relevant data on the climate policy uncertainty are from the China’s provincial climate policy uncertainty index constructed by Ma et al. (2023). Data on corporate green investment are manually collected through the listed corporate annual reports, social responsibility reports, official websites, and so on. Other data are obtained from CSMAR database, Wind database, CNRDS database and National Bureau of Statistics of China.





4 Experimental results



4.1 Descriptive statistics

The descriptive statistics results of the main variables are shown in Table 3. The mean value of GI is 0.011, indicating that the whole level of corporate green investment is not high, which needs to be improved. The maximum value of CPU is 3.287, while the minimum value is 1.269, meaning that the climate policy uncertainty has differences in different places. In addition, the standard deviation of KZ is 1.931, indicating that the degree of financing constraints differs significantly among companies.


Table 3 | Descriptive statistics of variables.

[image: Table displaying statistical data for various variables: GI, CPU, KZ, Size, ROE, Growth, BM, PB, ListAge, TOP1, Employee, Fixed, Intangible, TMTAge, and Loss. Each variable has 3641 observations, with columns for mean, standard deviation, minimum, and maximum values.]




4.2 Analysis of baseline regression results

To test the nonlinear relationship between climate policy uncertainty and corporate green investment, this paper conducts baseline regression based on Equation 1, and the regression results are shown in Table 4. Column (1) only includes the test of the core independent variable climate policy uncertainty and its squared term on corporate green investment. Results show that the coefficient of CPU is 0.020, which is significant at the 5% level, simultaneously the coefficient of [image: Text displaying "CPU" with a superscript "2".]  is -0.004, which is also significant at the 5% level. Columns (2) to (4) add control variables, and gradually fix time and individual effects for regression. In column (4), the coefficients of CPU and [image: Text shows "CPU" with a superscript two, indicating "CPU squared."]  are 0.018 and -0.004, respectively, both are significant at the 5% level. The above results indicate that climate policy uncertainty has a significant inverted U-shaped effect on corporate green investment, and hypothesis 1 is verified. The reason for this phenomenon is that climate policy uncertainty initially generates incentives for companies (Bai et al., 2023), which seek to find opportunities from it. However, as climate policy uncertainty exceeds a certain level, companies may reduce green investment due to the considerations of risk and return. At this point, climate policy uncertainty has a negative impact on companies, which is similar to the findings of Ren et al. (2022); Mo and Liu (2023). In addition, in terms of control variables, book-to-market ratio, proportion of shares held by the first largest shareholder and the number of employees benefit corporate green investment.


Table 4 | Baseline regression results.

[image: A statistical table showing regression results with four columns, labeled (1) to (4), and multiple variables such as CPU, Size, ROE, and more. Each variable lists coefficients and t-statistics. Significance is indicated by asterisks: * for 10%, ** for 5%, and *** for 1%. Year and individual fixed effects, as well as observations, are noted at the bottom.]

To further confirm the inverted U-shaped relationship between climate policy uncertainty and corporate green investment, we also conduct the following work:

Firstly, this paper utilizes the utest test to examine the nonlinear relationship in columns (1) and (4) of Table 4. For column (1), the results show that: (1) On the left side of curve, the slope is 0.010 (p<0.05). On the right side of curve, the slope is -0.008 (p<0.05). (2) The extreme point is 2.404 which is within the valid range of values for climate policy uncertainty. (3) The overall test shows the p-value is 0.020. For column (4), the results show that: (1) The curve is characterized by firstly positive (0.009, p<0.05) and then negative (-0.007, p<0.05). (2) The extreme point of the curve is 2.424, which is within the range of valid values. (3) The p-value of the overall test is 0.025. The above results suggest an inverted U-shaped relationship between climate policy uncertainty and corporate green investment again.

Secondly, we introduce the cubic term of climate policy uncertainty into Equation 1 to test. The results exclude the possibility that the relationship curve of climate policy uncertainty and corporate green investment is S-shaped.

Thirdly, we perform a plotting analysis based on the results of column (4) in Table 4. As shown in Figure 2, with the increasing of climate policy uncertainty, corporate green investment shows an increasing trend firstly. However, after climate policy uncertainty reaching the extreme point (CPU=2.424), its impact on corporate green investment changes from positive to negative. Thus, the inverted U-shaped relationship between climate policy uncertainty and corporate green investment is further clearly shown. In addition, the distribution of CPU samples shows that about 65.6% of the indicator values are situated on the left of extreme point, and about 34.4% of the indicator values are in the right section of inverted U-shaped curve.


[image: A line graph depicting climate policy uncertainty (y-axis) against a variable labeled "cpu" (x-axis). The curve shows a parabolic trend, increasing to a peak at the turning point, denoted by a red dashed line, before decreasing. Key points marked on the x-axis include Min at one, Turning point at two, and Max at three.]

Figure 2 | The relationship between climate policy uncertainty and corporate green investment.






4.3 Treatment of endogeneity problem

Empirical results of baseline regression have shown the inverted U-shaped effect of climate policy uncertainty on corporate green investment. However, the relationship between the two may be affected by endogeneity problem. On the one hand, there may be a reverse causality problem between climate policy uncertainty and corporate green investment. On the other hand, the results may also be affected by omitted variables. To overcome endogeneity problem, this paper uses two-stage least square (2SLS) estimations with instrumental variable approach for the test. we choose provincial direct economic losses caused by natural disasters (EL) and its squared term ([image: The text "EL" followed by a superscript "2", indicating a mathematical or algebraic expression.] ) as instrumental variables. The reasons are: (1) Climate problems can cause natural disasters and then directly bring economic losses (Armal et al., 2020; Li et al., 2022), simultaneously attract the attention of policy makers, resulting in climate policy uncertainty. The fluctuation of climate policy is correlated with the direct economic losses caused by natural disasters, which meets the correlation requirement. (2) The provincial economic losses caused by natural disasters hardly have the impact on corporate investment behavior, and consequently are not directly related to corporate green investment. The instrumental variable meets the exogeneity requirement.

The results are shown in Table 5. According to the first stage regression results in column (1) and column (2), the coefficients of the instrumental variables are significant, indicating that climate policy uncertainty is related to the provincial direct economic losses caused by natural disasters. Meanwhile, the values of F in the first stage are all higher than 10, indicating that the instrumental variables are valid which is as expected. According to the second stage results in column (3), the coefficient of CPU is 0.124, and the coefficient of [image: Text rendering of "CPU" with a superscript two, indicating "CPU squared".]  is -0.023, which are both significant at the 10% level. These further suggest that the conclusion of hypothesis 1 is robust.


Table 5 | Instrumental variable test results.

[image: Table displaying regression results across three stages: two under "First stage" (CPU and CPU squared) and one under "Second stage" (GI). Variables include EL, EL squared, CPU, CPU squared, Controls, cons, Year-FE, and Individual-FE. Observations total 3,582. Significance at 10%, 5%, and 1% levels is noted with *, **, and *** respectively. T statistics are in parentheses.]




4.4 Robustness tests

(1) Replacing dependent variable. This paper uses the ratio of corporate green management expenses to operating revenue (GM) to replace the dependent variable GI. The results are presented in column (1) of Table 6. The coefficients of CPU and [image: Text displaying "CPU" with a superscript two, indicating "CPU squared".]  are 0.007 and -0.002, respectively, and both of them are significant at the 1% level. These indicate that there is an inverted U-shaped relationship between climate policy uncertainty and corporate green investment, and the conclusion of the baseline regression is robust.


Table 6 | Results of robustness, moderating effect and heterogeneity.

[image: Regression table comparing variables across six models, labeled (1) to (6). Variables include CPU, CPU squared, CPU times KZ, CPU squared times KZ, and KZ. Each model shows coefficients with t-statistics in parentheses and significance levels marked by asterisks. Models (1) to (4) split data into GM and GI, while (5) and (6) focus on companies in non-coastal and coastal areas, respectively. Controls, Year-FE, and Individual-FE columns indicate inclusion, with observation counts at the bottom. Significance at 1%, 5%, and 10% levels is noted.]

(2) Sample size adjustment. Manufacturing industry is the core of real economy, and its environmental management is crucial in China’s green transition. Thus, we narrow down the study scope to manufacturing companies and test again based on Equation 1. As shown in column (2) of Table 6, the coefficient of CPU is significantly positive, and the coefficient of [image: Text "CPU" with a superscript two, resembling a mathematical expression for "CPU squared."]  is significantly negative, which are consistent with the baseline regression results.




4.5 Moderating effect test

In order to test the moderating role of corporate financing constraints in the inverted U-shaped relationship between climate policy uncertainty and green investment, this paper conducts regression analysis based on Equation 2, and the results are shown in columns (3) and (4) of Table 6. Among them, column (3) does not contain control variables and column (4) adds control variables. The coefficients of [image: Text "CPU squared times KZ" written in mathematical notation.]  in columns (3) and (4) are significant, which indicates that there is a moderating role of corporate financing constraints in the inverted U-shaped impact of climate policy uncertainty on green investment.

Specifically, first of all, referring to the study of Haans et al. (2016), based on the Equation 2, we set the first derivative with respect to CPU to zero, and then obtain Equation 3. To show how the turning point changes as KZ changes, we then take the derivative with respect to KZ, and get Equation 4. The movement of curve turning point depends on the sign of [image: Mathematical equation showing rho sub 1 times rho sub 4 equals rho sub 2 times rho sub 3.] . If [image: The image shows the mathematical equation: rho sub one multiplied by rho sub four equals rho sub two multiplied by rho sub three.]  is less than 0, the turning point will shift to the left; if it is greater than 0, the turning point will shift to the right. According to the results of column (4) in Table 6, the value of [image: Greek letter rho with a subscript one.]  is 0.021, the value of [image: The Greek letter rho, subscripted with the number two, often used in scientific and mathematical contexts.]  is -0.004, the value of [image: Greek letter rho with subscript three, denoting a specific variable or parameter in a mathematical or scientific context.]  is 0.008, and the value of [image: The Greek letter rho with the subscript four.]  is -0.002. We can calculate that [image: Mathematical equation showing rho subscript one multiplied by rho subscript four equals rho subscript two multiplied by rho subscript three.]  <0, which indicates that the increase in corporate financing constraints can shift the curve turning point to the left.

[image: Equation labeled as (3) showing CPU star equals the fraction with numerator negative rho subscript one minus rho subscript three times KZ and denominator two rho subscript two plus two rho subscript four times KZ.] 

[image: The image shows a mathematical equation labeled as equation four. The equation is the partial derivative of CPU star with respect to KZ. It equals the fraction where the numerator is rho subscript one times rho subscript four minus rho subscript two times rho subscript three. The denominator is two times the square of the sum of rho subscript two and the product of rho subscript one and KZ.] 

Secondly, the coefficients of [image: The image shows the mathematical expression "CPU" raised to the power of two, denoted as "CPU squared".]  and [image: Text displaying "CPU" with a superscript "2".]  are both significantly negative in column (4) of Table 6, indicating that the increasing of corporate financing constraints can strengthen the inverted U-shaped relationship between climate policy uncertainty and corporate green investment, as well as hypothesis 2 is verified. This means that the inverted U-shaped relationship curve becomes steeper and corporate green investment is more sensitive to climate policy uncertainty as corporate financing constraints increase. Accordingly, it is necessary to alleviate corporate financing constraints to mitigate the negative impact of excessive climate policy uncertainty on corporate green investment.




4.6 Heterogeneity analysis

Considering the impact of coastal characteristic on companies, we divide the samples into companies in non-coastal areas and coastal areas based on the geographic location of provinces, and then test based on Equation 1. Referring to the studies of Shao et al. (2021) and Wang et al. (2024), the sample contains the majority of coastal provinces (municipalities) in China, including Tianjin, Shanghai, Hebei, Liaoning, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Guangxi and Hainan.

The results are reported in columns (5) and (6) of Table 6. Columns (5) and (6) show the regression results for companies in non-coastal areas and coastal areas, respectively. It can be seen that the regression results of CPU and [image: The text "CPU" with a superscript "2," indicating "CPU squared."]  in column (5) are not significant. In contrast, in column (6), the coefficient of CPU is 0.035 and the coefficient of [image: The text "CPU" followed by a superscript "2".]  is-0.007, both of which are significant at the 5% level. Meanwhile, the utest test results of the nonlinear relationship for companies in coastal areas show that: (1) The extreme point of the curve is 2.472. (2) The slope of left curve is 0.017 (p<0.05), and the slope of right curve is -0.011 (p<0.05). (3) The p-value of the overall test is 0.016. In summary, climate policy uncertainty has an inverted U-shaped effect on the green investment of companies in coastal areas, while it has no significant effect on companies in non-coastal areas. Hypothesis 3 of this paper is proved. It can be seen that coastal characteristic do have the impact on policy effectiveness (Li and Li, 2022). From this point, government should recognize the impact of climate policy fluctuation on companies in coastal areas and formulate the reasonable climate policy.





5 Further analysis

To test the mediating role of green investment in climate policy uncertainty and environmental performance of companies in coastal areas, this paper constructs Equation 5, which together with Equation 1 constitutes the mediating effect testing process.

[image: Equation representing a model: \( EP_{i,t} = v_0 + v_1 CPU_{i,t} + v_2 CPU_{i,t}^2 + v_3 Control_{i,t} + Year_t + ID_i + \epsilon_{i,t} \).] 

Where, [image: Mathematical expression "EP" with subscripts "i, j".]  represents the environmental performance of companies in coastal areas. If companies perform any of the following behaviors, EP is assigned the value of 1, otherwise it is 0: (1) Environmental certification; (2) Environmental recognition; (3) Measures to reduce emissions of waste gas, waste water, waste residue and greenhouse gas; (4) Environmentally friendly products; (5) Circular economy; (6) Energy conservation. The others are the same as Equations 1 and 2.

The results of Equation 5 are shown in Table 7. Column (1) includes no control variables, showing the coefficient of CPU is significantly positive and the coefficient of [image: Text showing "CPU" with a superscripted number two, indicating "CPU squared."]  is significantly negative. Column (2) adds control variables on the basis of column (1), the coefficients of CPU and [image: Text displaying "CPU" with the number two in superscript, indicating "CPU squared".]  are 0.339 and-0.074, which are both significant at the 1%. And there is a notable link between green investment and environmental performance of companies in coastal areas. The above analysis reveals that climate policy uncertainty has an inverted U-shaped effect on environmental performance of companies in coastal areas through influencing green investment, and the hypothesis 4 is supported.


Table 7 | Environmental consequence of companies in coastal areas.

[image: Regression table comparing two models with variables CPU and CPU squared showing coefficients, t-statistics, and significance levels. Model 1 has coefficients of 0.338 and -0.074, with no controls, while Model 2 includes controls, showing coefficients of 0.339 and -0.074. Both include year and individual fixed effects with 2113 observations. Significance levels are noted at 10%, 5%, and 1%.]




6 Conclusions and policy implications



6.1 Conclusions

Climate policy uncertainty has become an important factor affecting corporate environmental management behavior. Exploring the relationship between climate policy uncertainty and corporate green investment is not only related to the potential impacts and formulation strategies of climate policies, but also a major strategic issue about corporate green transformation and the efficient utilization of marine resources. This paper focuses on A-share listed companies in China from 2014 to 2020, innovatively examines the micro impact of climate policy uncertainty on corporate green investment, and specially analyzes the role of corporate financing constraints and coastal characteristic. The empirical results show that:

(1) There is an inverted U-shaped relationship between climate policy uncertainty and corporate green investment. Climate policy uncertainty initially motivates corporate green investment, but when it exceeds extreme point, green investment will be inhibited. The conclusion still holds after considering endogeneity problem and robustness tests such as instrumental variable approach, replacing dependent variable and sample size adjustment. (2) As the unignorable factor in corporate investment decisions, the increasing of corporate financing constraints strengthens the inverted U-shaped relationship between climate policy uncertainty and corporate green investment. Higher financing constraints can make the curve steeper, and simultaneously shift the turning point of the curve to left. (3) The inverted U-shaped impact of climate policy uncertainty on corporate green investment differs in different scenarios, with greater significance in coastal areas. (4) Climate policy uncertainty has an inverted U-shaped effect on environmental performance of companies in coastal areas through green investment.




6.2 Policy implications

The empirical results of this paper have the following policy implications: firstly, appropriate and stable climate policies should be formulated. When formulating climate policies to address climate issues, government should recognize the different impacts of varying climate policy fluctuations. On the one hand, the government should timely send incentive signals through climate policies to lead companies to make green investment, so as to promote the sustainable development of economy and society. On the other hand, policy makers should also be aware of the adverse impact of excessive climate policy uncertainty on corporate behavior. Government should focus on the consistency and predictability of policies to provide a stable and favorable external policy environment for corporate green investment. Secondly, climate policies should be formulated according to the characteristics of regions and companies. Policy makers should focus on the climate policy formulation of companies in coastal areas. And this “tailor-made” approach to guide green investment will ultimately promote high-quality economic development and realize the harmonious coexistence of human beings and nature. Thirdly, the degree of corporate financing constraints should be eased. Government and society should note financing constraints’ moderating role in the process of external environmental affecting corporate behavior. We ought to improve the market mechanisms and increase the financing channels to reduce the pressure on corporate financing.





7 Limitations and future research directions

This paper may have some limitations that offer potential for future research. Firstly, this paper has used provincial climate policy index, which effectively reflects the regional climate policy uncertainty. However, the impact of climate policy uncertainty on each company is different. Future research could try to construct a firm-level index system to more accurately assess its complex impacts. Secondly, this paper has only explored the impact of climate policy uncertainty on corporate green investment, but does not further examine its channels. Specific channel mechanisms could be explored to reveal the detailed paths of how climate policy uncertainty affects corporate green investment, so as to provide more precise policy implications for green transformation and marine economic management. Thirdly, we have conducted partial analysis of the coastal characteristic of companies. Future research could conduct more in-depth studies on marine-related companies based on more classification criteria.
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As a new mode of marine industry, marine ranching is gradually becoming an important means to promote the high-quality development of marine economy. Meanwhile, the technological innovation of marine ranching enterprises (MREs) can enhance the economic and ecological functions of marine ranching. This paper builds an evolutionary game model including MREs, government and consumers to analyze strategic choices. The results show that: (1) The government’s incentive policies play a key role in the initial period of MREs, while the government can gradually eliminate the policies in the mature period of MREs. (2) Government’s incentive policies consist of subsidy and tax policies. The subsidy amount should be moderate in order to avoid financial burdens, and the tax policy should be adaptation to different types of MREs. (3) Consumers’ preference significantly affects the strategy of MREs innovation. Government subsidies for consumers with different preferences can guide market demand and provide market signals for MREs. This study provides an important reference for MREs to formulate technological innovation strategy and the government to formulate relevant policies
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1 Introduction

The ocean is a strategic place for sustainable development and can provide huge economic benefits. However, with the deepening of industrialization, the overfishing of marine resources and the intensification of climate change, a series of prominent problems such as marine pollution, resource shortage and ecological imbalance have appeared (Ramírez et al., 2022; Lincoln et al., 2023; Ullah et al., 2023). In 2015, the United Nations (UN) listed the sustainability of marine resources as one of the key development goals. In this context, as an important tool for resource enhancement and ecological sustainable development, marine ranching has emerged as a new industry (Yu and Zhang, 2020), and many countries began to explore the development path of marine ranching (Chen et al., 2019).

The construction of marine ranching is a complex system project containing multi-disciplines and multi-agents (Zhang et al., 2023), which is highly dependent on marine technology (Qin et al., 2021; Hou and Zhan, 2023). With the in-depth research on the development path of marine ranching, many problems still exist in the construction process, such as long return cycle, bottleneck of key technologies, the lack of the coordination among diverse participants, inadequate innovation ability, and insufficient supervision (Yu and Zhang, 2020; Qin et al., 2022; Jin and Quan, 2023), which puts forward more urgent and strict requirements for technological innovation in marine ranching. As an important subject and active promoter of technological innovation, marine ranching enterprises (MREs) are the key forces to realize the ecological, economic and social benefits of marine ranching (Sun et al., 2024). Through advanced environmental protection technology, enterprises can reduce the negative impact of aquaculture activities on marine ecology and achieve sustainable development (Anthony et al., 2023; Zhang et al., 2024). Secondly, with the help of intelligent aquaculture equipment and management system, enterprises can realize accurate monitoring and scientific management of fishery resources, so as to improve the production efficiency and economic benefits of fishery resources (Fan et al., 2023; Zhang et al., 2024). In addition, the development of virtual reality technology and the construction of an interactive marine science education platform can enhance consumers’ awareness of marine environmental protection (Yuen et al., 2022; Koh et al., 2023). Therefore, the technological innovation of MRE is not only an inevitable requirement to cope with environmental challenges and improve production efficiency, but also a key measure to promote the sustainable and healthy development of enterprises.

For MREs, even if it needs to bear social responsibility, it does not come at the expense of economic benefits (Shi et al., 2023). The government plays a key role in MRE technological innovation process. With positive and negative incentive measures, the government can guide the enterprise to choose innovation decision. Additionally, the enterprise’s choice is also closely related to consumer’s preference. Research shows that consumer preferences will significantly affect market demand and ultimately affect corporate decision-making and profits (Zhang et al., 2019; Meng et al., 2021; Chaudhuri et al., 2024). Today, consumers’ awareness of environmental protection is increasingly strengthened and their preferences are increasingly diversified, which puts forward higher requirements for the product quality, service experience and environmental friendliness of enterprises (Biswas et al., 2023; Fesenfeld et al., 2024). Traditional research on technological innovation mostly focuses on internal resources, technological capability and market environment, but neglects the profound influence of consumer’s preference on technological innovation strategy. In fact, consumer’s preference not only directly determines market demand and product structure, but also indirectly affects the direction of technological innovation and investment intensity of enterprises (Ploll et al., 2023; Barrientos et al., 2024; Cui et al., 2024). The efficient operation of marine ranching industrial ecosystem requires stakeholders to give full play to their own advantages and actively create value (Shi et al., 2023; Zhang et al., 2023). Therefore, in the process of technological innovation, MREs must fully consider consumer’s preferences, oriented to meet market demand, and enhance product added value and competitiveness. Therefore, it is necessary to discuss how government’s incentive policies and consumer’s preference affect technology innovation strategies of MREs.

Evolutionary game theory provides an effective tool for analyzing MRE technology innovation strategy. By constructing an evolutionary game model, it can reveal the strategy selection and evolution rules of enterprises in the process of technological innovation (Luo et al., 2023; Qian et al., 2023; Chen et al., 2024, 2024; Zheng and Wu, 2024; Zhou et al., 2024). In current researches considering consumer’s preference, evolutionary game analysis is also actively used to reveal the impact and evolutionary trend of different strategies (Qiao and Yin, 2021; Shi and Cheng, 2023; Chen et al., 2024; Yue et al., 2024). The application of evolutionary game in marine ranching mainly focuses on digital transformation, safety supervision, ecological development, blue carbon trading (Du et al., 2022; Sun et al., 2024; Wang et al., 2024; Zheng and Zhang, 2024), but there are few studies on technological innovation of marine ranching, and even fewer studies on the technological innovation strategies that combine consumer’s preference and government policies.

This paper constructs an evolutionary game model to simulate the evolution of MRE’s technological innovation strategy considering government’s incentive policies and consumer’s preference, and deeply analyzes the evolution process and influencing factors of technological innovation strategy. At the same time, the applicability and validity of the model are verified by combining case studies and the situation of the complex market, so as to provide theoretical support and policy suggestions for MRE’s technological innovation. The remainder of the paper is organized as follows. Section 2 presents the model developed in this study. Section 3 presents the evolutionary game process and the stability analysis. Section 4 presents the numerical simulations. Section 5 provides a brief conclusion and recommendations.




2 Construction of the evolutionary game model



2.1 Participants and their behavioral logic analysis

Firstly, the government plays an important role in the development of marine ranching. The government encourages and supports the development of MREs through the implementation of incentive policies. The policies include capital subsidies, tax incentives, technical support and other forms, and the target of the subsidy is usually the enterprise, aiming to reduce the operating costs of the enterprise and improve its market competitiveness. At the same time, the target of subsidies can also be consumers, through government subsidies to reduce the price of products or services, giving consumers purchase concessions. In addition, the government also regulates the operating behavior of MREs, protects the rights and interests of consumers, and maintains fair competition in the market by formulating relevant regulations and policies. All these efforts will enable the government to obtain different degrees of performance benefits, such as improvement of the ecological environment and increase in social credibility.

Secondly, MREs, as the main undertakers of marine ranching construction, bear important economic and social responsibilities, and are the backbone of promoting the technological progress and industrial upgrading of marine ranching. While carrying out the construction and operation of marine ranching, enterprises can make use of government subsidies and preferential policies, invest capital and technology, carry out scientific breeding management and technological innovation, improve the yield and quality of marine products, expand the functions of fisheries, and create diversified eco-products to meet the diversified needs of consumers. At the same time, technological innovation can also better ensure the rational utilization of marine resources and the protection of the ecological environment, create more ecological benefits and establish a more positive corporate image.

Finally, the profits generated by the sale of marine products and services are an important guarantee for the sustainable development of the enterprise, and the source of these profits is largely dependent on the purchasing behavior of consumers. Consumer demand and purchasing behavior for marine products and services directly affects MRE’s sales revenue and profit level. Consumers will weigh the quality, price, safety and other factors of the product and choose the product that meets their preferences, and different products bring different utility to consumers. For enterprises, consumers’ choice of strategy is the direction and extent of technological innovation. Producers will decide whether and how to innovate technologically based on market demand, technical feasibility, and other factors. In addition, when the government implements a subsidy policy for consumers, consumers may enjoy lower prices for marine products and services, thus increasing their purchasing power. Enterprises may also organize publicity and educational activities to increase consumer awareness and trust in marine products and services, further promoting the growth of market demand. In the process of evolutionary games, the strategic choices between consumers and MREs will be continuously adjusted and evolved. Changes in consumer preferences will lead producers to make technological innovations, which in turn will influence consumer preferences. This process of mutual influence and adaptation promotes the continuous innovation and development of MRE technology. The relationship between the three parties are show in Figure 1.


[image: Flowchart illustrating the interaction between government, MRE, and consumers. Arrows depict financial subsidies, policy incentives, and technological innovation leading to environmentally friendly operations and diversified marine products. Improved government credibility and satisfaction of consumer demands are highlighted in the process.]

Figure 1 | Evolutionary logic of game players.






2.2 Model hypotheses

Based on the above analysis, in order to establish the three-party evolutionary game model of MRE, government and consumers, this paper puts forward the following hypotheses:

H1: MRE, government and consumers are all finite rationality. The strategy choice of the game parties is based on the consideration of maximizing their own interests to make the corresponding strategy choice.

H2: The strategy set of MRE is {innovate, not innovate}, in which the probability of enterprises choosing technological innovation is x, and the probability of no technological innovation is [image: Mathematical expression showing "1 minus x".] . The prices of products and services corresponding to the two strategies are [image: It seems you're referring to a mathematical notation. If you have an image you'd like described, please upload it, and I'll be happy to help with the alt text.] , [image: The image shows the mathematical notation for "p" with a subscript "r".] ; and the costs are [image: Mathematical expression with the letter "C" followed by a subscript "H".] , [image: Stylized letter "C" followed by a subscript "T".] , respectively. The investment cost paid by enterprises for technological innovation is I. The additional benefit obtained is [image: The image shows the mathematical notation "R" with a subscript "1".] , and the part of the enhanced ecological and environmental benefits in [image: The image shows the capital letter "R" with a subscript "1".]  indirectly affects the governance effect of the government, and the feedback factor is m, 0<m<1 (Gao et al., 2022).

H3: The government’s strategy set is {support, not support}{supportive, Unsupported}, where the probability that the government supports the technological innovation is y, and the probability that it does not support it is [image: Equation displaying "one minus y".] . When the government supports it will provide subsidies, where the subsidy to enterprises is [image: Please upload the image or provide a URL, and I will help create the alternate text for it.] , the subsidy to strong preference consumers is [image: Please upload the image or provide a URL so I can help create the alt text for it.] , and the subsidy to weak preference consumers is [image: If you provide an image or a URL, I can help create the alternate text. Please upload the image or share the link.] . At the same time the government will also receive an additional benefit [image: The image shows the mathematical symbol "R subscript 2".] . When the government chooses not to support it will not provide a subsidy and only enjoys the base benefit [image: Mathematical notation showing the letter "R" with a subscript "3".] . The government tax on technologically innovative enterprises is [image: Subscript notation with the letter "T" followed by "1" written below it.]  and the tax on traditional enterprises is [image: Lowercase letter "T" with the number "2" as a subscript.] , with [image: Mathematical expression showing the letter "T" with a subscript "1".] <[image: Lowercase letter T with a subscript 2.] .

H4: Consumers in the market have different preferences, the preference set is {strong preference, weak preference}, the probability of strong preference consumers is z, and the probability of weak preference consumers is [image: Equation showing "one minus z".] . Strong and weak preferences affect consumers’ price sensitivity to products and services. Strong preference consumers are more inclined to choose products and services that meet marine ecological standards and have little impact on the environment, and they are more interested in diversified products and services after technological innovation of enterprises, so they are less price sensitive and show stronger willingness to buy, with a sensitivity coefficient of [image: Lowercase Greek letter gamma, \(\gamma\).] . While weak preference consumers are less interested in products and services with new and diversified products and services, and it is harder for them to accept the premium, so they are more price sensitive, and the sensitivity coefficient is [image: Greek lowercase letter chi with a subscript of two.] , [image: It seems like there is an issue with the image upload or link. Please try uploading the image again or provide a URL. If there is a specific context or caption related to the image, feel free to include that as well.] <[image: Mathematical symbol for the lowercase Greek letter chi, followed by the subscript number two.] . Different products and services have different utility to consumers, the utility to consumers of new products and services produced by technologically innovative enterprises is [image: Please provide the image by uploading it or sharing a URL, and I will create the alt text for you.] , and the utility to consumers of traditional products and services is [image: The image shows the mathematical symbol for U subscript 2, representing a specific term or variable labeled as \(U_2\).] , [image: It seems like you provided part of a mathematical equation or symbol, but no image is attached. Please try uploading the image again and I’ll be happy to help with the alt text!] > [image: Mathematical expression showing the lowercase letter "u" with a subscript "2".] .

H5: To simplify the calculation, referring to Zheng and Yu, 2022; Guo et al., 2024; Jie and Xin, 2024; Wang et al., 2024, we define the demand for different products by consumers with different preferences as: [image: The equation shows \( q_{l}^{1} = Q - \gamma_{1} P_{r} \).] , [image: The equation shows q subscript l squared equals Q minus gamma subscript two times P subscript r.] , [image: The formula depicts \( q_2^l = Q - \gamma_1P_1 \).] , [image: The equation shows \( q_2^2 = Q - \gamma_2 P_1 \).] , where [image: Mathematical expression showing the variable "q" with the subscript "1" and superscript "1".] , [image: The mathematical expression “q subscript 1 squared”.]  represent the demand of strong preference and weak preference consumers for new products and services; [image: Mathematical expression displaying q raised to the power of one-half.] , [image: It seems like your request includes a mathematical expression rather than an image. The expression  \( q^2 \) represents the square of \( q \). If you have an image you would like me to describe, please upload it or share a link.]  represent the demand of strong preference and weak preference consumers for traditional products and services, and Q is the maximum market size. Based on the above analysis, the parameter setting table is obtained, as shown in Table 1.


Table 1 | Meaning of parameters involved in the game.

[image: Table detailing various economic symbols and their meanings. Each row lists a symbol with its corresponding definition, covering concepts like revenue, cost, investment, utility, price sensitivity, subsidies, tax burden, and market size. The table is used for analyzing the payment matrix of an evolutionary game involving MRE, government, and consumers.]





3 Stability analysis



3.1 The process of evolution

According to Table 2, the expected benefit for the MRE when choosing technological innovations is represented as [image: The image shows the mathematical notation \( E_{11} \).] , while the expected benefit when choosing no technological innovations is [image: The mathematical expression "E" with a subscript of "12" in italics.] . The average benefit, calculated based on these two scenarios, is [image: Text depicting "E sub 1" with a bar over the letter E.] .


Table 2 | The three-party game’s benefit matrix.

[image: A payoff matrix is illustrated with columns labeled "Consumers" and rows labeled "Enterprise". Consumers are divided into "Strong preference (z)" and "Weak preference (1-z)". Enterprise actions are "Technological innovation (x)" and "No technological innovation (1-x)". For each, the government can be "Supportive (y)" or "Unsupported (1-y)". The matrix contains multiple formulae indicating economic payoffs under varying conditions of consumer preference, government support, and enterprise innovation. A note states that the first three rows of payoffs represent those of MREs, Government, and Consumers under corresponding strategies.]

[image: Mathematical equation in a horizontal format showing variables and expressions. It includes terms with multiplication, addition, and subtraction, along with nested parentheses. Specific variables include \(E_{11}\), \(y\), \(z\), \(P_{n}\), \(C_{n}\), \(Q\), \(R_{1}\), \(T_{1}\), and others, organized in a complex formula.]

[image: The image shows a mathematical equation with multiple variables, constants, and operations. It includes terms with multiplication, subtraction, and parentheses, referencing variables such as \( y, z, P, C, Q, \gamma, \eta, \) and \( T. \) The equation is labeled as equation (2).]

[image: Equation showing \(E_{c} = xE_{11} + (1-x)E_{12}\), labeled as equation \(3\).]

Substituting Equations 1 and 2 in Equation 3, we can obtain the replication dynamic equation for the MRE. Also we can get its first derivative with respect to x:

[image: Mathematical equation with function \( F(\alpha) \) equal to \(\frac{dx}{d\alpha}\) times a long expression involving variables \( x \), \( T_2 \), \( T_1 \), \( R_1 \), \( P_r \), \( C_i \), \( Q \), \( P \), \( G \), \( x_5 \), \( P_1 \), \( P_2 \), and \( S_y \), with complex nested parentheses and operations. Equation number (4) is displayed at the right.]

[image: Mathematical equation showing the derivative of Q with respect to x. The expression is a complex formula involving terms like (1-2x)(T₂-T₁+R₁-1+(Pₛ-C₁)(Q-γ₂Pₛ)-(Pₛ-C₁)(Q-γ₂Pₜ))+[Pₛ(Pₛ-C₁)(yₛ-η)-Pₜ(Pₜ-C₁)(yₜ-η)]≠±Sᵧₜ.]

The expected benefit of supportive strategy and unsupported strategy of the government [image: The image shows the mathematical notation \( E_{21} \).] , [image: Italic letter "E" with a subscript "x2".]  and the average benefit [image: Mathematical notation showing the letter "E" with a subscript "2" and a bar above it.]  are, respectively:

[image: Equation showing E subscript 21 equals x times alpha times m subscript 1 plus R subscript 2 plus R subscript 3 plus T subscript 1 minus S subscript 1 minus S subscript 3 plus x times one minus two alpha times m subscript 1 plus R subscript 2 plus R subscript 3 plus T subscript 1 minus S subscript 1 plus one minus x times l parentheses R subscript 2 plus R subscript 3 plus T subscript 2 minus S subscript 1 close parentheses plus one minus x parentheses one minus l close parentheses parentheses R subscript 2 plus R subscript 3 plus T subscript 2 minus S subscript 3 close parentheses. Equation labeled 6.]

[image: Mathematical equation: E_nd equals xz multiplied by (m_R1 plus R_s plus T_f) plus x(1 minus z) multiplied by (m_R plus R_s plus T_f) plus (1 minus x)z multiplied by (R_s plus T_f) plus (1 minus x)(1 minus z) multiplied by (R_s plus T_f). Equation label: (7).]

[image: Formula representing a weighted average: \(E_s = yE_{11} + (1-y)E_{12}\), labeled as equation 8.]

Substituting Equations 6 and 7 in Equation 8, we can obtain the replication dynamic equation for the government. Also we can get its first derivative with respect to y:

[image: Mathematical equation showing \( F(y) = \frac{dy}{dt} = y(1-y)[R_2 - S_3 + (S_2 - S_3)z - S_1 x] \). It is labeled as equation (9).]

[image: The image shows a mathematical equation: \(\frac{d(F(v))}{dy} = (1 - 2y)[R_2 - S_3 + (S_3 - S_2)x - S_1x]\), labeled as equation (10).]

The expected benefit for strong preference consumers is [image: The image shows the mathematical expression \(E_{3,1}\) in a serif font.] , while the expected benefit for weak preference consumers is [image: Mathematical notation showing "E" with a subscript of "32".] . The average benefit, calculated based on these two scenarios, is [image: Stylized letter "E" with a bar on top, and the subscript number three.] .

[image: Equation labeled (11) describing a mathematical expression involving variables x, y, U, P, Q, gamma, n, S, and t, with nested fractions and operations, indicating a complex relationship among these variables.] 

[image: Mathematical equation labeled as equation twelve, expressing a function E subscript x2, involving variables x, y, U subscript r, U subscript s, P subscript n, Q, P subscript r, S subscript s, and a constant multiplication and addition.]

[image: Equation displaying \( E_x = zE_{x1} + (1-z)E_{x2} \), labeled as equation 13.]

Substituting Equations 11 and 12 in Equation 13, we can obtain the replication dynamic equation for the consumers. Also we can get its first derivative with respect to z:

[image: The image displays a mathematical formula labeled as equation (14). It is a complex expression involving variables and functions such as \( F(z) \), \( \frac{dz}{dt} \), \( z \), and others. The equation contains operations like addition, subtraction, multiplication, and differentiation, with terms including products of differences and raised powers.] 

[image: The image shows a mathematical expression labeled as equation 15. The expression is the derivative of a function \( \frac{du(x)}{dx} = (1-2x) \{P_{t}(U_{2} - P_{t})(x_{2} - \gamma_{1}) + [P_{m}(U_{1} - P_{m})(x_{1} - \gamma_{1}) - P_{t}(U_{2} - P_{t})(\gamma_{2} - \gamma_{1})]x + (S_{2} - S_{1}y)\} \).]

According to the stability theorem of the differential equation of evolutionary game, in order to keep a certain strategy in a stable state, the probabilities x, y and z of MRE, government and consumers choosing this strategy must be satisfied respectively: [image: The image shows the mathematical equation \( F(x) = 0 \).] , [image: Derivative of F of x with respect to x is less than zero.] ; [image: Mathematical equation illustrating "F of y equals zero".] , [image: Mathematical expression stating the derivative of \( F(y) \) with respect to \( y \) is less than zero.] ; [image: Mathematical equation displaying \( F(z) = 0 \).] , [image: The mathematical expression shows "d(F(z))/dz < 0".] . Based on the above analysis, according to Equations 5, 10 and 15, when [image: Mathematical equation showing a complex fraction where z equals z-star. The numerator includes several terms with P, C, R, Q, S, and V. The denominator includes products of parentheses with variables P, C, R, S, Q, and V.] , at this point, [image: The image shows the mathematical expression: d(F(x))/dx = 0.] , and the strategy chosen by the MRE is not stable. However, when [image: The expression "z is less than z-star" is shown, with z-star represented by the symbol z followed by an asterisk.] , [image: Derivative of \( F(x) \) with respect to \( x \) evaluated at \( x = 0 \) is less than zero.] , and x = 0 is the evolutionary stable point for the MRE. Conversely, when [image: Mathematical expression showing "z is greater than z-star" with the star symbol as a superscript.] , [image: Derivative of function F of x with respect to x at x equals one is less than zero.] , and x = 1 is the evolutionary stable point.

For the government, when [image: Mathematical equation showing three equal values. First, x is equal to x with a superscript asterisk. Second, the expression in parentheses, S subscript one minus S subscript two, times z plus R subscript two, minus S subscript two, divided by S subscript one.] , at this point, [image: Differential equation presented as \( \frac{d(F(y))}{dy} = 0 \).] , and the government’s strategy is not a stable strategy. Nevertheless, when [image: \( x < x^* \)] , [image: The mathematical expression shows the derivative of \( F(y) \) with respect to \( y \), evaluated at \( y = 1 \), is less than zero.] , and y = 1 is the evolutionary stable point for the government. In contrast, when x [image: Mathematical expression with greater than sign followed by "x" raised to the power of an asterisk or star symbol.] , [image: The mathematical expression shows the derivative of a function \( F(y) \) with respect to \( y \), evaluated at \( y = 0 \), is less than zero.] , and y = 0 is the evolutionary stable point.

For the consumers, when y [image: Equation showing gamma equal to the fraction with numerator P(U minus P) times (X2 minus X1) minus P(U minus P) times (X1 minus X0) times P(U minus P) times (X1 minus X2) and denominator S0 minus S3.] , at this point, [image: Mathematical expression showing the derivative of F with respect to z, denoted as d(F(z))/dz, equals zero.] , and the consumers cannot determine a stable strategy. But when [image: The mathematical expression "y is less than y star".] , [image: Derivative of \( F(z) \) with respect to \( z \) evaluated at \( z = 0 \) is less than zero.] , and z = 0 is the evolutionary stable point for the consumers. On the contrary, when [image: y is greater than y with an asterisk.] , [image: Derivative of the function F of z with respect to z, evaluated at z equals one, is less than zero.] , and z = 1 is regarded as a stable strategy for consumers. The phase diagram of the replication dynamics for the MRE, government, and consumer parties is shown in Figure 2.


[image: Three diagrams showing coordinate transformations on a cube. Diagram (1) rotates around the y-axis, with z equal to z star. Diagram (2) skews along the y-axis, with x equal to x star. Diagram (3) distorts diagonally, with y equal to y star. Arrows indicate directional changes.]

Figure 2 | Evolutionary phases of strategies for the MRE (1), government (2), and consumers (3).






3.2 Equilibrium point stability analysis

According to [image: The image shows the mathematical equation \( F(x) = 0 \).] , [image: The equation "F of y equals zero" is shown.] , [image: Equation showing \( F(z) = 0 \).] , the equilibrium points of the three- party evolutionary game can be obtained from Equations 4, 9, and 14. The Jacobian matrix of the replicated dynamic equation system is shown below.

[image: Matrix equation depicting a Jacobian matrix \( J \). The left matrix shows partial derivatives of functions \( f_1, f_2, f_3 \) with respect to variables \( x, y, z \). The right matrix is a general \( 3 \times 3 \) matrix with elements \( j_{11}, j_{12}, j_{13}, j_{21}, j_{22}, j_{23}, j_{31}, j_{32}, j_{33} \), labeled as equation (16).]

Since the equilibrium of the three- party evolutionary game must be a strict Nash equilibrium, eight pure strategy points can be derived, and substituting them into the Equation 16 yields the eigenvalues of the different strategies as shown in Table 3, and the stable point represents the evolutionary stable strategy (ESS) when all the eigenvalues are negative.


Table 3 | Eigenvalues of the equilibrium points.

[image: A table with columns for coordinates \((x, y, z)\), eigenvalues \((\lambda_1, \lambda_2, \lambda_3)\), symbol, and stability. Rows represent \(E_1\) to \(E_8\), with various mathematical expressions and symbolic stability conditions. Entries include "N" and "+" symbols, and some stability conditions like "ESS Condition: Case1" and "Unstable".]

Without loss of generality, assuming that [image: A mathematical notation displaying a lowercase letter "p" with a subscript "n", indicating a term or element in a sequence or function.] >[image: The image contains a lowercase letter "p" with a subscript "r".] >0, [image: The image shows the mathematical expression \( C_m \), where \( C \) is a variable or constant, and \( m \) is a subscript.] >[image: It appears there was an issue with displaying the image. Could you please upload the image directly or provide a URL for me to analyze and describe?] >0, [image: Please upload the image or provide a URL to it so I can create the alt text for you.] >[image: Mathematical notation of the letter C with a subscript n.] >0, [image: Stylized letter "U" with a subscript "2" in italic font.] >[image: The text "C_r" is displayed, with "r" as a subscript to "C".] >0, [image: Please upload the image you would like described, and I will create the alternate text for you.] >[image: Please provide the image or a link to it, and I will help you create the alt text.] >0, it can be concluded that E2(1,1,0), E4(1,0,0), E6(1,0,0) and E8(0,0,0) are the unstable points based on the above assumptions. The remaining four cases are further analyzed below.

Case 1: [image: Mathematical inequality involving variables: \( S_1 + R_1 - T_1 - I + (P_n - C_n)(Q - Y_2 P_n) < (P_r - C_r)(Q - Y_2 P_r) - T_r \).]  and [image: \( R_2 < S_3 \)]

For consumers with different preferences, the benefits of MRE are different. According to the assumption conditions, facing the same products and services, the strong preference consumers bring more benefits to the MRE than the weak preference consumers bring to the MRE, which has nothing to do with whether the MRE carries out technological innovation or not, and such a conclusion is consistent with the reality. In other words, [image: \( (P_n - C_n)(Q - \gamma_1 P_n) > (P_n - C_n)(Q - \gamma_2 P_n) \)] , [image: \((P_1 - C_1)(Q - \gamma_1 P_1) > (P_2 - C_2)(Q - \gamma_2 P_2)\).] . Regardless of consumer preferences, when the benefits to MREs from technological innovation are smaller than those from traditional operations, and the government subsidy to MRE technological innovation is not sufficient to make up the difference, then MREs will choose not to engage in technological innovation. Similarly, when [image: \( R_2 < S_3 \).] , it is easy to know that [image: \( R_2 < S_1 + S_2 + S_3 \)] , and the government will choose not to support technological innovation when the additional benefit gained from government support for MRE technological innovation is less than the cost of government subsidies to the outsiders. Purchase of products can bring additional utility to consumers, strong preference consumers purchase more than weak preference consumers, the former get more utility naturally, weak preference consumers will shift towards strong preference consumers. At this point E7 (0,0,1) is the stabilization point. In this equilibrium, MRE chooses no technological innovation strategy, the government chooses no unsupported strategy, and the consumers are strong preference consumers.

Case 2: [image: The image shows a mathematical inequality: \( S + R_1 - T - I + (P_m - C_m)(Q - Y_2 P_m) < (P_c - C_f)(Q - Y_2 P_f) - T_f \).]  and [image: \( R_2 > S_1 + S_2 \)]

This case is similar to Case 1, for either type of consumer, when the benefits to the MRE from technological innovation are less than the benefits from traditional operations, and the government’s subsidy to the MRE’s technological innovation is not sufficient to make up the difference, the MRE will choose not to engage in technological innovation at this point. It is worth noting that when [image: \( R_2 > S_1 + S_2 \)] , the government will choose to support technological innovation when the additional benefits gained from government support for MRE technological innovation are greater than the cost of government subsidies to MREs and consumers. At this time, E5 (0,1,1) is the stabilization point. In this equilibrium, MRE chooses the no technological innovation strategy, the government chooses the support strategy, and consumers are the strong preference consumers.

Case 3: [image: Mathematical expression: \( S_1 + R_1 - T_1 - T + (P_n - C_n)(Q - \gamma P_n) > (P_r - C_r)(Q - \gamma P_r) - T_2 \).]  and [image: \( R_2 > S_1 + S_2 \)]

This case builds on Case2 by changing the MRE’s strategy. Regardless of the type of consumer, when the benefits of technological innovation by the MRE are greater than the benefits of traditional operations, the MRE will choose to engage in technological innovation. When [image: Equation showing \( R_2 > S_1 + S_2 \).] , the government will choose to support technological innovation when the additional benefits gained from government support for MRE technological innovation are greater than the cost of government subsidies to MREs and consumers. At this time E1 (1,1,1) is the stabilization point. In this equilibrium, MRE chooses the technological innovation strategy, the government chooses the support strategy, and the consumers are the strong preference consumers.

Case 4: [image: Equation showing \( R_1 - T_1 - I + (P_h - C_n)(Q - \gamma_2 P_h) > (P_f - C_n)(Q - \gamma_1 P_f) - T_f \).]  and [image: \( R_2 < S_3 \)]

This case is based on Case3 and changes the government’s strategy. Similarly, for either preference consumer, when the benefits of MRE to carry out technological innovation are greater than the benefits of traditional business, MRE will choose technological innovation strategy. However, when [image: \( R_2 < S_3 \)] , it is known easily that [image: \( R_2 < S_1 + S_2 + S_3 \).] , the government will choose not to support technological innovation when the additional benefits gained from government support for MRE technological innovation are less than the cost of government subsidies to the outsiders. At this point E3 (1,0,1) is the stabilization point. It is important to note that in this equilibrium condition, the government chooses the unsupported strategy, and in the absence of government subsidies, MRE still chooses the technological innovation strategy, the consumers are strong preference consumers, and the interests between the enterprises and the consumers achieve a good market-oriented cycle, which is a kind of ideal state of market maturity.





4 Numerical simulation



4.1 Simulation of the cases

To confirm the above constructed evolutionary game model and derive the results, the model and its parameters were simulated and analyzed using MATLAB software. Referring to the research of Wan et al., 2021; Sun et al., 2024; Wang et al., 2024 and combining with the actual situation, while considering the overall equilibrium of the system and the basic assumptions based on the evolutionary game, the initial assignments of specific parameters are shown in Table 4.


Table 4 | Simulation model parameter values.

[image: A table comparing four cases with columns labeled \( P_n, C_n, P_t, C_t, I, R_1, U_1, U_2, \gamma_1, \gamma_2, S_1, S_2, S_3, T_1, T_2, R_2, Q \). Values in each row differ in \( P_n, S_2, S_3, T_1, T_2, R_2 \), while other values remain constant or slightly vary across the cases.]

As a new industry, Marine ranching industry also follows the basic laws of life cycle theory, including introduction period, growth period, maturity period and decline period. At different stages of development, the Marine ranching industry is facing different market environments and challenges. Introduction period: immature technology, low market awareness, need a lot of research and development and government support; Growth period: gradually mature technology, market awareness, rapid development of the industry; Maturity stage: Market saturation, fierce competition, need product differentiation and service innovation to maintain advantages; Recession period: The industry is declining, and it needs to transform and upgrade, find new growth points or consider quitting. The application of life cycle theory to Marine ranching industry is helpful to promote the sustainable development of Marine ranching industry.

Based on the life cycle theory, technological innovation in MRE can be simplified into three stages (Yang et al., 2021; Piila et al., 2022; Pan et al., 2023), the initial stage - governmental guidance and assistance, the development stage - the enterprise independent R&D and innovation practice, and mature stage - market maturity and self-driven. These three stages can correspond to each of the four cases analyzed above. In order to simplify the analysis, we will change certain values on the basis of one case to show the evolution process between the cases.

According to the set parameter values, the simulation of each of the above four cases is carried out, and the results are shown in Figure 3. Case1 is analyzed as the initial stage, when the parameter values of the cases satisfy the conditions [image: The image displays a mathematical inequality: \(S + R_k - T_1 - T + (p_m - C_m)(Q - \eta_1 P_r) < (P_f - C_t)(Q - \eta_2 P) - T_2\).]  and [image: \( R_2 < S_3 \).] , E7 (0,0,1) is the ESS, which is in consistent with the above analysis, and further verifies the stability of the analysis is correct. In the early stage of the market, consumers are solid advocates of traditional products and services.


[image: Four 3D line plots, labeled Case 1 through Case 4, display multi-colored trajectories. Each plot shows variations in the patterns, with lines curving differently across the x, y, and z axes, illustrating distinct data cases.]

Figure 3 | Simulation results of four cases.



Keeping other values unchanged, set S1=S2 = 2, S3 = 1, R2 = 6 on the basis of Case1. That is, the government’s external subsidy cost is reduced, and the additional income obtained by the government in supporting technological innovation is increased. At this time, the government’s choice of support for technological innovation is profitable, and the ESS transfers from E7 (0,0,1) to E5 (0,1,1). Despite government support for enterprise technological innovation, in the early stages of the market, consumers’ embrace of traditional products and services makes the revenue generated by new products and services insufficient for enterprises to engage in technological innovation.

On the basis of Case2, set Pn=11.5, S1 = 3.5, T1 = 2, T2 = 8. In order to support MREs to make technological innovations, the government reduces the innovation cost of enterprises by increasing the subsidies to MREs and reducing the tax. At the same time, it induces technological innovation in traditional MREs by imposing a higher tax burden on them. Higher prices for new types of products and services can bring more revenue to enterprises, further pushing them to choose technological innovation strategies. The case transforms from Case2 to Case3, and the ESS transforms from E5 (0,1,1) to E1 (1,1,1). This phase is the development stage, when the government’s support for technological innovation of enterprises is increasing, and consumers’ acceptance of new products and services is increasing, MREs will carry out technological innovation to gain more benefits.

On the basis of Case3, set Pn=12.5, R2 = 0.5. In this case, the government’s choice of technological innovation strategy is a loss, if the condition [image: \( R_2 < S_3 \)]  is met, the government’s stability strategy is not to support technological innovation. With the withdrawal of the government from the partnership, the maturity of the market allows MRE to offset the loss of government subsidies by increasing the price of new products and services to increase profits. The case changes from Case3 to Case4, and the ESS transforms from E1 (1,1,1) to E3 (1,0,1). This stage is the mature stage, and MRE and consumers have formed a good marketization relationship, which is the most ideal state of evolutionary game.

Finding 1: The government plays an important role in the growth period of MREs. The government encourages enterprises to carry out technological innovation activities through positive and negative incentives. The government’s incentive policies play a key role in the growth period of MREs, while the government can gradually eliminate the policies in the mature period of MREs.

Finding 2: In the mature period of MREs, the government can gradually eliminate the incentive policies since MRE can offset the impact of reduced government subsidies by increasing the prices of products and services.




4.2 Relaxation of the hypothesis



4.2.1 Analysis of consumer maturity

In the above hypothesis, the utility of the products and services of marine ranch is greater than the cost that consumers pay for them, so there is no doubt that consumers will choose to purchase them. But in reality, there will be a more complicated market situation. The performance brought by new products is closely related to the market system and environment (Ding and Ding, 2022). New products often require consumers to have a certain understanding and cognition of new concepts, technologies or functions. Being able to identify the value of innovative products is the performance of mature consumers (Edler et al., 2011). However, in the initial stage, consumers may hold a conservative attitude towards MRE’s new products and services, so they need time to transform from immature to mature.

Therefore, we relax our hypothesis by assuming that the strong preference consumers in the market are mature consumers for whom the utility of the new products and services U11 is still greater than the cost of purchase by the consumers Pn, while the weak preference consumers are immature consumers for whom the utility of the new products and services U12 is less than the cost of purchase by the consumers Pn. In this case, the consumer’s benefit matrix when enterprises provide the new products and services is as shown in Table 5 shows.


Table 5 | Payoff matrix for consumers after relaxing the assumptions.

[image: Table showing interactions between enterprise, government, and consumers related to technological innovation. Government options are participation (y) and non-participation (1-y). Consumers have strong (z) and weak (1-z) preferences. Outcomes are expressed as equations involving variables like \(U_{11}\), \(U_{12}\), \(P_n\), \(Q\), \(\gamma\), and \(S\).]

At this point the consumer’s replication dynamic equation is:

[image: Mathematical equation labeled as equation seventeen. It defines \( F(z) \) as the derivative of \( z \) with respect to \( t \), multiplied by several factors involving variables and constants. The expression includes terms such as \( a (1 - z) \), \( P_k (U_2 - P_t) (x_2 - \eta) \), and other differences and products of variables \( U_{11} \), \( P_n \), \( Q \), \( U_{12} \), \( P_t \), \( x \), and \( y \), combined with coefficients like \(\eta\), \(\gamma\), \(\kappa\), and \(\delta\).]

[image: Equation showing the partial derivative of a function \( P_1 \) with respect to \( z \), expressed as a combination of terms involving \( P_2, U_2, P_1, \gamma, U_{11}, P_{n}, Q, U_{12}, P_{n1}, \) and constants \( S_2, S_3 \).]

Set U11 = 11, U12 = 9, and the other parameters remain unchanged as shown in Table 4. Based on Equations 17 and 18, we can obtain the results as shown in Figure 4. Compared with the results in Figure 3, it can be found that the evolutionary stable points of the four cases have not changed, and the stable points of Case1 to Case4 are E7 (0,0,1), E5 (0,1,1), E1 (1,1,1), E3 (1,0,1) respectively. The government plays a key role in the technological innovation of enterprises, and is an important promoter and guarantor of the development of technological innovation. Case2 is taken as the initial scenario below to provide an in-depth analysis of the role of government in the evolution of the cases.


[image: Four 3D line plots labeled Case 1 to Case 4, showing multicolored trajectories. Each plot represents varying data patterns with axes labeled x, y, and z ranging from zero to one. Lines in each plot follow different paths, illustrating different cases.]

Figure 4 | Simulation results for the four cases after relaxing the assumption.






4.2.2 The impact of government subsidies

Based on the analysis in the previous subsection, this section explores the impact of government subsidies on the behavior of other subjects after relaxing the assumptions, setting S1 = 2, S2 = 2, S3 = 5. Firstly, a sensitivity analysis is conducted on the subsidy S2 given by the government to strong preference consumers. In order to be more in line with the initial market situation, the initial willingness of strong preference consumers is set to 0.2, that of the weak preference consumers is set to 0.8, and the initial willingness of both MREs and the government is set to 0.5. The simulation results are shown in Figure 5.


[image: Left: Line graph showing values of z over time with six different curves labeled \( S_2 = 2.0 \) to \( S_2 = 3.0 \). Right: 3D plot with colorful trajectories illustrating changes in z with respect to x and y.]

Figure 5 | Simulation results of changes in S2.



From the simulation results in the left figure, it can be seen that the change in S2 can change the evolutionary direction of consumers, and as S2 increases, the evolutionary direction of consumers changes from 0 to 1, where 2.6 is a key threshold value. When S2 is smaller than the threshold, consumers will eventually transform into weak preference consumers, and when S2 is larger than the threshold, consumers will eventually transform into strong preference consumers. The government subsidy given to strong preference consumers can promote the transformation of weak preference consumers to strong preference consumers. Set S2 = 3, when ESS is E5(0,1,1).

Further, we change the value of S3, and the results are shown in Figure 6. As S3 increases, the rate of consumer evolution to 1 gradually decreases. When S3 exceeds the threshold, the direction of consumer evolution changes from 1 to 0. Setting S3 = 6, ESS changes from E5(0,1,1) to E6(0,1,0). Government subsidies to weak preference consumers will hinder the transformation of weak preference consumers to strong preference consumers, and consumers in the market are still more inclined to accept traditional products and services, which is not conducive to the realization of MRE technological innovation.


[image: Two graphs are presented side by side. The left graph is a 2D plot showing four lines with symbols, representing different \(S_3\) values from three to six, indicating changes in \(z\) over time. The right graph is a 3D plot depicting multiple colored lines representing complex interactions among variables \(x\), \(y\), and \(z\). Both graphs show data trends with grids and axis labels for clarity.]

Figure 6 | Simulation results of changes in S3.



Finally, we explore the situation where the government subsidy S1 given to MREs changes. Varying the value of S1, the results are shown in Figure 7. When S1 = 4 and S1 = 4.5, the evolution direction of MRE is 0 and 1 respectively. However, when the value of S1 continues to increase, the evolution direction of MRE is periodically fluctuating, and the increase of S1 affects the stability of MRE. Government subsidies to MRE technological innovation can increase the enthusiasm of enterprises to carry out technological innovation. However, with the increasing subsidies of government expenditure, the financial pressure on the government will be increasing. When the government grants subsidies to MRE to support its technological innovation, the government will also bear more and more financial pressure. However, benefits such as the improvement of environmental benefits brought by enterprises’ technological innovation and the increase of the public’s credibility to the government are not as large as government subsidies. In other words, when the financial burden brought by subsidies exceeds the additional benefits obtained by the government in scientific and technological innovation, the government will gradually withdraw from cooperation due to the negative benefits of choosing this strategy, and the evolutionary game system will show instability. Set S1 = 5, at this time the evolutionary game has no ESS.


[image: Left image shows a line graph with variable \( S_1 \) values (4.0, 4.5, 5.0, 5.5), plotting time versus \( x \), showing oscillations increasing with \( S_1 \). Right image displays a 3D plot of colorful oscillating lines, representing \( z \) against \( x \) and \( y \), indicating complex data behavior.]

Figure 7 | Simulation results of changes in S1.



Finding 3: Increasing government subsidies to consumers with strong preferences and reducing subsidies to consumers with weak preferences can guide consumers to change their preferences and create a better customer source environment for MRE technology innovation.

Finding 4: The government subsidy amount should be moderate. Small subsidy cannot effectively motivate MRE technological innovation, while large subsidy will overburden the government and affect the stability of the system’s evolution.




4.2.3 The impact of government taxation

Changing the government’s tax T1 on technology innovation enterprises, the simulation results are shown in Figure 8. With the change of T1, the evolution direction of MRE will also change, and the decrease of T1 will encourage enterprises to choose technology innovation strategy. Set T1 = 1 and change the value of T2 to further study the effect of the difference between the two on the evolution of MRE. As can be seen from Figure 8, the difference between the two parameters has a threshold between 3 and 4. When the difference is less than the threshold, the MRE evolves to 0, otherwise, the MRE evolves to 1. As the difference between T1 and T2 is larger, the MRE evolves to 1 faster. The government gives positive incentives to the MRE of technological innovation and negative incentives to the traditional MRE through taxation. The greater the degree of differentiated taxation is, the more it can promote the MRE to carry out technological innovation.


[image: Two side-by-side line graphs depict changes over time for different parameter values. The left graph shows lines for \(T_1 = 1, 2, 3, 4\), with lines starting near \(0.4\) and diverging; the blue line stabilizes at \(1\), while others approach \(0\). The right graph shows lines for \(T_1 = 1\) with varying \(T_2\) values, showing similar divergence with the blue line again stabilizing at \(1\). Both graphs share axes labeled "time" and "x".]

Figure 8 | Simulation results of changes in T1 and T2.



Finding 5: Differentiated taxation imposed by the government on MRE can promote its technological innovation and the greater the degree of differentiation, the better the incentive effect.




4.2.4 Analysis of mature markets

The most ideal state of the three-party evolutionary game between the government, MREs and consumers is the stage of market maturity and self-driven. In this stage, the government gradually withdraws from the role of direct guidance, and a good market relationship is formed between enterprises and consumers. Based on the hypothesis of relaxation, set S1=S2=S3=R2 = 0, simulate the scenario of the government’s gradual withdrawal, and the simulation results are shown in Figure 9.


[image: Two graphs depict data over time. The left graph shows red and blue lines representing the probabilities of variables x and z stabilizing near zero and one, respectively. The right graph has lines in blue, orange, yellow, and purple for x values, each stabilizing towards one over time, with varying initial drops based on parameters Pn at 10.25, 10.50, 10.75, and 11.00.]

Figure 9 | Simulation results of mature market and changes of Pn.



When the government withdraws, the direction of MRE evolution is 0, and the direction of consumer evolution is 1. It is important to note that the relaxation of the hypothetical conditions does not change the amount of consumer utility for traditional MRE products and services U2, which means that the net utility of consumers is still positive when they purchase traditional products and services, so ultimately, consumers are transformed to strong preference consumers in order to obtain more net utility. Changing the value of Pn can change the direction of MRE evolution stabilization, the larger the value of Pn, the faster the evolution of MRE to 1, indicating that the enterprise can increase the price of new products and services to obtain more profits, as a response to the reduction of government subsidies, relaxing the hypothesis that Finding2 is still valid under the complex market.

Setting Pn=10.5, the sensitivity analysis of [image: Greek letter gamma with subscript one, presented in a bold, serif font style.]  and [image: Please upload the image or provide a URL, and I'll create the alt text for it.]  are made respectively, and the results are shown in Figure 10. Compared with the sensitivity of weak preference consumers to price, the strategy choice of MRE is more easily affected by the sensitivity of strong preference consumers to price. When the strong preference consumers’ sensitivity to price decreases to 0.1, the evolution direction of MRE changes from 0 to 1. The lower the sensitivity coefficient, the faster the evolution stabilization. Changing the sensitivity coefficient of weak preference consumers to price does not have a great impact on the evolution direction and rate of MRE. When enterprises are developing technological innovation strategies, they are more likely to be influenced by strong preference consumers because these consumers provide enterprises with greater profit margins and the potential for market share growth.


[image: Two line charts showing different functions of \( x \) over time. The left chart features lines with varying \( \hat{\gamma}_1 \) values, illustrating diverse growth patterns and convergences. The right chart has lines with differing \( \hat{\gamma}_2 \) values, demonstrating decay to stability. Legends provide \( \hat{\gamma} \) values for both charts.]

Figure 10 | Simulation results of sensitivity analysis for [image: It looks like there was an issue with the image upload. Please try uploading the image file again, or provide a URL if it's hosted online. You can also add a caption for additional context.]  and [image: Please upload the image or provide a URL so I can generate the appropriate alt text for you.]  in mature markets.



Finding 6: The purchasing behavior and price sensitivity of strong preference consumers provide enterprises with greater innovation motivation and market opportunities.






5 Conclusions and policy implications



5.1 Conclusions

This paper constructs a tripartite evolutionary game model including MREs, government and consumers and systematically analyzes the stability of the model. Using numerical simulation the evolution of the four scenarios of Case 1-Case 4 using MATLAB software and considers the validity of the conclusions after the hypothesis is relaxed. Finally, it further analyzes the scenario of the mature market under the withdrawal of government from the market and the cancellation of subsidies. The study found that:

	(1) The government’s incentive policies play a key role in the initial period of MREs. In the mature period of MREs, since the enterprises can self-adjust the benefit of innovation strategy, the government can gradually eliminate the incentive policies.

	(2) Government’s incentive policies consist of subsidy and tax policies. The subsidy amount should be finely designed so as to effectively stimulate technological innovation and avoid excessive financial burden. At the same time, the implementation of differentiated tax policies can encourage MREs to carry out technological innovation. Furthermore, a higher degree of differentiation leads to a more significant the incentive effect.

	(3) Consumers’ preference significantly affects the strategy of MREs innovation. Furthermore, MRE’s strategy choice is more sensitive to the behavior of consumers with strong preferences. Government subsidies for consumers with different preferences can guide market demand and provide market signals for MREs.






5.2 Policy implications

Based on the above conclusions, we make the following suggestions:

	(1) The government should investigate and assess the stage of MREs. In the initial stage of enterprise, the government can use positive incentive measures, such as setting up innovation funds, as well as negative incentive measures, such as increasing penalties for old fashioned technologies, to stimulate technological innovation of enterprises. In the mature stage of enterprise, the government should gradually reduce direct subsidies to enterprises. At the same time, the government should guide enterprises to establish a more market-oriented pricing mechanism, ensure the transparency of policy adjustment, and enable enterprises to adjust their strategies in time.

	(2) The government should design subsidies and tax policies finely to promote the balance between technological innovation and fiscal sustainability. Besides, the government should establish the evaluation and feedback mechanism of the policies. Based on on-site investigations, the subsidy amount should be flexibly adjusted according to the actual demand of enterprises’ technological innovation. At the same time, differentiated tax policies will be implemented to give tax exemptions to enterprises with high R&D investment and remarkable innovation achievements, so as to encourage enterprises to continuously increase investment in technological innovation.

	(3) The government should lead the consumer’s preference towards innovative marine product and then create a favorable market environment for technological innovation. The government can adjust the subsidy strategy for consumers with different preferences, strengthen the education of consumers’ environmental awareness and propagate the benefits of marine ecological products to improve consumers’ awareness and acceptance of new products and services. In addition, enterprises should actively carry out market research and product testing based on consumer demand, and adjust technological innovation direction according to consumer feedback.






5.3 Limitations and prospects

The research in this paper still has some limitations. Although the conclusions drawn can provide scientific basis and theoretical support to a certain extent, the core lies in the construction of the model and the setting of parameters, which are often based on a series of assumptions and simplifications. In the subsequent in-depth research, we will continue to improve the research hypothesis and increase parameters to make the evolutionary logic more realistic. For example, under different strategies, the feedback factor m is introduced into the model as a variable rather than a quantitative one, and real cases are introduced as analysis objects. Through the combination of qualitative research methods (such as interviews and observation) and quantitative research methods (such as questionnaire survey and statistical analysis), richer and more specific data information can be provided, which helps to verify and modify the simulation model, improve the practicability and credibility of research, and contribute more valuable insights and results to the development of related fields.
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With the promotion of marine power strategies and marine ecological civilization construction, marine green development has become an important issue. This study utilizes the mixed distance function Epsilon-based measure and the global Malmquist–Luenberger index model, which accommodates both radial and non-radial models, to evaluate the marine green total factor productivity (GTFP) across 11 coastal regions of China. The findings of this study are as follows. First, the marine GTFP showed a gradual increase in China’s coastal regions during the study period, with notable differences observed among the three primary marine economic circles. Second, technological advancement was the primary driver of the transformation of marine GTFP. Third, the distribution across the space pattern of marine GTFP tended to be concentrated continuously, which shows that the overall spatial distribution pattern of marine GTFP remained relatively stable. Fourth, there is no obvious σ convergence in a northern, eastern marine economic circle. Both absolute and conditional β convergence exists, indicating that the marine GTFP converged to their respective steady-state levels during the study period. This study can provide decision-making reference for accelerating the green growth and sustainable development of China’s marine economy.
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1 Introduction

In the 21st century, the marine economy has emerged as a strategic linchpin in China’s pursuit of high-quality economic growth and serves as a vital reservoir for ensuring sustainable development (Wang and Wang, 2019; Liu et al., 2021; Feng et al., 2024). According to the China Marine Economy Statistical Bulletin, China’s gross ocean product (GOP) soared to 9.9097 trillion yuan by 2023, constituting 7.9% of the nation’s overall GDP. Following the directives of the 18th National Congress of the Communist Party of China (CPC), considerable efforts were made to propel the nation toward maritime prowess, a commitment reaffirmed in the 19th CPC National Congress report, which underscored the imperative of “balancing land-sea integration and hastening the advancement of maritime capabilities.” The national “Fourteenth Five-Year Plan (2021-2025)” and the 2035 Long-Range Objectives Outline further emphasized the need to “harmonize land-sea development, foster collaborative human-ocean interactions, and drive progress in marine ecological conservation, economic development, and the safeguarding of marine interests to accelerate the journey toward maritime prominence.” China’s marine economy is now at a pivotal juncture of transformation, and the realization of high-standard marine economic development is a linchpin for the nation’s maritime ambitions (Liu et al., 2017; Cao et al., 2021; Yin et al., 2022).

Nonetheless, as the marine economy progresses, issues surrounding marine environmental pollution and ecological deterioration have become increasingly acute, posing significant obstacles to its robust expansion of the marine economy (Sun et al., 2017; Ren et al., 2018; Ye et al., 2021). Green total factor productivity (GTFP), which focuses on environmental sustainability, serves as a vital metric for assessing the integrity and advancement of marine economic activities and offers insights into the holistic advancement of regional marine resources, environmental preservation, and economic prosperity (Xu et al., 2023; Chen et al., 2024). With the aim of promoting a marine ecological civilization in China, research on marine GTFP has received increasing attention in recent years to truly reflect the growth efficiency of China’s marine economy. The index selection of marine GTFP differs from traditional total factor productivity, which not only selects marine labor and marine capital elements but also reflects the dependence and sustainability of the marine economy on resources. Therefore, this study holds that the marine GTFP aims to introduce the unique resource factors and the energy factors that will affect the marine environment on the basis of the traditional marine capital and marine labor input factors and by undertaking comprehensive assessments and spatially heterogeneous analyses of marine GTFP, we can effectively chart the trajectory of the advancement of China’s superior oceanic economy.

The objective of this study is to address the following questions: What is the status of green development in China’s coastal regions? What is the dynamic change trend of marine GTFP? What is the spatiotemporal difference and spatial gravity shift law of marine GTFP during the study period? Have the marine green development levels in China’s three major marine economic circles reached their respective convergence states? To solve these problems, this study applied the Epsilon-based measure (EBM) approach and the global Malmquist–Luenberger (GML) index model to measure marine GTFP and analyze its spatial distribution pattern and convergence features of marine GTFP in China’s coastal regions.

The remainder of this paper is organized as follows. Section 2 provides the literature review and contributions. Section 3 explains the methodology. Section 4 describes the results analysis, which contains data resources and empirical results. Finally, Section 5 presents the main conclusions and policy suggestions. A flowchart of this study is shown in Figure 1.


[image: Flowchart illustrating the process of enhancing China's marine economy through green innovation. Key components include calculating marine green development, analyzing spatial patterns of marine Green Total Factor Productivity (GTFP), and convergence tests. The GTFP involves input and output indicators, including capital, labor, and energy inputs, with expected and non-expected outputs. Models used are the EBM-GML index, standard deviation-ellipse, and convergence tests. The chart emphasizes high-quality marine economic development through these processes.]

Figure 1 | Flow chart.






2 Literature review

The advancement of a superior ocean economy is crucial for China’s enduring economic progress. By focusing on the comprehensive key points and processes of marine economic development, some studies aim to achieve a balanced supply-demand equilibrium at a higher level, ensuring the coordinated rapid growth of both the quantity and quality of the marine economy (Calel and Dechezleprêtre, 2016; Lin, 2020; Zheng et al., 2022; Jia et al., 2024). Driving development through total factor productivity (TFP) is central to realizing high-quality economic growth (Sheng et al., 2021), and some studies have employed TFP as a metric to gauge the quality of economic development (Ren and Ji, 2021; Qin et al., 2021). As environmental issues garner increasing attention amid economic development, scholars are endeavoring to refine the methods for calculating TFP. Currently, the methods for calculating GTFP primarily include the Solow residual and stochastic frontier methods. Among these, Solow (1957) is widely acknowledged as a pioneering figure, with the “Solow residual” theory particularly serving as a foundational theory for subsequent research.

Against the backdrop of resources and the environment becoming increasingly significant constraints on economic growth, GTFP, which integrates energy consumption and pollution emissions, is considered more scientifically robust in measuring the standard of economic expansion. Academics have suggested measures such as GTFP, which accounts for energy use and pollution emissions (Kumar, 2006; Wang et al., 2010; Chen and Qian, 2020). While TFP overlooks negative externalities such as environmental pollution, which affect the ocean economy, the enduring development of the ocean economy necessitates resource conservation and conservation of oceanic ecological systems. The GTFP also considers resource and environmental constraints, providing a more accurate reflection of the essence of high-standard growth in the maritime economy (Zhang et al., 2004a; Bolam et al., 2006; Shao et al., 2021).

Faced with the pressing challenge of severe ecological degradation in marine environments, embedding green development models more effectively in the high-standard transformation of the ocean economy has become a crucial objective of macroeconomic policy regulation (Islama and Shamsuddoha, 2018; Brunel, 2019; Zheng et al., 2020; Tomashuk et al., 2023). Scholars have conducted research on the high-quality and rapid development of the marine economy (Xu and Liu, 2023; Gao et al., 2024). Sun et al. (2023) constructed a “2 + 6+4” bi-directional multi-indicator comprehensive evaluation framework to measure the high-quality development of China’s Marine economy. Ji et al. (2024) used random forest regression and partial correlation graphs to reveal the drivers of high-quality marine economic development. Some scholars use the GTFP as an indirect measure of the high-standard growth of the ocean economy. Recognizing the significant differences among sectors within the ocean industry, Wang et al. (2021) employed the network data envelopment analysis (DEA) approach to assess marine production efficiency by decomposing complex processes to study the potential impact of each link on it. Zhao et al. (2021) utilized the slacks-based measure (SBM) model considering unwanted outputs to compute the efficiency of ocean economies in 20 coastal countries. In addition, they applied the Malmquist–Luenberger output efficiency model to analyze the dynamic variations in marine economic efficiency, with findings that offer insights that foster the enduring growth and resilience of the coastal economy.

Considering that innovative technologies may lead toward energy savings, pollution abatement, or increased economic production, Kang et al. (2020) conducted deviation and influencing factor analyses of technological advancements in the ocean economy. They employed the DEA-Malmquist model to quantify directional technological advancements and subsequently examined the elements contributing to directional biases in technological progress. Their study has significant guiding implications for the reduction in the maritime economy’s energy usage and pollution emissions and offers maritime insight into the growth of the European maritime economy. Zou et al. (2024) measured China’s marine green economy efficiency by using a two-stage network DEA model and analyzed the influencing factors through the panel Tobit model. Their findings are useful in identifying the operational characteristics of the marine green economy at different stages. Chen et al. (2023) used the SBM model and the GML index to discuss the Marine eco-efficiency of China’s coastal areas and its interregional technological gap. Yang et al. (2024) comprehensively used the entropy and analytic hierarchy process to determine the weights of each index. Then, they used TOPSIS to describe the relative performance level of Marine ecological civilization.

Building on the definition of the implications of high-standard growth in the ocean economy, some scholars have examined the extent of high-standard growth in the ocean economy through the construction of evaluation indicator systems. Guided by five development concepts based on the actual situation and development trends of China’s oceanic industry, Yu and Xing (2021) created a comprehensive system of indicators to assess China’s oceanic economic development status. They applied the integrated entropy weight method to evaluate the spatial and temporal characteristics of China’s maritime economic growth, leveraged spatial spillover effects to strengthen the comparative advantages of regions experiencing high-standard progress, and promoted cooperative efforts to advance high-standard growth of the oceanic industry. Based on the “New Development Philosophy,” Liu et al. (2020) developed an assessment framework for the high-standard growth of Jiangsu Province’s maritime economy in accordance with five key aspects: “innovation, coordination, green, openness, and sharing.” They used a linear weighting model to calculate the extent of high-standard processes in the ocean economy. Essentially, their study integrates the framework with the coupling coordination index model and kernel density estimation technique to investigate the evolutionary dynamics of high-standard growth in Jiangsu Province’s maritime economy. Yu et al., 2024 studied the tradeoff between economic expansion and environmental protection in the marine economy and found that an underdeveloped marine industrial structure in coastal provinces has a negative impact on the marine economy.

Compared with previous literature, the findings and contributions of the present study lie in the following four aspects. First, it measures the green development level of China’s coastal regions by utilizing the mixed distance function EBM-GML model, which accommodates both radial and non-radial models simultaneously. Second, the improvement in the technological progress level was the main driving force for the growth of marine GTFP during the study period. Third, centroid standard deviation ellipse-related parameters and spatial position transfer paths of the marine GTFP in China’s 11 coastal regions, which explored the spatial change characteristics of the marine green development level. Fourth, it used the α-convergence and β-convergence methods to explore the convergence feature, providing decision-making references for accelerating the high-quality development and green growth of China’s marine economy.




3 Methodology



3.1 Epsilon-based measure model

A basic characteristic of the conventional radial DEA patterns is that the input and output parameters must be altered to equivalent ratios. However, the conventional radial DEA model overlooks the influence of slack parameters when calculating efficiency values. Tone (2001) considered the effect of slack variables on correcting efficiency values and proposed the SBM model, which is a non-angular and non-radial model grounded in the measurement of slack variables. Nevertheless, this model also has shortcomings because the input and output variables in the actual manufacturing process may simultaneously possess radial and non-radial characteristics, leading to measurement deviations between the target and actual values.

When calculating function models that include non-desirable outputs, there is a non-radial connection between resources, energy usage, and pollutant emissions and a radial relationship between capital, labor, and economic output. This study adopts the EBM model (Tone and Tsutsui, 2010) to avoid these complexities, which is a mixed-distance function model that accommodates both radial and non-radial models simultaneously. Compared with other efficiency measurement models, the EBM model has the following advantages: (1) it contains slack variables in efficiency measurement, which effectively prevents the efficiency measurement result from exceeding the true efficiency benchmark, and (2) it considers the linear correlation among input factors, which prevents efficiency measurement results that are lower than the actual efficiency level. The mathematical expression for the EBM model is as follows:

[image: Mathematical equation depicting an optimization problem involving minimization. The equation includes variables such as \( y^* \), \( \theta \), \( \epsilon \), \( M \), and summations over indices \( k \) and \( n \). It shows a fraction where the numerator and denominator contain complex expressions with products and ratios of \( y_{n,k} \), \( x_{i,k} \), and \( z_{k} \).] 

[image: Mathematical expression showing "s. t. X lambda plus s sub j equals theta sub x, k".]	

[image: Mathematical equation displaying \(y^q \lambda - s^q_r = \varphi y_k\).]	

[image: Equation displaying variables with exponents: \( Z^{b} \lambda + s^{b}_{t} = \varphi z_{k} \).]	

[image: λ, s̅ᵢ⁻, sᵣᵍ, sᵛᵇ are greater than or equal to 0.]	

where [image: The image shows the mathematical expression "y" with an asterisk symbol as a superscript.]  represents the optimal solution for efficiency; [image: It seems there was an error or issue with providing or displaying the image. Please upload the image again or provide a URL, and I’ll be glad to help describe it.]  denotes the radial efficiency value; [image: Mathematical notation showing a variable \( w_i \) with a superscript \( \text{T} \).]  symbolizes the weight assigned to input indicators; [image: Mathematical notation showing "w" subscript "r" with a superscript "g".]  denotes the weight allocated to desirable output indicators; [image: Mathematical notation displaying the variable "w" with a superscript "b" and a subscript "r".]  symbolizes the weight assigned to non-desirable output indicators, satisfying [image: Summation symbol with the variable "w" equal to one.] ; [image: Mathematical notation showing the exponential function of a variable, represented as \(e^x\), with a stylized font.]  represents the parameter that encompasses non-radial as well as radial efficiency values; if [image: The equation shows epsilon sub x equals zero.] , the EBM model becomes the traditional input-focused CCR model; if [image: The equation displays \(\theta = \varepsilon_x = 1\).] , the EBM model becomes a non-radial, non-angular SBM model.




3.2 Global malmquist–luenberger index model

Based on the EBM mixed radial function model, the GML index model can be further constructed (Oh, 2010). The GML index model is primarily applicable for measuring changes in the productivity of green factors that contain undesirable outputs. The change in GTFP from period [image: An abstract, blurry black and white image with indistinct shapes and shading, creating an impression of movement or texture without clearly defined elements.]  to period [image: Mathematical expression showing "t plus one".]  was calculated as follows:

[image: An equation labeled as equation two, expressing \( GML_n^{p+t} \) as a product of two fractions. Each fraction has a numerator and a denominator involving expressions \( 1 + D(x', y', b', g') \) and \( 1 + D(x^t, y^t, b^t, g^t\pi) \), with powers \( 1 + b(x', y', b', g') \) and \( 1 + D^t(x', y', b', g') \).] 

The GML index comprises two parts: technical efficiency change (TEC) and technical change (TC).

[image: Equation with variables: GML equals TEC multiplied by TC, labeled as equation three.] 

[image: Equation for TC raised to the power y plus one equals the ratio of two fractions. The numerator is the product of one plus D times the derivative of x raised to x prime, y prime, b prime, and g prime, and one plus D times the derivative of x raised to x plus one, y plus one, b plus one, and g plus one, raised to the power of three. The denominator is the product of one plus D times the derivative of x prime, y prime, b prime, and g prime, and one plus D times the derivative of x plus one, y plus one, b plus one, and g plus one. Equation label is in parentheses.] 

[image: Equation showing TEC elevated to the power of t+1 equals the fraction: numerator is 1 plus D x, y raised to the power of l, b raised to the power of i, g raised to the power of j, divided by the denominator: 1 plus D raised to the power of i, x raised to the power of t plus 1, y raised to the power of t plus 1, b raised to the power of i plus 1, g raised to the power of i plus 1. The equation is marked as (5).] 

[image: Mathematical expression showing function \( D_{\mathcal{C}}(x', y', b', g') \) with variables \( x' \), \( y' \), \( b' \), and \( g' \), each marked with a prime symbol.]  represents the spatial metrics of the given timeframe [image: Young child wearing a plaid shirt and glasses, sitting on a log outdoors in a wooded area during autumn, holding a toy camera. The scene includes fallen leaves and a blurred forest background.] , indicating the distance between the effective production frontier and the decision-making unit. If [image: Mathematical expression showing "GML subscript i superscript t plus 1 is greater than 1".] , it signifies an improvement in GTFP from period [image: A person appears to be giving a speech in front of a stage with large, illuminated red letters spelling "TED." The background is dark, with subtle lighting highlighting the speaker. The setup suggests a formal presentation or conference.]  to period [image: Equation showing "t + 1".] ; if [image: Mathematical expression showing "GML raised to the power of t plus one is less than one."] , it signifies a decline in GTFP from period [image: A black and white illustration of a stylized mathematical symbol resembling a lowercase cursive "e" with a distinctive flourish.]  to period [image: Mathematical expression "t plus 1" written in lowercase.] . The GML index can be subdivided into the TC and TEC indices. The TC index represents the degree to which decision-making units move toward the production frontier during adjacent periods. If this index exceeds 1, it signifies an advancement in green production technology. The TEC index represents the catching-up extent to which each decision-making unit approaches the production frontier from period [image: A black and white photograph showing a person in a long coat. They are standing on a rooftop, gazing across a cityscape with a somber expression. The buildings in the background are slightly blurred, creating an atmospheric urban setting.]  to period [image: The text shows the mathematical expression "t + 1".] . If this index exceeds 1, it signifies an improvement in green technical efficiency. TEC can be further articulated as the outcome of multiplying the index for pure technical efficiency change (PEC) by that for scale efficiency change (SEC). This study uses the EBM-GML model to calculate the marine GTFP of China’s coastal regions. The coexistence of radial and non-radial characteristics is considered, which can accurately reflect the green development level of China’s marine economy.




3.3 Standard deviation-ellipse model

Lefever proposed the standard deviation-ellipse model (Lefever, 1926), which analyzes the moving characteristics and spatial distribution of geographic elements in two-dimensional space. The key parameters for describing the relevant geographic elements are the mean center, movement distance, movement speed, minor axis, and major axis. The specific calculation formulae are as follows:

[image: Mean center formula displaying two equations: X subscript w equals the sum of w subscript i times x subscript i over the sum of w subscript i, and Y subscript w equals the sum of w subscript i times y subscript i over the sum of w subscript i, labeled equation six.] 

[image: X-axis standard deviation formula: \(\sigma_x = \sqrt{\frac{\sum_{i=1}^{n}(w_i (x_i \cos \theta - y_i \sin \theta))^2}{\sum_{i=1}^{n} w_i^2}}\). Equation number seven.] 

[image: Formula for Y-axis standard deviation: \(\sigma_y = \sqrt{\frac{\sum_{i=1}^{n} (w_i x_i \sin \theta - w_i y_i \cos \theta)^2}{\sum_{i=1}^{n} w_i^2}}\), labeled as equation (8).] 

In the formulation, [image: It seems the image did not load properly. Please try uploading it again or provide a URL.]  represents the decision-making units; x​ and y represent the positional offsets of each point from the central area; the spatial location of the geographic elements is denoted as [image: Mathematical expression showing a point in coordinates, with "x sub i" and "y sub i" in parentheses.] ; [image: The image shows the letter "w" in a stylized serif font.]  represents the weight; [image: Greek letter sigma with subscript x, often representing the standard deviation of a variable x in statistics or physics.]  represents the dispersion along the x​-axis; [image: Lowercase Greek letter sigma with a subscript "y".] ​ represents that along the y-axis; the angle of the distribution pattern can be obtained according to the formula [image: The mathematical expression "tan theta".]  ​.




3.4 σ convergence test model

The σ convergence test model generally uses statistical indicators of dispersion to intuitively reflect the development gap of economic levels among different economies. In this study, the σ convergence can be understood as a process in which the discrete degree of marine green development in different coastal areas decreases continuously over time. The coefficient of variation method is used for the calculations. This can be calculated using (9).

[image: Formula for standard deviation, denoted as sigma sub j, equals the square root of the sum from i equals one to N of the squared difference between GTFP sub i and the mean GTFP sub j, divided by N, all over GTFP sub i j. Equation number nine.] 




3.5 Absolute β convergence model

In this study, natural logarithms are applied in the application of the absolute β convergence model, and the calculation formula is presented below:

[image: Equation depicting a logarithmic relationship between variables. It shows the natural log of the ratio of GTFP at time t+1 to GTFP at time t equals alpha plus beta times the natural log of GTFP at time t plus an error term u_{i,t}.] 

[image: The equation displays "GTFP" with subscripts "i" and "t" in italic font.]  and [image: The formula shows "GTFP" with subscript "i, t+1".]  symbolize the GTFP of the ith province (municipality and autonomous areas) at the start and conclusion of a specific period, respectively. The ith province (municipality or autonomous area) is referred to as subscript i, the base year as subscript t, and the end year as subscript t+1. The average growth rate of the GTFP for the ith province (municipality, autonomous areas) is denoted by [image: Mathematical formula showing the natural logarithm of the ratio \((\text{GTFP}_{i,t+1}/\text{GTFP}_{i,t})\).] ; the intercept term is denoted by [image: Please upload the image or provide a URL for me to create the alt text.] ; the growth rate coefficient is denoted by β; the stochastic error term is denoted by ui,t. When β is a negative value, absolute convergence is present.




3.6 Conditional β convergence model

Within the context of in terms of β convergence, additional factors influencing GTFP are incorporated to form conditional β convergence, which is then examined. Drawing on a review of relevant literature, this study incorporates four control variables into the absolute β convergence framework to derive the conditional β convergence model:

[image: The equation shown is a logarithmic model for growth in total factor productivity (GTFP). It includes the initial GTFP, economic factors, industry factors, openness, and regulatory effects as predictors. Economic variables are denoted by β coefficients, with a residual term indicated by u.] 





4 Result analysis



4.1 Calculation indicator selection of marine GTFP



4.1.1 Data sources

Considering data accessibility, we selected information from 11 coastal regions in China from 2006 to 2016 to calculate the degree of green development in the marine economy. This is because China’s “Eleventh Five-Year Plan” formally proposed power saving and emissions control in 2016, which was officially integrated into the constraints of China’s economic growth. The statistics used in the mathematical operations, including the input, expected output, and non-expected output factors, were chiefly sourced from the “China Ocean Statistical Yearbook,” “China Energy Statistical Yearbook,” “China Environmental Yearbook,” and “China Ocean Economic Statistical Bulletin” for the corresponding years.




4.1.2 Calculation indicators of marine GTFP

	Input indicators. Specifically cover labor, capital, and energy.	○ Labor input indicators. Regarding labor input, the number of persons employed by sea is chosen for measurement (Sun and Song, 2021), and data are from the “China Ocean Statistical Yearbook” for each year.

	○ Capital input indicators. Marine investment stock was selected as the capital input. As there is no pertinent information on marine fixed-asset investments, this study follows Zhang et al. (2004b). Specifically, it calculates the capital stock of coastal provinces and municipalities using an ongoing inventory approach, with 2000 as the benchmark year. This was adjusted using the GOP-GDP ratio to obtain the marine capital stock for each province and municipality.

	○ Energy input indicators. In terms of energy input, this study, referring to the most relevant studies, regards energy as an input element and uses the GOP-GDP ratio to convert the energy consumption of each coastal province and city. The unit is 10,000 tons of standard coal.






	Output indicators.	○ Expected output indicators. The GOP for each province and municipality is used as the measurement, and statistics are obtained from the “China Ocean Statistical Yearbook.”

	○ Non-expected output indicators. Considering the principal aims proposed in the climate action and resource conservation scheme within China’s “Fourteenth Five-Year Plan,” and considering the existing environmental regulatory framework does not completely capture a single form of pollutants, the non-expected output primarily includes the following forms: industrial waste gas, industrial wastewater, and industrial solid waste. The following basic data were selected: marine industrial wastewater discharge, solid waste, sulfur dioxide emissions, and carbon dioxide emissions. These were calculated using the proportion of ocean production value to the local production value to obtain the final calculated data.









4.1.3 Impact indicators of marine GTFP

This study selected four other control indicators that affect marine GTFP: economic development level (Economy), marine industrial structure (Industry), level of openness (Open), and environmental regulation (Regulation). The GOP per capita represents the degree of economic development, the added value of the marine tertiary industry/added value of the marine secondary industry represents the marine industrial structure, the level of openness is the ratio of regional import and export volumes to GDP, and investment in industrial pollution control/GOP represents environmental regulation.

Descriptive statistics of the variables is shown in Table 1.


Table 1 | Descriptive statistical analysis of the indicators.

[image: Table displaying various variables related to economic and environmental factors, including units, mean, standard deviation, minimum, and maximum values. Variables include labor, capital, energy, GOP, marine industrial wastewater discharge, marine industrial solid waste, sulfur dioxide emissions, carbon dioxide emissions, economy, industry, openness, and regulation.]





4.2 Estimation of marine GTFP based on the EBM-GML index model

In this study, a hybrid radial EBM-GML productivity index model was employed for estimation. The calculated results represent the marine GTFP from time t to t+1. Moreover, this study calculated the marine GTFP for different coastal regions of China from 2007 to 2016. The findings are presented in Table 2 and Figures 2 and 3.


Table 2 | Marine GTFP of 11 coastal regions in China from 2007 to 2016.

[image: A table showing data from 2007 to 2016 for various districts: Zhejiang, Tianjin, Shanghai, Shandong, Liaoning, Jiangsu, Hebei, Hainan, Guangxi, Guangdong, and Fujian. Each cell contains numerical values representing specific metrics for each year. The mean values for each year are listed at the bottom. Data sourced from calculations by the author.]


[image: Three line charts comparing Marine Green Total Factor Productivity from 2007 to 2016 across different regions. (a) Northern Marine Economic Circle shows fluctuating trends among Tianjin, Shandong, Liaoning, Hebei, and nationwide. (b) Eastern Marine Economic Circle displays variable productivity for Zhejiang, Shanghai, Jiangsu, and nationwide. (c) Southern Marine Economic Circle illustrates trends for Fujian, Hainan, Guangxi, Guangdong, and nationwide. Each chart highlights regional variations over the years.]

Figure 2 | Trend of China’s marine GTFP from 2007 to 2006. (A) Trend of marine GTFP in Northern Marine Economic Circle. (B) Trend of marine GTFP in Eastern Marine Economic Circle. (C) Trend of marine GTFP in Southern Marine Economic Circle.




[image: Bar chart showing marine green total factor productivity from 2007 to 2016 across different regions: Northern, Eastern, Southern Marine Economic Circles, and Nationwide. All regions show general productivity growth over the years, with some fluctuations.]

Figure 3 | Comparison of the average Marne GTFP of the three marine economic circles from 2007 to 2016.



The results (Table 2) show that the overall average marine GTFP of the 11 coastal regions of China increased from 1.1011 in 2007 to 1.1822 in 2016. Throughout the study period, the average comprehensive marine GTFP of the 11 coastal regions of China was 1.0715. The present state of low-level development in China’s green marine sector is undergoing transformation. China is gradually moving away from a low-quality, extensive, and outward-oriented model of marine economic growth and transitioning toward a high-quality, intensive, and efficient model. The quality and efficiency of China’s marine economy are becoming increasingly evident.

To obtain more thorough insight into the dynamic changes in the marine GTFP of the 11 coastal regions and primary marine economic circles in China, this study presents a trend chart of the marine GTFP in the 11 coastal regions of China from 2007 to 2016 (Figure 2) and a comparative chart of the average marine GTFP in the three major marine economic circles (Figure 3).

As depicted in Figure 2, the marine GTFP levels in the 11 coastal regions of China exhibited distinct phase characteristics, reflecting an overall trend of fluctuating increase. From 2007 to 2009, the marine GTFP declined slowly, decreasing from 1.1011 in 2007 to 1.0091 in 2009 (a decline of 8.35%). This indicates that, under the adverse effects of the 2008 financial crisis, China’s main green productivity experienced a certain impact, displaying a noticeable downward trend. In 2010, marine green productivity recovered to 1.1288. From 2011 to 2015, the marine GTFP in most of China’s coastal regions declined to varying degrees. The main reasons for this were that China was in the “Twelfth Five-Year Plan,” and there was increased pressure to reorientate the ocean industry composition and enhance transformation. Some ocean industries face issues, such as overcapacity and degradation of the oceanic ecological environment. In 2016, China introduced the “Maritime power strategy,” explicitly stating that the growth of the marine economy is a key direction for China’s future economic growth. This emphasizes the need to strengthen the extraction and application of marine resources, foster marine industry, and protect the oceanic ecological environment.

Consequently, the comprehensive marine GTFP increased to 1.1822 in 2016. The 19th National Congress of the CPC proposed accelerating the establishment of an ecological civilization by placing higher requirements on environmental pollution control. It has made important deployments to advance the establishment of an ecological civilization and accelerate the development of marine power. Entering the “Thirteenth Five-Year Plan” period, with the introduction of the economic and social development concepts of “innovation, coordination, green, openness, and sharing,” China’s marine economy has evolved into a more advanced form, with optimized division of labor and a more rational structure. China’s marine GTFP is a significant milestone.

Looking at the marine economic circles of China (Figure 3), the regions with the highest average yearly growth rates of comprehensive marine GTFP are the eastern, southern, and northern marine economic circles. The comprehensive marine GTFP of the eastern marine economic circle increased from 1.1156 in 2007 to 1.2245 in 2016 and exhibited a fluctuating trend during the study period. The average marine GTFP was 1.1047, with a yearly growth rate of 0.94%. The marine GTFP of the southern marine economic circle increased from 1.0662 in 2007 to 1.1253 in 2016 and remained stable throughout the study period. The average marine GTFP was 1.0650, with a yearly growth rate of 0.54%. The marine GTFP of the northern marine economic circle increased from 1.1251 in 2007 to 1.2073 in 2016, with an average value of 1.0531.




4.3 Decomposition analysis of China’s marine GTFP

The variation and decomposition trends in the comprehensive marine GTFP for the 11 coastal regions and three primary marine economic circles in China from 2007 to 2016 are displayed in (Table 3; Figure 4). From 2007 to 2016, the overall growth rate of the marine GTFP in the 11 coastal regions of China reached approximately 7.15%. Specifically, technological progress consistently displays an upward trend, with a mean rate of increase of 7.98%, whereas the average decrease in technological efficiency was 0.86%. These results suggest that technological advancement is the key element influencing the comprehensive variation in marine GTFP. Technological advances stimulated the comprehensive development of marine GTFP. Concurrently, the trends in the changes of absolute technical efficiency and economies of scale efficiency have constrained the rise in comprehensive marine green productivity, with rates of increase of -0.19% and -0.67% in turn. The empirical results suggest that variations in scale efficiency have a greater adverse effect on China’s marine GTFP.


Table 3 | Marine GTFP and its decomposition in 11 coastal regions of China from 2007 to 2016.

[image: Table showing performance metrics across districts. Columns include District, GTFP, EC, PEC, SEC, and TC. Zhejiang has values 1.0745 (GTFP) to 1.0752 (TC). Mean values are 1.0715 (GTFP) to 1.0798 (TC). Data compiled by the author.]


[image: Line graph showing China's marine green total factor productivity (GTFP) and its decomposition indices from 2007 to 2016. GTFP, EC, PEC, SEC, and TC are plotted with varying trends. GTFP and TC peak in 2016, while the other indices maintain relatively stable patterns near the baseline from 2007 to 2015 before slightly increasing in 2016.]

Figure 4 | Changes in China’s marine GTFP and its decomposition index from 2007 to 2016.



Table 3 presents the variation patterns of the comprehensive marine GTFP in the 11 coastal regions of China from 2007 to 2016, along with the differences between the regions. Approximately half of the provinces had comprehensive marine GTFP values exceeding the national average. These include the Zhejiang, Tianjin, Shanghai, Jiangsu, Hebei, Fujian, and Hainan provinces. Hebei and Tianjin are provinces of the northern marine economic circle that surpass the national average. The growth levels of the other provinces in the northern marine economic circle were below average, primarily because of technological progress, a decline in absolute technical efficiency, and a decrease in economies of scale. In the eastern marine economic circle, the comprehensive marine GTFP of all provinces exceeded the national average. The mean rate of increase in the marine green comprehensive productivity in Shanghai was 11.00%, whereas that in Jiangsu was 11.50%. Fujian and Hainan surpassed the national average in the southern marine economic circle, whereas Guangxi and Guangdong experienced negative growth. The main reason for this was a decline in technological efficiency. Through a longitudinal analysis of the comprehensive marine GTFP in the 11 coastal regions of China, it was evident that the marine GTFP in all 11 coastal regions remained above one throughout the duration of the study, indicating rapid growth in the degree of marine green development.




4.4 Spatial pattern of China’s marine GTFP

To more directly reflect the regional characteristics of the marine GTFP in China, this study adopted ArcGIS software to draw the evolution of the spatial pattern of the marine GTFP of China in 2007, 2010, 2013, and 2016 using the natural breakpoint method. The results are shown in Figure 5.


[image: Four maps of China show the Green Total Factor Productivity from 2007, 2010, 2013, and 2016. Shades range from light to dark blue, indicating productivity levels. The maps include regional labels and scale indicators. An inset highlights the South China Sea Islands for each year.]

Figure 5 | Evolution of spatial pattern of marine GTFP in coastal regions.



As depicted in Figure 5, the marine GTFP increased in most provinces, which indicates that the green transformation and upgrading of China’s marine economy have been accelerating, and new achievements have been made in the high-quality development of the marine economy. From 2007 to 2010, the marine GTFP in Zhejiang, Tianjin, Shanghai, Liaoning, Hainan, Guangxi, and Guangdong exhibited an upward trend. From 2010 to 2013, the marine GTFP in Guangxi and Fujian showed a smooth increase, whereas those in the other nine coastal regions showed a decreasing trend. From 2010 to 2016, the marine GTFP increased significantly in most coastal provinces. In general, the results show that China has greatly improved the utilization rate of marine resources, with almost no over-exploitation or utilization during the study period. This also indicates that China’s marine economic development has shifted to high-quality development, and efforts should be made to control energy consumption and shift toward the use of clean energy in the future.

Combined with regional analysis, the three marine economic circles in China show significant differences. In the eastern region, marine GTFP increased, whereas it was relatively stable in the northern and southern regions. This indicates that the initiative and consciousness of implementing the concept of green innovation in our eastern marine economic circle have been significantly enhanced, with more attention paid to the formation of culture and green values, and that actively promoting environmental governance can form an environmental protection linkage. The rational allocation of resources has further improved the level of marine GTFP. In the process of economic development in the northern and southern marine economic circles, great efforts have been made to introduce advanced green technologies and related industries in the eastern regions. In the process of green economic development, the late-developing advantage of northern and southern marine economic circles is gradually becoming obvious.




4.5 Center of gravity transfer path and standard deviation ellipse analysis of China’s marine GTFP

Marine GTFP data were calculated based on the EBM-GML index model, and the center-of-gravity standard deviation ellipse-related parameters and spatial position transfer paths of the marine GTFP in 11 coastal regions of China from 2007 to 2016 were calculated. The geographic center of efficiency depicts the distribution of marine GTFP intensity across 11 coastal provinces in China. Additionally, the standard deviation ellipse provides insights into the spatial spread of the marine GTFP across these coastal regions. The shift in the center of gravity reflects the shift in spatial distribution, which has great significance for exploring the spatiotemporal evolution of the marine GTFP in China.

Based on an examination of the distribution and shifts of the gravitational center for the marine GTFP (see Table 4; Figure 6), the gravitational center of the marine GTFP in 11 coastal regions of China varied from 116.635° E to 116.776° E and 30.817° N to 31.294° N from 2007 to 2016, indicating that the marine GTFP in the 11 coastal regions of China remained spatially stable throughout the study period. From the standard deviation of the ellipse parameters from 2007 to 2016, the variation range of the major half-axis of the ellipse was 1201.902–1234.915 km, and the variation range of the shorter half-axis was 408.905–415.054. The corresponding space for the orientation angle of the standard deviation ellipse was 19.704° to 21.027°. Throughout the study, the standard deviation ellipse range of each characteristic time point exhibited a path of initial expansion, followed by a slow decline, suggesting that the spatial distribution pattern of the marine GTFP in the 11 coastal areas of China is constantly tending toward concentration.


Table 4 | Standard deviation ellipse parameters of the spatial distribution pattern of marine GTFP in 11 coastal regions of China from 2007 to 2016.

[image: Table displaying data from 2007 to 2016, including barycentric coordinates, corner angles, area, standard deviations along x and y axes, and shape index. Data source noted as author-compiled.]


[image: Map of eastern China showing movement of centroids from 2007 to 2016, with colored ellipses indicating standard deviational ellipses for each year. Insets provide a closer view and a trajectory diagram.]

Figure 6 | Standard deviation ellipse and center of gravity transfer path of China’s marine GTFP.



Compared with the expansion of the standard deviation ellipse, the form index of the standard deviation ellipse aligns with the variation in the expanse of the ellipse, demonstrating a tendency to diverge from a circular shape. This suggests an uneven distribution of the marine GTFP across the 11 coastal regions of China in the east-west and north-south directions. This imbalance became particularly evident during the initial phase of the investigation (2007–2010). The extent of the major axis expanded from1224.159 km in 2007 to 1227.501 km in 2010; the length of the minor axis expanded from 408.905 km in 2007 to 411.270 km in 2010; and the elliptical rotation angle increased and became increasingly circular. In the intermediate and later phases of the study (2010–2016), the length of the major half-axis first increased and then decreased, whereas that of the minor half-axis decreased and then increased. The fluctuation amplitude of the elliptical rotation angle was relatively narrow, suggesting that the overall spatial distribution pattern of the marine GTFP in the 11 coastal regions of China was relatively stable (Gai et al., 2018).




4.6 Analysis of convergence test for the marine GTFP in China

The divergence and convergence of the marine GTFP in China were analyzed using a convergence test. In this study, the dynamic evolution trend of the GTFP differences among coastal provinces in China was analyzed in accordance with the empirical findings of the convergence test. The convergence of the analysis findings shows that introducing a series of ocean policies in China helps narrow the gap in the GTFP of the ocean among provinces. Similarly, the lack of convergence in test results indicated a growing gap between some undeveloped and more developed provinces in the current marine policy environment. In order to conduct a more thorough analysis of the regional disparities in the GTFP of the 11 coastal regions of China, this study uses a convergence test to investigate the characteristics and origins of regional disparities in marine GTFP in 11 coastal regions of China.



4.6.1 σ Convergence test

As shown in Table 5, only the southern circle has σ convergence, while there is no σ convergence in the northern, eastern economic circle, and the whole country during the study period. According to the calculation results, the national and northern economic circles show a fluctuating state of decline-rise-decline-rise, whereas the eastern economic circle fluctuates significantly. The results show that the difference in the marine GTFP in the southern circle gradually disappears over time. In contrast, the difference in the marine GTFP in the northern economic circle, eastern economic circle, and the entire country always exists. As for the three marine economic circles, the mean standard deviation of marine GTFP in the northern economic circle was the largest (0.0810), followed by the eastern (0.0535) and southern economic circles (0.0478), suggesting that the internal regional disparity in marine GTFP in the northern economic circle was greater than that in the eastern and southern marine economic circles.


Table 5 | China and the Northern, Eastern, and Southern marine economic circles σ convergence value.

[image: Table displaying economic data from 2007 to 2016 for Northern, Eastern, and Southern Marine Economic Circles, and Nationwide. Values represent annual figures, with the mean listed below for each category.]




4.6.2 Absolute β convergence test

The absolute β convergence test can further confirm whether the marine GTFP in 11 coastal regions of China approaches a consistent and uniform level, that is, whether the provinces with comparatively undeveloped marine GTFP have a “catch-up effect” on developed provinces. There is a negative correlation between the expansion rate of the marine GTFP and that of the primary stage. The value lower than zero shows the absolute β convergence, indicating that the rates of increase in the provinces with undeveloped initial levels are larger and higher than that of the more developed provinces, forming a catch-up effect, and the two are likely to ultimately converge toward a consistent and uniform level.

Before the empirical analysis, the panel model is evaluated using the Hausman test, and the comprehensive importance of the conformance outcomes of the regression equation is further analyzed. The estimation outcomes of absolute β convergence of GTFP in 11 coastal regions of China are presented in Table 6. The overall significance in the eastern economic circle, the southern economic circle, and the northern economic circle was judged with the random utility model, while the general significance in the whole country was judged with the regular effect model. The corresponding β values of each region were negative, suggesting that the absolute β convergence of marine GTFP exists across the entire nation and three marine economic circles. The findings indicate that the marine GTFP in the 11 coastal regions of China can increase relatively synchronously and that the internal differences gradually disappear over time (Zhao et al., 2023). Viewed through the lens of regional variations, the calculated parameters for the three marine economic circles are all negative and highly significant, indicating that the disparity in the growth of the marine GTFP within the same area is progressively narrowing and that all regions of the three marine economic circles can achieve the same steady-state growth rate in the marine GTFP.


Table 6 | Absolute β convergence test.

[image: A table shows data for Northern, Eastern, and Southern Marine Economic Circles, and Nationwide. Variables include Lny, Constant, Model Settings, R², N, and conclusion. Lny ranges from -0.989 to -1.013 with significance indicated by asterisks. Model settings are random, except nationwide, which is regular. R² values range from 0.388 to 0.455. N values are 30 to 110. All conclusions indicate convergence. Significance levels and t-values are noted.]




4.6.3 Analysis of conditional β convergence test

Conditional β convergence tests whether the convergence of marine GTFP in 11 coastal regions of China approaches their steady-state levels under the respective characteristic systems of different regions. Similarly, the panel data were first analyzed using the Hausman test to ascertain the selection of the model, and a significance analysis of the fitting results was conducted. Table 7 presents the results.


Table 7 | Conditional β convergence test.

[image: A table compares economic data across the Northern, Eastern, and Southern Marine Economic Circles and Nationwide. Variables Lny, Lnx1 to Lnx4, Constant, Model Settings, R², N, and conclusion are listed. Values include coefficients with t-values in parentheses, showing significance at different p-levels. The model settings for Northern, Eastern, and Southern Circles are random, while it is regular for Nationwide. All regions conclude with convergence.]

The results reveal that the conditional β convergence coefficients of the three marine economic circles and the whole country were significantly negative, which suggests that the marine GTFP in 11 coastal regions of China gradually tends to their own steady-state levels over time, showing certain conditional convergence characteristics. The economic development coefficients of the eastern and southern marine economic circles are positive, suggesting that an increase in the percentage of marine GDP positively affects marine GTFP growth. The marine industrial structure parameters are notably positive within the northern marine economic circle; however, they are not significant in the eastern and southern economic circles, suggesting that the 11 coastal regions of China need to further enhance the degree of marine green development by rationally enhancing the marine industrial structure.

The parameter for the level of openness was notably negative within the northern marine economic circle and nationwide, indicating that an enhancement in the degree of openness was not beneficial for the advancement of China’s marine green development level. The environmental regulation coefficients for the eastern, southern, and nationwide regions were negative. This suggests that the rate of convergence of the marine economy’s GTFP decelerates through environmental governance investment, which does not contribute to the advancement of China’s marine economy towards greater environmental sustainability.





4.7 Robustness test

The robustness testing is very important for the rationality of the model design. Therefore, we replaced the interpreted variable to perform a standard regression robustness test in our study. We used the SBM-GML model to recalculate the marine GTFP of China’s coastal regions, the results are consistent with the estimates above, which confirmed the robustness of our study.

The σ convergence test recveals that the σ coefficient of China’s marine GTFP shows a trend of”down-up-down”, which indicates that China’s marine GTFP shows the characteristics of periodic convergence and divergence. The σ coefficient of the southern marine economic circle has the largest decrease and the strongest convergence, which is basically consistent with the results of 4.6.1.

The absolute β convergence test shows that the estimated coefficients of the three marine economic circles and the nationwide are significantly negative,the estimated coefficients are -1.234, -0.346, -0.849, -0.973 of the northern,eastern, southern economic circle and nationwide respectively, the estimates were highly consistents with regession analysis and reveals the absolute β convergence of marine GTFP exists during the study period. The conditional β convergence tests indicates that he estimated coefficients are -1.284, -0.606, -0.958, -0.980 of the northern,eastern, southern economic circle and nationwide respectively,which significantly negative at the 1% level. Meanwhile, the control variables coefficients were little difference from the results of the baseline regression. It is concluded that the empirical results obtained in this study are extremely stable.(Note: Due to the limitation of space, the estimated results of the robustness test are omitted and can be obtained from the author).





5 Conclusion and recommendation



5.1 Conclusion

In addition to promoting maritime power strategies and marine ecological civilization, China attaches great importance to marine green development. This study uses the EBM-GML model to calculate the marine GTFP of China’s coastal regions, which reflects the change in factor allocation and utilization efficiency in the marine economy under multi-period dynamic conditions. The findings of this study are summarized as follows.

	The marine GTFP in the 11 coastal regions of China increased from 1.1011 in 2007 to 1.1822 in 2016. The average marine GTFP value was 1.0715, showing an overall gradual improvement.

	Improvement in the technological progress level is the main driving force for the growth of marine GTFP, with a mean increase rate of 7.98% and a mean decrease in technical efficiency of 0.86%.

	The spatial distribution patterns of the marine GTFP tended to be concentrated continuously, suggesting that the overall spatial distribution pattern of the marine GTFP in China remained relatively stable during the study period.

	There is no obvious σ convergence in the northern, eastern marine economic circle. There is absolute and conditional β convergence in all coastal regions of China, indicating that the marine GTFP across the entire nation and the three marine economic circles converged to their respective steady-state levels during the study period.






5.2 Recommendations

Based on the aforementioned results, this study makes the following policy recommendations.

	The government should accelerate innovation in marine scientific and technological research, as well as boost the green and superior growth of the marine economy. Actively promoting the thorough fusion of marine innovation chains and industrial chains is driven by the industrialization of high and new technologies; vigorously developing new marine technologies, processes, models, and types of businesses; optimizing the institutional environment for innovation in marine scientific and technological research; and strengthening the top-level overall planning of marine science and technology innovation.

	The government should facilitate the transformation of the marine economy from extensive to green and intensive development. This can be achieved by strengthening the dynamic surveillance and precursory alerting for marine industry operations; optimizing the allocation of cluster pollution emissions; encouraging the research, development, and promotion of marine green technologies; and forming a green marine industry development system for advanced and applicable technology, continuous protection of resources, and a friendly natural environment in line with carbon reduction environmental targets.

	The government should facilitate the coordinated advancement of the regional marine economy and foster the construction of a new model of international engagement with internal and external linkages and mutual aid between land and sea. This can be achieved by deepening international exchanges, introducing and learning foreign high and new technologies, taking China as the main body of the cycle, promoting domestic and international double cycles, carrying out mutual development and rational allocation of the capital stock of the marine economy, and promoting the growth of marine GTFP from the level of technological progress.

	Local governments must set environmental constraint targets according to circumstances, their own marine oceanic advancements, the present state of marine resources, and the environment. The government should continuously optimize the combination of environmental regulation tools and fully exploit the function of ecological regulations during the eco-friendly transition of the marine economy.
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To alleviate the pressure of economic development on the marine environment, the Marine Ecological Compensation (MEC) has become a major policy tool for the Chinese government to reconcile the contradiction between economic development and the marine environment. In this paper, we propose a novel two-stage bargaining game data envelopment analysis (DEA) model to evaluate the performance of MEC under the cooperative structure. The proposed model considers the link between marine economic development (MED) and marine environmental protection (MEP). Meanwhile, the equivalent form, Nash equilibrium solution, sensitivity and stability of the model are as well documented to further analyze MED and MEP. Eventually, a case study of 30 coastal cities in China serves to verify the practicable effectiveness of the foregoing model combined with numerical simulation and support key insights as below: (i) According to the results evaluated by the decentralized DEA model, we find that if one party of MED and MEP takes priority, the efficiency score of the other party will be severely affected; (ii) the evaluation results of sensitivity and stability demonstrate that inputs and outputs have different impact degrees on the efficiency scores of MED and MEP, which provide directions for improving the efficiency of both systems; (iii) The proposed model addresses the limitation of the conventional two-stage DEA model that cannot handle uncertain variables, thus revealing the influence of uncertainty on MEC efficiency. The compelling evidence presented in the case study solidifies the effectiveness of the proposed model, establishing its promising prospects for application in evaluating the performance of DMUs with a two-stage structure.
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1 Introduction

Marine economic development (MED) refers to ocean-related economic activities, which include the exploitation and utilization of oceanic resources, the dynamic or static use of marine space, and the related industries that provide services and support for the above. With the rapid growth of China’s marine economy, from 2012 to 2021, China’s gross ocean product increased from 5.0 trillion yuan to 9.0 trillion yuan, becoming a new catalyst of China’s economic growth. In the process of rapid development of marine economy, activities such as overexploitation of resources and direct discharge of industrial and agricultural wastewater into the sea have also led to serious deterioration of the marine ecosystem, necessitating immediate attention to marine ecological protection (MEP) (Chen et al., 2022). The Chinese government has dedicated substantial endeavors towards rehabilitating the deteriorating coastal ecosystem Liu and Yang (2020). In order to guarantee the enduring progress of the marine economy and marine ecology, the Chinese government has attached great importance to marine ecological compensation (MEC) in recent years and made the MEC as an institutional arrangement for the protection of marine ecology. Marine ecological compensation refers to the system and mechanism arrangement to realize the restoration of marine ecological damage and environmental protection in the utilization of marine resources (Jiang et al., 2019b). There are gaps in existing researches on MEC. The research hot spots mainly include the policy formulation and application research of compensation methods, compensation legislation, compensation standards and so on. In the process of implementing MEC, the central and local governments have invested huge amounts of funds and resources which have improved the marine ecological environment. An inevitable question is whether the resource allocation of the MEC is effective. As far as we are aware, limited studies exist that address the performance evaluation of MEC (Jiang et al., 2019b; Jiang and Faure, 2022).

Data Envelopment Analysis (DEA), as pioneered by Charnes et al. (1978), represents a robust framework for evaluating the relative efficiency of decision-making units (DMUs) consisting of multiple inputs and outputs, has found extensive application across diverse practical problem settings accompanied by the utilization of diverse extended model structures. MED has exhibited a continuous increase in efficiency, the rapid expansion has brought forth a plethora of challenges that impinge upon the efficiency of MEP (Ren et al., 2023). Consequently, when evaluating the efficiency of MEC, we can’t regard MEC as a ‘black box’ and resort to conventional DEA methodologies. Upon reviewing the extant literature, employing the convention two-stage DEA model may lead to multiple solutions. Hence, we present a novel two-stage DEA model rooted in the principles of Nash bargaining game theory, ensuring unique and mutually acceptable solutions for both parties involved.

And yet, as highlighted in Rao et al. (2014) and Shi et al. (2020), the treatment of missing data emerges as another critical concern demanding attention. For instance, the assessment of MEP efficiency often incorporates the measurement of the area of coastal waters with excellent and good water quality, a pivotal indicator. While this data is readily available in the local government yearbooks of most coastal cities, the exception lies in Shanghai, which is an indispensable research target that cannot be overlooked. To mitigate this uncertainty, numerous DEA models have been proposed, represent but not exclusive models are focused on the fuzzy DEA models (Sengupta, 1992; Tavana et al., 2018), stochastic DEA models (Zhou et al., 2017), and uncertain DEA models (Wen et al., 2014; Lio and Liu, 2018; Jiang et al., 2020; Wu and Sheng, 2022).

The main goal of this research endeavor is to measure the performance of MEC in 30 coastal cities of China with a novel two-stage bargaining game DEA model, and the contributions are presented as follows. In light of the foregoing, MED and MEP are the two most crucial aspects for evaluating MEC performance, and they are interdependent (Liu and Yang, 2020). Should the government place disproportionate emphasis on marine ecological conservation, the inevitable consequences thereof are poised to significantly influence on the course of maritime economic development. Likewise, too much emphasis on MED will cause the degradation of the natural habitat. Hence, when evaluating the efficiency of MEC, it becomes imperative to take into account the interdependence between the MED subsystem and the MEP subsystem within MEC. Therefore, when evaluating the relative performance of MEC, we need to highlight how to deal with the interplay relationship between MED and MEP. This elucidates the rationale behind our introduction of a novel Nash bargaining game DEA model under a collaborative framework, aiming to discern the most mutually acceptable resolution for both subsystems. The conventional two-stage DEA models suffer from the issue of non-unique optimal solutions, so how can the efficiency scores of each stage be determined uniquely to ensure mutual acceptance? The Nash solution derived from the proposed model is both Pareto-optimal and unique, signifying that both parties are motivated to accept this solution. An additional challenge that needs to be addressed is how to handle the uncertain data of DMUs? The proposed model encompasses the assessment of data integrity for decision-making units, considering the incorporation of uncertain data either partially or entirely. Furthermore, the equivalent form and Nash equilibrium solution of the proposed model are presented as well. The results obtained from the suggested methodology appear more recognizable and acceptable than the decentralized decision model. Since the efficiency scores measured by DEA model only reveal the relative efficiency of the target decision making unit (DMUo), which makes it difficult for decision maker to propose specific measures to improve the efficiency of the target DMUoby re-allocating ecological compensation resources. Therefore, we further analyzed the sensitivity and stability of the proposed model to finish off this issue.

In sum, this paper proposes a novel two-stage bargaining game DEA model to evaluate the performance of MEC in coastal cities of China. This model integrates the link between MED and MEP, addresses the limitation of handling uncertain variables in conventional two-stage DEA models, and provides insights into the sensitivity and stability of various inputs and outputs affecting MEC efficiency.

The manuscript is structured accordingly: Section 2 commences with a review of existing works in the related field. In section 3, a novel Nash bargaining game DEA model is constructed. The performance of MEC in 30 coastal cities of China is evaluated in section 4, followed by an analysis of the proposed model’s sensitivity and stability. Finally, we present some conclusions and policy implications.




2 Literature review



2.1 Marine ecological compensation

Marine ecological compensation stems from the domain of ecological compensation, which falls under the umbrella of ecological economic studies. As a multidimensional research subject, ecological compensation endeavors to devise suitable compensatory mechanisms by incorporating a diverse range of disciplinary perspectives, including ecology, economics, sociology, and institutional economics (Pan et al., 2017). The research on ‘marine ecological compensation’ commenced relatively later in China (Jiang et al., 2019b).

The scientific evaluation for the efficiency of MEC holds paramount importance in fostering the advancement of sustainable development. The efficiency of MEC serves as a vital gauge to reflect the relative effectiveness of current ecological compensation measures, and from which we can then provide scientific suggestions for the allocation of ecological compensation resources. Pagiola (2005) proposed the framework of performance evaluation of ecological compensation from the perspective of ecological compensation efficiency, seeing broad implementation in the field of forest, watershed, and grassland (Sun and Li, 2021). Yet, there is little research on performance evaluation of MEC. It is well known that economic development and environmental protection are interdependent. With the rapid development of the marine economy, the coastal waters are polluted more and more seriously, leading to a marked decline in the environmental quality of coastal regions (Chen et al., 2022). The deterioration of the marine ecology in turn restricts the sustainable development of the marine economy. Therefore, many scholars have integrated the effects of both when evaluating the efficiency of the marine economy or marine ecology, thus deriving the concepts of marine green economic efficiency, marine ecological-economic efficiency, and marine circular economic efficiency (Ding et al., 2020; Gao et al., 2022). For example, considering environmental constraints, Ren et al. (2018) analyzed the effectiveness of marine economic activities in Chinese coastal zones utilizing the global Malmquist-Luenberger productivity index framework. Ding et al. (2020) introduced the game DEA model to measure the performance of the marine circular economy.

At present, research related to MEC is mainly focused on theoretical and applied studies. However, without understanding the operational efficiency of the MEC, it is impossible to effectively supervise, evaluate and provide feedback on the performance of the MEC. To further enhance the efficiency of MEC is even more unavailable. Few studies have attempted to evaluate the performance of ecological compensation in marine-related fields. By drawing on indicators from previous literature, Levrel et al. (2012) attempted to analyze issues such as what type of MEC should be used and how to evaluate the performance of MEC. Liu and Zhu (2014) evaluated China’s legislation on MEC through an in-depth examination of the Bohai oil spill event. Shi et al. (2020) merged the SBM method with the DEA-Malmquist approach to evaluate the efficiency of MEC in 11 coastal provinces in China. Cao and Wang (2022) evaluated the performance of MEC policy, grounded in the application of entropy methodology and the utilization of the quasi-experimental approach. Jiang and Faure (2022) measured the efficiency of MEC from the perspective of law and economics, aiming to assess the congruence of implemented regulations with economic principles in addressing marine ecological harm resulting from offshore drilling activities. In addition it cannot be ignored that some crucial data are difficult to collect, which makes the evaluation results somewhat flawed (Levrel et al., 2012; Shi et al., 2020).




2.2 Bargaining game DEA

In numerous instances, DMUs are structured around a two-stage system that incorporates intermediate variables, with the outputs of the first stage either partially or entirely funneling into the second stage as inputs. Such system may possess a sequential structure, a parallel structure, or a mixture of both, which are collectively referred to as network structures, and the DEA model that deals with such network structures is called a network DEA model (Färe and Grosskopf, 2000). Yet, possible discrepancies emerging from the intermediate variables between the two successive stages cannot be tackled by using the standard DEA approach (Du et al., 2011). To resolve particular conflict, Kao and Hwang (2008) suggested considering the series relationship of the processes within the whole system. However, Kao and Hwang’s method still cannot secure unique efficiency decomposition. Liang et al. (2006) introduced the decentralized DEA model or non-cooperative game DEA model which served to examine the performance of each member in the supply chain. The fundamental concept behind this model revolves around maximizing the leader’s performance at first, and then maximize the follower’s performance while ensuring the leader’s performance maximization. Afterward, Liang et al. (2008) introduced the notion of a collaborative game, envisaging the two stages as respective participants in the game. Under the cooperative scenario, two players in the game jointly decide the optimal weight of a group of intermediate outputs to enhance the system’s efficiency optimally. Outcomes yielded via conventional two-stage DEA approaches might not meet the approval of DMUs in that the results are usually more favorable to one party, which makes it unacceptable to the other party.

Recently, bargaining game DEA has attracted more and more attention. By integrating bargaining game into DEA, a Pareto solution can be reached, thereby rendering the outcome more agreeable to all DMUs. As Lozano et al. (2019) summarized, these ideas have been focused on finding common weights for all DMUs (Wu et al., 2009; Wang and Li, 2014; Omrani et al., 2015), decomposing the efficiencies of DMUs with complex structures (Du et al., 2011; Zhou et al., 2013; Hinojosa et al., 2016; Wu et al., 2017a) and handling different input-output specifications (Yang and Morita, 2013). Specifically, Wu et al. (2009) enhanced the methodology for assessing cross-efficiency, employing the CCR efficiency score as the maximum threshold of the efficiency interval and the cross-efficiencies to establish the minimum limit. Subsequently, Du et al. (2011) introduced a model grounded in bargaining game theory for analyzing two-stage network configurations. Zhou et al. (2013) introduced a DEA model based on the principles of bargaining games, aimed at realizing an impartial outcome for each process, concurrently sustaining the system efficiency constant. Wang and Li (2014) addressed the challenge of multiple solution outcomes in the cross-efficiency model by utilizing the CCR efficiency score as the upper threshold and establishing the mean of cross-efficiencies as the lower benchmark. Hinojosa et al. (2016) extended the efficiency decomposition method to a multi-stage system by leveraging the Nash game approach. Lozano et al. (2019) advanced the application of the bargaining game methodology in calculating DEA targets. Yu et al. (2023) used the proposed DEA-based Nash bargaining model wherein its novelty lies in incorporating weakly disposable undesirable outputs to evaluate airlines’ performance. Lozano (2023) proposed a centralized DEA model which is based on bargaining approach for efficiency assessment and target setting with fixed-sum variables.




2.3 Uncertain DEA models

The DEA models mentioned above assume the data to be crisp. Nevertheless, numerous instances arise wherein solely uncertain data can be attained, prompting investigators to broaden optimization techniques in coping with uncertainty (Omrani et al., 2022). Despite the considerable efforts made to tackle imprecise data with the DEA models, the exploration of uncertainty within two-stage DEA approaches still remain relatively limited (Zhou et al., 2017). To tackle the issue of uncertainty, Kao and Liu (2011) adopted a novel approach by integrating fuzzy theory as a mechanism to confront this formidable challenge. Tavana et al. (2018) assessed the operational performance of 60 Saman Bank branches in Iran through employing a two-stage fuzzy DEA approach.

In addition to the fuzzy hypothesis, many studies in recent years have demonstrated that the uncertainty theory based on belief degree introduced by Liu (2007) proves also to be suitable for addressing the uncertainties, consequently yielding accurate and credible outcomes. For instance, Wen et al. (2014) constructed a DEA approach under uncertain environments based on uncertainty measures followed by deeply discussed in (Wen et al., 2015, 2017). Then, Lio and Liu (2018) introduced an uncertainty DEA approach by taking the expected value of efficiency. Nejad and Hadigheh (2017) introduced another DEA model aimed at attaining the maximum credibility level that a given DMU is deemed efficient. Jiang et al. (2019a) put forth a model of DEA under uncertainty to gauge scale efficiency and further identified specific scale efficiency states in Jiang et al. (2020). Pourmahmoud and Bagheri (2021) presented a fundamental two-stage framework tailored to handle uncertain scenarios. Wu and Sheng (2022) used the Malmquist productivity index under the uncertain environment to measure the temporal dynamics of DMU efficiency.

Despite the existence of relevant uncertain network DEA models for handling uncertain variables, the issue of non-uniqueness in optimal solutions persists as a challenge within these models. Therefore, it is necessary to propose a mechanism that decomposes efficiency to address this concern. Within this research, a novel uncertain two-stage DEA approach based on Nash bargaining theory is developed, which effectively resolves this issue. Furthermore, the Nash solution obtained is unique and Pareto optimal.





3 Problem description and model construction



3.1 Problem description

The disorderly development of the marine economy has posed a serious threat to the marine ecological environment, which has forced the Chinese government annually to allocate huge ecological compensation funds to restore the marine ecosystem. With the practice of MEC, it’s essential to clarify the effectiveness of MEC measures for resource allocation in the future.

MEP is closely related to MED (Kangas and Ollikainen, 2019). On the one hand, the undesirable intermediates, such as wastewater, solid waste, etc., produced in the process of MED have negative impacts on MEP. Alternatively, the development of the marine economy provides more compensation funds for marine ecological governance. If the government overemphasizes the protection of marine ecology, it may affect the MED. Likewise, too much emphasis on MED will cause environmental ecosystem degradation. Thus, when evaluating the efficiency of MEC, it is necessary to comprehensively consider the link between MED and MEP (Cao and Wang, 2022). Furthermore, as pointed out in the literature (Rao et al., 2014; Shi et al., 2020), how to deal with the missing data is another issue that needs to be addressed.




3.2 Uncertain leader-follower DEA models

Consider a system that consists of two stages. Here, one might view the initial phase as a MED system, while the subsequent stage constitutes an MEP system. In alignment with the notation system employed in the works of Chen and Zhu (2004) and Du et al. (2011), we posit a scenario comprising n DMUs, wherein each DMU, designated as DMUj(j = 1,2,…,n), manages m inputs for the first stage, indicated as [image: A mathematical expression showing a variable \( \tilde{x}_{ij} \), with a tilde over the letter \( x \) and a subscript \( ij \).]  (i = 1,2,…,m), alongside yielding D + G outputs from this stage, symbolized collectively as [image: Mathematical expression depicting a variable, z subscripted with "dj" and marked with a tilde accent on top.]  (d = 1,2,…,D) and [image: Mathematical expression with a tilde over the letter 'z', subscript 'xj'.]  (g = 1,2,…,G) which we term as desirable intermediate measures and undesirable intermediate measures separately. Part of the desirable intermediate measures, say [image: Mathematical expression featuring the symbols phi, subscript d, z with a tilde, subscript dj.] , subsequently serving as the inputs for the stage 2. The second stage yields s outcomes, represented symbolically as [image: Mathematical notation showing a lowercase letter "y" with a tilde above it, followed by a subscript "j".]  (r = 1,2,…,s).

DEFINITION 1. For each DMUj (j = 1,2,…,n), [image: Mathematical expression with a variable \( x \) subscripted with \( i \) and \( j \), enclosed in parentheses and a tilde over it, followed by a subscript alpha.] , [image: Mathematical expression with a bracketed term: z subscript d j with a tilde, followed by subscript alpha.] , [image: Mathematical expression showing a variable z with a tilde, indexed by g and j, enclosed in parentheses and followed by the subscript alpha.] , and [image: Mathematical notation of \( \left( \tilde{y}_{rj} \right)_{\alpha} \).]  denote the uncertain variables with a given belief degree α, which represent the values of [image: Inverse functions are denoted as Psi subscript ij inverse of alpha and Omega subscript ij inverse of alpha.] , and [image: \( Y_{rj}^{-1}(\alpha) \)]  respectively, where [image: Ψ sub i j superscript negative one of α, Ω sub i j superscript negative one of α, Ω sub c j superscript negative one of α.] , and [image: Mathematical expression featuring the Greek letter upsilon with superscript asterisk, subscript r j, raised to the power of minus, followed by alpha in parentheses.]  are the inverse uncertainty distributions of [image: Variables in mathematical notation: \( \bar{x}_{ij} \), \( \bar{z}_{dj} \), and \( \bar{z}_{gj} \), each with superscript bars and indices.] , and [image: Mathematical notation displaying a lowercase "y" with a tilde above it and a subscript "i".] , respectively.

Numerous prior investigations have delved into the efficiency of DMUs with two stage structures, incorporating undesired outputs into their analyses. By way of example, Lozano and Gutiérrez (2011) through a distance approach to deal with undesirable intermediate outputs for evaluating the airport operation. Seiford and Zhu (2002) and Wu et al. (2016) suggested treating the undesirable intermediate outputs as negative terms which mean that they should be decreased in the first stage. Besides, the outputs deemed undesirable function as desirable inputs for the second stage. To ascertain the overall efficiency of dual-stage network configurations considering undesirable intermediate outputs, we merge both stages through a weighted mean of the efficiency scores from stages one and two as depicted below:

[image: Mathematical optimization equation involving variables \(\hat{\theta}\), \(\theta_1^o\), \(\theta_2^o\), \(\beta_1\), \(\beta_2\), and parameters \(w, v, u, \alpha\). It includes constraints and conditions for maximizing \(\hat{\theta}\).] 

where β1 and β2 symbolize the proportionality factors for sub-DMUs in the first and second stages correspondingly, with the condition that β1 + β2 = 1. And Im,Os,BD and BG represent the collections of inputs, outputs, desirable intermediate measures and undesirable intermediate measures separately. Here, the [image: Mathematical expression showing x subscript i j with a tilde, enclosed in parentheses, and raised to the power of alpha.] , [image: The expression shows a mathematical notation with a tilde over the letter 'z' subscripted with 'd', 'j', and outside the parentheses followed by the Greek letter alpha.] , [image: Mathematical notation displaying \(\hat{y}_{rj}\) subscript \(\alpha\).]  are sets of uncertain inputs, intermediate measures and outputs of the j-th DMU with given α and the [image: Mathematical expression depicting \( v_{i}^{T} \), representing the transpose of a vector \( v \) with subscript \( i \).] , [image: The image shows the mathematical expression \( w_d^T \) with a lowercase "w" subscripted by "d" and superscripted by "T".] , [image: Mathematical notation depicting the letter "u" with subscript "r" and superscript "T".] ≥ 0 are the variable weights to be determined by the solution of this problem.

Model (1) constitutes a nonlinear programming problem, posing challenges for direct resolution. With β1 held constant, the model (1) can be converted into linear programming via methodologies introduced by Liang et al. (2006) and Lim and Zhu (2013), employing a dual ‘Charnes-Cooper’ transformation (Charnes and Cooper, 1962) strategy in concert for addressing fractional components within their respective models. Subsequently, Guo et al. (2017) enhanced this approach to efficiently derive the overall efficiency score. Specifically, let [image: Mathematical equation showing t equals one divided by v sub i raised to the power of T multiplied by parentheses x sub i j parentheses raised to the power of alpha.] , and [image: Mathematical equation showing omega subscript d equals t times w subscript d.] , [image: Mathematical equation showing omega sub g equals t times w sub g.] , [image: The equation displays the Greek letter psi subscript i equals t multiplied by v subscript i.] , [image: The equation shows \( \mu_r = tu_r \).] . The model (1) can be recast as the subsequent model

[image: Optimization problem involving a mathematical formula to maximize a function subject to constraints. The function involves variables \( \hat{\theta} \), \( \omega \), \( \psi \), with parameters \( \mu \) and \( \beta \). Various subscripts and superscripts indicate specific conditions and elements including \( \forall j \), \( \forall i \), with constraints involving inequalities and boundaries within a set.] 

Then, let [image: Mathematical equation: Epsilon equals one divided by omega-squared sub-gamma of phi sub psi minus phi sub epsilon at sigma plus omega-squared sub gamma of theta sub psi at sigma.] , [image: The equation shows Greek letter zeta sub d equals epsilon multiplied by omega sub d.] , [image: The mathematical expression shows "zeta sub x equals epsilon of omega sub x".] , [image: Equation with gamma sub i equals epsilon psi sub i.] , [image: The formula shows τ subscript r equals ε subscript r times μ subscript r.] . Model (2) can be adapted into the following alternate model

[image: Mathematical optimization equation labeled as equation 3. It includes an objective function to maximize, containing terms with variables \( \tau \), \( \gamma \), \( \zeta \), and a set of constraints. The constraints involve inequalities and equalities using these variables and various parameters, with subscripts and superscripts indicating specific elements or groups. Constraints are denoted by \( s.t. \) followed by conditions for different group indices \( j \), \( r \), \( g \), and elements \( i \), \( o \), \( p \). All variables are non-negative.] 

The upper bound of [image: Lowercase Greek letter epsilon.]  can be figured out in two steps. Firstly, let [image: β subscript 1 equals 0.] . The efficiency [image: The mathematical expression includes a lowercase Greek letter theta with a superscript of two stars.]  pertaining to the secondary stage can be obtained. Subsequently, the efficiency score for stage 1 can be determined with the second stage efficiency constant at [image: Mathematical notation showing the Greek letter theta with a subscript "o" and a superscript "2-star".] , i.e.,

[image: Mathematical optimization problem with variables \(\tau, r, y, \zeta\). Objective function involves maximizing \(\theta^{*}\) expressed in terms of these variables. The constraints involve inequalities and equalities, featuring terms with \(z\), \(g\), \(\phi\), and \(\alpha\). Additional conditions are given for variables being greater than or equal to zero, for indices \(i, r, d, g\) belonging to different sets.] 

According to uncertainty theory, the model (4) corresponds to the subsequent model

[image: Optimization problem with objective function to maximize \(\theta^*\). Constraints include summations over indices \(d\), \(g\), \(j\), and expressions involving parameters \(\tau_r\), \(\lambda_b\), \(\zeta_d\), and \(\zeta_g\). The constraints dictate inequalities and equalities involving sum expressions, subject to variables greater than or equal to zero. ] 

where [image: Psi symbol with subscript n, superscript negative one.] , [image: The image shows the mathematical expression: Psi subscript two raised to the power of negative one.] , [image: Three evenly spaced black circles on a white background.] , [image: Psi inverse subscript i j raised to the power of one.] , [image: Omega symbol with superscript negative one and subscript "d1".] , [image: Capital omega symbol raised to the power of negative one, over d two.] , [image: Three vertically centered black dots evenly spaced on a white background.] , [image: Mathematical expression showing the Greek letter Omega subscript dj raised to the power of negative one.] , [image: Mathematical expression depicting the inverse of a symbol resembling the Greek letter Omega, followed by "g" and subscript "i".] , [image: Mathematical expression showing an uppercase Greek letter Omega with a superscript of minus one divided by g squared.] , [image: Ellipsis icon consisting of three equally spaced black dots on a white background.] , and [image: Mathematical notation showing a gamma symbol with a rightward arrow above and indices r1 and l1 below.] , [image: Mathematical expression of "ilon" subscript "r2," raised to the power of negative one.] , [image: Three black dots arranged horizontally against a plain white background.] , [image: The mathematical notation shows the Greek letter gamma raised to the power of negative one, with a subscript consisting of the letters 'r' and 'j'.]  are the inverse uncertainty distributions of [image: Mathematical notation of an element denoted as \( x_{11} \) with an overline.] , [image: Mathematical notation showing vector \( \vec{x}_{12} \).] , [image: Ellipsis icon with three evenly spaced black dots on a white background.] , [image: The image shows a lowercase x with a tilde accent, followed by subscripts i and j.] , [image: Mathematical notation showing a lowercase "z" with a tilde on top, followed by a subscript "d1".] , [image: Equation with a tilde over the symbols z, d, and the subscript 2.] , [image: Three black dots evenly spaced in a horizontal line on a white background.] , [image: The image shows the mathematical notation "z sub d j" with a tilde above the "z".] , [image: Mathematical notation showing a tilde over the letter "z" with subscript "gl".] , [image: Mathematical notation of z subscript g two with a tilde over the z.] , [image: Ellipsis consisting of three evenly spaced black dots on a white background.] , [image: Mathematical expression displaying a variable \( \tilde{z}_{ij} \), with a tilde over the letter 'z' and subscripts 'i' and 'j'.]  and [image: The image shows a mathematical symbol consisting of the lowercase letter "y" with a tilde on top, subscript "r," and subscript "l."] , [image: Tilde over lowercase y subscript two.] , [image: A blurred image showing three black dots spaced equally apart in a line against a white background.] , [image: Mathematical notation of a lowercase y with a tilde above it, and a subscript j.] , respectively.

According to models (1-5) and the work of Guo et al. (2017), [image: Lowercase Greek letter epsilon.]  is constrained in [image: A mathematical expression in brackets showing a range starting from zero to a fraction. The fraction is one over theta subscript star.] . For the fixed [image: The Greek letter beta, subscript one.] , the model (1) may henceforth be addressed througha sequential application of linear programming techniques by searching for the optimal value of [image: Lowercase Greek letter epsilon in a serif font.]  within [image: Mathematical expression showing an inequality: zero is less than epsilon, which is less than one divided by theta naught star.] . Treat [image: Lowercase Greek letter epsilon in a serif font.]  as the parameter, the model (3) can then be solved by using the following algorithm.

	[image: Stylized text showing the word “Step” in an italic font.]  I: Let [image: Blurred numeric character zero.]  be the lower bound of [image: Lowercase Greek letter epsilon, typically used in mathematical equations and expressions.] , and [image: Fraction with numerator one and denominator sigma subscript one comma star.]  as the upper bound. Let [image: T equals 1 divided by the product of theta subscript zero star and 10 to the power of negative 4. The variable t equals 0.] .

	[image: Italicized text reads "Step".]  II: Solve the model (3). Attain the optimal value [image: Text showing "Obj" in italics with a comma following.] . If [image: The inequality "t > T" is shown, indicating that the variable t is greater than the variable T.] , then go to [image: Italicized word "Step" in a serif font.]  vi. Or else, let [image: Epsilon subscript two equals ten raised to the power of negative four multiplied by two.] , or in a general format [image: Mathematical equation: epsilon sub t equals ten raised to the power of negative four multiplied by t.] , go to [image: The word "Step" in italicized serif font.]  III.

	[image: Italicized text displaying the word "Step."]  III: Let [image: Mathematical equation: \( t = t + 1 \).] . Back to [image: The word "Step" is shown in an italicized serif font.]  II.

	[image: Italicized text displaying the word "Step".]  IV: Ascertain the optimal value [image: Mathematical formula displaying "Obj superscript max equals max of set brace Obj subscript 0 comma Obj subscript 1 comma ellipsis comma Obj subscript T brace".] .



When the Algorithm stops, the supreme optimum of the model (3) can be obtained.

However, Chen and Zhu (2004); Liang et al. (2006), and Guo et al. (2017) have indicated that the assurance of a unique optimal solution for model (1) is not provided, hence implying that the decomposition of the overall efficiency for target DMUo is not inherently singular either.

In the scenario where the initial stage acts as the leader and the subsequent stage as the follower, the efficiency score for stage 1 can be derived as

[image: Mathematical optimization problem with the objective function to maximize \(\theta_{\hat{o}}^{\max}\), involving variables \(u\), \(v\), \(w\), and parameters \(z\) in various subscripts. Constraints include expressions for \(\theta_{j}^{1}\), \(\theta_{j}^{2}\), and \(\hat{\theta}\), with bounds and non-negativity conditions on the variables, applying to various index sets.] 

Based on uncertainty theory and “Charnes-Cooper” transformations, the model (6) can be transformed into the subsequent optimization formulation by using the same techniques illustrated above.

[image: Mathematical optimization problem with multiple constraints and variables. The objective is to maximize the function involving summations of different indexed terms with constraints denoted by inequalities and equations. The variables and parameters include various indexed symbols, summations, and Greek letters such as alpha, beta, and theta. Constraints involve ensuring equality or inequality among different expressions, with conditions specified for indices and variables. The problem is labeled equation (7).] 

The performance measure for the second stage can subsequently be achieved, i.e., [image: Equation displaying: \( \theta_o^{2 \text{min}} = \left( \hat{\theta}_o - \beta_1\theta_o^{1 \text{max}} \right) / \beta_2 \).] . Similarly, when the stage 1 and stage 2 of the target DMUoare the follower and leader accordingly, we can obtain [image: Mathematical notation showing the symbol theta subscript zero, squared, followed by the text "max".]  by solving the following model

[image: Maximization problem with constraints. The objective function maximizes \(\theta_o^{2,\text{max}}\), subject to three constraints: \( \theta_j^1 \), \( \theta_j^2 \), and \( \hat{\theta}_o \). Variables \( u_r, v_1, w_4, w_8 \) are non-negative.] 

The fractional model (8) can be transformed into the succeeding optimization program

[image: Mathematical optimization problem with constraints, marked as equation (9). It involves maximizing a sum of products, subject to multiple constraints expressed as inequalities and equalities. Variables include alpha, tau, gamma, omega, and others, alongside indices for summation.] 

The performance measure for the first stage can consequently be derived, i.e., [image: Equation for theta sub-o superscript min equals open parenthesis theta hat sub-o minus beta sub-2 theta sub-o squared superscript max close parenthesis divided by beta sub-1.]  Note that [image: Equation showing theta subscript zero raised to the power of min equals theta subscript zero raised to the power of max.]  if and only if [image: Mathematical equation showing theta subscript zero raised to the power of two with superscript "min" equals theta subscript zero raised to the power of two with superscript "max".] . If [image: Equation showing θ subscript zero with superscript minimum equals θ subscript zero with superscript maximum.]  and [image: \[ \theta_{o}^{2min} = \theta_{o}^{2max} \]] , then stage efficiency [image: Theta symbol with a superscript one and subscript zero.]  and [image: The mathematical expression "theta subscript zero squared."]  are uniquely determined by model (1). If [image: \(\theta_o^{\text{min}} \neq \theta_o^{\text{max}}\)]  or [image: Mathematical expression showing theta sub two with a superscript min is not equal to theta sub two with a superscript max.] , model (1) exists various decompositions of efficiency. Then, stage efficiency’s upper and lower constraints can be derived through implementation of the models spanning (6) to (9).




3.3 Efficiency decomposition for uncertain DEA bargaining game model

When there exist alternative efficiency decompositions, if one stage of the target DMUois given priority, the efficiency score of another stage may be seriously affected, making the result sometimes unacceptable to the dominated stage, particularly in cases where there is no clear dominance between the two stages of each DMU (Chu et al., 2020). Therefore, we introduce a novel bargaining game DEA approach for further decomposing the efficiency to make the results more acceptable to both parties. Here, we take it as Scenario 3. Then, an efficiency decomposition bargaining problem can be expressed as

[image: The image shows a mathematical expression describing a set \( S_{\hat{\theta}} \) defined as \(\{ (\theta_1, \theta_2) \in \mathbb{R}_{+}^{2} | \theta_j \geq d_{j}, j=1,2, \text{ and } \beta_1 \theta_1 + \beta_2 \theta_2 \leq \hat{\theta} \}\). This is labeled as equation (10).] 

Next, we figure out the efficiency decomposition score for each stage. According to Nash bargaining theory, the efficiency decomposition for each stage can be attained by addressing the following formulated issue

[image: Mathematical optimization problem involving maximization of a function \(\xi\) defined as \((\theta_0^1 - \theta_0^{1,\text{min}})(\theta_0^2 - \theta_0^{2,\text{min}})\). Subject to constraints on variables \(\theta_0^1\) and \(\theta_0^2\) expressed as ratios of weights \(w_f\), \(w_r\), \(w_d\), and \(w_g\) multiplied by variable components. Additional constraints involve non-negativity for several variables and indices \(i, r, d, g\) within respective sets \(I^m\), \(\mathscr{O}^r\), \(B^d\), and \(B^G\).] 

Next, we examine the impact of adjusting measurement parameters on efficiency, aiming to facilitate the most straightforward enhancement of DMU efficiency amidst constraints imposed by limited resources, technology, and other factors.

The initial exposition of DEA sensitivity analysis, as elucidated by Charnes et al. (1984), delved into the examination of variations in a singular output. This pioneering work was succeeded by a sequence of scholarly contributions on sensitivity analysis by Charnes and Neralić (1990), elucidating the establishment of adequate conditions that uphold operational efficiency. The alternative facet of DEA sensitivity analysis involves the presumption of simultaneous proportional alterations in all inputs and outputs pertaining to a specific Decision Making Unit (DMU), with pertinent investigations detailed in Seiford and Zhu (1998).

Suppose that [image: Mathematical notation of the symbol "S" to the power of one.]  and [image: Mathematical notation showing "s squared", where the lowercase letter "s" is raised to the power of two.]  represent the selected variable sets, and S1 and S2 are the unselected variable sets. The general sensitivity and stability for the proposed model can be articulated as:

[image: Mathematical optimization problem with constraints and objective function. The goal is to maximize a specific function, subject to several constraints. The notation includes variables, indices, sets, and expressions involving inequalities and equations. The expressions are formulated with respect to various indices and parameters, indicating complex relationships and conditions.] 

Model (12) can be solved as the model (11).

When the target DMUois inefficient, i.e., the overall efficiency score θˆo< 1, we aspire to determine the smallest radial extent, henceforth labeled the ‘stability radius’ of DMUo, within which the recently considered DMUobecomes operationally efficient. The model is set forth as:

[image: Mathematical optimization problem involving minimization with constraints. The objective function, denoted as \( \Delta_l \), involves summations and terms like \( S_{l,0} \) and \( P_{r,o} \). Constraints include inequalities and equations with sums over variables, multipliers, and additional terms, such as \( \Omega \), \( w \), and \( r \). Symbols like \( \alpha \), \( \beta \), and \( e \) are used throughout. There's LaTeX code at the bottom, showing a formatting issue.]	(13)

When the target DMUo is efficient, i.e., the overall efficiency score [image: The mathematical symbol represents the hat notation of theta subscript zero.]  = 1, we aspire to ascertain the utmost diameter, herein designated as the ‘stability radius’ of the DMUo, within which the DMUo persists in its state of optimality. The model is accordingly delineated as follows:

[image: A mathematical optimization problem with equations and variables involving summations, maximization, and constraints. Specific functions and terms include psi, omega, alpha, and sigma. Some parts seem overlapped and obscured.]

When the algorithm stops, Δ1 represents the minimal radius such that the new DMUo becomes efficient. If Δ2 = 0, this means that any adverse variation will make the efficient target DMUobecome inefficient. If Δ2 > 0, then the target DMUowill remain efficient provided that the variation of each input and output in the first stage and the second stage is within [image: Mathematical expression showing \( c_{i}^* \circ \Psi^{-1}_{io}(\alpha) \).]  and [image: Mathematical expression featuring rho subscript r, asterisk, subscript o, followed by an uppercase upsilon with an inverse superscript, subscript nv, and the Greek letter alpha in parentheses.]  respectively.





4 Empirical analysis

Under the cooperative structure, we above propose a novel two-stage bargaining game DEA approach to make the result more acceptable for both stages. This approach encompasses not only the consideration of unexpected outputs but also the ability to handle uncertain variables. As delineated in the problem description section, the performance evaluation of MED and MEP is a typical two-stage efficiency assessment problem, compounded by the presence of unexpected outputs and data gaps within the evaluation metrics. Consequently, our proposed model can effectively resolves the challenges encountered in MED and MEP efficiency evaluation.



4.1 Indicators selection for MED and MEP measurement

MED is regarded as the first stage, succeeded by MEP as the second stage. Concerning the evaluation indicators, we refer to the relevant literature on ecological compensation, marine economic performance evaluation, and marine environmental performance evaluation (Wu et al., 2017b; Ding et al., 2020; Gao et al., 2022) to construct the evaluation system for MEC. Ocean-related employed personnel (Ding et al., 2020; Yan et al., 2022), the area of waters with established rights (Wu et al., 2017b; Gao et al., 2022), and the investment in marine fixed assets (Ding et al., 2020; Gao et al., 2022) are selected as the inputs for MED. The input X2 represents the input of marine resources. For marine fixed assets investment, the perpetual inventory approach (Goldsmith, 1951) is employed to estimate the annual capital stocks of each region (taking the capital stock data of 30 coastal cities in 2009 as the base year). The particular computation procedure is outlined as

[image: The image shows a mathematical equation: \( K_{i,t} = K_{i,t-1}(1 - \delta_{i,t}) + I_{i,t}/P_{i,t} \) labeled as equation \( (15) \).] 

where Ki,tand Ki,t−1 denote the accumulation of capital in coastal cities in the t-th and (t − 1)-th phases respectively, δi,t, Ii,tand Pi,tdenote the depreciation ratio, total investment and price indices of investment in fixed assets for the i coastal city during the t-th time interval, severally.

Gross ocean product (Ding et al., 2020; Gao et al., 2022) and the industrial wastewater discharged directly into the sea (Yan et al., 2022) are expected and unexpected outputs for MED. Moreover, these two outputs are also the inputs of MEP. The investment of marine compensation funds is obtained by the product of the gross ocean product and the ratio of environmental contamination mitigation to the gross domestic product.

The area of coastal waters with excellent and good water quality and marine biodiversity index (Wu et al., 2017b; Gao et al., 2022) are selected as ultimate outputs. As mentioned, for Shanghai, the data concerning the area of coastal waters with excellent and good water quality is not available from the relevant yearbooks. Therefore, we treat it as the uncertain observation. For the process of uncertain data, please refer to Liu (2007). Specification of the inputs and outputs metrics is provided in Table 1.


Table 1 | The descriptive statistical characteristics of variables.

[image: Statistical table displaying data for variables \(X_1\), \(X_2\), \(X_3\), \(Z\), \(Z_2\), \(Y_1\), and \(Y_2\). Columns include mean, standard error, median, standard deviation, kurtosis, skewness, minimum, and maximum values. Each variable has corresponding statistics, such as \(X_1\) with a mean of 79.31 and a maximum of 255, \(X_2\) with a mean of 10834.57 and a maximum of 110900. The table summarizes key descriptive statistics for these variables.]




4.2 Region selection and data sources

We selected 30 coastal cities in China as research samples. The specific locations are shown in Figure 1. The data of ocean-related employed personnel come from China Marine Statistical Yearbook 2021. Since the specific number of ocean-related employed personnel is no longer published starting from 2016, we use a regression method to predict this number and treat it as an uncertain variable. The related data of investment in marine fixed assets come from China Statistical Yearbook on Environment 2021 and China Statistical Yearbook (2012-2021). The data of gross ocean product, the area of waters with established rights, the area of coastal waters with excellent and good water quality, the industrial wastewater discharged directly into the sea, and marine biodiversity index come from statistical yearbooks of coastal cities, relevant government websites and so on. Some index data are obtained by comprehensive processing according to statistical yearbook data. Due to the presence of missing data, we employed uncertainty theory to address the issue. Owing to constraints on the length of the manuscript, the detailed methodology is explicated in the work by Liu (2007).


[image: Map showing coastal provinces and cities in China. Provinces are colored differently, and coastal cities are marked with circles. A small inset map displays China's location in Asia. A legend indicates symbols for province boundaries and coastal cities. Compass rose included.]

Figure 1 | Locations of 30 coastal cities in China.






4.3 Efficiency results and discussion

Firstly, we employ the additive DEA model (1) for ascertaining the overall efficiency of the target DMUo. Then, by solving the models (6-9) [image: θ subscript o superscript l m i n.] , and [image: \( \theta_{0}^{2\text{min}} \)]  are set as breakdown points of stage 1 and stage 2 respectively. Finally, we use the proposed model to re-measure the performance of MED and MEP. In addition, for comparison, the decentralized DEA model (Jiang et al., 2021) is employed for gauging the efficacy of DMUs within the non-cooperative game structure. For the convenience of analysis, Scenario 1 and Scenario 2 are recorded when the first stage is dominant and the second stage is dominant respectively. The evaluation results are shown in Table 2.


Table 2 | Efficiency scores of MED and MEP in coastal cities of China evaluated by decentralized model and Nash bargaining DEA model.

[image: Table comparing performance metrics under different models for various Decision-Making Units (DMUs). Columns include decentralized models with MED and MEP priorities, and a Nash bargaining model with MEP priority. Each DMU has corresponding performance values across the models with an overall score.]

From Table 2, Figures 2, 3, some detailed results are generated as follows.


[image: Bar chart showing the ranking of MED efficiency across 30 decision-making units for three scenarios. Each unit is represented by three bars, corresponding to Scenarios 1, 2, and 3, with varying heights indicating different efficiency rankings.]

Figure 2 | Comparison of the efficiency rankings of MED under three different scenarios.




[image: Bar chart showing MEP efficiency rankings across 30 decision-making units under three scenarios, indicated by different shading styles. Rankings vary significantly, with units exhibiting diverse performance across scenarios.]

Figure 3 | Comparison of the efficiency rankings of MEP under three different scenarios.



1) It can be seen from Table 2, Figures 2, 3 that the highest average MED efficiency score is observed in Scenario 1, while the lowest is observed in Scenario 2. The highest average MEP efficiency score is observed in Scenario 2, while the lowest is observed in Scenario 1. For instance, from a micro-level perspective, when the first stage is dominant, Dalian’s efficiency score for MED is 0.2068, while the efficiency score for MEP is 0.1835. Conversely, when the second stage prevails, the MED efficiency score decreases to 0.1983, and the MEP efficiency score escalates to 0.6645. This discrepancy arises because Scenario 1 (resp. Scenario 2) fails to consider the interdependence between stages, leading to potential overestimation of results. Notably, the rankings obtained from Scenario 1 and Scenario 2 exhibit significant alterations compared to Scenario 3. For instance, Qingdao and Tianjin, experience a decline in rankings of over 20 positions, highlighting the tendency of Scenario 1 and Scenario 2 to overestimate efficiency in specific regions.

2) According to the efficiency scores obtained from Scenario 1, Xiamen and Zhanjiang are effective in terms of MED when MED takes priority (i.e., here it can be interpreted as prioritizing MED compared to MEP). Rizhao and Xiamen are effective as for MEP. When MEP is prioritized, Xiamen and Zhanjiang remain effective in MED, and Tianjin, Rizhao, and Xiamen are effective in terms of MEP. In conformity with the efficiency scores measured by the decentralized models, it’s obvious that when one party takes priority, it may affect the efficiency score of the other party.

3) Moreover, compared with the results garnered from decentralized models, the results (as shown in Table 2 in columns 6-8) derived from the novel Nash bargaining game DEA model demonstrate that approximately 80% of provinces are positioned between Scenario 1 and Scenario 2 rankings. This signifies that under Scenario 3, the proposed model effectively measures MEC efficiency with precision, skillfully avoiding both overestimation and underestimation.




4.4 Sensitivity and stability analysis of MED

For the sake of realizing the sustainable development of the ocean, we must consider the relationship between MED and MEP in a holistic manner. The model we proposed above is committed to finding the most acceptable solution, rather than simply pursuing the maximization of MED efficiency and ignoring MEP or vice versa. Now, we try to probe the influence on the efficiency of DMUs by changing some variables. Generally speaking, to make the DMU reach an effective state, the conventional practice strives for input reduction and output escalation. And this paper also follows this line of thinking for research. Firstly, we examine scenarios involving modification of a single input or output variable. Taking Qingdao as an example, Figure 4 vividly demonstrates how a change of input or output shapes the efficiency score pertaining to the respective stage. From Figure 4, it is not difficult to find that: (i) the sensitivities of MED and MEP are varies to inputs and outputs; (ii) Figure 4D once again shows that there is a negative correlation between MED and MEP for the desirable intermediate measure; (iii) Figure 4E reveals that there is a positive correlation between MED and MEP for the undesirable intermediate measure; (iv) when the input (such as X1, X2, X3, etc.) is reduced to a certain extent, the efficiency score of the corresponding stage may reach 1.000, whereas the overall efficiency score of the target DMUomay cannot reach 1.000.


[image: Seven graphs labeled A to G show efficiency scores against various factors. Graphs A to C illustrate Stage 1 efficiency with scores rising against personnel, area, and investment respectively. Graph D shows Stage 1 and Stage 2 efficiency against GOP, with Stage 1 rising and Stage 2 declining. Graph E depicts Stage 1 and Stage 2 against wastewater, with scores crossing. Graph F shows a steady Stage 2 efficiency score with area. Graph G illustrates Stage 2 efficiency linearly increasing with the marine biodiversity index.]

Figure 4 | The influence of input and output changes on the efficiency score of Qingdao. (A) Ocean-related employed personnel (Ten thousand). (B) The area of waters with established rights. (C) Marine fixed assets investment. (D) Gross ocean product of marine economy. (E) Wastewater discharged directly into the sea. (F) The area of coastal waters with excellent and good water quality. (G) Marine biodiversity index.



The area of water with established right refers to the sea area of the project that has been approved by the government to obtain the entitlement to utilize the maritime zone. The more area of water with established right, the wider the ocean space for marine economic activities such as mariculture and ship navigation. However, after analyzing the sensitivity of X2 to MED, we found that most coastal cities in China have relatively low utilization of sea area. As shown in Figure 5, the MED efficiency scores of Weihai, Fuzhou, Yantai, Dalian and Yancheng are almost unchanged when the reduction is within 10,000 hm2. This implies that the local governments have considerable distance yet to traverse in terms of ocean utilization.


[image: Graph showing the efficiency of MED against the decrement of water area with established rights in square hectometers. Multiple colored lines represent different cities, with efficiency values up to 1.2 and decrements ranging from 0 to 10,000.]

Figure 5 | Response of the decrement of X2 to MED efficiency for 30 coastal cities of China.



Sometimes, constrained by limited resources (human, capital, information, time, techniques, etc), it is difficult to achieve the desired efficiency score for the target DMUoby changing a single input or output. Therefore, within the capacity of the DMUo, the ideal efficiency score may be achieved by changing several variables. For example, if only the number of ocean-related employed personnel is reduced (e.g. varying in the range [0, 80], −ΔX1) or the gross marine product is merely increased (e.g. varying in the range [0, 8000], +ΔZ1), it is difficult to make the DMU Qingdao reach an effective state under the constraints of its own resources. As shown in Figure 6, if we make a combination between ocean-related employed personnel and gross ocean product (e.g., {−ΔX1 = −24.55, +ΔZ1 = 7181.32}, {−ΔX1 = 35.66, +ΔZ1 = 6155.73}, {−ΔX1 = 66.53, +ΔZ1 = 2869.37} etc), then it can make the DMU Qingdao reach an effective state, providing the possibility for Qingdao to adjust input and output according to its own situation to improve efficiency.


[image: Three-dimensional surface plot showing the efficiency of MED on the z-axis, with GOP in hundred million RMB on the x-axis and personnel in ten thousands on the y-axis. The surface is color-coded, ranging from blue to yellow, indicating varying levels of efficiency.]

Figure 6 | Effect of X1 and Z1 on MED efficiency.



When the allocation of the three variables can be adjusted, it provides more options for the DMU to improve efficiency. Figure 7 presents the distribution of MED efficiency scores when simultaneously decreasing ocean-related employed personnel (−ΔX1) and marine fixed assets investment (−ΔX3), and increasing gross ocean product (+ΔZ1). From Figure 7, we can intuitively see how −ΔX1, −ΔX3 and +ΔZ1 shape the efficiency of the MED. According to the Figure 7, we probably know the distribution of efficiency scores, which provides a reference for the improvement direction.


[image: Three-dimensional surface plot showing the relationship between investment, personnel, and GOP (Gross Output Product) in hundreds of millions of RMB. The grid is color-coded to represent the efficiency of MED, with values ranging from 0.4 to 1. The x-axis represents investment, the y-axis represents GOP, and the z-axis represents personnel.]

Figure 7 | MED efficiency scores with varying X1, X3 and Z1.






4.5 Sensitivity and stability analysis of MEP

Next, we briefly analyze the sensitivity and stability of MEP. As shown in Figure 4, it’s easy to find that Qingdao’s MEP efficiency is constantly improving from 0.3765 to 0.3811 with the increment of the area of coastal waters with excellent and good water quality (+ΔY1). Yet, it can’t make Qingdao’s MEP reach an effective state. To improve the efficiency of MEP, compensation funds or resources can only be allocated to other aspects, such as increasing the gross marine product and maintaining marine biodiversity.

Marine biodiversity is the foundation of marine ecosystem services. Conserving marine biodiversity is not only critical to maintaining the functioning of Earth’s ecosystems, but is also closely related to human well-being. Figure 8 reports the impact of enhancing marine biodiversity on MEP’s efficiency in China’s coastal cities. Observing Figure 8, it behooves us to extrapolate the subsequent deductions. Firstly, increasing the marine biodiversity index has the same effect on the MEP efficiency of Yingkou and Weihai. Secondly, for some DMUs, increasing marine biodiversity almost cannot improve the efficiency of MEP in a certain range. As an example, when the increment of Tanshan’s biodiversity index is within the range [0,0.5], the efficiency of Tanshan’s MEP will remain unchanged. Finally, the efficiencies of Rizhao and Xiamen are already in the effective states, and increasing the marine biodiversity index will make them remain in effective states.


[image: Line graph illustrating the relationship between the efficiency of MEP and the increment of the marine biodiversity index across various Chinese cities. Cities such as Rizhao and Xiamen are near the higher efficiency level, while cities like Yingkou are at lower levels. Lines are color-coded for different cities, comparing their biodiversity index increments against MEP efficiency.]

Figure 8 | Response of marine biodiversity index increment to MEP efficiency for 30 coastal cities of China.



Figure 9 shows the effect of simultaneously increasing marine fixed assets investment (+ΔZ1) and marine biodiversity index (+ΔY2) on the efficiency of MEP in Jinzhou. Clearly, the increase in inputs limits the efficiency of MEP, while increasing the marine biodiversity index will significantly improve the efficiency of MEP. Figure 10 show the impacts of increasing gross ocean product (+ΔZ1), wastewater discharged (+ΔZ2) and marine biodiversity index (+ΔY2) on MEP’s efficiency in the form of section plot.


[image: Three-dimensional surface plot depicting the relationship among GOP (in hundred million RMB), marine biodiversity index, and efficiency of MEP. The efficiency, ranging from 0 to 1, varies across the surface, with colors from blue (low efficiency) to yellow (high efficiency).]

Figure 9 | Effect of Y2 and Z1 on MEP efficiency.




[image: Three-dimensional graph depicting the relationship between wastewater in tons, GOP in hundred million RMB, and marine biodiversity index. The color gradient indicates the efficiency of MEP, ranging from blue (least efficient) to yellow (most efficient). The axes are labeled with respective units and indexes, and a color bar on the right shows the efficiency scale from 0.3 to 1.0.]

Figure 10 | MEP efficiency scores with varying Z1, Z2 and Y2.







5 Conclusions

This study introduced a novel two-stage bargaining game DEA model to evaluate the performance of MEC in coastal cities of China. The proposed model considers the cooperative structure between MED and MEP, and addresses the limitations of conventional two-stage DEA models in handling uncertain variables. Key findings from the empirical research include: (1) There is a negative correlation between MED and MEP for desirable intermediate measures, while for undesirable intermediate measures, there is a positive correlation between MED and MEP. (2) Sensitivity analysis revealed that inputs and outputs have different impacts on the efficiency scores of MED and MEP, offering valuable insights for improving the efficiency of both systems. (3) The model successfully addresses the challenge of handling uncertain data, revealing the influence of uncertainty on MEC efficiency. The proposed model provides a more acceptable and reliable evaluation of MEC performance, facilitating a better understanding of the trade-offs between MED and MEP. The results highlight the importance of considering the interdependencies between economic development and environmental protection in the context of MEC.

Future research could expand the scope of the study by incorporating additional variables affecting MED and MEP and testing the influence of those variables on the efficiency scores using econometric models.
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Introduction

As global resource demands and environmental challenges intensify, China's vast marine resources present a significant opportunity for sustainable economic development. This study investigates the impact of financial development on high-quality growth in China's marine economy across 11 coastal regions from 2011 to 2020.





Methods

We examine a mediation and moderation model linking financial development and marine economic quality in China, where the marine economy increasingly relies on financial support. This study proposes marine innovation output and industrial structure upgradation as mediators, with marine capital investment as a moderator.





Results

Our findings reveal that financial development significantly promotes high-quality marine economic growth, albeit with regional heterogeneity. The strongest effect is observed in the Eastern Marine Economic Zone, while the Southern Marine Economic Zone shows the weakest impact. Marine scientific research and industrial structure upgrading serve as key mediating factors, with the former demonstrating a stronger intermediary effect. Notable, marine capital investment positively moderates the relationship between financial development and marine economic growth.





Discussion

This study innovatively combines macro-finance and micro-finance indicators to construct a comprehensive financial development index system. It incorporates a multi-dimensional approach to measuring high-quality development in coastal regions, challenging one-size-fits-all models by highlighting regional variations. By providing insights into specific differences and underlying mechanisms, our study offers valuable guidance for policymakers in crafting region-specific strategies to leverage financial development for sustainable marine economic growth.





Keywords: marine economy, high-quality development, index system, financial development, marine management




1 Introduction

As the world's population and economy grow, the resource constraints and environmental challenges posed by increasing industrialization, urbanization, and globalization are becoming increasingly evident. Under this background, the enormous potential of the world's oceans and marine environments has become sharper under the concerns over resource scarcity, environmental degradation, and the need for sustainable development pathways (OECD, 2016; European Commission, 2019; Lubchenco and Gaines, 2019). The sustainable development and utilization of marine resources represent a promising avenue for driving economic progress while promoting environmental sustainability (Teh and Sumaila, 2013; Visbeck, 2018; FAO, 2020; Hoegh-Guldberg et al., 2023).

For nations with extensive coastlines like China, the marine economy has emerged as a significant driver of growth (European Commission, 2019; Li et al., 2021). With over 18,000 kilometers of coastline, China's marine economy has witnessed remarkable expansion in recent years, with its gross marine product surpassing 9 trillion yuan in 2021, accounting for 7.9% of China's total GDP (2021 Statistical Bulletin of China Marine Economy). This growth has been particularly pronounced in China's eastern coastal regions, where the marine economy's contribution to regional GDP has reached 15% (Wang et al., 2018).

While the relationship between financial development and economic growth is well-studied (Beck et al., 2000; Levine, 2005), research specifically examining the link between financial development and marine economic growth is relatively scarce. Some studies have explored the role of financial institutions in supporting specific marine industries, such as fisheries (Sumaila and Huang, 2012) and offshore renewable energy (Esteban et al., 2011) Recent studies have begun exploring the overall impact of financial development on marine economic growth (Zheng et al., 2021; Tirumala and Tiwari, 2022), but a comprehensive understanding of the mechanisms and pathways linking finance to high-quality marine economic development remains elusive.

Despite the immense potential of the marine economy, marine industries face significant financing challenges, particularly in their transition towards high-quality development and in emerging sectors like marine biomedicine and renewable energy. These industries often require substantial capital, long financing periods, and involve high risks and returns (Tian et al., 2019).

The role of financial development in supporting the marine economy has garnered increasing attention from policymakers and researchers alike (Zheng et al., 2021; Tirumala and Tiwari, 2022). However, traditional financial services frequently fail to adequately address the varied requirements of maritime enterprises (Sumaila et al., 2021). This mismatch between financial products and industry needs is particularly pronounced in emerging marine sectors, where innovative financing mechanisms are crucial for fostering innovation and sustainable growth (Sumaila et al., 2021).

This study is motivated by the pressing need to understand how financial development can be effectively leveraged to support the sustainable growth and transformation of China's marine economy. As China continues to emphasize the importance of high-quality development in its economic planning, including in the marine sector, it is crucial to identify the most effective financial mechanisms and policies to support this goal. By focusing on the period from 2011 to 2020, which coincides with China's 12th and 13th Five-Year Plans and a period of significant growth and transformation in the marine economy, we aim to provide timely and policy-relevant insights.

This study aims to address this critical gap by examining the complex relationship between financial development and the high-quality growth of the marine economy in China's coastal regions. Specifically, we seek to answer two key questions:

	1. How does financial development in coastal regions influence the high-quality development of the marine economy?

	2. What are the underlying mechanisms and impact pathways through which financial development affects the marine economy's sustainable growth, innovation, and structural transformation?



Our objectives include quantifying the overall impact of financial development on various aspects of marine economic growth and uncovering the specific channels through which financial development contributes to marine economic growth, including support for marine scientific research, industrial structure upgrading, and interaction with marine capital investment.

To achieve these objectives, we employ a comprehensive methodology encompassing mechanism analysis, integrated measurement, empirical analysis, and pathway testing. We develop novel index systems to evaluate both financial development and the quality of marine economic growth, exploring underlying mechanisms through mediation effect analyses of marine scientific research and industrial structure upgrading, as well as a moderation effect analysis of marine capital investment.

This study contributes to the existing literature by:

a) Combining macro-finance and micro-finance indicators to construct a comprehensive financial development index system;

b) Employing multi-dimensional analysis to examine the impact pathways, exploring the mediating effects of marine innovation output and industrial structure upgradation, as well as the moderating role of marine capital investment;

c) Offering insights into spatial differences and regional variations in the relationship between financial development and high-quality marine economic development. This study bridges the gap between financial development theory and the practical needs of the marine economy, providing actionable insights for policymakers, financial institutions, and marine industry stakeholders.

The rest of the study is arranged as follows: The literature review is in Section 2. The effects of financial development on the marine economy are explained theoretically in Section 3. In Section 4, we construct two index systems using the entropy method: one for financial development and another for high-quality marine economic development in China's coastal regions. The empirical analyses to examine how financial development influences marine economic growth is in Section 5, and the mechanism test is in Section 6. Through the output of marine innovation and the optimization of industrial structure, the intermediate effect model is used to examine the potential influence of financial development on the high-quality growth of the marine economy. And moderating effect model is used to test if marine capital input influences the effect of financial development on the high-quality growth of the marine economy. And Section 7 is conclusion and offers suggestions and prospects.




2 Literature review

This section draws upon a wide range of international literature, reflecting the global significance of financial development and marine economy research. The following sections explore key concepts, measurements, and intersections of these fields.



2.1 Financial development: concepts and measurements

Financial development, crucial for economic growth, involves enhancing financial institutions, markets, and instruments to facilitate efficient resource allocation. The concept's evolution reflects the changing dynamics and complexities of the global financial landscape. Early literature employed indicators such as the ratio of broad money to GDP or private credit to GDP to measure financial intermediation depth and bank functionality. Seminal publications by Goldsmith (1969) and Engerman and McKinnon (1974) demonstrated the links between financial development and economic growth. As financial markets matured, researchers expanded the scope of financial development to encompass stock and bond markets, as well as non-bank financial institutions. Levine (1997) introduced a comprehensive measure of financial development, incorporating aspects such as financial system size, efficiency, and stability. Contemporary research explores the multifaceted nature of financial development, including financial accessibility, regulatory quality, and legal and institutional frameworks. Levine and Beck (1999) developed a comprehensive database facilitating cross-country comparisons and empirical analyses. Recent international studies have enhanced our understanding of financial development's role in promoting economic growth. Svirydzenka (2016) developed a comprehensive Financial Development Index for the IMF, encompassing multiple dimensions of both financial institutions and markets. Sugandi (2022) further explored fintech's impact on financial development, highlighting its potential to accelerate financial inclusion while introducing new risks.

Quantifying financial development has led to various indicators and composite indices. Scholars have developed indicators based on monetary and credit factors (Acheampong, 2019; Hung, 2023) or built systems assessing financial depth, accessibility, and efficiency. Wang et al. (2021a) proposed a four-dimensional indicator system encompassing financial depth, breadth, efficiency, and ecological environment. Nguyen et al. (2023) included evaluations of financial institutions, market effectiveness and domestic credit to the private sector. Comprehensive indicator sets for measuring financial systems development across countries are provided by the IMF's Financial Development Index (Svirydzenka, 2016) and the World Bank's Global Financial Development Database.




2.2 Marine economy and sustainable development

The marine economy, or blue economy, has garnered recognition as a potential driver of sustainable economic growth. It encompasses diverse ocean-related activities, including marine fisheries, aquaculture, maritime transport, coastal tourism, and emerging industries like offshore renewable energy and marine biotechnology (Pontecorvo et al., 1980; Colgan, 2013; Park and Kildow, 2015). Quantifying the economic impact of the marine economy is challenging due to its diverse nature. Researchers have employed various methodologies, such as input-output analysis and computable general equilibrium models (Park and Kildow, 2015). Wenhai et al. (2019) reviewed blue economy practices, emphasizing the need for integrated approaches. Cisneros-Montemayor et al. (2021) highlighted the importance of equity and inclusion in blue economy strategies, particularly for coastal communities and developing nations.

High-quality economic development has become a focal point, emphasizing sustainable growth, improved quality of life, and environmental sustainability (Simms and Boyle, 2009; Stefan, 2012; Lau et al., 2014). In the marine economy context, researchers have proposed various indicators and evaluation methods to assess high-quality development, including per capita gross ocean product (GOP) (Liu et al., 2017), marine economic efficiency, and total factor productivity (Liu et al., 2021; Ren and Ji, 2021). Gao et al. (2022) used a support vector machine (SVM) model and particle swarm optimization (PSO) to evaluate the high-quality development of China's marine sector. Sun et al. (2023) created a bidirectional multi-index comprehensive evaluation framework, applying the PSO and SVM model to assess China's marine economy's high-quality development. Feng et al. (2024) established an indicator system for marine economic development based on economic, ecological, and social dimensions. While research on high-quality marine economic development evaluation has increased (Li et al., 2020a; Chen et al., 2024; Han and Cao, 2024; Zhang and Wang, 2024), some indicators show weak relevance to marine economic development. Refining these indicator systems could enhance measurement accuracy.




2.3 Intersection of financial development and marine economy

The intersection of financial development and the marine economy has attracted increasing attention in recent literature. As a crucial component of the national economy, the marine sector requires a well-developed financial system to support its growth and sustainability (Xu and Cui, 2020; Wang et al., 2021a). However, research findings on the relationship between financial development and marine economic growth are diverse.

A significant body of research suggests that financial development positively promotes marine economic development. An and Li (2020) argue that finance can facilitate marine industry structure optimization, fostering growth. Tian et al. (2019) propose that the financial industry can enhance equity financing support through a green approval mechanism for marine planning. Gao (2020) highlights how finance development promotes marine economic growth through various investment and financing mechanisms. Recent studies have also explored innovative financial instruments, such as blue bonds, to encourage private investment in the blue economy (Wang et al., 2021b; Shiiba et al., 2022).

International research has emphasized the critical role of innovative financing mechanisms in supporting sustainable marine economic development. Sumaila et al. (2021) analyzed ocean finance strategies, emphasizing the need for both public and private sector involvement. They identified key ocean-based industries requiring sustainable financing and proposed a combination of financing mechanisms. Virdin et al. (2021) examined transnational corporations’ role in the ocean economy, suggesting potential avenues for leveraging corporate finance for sustainable marine development.

Conversely, some scholars have identified potential limitations or negative effects of financial development on the marine economy, termed ‘financial inhibition’. Song et al. (2020) revealed a threshold effect in the relationship between financial development and Chinese marine economic growth, suggesting that financial development enhances marine economic growth only beyond a certain level of initial financial sector development. Ma (2017) found that while total deposits have a positive impact on the marine economy, the insurance market has a negative impact, although neither effect was statistically significant. Zhao and Peng (2017) observed that credit and insurance markets could promote marine economic growth, while the stock market has a negative impact.

These conflicting findings underscore the complex nature of the relationship between financial development and marine economic growth. The impact varies depending on specific aspects of financial development, financial sector maturity, and the unique characteristics of marine economic activities. The concept of ‘high-quality development’ in the marine economy introduces additional dimensions that traditional economic growth metrics may not fully capture. While our study focuses on China's marine economy, these findings contribute to the broader international discourse on the relationship between financial development and sustainable marine economic growth. The insights gained from China's experience can inform global strategies for leveraging financial development to support high-quality growth in marine economies worldwide.

In conclusion, financial development assessment mainly focuses on macro indicators and overall financial institutions and markets, rarely examining them within a unified index framework. The growth of digital inclusive finance has become a key metric for evaluating financial development. Therefore, we incorporate the digital inclusive financial development index to improve comprehensiveness. Despite contributions to financial development and the marine economy concepts, research exploring the linkages between the two domains is lacking. We address this gap by conducting a sub-regional regression analysis of three main marine economic regions and categorically classifying 11 coastal provinces’ marine economies into research-driven and industry-driven sectors. This study provides a more comprehensive depiction of marine economic development in various locations with distinct characteristics, contributing to a holistic understanding of the interplay between finance and sustainable marine economic development.





3 Theoretical framework and hypotheses



3.1 Conceptualizing high-quality development of the marine economy

Economic development, rooted in industrial economics, encompasses not only the growth of economic aggregates and social wealth but also the optimization of internal economic structures and enhancement of efficiency (Jiang et al., 2014). It impacts aspects of societal quality, including overall well-being, living standards, personal development, and the ecological environment (Plummer et al., 2018; Pan et al., 2021). High-quality economic development can be defined through the vision of innovation, coordination, greenness, openness, and sharing (Gao et al., 2022). In the context of the marine economy, these take on specific characteristics:

	Innovation focuses on advancing marine research and technology, evident in emerging industries like marine biomedicine and seawater utilization, as well as increased investment in marine scientific research (Kaye Nijaki and Worrel, 2012; Guo et al., 2022).

	Coordination aims to address the uneven development between China's eastern coastal regions and western areas, as well as disparities among coastal provinces (Liu et al., 2023; Yue et al., 2023).

	Green development emphasizes preserving the marine ecosystem while pursuing economic growth, addressing issues such as eutrophication, oil spills, and heavy metal pollution (Ren and Ji, 2021).

	Openness manifests in the harmonized growth of marine transportation, foreign trade, and port infrastructure (Yin et al., 2022), enhancing interconnectedness between China's overall economy and the marine industry (Zhang et al., 2022).

	Sharing focuses on generating employment opportunities, enhancing the well-being of coastal residents, and stimulating economic expansion in non-coastal areas (Plummer et al., 2018).



Based on these considerations, we define marine economic high-quality development as a mode of development characterized by innovation-driven growth in marine science and technology, coordinated regional development, sustainable environmental practices, enhanced land-sea connectivity, and shared benefits across coastal and inland regions.

Next, we disentangle the complex relationship between financial development and high-quality marine economic development by examining four distinct mechanisms: risk resilience, innovation capacity, industrial structure transformation, and capital accumulation. While these mechanisms may all contribute positively to marine economic development, understanding their individual roles and relative importance is crucial for targeted policy-making and financial strategies in the marine sector.




3.2 Financial development and marine economic resilience

The marine economy is characterized by high capital requirements, extended investment cycles, substantial initial outlays, and vulnerability to natural disasters. Financial development is significant in enhancing the sector’s resilience to various risks by fostering the growth of insurance businesses and other financial products.

In China, marine insurance primarily covers ship and cargo insurance within the maritime transportation sector, offering timely compensation for damages and mitigating operational risks. The fishery sector can benefit from specialized insurance providing compensation for productivity losses due to severe weather events. As financial development progresses, it is expected to stimulate growth in the insurance industry, leading to more marine insurance providers and product diversification. This expansion of financial services contributes to increased production capacity in marine-related businesses and offers additional hedging options, enhancing overall risk management capabilities.

According to this analysis, we advance H1. Testing this hypothesis will help understand how financial tools can mitigate the unique risks in the marine sector, potentially leading to more stable growth.

H1: Financial development positively influences the high-quality growth of the marine economy by enhancing its resilience through the expansion and diversification of insurance and other financial products.




3.3 Financial development and marine innovation

The marine economy, particularly its emerging sectors such as seawater utilization, marine biomedicine, and marine equipment manufacturing, are technology-intensive industries requiring substantial human capital and advanced technologies. These sectors focus on leading-edge innovation but face significant financial challenges due to high initial investments and associated risks. Financial development can address these challenges and promote innovation in the marine economy by:

a) Providing financial support for R&D through venture capital and private equity;

b) Attracting talent and technology to regions with advanced financial sectors;

c) Attracting skilled professionals with specialized knowledge in relevant fields like computer science and materials engineering.

In light of the above analysis, we advance the second hypothesis, which explores how financial development can overcome the high barriers to innovation in marine industries, which is crucial for long-term competitiveness.

H2: Enhanced financial development stimulates high-quality innovation in marine science and technology, thereby elevating the marine economic development level.




3.4 Financial development and marine industry structure

To achieve high-quality development in the marine economy, China must increasingly rely on investments in technology and scientific research. Currently, traditional marine sectors, such as coastal tourism, transportation, and marine fisheries, generally have a low level of scientific and technological integration and are heavily dependent on natural marine resources. Emerging marine industries, including marine biomedicine and marine equipment manufacturing, offer higher value-added opportunities, but they need to be developed.

Enhancing financial development in coastal regions contributes significantly to the structural improvement of the marine industry (An and Li, 2020; Sheng et al., 2021). Financial institutions can play a pivotal role in this transition by:

a) Strategically allocating funds across various industries;

b) Evaluating the potential of marine businesses for informed capital allocation;

c) Supporting core research and acquiring expertise in science and technology;

d) optimizing market mechanisms to increase product value;

e) Offering preferential financing to high-tech enterprises in the maritime sector.

Based on these considerations, we propose the third hypothesis. Examining this hypothesis will shed light on the role of finance in facilitating the necessary structural changes for high-quality marine economic development.

H3: Financial development positively influences the upgrading of the marine industrial structure, thereby enhancing the quality of the marine economic high-level development.




3.5 Financial development, capital accumulation, and marine economic growth

Capital accumulation is fundamental to economic growth, with external capital infusion accelerating this process. Financial development expedites capital accumulation by offering diverse investment opportunities for enterprises. In the marine economy context, this process plays a crucial role in driving economic growth and creates a positive feedback loop where financial development and capital accumulation mutually reinforce each other.

Within the framework of the marine economy, this process of capital accumulation through financial development plays a crucial role in:

a) Efficient allocation of surplus value for marine enterprises;

b) Creating a positive feedback loop between capital accumulation and financial industry growth;

c) Accelerating marine capital accumulation through external capital injection.

Based on these considerations, we propose the fourth hypothesis, which investigates how financial development addresses the capital-intensive nature of marine industries, which is essential for their expansion and modernization.

H4: Financial development accelerates capital accumulation in marine industries, leading to higher fixed asset investment growth in the marine sector compared to other sectors.

These distinct yet interrelated hypotheses aim to provide a nuanced understanding of how financial development contributes to high-quality marine economic growth, enabling policymakers to design targeted financial strategies for sustainable marine economic development.





4 Evaluation index system



4.1 Study areas

The growth of the marine industry and the expansion of the marine economy have led to noticeable disparities among coastal locations (Sun et al., 2018). These regional differences are significantly influenced by the uneven distribution of marine resources in China, which impacts both marine economic growth and industrial structure (Meng et al., 2024). To analyze these disparities, this paper categorizes the 11 coastal provinces into three regions based on the "Thirteenth Five-Year Plan for National Marine Economic Development" in Figure 1, in which the Northern Marine Economic Zone includes Liaoning, Hebei, Tianjin and Shandong, the Eastern Marine Economic Zone includes Jiangsu, Shanghai and Zhejiang, and the Southern Marine Economic Zone includes Fujian, Guangdong, Guangxi and Hainan. These regions, arranged from north to south, exhibit variations in marine economic growth due to diverse factors, including marine resources, environmental conditions, and economic foundations.


[image: Map of China highlighting economic zones. Regions in yellow and brown circles indicate The Eastern, Northern, and Southern Marine Economic Zones, including locations like Shandong, Guangdong, and Fujian. The inset shows additional detail of the southern coastal area.]

Figure 1 | China's three major marine economic zones.






4.2 Financial development system



4.2.1 Evaluation index system of financial development

Financial development is an ongoing process of advancement and enhancement. We define financial development by three key dimensions:



4.2.1.1 Financial scale

Quantitative changes across various financial institutions primarily reflect FS. Due to the diverse nature of these institutions, we use multiple indicators to measure the scale of the regional financial industry: stock market capitalization (SMC), regional deposit and loan balances (DLB), insurance premium income (IPI), number of regional financial practitioners (RFP), and financial industry added value (FAV). A higher index value indicates a higher level of financial development.




4.2.1.2 Financial structure

FST represents both the impact of finance on macroeconomic functioning and the alterations within the finance sector. We evaluate FST using the following indicators: financial interrelations Ratio (FIR), Loan-deposit Ratio (LDR), insurance density (ID), and insurance penetration (IP). These metrics provide insights into the optimization of the financial structure and its impact on resource allocation.




4.2.1.3 Financial accessibility

FA measures the ease with which individuals and businesses can access financial services. Traditional measures often rely on the developmental stage of inclusive finance, but this approach has limitations in capturing the rapidly evolving landscape of financial services. Our innovative approach focuses on the digital transformation of financial services, which has dramatically increased accessibility.

We construct the FA indicator based on five key aspects of digital financial inclusion: breadth of digital finance coverage (DFC), digital payments (DP), digital investment (DI), digital insurance (DIN), and digital lending (DL) (Guo et al., 2020). These indicators collectively provide a comprehensive picture of how technological advancements are reshaping financial accessibility. By focusing on digital financial services, we capture the transformative impact of fin-tech innovations.





4.2.2 Data and weighting method

We collect data from China Economic Statistical Yearbook (2011-2020), China Insurance Statistical Yearbook (2011-2020), Statistical Bulletins of National Economy and Social Development issued by various provinces and cities, Institute of Digital Finance, Peking University, and the Wind database. Linear interpolation is used to impute missing data.

For determining the weights of different indicators, we employ the entropy weight approach (Moeinaddini et al., 2010). The entropy technique is widely utilized as the primary objective method for determining the weights of criteria/constructs (Kumar et al., 2017; Teixeira et al., 2021). This objective method enhances the interpretability of results by providing a more objective assessment of data integrity, mitigating the impact of subjective factors that can influence other weighting methods, such as the Delphi method or analytic hierarchy process.

We determine weights for each secondary indicator by applying a standardized treatment using the following formula:

[image: Mathematical equation displaying a complex weighted formula involving summations, logarithms, and fractions. It calculates \( W_j \), using variables \( Y_{ij} \) and \( \sum_{i=1}^{n} Y_{ij} \) across multiple terms, with \( n \) being the total number of terms.]

Since the indicators are all positive, [image: Normalized value equation: \( Y_{ij} = \frac{X_{ij} - \text{min}(X_{ij})}{\text{max}(X_{ij}) - \text{min}(X_{ij})} \). It calculates the normalized value of \( X_{ij} \) using its minimum and maximum.], Xij is the original indicator value. Table 1 represents the calculation results.


Table 1 | Comprehensive indicator system for financial development.

[image: Table illustrating financial development indicators, divided into three first-level indices: Financial Scale (42.58%), Financial Structure (25.62%), and Financial Accessibility (31.80%). Each index includes multiple secondary indicators with assigned weights, such as Stock Market Capitalization (7.55%) and Insurance Premium Income (10.36%).]

The final weights assigned to each indicator in our financial development evaluation system are presented in Table 1. Using these weights, we calculated the financial development scores for the 11 coastal provinces and cities of China from 2011 to 2020. The scores were multiplied by 100 to improve readability (Table 2).


Table 2 | Financial development scores for 11 coastal provinces and cities from 2011-2020.

[image: Table displaying data on annual growth across various Chinese provinces from 2011 to 2020. It lists provinces such as Tianjin, Hebei, Liaoning, and others with figures for each year. The average growth value is provided for each year, starting at 12.63 in 2011 and rising to 48.93 in 2020. Shanghai shows the highest growth rate in most years, peaking at 74.08 in 2020.]




4.2.3 The comprehensive evaluation of financial development

This section presents the comprehensive evaluation results of financial development, calculated using the index system introduced in Section 4.2.1 and the entropy weighting method described in Section 4.2.2. The quantified financial development index for the 11 coastal provinces and cities from 2011 to 2020 will serve as our key explanatory variable (FD) in the subsequent empirical analysis.

Our analysis reveals several key trends and features in China's coastal financial development (Figure 2A). There is a consistent upward trajectory from 2011 to 2020, reflecting successful financial reforms and increasing sophistication of China's financial markets. The steady growth can be generated by several factors, including the expansion of capital markets, the proliferation of financial products, and the increasing integration of China's financial system with global markets. However, a gradual deceleration in growth rate is observed, suggesting the maturation of the financial sector. A temporary slowdown occurred in 2018, likely due to global economic headwinds, primarily escalating international trade tensions. Despite this challenge, the overall financial development score did not decline, demonstrating the resilience of these financial systems. The rapid recovery and resumed growth post-2018 further demonstrate the adaptive capacity of these financial systems. This bounce-back can be attributed to proactive policy measures, including targeted monetary easing and regulatory support for key financial institutions.


[image: Two graphs illustrate financial development from 2011 to 2020. The left bar chart shows the Overall Financial Development Composite Index and its growth rate, which fluctuates but generally increases. The right line chart compares financial development scores across various regions, revealing a consistent upward trend for all areas, with some regions showing more significant growth than others.]

Figure 2 | The financial development in coastal regions from 2011 to 2020. Data Source: China Statistical Yearbook. (A) Financial Development: Overall Trend. (B) Financial Development: 11 Coastal Provinces and Cities.



Figure 2B illustrates the evolution of financial development scores for 11 coastal provinces and cities in China from 2011 to 2020. Significant disparities are evident across regions, largely influenced by regional economic development levels. Guangdong Province emerges as a leader in financial development, surpassing even Shanghai and widening the gap between them. Guangdong's financial sector, valued at over one trillion yuan, boasts the highest number of financial institutions in the country. Key financial infrastructures, such as the Shenzhen Stock Exchange and Guangzhou Futures Exchange, have laid a solid foundation for the province's financial advancement. The Greater Bay Area, encompassing Guangdong and Shenzhen, has gained global financial prominence, with these megacities ranking 9th and 25th worldwide as financial centers, respectively.

Jiangsu Province has maintained a steady level of financial development, benefiting from coordinated regional economic growth. As of 2021, Jiangsu and neighboring Zhejiang ranked second and fourth, respectively, in terms of GDP in China. However, their financial development is moderated by Shanghai's emergence as a prominent global financial hub. During the 13th Five-Year Plan period, Jiangsu led in bond issuance by non-financial non-central firms, while Zhejiang saw the second-highest number of newly listed companies.

Shandong Province follows closely, with its financial progress primarily driven by its substantial economic scale. Unlike Shanghai and Guangdong, Shandong's financial development is more directly tied to regional economic growth. In 2021, Shandong's Gross Regional Product ranked third in China, and its growing economy increased financing demand, which in turn drove the development of regional finance.

The remaining six coastal provinces and cities demonstrate weaker financial development compared to the leading regions. Hainan and Guangxi Zhuang Autonomous Region are particularly behind, largely due to their poor economic development and primary industry-dominated industrial structure. Their aggregate gross regional product was less than 25% of Guangdong's in 2021, and primary industries made up over 15% of their economies, second only to Heilongjiang, an agricultural province. This dependency on primary sectors has lowered the demand for sophisticated financial services. Despite being close to Guangdong, these provinces have not profited from financial concentration effects, demonstrating China's coastal areas' complex interaction between geography, economic structure, and financial development.





4.3 Index system of high-quality development of marine economy



4.3.1 Construction of evaluation index system

Assessing high-quality development in the marine economy requires a comprehensive and nuanced approach. While some researchers have employed singular metrics such as marine total factor productivity or the proportion of secondary and tertiary industries, most have opted for a multi-index comprehensive evaluation method. We introduce a comprehensive index system for evaluating the high-quality development of the marine economy that incorporates 20 indicators, combining China's new development concept and synthesizing insights from relative studies (Ding et al., 2021; Wang et al., 2021b; Sun et al., 2023). The index system comprises five key aspects: innovation, coordination, green, openness, and sharing.

The index system consists of three tiers. Target Tier represents the overarching goal - the high-quality development level of the marine economy. Criterion Tier encompasses the five key aspects of development: innovation, coordination, green, openness and sharing. And index tier comprises 15 specific indicators that collectively measure the various facets of high-quality marine economic development.




4.3.2 Key dimensions and indicators



4.3.2.1 Innovation level

Innovation is fundamental in addressing the challenge of sustainable development momentum. The traditional resource-driven model of economic growth, relying on unrestricted and massive resource inputs, is unsustainable in the long term (Li et al., 2020b). Thus, innovation should become the primary driver for economic transition and transformation (Guo et al., 2022). In the context of the marine economy, more robust innovation capacity translates to more tremendous development potential, self-sufficiency, and a more favorable position in foreign trade. Recent years have seen increased investment in marine innovation research and development across coastal provinces and cities. To measure the Innovation Level, we employ four tertiary indices: the number of marine science and technology projects (NMSTP), the number of marine research institutes (NMRI), the number of marine researchers (NMR) and the number of marine patents grants (NMPG).




4.3.2.2 Coordination level

The Coordination Level focuses on addressing imbalanced development within the marine economy. It recognizes that marine economies evolve differently due to varying economic structures and marine resource endowments across provinces and cities. As Yue et al. (2023) note, economic conditions, social development, and environmental preservation all impact high-quality development in diverse ways. We assess the Coordination Level using four indicators: the contribution of the marine economy (CME), the proportion of secondary and tertiary marine industries (PSTMI), the growth rate of gross oceanic product (GRGOP) and the proportion of marine added value (PMAV), CME is the ratio of regional Gross Ocean Product (GOP) to Gross Regional Product (GRP) and PMAV is the Ratio of regional GOP to national GOP.




4.3.2.3 Green development

Green development is crucial for overcoming environmental resource limitations and shifting away from conventional economic growth paradigms. This dimension is particularly relevant for coastal communities facing significant challenges from ocean pollution, which can have substantial consequences for marine-related industries, especially mariculture. Following Ye et al. (2021), we focus on low energy consumption and reduced emissions, using four indicators: the volume of wastewater discharged per ten thousand yuan of GOP (VWG), the coverage rate of marine protected areas (MPA), the volume of wastewater discharged per ten thousand yuan of GDP (VWD) and the proportion of class I-III water quality in rivers discharging into the sea (CQW). MPA is the area of marine protected areas per kilometer of coastline.




4.3.2.4 Openness

Openness is a prerequisite for achieving both external and internal connectivity in the marine economy. It reflects a region's engagement in international trade and the global division of labor. China's eastern coastal region serves as the frontier of the country's opening up, with maritime tourism and marine transportation being particularly influenced by the degree of openness.

We evaluate the Openness Level using four indicators: the number of port berths (NPB), marine cargo transshipment volume (MCT), marine passenger turnover (MPT) and foreign trade contribution rate (FTC). FTC is the Ratio of the total volume of trade in goods to GRP.




4.3.2.5 Sharing

The level of Sharing ensures that the benefits of marine economic development are distributed to citizens. As China's marine economy emerges as a potential economic growth pole, it should contribute to improving coastal residents' incomes, employment opportunities, and regional economic development. We measure the Sharing Level using four indicators: GOP per capita in coastal areas (GPC), the number of travel agencies per ten thousand people in coastal areas (TAP), the number of marine employment (NME) and rural-urban income ratio (RUIR).

The final comprehensive indicator system is illustrated in Table 3. To calculate the weighting of these indicators, we employ the entropy method. The final results for the marine economic high-quality development from 2011-2020 are calculated, scaled up by a factor of 100, and presented in Table 4.


Table 3 | Comprehensive indicator system for high-quality development of marine economy.

[image: Table displaying indices for the high-quality development of the marine economy. Primary indices include Innovation Level, Coordination Level, Green Development, Openness Level, and Sharing Level. Each primary index lists secondary indices, which are further broken down into tertiary indices detailing specific measures, such as the number of marine science projects, marine patents, and marine employment. Attributes are marked with plus or minus symbols indicating relevance or emphasis.]


Table 4 | Scores of high-quality marine economic development for 11 coastal provinces and cites from 2011 to 2020.

[image: Table showing data from 2011 to 2020 for various provinces: Tianjin, Hebei, Liaoning, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Guangxi, and Hainan. Each row lists annual values, indicating changes over time, with figures mostly increasing, such as Shanghai rising from 36.70 in 2011 to 55.39 in 2020.]





4.3.3 Comprehensive evaluation results

The analysis of high-quality development in China's marine economy from 2011 to 2020 reveals a complex landscape of regional progress and disparities. As illustrated in Figure 3A, across all coastal provinces, there is a consistent trend of improvement, though the pace and extent of development vary significantly.


[image: Two line graphs depict the marine economy high-quality development scores from 2011 to 2020. The left graph compares scores among various regions, with Guangdong and Shandong showing the highest increase. The right graph shows the northern, eastern, and southern marine economic zones, with the eastern zone leading significantly. Both graphs highlight an upward trend across all regions.]

Figure 3 | The marine economy high-quality development in coastal regions from 2011 to 2020. Data Source: China Statistical Yearbook. (A) High-Quality Development: 11 Coastal Provinces and Cites. (B) High-Quality Development: Three Major Marine Regions.



Guangdong Province and Shanghai have emerged as clear frontrunners, demonstrating remarkable progress in their marine economic development scores. Their success can be attributed to the early adoption of pilot initiatives, well-established coastal tourism, and emphasis on scientific and technical components.

Another group of regions making strides in marine economic growth includes Shandong, Tianjin, Jiangsu, Zhejiang, and Fujian provinces. While these regions have shown significant growth, they face unique challenges. Shandong Province, for instance, has experienced a slowdown in recent years, resulting in a widening gap with Shanghai. Tianjin, on the other hand, has consistently shown growth, with its marine sector's gross domestic product (GDP) rising by more than 80%, driven by investments in offshore oil and gas, seawater desalination, and marine ship manufacturing.

In contrast, provinces such as Hainan, Liaoning, Hebei, and Guangxi lag in terms of high-quality marine economic development. Hainan Province, despite its significant reliance on the marine economy, faces challenges due to the limited size of its marine economic sector. These regions require increased attention and resources to stimulate and develop their marine economic sectors, highlighting the need for targeted policies and investments.

Figure 3B examines the high-quality development scores of China's three major marine economic zones. The eastern zone, with Shanghai as the core, consistently outperforms the northern and southern zones, exerting influence on Jiangsu and Zhejiang provinces. This configuration represents the most balanced development model among the three marine economic zones.

Figure 4 provides a more detailed view of the development levels of the marine economy across the 11 coastal provinces in 2020. The northern marine economic zone and the southern marine economic zone present a more complex picture. Since 2011, the northern economic zone has been steadily closing the gap with the southern economic zone. However, significant intra-regional disparities persist, particularly in the south zone, where Guangdong and Fujian propel development, while Guangxi and Hainan lag.


[image: Map of China highlighting provinces by color intensity to represent dengue incidences from zero to greater than sixty cases. Provinces like Guangdong and Guangxi show the darkest color, indicating the highest cases. An inset map displays Taiwan.]

Figure 4 | The marine economic development scores for the 11 coastal provinces and cities in 2020.



These findings underscore the need for tailored strategies to address regional imbalance and promote balanced, high-quality growth in China's marine economy sector. Future policies and initiatives should leverage the strengths of leading regions while providing targeted support to those lagging, ensuring a more equitable and sustainable development of China's marine economy as a whole.






5 Empirical analysis



5.1 Variables and data

To examine the impact of financial development on the high-quality growth of the marine economy, we propose the following model.

[image: Equation represents a linear regression model: \( ME_{it} = \alpha + \phi FED_{it} + \beta_1 RD_{it} + \beta_2 DPI_{it} + \beta_3 Lnop_{it} + \beta_4 Fis_{it} + \epsilon_{it} \).]

In this model, ME denotes the score of the marine economic high-quality development, which we calculated in Section 4.3.3; FD is the financial development score calculated in Section 4.2.3, which is based on the index system and weighting method described in Sections 4.2.1 and 4.2.2; RD, DPI, Lnop, and Fis serve as control variables. The index i corresponds to the province, t denotes the year, and [image: Greek letter epsilon with subscripts "i" and "t".]  is the error term, assumed to follow a normal distribution [image: Normal distribution notation \( \text{N}(0, \sigma_{it}^2) \), indicating a mean of zero and a variance represented by \( \sigma_{it}^2 \).].

The financial development index (FD) serves as our key explanatory variable, hypothesized to influence the high-quality development of the marine economy (ME). Drawing from recent literature on coastal management and marine economics (Jiang et al., 2014; Sun et al., 2018; Gai et al., 2022) and potential impact on marine economic development, we identify four control variables: marine research investment (RD), per capita disposable income (DPI), level of international openness (Lnop), and financial support (Fis). Table 5 represents the explanation of the variables in the model (2) and their literature supports.


Table 5 | Explanation of variables in model (2).

[image: Table listing variables, indicators, definitions, and literature supports. Dependent variable: High-Quality Development of Marine Economy. Independent variables: Financial Development, Research Investment, Per Capita Disposable Income. Control variables: Level of Openness, Fiscal Expenditure. Literature sources are noted next to each item.]




5.2 Descriptive statistics and preliminary tests

Table 6 shows the descriptive statistics of the variables. Most indicators exhibit positive skewness, suggesting a predominantly right-skewed distribution. The Jarque-Bera (JB) statistics indicate non-normal distributions for all variables. To ensure data reliability, we conduct unit root tests using LLC and ADF-Fisher methods. All variables pass both tests at the 1% significance level, confirming stationarity and mitigating spurious regression concerns (Table A1).


Table 6 | Descriptive statistics of variables.

[image: A table displaying statistical data for six variables. Each variable has 110 observations with the following mean, standard deviation, kurtosis, skewness, and JB statistic values: ME (27.05, 13.67, 2.95, 0.57, 13.89), FD (28.72, 17.40, 3.64, 0.99, 19.85), RD (2.32, 1.18, 2.23, 0.22, 18.23), DPI (3.61, 1.29, 3.88, 0.72, 13.05), Lnop (9.29, 1.18, 2.24, -0.29, 38.07), and Fis (0.61, 0.36, 4.43, 1.13, 32.78).]

Pearson correlation coefficients in Table 7 demonstrate positive correlations between the high-quality development score of the marine economy (ME) and all other variables, significant at the 1% level. These findings suggest that all variables are positively associated with marine economy development. A Hausman test results in Table A2 fail to accept the null hypothesis at the 1% significance level, supporting the fixed effects model's suitability for our analysis.


Table 7 | Correlation analysis results.

[image: A correlation matrix table showing relationships between variables: ME, FD, RD, DPI, Lnop, and Fis. Correlation values range from 0.436 between RD and Fis to 0.864 between FD and Fis. Three asterisks indicate significance at the 1% level.]




5.3 Benchmark regression results

The regression outcomes in Table 8 reveal that financial development has a significant positive impact on the high-quality development of the marine economy. A 1% increase in financial development corresponds to a 0.253% growth in marine economy development quality (significant at a 1% level). The financial industry primarily supports marine economic growth by providing insurance and other financial instruments. The expansion of the insurance industry reduces business risks and contributes to the productive capacity of ocean-related firms. Additionally, advancements in financial development have facilitated the introduction of a wide range of financial derivatives for hedging risks, providing ocean-related enterprises with more hedging options and further enhancing their risk management capabilities, thereby supporting the steady growth of the marine economy. These findings provide initial support for H1, suggesting that financial development contributes to the high-quality growth of the marine economy by enhancing its resilience to various risks through the expansion and diversification of insurance and other financial products. The varying coefficients across different marine subsectors also lend support to H3, indicating that financial development influences the upgrading of the marine industrial structure. Among the control variables, scientific research investment, per capita disposable income, and openness positively contribute to the high-quality development of the marine economy. Notably, scientific research investment shows the most significant impact. The impact of local financial expenditure is less apparent, possibly due to insufficient allocation or resource diversion.


Table 8 | Baseline model regression results for influence of financial development on marine economy high-quality development.

[image: Table showing regression results for Overall, Northern, Eastern, and Southern Marine Economy Zones. Variables include FD, RD, DPI, Lnop, Fis, with coefficients and z-statistics. Asterisks indicate significance levels at 1%, 5%, and 10%. R-squared values and fixed effects are included.]

Regional variations are evident. The Eastern Marine Economic Zone demonstrates the most pronounced effect. These provinces offer a wide range of financial services for ocean-related firms, making it easier and more diverse for them to acquire financial support. In contrast, the Northern and Southern Marine Economic Zone, which include provinces with comparatively low financial development levels, show a limited influence on the high-quality development of the marine economy.

In the Northern Marine Economic Zone, openness significantly contributes to the advancement of high-quality development in the marine economy. Several large coastal ports make this zone a hub for international marine interaction. However, fiscal expenditure in this region may hinder high-quality marine sector growth by focusing on non-marine industries.

In the Eastern Marine Economic Zone, per capita disposable income plays a significant role in promoting high-quality development. The most economically advanced provinces and cities in China have the largest per capita disposable income, which corresponds to regional financial development levels. Thus, these regions' financial industries contribute more to the marine economy.

The Southern Marine Economic Zone shows substantial impacts from both per capita disposable income and the level of external development. This zone has remarkable ports, including Xiamen, Shenzhen, Guangzhou, and Beibu Gulf and has advanced worldwide trade. Residents' disposable money in this region supports high-quality marine economy growth by buying ocean-related services.




5.4 Regional heterogeneity analysis

To explore potential heterogeneity in the effect of financial development on marine economic growth, we conducted a group analysis based on the proportion of marine scientific research and education management services in each province as of 2019. Provinces with a proportion exceeding 25.8% were classified as marine research and education promotion regions (Shanghai, Zhejiang, Guangdong, and Hainan). At the same time, those below this threshold were sorted as marine industry promotion regions (Liaoning, Tianjin, Hebei, Shandong, Jiangsu, Fujian, and Guangxi). This classification allowed us to investigate whether the nature of marine economic activities influences the relationship between financial development and economic growth.

The regression results in Table 9 reveal a striking contrast between the two groups. In marine research-driven regions, financial development exhibits a significant positive impact on the high-quality growth of the marine economy. This effect may be attributed to the higher investment in scientific research and innovation in these provinces, leading to a higher demand for specialized financial products such as venture capital funds and blue bonds. Moreover, the advanced financial industry in these regions facilitates more straightforward access to financing, further stimulating demand for such services.


Table 9 | Regional hierarchical regression results for influence of financial development on marine economy high-quality development.

[image: Table comparing marine research-driven and marine industry-driven regions. Variables include FD, RD, DPI, Lnop, Fis, and _cons with corresponding coefficients and standard errors. Significance is marked with asterisks. R-squared values are 0.814 and 0.937. P-value is 0.026, indicating statistical significance. Fixed effects are noted as "Yes."]

In contrast, in marine industry-driven regions, the effect of financial development on marine economic growth is statistically insignificant. This disparity suggests that areas with a dominant marine industry tend to allocate a more significant portion of funds towards production expansion rather than scientific research. The enterprises in these areas rely more heavily on their capital and traditional external financing, reducing their dependence on innovative financial services.

The impact of research and development (R&D) investment also differs between the two groups. In marine research-driven regions, R&D investment has a clear positive effect on the high-quality growth of the marine economy. However, this effect is not apparent in marine industry-driven regions. This finding underscores the importance of R&D in driving innovation and growth in research-intensive marine economies.

Interestingly, per capita disposable income shows a more significant impact on fostering high-quality growth in marine industry-driven regions. This aligns with the higher demand for social capital in these areas compared to research-driven regions, suggesting that consumer spending plays a crucial role in supporting marine industry growth.

The degree of external openness has a negligible impact on fostering high-quality growth in both regions. Financial expenditure, however, demonstrates divergent effects: it positively influences high-quality growth in research-driven regions but negatively impacts industry-driven regions. This discrepancy may be due to the allocation of financial resources primarily towards scientific research and innovation, potentially leaving industries with lower research investment underserved in industry-driven regions.




5.5 Robustness tests

To validate our findings, we conducted a robustness test using an alternative variable method which ensures the stability of results across different key variables. This method is suitable for testing findings using traditional measures of economic output and financial development. It addresses concerns about the specificity of the constructed indices by using widely recognized economic indicators, demonstrating that the findings are not artifacts of the index construction methodology. We replaced the high-quality development level of the marine economy with per capita Marine GDP (MGDP) as the dependent variable. Additionally, we substituted the score of financial development level with the added value of the financial industry (FI) as an alternative measure of financial development. The model selection process and regression method remained consistent with the benchmark regression.

The robustness tests presented in Table A3 corroborate our initial conclusions. We observe a significant positive relationship between the level of financial development and marine economic growth, as measured by Marine GDP. This result aligns with our previous findings and underscores the direct impact of financial development on financing opportunities for marine-related industries.

As financial development improves, marine enterprises benefit from increased financial backing and access to diverse financing options, facilitating their growth and expansion. The test also revealed that a 1% increase in the added value of the financial industry leads to a 0.018% increase in the high-quality development level of the marine economy. While positive, this impact appears less pronounced compared to the effect of the overall financial development level.

These results suggest that while the growth of the pure financial industry positively influences the high-quality development of the marine economy, the broader measure of financial development, which encompasses various aspects of the financial system, has a more substantial impact. This finding highlights the importance of comprehensive financial development strategies that go beyond just expanding the financial sector.

The consistency of these findings across different variable specifications lends credibility to our initial results and strengthens our overall conclusions. These robust findings have important implications for policymakers and stakeholders in the marine economy. They suggest that efforts to enhance financial development, particularly those tailored to marine-related industries, can yield substantial benefits for marine economic growth. Furthermore, the results underscore the importance of adopting a holistic approach to financial development that considers not only the size of the financial sector but also its efficiency, accessibility, and alignment with the specific needs of the marine economy.





6 Mechanism analysis



6.1 Mediation effects analysis

To deepen our understanding of the mechanisms through which financial development influences the high-quality growth of the marine economy, we conducted a mediation effects analysis. This analysis focuses on two potential mediating variables: marine innovation output and the upgrading of marine industrial structure. We use the proportion of marine scientific research output in the added value of marine and related industries (Pso) and the marine industrial structure upgrading index (Str) as our mediating variables. The specific form of the intermediary models is described as follows:

[image: Equation representing a model: \( ME_{it} = \beta_0 + \beta_1 FD_{it} + \beta_2 CV_{it} + \epsilon_{it} \), labeled as equation (3).]

[image: Regression equation depicting Psg_it equals δ_0 plus δ_1 FDI_it plus δ_2 CV_it plus ε_it, labeled as Equation 4.]

[image: Mathematical equation labeled as equation five. It shows: M subscript E subscript i t equals theta subscript zero plus theta subscript one P S O subscript i t plus theta subscript two F D subscript i t plus theta subscript three C V subscript i t plus epsilon subscript i t.]

[image: Mathematical equation showing: \( S_{it} = \delta_0 + \delta_1 FD_{it} + \delta_2 CV_{it} + \epsilon_{it} \), labeled as equation (6).]

[image: Mathematical equation: \(ME_{it} = \theta_0 + \theta_1 Str_{it} + \theta_2 FD_{it} + \theta_3 CV_{it} + \varepsilon_{it}\). Equation number seven.]

where MEit FDit and CVit  represent high-quality marine economic development, financial development, and control variables, respectively, for province i in year t. The results of the mediation effect are shown in Table 10.


Table 10 | Mediation effect results based on marine innovation output.

[image: A regression table with five columns labeled Me, Pso, Me, Str, Me, showing coefficients and z-statistics for variables Pso, FD, RD, Lnop, DPI, Fis, and _cons. Significance is indicated by asterisks. R-squared values and fixed effects are provided for each model.]

The baseline model in column (1) confirms a significant positive effect of financial development on marine economic development (β = 0.253, p < 0.01). Also, financial development significantly promotes innovation (δ = 0.201, p < 0.01) and industrial upgrading (δ' = 0.341, p < 0.05). Both mediators contribute positively to marine economic development, with innovation showing a stronger effect (θ = 0.133, p < 0.05) compared to industrial upgrading (θ' = 0.045, p < 0.1).

The observed positive relationship between financial development and marine-related R&D expenditure or patents supports H2, confirming that financial development stimulates innovation in marine science and technology. We can draw this conclusion by examining the coefficients and significance levels in Model (5). The positive and significant coefficient of FD on Pso (δ = 0.201, p < 0.01) shows that financial development promotes marine innovation. The positive and significant coefficient of Pso on ME (θ = 0.133, p < 0.05) demonstrates that this innovation contributes to marine economic development. The indirect effect of financial development through innovation can be calculated as the product of these two coefficients (0.201 * 0.133 = 0.0267), which represents 10.57% of the total effect. This substantial mediation effect provides strong support for H2.

The second mediator, marine industrial structure upgrading (STR), demonstrates a notable positive correlation between financial development and industrial upgrading (δ' = 0.341, p < 0.05) in column (4). This suggests that financial development is essential in facilitating the transition of marine sectors. H3 indicates that financial development has a favorable impact on the upgrading of the marine industrial structure, leading to an enhancement in the quality of high-level development in the marine economy. The results of column (5) indicate that industrial structure upgrading has a positive impact on marine economic development (θ' = 0.045, p < 0.1), thus providing support for H3, albeit with a smaller coefficient compared to innovation output.

Calculating indirect effects, we find that marine innovation output mediates 10.57% of the total effect of financial development on marine economic growth, while industrial structure upgrading mediates 6.13%. These findings suggest that financial development's impact on marine economic growth is more strongly channeled through innovation rather than structural changes.

Financial development has a sustained direct effect after accounting for these mediators, suggesting further avenues of influence, such as risk management or market efficiency. These results emphasize the need for comprehensive financial policies that boost financial development, maritime innovation, and coastal industrial transformation.

To further validate our findings, we employed the Bootstrap method (Tables A4-A5). The results confirm the mediating roles of both marine innovation output (indirect effect: 0.349 [0.119, 0.632]) and industrial structure upgrading (0.272 [0.044, 0.517]). The significant indirect effects coupled with non-significant direct effects suggest that these two mediating variables do play a mediating utility between financial development and the level of high-quality development of the marine economy.

These results suggest that financial development significantly promotes marine economic growth, with innovation acting as a stronger mediator and industrial structure upgrading facilitating resource reallocation across marine industries. It emphasizes the need for comprehensive financial policies targeting marine innovation and industrial transformation in coastal regions, primarily through enhanced innovation capabilities and improved industrial structures.




6.2 Moderation effects analysis

Marine capital investment plays a crucial role in expanding maritime enterprises, potentially amplifying the impact of financial development on marine economic growth. Due to limitations in provincial and municipal data on marine capital investment, we use marine fixed asset investments from 11 provinces and cities (2011-2020) as a proxy, calculated by multiplying social fixed asset investment with the proportion of Gross Ocean Product (GOP) to national GDP. To construct the moderation effect model, we log-transform the data, where represents the logarithm of marine fixed asset investment for province in year. Other variables retain their previously defined meanings. The moderation effect model is constructed as follows:

[image: Equation depicting: \( ME_{it} = \theta_0' + \theta_1' FD_{it} + \theta_2' Lninv_{it} + \theta_3' Lninv_{it} * FD_{it} + \theta_4' CV_{it} + \varepsilon_{it} \), labeled as equation (8).]

where Lninvit denotes the logarithm of marine fixed asset investment for province i in year t.

Table 11 presents the results of our moderation analysis. Notably, the interaction term between financial development and marine capital investment shows a positive correlation at the 5% significance level. The observed positive relationship between financial development and fixed asset investment in the marine sector provides strong support for H4, confirming that financial development promotes capital accumulation in the marine economy. Financial development (FD), marine capital investment (Lninv), and their interaction (Lninv * FD) all exhibit positive and significant effects. Control variables such as R&D investment (RD), economic openness (Lnop), and income level (DPI) show positive impacts, while fiscal decentralization (Fis) demonstrates a negative effect.


Table 11 | Results of the Test for Moderating Effects Based on Marine Capital Investment.

[image: Table displaying regression results for a variable labeled "Me". The coefficients are listed alongside their z-statistics in parentheses. Variables include FD with 0.348 (2.17), Lninv at 6.288 (4.08), Lninv * FD at 2.314 (2.06), RD at 2.892 (2.47), Lnop at 3.823 (2.74), DPI at 1.787 (3.04), and Fis at -5.622 (-1.93). The constant is 3.854 (0.33), R-squared value is 0.907, and fixed effect is indicated as "YES". Significance levels are denoted by asterisks.]

This synergistic effect can be attributed to several mechanisms. Firstly, increased marine capital investment expands the pool of available funds for sea-related financial products, facilitating the growth of marine finance and enhancing the financial sector’s capacity to support marine enterprises. Secondly, growth in marine capital investment leads to an expansion in the operational scale of ocean-related enterprises, increasing the overall size of the marine economy and boosting demand for financial services. Furthermore, marine capital investment helps ocean-related enterprises by broadening their financing channels and reducing both financing thresholds and costs when accessing financial services.

The positive interaction between financial development and marine capital investment creates a conducive environment for high-quality growth in the marine economy. It strengthens the financial sector's capacity to support marine industries and enhances the ability of marine enterprises to utilize financial services effectively. This symbiotic relationship between financial development and marine capital investment ultimately drives sustainable economic growth in China's marine sector.




6.3 Synthesis and discussion of results

Our empirical analysis provides strong evidence for the significant role of financial development in promoting high-quality growth in China's marine economy. This section compares and contrasts our key findings with recent literature.

Firstly, our results demonstrate that financial development positively influences the high-quality growth of the marine economy by enhancing its resilience to risks through expanded financial products. This finding aligns with Su et al. (2021), who found that financial development significantly promotes marine economic growth in China's coastal areas. However, while Su et al. (2021) focused on the overall impact, our study extends this understanding by identifying specific mechanisms, particularly the role of insurance and financial derivatives in risk management.

Secondly, we found that financial development stimulates innovation in marine science and technology, acting as a stronger mediator than industrial structure upgrading. This result partially contrasts with Gao et al. (2022), who emphasized the importance of technological innovation in marine economic growth. While our study acknowledges the role of industrial upgrading, we found innovation to be a more potent channel for financial development to influence marine economic growth.

Thirdly, our analysis reveals that financial development facilitates the upgrading of the marine industrial structure, albeit with a smaller effect compared to innovation. This finding supports, but also refines, the work of Wang and Yang (2022), who identified industrial structure as a key factor in marine economic efficiency. Our results suggest that while industrial upgrading is important, it may not be the primary channel through which financial development promotes high-quality marine economic growth.

Lastly, we found that financial development promotes capital accumulation in the marine sector, with this effect being moderated by the level of marine capital investment. This interaction effect aligns with the findings of Sumaila et al. (2021) and Wang et al. (2023), who highlighted the importance of capital investment in marine economic development. However, our study extends this understanding by explicitly linking capital accumulation to financial development and quantifying their interactive effect.





7 Conclusions and policy implications



7.1 Main findings

This study aimed to investigate the relationship between financial development and high-quality growth in China's marine economy, focusing on how financial development influences the quality of marine economic growth and how this influence operates. We developed a comprehensive index system for measuring both financial development and high-quality development of the marine economy, analyzing data from 11 coastal provinces and cities from 2011 to 2020. Our analysis yielded several key findings:

(1). Financial development significantly promotes the high-quality progress of China's marine sector. This influence varies among different marine economic zones. The Eastern Marine Economic Zone demonstrates the strongest effect, followed by the Northern Marine Economic Zone, while the Southern Marine Economic Zone shows the weakest effect.

(2). We identified two key mediating factors: marine scientific research and the upgrading of marine industrial structure. Marine scientific research demonstrated a strong intermediary effect, suggesting that financial development significantly boosts marine economy quality by promoting innovation and research activities. The upgrading of marine industrial structure also serves as a mediator, albeit with a lesser effect.

(3). Marine capital investment positively moderates the link between financial development and marine economic growth, indicating that increased capital investment can amplify how financial development positively affects the marine economy.

(4). Other significant factors influencing the marine economic high-quality development include scientific research investment intensity, degree of economic openness, and per capita disposable income. Local financial expenditure showed a slight inhibitory effect, possibly due to inadequate local financial investment in the marine sector or allocation of financial resources to other industries.

(5). Provinces with a larger share of marine research and education services experienced a stronger influence of financial development on high-quality growth in the marine economy.

This research contributes to the existing literature by providing a focused analysis of China's marine sector, incorporating a multi-dimensional index system for measuring high-quality development. Our approach offers insights specific to coastal economic development, challenges one-size-fits-all models, and provides a more nuanced understanding of how financial development translates into high-quality marine economic growth.




7.2 Policy recommendations

Based on our findings, we propose several policy implications:



7.2.1 Targeted financial policies

Given the strong influence of financial development on marine economic growth, policymakers should develop targeted financial policies, particularly in the Eastern Marine Economic Zone. These policies could include the establishment of specialized marine finance institutions or the creation of financial products tailored to the needs of marine industries.




7.2.2 Investment in research and education

Investment in scientific research in the Eastern Maritime Economic Zone is an important contribution to increasing the level of high value-added growth in the maritime economy. The important catalytic role of marine scientific research emphasizes the importance of increased investment in marine research and education. The establishment of marine high-tech zones and the prioritization of marine specializations in coastal universities can improve the quality of the marine workforce and promote innovation in the field.




7.2.3 Regional development strategies

Policies should be tailored to address regional disparities, enhancing financial development and its impact in the Southern Marine Economic Zone while enhancing the financial development of the Southern Marine Economic Zone and its impact.




7.2.4 Promotion of marine capital investment

Given its positive moderating effect, policies should be implemented to attract and facilitate marine capital investment, such as creating a favorable investment environment, offering incentives for marine industry investments, and developing diverse financing tools for marine sectors. It is imperative to use the benefits of exceptional ports fully, establish a network of ports around the Bohai Sea, focus on attracting FDI, and execute the revitalization of the Northern Marine Economic Zone in Bohai Bay.




7.2.5 Industrial structure optimization

The structure of the maritime industry needs to be optimized, with an emphasis on new maritime industries such as marine biomedicine, marine power, and the marine chemical industry. Special funds and preferential loan rates could guide capital flow to these high-R&D industries.




7.2.6 Environmental protection

Sustainable development practices should be integrated into marine economic policies, especially in regions with high levels of marine sewage discharge, such as increasing investment in marine environmental governance and promoting energy conservation and emission reduction in marine industries.




7.2.7 International openness

The Southern Marine Economic Zone has noticeably increased due to the promotion of opening up to the global market. Given the positive impact of economic openness, policies should continue to promote international cooperation and openness in the marine economy sector.





7.3 Limitations and future research directions

Although this study provides valuable information, it has limitations that pave the way for future research. Future studies could expand the scope both geographically and temporally to enhance the generalizability of findings. A deeper exploration of unexplored mechanisms through which the financial industry influences real economic growth is needed. Investigating the long-term environmental impacts of financial development-driven marine economic growth, conducting comparative studies with other coastal nations, and exploring the potential of fin-tech and green finance in promoting sustainable marine economic development could offer new perspectives for policymakers and industry stakeholders, further contributing to our understanding of the complex dynamics driving high-quality growth in marine economies.
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Appendix


Table A1 | Unit root test results.

[image: Table showing results of LLC and ADF-Fisher tests for variables ME, FD, RD, DPI, Lnop, and Fis. LLC Test values are -4.036***(ME), -3.625***(FD), -2.428***(RD), -10.861***(DPI), -10.873***(Lnop), -3.903***(Fis). ADF-Fisher Test values are 30.680***(ME), 25.099***(FD), 25.086***(RD), 73.753***(DPI), 40.699***(Lnop), 15.756***(Fis). Triple asterisks indicate significance at the 1% level.]


Table A2 | Hausman test results.

[image: Table displaying a Hausman Test under the "Test Method" column, with "Test Result" showing chi-squared statistic chi2(5) equals 172.32 and probability greater than chi-squared equals 0.0000.]


Table A3 | Robustness test results for influence of financial development on marine economy high-quality development.

[image: A table compares two models, MGOP and Me. Variables include FD, FAV, RD, Lnop, DPI, Fis, _cons, with significance denoted by asterisks. FD and FAV show significance at the one percent level in both models. RD, DPI, and R² values are different across models, with fixed effects present in both.]


Table A4 | Mediation effect test results based on marine innovation output.

[image: Table displaying statistical data with columns: Observed coefficient, Bias, Bootstrap standard error, and 95% confidence interval. Rows are labeled _bs_1 and _bs_2. _bs_1 shows 0.349 as the coefficient, -0.012 bias, 0.124 bootstrap error, and intervals 0.105 to 0.601 (P), 0.119 to 0.632 (BC). _bs_2 has -0.155 coefficient, -0.013 bias, 0.120 error, and intervals -0.430 to 0.055 (P), -0.408 to 0.074 (BC).]


Table A5 | Mediation Effect test results based on industrial structure upgrading.

[image: Table showing observed coefficients, biases, bootstrap standard errors, and confidence intervals for two items. _bs_1 has an observed coefficient of 0.272, bias -0.021, standard error 0.119, with confidence intervals [0.029, 0.481(P)] and [0.044, 0.517(BC)]. _bs_2 has an observed coefficient of -0.078, bias -0.004, standard error 0.099, with confidence intervals [-0.271, 0.125(P)] and [-0.257, 0.137(BC)]. P is the confidence interval and BC is the bias-corrected confidence interval.]
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Enhancing marine carbon sequestration through nearshore aquaculture is a novel scientific approach to addressing global climate change and facilitating low-carbon development. Scientifically estimating the quantity and price of China’s marine fisheries carbon sinks provides a crucial foundation for promoting marine carbon trading. In this article, firstly, the long-term carbon storage capacity of China’s marine carbon sequestration fishery available from 1979 to 2022 for carbon trading is calculated. And then a transcendental logarithmic production function model incorporating ridge regression analysis, and an accounting equation for estimating the shadow price of China’s marine fisheries carbon sequestration are established. Simultaneously, the distortion level of China’s marine fisheries carbon sequestration prices from 2015 to 2022 is measured, and the reasons and economic effects of the distortion in prices are analyzed. The research results show that: 1) The capacity of a net carbon sequestration in China’s marine carbon sequestration fishery for carbon trading, ranged from 78,869.01 tons in 1979 to 1,232,762.27 tons in 2022, with an average annual capacity of 592,472.07 tons and an average annual growth rate of 7.48%; 2) The price of China’s marine fisheries carbon sinks increased from 39.46 CNY in 1979 to 375.96 CNY in 2022, with an average annual growth rate of 6.00%. The average annual price was 167.87 CNY; 3) There were varying degrees of distortion in China’s marine fisheries carbon sequestration prices from 2015 to 2022, which decreased annually with the construction of China’s own carbon trading market and the practice of trading. To realize the value of marine fisheries carbon sequestration, it is necessary to actively promote the development of voluntary emission reduction markets, develop carbon trading futures markets, and strengthen the dynamic monitoring system for resources.




Keywords: marine carbon sinks, marine fisheries, fisheries carbon sinks, macroalgae and shellfish, shadow prices, factor prices, ridge regression




1 Introduction

There exists a global consensus on the detrimental impact of carbon emissions on global climate and environmental changes (Davies et al., 2013). In 2020, the Chinese government committed to “ reaching to the peak of CO2 emissions by 2030” and “ achieving for carbon neutrality by 2060”. However, China is currently experiencing rapid economic growth, resulting in a simultaneous rise in annual carbon dioxide emissions. As a response, China actively promotes various methods for enhancing carbon sinks in addition to emission reduction strategies (Tang and Liu, 2016). It achieves ecological carbon sinks through the functions of carbon sequestration and storage in forests, pastures, oceans, and other living organisms (Zhang et al., 2022). Ecological carbon sinks represent a crucial approach for reducing carbon emissions globally. The fishery carbon sink, which entails sequestering and storing carbon through carbon-absorbing aquatic products, holds substantial promise for fostering a low-carbon economy and contributing to the governance mechanism of reducing greenhouse gas emissions (Zhang et al., 2013). This is especially true for organic debris originating from deep-sea sediments after the demise of marine organisms. In this context, the carbon cycle may persist for millions of years, surpassing the duration of the carbon cycle associated with terrestrial organisms. Marine organisms play a crucial role in regulating the global carbon cycle, a pivotal factor in the world’s economic development (Xu et al., 2018). Marine organisms contribute to fixing 55% of the world’s carbon, with marine plants (seagrasses, seaweeds, mangroves, etc.) exhibiting notable and efficient carbon sequestration capabilities. Although their biomass accounts for merely 0.05% of terrestrial plants, their carbon stocks are comparable. Presently, marine fisheries carbon sinks trading is primarily undergoing pilot programs guided by government initiatives at the local level, and have not yet experienced extensive market trading. Moreover, the absence of standardized monitoring and supervision of such technology, combined with the novelty of marine fisheries carbon sinks in the market, complicates the evaluation of their market value. Furthermore, the lack of an established price mechanism hampers the initiation and advancement of marine fisheries carbon sinks market transactions. China pioneered the concept of fishery carbon sinks and has been at the forefront of promoting the development of carbon sink fisheries. Ongoing research predominantly centers on exploring the roles of marine biological carbon sinks, mechanisms for carbon sinks fisheries, the potential for carbon sequestration, accounting of sequestration amounts, as well as measurement and monitoring technologies. Nevertheless, there exists a scarcity of research regarding the involvement of marine fisheries carbon sinks in the carbon trading market, the establishment of market trading for such carbon sinks, and the recognition of their ecological value.

Among the existing studies, Yu quantified the carbon offset generated by shellfish aquaculture in Shandong between 2001 and 2009, employing a carbon offset model (Yu et al., 2011). Li employed the Conditional Value Assessment Method (CVM) to assess the carbon sequestration potential of marine aquaculture. The assessment included questionnaire surveys aimed at gauging the willingness of both rural and urban Chinese residents to financially support carbon sequestration initiatives in aquaculture (Li and Zhao, 2014). Yue evaluated the ecological value of carbon sinks in marine aquaculture spanning from 2000 to 2012, utilizing the photosynthesis reaction equation. The assessment focused on determining the amount and value of carbon sequestration and oxygen release from seaweed aquaculture in China during the same period and constructing an ecological value index for seaweed aquaculture (Yue et al., 2014).

Shen, a Chinese scholar, drew upon the foundational principles outlined by Pablo C. Benitez et al. for calculating carbon sink benefits in Latin American forestry. Additionally, he introduced the idea of valuing carbon sinks in marine ranches. Over an extended operational timeframe, operators have demonstrated a heightened willingness to invest in carbon sinks associated with shellfish aquaculture within marine ranches. The cumulative benefit stemming from farmed shellfish carbon sinks within the operation, denoted as NPV∞,shall surpass the net benefit associated with alternative aquaculture activities such as bait and medicated feeding, represented by R∞ (i.e., NPV∞ ≥ R∞). This condition establishes the minimum price for the carbon sinks within marine ranches (Shen et al., 2018). In 2017, Shao evaluated the option value of carbon sinks in Chinese fisheries employing the B-S option pricing model, leveraging the analysis on seawater-farmed algae as an illustrative example (Shao et al., 2017). These documents have made significant contributions to the exploration of marine carbon sinks and the assessment of their economic value, they propose various assessment methods, including the theory of incomplete information dynamic game, the Contingent Valuation Method (CVM), and the Black-Scholes (B-S) option pricing model. These methods provide new perspectives and tools for understanding and quantifying the potential ecological value of marine carbon sinks. The motivation behind these studies is primarily to respond to the global climate change challenge, promote the green development of the marine economy, facilitate marine carbon sink market transactions, and raise societal awareness of the functions of marine carbon sinks. Through these studies, we can gain a deeper understanding of the potential and value of marine carbon sinks, providing a scientific basis for formulating relevant policies and incentive mechanisms, thereby promoting the protection and sustainable use of marine ecosystems. However, there are still certain shortcomings exist: 1) Some studies rely on theoretical models and lack long-term field observation data, or the evaluation methods may be affected by sample selection and market conditions. 2) Many studies calculating the value of marine fisheries carbon sinks aggregate biological carbon sequestration, particulate organic carbon, and sediment carbon storage into the overall carbon sink amount, factoring in the transaction price. 3) A majority of these studies rely on transaction prices from the European Union (EU) carbon emissions trading market or the China Pilot Carbon Emissions Trading Market to determine the value of marine fisheries carbon sinks. It is crucial to emphasize that carbon sink trading functions as an offset mechanism in carbon emissions trading, and its price may not necessarily align with the carbon emissions trading price. To address the identified shortcomings, this paper initially considers the long-term carbon stock of marine fisheries carbon sinks eligible for carbon trading. Subsequently, it examines the intrinsic value of China’s marine fisheries carbon sinks. The marginal return per unit of such carbon sinks, referred to as the shadow price, is defined and estimated as a factor input through the transcendental logarithmic production function. Disclosing the intrinsic value, or shadow price, of China’s marine fisheries carbon sinks can foster the development and enhancement of the marine fisheries carbon sinks market transaction. Moreover, it can streamline the implementation of the carbon sinks trading mechanism and actualize the ecological value associated with marine fisheries carbon sinks.




2 Methodology

As outlined in the research scope, this paper primarily concentrates on the marine aquaculture industry, specifically targeting at the shellfish and algae aquaculture sectors. The capacity in marine carbon sink fisheries predominantly involves the capacity of carbon sinks for species in algae and shellfish aquaculture.



2.1 Net carbon sinks of aquaculture species in marine carbon sink fisheries



2.1.1 Carbon sinks of algal culture species

Atmospheric carbon is not included in the final carbon stocks. The net primary production from macroalgal growth comprises two components: one portion of macroalgae growth contributes to the biological harvest, where the biomass finds application in the algal industry, including uses such as food additives or direct consumption by consumers, the remaining portion is naturally shed with the fronds during the growth process, forming detritus. Some of this detritus enters the cultivated sea, while the other portion enters the shelf seas. The detritus of algae entering both the shelf seas and cultivated seas actively participates in the oceanic food chain. It undergoes decomposition or mineralization by microorganisms, triggering the release of CO2. A portion transforms into dissolved organic carbon (DOC), stored in seawater, while the remainder becomes particulate organic carbon (POC) and is deposited in cultivated or shelf seas. The combination of dissolved organic carbon (RDOC) and particulate organic carbon (BPOC) form an efficient carbon sink, which is stored over an extended duration and incorporated into the overall carbon stock. A graphical representation illustrates the formation of organic carbon during algal cultivation (Yan et al., 2011) (see Figure 1).


[image: Flowchart showing the role of macroalgae in carbon storage. Macroalgae undergo photosynthesis, producing biomass, dissolved organic carbon, and carbon dioxide. Biomass can be harvested for the seaweed industry or human consumption. Detached algae lead to the creation of BPOC and RDOC, contributing to organic carbon burial in sedimentary particles and continental shelf burial, resulting in long-term carbon storage.]

Figure 1 | The process of organic carbon formation during algae cultivation.



To summarize, carbon sinks in algal culture species include biogenic sinks in the harvested material, termed removable carbon sinks. Moreover, they comprise the fraction of dissolved organic carbon (DOC) and particulate organic carbon (POC) transported to the water column and sediment. These components are calculated as follows:

[image: The formula shown is "TGFIX = C_BIO + DOC + POC" with the equation labeled as (1).] 

In the above equation, [image: The text "TC" is written in a larger font, with the word "FIX" in a smaller font size below it, aligned to the right.]  represents the total photosynthetic carbon sequestration by algae, and [image: The image shows the variable notation "C" with the subscript "BIO".] , denotes the biological carbon sink removed by the harvest (Yan et al., 2011).



2.1.1.1 Measurement of biological carbon sinks from the harvests of algal culture species

The amount of carbon sinks removed by algal harvests can be determined based on the mass fraction of carbon in the algal nutrient composition (as indicated in Supplementary Table 1). According to the “Marine Industry Standard of the People’s Republic of China – Methods of Accounting for the Economic Value of Marine Carbon Sinks (Submission for Approval),” the carbon removed by algal culture species is assessed based on specific criteria: the mass fraction of C in wakame (Undaria pinnatifida) is 28.81%, the mass fraction of C in striped purple cabbage(Porphaasp) was 41.96%, in rockweed (Gelidium amansii) is 26.37%, in Tikkang Hedge (Gracilaria verrucosa) is28.4%, in kelp(Laminaria japonica) is about 31.2%, and in other species of algae is 30.36% (The Ministry of Natural Resources, 2022). The production data in the China Fisheries Statistical Yearbook represents the wet weight of algal culture species, and need to be converted to dry weight. The conversion coefficient between wet weight and dry weight for algal culture species is 20% according to the “the Marine Industry Standard of the People’s Republic of China – Methods of Accounting for the Economic Value of Marine Carbon Sinks”. Based on the information provided, the capacity of carbon sequestration resulting from the harvest of various algal culture species (also called the removable carbon sink capacity) can be calculated for the period from 1979 to 2022. The results are presented in Supplementary Figure 1.




2.1.1.2 Measurement of dissolved organic carbon and particulate organic carbon carbon sinks in algal products



2.1.1.2.1 Calculation of carbon sinks, including dissolved organic carbon and particulate organic carbon in kelp

Accounting of carbon sinks, including dissolved organic carbon (DOC) and particulate organic carbon (POC) in kelp, is guided by the China Pacific Society Technical Guidelines for Measuring and Monitoring Carbon Sinks in Kelp Cultivation Projects. The components of kelp-related carbon include buried particulate organic carbon in the cultivated environment, buried particulate organic carbon in the shelf sea environment, and inert dissolved organic carbon. In the cultivated environment, the burial rate of buried particulate organic carbon is 83 grams/m2/year (Li et al., 2007). The particulate organic carbon contributes to the sediment carbon at a rate of 19.5%, as calculated by the formula: Cultivated environment buried particulate organic carbon = kelp culture area × 83 g/m2/year × 19.5%. In the shelf sea environment, large seaweeds typically have a burial rate of 4.6%. The mass fraction of dry weight kelp is 31.2%. The formula for computing the organic carbon content of buried particles in the shelf sea environment is the product of the dry weight of kelp production, 4.6%, and 31.2%. Inert dissolved organic carbon comprises the forms generated through photosynthetic dissolved organic carbon, those resulting from the decomposition of detached kelp, and the contribution of photosynthetic dissolved organic carbon released from kelp, which constitutes 31.4% of the net primary productivity. Seaweed aquaculture exhibits a primary productivity of 2.5 kg/m2/year, with approximately 37.2% of the inert dissolved organic carbon originating from macroalgae through photosynthetic dissolved organic carbon (Gao et al., 2021). The formula for calculating the inert dissolved organic carbon formed by photosynthetic dissolved organic carbon is: Kelp aquaculture area × kelp aquaculture primary productivity of 2.5 kg/m2/year × kelp photosynthetically released organic carbon as a proportion of primary productivity (around 31.4%) × 37.2%. Approximately 19.5% of the inert organic carbon is generated through the decomposition of kelp shedding. The calculation formula is: The dry weight of kelp production × mass fraction of carbon in kelp × 19.5%. Based on the formula provided, dissolved organic carbon (DOC) and particulate organic carbon (POC) in kelp can be calculated for the period from 1979 to 2022. The results are showed in Supplementary Figure 2.




2.1.1.2.2 Measurement of dissolved organic carbon and particulate organic carbon sinks of other algae

Most studies have indicated that the release of dissolved organic carbon (DOC) during the growth of wakame, striped vetch, stonewort, tikkien hedge, and other algal species is typically below 5% (Penhale and Capone, 1981; Jiang et al., 2008). The release of particulate organic carbon (POC) is primarily attributed to dynamic erosion, detritus deposition during the harvesting period, and various other factors. According to a study conducted in the Otsuchi Bay aquaculture area in Japan, the release of POC constitutes around 19% of its photosynthetic carbon sequestration (Anselin, 1988). Given the data presented earlier, the mass ratio coefficients (α and β) for dissolved organic carbon (DOC) and particulate organic carbon (POC), crucial in assessing the algae’s total carbon sink, are determined to be 5% and 19%, respectively. Thus, the carbon sequestration intensity of algae, [image: Text displaying "TC" in a larger font size followed by "FIX" in a smaller subscript.]  denoted as, can be inversely calculated using the formula [image: Mathematical expression showing "C subscript BIO divided by open parenthesis one minus alpha minus beta close parenthesis".]  (Yoshikawa et al., 2001) The formulas for DOC and POC in algal culture species are as follows:

[image: Equation labeled as (2) showing "DOC + POC = (C_BIO / (1 - α - β)) - C_BIO".] 

The preceding text details the methodology for measuring the carbon sink in Chinese marine fisheries algae farming. This method facilitates projecting the carbon sink of Chinese marine fisheries algae farming spanning from 1979 to 2022, and the results are shown in Supplementary Figure 3.

Macroalgae carbon sinks, categorized as biomass organic carbon, transform CO2 into organic carbon. However, the biological harvesting of fixed carbon, through the consumption of carbon, leads to the reformation of CO2 released back into the atmosphere.

For carbon offset mechanisms, biological carbon storage involves the biological process of isolating carbon from the atmosphere for an extended period, considering short-term carbon sequestration as negligible. Forestry carbon sinks typically have a fixed crediting period of up to 30 years, renewable for a maximum of 20 years, while terrestrial carbon sequestration has a maximum crediting period of 20 years, as established by the basic consensus of the Joint Research Program on Global Fluxes for the oceans (Jiao et al., 2010). Consequently, this study focuses on the carbon sinks eligible for trading on the carbon emissions trading market, emphasizing long-term carbon sequestration while excluding macroalgae biogenic carbon sequestration, i.e., removable carbon sequestration. The comparison between the removable carbon sinks capacity and the carbon sinks for trading (long-term carbon storage) of algae from 1979 to 2022 are shown in Supplementary Figures 4 and 5.






2.1.2 Carbon sinks of shellfish farming species

According to the “Accounting Standards for the Economic Value of Marine Carbon Sinks,” shell-fish are classified as filter-feeding organisms. The carbon sinks produced through filter-feeding during their growth process are bifurcated into two components: one involves the carbon fixed by their shells, and the other pertains to the carbon fixed by their soft tissues. Harvesting shellfish products in mariculture is equivalent to removing CO2 from the seawater. Therefore, the formula for calculating the carbon sink of shellfish aquaculture products is as follows: Fixed C of mariculture shellfish products = Soft tissue C + Shell C.

The soft tissue carbon sink is calculated as: Yield (wet weight) ×wet/dry coefficient × soft tissue mass fraction × soft tissue carbon content factor. According to the carbon sink capacity accounting coefficients of major cultured shellfish products in Chinese waters outlined in the “Accounting Standards for the Economic Value of Marine Carbon Sinks,” the carbon content in the soft tissues of filter-feeding shellfish is typically about 44% of the dry weight of the soft tissues, while the carbon content in the shells is approximately 12% of the dry weight of the shells (see Supplementary Table 2 for the average values of the carbon content). The ratio between the dry weight of shellfish product of soft tissues and their wet weight (dry weight/wet weight), along with pertinent biological parameters, is evaluated following the guidelines outlined in “Accounting for the Economic Value of Marine Carbon Sinks” (see Supplementary Table 2 for specific calculation details). The carbon sink capacity of China’s shellfish aquaculture can be calculated using the above method for the period from 1979 to 2022 and the results are shown in Supplementary Figures 6–8.




2.1.3 Net carbon sinks of aquaculture species in marine carbon sink fisheries

The carbon leakage in marine carbon sink fisheries is predominantly a product of energy combustion, resulting in direct carbon emissions. This phenomenon specifically refers to the carbon dioxide generated through the combustion of diesel fuel used by aquaculture and fishing equipment, and also encompasses carbon leakage arising from algal aquaculture activities reliant on diesel. Based on research data from the China Pacific Society Technical Guidelines for Measuring and Monitoring Carbon Sinks in Kelp Cultivation Projects, the diesel consumption during the kelp aquaculture process is approximately 0.005 tons of diesel per ton of kelp (light dry weight). In 2022, China’s total seaweed production was 1,430,575 tons as reported in the China Fisheries Statistical Yearbook for 2023, leading to a diesel consumption of approximately 7,152.88 tons. The calculation method above is used to assess the carbon leakage of oceanic carbon sink fishery from 1979 to 2022, with the following formula: Net marine fishery carbon sink = long-term carbon storage of marine fishery carbon sinks carbon leakage of oceanic carbon sinks.

In this context, the long-term carbon storage of marine fishery carbon sink is characterized by the aggregate of the long-term carbon storage from algal aquaculture and shellfish aquaculture. Consequently, a graph illustrating the net carbon sink of marine fisheries from 1979 to 2022 can be generated. The net carbon sink of China’s marine fisheries available for carbon sink trading ranges from 77,072.83 tons in 1979 to 1,440,337.623 tons in 2022, with an average annual amount of 673,281.23 tons and an average annual growth rate of 8.14% (as dictated in Figure 2).


[image: Bar chart showing the net carbon sink capacity in the marine fisheries sector from 1979 to 2022. It displays a gradual increase from the 1980s, with a significant rise beginning in the mid-1990s, peaking around 2022.]

Figure 2 | The Net Carbon sinks capacity in the Marine Fisheries Sector from 1979 to 2022.







2.2 Variables selection and data sources



2.2.1 Input indicators

The input indicators of the marine carbon sink fishery production function model mainly include the capital stock of marine carbon sink fishery, labor force in marine carbon sink fishery, and the capacity of carbon sink in marine carbon sink fishery (see Table 1).


Table 1 | Variables selection and data sources.

[image: Table outlining input and output indicators for marine carbon sink fisheries and aquaculture. The input indicators include variables like capital stock and labor force, with calculations involving the Perpetual Inventory Method and data from the "China Fisheries Statistical Yearbook." The capacity for carbon storage is calculated using figures from another section. Output indicators focus on the gross output value, also derived from the same yearbook.]



2.2.1.1 The capital stock in marine carbon sink fishery

The capital stock of marine carbon sinks cannot be directly obtained from the statistical yearbook. Therefore, fixed asset investment is used as a substitute for the capital stock due to the unavailability of direct data. This study employs the internationally recognized measurement method Perpetual Inventory Method(PIM) (Zhang, 2020).

The fixed asset investment for marine aquaculture is obtained from the following statistical sources:

The fixed asset investment data for marine aquaculture, employed in estimating the capital stock, is adjusted to comparable prices, with 1990 as the base year. The fixed asset investment price index is derived from the “China Fisheries Statistical Yearbook” under “Fixed Asset Investment Price Index” from 1979 to 2023.

• The labor force in marine carbon sink fishery

The labor force in marine carbon sink fishery refers to individuals directly involved in the aquaculture production and business activities of marine carbon sink fishery. In this study, the quantity of labor force in marine carbon sink fishery is represented by “Employed persons in aquaculture” under “Population and labor force in marine fisheries in various regions” in the “China Fisheries Statistical Yearbook.”

• The capacity of carbon sink in Chinese marine carbon sink fisheries

This paper focus on calculating the shadow price of the long-term carbon sink per unit, where the long-term carbon sequestration is considered as an input indicator in the estimation of the capacity of carbon sink for Chinese marine carbon sink fisheries.





2.2.2 Output Indicators

In this study, the gross value of the fishery output from the ocean carbon sink was selected to represent the output of the production function. The gross output value of marine carbon sink fishery refers to the total output value of fisheries production activities in the fisheries sector, which can serve as a carbon sink and contribute to the direct or indirect reduction of atmospheric carbon dioxide concentration. This paper employs the gross output value of marine fishery to represent the gross output value of marine carbon sink fishery. Specifically, the “national total economic output value of fishery – marine fishery” figure from the “China Fisheries Statistical Yearbook” is utilized as an indicator for the gross output value of marine carbon sink fishery. In this paper, the gross value of marine fishery is employed to represent the gross value of marine carbon sink fishery (see Table 1).





2.3 Models



2.3.1 Model setting

The production function refers to the quantitative dependency relationship between a certain combination of input factors in the production process and their maximum possible output under constant technical conditions. (Kang, 2018) The Cobb-Douglas (C-D) production function is primarily applicable to scenarios with only a single output and two input factors, featuring a substitution elasticity of 1. When the substitution elasticity of each input factor is not equal to 1, the C-D function becomes ineffective. Additionally, the premise of the C-D production function is that technological progress is neutral. The transcendental logarithmic production function model, however, can effectively overcome the assumption of Hicks neutral technological progress, (Yan et al., 2011) making it more consistent with real-world conditions by considering the interactions and substitution effects among factors. Therefore, the transcendental logarithmic production function model is selected to estimate the price of marine fishery carbon sinks This study attempts to introduce the amount of marine fishery carbon sinks as an input factor into the production function, expressed as:

[image: Equation (3) presents a mathematical formula: Y equals A of t times K to the power of alpha, L to the power of beta, C to the power of gamma.] 

Here, [image: Greek letters alpha, beta, and gamma separated by commas.]  represent the output elasticities for capital, labor, and marine fishery carbon sinks, respectively. The technological change is expressed as a time trend, given by: [image: Mathematical formula showing a function of time, \(A(t)\), equals \(A\) times the exponential function with exponent \(j\delta\).] .

After taking the logarithm of all variables, the transcendental logarithmic production function model is established as follows:

[image: Equation showing a logarithmic model: \(\ln Y_{id} = \beta_1 \ln l_{id} + \beta_k \ln k_{id} + \beta_c \ln c_{id} + \beta_t \ln l_d\), extended with squared terms and an error term \(\varepsilon\).] 

[image: An equation showing a mathematical model with logarithmic terms: ln Yₜ = β₁ ln lₜ + βₖ ln kₜ + β_c ln cₜ + βₗc ln lₜ ln cₜ + βₖc ln kₜ ln cₜ + βₗl ln lₜ + β_c₁ ln cₜ + β_cc(ln cₜ)² + β_𝑙𝑙(ln lₜ)² + β_𝑘𝑘(ln kₜ)² + ε, labeled as equation (5).] 

[image: Sequence of Greek letters beta with subscripts: beta sub one, beta sub k, beta sub c, beta sub ik, beta sub kc, beta sub mu, beta sub cc, beta sub iii, beta sub kk.]  represent the coefficients for the logarithm of the labor force in marine carbon sink fishery, the capital stock in marine carbon sink fishery, the capacity of carbon sink in marine fishery, the cross term of labor force and the capacity of carbon sink, the cross term of the capital stock and the capacity of carbon sink, the cross term of the capital stock and the labor force, the square term of the logarithm of the capacity of carbon sink, the square term of the logarithm of labor, and the square term of the logarithm of capital stock, respectively. Taking the derivative of Equation 5, we get:

By rearranging both sides of Equation 6, the following can be obtained.

[image: Equation displaying the derivative of natural log terms, with respect to labor and capital changes. It includes coefficients β, variables for labor L sub t, capital K sub t, and consumption C sub t.] 

By rearranging both sides of Equation 6, the following can be obtained.

[image: Equation showing the derivative of Y with respect to c over Y divided by c equals the sum of β terms, specifically β_ElnI, β_KlnK, and 2β_C[lnC], where each term has distinct coefficients and variables.] 

According to the theory of determining factor prices based on marginal productivity, the shadow price of carbon sink in marine fisheries is equal to the marginal productivity of carbon sink in marine fisheries, as expressed in Equation 8.

[image: Equation labeled (8) shows P(c_t) equals Y_t over e_c_t multiplied by the expression (β_e plus β_ie times ln l plus β_ke times ln k_t plus 2β_ec times ln c_t).] 

In the above Equation 8, the model (5) is estimated through a regression model. If the model is significant, the parameters are tested through statistical tests. The estimated values of model parameters are then substituted into Equation 8 with [image: Greek letters beta with subscripts: C, IC, KC, and CC.]  to deduce the shadow price of carbon sink in marine fisheries.




2.3.2 Model testing



2.3.2.1 Unit root test

The Augmented Dickey-Fuller (ADF) test was utilized, the outcomes of the test are outlined in Supplementary Table 3. It indicates that the P-value for each variable is below 5%, surpassing the critical value of 1%. As a result, the initial hypothesis is rejected. It is inferred that there is no unit root in the original series, signifying its stationary nature. Subsequently, further regression analysis can be conducted on the original series.




2.3.2.2 Sequential autocorrelation test

With a tested P-value of 0.0723, exceeding the critical value of 5%, the absence of serial autocorrelation can be inferred.




2.3.2.3 Multicollinearity test

The transcendental logarithmic production function offers several advantages over the traditional C-D production function. However, due to its inclusion of squared terms of the variables and their cross terms, there may be a more serious issue concerning multicollinearity. The significant linear correlation could render the regression coefficient values inconsistent with economic theory, thereby introducing inaccuracies to the regression results (Zhang and Shen, 2021). Hence, it is essential to test for the presence of multicollinearity. In this study, the VIF value (variance inflation factor) is selected for evaluation. The results are presented in Supplementary Table 4. It reveals that the VIF values for each variable exceed 10, and the average VIF value is also greater than 10. Therefore, it can be inferred that there is substantial multicollinearity among the variables in the model. Performing direct regression under these conditions would yield parameters with significant variance, rendering the regression results unreliable. It cannot be directly applied in the ordinary least squares regression method.





2.3.3 Ridge regression estimation and statistical tests of the model for ridge value K = 0.1

To ensure the validity of the model estimation results, it is necessary to eliminate the problem of multicollinearity and employ the ridge regression estimation method for fitting. Ridge regression modeling was conducted using SPSS. To more intuitively observe the optimal K value in the regression equation, ridge trace plots and goodness-of-fit plots are created, as shown in Figures 3 and 4. When K=0.1, the standardized regression coefficients of the variables remain stable, and the regression results are presented in Table 2. As shown in Table 3, when K=0.1, the model exhibits a decidability coefficient of 0.9626 and a modified decidability coefficient of 0.9528. This suggests that the regression equation fits very well. The model’s significance test statistic F is 97.45, indicating that the model constructed in this study passes the statistical test. Additionally, the Sig F value is 0.0000, indicating the excellent nature of the model.


[image: Ridge trace plot showing various variables represented by circles at different positions along the K-axis, ranging from zero to approximately 1.2. Variables include lnKlnK, lnLlnL, lnClnC, among others, with values between -1.5 and 1 on the vertical axis.]

Figure 3 | The ridge trace plots for each variable in the model /graphical representation of ridge traces for individual variables in the model.




[image: Scatter plot titled "R-Square vs. K" showing a downward trend. The horizontal axis represents values of K ranging from 0.00000 to 1.20000. The vertical axis represents RSQ values, decreasing from 1.00000 to 0.80000, indicating a declining relationship between R-Square and K.]

Figure 4 | The model goodness-of-fit at different ridge trace values.




Table 2 | The ridge regression coefficients and results of significance testing.

[image: Table showing regression analysis results with variables lnK, lnL, lnC, lnKlnK, lnLlnL, lnClnC, lnKlnL, lnKlnC, and lnLlnC. Coefficients, T-values, and P-values are listed, all showing significance levels below 0.001. R-squared is 0.963, Adjusted R-squared is 0.953, and F-statistic is 97.451. Asterisks indicate significance at p < 0.01.]


Table 3 | Significance test results for ridge regression equation.

[image: Ridge regression table with K=0.1 shows Multiple R as 0.9811628981, R Square as 0.9626806326, Adjusted R Square as 0.9528019766, F-statistic as 97.45056673, significance F as 0.00000000, and standard error as 0.3373980937. The ANOVA table includes degrees of freedom: Regression 9, Residual 34; sum of squares: Regression 99.842, Residual 3.870; mean squares: Regression 11.094, Residual 0.114.]

Consequently, the shadow price of China’s marine fisheries carbon sinks, calculated by substituting the estimated parameter values into Equation 8, is more reliable. The standardized ridge regression equation is obtained by substituting values from Table 3 into model Equations 5 and 9. The transcendental logarithmic production function can be expressed as follows:

[image: Equation labeled (9) representing a logarithmic model for \( \ln Y_t \). It includes variables \( \ln k_t \), \( \ln l_t \), and \( \ln c_t \) with coefficients: \( 0.3450 \), \( -0.2058 \), and \( 0.2357 \) respectively. Additional terms involve squared variables and interaction terms with coefficients: \( 0.3085 \), \( -0.2676 \), \( 0.2265 \), \( 0.0595 \), \( 0.3055 \), and \( -0.0990 \).]	(9)

The standardized coefficients for the regression model, derived from Equation 9, are then transformed to obtain coefficients for the original data. Based on the regression results, a relatively stable long-term equilibrium relationship exists among the labor force of marine carbon sink fishery, the capital stock marine carbon sink fishery, the capacity of marine fishery carbon sink, and the total output value of the marine carbon sink fishery. The regression coefficients of ocean carbon sink fishery capital stock and ocean carbon sink fishery carbon sink are positively and significantly correlated at the 1% level, indicating their positive role in promoting the economic growth of marine fishery. However, the regression coefficients of labor force in the marine carbon sink fishery are negatively and significantly correlated at the 1% level.

This phenomenon can be attributed primarily to the protective measures implemented for the offshore ecological environment and fishery resources, leading to a reduction in the cultivation area. Consequently, the original labor force engaged in fishery production gradually transfer to other industries, with some individuals taking up seasonal part-time work. The analysis of labor force data in this study indicates a gradual decline in the number of fishery employees, supported by a negative correlation revealed in the correlation test between the two variables.

Despite the decline in the labor force of marine carbon sink fishery, the economic growth of the marine fishery has not been significantly impacted. Additionally, aquaculture production has increased annually. This growth can be attributed to the continuous improvement of China’s marine fishery aquaculture technology, reducing the reliance on the number of traditional marine fishery labor forces to a certain extent. Simultaneously, with the improvement of China’s economic industrialization, some labor force engaged in marine fisheries have shifted to other industries. These factors have contributed to the negative correlation between the two variables. The squared terms of marine fishery capital stock and the capacity of marine fisheries carbon sinks are significantly correlated at the 1% level, suggesting increasing returns to scale. Furthermore, the cross terms of marine fisheries capital stock and marine fisheries carbon sinks, as well as marine fisheries labor force and marine fisheries carbon sinks, are also significantly correlated at the 1% level, indicating their roles in promoting the economic growth of the marine fishery industry.






3 Results



3.1 Prices of marine carbon sink fisheries in China

The coefficients necessary for calculating the shadow price of carbon sinks in China’s marine fisheries can be obtained through the ridge regression estimation and significance testing of the model parameters. These values are presented in Table 4.


Table 4 | The estimated values of βc, βlc, βkc, and βcc.

[image: Table with parameter estimates. Columns: β<sub>C</sub>, β<sub>lC</sub>, β<sub>kC</sub>, β<sub>CC</sub>. Estimated values: 0.3540, -0.0040, 0.0106, 0.0138, respectively.]

Equation 10 can be derived to obtain the accounting equation for the price of marine fisheries carbon sinks, presented as follows:

[image: Mathematical equation showing \(P(c) = \frac{Y_r}{c_v} (\beta_c + \beta_{lc} \ln l + \beta_{kc} \ln k + 2 \beta_c \ln c_v)\). In parentheses, the calculation represents a combination of coefficients and logarithmic terms related to variables \(l\), \(k\), and \(c_v\). The equation is labeled as equation number ten.]	(10)

[image: Equation 11 shows a formula for a derivative: P equals the derivative of Y sub t with respect to c sub t. It is represented as Y sub t over C sub t multiplied by the expression (0.3540 minus 0.0040 times the natural log of I sub f plus 0.0106 times the natural log of H sub k plus 0.0276 times the natural log of C sub t).]	(11)

By utilizing Equation 11 and substituting the data for the gross value of marine fisheries, the capacity of marine fisheries carbon sinks, the labor force in marine carbon sink fisheries, and the capital stock in marine fisheries for the years 1979–2022, and the prices of marine fisheries carbon sinks for the corresponding period can be determined. The relevant information is detailed in Table 5.


Table 5 | The shadow prices of carbon sinks in China’s marine fisheries from 1979 to 2022.

[image: Table showing shadow prices of CO2 from 1979 to 2022 in Chinese Yuan per ton. Prices increase from 39.46 in 1979 to 375.96 in 2022. Compound Annual Growth Rate is 6.00% and Annual Average Price is 167.87.]

To better observe the trend in the shadow price development of China’s marine fisheries carbon sinks, the trend graph illustrating the changes from 1979 to 2022 can be derived from the data presented in Figure 5.


[image: Line graph illustrating carbon sinks shadow prices in China's marine fisheries from 1979 to 2022. Prices start around 30 CNY per ton of CO2 equivalent and exhibit a gradual increase until 2005. Post-2005, prices sharply rise, reaching approximately 375 CNY in 2022.]

Figure 5 | The trend chart illustrating the temporal evolution of carbon sinks shadow prices in China’s marine fisheries from 1979 to 2022: a trend analysis.



It can be revealed from the trends in Figures 5–7, that between 1979 and 1990, the price of China’s marine fisheries carbon sinks exhibited slow and steady growth, with slight fluctuations in individual years. From 1990 to 2006, there was an overall upward trend in the price, accompanied by slight fluctuations. This trend aligned with the period when China’s marine aquaculture area surpassed the annual growth rate. Between 2007 and 2015, the price growth gradually decelerated, coinciding with fluctuations in aquaculture area.


[image: Bar and line graph showing marine aquaculture area in hectares and carbon sink shadow prices in China's marine fisheries from 1979 to 2022. The blue bars represent aquaculture areas, which increase significantly over time. The orange line depicts carbon sink prices, showing an overall upward trend with fluctuations.]

Figure 6 | Temporal trends in the area of marine aquaculture and carbon sequestration shadow prices in China from 1979 to 2022.




[image: Bar and line chart showing the ratio of marine aquaculture production to total marine product output and carbon sinks shadow prices in China's marine fisheries from 1979 to 2022. The bar chart shows an increasing trend in the ratio, while the line chart depicts a rise in carbon prices. Both trends generally ascend, with specific years showing more pronounced increases.]

Figure 7 | Temporal trends in the ratio of marine aquaculture production to total marine product output and carbon sequestration shadow prices in Chinese marine fisheries from 1979 to 2022.



Between 2007 and 2015, there was a gradual slowdown in price growth, accompanied by fluctuating and increasing price in aquaculture area. This was attributed to the decline in offshore fisheries and aquaculture resources, prompting a reduction in aquaculture area for conservation purposes. Nevertheless, aquaculture production did not experience a significant decline. In 2007, China initiated specific law enforcement, cleanup, and rectification efforts for sea-based aquaculture. The area of seawater aquaculture in both 2007 and 2008 was markedly smaller than that in 2006. From 2015 to the present day, the price continues to grow, albeit at a slower growth rate. This is in contrast to the fluctuating changes in aquaculture area, where aquaculture production has persisted in its growth trajectory due to intensified aquaculture practices and advancements in aquaculture technology. The trend in the change of shadow prices closely aligns with China’s mariculture production, particularly regarding the proportion of mariculture production, and exhibits similarity to the changing trend in changes in seawater aquaculture area. This, to some extent, supports and validates the credibility and reasonability of the shadow prices calculated in this study. China’s mariculture production and area have both experienced annual increases, with an average growth rate of 10.47% and 7.32%, respectively. Shellfish aquaculture dominates the mariculture industry, yet its share in over-all mariculture production is decreasing. Algae aquaculture, on the other hand, maintains stability and is on the rise. Presently, China’s sea-based mariculture area is undergoing sluggish expansion and approaching saturation, influenced by the near-shore environment and competition from other sectors. While the data indicate slow growth in mariculture area, the demand for mariculture remains robust. Furthermore, the advancement of deep-sea aquaculture presents significant potential for expanding mariculture space.




3.2 Comparison of the price of marine fisheries carbon sinks in China, EU CDM primary market for CER trading, and EU-ETS market

Supplementary Table 5 illustrates the computation of the annual trading average price through dividing the annual trading amount of carbon emissions by the annual trading volume. To facilitate comparisons, we analyze the disparity between the shadow price of marine fishery carbon sinks in China and the average prices in both the EU CDM primary market for CER trading and the EU-ETS market. Figure 8 presents trend graphs based on the data in Supplementary Table 5, depicting changes in the shadow price of marine fishery carbon sinks, the average price of CER in the EU CDM primary market, and the average price of the EU-ETS market from 2005 to 2022.


[image: Line graph showing trends from 2005 to 2022 in carbon prices (CNY per ton CO2 equivalent). Blue line represents carbon sinks prices in China's marine fisheries, remaining stable until a slight increase in 2022. Orange line depicts average trading prices in EU-ETS, rising sharply from 2020 onward. Grey line shows average trading prices in the EU CDM primary market for CER, declining after 2008 and remaining flat thereafter.]

Figure 8 | Comparative Trends in Carbon sinks shadow prices in China’s marine fisheries, average European Union Allowance (EUA) in European Union Emissions Trading System (EU-ETS) and average trading prices in Primary market Certified Emission Reduction(CER) of European Union Clean Development Mechanism Market(CDM), Denominated in Chinese Yuan(CNY).



The trend graph in Figure 8, depicting changes in the average price of CERs in the primary market and the EU-ETS market, reveals that the price of China’s marine fisheries carbon sinks initially exceeds that of CDM market CERs and EU-ETS trading. However, in subsequent periods, the EU-ETS trading price surpasses that of marine fisheries carbon sinks, and the carbon price undergoes a substantial increase owing to enhancements in the carbon emissions market trading mechanism and the global economic recovery.

An examination of the trend chart reveals that during the trial period of 2005–2007, influenced by market dynamics the EU carbon trading price, established an initial carbon price of approximately 20 euros per ton, gradually increasing to around 30 euros. During the period of 2008–2012, characterized by a decline in carbon price volatility attributed to the financial crisis, economic growth slowdown, and subsequent decline in energy consumption, European enterprises had lower emissions, which highlighted the issue of quota surplus. Consequently, the carbon price, which was nearly 30 euros in 2008, experienced a sharp decline, falling below 10 euros and fluctuating down to 7 euros in 2012. During the period of 2013–2017, carbon prices experienced a decline, attributed to a substantial surplus of cumulative quotas. This issue accentuated the decline in carbon prices, causing it to drop from nearly 30 euros in 2008 to below 10 euros, fluctuating down to 7 euros in 2012. The period of 2018–2020 marked a rebound in carbon trading prices, influenced by policy factors. After 2018, the carbon price experienced a sharp rise, surpassing 20 euros. Following the outbreak of the epidemic, the carbon trading price temporarily fell back to 15 euros and resumed its ascent. From 2021 to the present, there has been a continuous climb in carbon prices, reaching new highs. In 2021 alone, it surged from 33 euros to a peak of 90 euros. In 2022, the carbon trading price has sustained a high level of operation, reaching a peak of 99.2 euros on August 19, 2022. This peak is 400% higher than the initial establishment of the EU carbon market. It is evident that in the first three periods, the surplus of quotas in the EU carbon market contributed to the downturn in carbon trading prices. In subsequent periods, the EU took measures to address the excess quota and bolster market confidence through carbon market reforms. From 2014 to 2016, the EU implemented a discount auction mechanism, to reduce quotas by 900 million tons. In 2018, the EU introduced the carbon market stabilization reserve mechanism (MSR) to stabilize the carbon price. This mechanism played a crucial role in supporting the stability of carbon trading prices during the epidemic. Simultaneously, Europe’s Green New Deal strengthened climate targets. In 2021, the EU enacted the legislation to elevate the 2030 emission reduction target from 40% to 55%. Furthermore, the European Commission’s Carbon Market Reform Program in 2022 suggested increasing the 2030 emission reduction target from 43% to 61% in the areas covered by the carbon market. This development has emerged as a long-term driver for the increase in carbon prices.

China’s unified carbon emissions trading market commenced in 2021, having been established just over two years ago and covering a limited number of industries, specifically the thermal power industry. As a result, a stable and balanced market trading price has not fully materialized. The EU carbon market reveals that the future carbon emissions trading market’s carbon trading price is expected to exceed the shadow price of marine fisheries carbon sinks. This implies that the realization of the intrinsic value of marine fisheries carbon sinks is possible through market transactions. Drawing insights from the changes in the EU carbon trading price, it becomes evident that mature and stable coverage across a wide range of areas in the carbon trading market is crucial for realizing the value of marine fisheries carbon sinks. According to the price trend of Certified Emission Reductions (CERs) in the EU Clean Development Mechanism (CDM) market during the second trading period of the EU, the fluctuation of CER futures mirrored that of EU Allowance (EUA) futures during this period, international carbon emission reduction projects facilitated applications, and the volume of issued projects displayed a growth trend emission control enterprises commenced acquiring significant quantities of carbon emission reduction projects to offset their carbon allowances, thereby contributing to the upsurge in the price of CER futures in the first half of 2008. Following the time, the price of CER futures increased. However, due to the impact of the global economic crisis, the price of carbon in the EU sharply declined, leading to a subsequent drop in the price of CER futures. Upon entering the third trading period, market expectations regarding the price of CER futures declined. The EU implemented strict restrictions on the quantity of CER offsets and the types of CER projects, resulting in a decrease in the price of CERs and the volume of trading (Zhang et al., 2013).

In 2021, the European Union imposed restrictions on Clean Development Mechanism (CDM) trading exclusively to the least developed countries. Simultaneously, it mandated the adoption of the novel international emission reduction mechanism stipulated by the Paris Agreement for carbon offsets. This marked a pivotal shift in the EU’s approach to carbon trading. Consequently, the EU opted to discontinue the utilization of established international emission reduction credits, including Certified Emission Reductions (CERs), for offsetting carbon emissions within its carbon emission trading system. This strategic decision resulted in a virtual standstill within the CER market trading, reflecting a significant impact on the carbon offset landscape in the EU.




3.3 Distortions of factor prices of carbon sinks in China’s marine fisheries

This section investigates the absolute distortion of the price of carbon sink factors in marine fisheries, specifically examining how the market price in China deviates from the opportunity cost or shadow price (marginal productivity).

Assuming k denotes the degree of deviation, its mathematical expression is provided by Equation 12:

[image: Equation showing k equals MP sub c over P sub c, with equation number 12 on the right.] 

In the formula, if k = 1, it denotes that the price of the carbon sink in China’s marine fishery is deemed reasonable; otherwise, it indicates distortion. A higher degree of deviation from 1 reflects a more significant distortion in the pricing of China’s marine fishery carbon sinks.

Supplementary Table 6 displays the average prices of Certified Emission Reductions traded in China during the period from 2015 to 2022. By substituting the relevant data from Supplementary Table 6 from 2015 to 2022 into Equation 12, the degree of distortion in the price of carbon sink factors in China’s marine fisheries is calculated, as illustrated in Table 6.


Table 6 | Results of distorted measurement of carbon sink factor prices in China’s marine fisheries.

[image: Table showing the distorted measurement of carbon sink factor prices in China's marine fisheries and aquaculture from 2015 to 2022. Values for each year: 2015 - 15.39, 2016 - 15.89, 2017 - 21.07, 2018 - 13.46, 2019 - 12.00, 2020 - 10.56, 2021 - 9.30, 2022 - 6.62.]

Table 6 reveals that from 2015 to 2022, the prices of China’s marine fisheries carbon sink factors exhibit varying degrees of distortion, with 2015 experiencing severe distortion. Overall, the degree of distortion in China’s marine fisheries carbon sink factor decreases annually, reaching 6.6 by 2022. In reality, China reinitiated the voluntary emission reduction market on October 19, 2023 (Regulations for the Administration of VoluntaryGreenhouse Gas Emission Reduction Trading (for Trial Implementation), 2022). After September 2023, carbon sink prices surged to new highs, reaching 103 CNY/ton at one point, indicating robust demand and an optimistic future value. It is evident that in the initial stages of the voluntary emission reduction market, lack of knowledge related to CDM projects and other factors jointly contributed to low project prices and significant distortion of factor prices. As China establishes its own carbon market and engages in carbon trading, the degree of distortion in the factor price of China’s marine fisheries carbon sinks is gradually decreasing each year. Consequently, the equilibrium of factor prices for carbon sinks in China’s marine fisheries can only be achieved through market trading.




3.4 Economic effects of factor price distortions of carbon sinks in China’s marine fisheries

Pervious research has predominantly investigated the economic impacts resulting from the distortion of factor prices, focusing on allocation efficiency, technological progress, welfare and income (Jones, 1971; Kumbhakar and Bhattacharyya, 1992; Magee, 1973). In extending these relevant analytical approaches, this study integrates the distinctive features of marine fisheries carbon sink factors to evaluate the economic consequences of price distortion in China from two perspectives.

On one hand, the distortion of carbon sink prices in China’s marine fisheries results in inefficient resource allocation. Due to the distorted prices of fishery carbon sinks, the participation cost for domestic suppliers in China becomes markedly lower than their intrinsic value. This diminishes the incentives for suppliers to engage in carbon sink trading. The industry’s limited awareness of participating in carbon trading exacerbates the problem. Suppliers, including algae farmers and shellfish farmers, may neglect the ecological value, prioritize the value of harvested goods, adopt environmentally detrimental production methods to boost goods’ value, and expand planting areas indiscriminately. When pollution reaches a certain threshold, it consequently impedes economic development.

On the other hand, distortions in the price of fisheries carbon sinks directly impact the benefits of carbon sink trade. These distortions result in a decline in terms of trade and economic losses for suppliers of carbon sinks rather than an improvement in welfare. The distorted prices lead to carbon sinks being traded at levels significantly below the shadow price, thereby limiting market transactions. In March 2022, China established the Hainan International Carbon Emission Trading Center, prioritizing the market-based trading of marine carbon products to facilitate both the reduction of total carbon emissions and incremental energy consumption. Notably, the distortion in the prices of fisheries carbon sink factors evidently hamper the progress of international trade in marine carbon sinks.





4 Discussion



4.1 Discussion

The oceans, as a vital ecosystem on Earth, play a crucial role in absorbing and sequestering the majority of carbon dioxide, thereby establishing themselves as the largest carbon reservoir on the planet. Scientific studies affirm that the oceanic carbon sinks pivotal in mitigating climate change, serving as a complementary approach to energy conservation and emission reduction strategies.

Global climate change stimulates the research and development of marine carbon sinks, which actively explores the ecological carbon sink trading price mechanism within marine fisheries to realize the ecological value of marine carbon sink fisheries. The study, draws on the data from the China Fishery Statistical Yearbook, (which is current through 2022, hence terminating the sample in that year)to calculate the pricing dynamics of China’s marine carbon sink fishery spanning the years 1979 to 2022, employing pertinent data sourced from the field of marine carbon sink fisheries. The price derived from the transcendental logarithmic production function does not align with the prices established in the actual carbon trading market. Rather, it signifies the value contributed by marine fishery carbon sinks as a production factor invested in the production of carbon sink fishery. This represents the price determined by the marginal productivity of the marine fishery carbon sink factor. Such information holds significance for the government in formulating price promotion policies, serving as a reference for initiatives aimed at fostering the trade of marine fishery carbon sinks. The paper introduces a measurement method for the shadow price of China’s marine fishery carbon sinks. Utilizing this approach, additional insights can be gained into the shadow price of China’s marine fishery carbon sinks and the degree of distortion in the pricing of China’s marine fishery carbon sink factors in the year 2023. Such information is of considerable importance for advancing the implementation of ecological carbon sink trading in China.




4.2 Policy implication

The preceding analysis indicates that the distortion in the pricing of carbon sink factors in China’s marine fisheries not only hinders the development of the marine carbon fishery industry but also results in the inefficient allocation of marine carbon fisheries resources. In light of the ongoing efforts to propel China’s fishery industry towards high-quality, it is imperative to facilitate green, and low-carbon development, while rectifying the distortion in the prices of carbon sink factors in marine fisheries.



4.2.1 Strengthening the dynamic monitoring system for carbon sink resources in marine fisheries and establishing the related asset accounting and management system

Accelerating the development of a dynamic monitoring system for carbon sink resources in marine fisheries is imperative. An organized and unified national survey should be conducted to promptly monitor variations in marine fisheries resources in regions such as the Bohai Sea, Yellow Sea, East China Sea, and South China Sea, utilizing data from natural resource investigations. Different marine regions exhibit distinct types, quantities, and qualities of carbon sink resources due to their diverse marine ecosystems. Consequently, diverse accounting methods and standards for carbon sink resources in various marine regions need to be established. Region-specific accounting methods can facilitate the exploration of carbon sink market transactions for local marine fisheries, thereby providing a basis for calculating the ecological value of marine fisheries carbon sinks. Furthermore, expediting the research and refinement of methodologies for marine fisheries carbon sink assessment and promptly establishing a comprehensive project methodology system that encompasses all marine fisheries carbon sink resources is crucial.

The construction of a standardized system for the ecological asset accounting of marine fisheries carbon sink resources should be prioritized. This necessitates elucidating asset accounting approaches, standards, and other relevant factors. Additionally, expedited progress should be made in the surveys and registration processes to ascertain the quantity, distribution, products, quality, as well as the development and utilization status of marine fisheries carbon sink resources. Simultaneously, efforts should be accelerated to improve the investigation of marine fisheries carbon sink resources, establish a dynamic monitoring system, and construct a comprehensive database. The gradual establishment of a nationally unified accounting and monitoring system for marine fisheries carbon sink resources will serve as a foundation for the development of a nationwide carbon sink resource market. To achieve this, it is essential to formulate a systematic and comprehensive set of norms and standards for monitoring, reporting, and verification of marine fisheries carbon sink projects, aiming to gain international consensus. Moreover, a unified and authoritative mechanism should be established for the publication and sharing of information on the monitoring, reporting, accounting, and evaluation of marine fisheries carbon sink resources.




4.2.2 Establishing the legal framework for marine fisheries carbon sink and improving the regulatory mechanism for carbon sink resource market transactions

Firstly, accelerating the establishment of a property rights system for marine fisheries carbon sink resources is crucial. This involves clarifying ownership entities and delineating the objects of ownership while exploring incentive mechanisms for property rights. Legally defining the rights of marine fisheries carbon sink resource owners is essential while maintaining state ownership of natural resources. This includes delineating the boundaries between ownership and usage rights, clarifying the attribution of rights such as usage, transfer, and profit, as well as their segmentation and circulation. Moreover, local governments should be encouraged to explore and establish incentive mechanisms for the protection and restoration of marine fisheries carbon sink resources. Such initiatives can attract private investors and social capital to participate in the protection and restoration of marine fisheries carbon sink resources through the development of demonstration projects like marine ranching. This would increase the supply of marine fisheries carbon sink resources and create conditions for realizing their value.

Secondly, it is essential to establish clear and systematic market trading rules, including trading entities, trading methods, trading management, pricing rules, and legal responsibilities. These rules are fundamental to market transactions and are crucial for ensuring the operation and stability of the marine fisheries carbon sink market.

Lastly, from a national strategic perspective, it is necessary to develop medium- and long-term plans for establishing an ecological carbon sink market mechanism, along with implementing standard-setting and supervision tasks.




4.2.3 Improving the national unified ecological carbon sink trading market in China and establishing the carbon trading future market

As of January 22, 2024, the voluntary emission reduction market has been relaunched. Establishing a unified carbon sink trading market and enhancing the trading mechanism are essential for achieving price discovery and fully leveraging the market’s regulatory functions. This provides valuable references for stakeholders involved in marine fisheries carbon sinks. The market price in carbon sink trading reflects the current supply and demand situation, but it does not account for future supply and demand conditions or price trends. Futures trading is beneficial for establishing reasonable prices and predicting future supply and demand scenarios as well as price trends. Additionally, futures trading aids in price discovery and risk mitigation. Through continuous financial innovation, establishing an ecological carbon sink futures trading market can provide relevant stakeholders in marine fisheries carbon sink trading with prices, thereby promoting more reasonable carbon sink trading prices.






5 Conclusion

The study yielded the research conclusions following the conducted analysis.

The proposal of the shadow price and its calculation holds great significance in determining the reasonable price of marine fishery carbon sinks and their real value by analyzing relevant literature on pricing. The shadow price of China’s marine fisheries’ carbon sinks is modeled by establishing a transcendental logarithmic production function. The final model for the shadow price is derived through this process. The shadow price of China’s marine fisheries carbon sinks for the period 1979 to 2022 is calculated through parameter estimation and significance testing of the model.

Utilizing the gross output value of China’s marine fisheries from 1979 to 2022 as the independent variable and the labor force, capital, and carbon sinks of marine fisheries as the dependent variables, the accounting equation for the price of marine fisheries carbon sinks is deduced. This derivation is grounded in the theory of marginal productivity, the concept of shadow price, and the transcendental logarithmic production function model. The annual price of marine fisheries carbon sinks is determined through ridge regression analysis. The study discloses that from 1979 to 2022, the price of carbon sinks in China’s marine fishery sector displayed an ascending trend, with fluctuations in certain intermediate years. The geometric average annual growth rate over the 44-year period is 6.00%, resulting in an average price of 167.87 CNY. This implies that the value of China’s marine fishery carbon sinks has been on the rise, the significance of marine carbon fisheries in the economic system and ecosystem is gradually highlighted with the initiation of the national unified carbon emissions trading market. The Chinese government actively advocates for emission reduction and sink enhancement policies. It initiated the construction of the national carbon emissions trading market program (thermal power industry) in 2017, officially launched the national carbon emissions trading market on July 16, 2021, and formally reinstated the voluntary emission reduction market on January 22, 2024. With the ongoing progress of this process, the carbon sinks of the marine fisheries industry will undergo a certain degree of development. This will be beneficial for the ecological value of marine fishery carbon sinks. Additionally, a comparison is made between the shadow price of China’s marine fisheries carbon sinks from 2015 to 2022 and the average annual carbon trading prices in the CDM primary market and EU-ETS market. Subsequently, the distortion degrees of the factor price of China’s marine fisheries carbon sinks for each year in the period 2015–2022 are measured as 15.39, 15.89, 21.07, 13.46, 12.00, 10.56, 9.30, and 6.62. This indicates varied levels of distortion in the factor price of China’s marine fisheries carbon sinks.

Additionally, the analysis identifies the reasons for the distortion in the pricing of carbon sinks in China’s marine fisheries. There are four main considerations. Firstly, despite the recent restart of the voluntary emission reduction market on January 22, 2024, China lacks a long-term stable, mature, and unified spot market for trading ecological carbon sinks. Secondly, China lacks a futures market for trading ecological carbon sinks, impeding access to price references for the main stakeholders in carbon sinks trading. Thirdly, the methodology of marine fishery carbon sinks needs improvement, and in-depth research is needed on the mechanism, timeliness of carbon sequestration function, and measurement methods of marine fishery carbon sinks. Fourthly, the marine fisheries industry exhibits high risk volatility, and the return rate of related carbon sink products is underestimated. Subsequently, the economic effects resulting from the distortion of the shadow price of marine fisheries carbon sinks are analyzed, and relevant policy recommendations are proposed to address the issue of distorted pricing of carbon sink factors in China’s marine fishery industry.
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Introduction

Coastal tourism has become an important pillar of economic growth in China's coastal regions, yet no quantitative research has analyzed the relationship between coastal tourism and marine pollution.





Methods

This study, within a multivariate framework, comprehensively examines the impact of coastal tourism on marine pollution by employing various econometric techniques and focusing on four different types of marine pollutant discharges: chemical oxygen demand (COD), petroleum (PET), ammonia nitrogen (NHN), and total phosphorus (TP).





Results and discussion

Panel cointegration tests confirm a long-term relationship between coastal tourism and these four types of marine pollutant discharges. In the long run, coastal tourism has a significantly negative impact on COD, NHN, and TP. The results of Pooled Mean Group (PMG), Fully Modified Ordinary Least Squares (FMOLS), and Dynamic Ordinary Least Squares (DOLS) estimators show that for every 1% increase in coastal tourism revenue (TOUR), COD decreases by 0.734%, 0.536%, and 0.952% respectively; NHN decreases by 0.746%, 0.340%, and 1.633%; and TP decreases by 5.169%, 0.899%, and 0.334% respectively. However, the impact of coastal tourism on PET is not significant. The Dumitrescu-Hurlin (D-H) panel causality test results indicate different causality patterns between coastal tourism and various marine pollutant discharges. Specifically, there is a bidirectional causality between coastal tourism and COD, NHN, and a unidirectional causality between coastal tourism and PET, TP. Moreover, heterogeneity analysis reveals that coastal tourism does not significantly reduce all marine pollutant discharges in low-and middle-income coastal regions. Furthermore, compared to the central and southern coastal regions, the coastal tourism of northern regions has not significantly reduced marine pollution. This study can provide policymakers with references for developing coastal tourism and reducing marine pollutant discharges.
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1 Introduction

In regional economic development and citizens’ lives, the importance of tourism is increasingly prominent (Zhang and Xing, 2023). Coastal tourism, as a significant branch of tourism activities, has become an important pillar industry for the economic development of China’s coastal regions, owing to its superior resource endowment and proactive policy guidance (Liu et al., 2020; Ji and Wang, 2022; Wang et al., 2023). China boasts an 18,000-kilometer coastline, with many famous scenic spots and beautiful coastal landscapes along its coastal regions (Wang et al., 2022). In 2019, China’s coastal tourism industry maintained steady growth, achieving an added value of 1.757 trillion yuan for the year, accounting for 50.6% of the added value of major marine industries (MNRC, 2019). As the largest contributor to the added value of marine industries, coastal tourism has driven the development of the marine economy in China’s coastal regions. In the future, coastal tourism is expected to expand the recreational use of oceans and coasts, bringing more positive economic benefits to coastal regions (Yang et al., 2021).

With the continuous expansion and rapid development of coastal tourism in China, significant environmental pressures have inevitably emerged, leading to an increasing conflict between coastal tourism and the environment (Liu et al., 2017; Wang et al., 2022). Previous domestic and international studies have highlighted that coastal tourism has caused multiple forms of damage to coastal ecosystems and the environment. Specifically, excessive development in coastal regions has resulted in metal pollution on beaches (Vetrimurugan et al., 2017) and degradation of beach ecosystems (Buzzi et al., 2022). Activities such as snorkeling and diving disrupt and damage marine habitats (Beeharry et al., 2021), while littering by tourists harms the beach environment (Maione, 2021). The disposal of solid waste, such as plastics, indirectly damages ecosystems (Ronda et al., 2023). Additionally, the massive consumption of energy alters atmospheric greenhouse effects, contributing to climate change (Saenz-de-Miera and Rosselló, 2014; Robaina et al., 2020; Gao and Zhang, 2021). The increase in tourist numbers has also led to the deterioration of water quality in coastal regions (Nuzula et al., 2017; Kurniawan et al., 2023). Therefore, coastal regions are facing a significant challenge in balancing coastal tourism with environmental pollution, making exploring the relationship between the two particularly urgent.

The deterioration of the marine environment is closely related to various factors such as extensive economic development (Shao, 2020; Wang et al., 2020), technological innovation (Shao, 2020), urbanization (Xu and Zhang, 2022), industrial structure (Wang et al., 2020; Wang et al., 2023), and human activities (Crain et al., 2009). However, coastal tourism, one of the frequent human activities, may also impact the marine environment, though this issue remains inconclusive and lacks systematic research. Some scholars have explored the potential impact of coastal tourism on the marine environment from a qualitative perspective. Kocasoy (1989) investigated the potential link between coastal tourism, marine pollution, and public health by surveying coastal tourist destinations in Turkey. The study pointed out that tourism is considered a major source of pollution in coastal regions. Beeharry et al. (2021) also analyzed the impact of coastal tourism activities on the marine environment in Mauritius through a questionnaire survey. The results showed a significant negative linear relationship between tourism activities and the marine environment. Specifically, operators of recreational activities and tourists believed that fuel-powered maritime activities caused significant harm to the ocean. Additionally, recreational tourism activities can disrupt natural marine habitats and lead to the loss of marine biodiversity, one of the most apparent negative impacts on the marine environment. Burak et al. (2004) conducted a comprehensive assessment of the effects of coastal tourism on Turkey’s coastal regions. Expanding economic activities such as tourism development and resort projects directly damaged coastal regions’ ecological environment and cultural assets. Zahedi (2008), through a review of research related to tourism and the environment, summarized the impacts of coastal tourism on the coastal environment. The study highlighted that eco-tourism in coastal areas does not necessarily benefit the ecosystem, as governments often prioritize economic development over environmental sustainability. Tourism’s uncontrolled and rapid growth poses a risk of gradual degradation to coastal ecosystems.

Exploring the relationship between coastal tourism and marine pollution from a qualitative perspective is not sufficiently comprehensive, making it essential to conduct quantitative analyses. Approximately 80% of pollutants in the marine environment originate from land-based activities such as industry, agriculture, and urbanization (Hildering et al., 2009). These land-based pollutants enter the ocean either through direct discharge or via rivers, posing significant threats to marine ecosystems (Liu et al., 2011; Zhao et al., 2020). For instance, organic pollutants can deplete dissolved oxygen in seawater through aerobic decomposition, endangering marine life (Lim et al., 2006). Additionally, marine eutrophication can lead to frequent red tides, ocean acidification, and hypoxia (Fan et al., 2019). Therefore, monitoring pollutant discharge in estuarine areas is crucial for effectively preventing marine pollution. In China, direct marine discharge outlet monitoring has revealed that the primary pollutants discharged into major estuarine areas include COD, PET, NHN, and TP (Chen and Qian, 2020). Based on the pollution levels and data availability of these pollutant discharges in the surrounding oceans of China, this study selects these four types of marine pollutant discharges to investigate whether and to what extent coastal tourism impacts marine pollution. To achieve this objective, we obtained data on the major pollutants from direct ocean discharge sources from the Bulletin of Marine Ecology and Environment Status of China and employed various econometric methods to quantitatively analyze the relationship between coastal tourism and marine pollution.

First, we conducted the CD test to examine whether there is cross-sectional dependence among all variables. The results rejected the null hypothesis at the 1% significance level, indicating that shocks in one province affect other provinces. Next, we applied panel unit root tests to assess the stationarity of the variables. The results showed that some variables were non-stationary at the level, but all variables became stationary after first-order differencing. Subsequently, we performed panel cointegration tests to determine whether there is a long-term relationship between the variables. The results indicated a long-term relationship between coastal tourism and the four types of marine pollutant discharges. Given the cointegration relationship among the variables, we further used PMG, FMOLS, and DOLS estimators to estimate the coefficients of the respective variables. The findings suggest that coastal tourism has a significant long-term negative impact on COD, NHN, and TP, implying that developing coastal tourism helps reduce these three pollutant discharges and mitigate marine pollution. However, coastal tourism did not significantly impact TP, primarily related to the main sources of petroleum pollutants in the ocean. Additionally, we applied the D-H panel causality test to analyze the causal relationships between these variables. The study revealed different causality patterns between coastal tourism and various marine pollutant discharges. We also considered the heterogeneity of the impact of coastal tourism on marine pollution. The results indicated that coastal tourism in low- and middle-income coastal regions does not have a significant negative impact on all marine pollutant discharges as it does in high-income coastal regions. Furthermore, the heterogeneity analysis based on geographic regions showed that the northern coastal regions did not significantly reduce marine pollution. In contrast, the central and southern coastal regions demonstrated more favorable outcomes.

This study makes significant contributions to the existing literature in three key areas. First, we are among the first to employ econometric methods to quantitatively analyze the impact of coastal tourism on marine pollution, providing robust empirical support for exploring the relationship between the two. Second, we delve into whether this relationship varies across different types of marine pollutant discharges, offering a new perspective on the impact of coastal tourism on various pollutant discharges. Finally, this study examines the heterogeneity of the impact of coastal tourism on marine pollution by categorizing coastal regions based on income levels and geographical location. By identifying these differences, our research provides scientific evidence for local governments and relevant authorities to formulate more precise and effective environmental policies and development plans, helping to address marine pollution issues better.




2 Methodology



2.1 Data and variable description

This study aims to explore the impact of coastal tourism on marine pollution. We analyzed of 11 coastal regions in China, including Zhejiang, Tianjin, Shanghai, Shandong, Liaoning, Jiangsu, Hebei, Hainan, Guangxi, Guangdong, and Fujian. These coastal regions cover 1.302 million square kilometers, accounting for 13.57% of China’s total land area (Central People’s Government of the People’s Republic of China, n.d.). In 2019, the total population of these coastal regions was 613.22 million, representing 45.02% of China’s total population. The combined GDP of these regions amounted to 52,193.677 billion yuan, accounting for 52.97% of China’s total GDP (NBSC, 2020). This highlights the critical role coastal regions play in China’s overall development and global economic competitiveness (Wang et al., 2020). Additionally, in 2019, the total wastewater discharge from direct ocean discharge sources in China’s coastal regions reached as high as 8.011 billion tons (MNRC, 2019). Therefore, to better promote the coordinated development between coastal tourism and the marine ecological environment in coastal regions, this study selected these 11 coastal regions as the research sample for in-depth analysis. The study areas are shown in Figure 1.
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Figure 1 | Study areas.



This study covers the period from 2006 to 2019. In 2020, the COVID-19 pandemic spread rapidly. The Ministry of Culture and Tourism of China issued a notice on January 26, 2020, suspending all tourism activities to address the pandemic. This measure directly led to a severe blow to China’s tourism industry, causing a sharp decline in tourism revenue (Wu et al., 2021; Wang et al., 2022; Ran et al., 2023). Due to the impact of COVID-19, data from 2020 onwards are difficult to reflect the normal state of economic activities. Therefore, considering data availability and consistency in statistical standards, this study analyzes data from 2006 to 2019.

The dependent variable in this study is marine pollution, measured using the discharges of four major pollutants directly discharged into the ocean from coastal regions in China. Land-based pollution is the primary source of marine pollution (Hildering et al., 2009; Wang et al., 2020), and monitoring direct marine discharge outlets allows for a more intuitive and effective assessment of the degree of marine pollution. In China’s marine pollution context, the main pollutants directly discharged into the ocean include COD, PET, NHN and TP (Yuan and Xiang, 2018; Chen and Qian, 2020). The discharge data for these pollutants have been widely used in various research analyses (Zhang et al., 2017; Yuan and Xiang, 2018; Chen and Qian, 2020; Peng et al., 2023). Although the Bulletin of Marine Ecology and Environment Status of China also covers various pollution sources such as riverine sources, deposition of atmospheric pollutants, and marine litter and microplastics, these were not included in this study due to data availability and discontinuity in time series.

This study considers coastal tourism revenue as an independent variable. Referring to Liu et al. (2017), we used the ratio of total tourism revenue to GDP in coastal cities as a proxy variable for coastal tourism. To ensure the accuracy and rigor of the research, we compiled and aggregated the total tourism revenue data from coastal cities in 11 coastal provinces, representing the coastal tourism revenue of each province. The data is sourced from the China Statistical Yearbook.

This study employs four control variables. First, the Gross Ocean Product (GOP) represents the final output of marine economic activities in coastal regions within a certain period. It is obtained by summing the added value of three types of marine industries and effectively reflects the level of marine economic development in coastal regions. Referring to Shao et al. (2021), we used per capita GOP with data from the China Marine Statistical Yearbook. The population variable is derived by summing the populations of coastal cities within each coastal province with data from the China Statistical Yearbook. Strict environmental regulations can effectively control pollutant discharges and improve marine environmental quality (Sun et al., 2023). Therefore, this study uses the proportion of industrial pollution control investment to GDP as the environmental regulation variable, following Liu et al. (2021). Technological innovation can alleviate the ecological pressure on the marine environment (Shao, 2020; Ren and Ji, 2021). Based on the study by Su et al. (2021), we used the number of personnel engaged in scientific and technological activities in marine R&D institutions as the technological innovation variable, with data from the China Marine Statistical Yearbook. To ensure comparability and robustness in the panel data analysis, all variables used in this study have been ln-transformed to mitigate the impact of different dimensions. Table 1 presents the variable sources and descriptions, while Table 2 presents the descriptive statistics.


Table 1 | Variable source and description.

[image: Table listing variables related to coastal cities, with columns for variables, symbols, specification, and data source. Variables include chemical oxygen demand, petroleum, ammonia nitrogen, total phosphorus, coastal tourism revenue, environmental regulation, gross ocean product, technological innovation, and total population. Specifications detail measurements like discharge per population unit or GDP percentage. Data sources are from Chinese government publications and statistical yearbooks.]


Table 2 | Descriptive statistics.

[image: Statistical table displaying various variables with their respective mean, median, maximum, minimum, standard deviation, skewness, kurtosis, Jarque-Bera, and probability values. For instance, COD has a mean of 1080.999, maximum of 14867.285, and skewness of 6.071, with all probability values marked as 0, except for TOUR which is 0.003.]




2.2 Empirical model

This study employs the STIRPAT model (Stochastic Impacts by Regression on Population, Affluence, and Technology) developed by Dietz and Rosa (1994) and York et al. (2004) to determine the selection of variables. This model is widely used to assess the impact of driving forces on ecological environmental changes and can estimate the causal effects represented by the model coefficients (Wei, 2011). The basic formula of the STIRPAT model is:

[image: Equation representing \( I_{i,t} = a \cdot P_{i,t}^b \cdot A_{i,t}^c \cdot T_{i,t}^d \cdot \mu_{i,t} \).]	

where I represents the environmental impact caused by humans, P denotes the population size, A stands for affluence, T signifies the level of technology. And a represents the model’s constant coefficient, b, c, and d denote the underestimated parameters, and [image: Greek lowercase letter mu (μ), commonly used to represent micro- or mean in scientific and mathematical contexts.]  signifies the error term. After taking the logarithm of the model, it can be rewritten as:

[image: The equation displayed is: ln I sub i comma t equals a plus b ln P sub i comma t plus c ln A sub i comma t plus d ln T sub i comma t plus mu sub i comma t.]	

The STIRPAT model allows for the estimation of various coefficients as parameters and the
appropriate decomposition of each factor. However, the basic model no longer meets the complex demands of modern research. Therefore, based on the characteristics and content of the study, we can incorporate additional factors into the basic STIRPAT model to explore their impact on environmental stress (Wang et al., 2017; Wu et al., 2021). To comprehensively analyze the impact of coastal tourism on marine pollution, this study expands the basic STIRPAT model, drawing on and referencing previous literature to meet the design requirements of this research. Referring to Liddle (2014); Koçak et al. (2020) and Ahmad and Ma (2022), we incorporated coastal tourism as an affluence factor into the STIRPAT model. Following Liu et al. (2019) and Song et al. (2020), we include environmental regulation variables in the model. The dependent variables of this study are four types of marine pollutant discharges. Therefore, the expanded formula is as follows:

[image: The image contains a regression equation: lnCODₜ,ᵢ = α₀ + α₁lnTOURₜ,ᵢ + α₂lnPOPₜ,ᵢ + α₃lnGDPₜ,ᵢ + α₄lnTECHₜ₋₁ + α₅lnERₜ,ᵢ + εₜ,ᵢ.]	

[image: Regression equation with the dependent variable lnPET and independent variables lnTOUR, lnPOP, lnGDP, lnTECH, and lnER, each multiplied by their respective beta coefficients. An error term is included.]	

[image: Equation showing a linear regression model: lnNHN_it = γ0 + γ1lnTOUR_it + γ2lnPOP_it + γ3lnGDP_it + γ4lnTECH_it + γ5lnERI_it + ω0_it.]	

[image: Mathematical equation displaying a regression model: lnTR_{i,t} equals λ₀ plus λ₁ lnTOUR_{i,t} plus λ₂ lnPOP_{i,t} plus λ₃ lnGDP_{i,t} plus λ₄ lnTECH_{i,t} plus λ₅ lnER_{i,t} plus ρ_{i,t}.]	

In the four models mentioned above, the dependent variables are four types of marine pollutant discharges: COD, PET, NHN, and TP. The independent variable is coastal tourism revenue (TOUR), and the control variables include Environmental Regulation (ER), GOP, Technological Innovation (TECH), and Total Population (POP). The parameters [image: Greek letter alpha with a subscript x.] , [image: Greek letter beta subscript x.] , [image: The Greek letter gamma with a subscript x.]  and [image: Lowercase Greek letter lambda with a subscript "x".]  represent the coefficients for the corresponding variables in each of the four models, respectively. The variable t denotes time, and i represents the provinces. The terms [image: Greek letter epsilon with subscripts i and t.] , [image: The image shows the mathematical expression "e sub i,t", indicating a variable e with subscripts i and t.] , [image: The Greek letter omega with subscripts i and t.]  and [image: The image shows the Greek letter rho with subscripts "i" and "t".]  represent the error terms in each of the four models, respectively.




2.3 Econometrics procedure



2.3.1 CD test

Due to spillover effects, spatial effects, or unobserved common factors, cross-sectional dependence may exist in panel data models, leading to estimation errors (Liddle, 2012; Rahman et al., 2021). In the context of China’s macroeconomic development and regional connections, there are close links between provinces. When one province experiences a shock, it inevitably impacts other provinces. Therefore, to prevent biases in the statistical analysis of panel data in this study, we use the CD test proposed by Pesaran (2004) to examine whether there is cross-sectional dependence in the panel data. Conducting the CD test is a necessary step before panel data analysis. This test analyzes whether there is cross-sectional dependence in the error terms by eliminating the mean during the computation process (Khan et al., 2019). Typically, the null hypothesis is that the error terms in the panel data are cross-sectionally independent (Saqib and Benhmad, 2021). It is worth noting that this test can effectively identify cross-sectional dependence in the data even when the dependence is weak and can handle non-normally distributed random errors (Perone, 2024). The equation for the CD test used in this study is as follows:

[image: CD is equal to the square root of the fraction with numerator two T and denominator N times the quantity N minus one, multiplied by the sum from i equals one to N minus one of the sum from j equals i plus one to N of rho subscript i j.]	

N represents the cross-sectional units, T denotes the time dimension, and i and j respectively stand for the elements of the connection matrix. The [image: Mathematical symbol depicting a lowercase Greek letter rho with a hat symbol on top, followed by subscripts i and j.]  represents the pairwise correlation of the residuals obtained from OLS estimation. Even when the sample size N and time T are small, the CD test can still provide robust and accurate results for small samples (Islam et al., 2022; Perone, 2024). To ensure the accuracy of subsequent analysis results, this study employs tools and techniques that can yield robust results even in the presence of cross-sectional dependence.




2.3.2 Panel unit root tests and panel cointegration tests

Before conducting the cointegration tests, we need to check whether all variables have unit roots. To ensure the robustness of the test results, this study employs both first-generation and second-generation panel unit root tests. Since first-generation panel unit root tests are not suitable for situations with cross-sectional dependence, which may lead to spurious regression (Iqbal et al., 2023), we use the second-generation panel unit root test, the CIPS test proposed by Pesaran (2007), to address this issue. The CIPS test can detect and eliminate cross-sectional dependence in our panel data (Bangake and Eggoh, 2011). The null hypothesis of the CIPS test is that all variables in the panel data are non-stationary (Bildirici, 2017), and its equation is expressed as follows:

[image: Equation showing a time series model: Δzₜᵢ = αᵢ + βᵢzᵢ,ₜ₋₁ + ρᵢT + Σ (from j=1 to n) δᵢⱼΔzⱼ,ₜ₋₁ + εₜᵢ.]	

Among them, [image: Equation representing the variable "z" subscripted with "it."]  represents the variables, [image: Greek letter rho in italic script.]  represents the deterministic components, [image: Lowercase Greek letter delta (δ) in a serif font.]  represents the significance level, and [image: Lowercase Greek letter epsilon.]  represents the error term. The statistical equation for the CIPS test is as follows, where [image: The image depicts a mathematical expression: \( t_i(N, T) \), where \( t_i \) is a function of variables \( N \) and \( T \).]  represents the t-statistic of [image: Lowercase Greek letter beta with a subscript i.] .

[image: The equation displays the CIPS statistic as CIPS(N, T) equals one over N, times the sum from i equals one to N, of t_i(N, T).]	

The panel cointegration test is used to examine whether there is a long-term convergence relationship between two or more non-stationary time series variables (Muye and Muye, 2017). The panel cointegration tests by Kao (1999) and Pedroni (1999) are commonly used methods, but they require cross-sectional independence. If cross-sectional dependence exists, it can lead to biased results (Islam et al., 2022). In contrast, the Westerlund and Edgerton (2007) and the Westerlund ECM cointegration tests can avoid this issue. This study focuses on the Westerlund ECM cointegration test, and its error correction equation is presented as follows:

[image: The image displays a mathematical equation for a model, often used in econometrics or statistical analysis, involving differences of variables \( \Delta Y_{it} \). It includes coefficients \( \phi_i \), \( \tau_i \), \( \beta_i \), sums over indices \( j \) from one to \( k \), and an error term \( \epsilon_{it} \).]	

Among them, [image: Lowercase Greek letter tau with a subscript lowercase i.] ​ represents the coefficient of the error correction term. To test for cointegration among the variables, there are two sets of statistical data: two panel statistics and two group-mean statistics. The [image: The image shows the mathematical notation "G subscript f" in a serif font with a slight blur effect.]  and [image: The image shows the mathematical symbol "G" with a subscript Greek letter alpha (α).] ​ statistics are used to determine the existence of cointegration in a cross-sectional unit. The equations for these statistics are as follows:

[image: Mathematical formula: \( G_{\tau} = \frac{1}{N} \sum_{i=1}^{N} \frac{\hat{\delta}_{i}}{\text{Se}(\hat{\delta}_{i})} \).]	

[image: Mathematical formula representing \( G_\alpha = \frac{1}{N} \sum_{i=1}^{N} \frac{T \hat{\delta}_i}{1 - \sum_{j=1}^{k} \hat{\delta}_{ij}} \).]	

The [image: Mathematical notation with an uppercase \( P \) and a lowercase subscript \( \tau \).]  and [image: Mathematical notation showing the variable \( p \) with a subscript \(\alpha\).]  statistics are used to determine the existence of cointegration across the entire panel. The equations for these statistics are as follows:

[image: Formula depicting P subscript tau equals delta hat over standard error of delta hat.]	

[image: \( \mathbf{P}_{\alpha} = \mathbf{T} \hat{\mathbf{d}} \)]	




2.3.3 Estimation methods

Pesaran et al. (1999) developed the PMG estimator to estimate the short-term and long-term impact coefficients between variables. The unique feature of PMG is that it allows for different intercepts, short-term coefficients, and error variances across different groups, while assuming that the long-term coefficients are the same across all cross-sections (Cetin et al., 2022; Saidmamatov et al., 2023). This characteristic limit the homogeneity of long-term relationships among provinces in panel data while allowing for heterogeneity in short-term relationships (Iqbal et al., 2023). Compared to DOLS and FMOLS, a significant advantage of PMG is its ability to assess short-term dynamics in the model. Moreover, PMG is applicable regardless of whether the variables used in the analysis are I(0) or I(1) (Hongxing et al., 2021).

The PMG estimator assumes that all variables in the model have a long-term relationship. Additionally, PMG is based on the ARDL [image: Text displaying a mathematical notation of ordered pair, presented as \((p, q)\).]  model, where [image: Lowercase letter "p" in italic font.]  is the lag order of the dependent variable, and [image: Lowercase letter "q" in a serif font.]  is the lag order of the independent variables. Therefore, the equation for PMG in the form of error correction mechanism is expressed as follows:

[image: Mathematical equation representing a model: \(\Delta y_{it} = ECT_{it-1} + \sum_{j=1}^{p-1} \gamma_j \Delta y_{i, t-j} + \sum_{j=0}^{q-1} \delta_j \Delta X_{i, t-j} + \epsilon_{it}\).]	

Where [image: Mathematical equation showing ECT subscript it equals phi superscript J y subscript t minus 1 minus the quantity beta subscript 0 superscript i plus beta subscript 1 superscript i times X subscript t minus 1.] , [image: Text showing the expression "ECT" followed by a subscript "it".]  represents the error correction term, [image: Lowercase Greek letter phi, denoted as phi superscript i.]  defines the speed of adjustment, [image: Lowercase Greek letter beta symbol.]  represents the long-term coefficients, [image: Mathematical notation showing the Greek letter gamma with a subscript i and superscript j.]  and [image: Delta symbol with subscripts j and superscripts i.]  represent the short-term coefficients for the dependent and independent variables, respectively, and [image: Mathematical notation showing the symbol epsilon with the subscript "it".]  is the error term.

When there is a cointegration relationship among the variables in the panel series, issues of autocorrelation and endogeneity can lead to biased coefficients obtained by OLS estimation. FMOLS and DOLS estimators can correct these biases, ensuring the accuracy of the estimates. Additionally, these two estimators can maintain the robustness of the results even with small sample sizes (Rahman et al., 2021).

The FMOLS estimator, as proposed by Pedroni (2000), uses a non-parametric approach by integrating semi-parametric corrections into the OLS estimation to address biases caused by endogeneity and serial correlation. The equation for the FMOLS estimator is expressed as follows:

[image: Equation showing \(\hat{\beta}^*_{GFM} = N^{-1} \sum_{i=1}^{N} \hat{\beta}^*_{FM,i}\).]	

[image: Beta hat asterisk subscript GFM.]  represents the parameter estimated using FMOLS for each individual in the panel data. The equation for the corresponding t-statistic is expressed as follows:

[image: Mathematical equation showing t with a hat and subscript beta GFM equals N raised to the power of negative one-half times the summation from i equals one to N of t with a hat and subscript beta FMI.]	

The DOLS estimator, as developed by Kao and Chiang (2000), uses a parametric approach by incorporating the lagged and lead values of the explanatory variables to eliminate issues of endogeneity and serial correlation. Monte Carlo simulations have shown that, compared to OLS and FMOLS, the parameter estimation bias of DOLS is smaller (Khan et al., 2019; Rahman et al., 2021). The equation for the DOLS estimator is expressed as follows:

[image: The image shows a mathematical equation: \( y_{it} = \alpha_i + \beta_i x_{it} + \sum_{{j=-q_i}}^{q_i} c_{ij} \Delta x_{it+j} + v_{it} \).]	

Where, [image: The lowercase letter "q" followed by a subscript "i".]  and [image: Negative lowercase q subscript i.]  represent the number of lagged and lead terms, respectively.




2.3.4 D-H panel causality test

The above panel estimators do not fully confirm the causality and its direction between the variables. Therefore, we adopt the panel causality test by Dumitrescu and Hurlin (2012) to evaluate the causality between coastal tourism and four types of marine pollutant discharges. The unique advantage of the D-H causality test is that it performs well even in the presence of cross-sectional dependence among provinces, making it widely regarded as an advanced version of the Granger causality test (Iqbal et al., 2023). The equation for the D-H panel causality test is expressed as follows:

[image: Mathematical equation representing a model: y sub it equals alpha sub i plus the sum from j equals one to k of mu sub j times y sub i t minus j plus the sum from j equals one to k of gamma sub j times x sub i t minus j plus epsilon sub it.]	

Where, [image: Lowercase Greek letter mu with subscript i and superscript j.]  represents the autoregressive parameters, and [image: Lowercase Greek letter gamma with subscript i.] ​ represents the regression coefficients. The null hypothesis of the D-H causality test is that there is no causality across all cross-sections, while the alternative hypothesis is that there is at least one causal relationship in the panel data.






3 Empirical results



3.1 Pre-analysis testing

To explore the relationship between coastal tourism and marine pollution, a series of pre-analysis tests, including the CD test, panel unit root tests, and panel cointegration tests, need to be conducted.

First, the results of the CD test in Table 3 indicate that the null hypothesis of no cross-sectional dependency is rejected for all variables at the 1% significance level, supporting the alternative hypothesis of the existence of cross-sectional dependency among the variables. This suggests that there is cross-sectional dependence and interrelation among the variables within the same period, which further ensures the reliability of subsequent tests and analysis results.


Table 3 | Results of the cross-sectional dependence test.

[image: Table showing CD-Test results and p-values for various variables. All variables have statistically significant results at 1%. Variables include lnCOD, lnPET, lnNHN, lnTP, lnTOUR, lnER, lnGOP, lnTECH, and lnPOP, with CD-Test values ranging from 10.496 to 25.682 and p-values of 0.000.]

The unit root test requires that the data be stationary at level or first-order difference. Due to the limitations of each testing method, we employed both first-generation unit root tests, including LLC, IPS, ADF-Fisher, and PP-Fisher, as well as the second-generation unit root test, CIPS. The null hypothesis for all five different types of unit root tests is that all panels contain a unit root. The results of the unit root tests in Table 4 show that some variables are non-stationary at the level. However, after taking the first-order differencing, all variables reject the null hypothesis of having a unit root, indicating that all variables are stationary after the first-order differencing.


Table 4 | Stationarity of the variables.

[image: Table displays statistical test results for different variables across LLC, IPS, ADF-Fisher, PP-Fisher, and CIPS methods. Each cell includes t-statistics and p-values, with significance denoted by asterisks. Variables analyzed include lnCOD, lnPET, lnNHN, lnTP, lnTOUR, lnER, lnGOP, lnTECH, and lnPOP. Statistical significance is indicated at 1%, 5%, and 10% levels using triple, double, and single asterisks, respectively.]

This study uses the Pedroni (1999), Kao (1999), Westerlund and Edgerton (2007), and Westerlund ECM cointegration tests to examine whether there is a long-term relationship between the analyzed variables in the four models. The null hypothesis for all four cointegration tests is the absence of a cointegration relationship. Table 5 reports the results of the cointegration tests. The results of the Pedroni (1999) cointegration test show that for different dependent variables in the four models, the null hypothesis of no cointegration relationship is rejected at the 1% significance level. The panel cointegration test results of Kao (1999) similarly indicate that the null hypothesis is rejected for all four models, supporting the alternative hypothesis of the existence of a panel cointegration relationship. The cointegration test results of Westerlund and Edgerton (2007) reveal a long-term relationship among the estimated variables in the four models. In the Westerlund ECM cointegration test, the null hypothesis of the Gt and Ga statistics is that there is no cointegration relationship for all cross-sectional units, while the null hypothesis of the Pt and Pa statistics is that there is no cointegration relationship for the entire panel. The results indicate that there is a cointegration relationship in the four models, both for the entire panel and for individual cross-sectional units. In summary, all four cointegration tests demonstrate the existence of a long-term equilibrium relationship among the analyzed variables in these four models.


Table 5 | Panel cointegration tests results.

[image: Table showing cointegration test results for four models with significance levels. For Pedroni (1999), statistics vary across models with all p-values at 0.000. Kao (1999) displays similar trends with varied p-values. Westerlund and Edgerton (2007) include a variance ratio and ECM cointegration values with p-values indicating statistical significance at different levels. Asterisks indicate 1%, 5%, and 10% significance.]




3.2 Regression results

The panel cointegration test can determine whether there is a long-term relationship between variables. However, it cannot ascertain the specific coefficients of the variables in the long-term relationship. Therefore, we employed the PMG, FMOLS, and DOLS estimators to estimate the corresponding variable coefficients. These three estimators require that the variables are stationary after first-order differencing and that the variables have a cointegration relationship. After meeting these conditions, this study aims to estimate the long-term impact coefficient of coastal tourism on marine pollution. The PMG estimator can estimate short-term and long-term coefficients in the model, while the FMOLS and DOLS estimators rigorously examine the long-term effects. The coefficient estimates for each variable across the four models are presented in Table 6. Most of the estimators show similar results regarding the signs and statistical significance of the coefficients.


Table 6 | Estimation of long-term and short-term influence coefficients of COD.

[image: A table displaying long-run and short-run estimation results across four models. It includes columns for PMG, FMOLS, and DOLS methods. Variables analyzed are lnTOUR, lnER, lnGOP, lnTECH, lnPOP, and Error Correction. Values with standard errors in brackets indicate statistical significance at 1%, 5%, and 10% levels.]

For the PMG estimator, the error correction coefficients for the four models are -0.772, -1.207, -0.579, and -0.421, respectively, all significant at the 1% level. This indicates that when other variables deviate from the long-term equilibrium, the error term will pull the deviation back towards the long-term equilibrium state at an annual rate of 0.772, 1.207, 0.579, and 0.421, respectively. In the short term, the impact of coastal tourism on these four types of marine pollution discharges is not significant, as marine pollution is a cumulative process that does not manifest its effects in the short term. Additionally, the control variables do not have a significant short-term impact on marine pollution.

The regression results of Model 1 indicate that, according to the PMG, FMOLS, and DOLS estimators, TOUR has a significantly negative long-term impact on COD, with a 1% increase in TOUR leading to a reduction in COD by 0.734%, 0.536%, and 0.952%, respectively. Conversely, GOP positively impacts on COD, with a 1% increase in GOP resulting in an increase in COD by 0.346%, 4.004%, and 1.030%, respectively. Additionally, TECH shows a significantly negative impact on COD. In the results of Model 2, TOUR does not significantly affect PET for any of the three estimators, though TECH among the control variables exhibits a suppressive effect on PET. The results of Model 3 demonstrate that TOUR reduces NHN, with a 1% increase in TOUR leading to a reduction in NHN by 0.746%, 0.340%, and 1.633%, respectively. While POP positively impacts NHN, increases in TECH and GOP contribute to reductions in NHN. Similarly, the results of Model 4 reveal that TOUR has a significantly negative impact on TP across all three estimators, with a 1% increase in TOUR leading to a reduction in TP by 5.169%, 0.899%, and 0.334%, respectively. In contrast, both GOP and POP have positive effects on TP.




3.3 D-H panel causality test results

The previous section explored the cointegration relationships between the variables and the estimation of the associated coefficients, but it did not consider the direction of causality between the variables. The panel causality test by Dumitrescu and Hurlin (2012) effectively investigates the direction of causality between variables. In Table 7, we can see that TOUR exhibits a bidirectional causal relationship with COD and NHN, while it shows a unidirectional causal relationship with PET and TP. Regarding the control variables, ER has a unidirectional causal relationship with TP and no causal relationship with the other three pollutant discharges. GOP has a unidirectional causal relationship with COD, NHN, and TP, but a bidirectional causal relationship with PET. TECH shows no causal relationship with COD, PET, or TP, but only has a unidirectional causal relationship with NHN. POP has a unidirectional causal relationship with all four pollutant discharges.


Table 7 | Dumitrescu-Hurlin causality test.

[image: Table comparing four models with columns for null hypothesis, Z-statistics, and direction of relationships between variables such as TOUR, COD, PET, NHN, TP, ER, GOP, TECH, and POP. Significance levels are denoted by asterisks, and p-values are in parentheses. Arrows indicate unidirectional and bidirectional causality.]




3.4 Heterogeneity analysis results

This section will explore heterogeneity analysis based on income levels and geographic regions, with the specific regional divisions presented in Table 8. Compared to the PMG estimator, FMOLS remains applicable even in small sample sizes (Rahman et al., 2021). Additionally, FMOLS is a parametric method that corrects for endogeneity and serial correlation errors to obtain results, whereas DOLS is merely a parametric approach (Doğanalp et al., 2023). Therefore, due to the accuracy and robustness of FMOLS, we used this estimator for the heterogeneity analysis.


Table 8 | Grouping of the 11 Chinese coastal regions by income levels and geographic regions.

[image: Table categorizing regions by income levels and coastal geographic regions. Income levels are based on average per capita GDP from 2006 to 2019: High-income includes Shanghai, Jiangsu, Tianjin, Zhejiang, Fujian; Mid-income includes Guangdong, Shandong, Liaoning; Low-income includes Hainan, Hebei, Guangxi. Coastal geographic regions: Bohai Rim Region includes Liaoning, Hebei, Tianjin, Shandong; Yangtze River Delta includes Shanghai, Jiangsu, Zhejiang; West coast of the Taiwan Strait and South China Sea region includes Fujian, Guangdong, Guangxi, Hainan.]

The results of the heterogeneity analysis are presented in Figure 2. Overall, TOUR exhibits significant heterogeneity in its impact on various pollutant discharges across different income levels and geographic regions. Specifically, while TOUR has a significantly negative effect on COD across high-, middle-, and low-income coastal regions, the magnitude of the coefficients varies considerably. For high- and middle-income coastal regions, a 1% increase in TOUR reduces COD by 1.467% and 1.672%, respectively. However, for low-income coastal regions, COD decreases by only 0.277%. Additionally, there are noticeable differences in TOUR’s impact on COD across different geographic regions, with the largest coefficient observed in the southern coastal regions, followed by the central coastal regions, and the smallest effect in the northern coastal regions, where the coefficient is only 0.179. TOUR’s impact on PET remains largely insignificant across different income levels and geographic regions, consistent with the previous regression results. The only exception is that TOUR significantly negatively affects PET in high-income coastal regions. TOUR’s impact on NHN is also negative across provinces of varying income levels. However, it is noteworthy that a 1% increase in TOUR in low-income coastal regions leads to only a 0.061% reduction in NHN. Moreover, TOUR has no significant effect on NHN in the northern coastal regions, while the southern coastal regions show the largest coefficient. TOUR does not significantly impact TP in middle- and low-income coastal regions but shows a significantly negative effect in high-income coastal regions. From a geographic perspective, TOUR has no significant impact on TP in the northern coastal regions. In contrast, in the central and southern coastal regions, a 1% increase in TOUR reduces TP by 0.273% and 0.296%, respectively.


[image: Forest plot illustrating heterogeneity analysis with lnTOUR coefficients and 95% confidence intervals for COD, PET, NHN, and TP across income levels and coastal regions. Green squares represent point estimates; horizontal lines indicate confidence intervals, showing statistical significance.]

Figure 2 | Results of heterogeneity analysis based on income level and geographical regional comparison.







4 Discussion



4.1 Discussion of regression results

Coastal tourism has a negative impact on the discharge of pollutants such as COD, NHN, and TP, indicating that the development of coastal tourism contributes to the reduction of marine pollution. By enhancing economic benefits and raising environmental awareness, coastal tourism reduces pollutant discharge into the ocean on two levels, thereby effectively improving and protecting the marine environment (Song, 2016). Specifically, on the one hand, coastal tourism generates significant fiscal revenue for both local communities and governments, which can be used to protect and manage sensitive marine environments (Davenport and Davenport, 2006; Liu et al., 2017; Wang et al., 2020). For example, revenue from tickets for marine recreational activities such as yachting, sailing, diving, snorkeling, and water parks, as well as franchise fees paid by companies involved in these activities, provide ample financial support for government efforts in marine environment management and pollution control. On the other hand, coastal tourism effectively raises public environmental awareness (Chen et al., 2023). Through frequent interaction with the ocean and beaches, tourists gradually recognize the importance of marine environmental protection, value marine resources more highly, and actively participate in conservation efforts. For residents, coastal tourism not only brings economic benefits but also encourages them to consciously maintain the environment and actively promote environmental awareness, creating a positive cycle of marine environment protection. However, coastal tourism has no significant impact on PET, suggesting that the development of coastal tourism has not effectively reduced PET into the ocean. With the growing global demand for oil, activities related to oil extraction, refining, and maritime transportation are becoming increasingly frequent. During these processes, leakage incidents from oil wells, pipelines, drilling platforms, or transport tankers are common, leading to an increase in oil spills, which directly cause severe harm to the marine environment (Barakat et al., 1999; Xue et al., 2015). Because coastal tourism has limited direct influence on these PET-related activities, it has not significantly impacted PET.

Stricter environmental regulations and increased investment in pollution control, although considered effective in improving marine environmental quality and reducing pollutant discharges, do not significantly or consistently impact the discharge of the four types of marine pollutants, according to our research findings. This indicates that China’s investment in marine environmental pollution control remains insufficient, and there is a need for greater investment in marine environmental management in coastal regions in the future. This conclusion aligns with the findings of Liu et al. (2022). The study also found that the GOP has a positive impact on COD and TP, indicating that the development of China’s marine economy has exacerbated the discharge of these pollutants, consistent with the findings of Peng et al. (2020). Conversely, the impact of GOP on PET and NHN is mostly significantly negative, suggesting that the development of the marine economy has, to some extent, alleviated the environmental pressure caused by these pollutant discharges, a result consistent with Shao (2020). Furthermore, the research shows that marine technological innovation exhibits a strong negative correlation with marine pollution when using FMOLS and DOLS estimators, indicating that technological innovation positively reduces marine pollution. Promoting technological innovation can facilitate low-pollution production, thereby helping to improve marine pollution. This conclusion is consistent with the findings of Wang et al. (2019) and Shao (2020). Regarding the population variable, most results show a positive correlation between population size and marine pollution. This suggests that as the population of coastal cities grows, pollutant discharges also increase, placing greater pressure on the marine environment, the conclusion consistent with the findings of Li et al. (2019).




4.2 Discussion of D-H panel causality test results

The following bidirectional causal relationships exist between coastal tourism and COD, NHN. A decline in environmental quality directly reduces tourist destinations’ attractiveness, while tourism’s economic benefits provide local governments with more funds for environmental protection and pollution control (Zhang and Gao, 2016). Regarding PET and TP, there is a unidirectional causal relationship with coastal tourism, indicating that the development of coastal tourism impacts their discharge into the ocean. This finding is consistent with the study by Ahmad and Ma (2022). Regarding environmental regulation, we found a unidirectional causal relationship only with TP, suggesting that increased investment in governance can effectively reduce marine pollution by improving pollutant treatment facilities and promoting ecological restoration (Zeng et al., 2019; Chen and Qian, 2020). However, there is no causal relationship between environmental regulation and the other three marine pollutant discharges, indicating that current environmental governance efforts are insufficient to control the discharges of these pollutants effectively (Liu et al., 2022). There is a bidirectional causal relationship between GOP and PET, suggesting that marine economic activities affect pollutant discharges, while changes in the marine environment, in turn, influence the development of the marine economy (Li et al., 2023). For example, maritime transport, aquaculture, and energy development increase marine pollution, while the deterioration of the marine environment leads to sea-level rise, ecosystem destruction, and energy depletion, thereby impacting economic development. Additionally, there are unidirectional causal relationships between GOP and the other three pollutant discharges, with many studies providing ample evidence that marine economic development has a direct or indirect significant impact on marine pollution (Shao, 2020; Ren and Ji, 2021; Shao et al., 2021; Wang et al., 2021). There is a unidirectional causal relationship between marine technological innovation and NHN, indicating that technological advancements are important in reducing marine pollution (Shao, 2020; Zheng et al., 2020). For instance, improvements in pollutant treatment technology, ecological restoration technology, and clean energy technology can more efficiently control and manage marine pollution. Finally, there is a unidirectional causal relationship between coastal population and these marine pollutant discharges, indicating that as population size increases, pollution issues worsen, placing greater pressure on the marine environment (Li et al., 2019).




4.3 Discussion of Heterogeneity analysis results



4.3.1 Heterogeneity analysis of high-, mid-, and low-income coastal regions

In high-income coastal regions, coastal tourism has a significant long-term negative impact on marine pollution. These regions typically possess more abundant financial resources, enabling them to implement more effective measures for controlling marine pollution. The economic benefits generated by coastal tourism can be effectively channeled into protecting and managing the marine environment, thereby reducing marine pollution issues over the long term. In contrast, the impact of coastal tourism on marine pollution in middle- and low-income coastal regions is inconsistent and does not uniformly exert a negative influence on all types of marine pollutant discharges. Due to the relatively limited financial resources and environmental management capabilities in middle- and low-income coastal regions, marine environmental protection facilities are often not at a high level. Additionally, environmental awareness regarding marine protection in these regions is relatively weak. As a result, the effectiveness of coastal tourism in reducing marine pollution in these regions is less evident than in high-income coastal regions.




4.3.2 Heterogeneity analysis of northern, central, and southern coastal regions

In the northern coastal regions, coastal tourism development has not significantly reduced marine pollution. Liaoning, Hebei, Tianjin, and Shandong are key industrial provinces in China, playing a crucial role in heavy industries such as steel, machinery, and manufacturing. Due to the large number of pollutants typically emitted by industrial activities, the environmental management revenue generated by coastal tourism is insufficient to offset the negative impact of industrial pollution on the marine environment in these areas. In contrast, coastal tourism has been more effective in reducing marine pollutant discharges in the central and southern coastal regions, with the southern coastal regions standing out. Provinces like Fujian and Guangdong have more mature coastal tourism industries, which generate more significant economic benefits. With more abundant financial resources, the southern coastal regions can invest more in constructing marine environmental protection facilities and pollution control, thereby significantly reducing pollutant discharges and improving the quality of the marine environment. Furthermore, environmental awareness is stronger in the southern coastal regions, where greater emphasis is placed on sustainable development, and environmental pollution is more strictly and effectively regulated. Additionally, the southern coastal regions are at the forefront nationwide in applying environmental and clean energy technologies, which help to more efficiently treat pollutants and reduce the discharge of harmful substances into the ocean. In comparison, the central coastal regions have relatively lower technological levels in this regard, resulting in less effective pollutant reduction efforts than in the southern coastal regions.






5 Conclusions and policy implications

This study utilizes data on four different types of marine pollutant discharges from 11 coastal provinces in China from 2006 to 2019 to quantitatively analyze the relationship between coastal tourism and marine pollution. The research findings can be summarized into the following three points.

	Coastal tourism has a significant negative impact on COD, NHN, and TP, indicating that the development of coastal tourism can reduce the discharge of these three types of pollutants into the ocean. This effect can be attributed to the economic benefits brought by coastal tourism to coastal regions, and the heightened public awareness of environmental protection. However, the impact of coastal tourism on PET is not significant, as it is related to the primary sources of petroleum pollution in the marine environment.

	The control variables show varying degrees of significant correlation with marine pollution. Environmental regulation does not significantly and consistently impact marine pollution, indicating that China’s investment in marine environmental pollution management is still insufficient. The influence of GOP on different pollutant discharges varies; while its development alleviates the environmental pressure from some pollutant discharges, it also exacerbates the emission of other pollutants. Marine technological innovation exhibits a strong negative correlation with marine pollution, suggesting that technological advancements contribute to reducing marine pollution. In contrast, the impact of population size on marine pollution is positive, as population growth leads to an increase in pollutant discharges.

	The heterogeneity analysis based on income level differences reveals that in high-income coastal regions, coastal tourism has a significant negative impact on marine pollution. However, in middle- and low-income coastal regions, coastal tourism does not significantly reduce all types of marine pollutant discharges. This indicates that, due to the limited economic development and financial resources in middle- and low-income coastal regions, marine pollution control and environmental protection have not yet reached high standards. The heterogeneity analysis based on geographic region comparison shows that coastal tourism in the northern coastal regions has not significantly reduced marine pollution. The primary reason is that these provinces are key industrial bases where industrial activities cause substantial pollution to the marine environment. Although coastal tourism generates revenue for environmental management, it is insufficient to offset the negative impacts of industrial activities on the marine environment. In contrast, coastal tourism in the central and southern coastal regions demonstrates a more significant effect in reducing marine pollutant discharges.



Based on the above research findings, we propose the following policy recommendations.

	To vigorously develop coastal tourism and achieve sustainable development, the government should provide sufficient financial support to coastal regions. This could be done by establishing special funds primarily for infrastructure construction, initiating ecological protection projects, and improving environmental protection facilities. In addition, appropriate policy incentives would also help promote the simultaneous development of coastal tourism and marine environmental improvement. For example, financial subsidies could be offered to enterprises implementing environmental protection measures or reducing pollution, encouraging more coastal businesses to participate in environmental protection efforts. At the same time, raising public environmental awareness is crucial. Local governments and relevant departments should enhance environmental awareness and education within businesses and communities, increasing the environmental consciousness of employees and residents. To achieve broader awareness, media, environmental education programs, and promotional activities can be utilized to enhance public environmental consciousness, encouraging them to actively participate in marine environmental protection and minimize the negative impact on the marine environment during tourism activities.

	Despite the varying impacts of environmental regulations on different marine pollutant discharges, strengthening and optimizing the enforcement of these regulations remains the most direct and effective means of protecting the marine environment. To achieve this, the government should consider implementing differentiated environmental regulatory measures tailored to specific pollutant discharges, thereby enhancing the precision and effectiveness of related policies. Furthermore, increasing financial investment in marine environmental protection and management is particularly critical, especially in heavily polluted areas, as it can significantly improve local marine ecosystems. Simultaneously, promoting the green development of the marine economy will facilitate industrial upgrading and effectively reduce the proportion of high-pollution industries. The government should also emphasize marine technological innovation by supporting and advancing the research and application of new marine technologies, particularly in pollution control and environmental monitoring. This approach will provide more advanced and effective tools for protecting the marine environment.

	Compared to high-income coastal regions, the development of coastal tourism in middle- and low-income coastal regions has not yet effectively alleviated marine pollutant discharges. Governments and relevant departments in these regions should actively seek financial support from provincial governments, national bodies, or international environmental organizations. These funds can be utilized not only for implementing marine environmental protection projects and building environmental protection facilities but also for technological research and development to improve the efficiency of marine pollution control. Moreover, the coastal tourism resources in middle- and low-income coastal regions remain underdeveloped. Governments should consider vigorously promoting marine eco-tourism projects, making full use of local natural resources. This approach would help increase local revenue and promote local efforts to protect the marine environment. Additionally, northern coastal regions should focus on adjusting and upgrading their industrial structures. The government can guide the region’s industries to transition from high-pollution heavy industries to low-pollution sectors such as high-tech and coastal tourism. This transition would increase tourism revenue while reducing the negative impact on the marine environment, achieving a win-win situation for economic development and ecological benefits.
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The marine economy’s new quality productive forces is an important driving force to promote the high-quality development of the marine economy. Exploring the level of marine economy’s new quality productive forces and its spatiotemporal evolution law will help to provide solid theoretical support and empirical basis for formulating scientific strategies to promote the accelerated development of marine economy. Based on panel data from 11 coastal provinces and cities from 2010 to 2022, this study applies the entropy value method to measure the level of marine economy’s new quality productive forces, and then uses the Dagum Gini coefficient and its decomposition, kernel density estimation method and spatial Markov chain model to reveal its regional differences and spatiotemporal evolution characteristics. The results of the study showed that: (1) The level of marine economy’s new quality productive forces in China and the three major marine economic circles (northern, eastern and southern) have grown annually, but regional imbalances are increasing. Among the constituent elements, scientific and technological productive forces exhibited the strongest growth momentum, while the development of green productive forces relatively lagged behind. (2) The level of marine economy’s new quality productive forces in individual provinces deviates significantly from the national average, resulting in supervariable density becoming the main source of spatial differentiation of marine economy’s new quality productive forces level. (3) Except for the eastern marine economic circle, other regions generally show obvious polarization, which not only limits the effective allocation of resources, but also affects the rational flow and transfer of new quality productive forces levels between different regions. In this regard, relevant policy recommendations are put forward: (1) The implementation of differentiated strategies promotes the regional adaptive development of marine economy’s new quality productive forces. (2) Strengthening internal and external linkage mechanisms to release the spillover effect of the marine economy’s new quality productive forces. (3) Science and technology drive green development and enhance the green content of marine economy’s new quality productive forces.
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1 Introduction

The concept of “new quality productive forces” was first clearly proposed by General Secretary Xi Jinping during his inspection visit to Heilongjiang Province in September 2023, and gave in-depth interpretation and high emphasis in many subsequent important meetings. From the perspective of basic theory, new quality productive forces centers on innovation as the core driver of development, abandoning the shackles of the traditional economic growth model, and opening a new path for productive forces development. It is characterized by high technology, high efficiency, and high quality (Yi and Zheng ,2024), aligning with the new era’s development, and representing the latest embodiment of advanced productive forces. As the forefront of the modernization and transformation of the productive forces, the new quality productive forces not only comply with the requirements of the new development concept, but also inject strong impetus into the high-quality economic development in the new era (Ren, 2024). The deep understanding of its dimensions needs to focus on the dual dimensions of “new” and “quality”. “New” is reflected in the profound reform and upgrading of the basic components of productivity, including the improvement of the quality of workers (the transformation from simple and repeated labor to knowledge-intensive labor), innovation of labor materials (integrated into the Internet, intelligent equipment and other emerging technology infrastructure), the expansion of labor objects (covering non-material form resources such as data), and the comprehensive innovation of production form (the disruptive reshaping of technology, industry and forms of business). “Quality” emphasizes the fundamental transformation of the productivity operation mechanism, involving the optimization of the operation path, the improvement of the quality and efficiency of the operation results, the intelligent and green transformation of the operation carrier (Ding and Li, 2024). These changes go beyond the traditional mode of productive forces relying solely on quantitative expansion, and realize a qualitative leap in the essential attributes of productive forces. While pursuing economic benefits, the new quality productive forces also attach great importance to ecological benefits, which reflects the unremitting pursuit of resource conservation and efficient utilization. Through the introduction of advanced technology to transform the production process, and through the practice of the concept of green and sustainable development, the new quality productive forces effectively reduces the negative impact on the ecological environment, thus being in line with the concept of green productive forces. Through the introduction of advanced technology to transform the production process, and through the practice of the concept of green and sustainable development, the new quality productive forces effectively reduces the negative impact on the ecological environment, thus being in line with the concept of green productive forces in essence.

The proposal of new quality productive forces has established a clear strategic orientation for promoting the high-quality transformation and development of China’s Marine economy. Marine economy, as the key engine of economic growth in the new era, not only carries the important task of promoting new growth drivers, but also leads the optimization and upgrading of economic structure and the exploration of new development model (Chen and Di, 2023), opens up a new dimension of economic expansion and becomes a solid foundation of the strategic blueprint of building a maritime power. Since the beginning of the 21st century, China’s marine economy has stepped into the fast lane of rapid development. By 2023, its economic aggregate has jumped to 99,097 billion yuan, compared with 951.84 billion yuan in 2001, it has achieved a leap growth of nearly ten times, highlighting the strong driving role of Marine economy on the economic growth of coastal areas and even the whole country (Yin et al., 2016). The focus of the national marine economic policy has gradually shifted from the previous growth model that focuses on speed to the high-quality development model that pays equal attention to quality and efficiency, and paid more attention to innovation-driven, structural optimization, green, low-carbon and open and win-win results (Jin et al., 2021). In 2017, the “13th Five-Year Plan for the Development of the National Marine Economy” proposed to further improve the quality and efficiency of the marine economy. In 2018, the “Implementation Opinions on Promoting the High-quality Development of the Marine Economy” focused on supporting the transformation and upgrading of traditional marine industries, and in 2021, the “14th Five-Year Plan” for the development of the marine economy proposed to “accelerate the construction of a marine power”. At present, although the marine economy shows a vigorous development, there are still problems such as serious marine environmental pollution, excessive exploitation of marine resources, imperfect marine industrial structure, excessive regional differences, marine technology “bottleneck” and other need to be solved by (Lu and Yao, 2024). Therefore, given the above challenges, it is particularly important and urgent to accelerate the construction and formation of new qualitative productive forces in the marine field. The cultivation of new quality productive forces is not only the innovation and transcendence of the traditional marine economy development model, but also the only way to cope with the current difficulties and realize the high-quality development of marine economy (Sun and Song, 2021). It requires us to make breakthroughs in marine environmental protection, sustainable utilization of resources, optimization and upgrading of industrial structure, coordinated regional development and independent research and development of key technologies, so as to build a more green, efficient, coordinated and open new marine economy system.

At present, the academic circle has set off the upsurge of research on new quality productive forces, mainly focusing on the connotation interpretation of new quality productive forces (Ding and Li, 2024; Ren, 2024), research status and prospect (Guan et al., 2024; Yang, 2024), level measurement (Han et al., 2024; Liu and He, 2024; Lu et al., 2024; Zhu et al., 2024), cultivation path (Chen and Liu, 2024) and so on aspects. Some scholars have also explored the new quality productive forces in specific fields. For example, Gao and Ma (2024) interpreted the new agricultural productive forces from the perspective of political economy, Zhang and Wang (2024) proposed the improvement path after analyzing the new agricultural productive forces; Dong (2024) proposed to explore the new quality productive forces of grass industry; Deng et al. (2024) analyzed the basic framework of the new quality productive forces in the industrial field. However, there is a great shortage of research on new quality productive forces in the marine field. Xie and Li (2024) mentioned to accelerate the development of new quality productive forces in the marine field. Ye et al. (2024) measured the level of China’s new marine quality productive forces. Liang et al. (2024) explored how the new quality productive forces can empower the high-quality development of the marine economy. Yu et al. (2024) analyzed the characteristic connotation and development path of the new marine quality productive forces. In view of the important growth pole of marine economy in China’s economic system, in-depth exploration of the new quality productive forces of marine economy is not only an expansion of the existing research framework, but also an internal requirement to promote the high-quality development of marine economy. In analyzing the marine economy’s new quality productive forces, it is necessary to not only adopt the general theoretical framework of new quality productive forces, but also fully consider the uniqueness and complexity of marine production activities, so as to provide strong theoretical support and practical guidance for the sustainable development of marine economy.

From the perspective of the research status, the quantitative evaluation system of the marine economy’s new quality productive forces is still in the initial stage of construction and improvement, and in-depth research needs to be conducted from the perspective of time dimension and spatial difference. Based on this, according to the research framework of Figure 1, this paper constructs the index system of marine economy’s new quality productive forces, and calculates the level of marine economy’s new quality productive forces in 11 coastal provinces and autonomous regions in 2010-2022. Through the regional division strategy, the research area is divided into three marine economic circles(the northern marine economic circle includes Liaoning, Tianjin, Hebei and Shandong, the eastern marine economic circle includes Jiangsu, Shanghai and Zhejiang, and the southern marine economic circle includes Fujian, Guangdong, Guangxi and Hainan), exploring the differences in the level of marine economy’s new quality productive forces within different regions and between regions, and using the technology of nuclear density estimation to depict the distribution pattern and change trend of marine economy at different time points. At the same time, combining with the spatial Markov chain analysis method, it deeply analyzes the spatial dynamic process and the spatial spillover effect of the marine economy’s new quality productive forces, which has important theoretical value and practical significance for promoting the balanced and sustainable development of marine economy.


[image: Flowchart illustrating the analysis of China's marine economy new quality productive forces. It splits into two main sections: Measurement and Spatiotemporal Evolution. Measurement uses an entropy evaluation method to construct an indicator system, leading to insights on regional differences. Spatiotemporal Evolution employs Dagum Gini coefficient, Kernel density estimation, and Markov chain to explore distributions, trends, and spatial spillovers. It concludes with findings on upward trends and regional polarization, leading to policy recommendations.]

Figure 1 | Research framework.






2 Research methods and data sources



2.1 Construction of an index system for marine economy’s new quality productive forces

The marine economy’s new quality productive forces, as the specific mapping of the new quality productive forces in the marine dimension, strictly follows the theoretical logical framework, core connotation characteristics, systematic construction path and its realization strategy of the new quality productive forces. It is rooted in the basis of strengthening human ability to conquer and transform nature endowed by scientific and technological progress, and represents the leap of productive forces led by scientific and technological innovation in the marine field (Liu, 2024). At present, the global new scientific and technological revolution and the wave of industrial transformation have had a profound impact on the evolution of the marine economy, and have given birth to a number of breakthrough scientific and technological achievements (Feng et al., 2024), highlighting the position of science and technology as the core driving force for the current and future growth of China’s marine economy. Digital economy, as a direct product of scientific and technological progress, has begun to take shape and deeply integrate into the national economic system. Its positive incentive effect on marine economy is significant (Fu et al., 2022), indicating a strong engine for the development of marine economy’s new quality productive forces in the future. At the same time, the marine economy’s new quality productive forces contains the characteristics of green productive forces, which is committed to realizing the harmonious coexistence between economic and social development and marine resources and environmental protection (He et al., 2023), and leading the marine economy to the direction of high quality and sustainable. In summary, the marine economy’s new quality productive forces is a comprehensive system integrating science and technology, digital and green elements.

In view of the above analysis and relying on the existing research basis of the theory of new quality productive forces, an evaluation system for the development level of marine economy’s new quality productive forces is constructed. This system considers scientific and technological, digital, and green productive forces as the first-level evaluation dimension. Further refinement shows that scientific and technological productive forces covers the two sub-dimensions of marine innovation productive forces and marine technological productive forces. Digital productive forces is decomposed into digital industrial productive forces and industrial digital productive forces. Green productive force includes marine environment-friendly productive forces and marine resource-saving productive forces (see Table 1).


Table 1 | Evaluation index system for the development level of marine economy’s new quality productive forces.

[image: Table displaying indicators categorized by level. Level 1 indicators include Scientific and Technological Productive Forces, Digital Productive Forces, and Green Productive Forces. Each has Level 2 and 3 indicators, details on quantification methods, and indicated nature as either positive or negative. Quantification methods vary by indicator type, reflecting metrics like numbers, rates, and utilization levels.]

General Secretary Xi Jinping’s concept that “talent is the foundation of innovation, and the core of innovation-driven is talent-driven,” highlights the essential role of talent resources in promoting innovation activities. In the field of marine economy, the assessment of marine innovation productive forces needs to focus on the scale and quality of marine researchers and the marine research results they produce. Specifically, the quantitative index of the number of researchers is set as the number of employees in the field of marine research, while the quality level is reflected by the proportion of high-quality talents in the marine field (i. e., talents with master’s degree or above degree in marine majors), which directly reflects the overall quality and potential of the marine research team. The measurement of marine scientific research achievements covers the number of patents granted, the number of scientific papers published and the performance of research and development (R&D) projects in marine scientific research institutions. Collectively, these indicators constitute the direct output and influence of marine scientific research innovation activities. As a bridge connecting scientific knowledge and production practice, technology is the core driving force and key element of productivity development. In the category of marine economy, the evaluation of technical productive forces focuses on the actual results in improving production efficiency, optimizing the utilization mode of means of production and improving the quality of labor objects. This paper selects the marine industry robot penetration density as a key index of the intelligent marine industry process. Its calculation method draws lessons from the research of Kang and Lin (Acemoglu and Restrepo, 2020), combining the International Federation of Robotics (IRF) industrial robot installation data and China’s coastal provinces marine employment population proportion, using the formula “industrial robot installation quantity of marine industry percentage” to construct a quantitative index. Additionally, the improvement effect of marine technological productive forces on labor efficiency is measured by marine labor productive forces, while the development level of marine monitoring technology is indirectly reflected by the number of coastal observatories in coastal areas. This index reflects the application effectiveness of marine science and technology in environmental monitoring and protection. Advances in marine technological productive force also significantly affect the operational efficiency and production capacity of critical infrastructure such as ports. With the continuous innovating and upgrading of marine technology, the international standard container throughput of coastal ports has become an important dynamic index to measure the port operation efficiency and internationalization level. This index intuitively shows the driving role of marine technological progress in the optimizing of port logistics systems and improving throughput.

The measure of digital productive forces can be subdivided into two major dimensions: digital industrial productive forces and industrial digital productive forces. Digital industrial productive forces focuses on the use of modern information technology to catalyze the formation and development of digital industry. Its quantitative index system covers telecom business scale (telecom business total measure), telecom communication level (e. g., mobile phone penetration), and the economic contribution of the software and information technology service industry (reflected by software business income and information technology service income respectively). Industrial digital productive forces emphasizes the penetration of traditional industries and transformation and upgrading effect, the evaluation framework including internet popularization breadth (such as Internet broadband access users), the depth of digital application in enterprises (such as the number of each hundred enterprises, with websites per hundred), the economic scale (e-commerce sales), and the intensity of communication infrastructure density (cable line length and coverage). These indicators reflect the impact of digital technology on industrial production efficiency and structure optimization.

The marine environmental-friendly goal of productive forces of green productive forces is to reduce the pollution load to the marine environment and promote the healthy and sustainable development of the marine ecosystem (Liu et al., 2024). Its quantitative assessment focuses on the environmental externalities of coastal industrial activities, including the mass of industrial waste water directly discharged, the intensity of industrial waste gas emissions (measured by industrial SO2 emissions and the ratio of gross marine product), and industrial solid waste resource utilization level (the ratio of comprehensive utilization of industrial solid waste and emissions).Additionally, the assessment considers the environmental impact of marine fishing activities, the trade-off between motorized fishing efficiency and environmental protection, and the role of government expenditure on marine environmental protection. Marine resource-saving efforts focuses on improving the utilization efficiency of marine resources to achieve the sustainable development of the marine economy through optimized resource allocation. The efficiency of the traditional fishery production mode limitation, the efficient development and utilization of port resources (marked by the number of wharf berths at coastal ports), energy consumption efficiency (energy consumption per unit of GDP), intensive management of mariculture space (production per unit area), and marine tertiary industry (such as coastal tourism, marine research education) of dependence on marine resources, together constitute the assessment of marine resources conservation productive forces multi-dimensional perspective. These analyses not only reveal the current status quo and potential of marine resources utilization, but also provide an important basis for formulating scientific and effective marine resources management policies.




2.2 Study methods



2.2.1 Entropy evaluation method

The entropy method adopts an objective way of empowerment to avoid the interference of subjective thinking and objectively reflecting the importance of each evaluation index to the system. When the data of an evaluation index shows a large degree of dispersion, it means that the change of the index has a more significant impact on the overall evaluation results. The calculation steps were performed as follows:

First, the data were standardized using by the range method to eliminate the dimensional differences between the different evaluation indicators:

Positive indicators:

[image: Formula for feature scaling: \( p_{ij} = \frac{x_{ij} - \min(x_{ij})}{\max(x_{ij}) - \min(x_{ij})} \).] 

Negative indicators:

[image: Mathematical formula for calculating \( p_{ij} \) as \(\frac{{\text{{max}}(x_{ij}) - x_{ij}}}{{\text{{max}}(x_{ij}) - \text{{min}}(x_{ij})}}\), labeled as Equation (2).] 

Second, we calculated the feature weight [image: A lowercase cursive italic letter "y" in a serif font.]  of the [image: Please upload the image, and I'll provide the alt text for you.] th index for the [image: A red poppy flower with dew-covered petals is positioned against a dark, blurred background. The flower's delicate texture and vibrant color contrast with the muted backdrop, highlighting its vivid appearance.] th sample:

[image: Equation depicting a formula: y subscript i j equals p subscript i j divided by the summation from n equals one to m of p subscript i j, labeled as equation three.] 

Third, the entropy value of the [image: I need you to either upload the image or provide a URL so I can help create the alternate text. If you have any specific context or details about the image, feel free to include that as well.] th index was calculated:

[image: Mathematical formula for calculating \( e_j \), showing \( e_j = -\frac{1}{\ln m} \times \sum_{n=1}^{m} y_{ij} \times \ln y_{ij} \), labeled as equation 4.] 

Subsequently, the redundancy of the [image: If you have an image you would like me to create alternate text for, please upload it or provide a URL.]  of the information entropy [image: Please upload the image or provide a URL so I can create the alt text for it.]  and the weight coefficient [image: Lowercase letter "w" with a subscript "j" on a white background, possibly representing a variable or element in a mathematical or scientific context.]  were calculated as follows:

[image: Equation showing \( g_i = 1 - e_i \) with the equation number (5) on the right side.] 

[image: Equation displaying the formula for calculating \( w_j \), where \( w_j = \frac{g_j}{\sum_{i=1}^{n} g_i} \).] 

Finally, the linear weighting method was used to calculate the marine economy’s new quality productive forces:

[image: Mathematical equation displaying \( U_i = \sum_{j=1}^{n} w_j p_{ij} \), followed by equation number seven in parentheses.] 

Where, [image: Blurred black and white image, details are indistinguishable.]  is the number of years evaluated.




2.2.2 The Dagum Gini coefficient and its decomposition

Compared to other methods used for measuring regional disparities, the Dagum Gini coefficient has the advantage of addressing the issue of the overlapping phenomenon in the survey data and can better identify the source of the regional gap. The Dagum Gini coefficient can be decomposed into three components: the within-group coefficient [image: Subscript text showing the letter "G" with a subscript "w".] , between-group coefficient [image: The image displays the mathematical expression "G" with the subscript "nb".] , and hypervariable density [image: Please upload the image or provide a URL so I can help you create the alternate text. If you have any specific context or details about the image, feel free to include those as well.] , expressed as

[image: Equation showing G equals \( G_w + G_{nb} + G_t \).] .

[image: Mathematical formula for G equals the sum of the absolute differences between Y sub i sub j and Y hat sub i sub j over two times n sub t squared times Y bar.] 

[image: The equation shown is \( G_{ij} = \frac{\sum_{i=1}^{n} \sum_{j=1}^{n} |y_{i} - y_{j}|}{2Y \bar{y}^{2}} \), labeled as equation (9).] 

[image: Formula for \( G_{jh} \): \( \frac{\sum_{l=1}^{n_j} \sum_{r=1}^{m_h} |Y_{jl} - Y_{hr}|}{n_j m_h (\overline{Y}_j + \overline{Y}_h)} \), labeled as equation (10).] 

[image: Equation displaying summation: \( G_w = \sum_{i=1}^{k} G_{ij} p_j s_j \), labeled as equation (11).] 

[image: Mathematical equation displaying \( G_{mb} = \sum_{k=2}^{K} \sum_{i=1}^{n} G_{ik}(p_{g_{si}} + p_{g_{is}})D_{ij} \), with an equation number (12) on the right.] 

[image: Mathematical equation showing a summation: \( G_t = \sum_{i=1}^{N} \sum_{j=1}^{H} G_{ij}(p_j S_j + p_i S_j)(1 - D_{ij}) \). The expression is marked as equation (13).] 

[image: Equation showing \( p_j = \frac{n_j}{n} \), labeled as equation (14).] 

[image: The formula shows a statistical equation: \( \bar{y} = \frac{n_i Y_i}{nY} \), labeled as equation (15).] 

[image: The image shows a mathematical formula: \( D_{jh} = \frac{d_{jh} - q_{jh}}{d_{jh} + q_{jh}} \), labeled as equation (16).] 

Where [image: Please upload the image or provide a URL for me to create the alt text.]  represents the overall Gini coefficient, [image: Mathematical notation showing the symbol "G" with subscript "ij".]  represents the Gini coefficient within [image: It seems there was an issue with the image upload or reference. Please try uploading the image again or provide a URL if possible. You can also add a caption for additional context if needed.]  regions, [image: The image shows the mathematical notation "G" with subscripts "j" and "h."]  represents the Gini coefficient between [image: Please upload the image or provide a URL to it, and I will help create the alt text for you.]  and [image: A lowercase italicized letter "h".]  regions, [image: The image shows the mathematical notation \(Y_{jt}\), typically representing a variable Y with subscripts j and t.]  ([image: Mathematical notation showing the uppercase letter "Y" with the subscript "hr."] ) represents the level of marine economy’s new quality productive forces in [image: The image shows a mathematical function notation "i", depicting a function of "r".] ) provinces within [image: Please upload the image or provide a URL, and I will be happy to help with the alt text.]  ([image: A lowercase letter "h" in a serif font style.] ) regions, [image: Mathematical notation representing the variable \(D_{jh}\), where "j" and "h" are subscripts.]  represents the relative impact of the marine economy’s new quality productive forces level between [image: Please upload the image, and I will help you generate the alt text for it.]  and [image: Mathematical expression showing a lowercase italic “h”.]  regions, [image: Mathematical expression displaying "d" with subscript "j" and "k".]  represents the difference in the marine economy’s new quality productive forces between [image: It seems there was an issue with uploading the image. Please try again, ensuring the file is attached, and I will help you with the alt text.]  and [image: The letter "h" in a stylized serif font.]  regions, [image: Mathematical notation for a subscripted variable, "q sub j h".]  represents the variable first order moment, [image: Please upload the image or provide a URL so I can help generate the alt text for it.]  represents the number of divided regions, [image: I'm unable to identify or describe the content of the image provided. Please upload a clearer image for assistance.]  represents the number of provinces, [image: It appears that you attempted to upload an image or mathematical text, but it was not successful. Please try uploading the image again or provide the mathematical expression in a different format.] ([image: Mathematical notation showing the letter "n" with a subscript "h".] ) represents the number of provinces within the [image: Please upload the image or provide a URL so I can help create the alt text for it.]  ([image: Lowercase letter "h" in italic font.] ) region, [image: It seems there is no image visible. Please upload the image or provide a URL, and I will help you generate the alternate text.]  represents the average level of the marine economy’s new quality productive forces in all provinces, and [image: A mathematical expression showing "Y sub j" with a horizontal line over the top, indicating the mean or average of a set of values denoted by Y sub j.]  ([image: A mathematical expression with the letter "Y" and subscript "h," topped by an overline.] ) represents the average value of marine economy’s new quality productive forces levels in the [image: Please provide an image or a description so I can help create the alt text for it.]  ([image: Mathematical italic lowercase 'h', commonly used to represent variables or constants in equations.] ) region.




2.2.3 Kernel density estimation

Kernel Density Estimation (KDE) can describes the distribution and difference sources of the marine economy’s new quality productive forces. This study selected Gaussian nuclear function to estimate the dynamic evolution law of the marine economy’s new quality productive forces in 11 coastal provinces and autonomous regions and the three major marine economic circles.

[image: Mathematical expression showing a kernel density estimate function: \( f(x) = \frac{1}{Nh} \sum_{i=1}^{N} K\left(\frac{X_i - \bar{X}}{h}\right) \), labeled as equation (17).] 

[image: The image shows a mathematical equation: K(x) equals one over the square root of two pi, multiplied by e raised to the power of negative x squared over two. It is labeled as equation eighteen.] 

Where [image: It seems like there was an error in uploading the image. Please try uploading it again, and I'll be happy to help with the alt text!]  represents the number of observations, [image: Please upload the image or provide a URL so I can assist in creating the alt text for it.]  is the independent and equally distributed observations, [image: I can't view or analyze images directly. Please upload the image or provide a URL, and I'll help create alt text based on the description you provide.]  is the mean of the observations, [image: A mathematical expression showing the function \(K(\cdot)\), where the dot represents a placeholder for an input variable.]  is the Gaussian kernel, and [image: It seems there was an issue with uploading the image. Please try uploading the image again or provide a URL, and I will be happy to help with the alt text.]  is the bandwidth.




2.2.4 Markov chain

Based on the results of the KDE, Markov chain was introduced to further analyze the spatial and temporal evolution characteristics of marine economy’s new quality productive forces in China. Markov chain is divided into a traditional Markov chain and spatial Markov chain. The spatial Markov chain fully considers the spatial spillover effect of neighboring units on the target unit. The traditional Markov chain constructs a transition probability matrix of [image: Mathematical expression displaying "k times k".]  expressed as follows:

[image: The formula shown is \( p_{ij} = \frac{n_{ij}}{n_i} \), labeled as equation 19.] 

[image: Matrix equation showing \( P_{ij} = \begin{bmatrix} n_{11} & \cdots & n_{1j} \\ \vdots & \ddots & \vdots \\ n_{i1} & \cdots & n_{ij} \end{bmatrix} \) as a \( k \times k \) matrix, labeled as equation (20).] 

Where [image: The image shows the mathematical notation "n subscript i j".]  indicates the total number of provinces with the marine economy’s new quality productive forces level during the study period from level [image: A stack of fluffy pancakes topped with fresh blueberries and strawberries, drizzled with syrup, on a white plate. A fork is placed beside the plate on a wooden table.]  in [image: It seems like the image did not upload correctly. Please try uploading the image again or provide a URL. If you have any additional context or description, feel free to include that as well.]  to level [image: Please upload the image so I can help create the appropriate alt text for it.]  in [image: The image shows the mathematical expression "T plus 1".]  year, and [image: Mathematical notation displaying the letter "n" with the subscript "i".]  indicates the number of provinces with the marine economy’s new quality productive forces in level [image: It seems there is an issue with the image or the image wasn't provided. Please try uploading the image again or provide a URL.]  during the study period.





2.3 Data sources

Time-series cross-sectional data from 11 coastal provinces, municipalities and autonomous regions between 2010 and 2022 were selected as the basis for empirical analysis. The data were obtained from diverse and authoritative sources, including but not limited to the official statistics released by the National Bureau of Statistics, regional fishery data released by the International Fishery Resources Organization (IFO), the “China Statistical Yearbook” provides comprehensive data of macro economic and social development, the “China Marine Statistical Yearbook” with detailed records of marine economic activities, the “China Environmental Statistical Yearbook” with an overview of environmental quality and protection efforts, the “China Fishery Statistical Yearbook” on fishery production, trade, and resources, the “Communiqué on the Status of China’s Marine Ecology and Environment Marine Ecological Environment” on marine ecological quality, and the “Statistical Bulletin of China’s National Economic and Social Development”, summarizing annual economic and social progress.





3 Results and analysis



3.1 Analysis of the measurement results of the marine economy’s new quality productive forces



3.1.1 Sub-regional analysis

The results of the entropy method for the marine economy’s new quality productive forces are shown in Table 2.


Table 2 | Level of marine economy’s new quality productive forces in coastal provinces, cities and autonomous regions from 2010 to 2022.

[image: A table showing marine economic circle data by province from 2010 to 2022 with mean values. It includes provinces under the Northern, Eastern, and Southern marine economic circles. Each province's yearly data concludes with a mean value, illustrating the development over time. Key provinces include Liaoning, Hebei, Jiangsu, Fujian, Guangdong, and Hainan. The mean values for different circles indicate overall trends and economic performance in each region.]

Overall, from 2010 to 2022, the mean value of the national marine economy’s new quality productive forces steadily increased from 0.164 to 0.378, though the growth rate remained slow and the overall level was still low. At the level of each marine economic circle, despite brief declines in the northern marine economic circle in 2016 and 2019, all the marine economic circles— northern, eastern and southern—showed an increasing trend year by year. Specifically, the northern marine economic circle increased from 0.155 to 0.322, while the eastern marine economic circle significantly increased from 0.207 to 0.470, becoming the region with the most substantial growth. The southern marine economic circle also increased from 0.140 to 0.364.

Figure 2 visually shows the dynamic changes in the average value of the marine economy’s new quality productive forces in each economic circle. The eastern marine economic circle stands out with a significant average advantage, which is significantly higher than the national average level, and has further expanded its leading position with a stronger growth rate after 2016. In contrast, the development trajectory of the northern marine economic circle is more bumpy. In the early stage of the study (2010-2015), it was surpassed by the latter since 2015, and the gap between the two has expanded since 2018. Notably, the northern marine economic circle’s average value was relatively consistent with the national level between 2010 and 2013, but then gradually fell behind, reaching its largest gap from the national level in 2020. Although the average value of the southern marine economic circle has long been below the national average, the gap has gradually narrowed. Especially between 2018 and 2020, the average values of the two nearly converged, showing the strong catch-up momentum in the southern marine economic circle.


[image: Line graph showing the growth of different marine economic circles from 2010 to 2022. The Eastern marine economic circle, represented by orange diamonds, shows the highest growth, reaching about 0.45 by 2022. The Nationwide, Southern, and Northern circles, depicted by green triangles, yellow circles, and blue squares respectively, show lower but steady increases over the years.]

Figure 2 | Changes in the average level of marine economy’s new quality productive forces of the three major marine economic circles and the nationwide from 2010 to 2022.



From the perspective of regional situation, the mean value of the marine economy’s new quality productive forces in provinces, cities, and autonomous regions exhibited significant heterogeneity characteristics. During the study period, the mean value of each region showed great dispersion, with Guangdong Province (mean 0.460), significantly higher than those of the other regions. It was followed by Shandong Province (0.368), Jiangsu Province (0.345) and Shanghai City (0.321). Together, these provinces constitute the highlands of the marine economy’s new quality productive forces. Zhejiang Province and Fujian Province fell into the sub-high range, with the averages hovering between 0.2 and 0.3, while the remaining provinces (cities and autonomous regions) generally showed lower levels, with the averages between 0.1 and 0.2. Examining the cross-sectional data for 2022 (Figure 3), the regional distribution pattern of the marine economy’s new quality productive forces becomes clearer. Guangdong Province stands out with a value above 0.7, showing an absolute lead; Shandong Province follows with a value above the threshold of 0.5, and Jiangsu Province and Shanghai City both have values above 0.4. The overall ranking from highest to lowest is Guangdong, Shandong, Shanghai, Jiangsu, Zhejiang, Fujian, Tianjin, Guangxi, Liaoning, Hebei and Hainan. This ranking is consistent with the average research results and reveals a “W”-shaped geographical distribution pattern from north to south, highlighting the imbalance in the marine economy’s new quality productive forces across different regions.


[image: Bar chart comparing marine economy new quality productive forces and average annual growth rate across various regions in China. Blue bars represent productive forces, highest in Guangdong and Shandong. Orange dotted line with triangles indicates average growth rate, consistent across regions.]

Figure 3 | Level of marine economy’s new quality productive forces in coastal provinces, cities, and autonomous regions in 2022.



In terms of the average annual growth rate, the performance of provinces, cities and autonomous regions showed a “left low and right high, stable in the middle” trend. Specifically, Liaoning Province, located in the northernmost part of the study area, is relatively backward, while the southernmost province shows strong growth momentum and is the highest. For other provinces (cities and autonomous regions), the annual growth rate shows a relatively stable fluctuation trend without significant signs of acceleration or deceleration. This distribution characteristic of the growth rate further deepens our understanding of the regional differences and dynamic changes in the marine economy’s new quality productive forces.

The distribution pattern of the marine economy’s new quality productive forces is shaped by multiple factors, including unique marine resource endowment, differentiated marine industrial structures, specific geographical locations, and capabilities in scientific and technological innovation. Specifically, provinces in the eastern and southern marine economic circles, with their solid economic foundations, effectively allocate resources to support the development of the marine science and technology innovation ecosystem. This includes cultivating high-end talents, advancing research and development in marine intelligent technology and equipment, and promoting the continuous improvement of marine technology level. This series of measures has laid a solid foundation for the comprehensive upgrading of the marine economy’s new quality productive forces—such as workers, labor materials and labor objects—thus promoting the significant enhancement of productive forces. The provinces in the eastern marine economic circle not only have a high level of development in marine economy’s new quality productive forces, but also the internal differences are relatively small, showing a high degree of balance, which makes them play the leading role in the development of marine economy’s new quality productive forces in the whole country.

The development paths of the marine economy in Shandong and Guangdong provinces each have their own characteristics and have achieved remarkable results. Shandong Province leverages its leading marine equipment industry, including equipment for oil and gas exploration, ship and marine engineering equipment, and new marine energy technologies. Through continuous technological innovation, Shandong Province promotes the optimization and upgrading of its industrial structure and expands the international scope and cooperation space of the marine economy. Guangdong Province, as a leader of the national marine economy, has built an increasingly sophisticated marine economic system by leveraging rich marine biological resources, marine mineral resources, unique marine culture and prosperous coastal tourism, combined with the implementation of major strategies such as “The Belt and Road Initiative”, the Guangdong-Hong Kong-Macao Greater Bay Area and the National Free Trade Zone. Importantly, Guangdong Province is also taking the lead in the protection and governance of marine ecological environment, actively exploring ways to balance industrial development, realizing a win-win situation between marine protection and resource utilization, and setting a model for the sustainable development of marine economy. By contrast, Hainan province, Liaoning province, Hebei province, the natural resources, space resources, port resources and fishery resources are relatively scarce, combined with the marine scientific research strength is weak, lead to marine economic structure imbalance, especially the emerging marine industry development lag, these factors jointly restricted the marine economy’s new quality productive forces, need to focus on in the future development and strategic adjustment.




3.1.2 Dimensional analysis

According to the calculations, the scores of each level were obtained, and the overall level of the marine economy’s new quality productive forces from 2010 to 2022 was calculated (Table 3).


Table 3 | Overall level of marine economy’s new quality productive forces from 2010 to 2022.

[image: Table comparing four types of productive forces from 2010 to 2022. The columns are marine economy new quality, scientific and technological, digital, and green productive forces. Values show gradual increases in marine economy, scientific and technological, and digital forces, while green forces are relatively stable.]

As shown in Table 3, the level of the marine economy’s new quality productive forces shows a steady upward trend. In 2016, as a turning point, it experienced a short correction and then entered a new round of growth cycle. After 13 years, its overall level significantly increased by approximately 130% compared to the starting point. Since the strategy of building a maritime power was introduced and implemented, the marine economy has gained unprecedented attention and resource allocation. This strategic goal has guided China’s marine economy onto a fast track of high-quality development, driving the continuous improvement of level of the marine economy’s new quality productive forces.

In the new elements of the marine economy’s new quality productive forces, scientific and technological productive forces is particularly prominent, with its index doubling from 0.315 in 2010 to 0.98 in 2022. In addition, its growth rate was the fastest among all productive force types, approaching a the threshold of 1. This achievement deeply reflects the strong vitality and remarkable results of China’s scientific and technological innovation system, marking the leapfrog progress and development in the field of marine science and technology. At the same time, although digital productive forces started at a low level, it has been ranked second by 2022, achieving a significant increase of approximately 250%. This transformation is mainly due to the rapid change of digital technology and its extensive application and deep integration in the field of marine economy, which effectively promoted the intelligent and efficient transformation of marine economic activities. In contrast, although green productive forces showed a slow growth trend in the initial stage of the study, it then entered a fluctuating period. By 2022, its level was lower than the initial year, becoming the most sluggish link among the three, and the gap with the other productive forces widened. This phenomenon suggests that while pursuing the rapid development of marine economy, we should pay more attention to the protection and sustainable development of the ecological environment, so as to balance the relationship between economic development and environmental protection.

According to the changing trend of productive forces (Figure 4), in the early stages of observation from 2010 to 2012, green productive forces dominated among scientific and technological productive forces, digital productive forces and green productive forces, showing the highest productive forces level. However, in the following years, scientific and technological productive forces experienced a significant acceleration, gradually surpassing and consolidating its position as the leader of the three productive forces. Especially between 2021 and 2022, when the growth of the other two productive forces slowed or even stagnated, scientific and technological productive forces still maintained its fastest growth momentum, reaching the highest growth rate during this period.


[image: Bar chart comparing green, scientific and technological, and digital productive forces from 2010 to 2022. Green productive forces are consistently below others. Scientific and digital forces show a significant increase, particularly from 2018 onward, surpassing the 0.5 mark.]

Figure 4 | The trend of changes in the constituent elements of marine economy’s new quality productive forces from 2010 to 2022.



On the other hand, digital productive forces has shown strong growth momentum since 2017, not only successfully surpassing green productive forces but also rapidly breaking the 0.5 threshold in the following year. From 2018 to 2020, digital productive forces continued to narrow the gap with scientific and technological productive forces, and in 2020 achieved a short surpass of scientific and technological productive forces, showing its great development potential and change power. However, from 2021 to 2022, digital productive forces suffered a temporary setback and a slight decline, likely due to changes in the external environment, technological bottlenecks, or policy adjustments.

On the contrary, green productive forces failed to surpass the 0.5 threshold during the entire observation period. Since 2017, it has been surpassed by scientific and technological productive forces and digital productive forces, gradually becoming the lowest level of the three. This phenomenon may, to a certain extent, restrict the overall improvement of the marine economy’s new quality productive forces, which suggests that we must strengthen the attention and investment of green productive forces while pursuing rapid economic development, so as to achieve a win-win situation between economic growth and environmental protection. Therefore, the development strategy of marine economy in the future should pay more attention to the deep integration of scientific and technological innovation and green transformation, take science and technology as the lead, take green as the background color, and jointly promote the continuous improvement of marine economy’s new quality productive forces.





3.2 Regional differences in the development level of the marine economy’s new quality productive forces

Using the Dagum Gini coefficient and its decomposition method (Ni et al., 2024) as an analytical tool, we deeply explored the regional differences and the root causes of the development level of new quality productive forces of China’s marine economy. The decomposition results are shown in Table 4.


Table 4 | Dagum Gini coefficient decomposition results of the level of marine economy’s new quality productive forces.

[image: Table displaying Gini coefficients from 2010 to 2022, categorized into regional internal coefficients for Northern, Eastern, and Southern marine economic circles, and inter-regional coefficients for Northern-eastern, Northern-southern, and Eastern-southern regions. The table also includes contribution rates for regional differences, inter-regional differences, and hypermutation density. Summary row provides mean values for each category.]

From the dynamic evolution trend of the overall Gini coefficient (Figure 4), we can see that the coefficient fluctuated from 0.217 to 0.259 during the study period, among which the value was the smallest in 2013, and maintained a relatively stable but sustained growth trend from 2013 to 2020. This trend reveals that the overall pace of the development of China’s marine economy’s new quality productive forces is relatively slow and accompanied by twists and turns, and highlights the unbalanced characteristics of spatial distribution. In response to this challenge, it is urgent to strengthen the interaction and cooperation between regions, especially in the aspects of talent flow, technical exchange and financial integration, to encourage the developed marine economy provinces to play their leading role, promote the accelerated catch-up in areas with lagging development, so as to optimize and enhance the spatial balance of the marine economy’s new quality productive forces.

From the perspective of the mean value of the Gini coefficient within the region, the internal difference of the southern marine economic circle is the most significant, followed by the northern marine economic circle, while the eastern marine economic circle shows a relatively small internal difference. Only the mean value of the Gini coefficient in the southern marine economic circle exceeds the overall average level, reflecting the difference of marine resource endowment and the heterogeneity of marine development strategy among different provinces. These factors jointly act on the interaction degree of marine economic activities, and finally shape the differentiation pattern of marine economy’s new quality productive forces level in each marine economic circle.

Combined with Figure 5, it can be seen that the internal differences between the northern and southern marine economic circles showed a trend of expanding at the end of the study period, especially in the southern economic circle, and their internal differences increased year by year. However, after a certain period of fluctuations, the difference in the northern economic circle decreased, but then showed an increasing trend, but it never exceeded the level of the overall Gini coefficient. On the contrary, the internal disparities in the eastern marine economic circle have been decreasing over time, which may be attributed to the continuous efforts of the region in talent introduction and scientific and technological innovation, which have effectively promoted the rapid development of the marine economy, and thus produced a positive effect of narrowing the internal disparities.


[image: Line graph showing the Gini coefficient trends from 2010 to 2022 for four regions: Overall, Northern, Eastern, and Southern marine economic circles. Overall and Eastern circles show minimal fluctuation, while the Southern circle exhibits an increase. The Northern circle remains relatively stable.]

Figure 5 | Overall and inter-regional differences in marine economy’s new quality productive forces from 2010 to 2022.



From the perspective of the mean value of the Gini coefficient between regions (Figure 6), the differences between the eastern marine economic circle and the southern marine economic circles (hereinafter referred to as the “eastern-southern”) and between the northern marine economic circle and the southern marine economic circles (hereinafter referred to as the “northern-southern”) were significant, with mean values of 0.280 and 0.273, respectively. Both exceeded the overall mean Gini coefficient of 0.235. This phenomenon shows that the imbalance between the eastern and the southern and the northern and the southern is particularly prominent in the regional distribution of the marine economy’s new quality productive forces.


[image: Line chart depicting the Gini coefficient from 2010 to 2022, with four lines representing overall, northern-southern, northern-eastern, and eastern-southern coefficients. Overall Gini is marked by blue triangles. Northern-southern is shown in yellow dots, northern-eastern in orange squares, and eastern-southern in green diamonds. The coefficients generally increase slightly over time, with differences visible among the categories.]

Figure 6 | Overall and regional differences in marine economy’s new quality productive forces from 2010 to 2022.



In general, the development trends of regional differences shows obvious fluctuations. Specifically, the inter-regional differences between the northern-southern and the eastern-southern regions are numerically similar, and the peak years of the eastern-southern regional differences are relatively more during the observation period, and there are occasional years when the north-south interregional differences also reach the peak level. In contrast, the inter-regional differences between the northern marine economic circle and the eastern marine economic circle (hereinafter referred to as the “northern-eastern”) are the smallest, and their fluctuation range is significantly smaller than that between other regions and the overall differences, which vary from 0.219 to 0.259. From 2013 to 2020, the difference between the northern and eastern regions changed the most drastically, and its change trajectory was close to the level of the overall Gini coefficient at the beginning and end of the observation period, indicating a significant dynamic adjustment process of the distribution of marine economy’s new quality productive forces between “northern-eastern” during this period.

Based on the analysis framework of the contribution rate, the dynamic evolution trend of different sources of development level of marine economy’s new quality productive forces (Figure 7). The average contribution rate of the regional differences, the regional differences and the supervariable density were stable at 27.55%, 33.82% and 38.63%, respectively. Through the detailed analysis in Figure 6, it can be observed that the supervariable density occupies a dominant position in promoting the spatial differentiation of China’s marine economy’s new quality productive forces, and its contribution rate shows a cyclical fluctuation mode of “decrease-increase”, and reached the peak of contribution rate in 2017.


[image: Stacked bar chart showing percentages of regional differences, inter-regional differences, and hypermutation density from 2010 to 2022. Hypermutation density (yellow) consistently occupies the largest portion, followed by inter-regional differences (orange) and regional differences (blue), indicating stability over the years.]

Figure 7 | Contribution rate of spatial differences in marine economy’s new quality productive forces from 2010 to 2022.



In terms of regional differences, it showed a high contribution level in the early stage of the study, with the contribution rate ranging between 35% and 40%. However, with the passage of time, the contribution rate of inter-regional differences gradually showed a downward trend, although there was a slight rebound in some years, but in general, the contribution rate of inter-regional differences in the later stage of the study decreased compared with the early stage of the study, which indicates that the balanced development of marine economy’s new quality productive forces between regions has made some progress.

In contrast, the contribution of within-regional differences was relatively smoothly over the study period, with small fluctuation amplitude and the lowest contribution to the overall spatial difference. The reason is that the level of marine economy’s new quality productive forces in some provinces has significantly deviated from the average level between regions, resulting in a high degree of overlap and overlap in the economic characteristics and development trajectories between regions. This overlap not only increases the complexity and interdependence of inter-regional economic activities, but also makes supervariable density the main driving force to explain and characterize the spatial differentiation of marine economy’s new quality productive forces. Therefore, in the future, in the process of promoting the balanced development of marine economy’s new quality productive forces, special attention should be paid to the impact of supervariable density, and the optimal allocation of economic resources should be promoted by strengthening inter-regional cooperation and coordination, so as to achieve the sustainable development of marine economy.




3.3 The spatial and temporal evolution characteristics of the marine economy’s new quality productive forces



3.3.1 The dynamic evolution of marine economy’s new quality productive forces

The Dagum Gini coefficient revealed the quantitative dimension and its main source of the difference in the China’s marine economy’s new quality productive forces. Through its decomposition mechanism, it can accurately identify the dynamic change trajectory of the relative differences between different regions. However, this method cannot directly show the whole picture of the evolution and complexity of the marine economy’s new quality productive forces. To compensate for this shortcoming, a kernel density estimation method was introduced in this study, and a three-dimensional kernel density curve was plotted (Figure 8). Through the interaction of three dimensions (time, the level of marine economy’s new quality productive forces, density), the figure comprehensively presents the distribution state and change trend of marine economy’s new quality productive forces in the country (Figure 8A) and the three major marine economic circles (northern: Figure 8B, eastern: Figure 8C, southern: Figure 8D) at different time points. Through visualization means, it can not only help researchers to grasp the overall development trend of the marine economy’s new quality productive forces from the macro perspective, but also can accurately locate the subtle changes in specific regions and time periods, providing a scientific basis for the formulation of differentiated and accurate marine economic development strategies.


[image: Four 3D surface plots depicting kernel density over time from 2010 to 2022 across different marine economic circles. Each plot shows variations in new quality productive forces of the marine economy. (a) Nationwide displays a general trend. (b) Northern circle has distinct peaks. (c) Eastern circle shows a sharp increase. (d) Southern circle features multiple peaks. All graphs illustrate changes in density levels over time.]

Figure 8 | (A–D) Estimation of nuclear density of the marine economy’s new quality productive forces.



First, from the perspective of the change of spatial distribution pattern, the core areas of the distribution curve of the marine economy’s new quality productive forces in the whole country and the northern, eastern and southern marine economic circles show an overall trend of shifting to the right, among which the offset range of the eastern and southern regions is particularly significant, indicating that the level of marine economy’s new quality productive forces in the whole country and the marine economic circles is steadily rising, and the growth rate of the eastern and southern marine economic circles is relatively fast. This phenomenon can be attributed to the in-depth implementation of the strategy of maritime power, and each marine economic circle has achieved the vigorous development of the marine economy by virtue of its own unique advantages in marine development strategy. Specifically, the eastern marine economic circle has successfully transformed scientific and technological innovation into a new engine for the development of the marine economy by virtue of its perfect port and shipping system, increasing level of opening up, and continuous convergence of scientific and technological innovation elements (Ni et al., 2024). Relying on a solid marine high-tech industrial foundation and outstanding marine resources, the southern marine economic circle has continuously promoted the deepening of marine economic construction and the transformation and upgrading of marine industries.

Second, from the perspective of the concentration in distribution patterns, the distribution curves of the marine economy’s new quality productive forces across the country and within the three major marine economic circles show a high degree of concentration. This indicates that the level of marine economy’s new quality productive forces tends to be close in most provinces, municipalities and autonomous regions. However, a few areas significantly deviate from the overall trend, either being notably low or high. The kernel density curve for the entire country, as well as for the northern and southern marine economic circles, extends more on the right side, while the eastern marine economic circle does not exhibit this pattern. This reveals that the development level of the provinces in the eastern marine economic circle is relatively balanced, while individual provinces in the southern and northern regions, such as Shandong and Guangdong provinces, hold significant leading positions. However, due to a similar degree of tailing, these leading provinces did not significantly widen the gap with other provinces, which is consistent with the overall national trend.

Furthermore, examining the dynamic changes in peak characteristics, the width of the main peak in the distribution curve for the marine economy’s new quality productive forces in the southern marine economic circle expanded significantly, while its height decreased year by year. This indicates an increased dispersion of the marine economy’s new quality productive forces in this region. At the national level, the height of the main peak also showed a downward trend, while the remaining rest of the regions showed irregular upward and downward changes. This phenomenon reveals the widening development gap between the entire country and the southern marine economic circle, while the other regions showed uncertain gap changes due to the hierarchical development caused by the difference in the structure of the marine industry. Strengthening interregional exchanges and cooperation can help narrow these development gaps and promote an overall level of synergy.

Finally, from the perspective of the evolution of the number of peaks, the national kernel density curve has had a bimodal phenomenon since 2018, and it was a single main peak before. The kernel density curve of the northern marine economic circle showed a pattern of alternating single peak and double peak, with a side peak in 2010, a single main peak from 2012 to 2016, and a side peak and a main peak from 2018 to 2022. The eastern marine economic circle consistently maintained a single-peak state, while the southern marine economic circle exhibited both a main peak and tdistant side peaks. These changes reflect the complex changes in the marine economy’s new quality productive forces both nationally and within the major marine economic circles. The trend of multipolarization is increasing nationwide, with the northern marine economic circle first showing a decrease and then an increase in polarization, while the degree of regional differentiation also first decreased and then increased. The development of the eastern region was relatively balanced, while that of the southern region had significant spatial polarization (Zhang et al., 2022). These findings provide an important basis for an in-depth understanding of the regional differences and dynamic evolution of marine economy’s new quality productive forces.




3.3.2 Spatial spillover effect of marine economy’s new quality productive forces

Based on the quartile standard, the marine economy’s new quality productive forces was subdivided into four levels (I, II, III, and IV), corresponding to low, medium-low, medium-high, and high levels, respectively. The calculation results are presented in Table 5. From the traditional Markov transition probability matrix, the following transfer path rules were obtained.


Table 5 | Probability matrix of traditional markov transition for marine economy’s new quality productive forces.

[image: Transition matrix table showing probability distributions. Columns are labeled T+1 I, II, III, IV, and n. Rows are labeled T I, II, III, IV. Values show transition probabilities: Row I: 0.833, 0.167, 0, 0, 36; Row II: 0, 0.853, 0.147, 0, 34; Row III: 0, 0, 0.750, 0.250, 32; Row IV: 0, 0, 0.067, 0.933, 30.]

First, there is the phenomenon of consistency and club convergence. The diagonal element of the matrix (i.e., the probability of state self-maintenance) was significantly higher than that of the non-diagonal element. This is evident from the high probabilities of 83.3%, 85.3%, 75%, and 93.3% of the I, II, III, and IV levels, respectively, with a minimum maintenance probability of 75%. This indicates that the marine economy’s new quality productive forces in China’s coastal provinces, municipalities and autonomous regions exhibit a high degree of stability in their hierarchical distribution. There is a notable “club convergence” phenomenon (Fufa and Kim, 2018), meaning that regions with similar levels tend to maintain their relative positions. Second, the high-level provinces exhibit a convergence advantage. Among the off-diagonal elements, the probability of moving from a high level (IV) to other levels was the lowest, followed by the middle and low levels (II). This suggests that the high probability of the high-level provinces maintaining their leading position and showing an obvious trend of internal convergence. This trend has exacerbated regional imbalances in the development of the marine economy and widened the gap between high- and low-level provinces. Third, there is limited short-term non-cross-stage transferability. The non-diagonal probability was generally low and significantly lower than the diagonal probability, indicating that it is difficult to achieve a leapfrog transformation of the marine economy’s new quality productive forces in the short term. This reflects a pattern of gradual and stable development of the marine economy. Fourth, the specificity and possibility of the transfer paths were analyzed. The probabilities of low, medium-low, and medium-high development levels were 16.7%, 14.7%, and 25%, respectively, while the probability of degradation from high to medium-high levels was only 6.7%. In particular, the mid-to-high levels exhibited the highest transfer activity, and each grade mainly followed a single upgrade or downgrade path. Overall, these transfer paths indicate that the possibility of improving the marine economy’s new quality productive forces is greater than the possibility of downgrading them, reflecting a positive development trend. Fifth, transitions between adjacent levels were limited. All possible transfer paths were concentrated near the diagonal, and the probability of transfer away from the diagonal was zero. This indicates that the dynamic changes in the marine economy’s new quality productive forces are strictly limited to the adjacent levels, excluding the possibility of abrupt changes across multiple levels, and reflecting the continuity and constraints of the change process.



Based on the traditional Markov analysis framework, and considering the influence of spatial factors on the transfer paths, this study constructed an adjacency matrix to form a spatial Markov transition probability matrix for the marine economy’s new quality productive forces. This approach aimed to comprehensively analyze the spatial interaction effects of marine economy’s new quality productive forces levels among coastal provinces, municipalities and autonomous regions in China (Table 6). Analysis of the diagonal element of the spatial Markov matrix revealed that when a province’s marine economy’s new quality productive forces (level I) is at a similarly low level as its neighboring provinces, the probability of maintaining the original level (60%, 100%, 75%, and 100%) reflects high stability of the marine economy’s new quality productive forces in the regional low-level collaborative environment. Compared to the traditional Markov analysis, except for the level I, the provinces at other levels show a higher probability of self-sustainment or upgrading due to spatial association, highlighting the positive impact of regional synergy on the marine economy’s new quality productive forces. Additionally, the maintenance probability for level I provinces is the lowest, further confirming that low-level regions are more susceptible to changes from external influences.


Table 6 | Spatial markov transition probability matrix of marine economy’s new quality productive forces.

[image: Table illustrating transition probabilities between four proximity levels (I to IV) at times T and T+1. The table includes corresponding probabilities for each transition and an "n" column showing sample sizes, ranging from 1 to 16.]

With the improvement of the marine economy’s new quality productive forces in neighboring provinces, the probability of a province transitioning to a higher level has increased significantly, opening more paths from low level to high levels. This underscores the far-reaching influence of the spatial distribution patterns on the dynamic evolution of the marine economy’s new quality productive forces. In particular, when neighboring provinces are at the extreme levels (I or IV), the province shows a strong one-way development trend, that is, there is only an upgrade without the possibility of downgrading. The maintenance probability for the high level (IV) reaches absolute stability (100%), reflecting not only direct manifestation of spatial synergy, but also the strong positive radiation effect of the high-level regions on the surrounding provinces. At the same time, the number of provinces at levels I and IV in the province is opposite to the level IV in the neighboring provinces, that is, when neighboring provinces are at level IV, the focal province tends to have more province at levels I and IV. Conversely, when neighboring provinces are below level I, the number of provinces at levels I and IV in this province decreases. This indicates that the marine economy’s new quality productive forces is influenced by spatial factors and has a spatial spillover effect. This not only strengthens the spatial dependence of the marine economy’s new quality productive forces, but also provides a basis for policymakers to promote balanced and efficient development of the marine economy’s new quality productive forces by optimizing the regional spatial layouts.






4 Conclusion and policy recommendation



4.1 Conclusion

Based on a panel dataset of 11 coastal provinces in China from 2010 to 2022, this study used the entropy method to quantitatively evaluate the overall level of the marine economy’s new quality productive forces. It analyzed the internal structure of its uneven spatial distribution using Dagum Gini coefficient and its decomposition technology, explored its dynamic evolution trends with KDE method, and finally revealed its spatiotemporal evolution mechanisms through a spatial Markov chain model. The conclusions of the study are summarized as follows:

	(1) Provinces show significant heterogeneity in the marine economy’s new quality productive forces, among which Guangdong, Shandong and Shanghai lead the development of each marine economic circle with their outstanding performance. In the regional dimension, the eastern marine economic circle shows the highest level of new quality productive forces, followed by the southern marine economic circle, while the northern marine economic circle faces challenges due to both a low level and slow growth. Further analysis of the constituent elements reveals that scientific and technological productive forces occupies a dominant position in promoting the marine economy’s new quality productive forces. In contrast, green productive forces show less fluctuation but have a much slower growth rate compared to scientific and technological productive forces and digital productive forces. This has become the key factor restricting the improvement of the overall level.

	(2) In terms of intra-regional differences, the development of provinces within the eastern marine economic circle is relatively balanced. In contrast, there is a significant “single-core and multi-polar” development pattern between the northern and southern marine economic circles for a long time, especially the internal differences in the northern marine economic circle show a significant expansion trend, which is reflected by the contribution of supervariable density and becomes the leading factor of spatial differentiation. When analyzing regional variations, the differences between “northern-eastern” are relatively small, while the differences between “northern-southern” and “ eastern-southern” are close and higher than the overall Gini coefficient, revealing the complex interaction characteristics of the marine economy’s new quality productive forces in geographical space.

	(3) Nationwide and within marine economic circles, the level of marine economy’s new quality productive forces is increasing annually. However, regional inequality is also growing, with signs of polarization emerging. In addition to the differences in regional marine development conditions and strategies, the spatial proximity effect significantly impacts changes in the marine economy’s new quality productive forces. Specifically, although the level of the marine economy’s new quality productive forces can be relatively stable to a certain extent, this stability helps high-level provinces to maintain the status quo, while for low-level provinces, it may constitute an obstacle to development and inhibit the catch-up process for low-level provinces.






4.2 Policy recommendations

Based on detailed research results and analysis, this study aims to propose a series of forward-looking and targeted policy recommendations for the comprehensive improvement of China’s marine economy’s new quality productive forces.

	(1) Implementing differentiated strategies promotes the regional adaptive development of the marine economy’s new quality productive forces. In view of the significant differences in marine resource endowment, industrial structure, and scientific and technological capabilities among China’s coastal provinces, it is recommended to adopt a development strategy of “adapting measures to local conditions and implementing policies according to local conditions.” Each province should accurately identify its own marine economic development path, leverage regional resources, deepen the development of advantageous areas, and learn from the successful experiences of high-level provinces to explore a development path of marine economy’s new quality productive forces in line with its own reality. Specifically, the northern marine economic circle should build on its strong marine manufacturing base, especially Shandong’s advantages in marine scientific research, education, and high-tech fields, to promote Liaoning, Hebei, Tianjin and other provinces to strengthen scientific and technological cooperation with Shandong, and accelerate the modernization process of marine industry. The eastern marine economic circle should make full use of the advantages of digital technology to build a digital marine industry chain and enhance its overall competitiveness. The southern marine economic circle should capitalize on its rich marine resources and vast sea area to expand opening up, optimize the marine industrial structure in Hainan and Guangxi, and increase the proportion of the marine tertiary industry.

	(2) Internal and external linkage mechanisms should be strengthened to enhance the spillover effects of the marine economy’s new quality productive forces. Given the significant developmental differences within and between regions of the marine economic circle, as well as the radiation and driving effect of high-level provinces on the surrounding areas, it is suggested to build a closer regional linkage system. By providing high-level provinces with greater and space for innovation, we can promote the free flow and optimal allocation of marine science and technology, resources, talents, capital and other factors, effectively radiate the development advantages to a wider region, and narrow the development gap between provinces. At the same time, the three major marine economic circles should break the geographical restrictions, establish a cross-regional cooperation mechanism and resource sharing platform, strengthen policy coordination and information sharing, achieve complementary advantages and coordinated development, and jointly promote the overall leap of the marine economy’s new quality productive forces.

	(3) Science and technology should drive green development and enhance the green content of the marine economy’s new quality productive forces. Given the important impact of green productive forces on the marine economy’s new quality productive forces, it is suggested that the concept of green and low-carbon should be deeply integrated into the whole process of marine economic development. Provinces should increase R&D in green and low-carbon technologies, promote the transformation of the marine industry to clean and low-carbon, improve the utilization rate of clean energy, and reduce dependence on traditional energy. The eastern and southern marine economic circles should lead by example, using their own scientific and technological advantages to drive the green transformation of the marine industrial structure, and export green technology and management experience to other provinces. This will form a virtuous circle of “green first and then green”, and finally realizing the common green development of the national marine economy. In addition, it is also necessary to fully implement the concept of green development to advance both emerging marine and traditional industries. This includes promoting the green upgrading of infrastructure and production technology, eliminating outdated production capacity, and adopting an innovation-driven green development path, so as to lay a solid foundation for the continuous improvement of the marine economy’s new quality productive forces.
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The phenomenon of transforming natural marine space into proliferative capital holds global significance in modern modes of production. Under China’s socialist market economy, the property rights system and resource allocation methods have created a unique approach to the capitalization of marine space. Drawing on concepts related to the capitalization of space and land, this paper develops the idea of the capitalization of marine space. It is a process where the right to use the sea area is transferred by the rights holders through methods such as transfer, lease, or shares and is ultimately put into production as a means of production to realize the creation of capital value and surplus value. Using the mariculture industry on Guanglu Island in Changhai County as a case, this analysis delves into the process and mechanisms of the capitalization of marine space in China, the world’s leading mariculture nation, while considering the material agency of marine space. The research results show that: ① The specific realization process of marine space capitalization in the mariculture industry has gone through three stages: from natural marine space to marine space resources, from marine space resources to marine space assets, and the participation of marine space assets in creating value and surplus value. ② The material agency of marine space determines the feasibility of the capitalization of marine space and is also the decisive subject in shaping the specific practice of capitalization. The survival and profit needs of mariculture fishermen and enterprises drive the realization of the capitalization of marine space. China’s central and local governments participate in realizing the capitalization of marine space with the relevant institutional policies and norms aimed at economic development.
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1 Introduction

Mariculture, as one of the earliest and most basic ways of using marine space, has a history of more than 3,000 years. Humans initially cultivated certain marine species for purposes such as medicine, rather than as a food supply (McKee, 1967). In the mid-20th century, as wild fishery resources declined, large-scale mariculture emerged. The State of World Fisheries and Aquaculture 2024 report, released by the Food and Agriculture Organization of the United Nations (FAO), shows that global mariculture production reached 130.9 million tons in 2022. Of this total, 52.4 million tons came from marine and coastal aquaculture (Food and Agriculture Organization of the United Nations, 2024). China’s mariculture industry did not reach a significant scale until the mid-20th century. In the 1960s, overfishing led to a rapid decline in resources, and to address the shortage of seafood, various marine species, including large yellow croaker and shrimp, were incorporated into the list of cultivated species (McKee, 1967). At present, China has become the world’s largest aquaculture country and the only country in the world where farmed aquatic products exceed wild-caught fish (Zhao et al., 2021). China’s mariculture area reached 2,214.87 million hectares in 2023. Moreover, the output value of the mariculture industry was about 488.548 billion yuan (Ministry of Agriculture and Rural Affairs of the People’s Republic of China, 2024).

One distinctive feature of modern production modes is integrating nature, as different types of resources, into the capital circulation and expansion system. Capital appreciation is realized through the production and sale of related products. Harvey views this as a mode of accumulation with a completely new mechanism, which has spurred a wave of capitalization worldwide (Harvey, 2003). In this process, capital transforms nature, such as land, water, and minerals, into commodities that can be exchanged to address the crisis of over-accumulation (Guan and Li, 2022). According to Lefebvre, this represents a reorganization of spatial resources under the logic of capital, where natural space is viewed as a resource to be exploited for the accumulation and unlimited expansion of capital (Lefebvre, 1991). Marine space is also inevitably included in the global spread of the capital cycle, with the mariculture industry being a typical example.

The capitalization of space is the result and manifestation of the spatialization of capital. It explains how capital invades natural space and how natural space is transformed from an object utilized by capital to some kind of capital capable of producing surplus value by itself. Scholars focus their research on the capitalization of space in modern urban and rural areas, where capital invasion is prominent. They study how the capitalization of space drives the production of diverse urban and rural spaces, examining the processes and mechanisms behind the production of spaces for production (Huang et al., 2015; Yang et al., 2021) and consumption (Zhang and Wang, 2020; Tao et al., 2023; Zheng, 2023). The capitalization of land represents the earliest and typical form of the capitalization of natural space. There is a large body of related studies, with theoretical research focusing on defining and analyzing concepts such as land resources, land assets, and land capital (Zhang and Pang, 2016; Cheng et al., 2022). Empirical research focuses on the specific paths and modes of capitalization (Guo et al., 2016; Xia et al., 2020), the performance and mechanism of capitalization’s driving economic development and urban-rural spatial reconfiguration (Chen et al., 2015; Gong et al., 2021; He et al., 2022; Liu et al., 2022) and other aspects. It is crucial to emphasize that the specific social structure and political-economic system constitute the particular background and conditions for the capitalization of space, significantly influencing its modes, paths, and effects. For example, within the context of ‘strong government and weak society’ in China, the influence of institutions in the capitalization of space is often more direct and potent compared to that of capital and social groups (Wang and Liu, 2011). A typical example is China’s ‘land for development’ model, where local governments promote industrialization and urbanization by monopolizing and controlling land supply within the current land system (Yang and Fan, 2018).

Since the Industrial Revolution, human activities like the exploitation of natural resources and urban construction have primarily been located on land. The ocean’s distinct natural characteristics and unsuitability as a habitat have further contributed to its peripheral status in research. As a result, the study of the capitalization of marine space has been neglected for a long time (Peters, 2010). From the perspective of human-ocean interaction, research on marine space has undergone three stages of evolution. Traditional research has positioned the ocean within the context of modern capitalist development. It has discussed the role of marine space as an essential component of trade routes, strategic space, fishing grounds, and supply chains (Campling and Colás, 2021). Since the 21st century, scholars like Steinberg have studied the role of human societies in constructing marine space. They analyze how people in different eras and geographic regions have shaped marine space’s specific meanings and functions. In Micronesia, for example, marine space is considered as important as land. Micronesians view the ocean not only as a part of their lives but also as part of their territory. They incorporate it into their daily lives and social structures through sophisticated navigational techniques and social practices (Steinberg, 2001). Recently, with the development of new materialist thinking, there has been an emphasis on the role of marine space’s material agency in human-ocean interactions. This has become an essential feature of studies on the ‘oceanic turn.’ These studies have particularly criticized the view of considering marine space as a collection of static bodies of water. Instead, they emphasize its dynamic material qualities, such as mobility and three-dimensionality (Steinberg, 2013; He et al., 2024). Researchers use theories like assemblage (Anderson, 2012; Bear, 2013) and actor networks (Lehman, 2013) to reveal how marine space’s material agency influences modern societies’ material and cultural practices.

These studies provide essential references for analyzing the capitalization of marine space. Aiming at China, which has the largest scale of mariculture in the world, this paper selects an island with mariculture as a pillar industry as a case site. It takes its mariculture industry as the research object. Based on consideration of the material agency of marine space, this paper discusses the realization process and mechanism of the capitalization of marine space in the mariculture industry, in light of China’s specific political and economic environment. This paper aims to generate the following scientific value: ①Integrating an analysis of the agency of material space into the traditional framework of the capitalization of space theory to enhance its theoretical explanatory power. ②Understanding the uniqueness of the Chinese model compared to other countries through an analysis of the processes and mechanisms of the capitalization of China’s marine space. ③Providing practical insights for optimizing the model of the capitalization of China’s marine space and its spatial planning and management.




2 Materials and methods



2.1 The concept of capitalization of marine space

The concept of capitalization of space can be traced back to Marx’s discussion of the right to use natural space (right to use land) in his Capital. According to Marx’s theory of land rent, during the early ‘enclosure movement,’ capitalists separated farmers from land ownership by controlling land space. Farmers then gained the right to use the land by paying rent, turning land space into a tool for capitalists to extract surplus value (Marx, 1867). This process endowed land with the attributes of capital. Subsequent academic definitions of the capitalization of space, particularly the capitalization of land, relate to the three attributes of land: resource, asset, and capital, as well as their transformation. For example, Guo Xu et al. define the capitalization of land in rural areas as the process of establishing standardized systems and measures to pave the way for rural land assets to enter the market and transform into capital to maximize their value (Guo et al., 2015). Gong Lijun believes that the capitalization of land involves transferring rural collective land property rights (either ownership or use rights) to generate income from land appreciation through various forms of property rights transfer, such as ceding, transferring, leasing, and shareholding (Gong et al., 2021).

Based on the previous discussion and the specific practice of China’s aquaculture sea use, this paper defines the capitalization of marine space as a process where the right to use sea area is transferred by the rights holders through methods such as transfer, lease, or shares and is ultimately put into production as a means of production to realize the creation of capital value and surplus value Figure 1. In the process, marine space undergoes a series of transformations from natural space to space resources, space assets, and space capital, leading to its value addition. Marine space resources are marine space that can be used to create economic value, emphasizing their economic attributes. Marine space assets are resources attributable to a particular economic entity or entities that can bring about a certain amount of income, emphasizing the property rights attribute. The capitalization of marine space is realized when marine space assets are put on the market at a specific price and utilized in production to obtain profits, emphasizing the value-added property. The capitalization of ocean space is a dynamic and continuous process. Essentially, it is a process based on the (re)definition and transaction of marine spatial rights, where these rights participate in production and generate added value. The corresponding benefits are then (re)distributed according to the specific rights relationships of the relevant stakeholders.


[image: Flowchart illustrating the economic process from natural marine space to money capital. It shows the progression from marine spatial resources through marine spatial assets, productive capital, and commodity capital, ending with money capital. Key transitions are labeled: value recognition, ownership determination, market circulation, production, sale, and purchase.]

Figure 1 | The concept of capitalization of marine space (Photo source: Self-made by the authors).






2.2 Case presentations and sources of information

Guanglu Island is located in the northern part of the Yellow Sea, the western part of the outer Changshan Islands, belonging to Changhai County, Dalian City, Liaoning Province. Located at 39 degrees north latitude on the east coast of the Liaodong Peninsula, Guanglu Island benefits from the mix of freshwater from mainland rivers and salty seawater. This results in fertile seawater with low temperatures, abundant nutrient salts, organic matter, and primary bait. These conditions are ideal for the habitat and breeding of shallow sea fish, shrimp, shellfish, sea cucumbers, and other marine organisms. The mariculture industry on Guanglu Island primarily focuses on floating raft mariculture of shellfish and bottom mariculture of sea cucumbers. The island produces a large quantity of shellfish and sea cucumbers, which are notable for their size and quality. This has earned Guanglu Island the reputation of ‘the hometown of sea cucumbers and the base of oysters’ Figure 2. The island hosts 81 mariculture enterprises and 1,900 individual households, employing over 3,000 people (including more than 1,600 floating population). The mariculture scale spans approximately 24,000 hectares, with an annual collection of sea area usage fees amounting to about 35.92 million yuan. This indicates that Guanglu Island’s mariculture industry has a large production scale and high output per unit of sea area, demonstrating evident characteristics of the capitalization of marine space.


[image: Map depicting Dalian City and surrounding areas in the Yellow Sea, highlighting Guanglu Island with ports, logistics stations, and administrative centers. Zones for floating raft and bottom mariculture are marked. The map includes a scale and coordinates.]

Figure 2 | General situation of Guanglu Island and distribution of surrounding aquaculture sea (Photo source: Self-made by the authors).



The data in this paper comes from the township records of Guanglu Island, statistical bulletins, government websites, and semi-structured interviews. From April to November 2023, the research group went to Guanglu Island for five rounds of field research and selected 33 relevant personnel of the mariculture industry to conduct semi-structured interviews, including 3 government workers, 18 mariculture fishermen and enterprise leaders, 6 logistics practitioners, and 6 other relevant practitioners. The interviews with aquaculture fishermen and enterprise leaders mainly include the acquisition and transfer of the right to use the sea area for aquaculture and the production process of mariculture. The interview content of logistics practitioners mainly includes the entrusting party, mode, and destination of aquaculture seafood transportation. Interviews with other relevant practitioners mainly included the status quo of mariculture in Guanglu Island. The interview time ranged from half an hour to two hours.





3 The process of the capitalization of marine space



3.1 Conversion of natural marine space into marine space resources

The transformation of natural marine space into natural resources requires two prerequisites. First, humanity must recognize that marine space can be utilized as a means of production to engage in economic activities and create value. In the context of mariculture, this means that the marine space can be utilized for fish farming to generate profits. Second, there needs to be recognition of the scarcity of marine space, meaning that marine space is limited relative to the human need to obtain its value (Wei and Wei, 2013). These two points have led to the human motivation to appropriate marine space and benefit from its utilization.

Guanglu Island’s marine area has significant comparative advantages, with its expansive size and high-quality water bodies making it highly suitable for mariculture sites. In the 1950s, aiming to diversify the marine fishing industry, Guanglu Island Commune, under the unified direction of the Changhai County Government, decided to embark on the development of the mariculture industry. From this starting point, mariculture gradually developed into the mainstay industry of Guanglu Island. This shift in perception and action marked a significant change from the past, where naturally grown fish in marine space were only harvested as a resource. It signified the recognition of marine space itself as a valuable resource capable of supporting marine fisheries production, thus transforming from natural marine space into marine space resources.

Utilizing marine space as a resource for mariculture also necessitates the development of supporting infrastructure and the training of mariculture labor for its production and reproduction. In practice, the government of Guangludao Town invested in the construction of Liutiao Port and Duoluomu Port, while the Dalian Port Group invested in the construction of Beixiaoquan Port. The town government is also responsible for constructing and maintaining the island’s main roads and side roads. Additionally, enterprises and individual residents have invested in constructing cold storage facilities and cargo terminals, such as Shuanjin Freight and Hangang Freight. These facilities link Guanglu Island’s fishery production activities to a more expansive geographical space, facilitating the capitalization of marine space and improving its efficiency.

In disseminating and updating mariculture knowledge, besides traditional communication among fishermen households and individuals, the Guangludao Town government partners with local fisheries authorities, county fisheries, and marine bureaus, and other relevant units. They invite experts and scholars to give lectures and utilize downtime in offshore mariculture for training sessions on mariculture techniques. Additionally, the town government established a mariculture association to foster mutual assistance among fishermen, facilitate the exchange and learning of mariculture techniques, and organize representatives of mariculture fishermen and the association’s leaders to participate in external visits and learning opportunities. At the same time, the government of Guangludao Town has assisted the Fisheries Mutual Insurance Association of the Ministry of Agriculture of the People’s Republic of China in promoting fisheries insurance and encouraging mariculture fishermen to take out insurance. The enhancement of fishermen’s skills and labor security continues to support mariculture fishery production, thereby accelerating the capitalization of marine space.




3.2 Transformation of marine space resources into marine space assets

At the core of transforming marine space resources into marine space assets lies the determination of ownership attribution. This means that ownership of marine space resources is an asset attributed to the subject. By virtue of their ownership, these subjects also possess the right to use marine space. The separability of the ownership from the right to use facilitates the circulation of the right to use and its combination with other means of production to bring out its use value. This process promotes the capitalization of marine space. Property owners may opt to transfer the right of use, thereby realizing the exchange value of marine space through the outflow of its utility value. The right to use sea area is an intangible marine space asset each property owner holds in the circulation process. The circulation of the right to use can occur in one transaction or be subdivided multiple times before reaching mariculture fishery producers, where it is transformed into a means of production. The forms of circulation mainly include transfer, leasing, and equity investment.

The state owns the aquaculture sea of Guanglu Island. The Changhai County Marine and Fisheries Bureau (CMFB) manages the ownership and right to use the sea area on behalf of the state, per relevant provisions of the “Law of the People’s Republic of China on the Management of Sea Area Use.” Relying on the right to use sea areas as an indispensable production condition for mariculture production, Guanglu Island’s aquaculture sea has become an asset for the CMFB to obtain a fixed income. The CMFB has established a three-dimensional layered rights framework for aquaculture sea based on different mariculture methods. This includes setting up the right to use sea area for floating raft mariculture, utilizing the water surface and part of the water body space, as well as the right to use sea area for bottom mariculture, utilizing the seabed and the adjacent water body space. Due to the difference in the mode of use and value-added potential, the acquisition method and the price of sea area usage fees differ between the two types.

The right to use sea areas for floating raft mariculture was acquired in two ways. The first method is the continuation of use by the original operator after the nationalization of the ownership of sea areas, which represents a continuation and alteration in the allocation of marine space under the planned economic system. After the dissolution of the Guanglu Production Team in 1983 and the reform of the property rights system of villages and major mariculture companies in 1996, all the rafts originally owned by these collective economic organizations, along with the sea areas, cultured products, and semi-finished products, were either priced for sale or contracted out, and transferred to individual ownership. All sea areas were nationalized after implementing the “Law of the People’s Republic of China on the Management of Sea Area Use” in 2003. So, for the parts of the sea areas owned initially by individuals that comply with the marine function zoning, the right to use them remains with the original owners after approval by the CMFB, provided they continue to pay the annual sea area usage fee to the Bureau. The second type of the right to use sea area for floating raft mariculture is distinctly characterized by marketization. Local fishermen obtain this right by applying to the CMFB and paying an annual fee of RMB 80 per 0.067 hectares (the price varies according to specific conditions each year, sometimes even allowing for reductions or exemptions) for using sea area.

Since bottom mariculture sea areas in Changhai County are primarily used for cultivating valuable marine species, which yield significant economic benefits, the government has mandated that the right to use this kind of sea area can only be acquired by enterprises through competitive bidding at the CMFB. Most of the right to use sea areas for bottom mariculture sea in Guanglu Island is transferred to local fishermen after winning the bidding by Guanglu Fishery Industry and Commerce Corporation. The company is a collective economic organization established in the 1980s when the government separated from the community and abolished the commune system to establish a township. It is currently managed and operated by the Guangludao town government. While they differ in name and function, they share management and operational resources, fostering an economic interdependence. After winning the bid organized by the CMFB, Guanglu Fishery Industry and Commercial Corporation annually pay sea area usage fees per mu based on their bidding price, thus obtaining the right to use sea areas for bottom mariculture. However, Guanglu Fishery Industry and Commercial Corporation does not produce mariculture. Instead, they divide the acquired bottom mariculture sea into different sections based on latitude and longitude coordinates. They subsequently transfer the right to use these sea areas to the island’s fishermen at different prices, depending on the seawater fertility of each area. The right to use sea areas for a small portion of Guanglu Island’s bottom mariculture sea was awarded to other private aquaculture enterprises that participated in the bidding process and won the bid.

Based on the separation of ownership and use rights and relying on the transfer policy of the CMFB, the aquaculture sea undergoes a series of processes to eventually reach mariculture enterprises and fishermen. This removes obstacles to the marine space being utilized in mariculture as a means of production, thereby creating value.




3.3 Participation value and surplus value creation of marine space assets

Integrating marine space into the mariculture production process as a means of production is the final step in its capitalization. This step is the one that realizes value and surplus value creation, and thus the purpose of capitalization. In the case of aquaculture, in addition to the acquired marine space, monetary capital also needs to purchase other means of production and thus be converted into productive capital. Through mariculture, productive capital is converted into commodity capital in the form of farmed seafood. After the sale, the commodity capital is converted back into money capital, realizing capital appreciation and recycling and preparing for the next round of capital recycling.

During the purchase stage, aquaculture capital purchases means of production and labor in monetary terms, transforming money capital into productive capital. The means of production purchased by floating raft mariculture fishermen include marine space (the right to use sea area), shellfish fry, fishing boats, hanging cages, etc. Figure 3. Shellfish seedlings are purchased from southern provinces such as Fujian and Shandong and transported back to the island by boat. Seedlings from the southern seas must acclimate to lower sea temperatures in Shandong waters before being transported back to the island. Other means of production, such as fishing boats and hanging cages, are purchased at fishery stores on the island or through the Internet. Floating raft mariculture fishermen and temporary laborers hired during busy fishing seasons for seeding, transplanting, and harvesting, constitute the labor force. The means of production purchased by bottom mariculture fishermen and enterprises include marine space (the right to use sea area), sea cucumber seedlings, and fishing vessels. There are two sources of sea cucumber seedlings: during the sea cucumber breeding season, fishermen and enterprises hire divers to pick up adult sea cucumbers from their waters, where they are bred into juvenile seedlings in cages; alternatively, to pick up juvenile seedlings in public waters directly. Other means of production, such as fishing boats, are also purchased at the island’s fishery stores or through the Internet. The labor force required for production in bottom mariculture consists of fishermen, company employees, and temporary workers hired during the production process.


[image: A small fishing boat with blue barrels onboard is docked near a concrete ramp, with a few people on it handling equipment. Several similar boats are visible on the calm sea under a hazy sky in the background.]

Figure 3 | Means of production: fishing boats (Photo source: Shoot by the authors).



In the production stage, mariculture enterprises or fishermen put relevant means of production and labor into the production process, facilitating the transformation of productive capital into marketable fishery commodities. Shellfish seedlings, according to their species and growth habits, are placed at different depths of the sea in temporary hanging cages. Once the seedlings have naturally grown to a certain extent, they are moved to different cages for further growth. This process of transferring and subdividing continues until they reach a suitable size for harvesting Figure 4. Sea cucumber fry is sown on the seabed reefs. Once they have grown to a specific size naturally, they are harvested by divers. During the growth process of the fry, the three-dimensional marine space not only provides them with an environment that includes water temperature, water quality, and light but also supplies food necessary for their growth. In addition, to ensure the normal growth of fry, producers usually need to check for any signs of illness, deformities, or deaths caused by environmental impacts such as red tides. Producers should also inspect the wear and tear of production tools, such as the condition of float buoyancy and cage corrosion, to address any severe damage by repairing or replacing them promptly. During the production process, the value of the depletion of marine space and other labor resources, and the value created by related laborers such as mariculture fishermen, hired laborers, and divers, are continuously incorporated into shellfish and sea cucumber seedlings, which are the object of labor. This process transforms their physical forms into farmed seafood ready for sale.


[image: People working on a muddy shoreline, inspecting and handling metal wire cages filled with oysters or similar shellfish. They are wearing gloves, boots, and protective clothing.]

Figure 4 | Empty the cage and separate the seedlings of oysters (Photo source: Shoot by the authors).



In the selling stage, mariculture enterprises and fishermen transform from commodity capital to money capital by selling farmed seafood. There are two types of sales channels for shellfish on Guanglu Island. The first involves intermediaries purchasing shellfish on the island and then transporting them to processing plants and markets outside the island through its logistics station Figure 5. In this sales channel, enterprises, fishermen, and traders typically maintain long-term cooperation and stable relationships with the off-island market, establishing it as the primary distribution channel for shellfish. The second type consists of itinerant mobile external merchants who, after agreeing on price and quantity with mariculture enterprises and fishermen, organize the transportation of products to the off-island market or proceed with further processing. Most farmed sea cucumbers on the island are purchased by the Xiaoqin Sea Cucumber Company in Dalian, and the mariculture enterprises sell the rest. At the point of sale, farmed seafood is converted into money, realizing the creation of value and surplus value, thus setting the stage for the next round of the capital cycle Figure 6. It is noteworthy that due to differences in the tenure of the right to use sea area among various mariculture producers, as well as variations in the timing of stocking and harvesting of different species of mariculture seedlings, multiple asynchronous cycles of capital circulation in mariculture have formed. These cycles constitute the overall capital circulation of the mariculture industry on Guanglu Island.


[image: Trucks loaded with goods, including stacked yellow containers, are parked in an industrial area under a clear blue sky. A person stands near the trucks. Trees and a building are visible in the background, with Chinese flags on flagpoles nearby.]

Figure 5 | Logistics station to transport farmed seafood (Photo source: Shoot by the authors).




[image: Flowchart illustrating the mariculture system involving governmental, industrial, and local entities. It details relationships between natural marine space, marine spatial resources, assets, mariculture zones, infrastructure, and production. Entities include national governments, Changhai County Marine and Fisheries Bureau, Guanglu Fishery Corporation, local governments, Dalian Port Group, and fishermen. The process involves management, rights transfer, investment, collaboration, profit sharing, and seafood sales.]

Figure 6 | The process of capitalizing the marine space of Guanglu Island (Photo source: Self-made by the authors).







4 Subjective roles and mechanisms in the capitalization of marine space



4.1 The material agency of marine space determines the possibilities of its own capitalization and the specific ways of realizing it

The capitalization of marine space is not merely a human-dominated process of transforming marine environments; instead, it is a dynamic process where marine space serves as a crucial ‘agency’ element (Blum, 2010). As a participant in the capitalization process, marine space not only largely determines the possibility of its capitalization but also plays a decisive role in shaping the specific ways this process is realized.

Firstly, the precondition for the capitalization of marine space through mariculture is that marine space can be used for aquaculture and continue to generate economic benefits. This depends on the suitability of the dynamic and stable environment formed by the variety of substances in the marine space to the aquaculture species. The marine area around Guanglu Island has optimal physical and chemical properties such as water temperature, water quality, and salinity. These conditions provide suitable and high-quality environments for mariculture species like oysters, Japanese scallops, and sea cucumbers. Additionally, they contribute to forming a marine ecosystem with regulatory functions. These natural attributes ensure marine space can be utilized for mariculture, sustaining continuous economic value.

Secondly, marine space’s three-dimensional structure and heterogeneous composition determine the specific implementation of its capitalization in Guanglu Island’s mariculture industry. This includes aspects such as establishing and pricing the right to use sea area and the methods of mariculture. The three-dimensional marine space can be divided into four spatial layers: surface, water column, seabed, and subsoil. In the same sea area, the difference in water temperature, water flow, pressure, and other environmental conditions in different spatial layers determines the difference between cultured varieties and their economic benefits. The CMFB has thus established rights to use sea areas in three-dimensional layers, stipulating that the right to use sea areas in different layers has different prices. The non-homogeneous nature of marine space, being a mixture, dictates significant variability in seawater fertility (the abundance of nutrients necessary for fish growth) across different sea areas. More fertile sea areas yield higher output, with resulting excess profits transformed into sea area usage fees, producing what is termed as ‘differential land rent I’ (Marx, 1867). In practice, the CMFB sets the initial auction price for the right to use sea areas in bottom mariculture, and the Guanglu Fishery Industry and Commercial Corporation determines the contractual price for these rights. Both use seawater fertility as a critical reference index.

Finally, marine space is categorized from the mainland into near-shore and far-shore based on proximity to the coast. The varying sea conditions in these areas determine specific mariculture methods and input costs. In the near-shore area, where wind and waves are minimal, basic floating net boxes or rafts are typically used for mariculture. In offshore areas farther from the coast, where wind and waves are more robust and waters are more profound, large-scale mariculture equipment such as gravity-based net cages, framework net cages, mariculture platforms, and mariculture vessels are primarily used. These rely on mechanized, automated, and intelligent equipment technologies to adapt to offshore environments’ high waves and strong currents. Mariculture zones around Guanglu Island primarily concentrate in near-shore areas with calm sea conditions. This leads to hanging cage floating raft mariculture and natural spatial bottom mariculture as the main farming methods.




4.2 Driven by survival and profit, aquaculture fishermen and enterprises promote the realization of the capitalization of marine space

The survival and profitability requirements of mariculture fishermen and enterprises drive the capitalization of marine space in Guanglu Island’s mariculture industry. The pursuit of economic profit by local fishermen and enterprises has gradually shifted the focus from traditional fishing to mariculture as the primary industry on Guanglu Island, resulting in higher economic benefits. This shift is a continual search by capital for new value-added spaces, moving away from the singular commoditization of natural materials to the capitalization of natural space by incorporating it into the profit-seeking system of capital. For artisanal fishermen, the occupational choices crucial for their survival are inseparable from the kinship and social relations within which they are embedded. The traditional mariculture industry on Guanglu Island operates primarily as a family-based business unit. This setup facilitates the transfer of tangible and intangible resources such as the right to use sea area, mariculture production means, knowledge, and skills from fathers to sons through kinship ties. As a result, the mariculture industry has become a preferred employment choice for the island’s residents.

For capital-oriented mariculture companies, the pursuit of profit is the primary motivation driving their involvement in mariculture production. Relying on the spatial resource endowment in the sea area, productive infrastructure, and labor resources, the enterprise carries out large-scale mariculture fishery production to capitalize on marine space and generate profits. Moreover, the scale effect resulting from enterprises pursuing profits has spurred innovations in mariculture techniques and management models, contributing to developing a comprehensive economic ecosystem and significantly enhancing the capitalization of marine space.




4.3 Driven by development, the government builds a framework, provides services for the capitalization of ocean space, and participates in profit-sharing

Today, economic development has become a core priority for China’s central and local governments, with marine space serving as a crucial means to achieve this goal. Regimes and policies related to marine space establish the principles and guidelines for its specific utilization, serving as tangible expressions of the state’s development intentions. Specifically, the sea area management system, anchored by laws such as the ‘Law of the People’s Republic of China on the Management of Sea Areas’ and policies like the ‘Opinions on Compensatory Use of Sea Areas and Uninhabited Sea Islands,’ enables extensive government participation in the process of the capitalization of marine space. The relevant laws stipulate that China operates a public ownership system of sea areas, where individuals or entities may acquire the right to use sea areas through application, tender, or auction with compensation from the competent ocean administration department of the government at or above the county level. The use of sea areas must adhere to ocean and sea functional areas planning. Therefore, the CMFB is the actual monopolist of the primary supply market of the aquaculture sea area on Guanglu Island. As the contracting party in the initial transaction of the right to use the sea area, it has absolute control over the ownership, circulation, and use of the right to use the sea area. In practice, the CMFB publicizes the supply and demand of the right to use sea area and ownership information. It also establishes pricing standards for these rights by relevant national and Dalian municipal regulations and oversees their trading and usage. The central and local governments ensure that the capitalization of marine space aligns with national and local development strategies by establishing frameworks and overseeing the concrete implementation process.

In addition, promoting local economic development is a core element of local government assessment and an essential source of government finance. Mariculture on Guanglu Island is the region’s traditional pillar industry and the core industry that the town government prioritizes in promoting local economic development. To this end, the town government has consistently supported the capitalization of marine space through fixed capital investments in improving the production environment and infrastructure and labor reproduction investments in upgrading workforce quality and ensuring labor welfare. On the other hand, it also participates in the distribution of the value created by mariculture through the market-based allocation of the right to use sea area, thereby securing a certain amount of fiscal revenue.





5 Results

In the context of economic globalization led by neoliberalism, the capitalization of marine space has become a global phenomenon, and it shows variability in the social structures and political and economic systems of different countries. The maritime management systems of most Western countries are decentralization systems and emphasize the role of market mechanisms in resource allocation (Zhang and Chen, 2022). Under this marine management system, the capitalization of marine space shows the characteristics of high marketization. In contrast, in China, the ownership of sea areas is vested in the state, and the government holds exclusive monopolistic rights over the acquisition, and transfer of the rights to use sea areas. This system allows the government to play an important role in the capitalization of China’s marine space. This paper focuses on this unique model of the capitalization of marine space, discusses its specific realization path in the mariculture industry, and deeply analyzes the role of various subjects in this process. The main conclusions are as follows:

Firstly, the capitalization of marine space involves a series of processes that transform natural space into marine resources, assets, and production inputs used as means of production. (1) When the waters of Guanglu Island began to be recognized as a resource for marine fishery production, the natural marine space was transformed into marine space resources. (2) The right to use sea areas as an indispensable production factor in the mariculture industry has been transferred from the CMFB to mariculture producers through one or multiple transactions. The sea areas become marine space assets for each property rights holder during circulation. (3) The mariculture fishery producers of Guanglu Island ultimately employ the right to use sea areas and other means of production in the production process to generate value and surplus value, thus achieving the capitalization of marine space.

Secondly, the capitalization of marine space results from the joint actions of multiple subjects such as marine space, mariculture fishermen and enterprises, and government agencies at different levels. (1) The physical and chemical properties of the water temperature, three-dimensional, and fluidity of the Guanglu Island sea area are the prerequisites for mariculture and also determine the concrete realization of the capitalization of marine space in the mariculture industry. Incorporating the material agency of marine space into the analysis framework of the capitalization of marine space not only enhances the explanatory power of this theory but also is an attempt to break through the duality between humans and nature. (2) The fishermen and enterprises of Guanglu Island carry out mariculture production under the demand of survival and profit, which is the main driving force for realizing the capitalization of marine space. (3) China’s central and local governments regard marine space as a crucial carrier for achieving economic development goals. They not only ensure the smooth capitalization of marine space through institutional policies and concrete practices but also share the benefits generated by the process.




6 Discussion

The government is the single supplier in China’s primary trading market for the right to use sea area, providing these rights to individuals or units through applications and competitive bidding. The auction of the right to use sea area is characterized by transparent results but opaque procedures. The government retains discretion over bidder qualifications and access conditions, holding centralized authority as a transaction participant and a regulatory overseer. Although auctions are held for the right to use sea areas, the government may seek rent at various stages, such as during the construction of trading platforms and the transfer of property rights. The Changhai County government’s restriction on the qualifications of bidders for the right to use sea areas for bottom mariculture, allowing bids only from companies, suggests potential rent-seeking behavior by the county government. Hence, establishing a robust intermediary organization to assess the transfer price of the right to use sea area and disclose transaction information can share governmental functions and mitigate the risk of government rent-seeking. This also signifies an important step toward the maturity of the market economy.

Leasing the right to use sea area is the most common method of transferring aquaculture sea areas. In this arrangement, driven by market interests or government guidance, the owner of the right to use sea areas leases the area to a lessee, who pays rent to the lessor. This model is currently the predominant approach for the capitalization of marine space in China, favored for its operational simplicity and stable income for the lessor. However, with the development of the capitalization of marine space, although lessors can derive some income from leasing the right to use sea area, this income is relatively limited and has gradually failed to meet their expectations of using marine space as a capital element for capital appreciation. Therefore, the introduction of social capital and the string of financial and securities industries have become new explorations for the capitalization of marine space. This may include the implementation of mariculture area securitization, the issuance of mariculture area income as a security, introducing social idle and scattered capital to invest in aquaculture sea areas, establishing a financing system such as aquaculture marine banks to reduce the financing costs and risks of mariculture fishermen. These changes will undoubtedly alter how the capitalization of marine space will take place in the future.

Traditional economic growth theories usually regard resource and ecological environment factors as exogenous variables and focus on the pursuit of maximizing economic welfare. However, this growth model is often accompanied by resource consumption and environmental costs and fails to fully consider the constraints and sustainability of natural capital. In the mariculture industry of Guanglu Island, local fishermen, due to a lack of experience and driven by interests, blindly increase the density of aquaculture, which leads to the decline of seawater fertility and ecological environment problems such as seawater eutrophication. The key to solving this contradiction is to promote the green development of the mariculture industry to achieve the coordination of ecological environment protection and sustainable industrial growth. To this end, it is necessary to adopt the concept of green development, encourage the application of green aquaculture technology, and strengthen the Marine environment monitoring and early warning mechanism to ensure timely response to ecological problems.
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The marine ecological civilization construction (MECC) plays an indispensable role in the development of ecological civilization in China. With the growth of the marine economy, threats to ecological environment have been increasing. From the standpoint of land-sea coordination, this study evaluates the MECC in China's coastal province and employs social network analysis to explore the spatial correlation network structure and radiation capacity. The results show that: (1) The MECC in China's coastal provinces has exhibited a general upward trend with occasional fluctuations. However, the subsystems exhibit disparate developmental trends, with the pressure subsystem exhibiting a slight decline. (2) While the MECC of all coastal provinces has increased, the MECC of China's coastal provinces exhibits considerable variation, with each facing different development challenges. (3) The spatial correlations of the MECC among coastal provinces have become increasingly pronounced, particularly in the regions surrounding Hangzhou Bay and Bohai Bay, while long-distance trans-regional correlations are relatively weaker. (4) There have been notable improvements in the MECC radiation capacity of all provinces, most prominently in Shanghai, Zhejiang, Jiangsu, and Shandong, which currently rank among the highest in the country. Conversely, the MECC radiation capacity of Liaoning, Hebei, Fujian, and Hainan remains relatively underdeveloped. The results indicate that while the MECC has developed, it still encounters obstacles pertaining to regional disparities, subsystem challenges, and spatial correlation development. The study concludes with a series of recommendations aimed at fostering sustainable development of the MECC in China's coastal regions.
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1 Introduction

In the twenty-first century, the development and utilization of ocean resources have become a significant driving force for the economic development and global engagement of many countries. The overexploitation of marine resources and the marine environment has resulted in an increasing contradiction between economic development and the marine ecological environment. In response, governments around the world have initiated a process of re-examination of their planning for marine development and seek solutions to the ecological crisis. Marine ecological civilization construction (MECC) represents a significant aspect of China’s response to environmental challenges and an effective path to the development of a strong maritime nation (Zhang et al., 2019). Since the 17th National Congress of Communist Party of China (CPC) introduced the concept of ecological civilization, the construction and assessment of ecological civilization have been actively implemented in China. However, the current marine ecological and environmental issues remain a significant concern, impeding sustainable coastal economic and social development. In the context of environmental governance, the challenges associated with marine pollution and offshore ecological degradation resulting from land-based sources of pollution and development remain unresolved. From an ecological perspective, the root cause of the issues can be attributed to ecosystem connectivity, feed interdependencies, livelihood interactions, and climate feedback (Cottrell et al., 2018). From an economic perspective, the root cause of the issues can be attributed to the discordance between the objectives and interests of the land and sea sectors (Zhao et al., 2022).

In order to better coordinate the contradictory relationship between land and sea, in 2010, “land-sea coordination” was first written into the National 12th Five-Year Plan, and the report of the 19th CPC further stressed “adhering to land-sea coordination and accelerating the establishment of a robust maritime nation.” This grasps the relationship between the oceans and the country’s economic and social progress from a broad vision and strategic level. The “Opinions of the Central Committee of the CPC and the State Council on Establishing a Territorial Spatial Planning System and Supervising Its Implementation” issued in 2019 plans the land-sea coordination of territorial space from a top-level design, taking the coastal zone as the core region, and incorporating the two spatial geographic units of the land and the sea into a “single map” (Yue et al., 2023). As noted by Fang et al. (2024) and Wang et al. (2019), land-sea coordination is the plan and design of regional and social development based on the connectivity and interactions between land and sea, and involves a comprehensive consideration of the resources and environmental characteristics of both land and sea. The coordination of economic development and ecological protection in land and sea development represents a significant challenge in China’s current territorial spatial planning (Long et al., 2023). Besides, it also presents an effective path for China to achieve the high-quality development of marine economy (Gao et al., 2023). Some coastal provinces in China have fully acknowledged the necessity of land-sea coordination and have achieved certain in the course of practice (Ying et al., 2022).

At the same time, researches have been conducted to gain a comprehensive understanding of land-sea coordination. Wang et al. (2019) employed Lianyungang as a case study to divide the land-sea coordination system into three subsystems: the land-side subsystem, the sea-side subsystem, and the port subsystem, and applied structural equation modeling to screen indicators. Gao et al. (2022a) proposed a four-dimensional indicator system including economic development, resource utilization, ecological environment, and social livelihood, and developed coupling coordination degree model to evaluate the development of land-sea coordination systems in Shanghai and Tianjin. Long et al. (2023) examines policy background of land-sea coordination and concludes the challenges and practical experiences in Chinese provinces, highlighting the importance of the definition of land-sea boundaries, the composite system perspective, and the coordinated spatial utilization. The relationship between land and sea, the content of land-sea coordination, and construction of indicator system for land-sea coordination have been thoroughly examined. In addition, some scholars have attempted to incorporate the concept of land-sea coordination into other research themes, such as land-sea ecological security (Gao et al., 2023), coastal sustainable development (Yan et al., 2023), port accessibility (Guo et al., 2022a), land-sea human relations (Nieuwhof et al., 2019), territorial space conflict (Zhou et al., 2024). These studies further provide a sufficient theoretical basis for this paper to integrate the concept of land-sea coordination into MECC.

Similarly, substantial research has been conducted regarding ecological civilization, mainly focused on its connotation (Hansen et al., 2018; Fu and Nielsen, 2023), evaluation (Dong et al., 2021; Meng et al., 2021; Chen and Shi, 2022; Xiao et al., 2023), policy impact (Bai et al., 2023; Li and Xie, 2023; Zhang and Fu, 2023), and other ecological civilization-related factors. Despite initial findings indicating that China’s economic expansion had exceeded the environmental carrying capacity, recent studies have demonstrated that China’s ecological civilization has made notable advancements, particularly in economic and social systems. However, these improvements have not been fully reflected in ecological systems, and the discrepancy between ecological and economic development persists, along with a significant disparity in regional development. Similar scenario can be observed in the marine ecological civilization, yet comprehensive research on MECC remains lacking. Some scholars studied marine ecological civilization demonstration zones and investigated its influences on the marine ecological efficiency (Gao et al., 2024), green development level of marine economy (Ren et al., 2024), coastal zone environment (Wei et al., 2023), etc. Other scholars evaluated MECC to identify problems and enhancement paths in the construction of marine ecological civilization. In the assessment of MECC, scholars constructed marine ecological construction evaluation indicators and used empirical analysis methods to comprehensively analyze degree of marine ecosystem development in a specific region (Guo et al., 2022b). For example, Zhang et al. (2023) established index system of MECC model based on pressure-state-response model. Wang and Li (2021) divided the MECC system into four subsystems: environment, economy, society, and culture, and analyzed the synergy state with marine science and technology innovation system. Miao et al. (2020) built evaluation system from the aspects of natural resources, environment, economy and technology. Lin et al. (2022) constructed index system based on six subsystems of society, economy, governance, culture, resource, and ecology, and evaluated marine civilization construction performance in Zhejiang Province. Among the evaluation methods, the BP neural network (Hu, 2022; Zhang et al., 2023), principal component analysis, entropy weighting method (Gao et al., 2022b), and the Analytic Hierarchical Process (AHP) (Yang et al., 2021; Guo and Liu, 2023) are primarily included. In terms of the regional scale of the study, existing study covers a range of geographical areas, including estuaries (Lin et al., 2023), islands (Zhang et al., 2023), cities (Guo and Liu, 2023; Hu, 2022), and provinces (Jiang et al., 2020).

In summary, the existing studies are of great significance in guiding the assessment of the level of MECC. However, the majority of studies fail to consider the dynamic linkages between subsystems, land-sea ecological processes, and cross-system threats, thus are not conducive for the government to develop policy to control ecological threats from land-based sources. Furthermore, the advancement of technology has facilitated the formation of increasingly robust connections between disparate regions. The majority of existing studies are based on individual state attributes, which fail to consider the interprovincial radiation effect and also lack an analysis of the overall linkage structure of MECC. Additionally, most studies that have evaluated ecological civilization have a limited research scope, focusing on estuaries, islands, and cities, which is less effective in reflecting the overall situation of macro-scale construction. Accordingly, this paper first introduces the perspective of land-sea coordination to construct an index system for MECC. Secondly, this paper conducts a comprehensive evaluation of MECC in China’s coastal provinces based on the data from 2006 to 2021, and analyzes their temporal and spatial characteristics. Finally, this paper employs social network analysis to examine the network characteristics and radiation capacity of MECC in China’s coastal provinces, thus deepening the understanding of the spatial effect and regional transmission of ecological civilization construction from a geographic perspective.




2 Materials and methods

Currently, the academia does not yet have a consistent methodology for assessing the ecological civilization construction. There are two evaluation methods: the characteristic index and indicator system methods. The characteristic index method is derived from the transformation of single indicators, and the overall assessment results are simple and clear but have a certain one-sidedness. Considering that ecological civilization construction has rich connotations, a single indicator cannot reflect the whole situation. In addition, this method is not conducive to tracing the causes of ecological civilization problems, and the explanatory power of the overall significance of ecological civilization is poor. Therefore, this study first constructs an evaluation index system of marine ecological civilization according to the PSR model, with comprehensive reference to relevant literature. Second, the AHP and entropy weight method is adopted to comprehensively ascertain the indicator weights. Third, the level of MECC is calculated and classified into groups using Jenks Natural Breaks classification method. Finally, based on the evaluation results, spatial networks are constructed with a view to exploring the regional network influence mechanism in terms of both network structure and spatial radiation effect.



2.1 Study area and data sources

China’s coastal provinces and municipalities are situated in the eastern and southern coastal regions of the country (Figure 1). Collectively, these regions contain fourteen provinces and municipalities. However, due to the limited data availability of Hong Kong, Macao, and Taiwan, this paper focuses on eleven coastal provinces and cities, from north to south, namely: Liaoning, Hebei, Tianjin, and Shandong (Northern marine economic circle), Jiangsu, Shanghai, and Zhejiang (Eastern marine economic circle), and Fujian, Guangdong, Guangxi, and Hainan (Southern marine economic area). These coastal provinces cover a total area of approximately 1,334,000 square kilometers, accounting for 14 per cent of China’s land area (Cheng et al., 2023). Furthermore, the seventh population census bulletin published by the Chinese government indicates that the region’s population represents 44.93% of the country’s total population, which suggests that it has a substantial population carrying capacity. Besides, it is the most economically developed region in China. According to the 2023 gross domestic product (GDP) data for China, the total GDP value of the region is approximately 665.7 billion Chinese Yuan (CNY), representing 52.8% of the country’s total GDP. In the context of land-sea coordination, it is of great importance to evaluate MECC in China’s coastal provinces and identify potential issues for improvement. This will facilitate the execution of the role of land-sea coordination and promotion of sustainable development of the marine economy.


[image: Map of China highlighting marine economic areas. Northern marine economic circle is in yellow, covering Liaoning, Tianjin, Hebei, and Shandong. Eastern marine economic circle is in green, including Jiangsu, Shanghai, and Zhejiang. Southern marine economic area is in blue, comprising Fujian, Guangdong, Guangxi, and Hainan. A scale bar and compass rose are included.]

Figure 1 | Coastal provinces of China.



In consideration of the availability and accuracy of data, this paper has selected the interval from 2006 to 2021 as the period for study. The data utilized in this study are predominantly obtained from “China Marine Statistical Yearbook”, “China Marine Economic Statistics Bulletin”, “China Marine ecological environment Bulletin”, and “China Environmental Statistical Yearbook”. Missing data are filled in using linear interpolation method. The spherical distances between the provinces were calculated using the ArcGIS software.




2.2 MECC indicator system construction

Based on definition of ecological civilization proposed by Xue et al. (2023), we define MECC as civilization achievements developed by human beings in the marine domain, particularly in relation to the relationship between society and nature. It is a complex system that includes a multitude of interrelated factors, including economic development, social culture, ecological environment, and the government policies. The integration of systematic promotion and pivotal breakthroughs represents a pivotal approach to the development of ecological civilization. The emergence of ecological problems attributed to the confluence of numerous subjective and objective factors, including geographic history, ecological awareness, production methodologies, and living habits. This necessitates the adherence to the perspective of universal connection in the process of ecological civilization construction. It is thus imperative that the impact of land-based sources be taken into account in the MECC. However, in the analysis of MECC, most current researches ignore the logical relationship between the interactions between subsystems and the interaction between the ecological and economic systems of the land and sea (Jiang et al., 2020). For a considerable period of time, the land and the sea have been regarded as two distinct units. Marine ecosystems are regarded as waste disposal sites because of their self-recovery and mobility. Various kinds of household wastes, agricultural surface pollutants, industrial solid wastes, etc. are discharged into the sea, causing serious damage to the marine ecological environment. However, the land and sea are not independent but are interdependent and interrelated. The suppression of the sea by the land eventually feeds back to the land through atmospheric, hydrological, geological, and biological cycles (Ramesh et al., 2015). For example, Greenhouse gas emissions and inappropriate coastal development lead to global warming and sea level rise, exacerbating storm surges and red tides, subsurface saltwater intrusion, coastal erosion, and degradation of coastal wetlands (Xu et al., 2016). Heavy metals and toxic chemicals in the seas can form acid rain through precipitation, causing damage to terrestrial vegetation and soils. The mismatch between marine ecological conservation and economic development can, in turn, result in ecological constraints on the development terrestrial economies and society (Zhou et al., 2024). These include the financial burden of marine ecological restoration, the influence of marine resource supply on industrial chains, and the impact of marine environmental degradation on the living environment of inhabitants and the movement of talents. In addition to ecological interactions and constraints, land-sea interactions are also reflected in the process of economic and social development. For instance, the expansion of the marine economy into terrestrial areas will also facilitate the continuous growth of coastal cities and accelerate rural urbanization through the aggregation of population and industry, thereby stimulating economic growth and enhance the quality of social development across the land area (Li et al., 2021; Shao et al., 2021). Therefore, it is imperative to comprehensively acknowledge, scientifically harness, and effectively regulate the interconnections between the land and the sea in terms of material, energy, and information flows, and to promote marine ecological civilization based on the principle of land-sea coordination.

In summary, this study developed a MECC evaluation system based on the concept of land-sea coordination, utilizing the PSR model, which consists of three systems: pressure, state, and response. The pressure subsystem refers to the impact of disparate economic and social practices on the surrounding environment. The state subsystem characterizes the current state of the environment and the environmental changes that occur at a specific point in time. The response subsystem represents the process by which entities adapt to and cope with the environmental state. In short, the construction of a marine ecological civilization can be conceptualized as a dynamic process of “pressure–state–response”. Specifically, it is a series of ecological civilization responses designed to alleviate the contradiction between marine ecological conservation and its economic and social levels, as well as to improve the health of marine ecosystems under pressure from human activities, the economy, land-based pollution, and resource depletion. Figure 2 depicts a conceptual model of the indicator system, which reflects the degree of MECC in terms of the interaction of the three subsystems.


[image: Diagram illustrating marine ecological civilization construction. It features a triangle with three components: Pressure, State, and Response. Pressure includes human pressure, land-based pollution pressure, and resource consumption pressure. State covers ecological environment, resources status, industrial structure, and people's living conditions. Response involves science and technology, ecological governance, ecological management, and ecological culture. Arrows indicate interactions: Exploitation and Resource supply between Pressure and State, Information and Response action between State and Response, and Information and Response action back to Pressure.]

Figure 2 | PSR conceptual model of MECC.



According to PSR framework, combined with previous research results, the evaluation indicators of Construction of the National Marine Ecological Civilization Demonstration Zone, and the actual situation, this study constructed an evaluation index system including one target layer, three system layers, 11 factor layers, and 29 indicator layers, as shown in Table 1. The pressure subsystem characterizes the driving effect on the MECC and mainly includes social pressure, land-based pollution pressure, and resource consumption pressure. The state subsystem is the status of a particular period under the action of the pressure system, including the ecological environment, resource status, industrial structure, and living conditions. The response subsystem reflects the reaction of the government and other relevant actors to the prevailing circumstances, including the four aspects of scientific and technological levels, ecological governance, ecological management, and ecological culture.


Table 1 | Weights and index system for MECC.

[image: Table detailing the Marine Ecology Civilization Construction Level. Columns are labeled: System Layers, Factor Layers, Indicator Layers, Unit, and Weight with sub-columns AHP, Entropy, Combined. It categorizes indicators under Pressure, State, and Response, such as population density, wastewater discharge, ecological environment, resources status, and ecological governance. Each indicator has corresponding units and weight values calculated through different methods.]




2.3 Methodology



2.3.1 Weight determining method

The combination weight method considers the decision-maker’s preference for indices and reduces the arbitrariness of the subjective weight method, thus making decision-making processes and results more reliable (Du and Gao, 2020). In this study, combined subjective and objective weights were used. Subjective weights were obtained using the AHP method; the objective weights were obtained using the entropy value method.

The AHP method is suitable for decision-making in complex systems that are difficult to fully quantify. According to the overall objective, AHP classifies the indicators to different levels, and a four-level hierarchical structure model is established, including “target level – system level – factor level – indicator level.” Furthermore, we invited eight experts to score the importance of all indicators at the same level relative to an element at the previous level and constructed a two-by-two comparison matrix from the scoring results to conduct a consistency test and obtain the subjective weight of each index, [image: Equation showing \( w_j^\beta \) with a subscript \( j \) and a superscript \( \beta \).] .

The entropy method is an objective weighting method that describes the degree of data dispersion. The smaller the information entropy of the index, the greater the degree of dispersion of the data and the larger the weight of the index. The steps of the associated calculations are as follows:

(1) Normalization of data.

To eliminate dimensional influences among the evaluation indices, the min-max normalization method was first used to perform a linear transformation of raw data to present them in the range between 0 and 1.

For a positive index:

[image: Formula for feature scaling using min-max normalization: \(X'_{ij} = \frac{x_{ij} - \text{Min}(x_j)}{\text{Max}(x_j) - \text{Min}(x_j)}\).] 

For a negative index:

[image: Mathematical formula showing X_ij as the normalized value of x_ij using min-max scaling. The formula is (max(x_ij) minus x_ij) divided by (max(x_ij) minus min(x_ij)), labeled as equation 2.] 

Where [image: Mathematical notation showing the symbol X with two subscripts: i and j.]  represents the normalized value of the [image: Please upload the image for which you need the alternate text.] -th index in region [image: I cannot view the image. Please try uploading it again or provide a description, and I will help create the alt text.]  and [image: Mathematical expression displaying a variable \( x \) with subscripts \( i \) and \( j \).]  represent the true value of the [image: It seems there's no image provided. Please upload the image or share a link, and I can help create the alt text for it.] -th index in region [image: It seems the image did not upload properly. Please try uploading it again.] .

(2) Calculate the information entropy of the index [image: I need you to upload the image or provide a URL for it. Once you do, I can help you generate the alternate text.] .

[image: The image shows a mathematical formula for entropy: \( z_{f} = -\frac{1}{\ln(n)} \sum_{i=1}^{n} \left( \frac{X_{ij}}{\sum_{i=1}^{n}X_{ij}} \ln \frac{X_{ij}}{\sum_{i=1}^{n}X_{ij}} \right) \). It is labeled as equation (3).] 

(3) Calculate the information utility value of the index [image: Please upload the image or provide a URL so I can help create the alt text for it.] .

[image: Integral equation showing the integral from 0 to infinity of x times e to the power of negative x dx, equaling 1 equals e subscript j, followed by the number in parentheses 4.] 

(4) Calculate the objective weight [image: Mathematical expression showing a lowercase "w" with a superscript "f" and a subscript "j".]  of the index [image: It appears there's an error in your message. Please upload an image or provide a URL for the image you want a description for.] .

[image: Formula for \(w_j\) equals \(d_j\) divided by the sum of all \(d_i\), with equation number (5).] 

This study asserts that subjective and objective weighting methods are equally important in evaluating the level of MECC ([image: Text shows a mathematical expression: \( p = 0.5 \).] ). Therefore, we took the average of the two methods of calculating the weights and added them to obtain the comprehensive weights of each indicator using Equation 6, as listed in Table 1.

[image: Equation showing \( w = p w_{\text{f}} + (1-p) w_{\text{c}} \), labeled as equation six.] 




2.3.2 Calculation of the comprehensive index of MECC

The comprehensive index method was applied to calculate the level of MECC through the linear weight summation of the combination weights obtained by Equation 6, with normalization of the indices obtained by Equations 1, 2.

[image: Mathematical equation labeled as equation seven. MECC sub i equals the sum from j equals one to n of w sub j times X sub i j.] 

Where the comprehensive index [image: Text showing the acronym "MECC" in a serif font, slightly blurred.]  is the comprehensive evaluation value of MECC in region [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will be happy to help you with the alt text.] . The larger the value of the comprehensive index, the higher the level of MECC.




2.3.3 Jenks Natural Breaks classification method

The level of MECC was determined with the Jenks Natural Breaks classification method using the calculated results for cluster analysis. This method considers that the data have their own breakpoints that can be used for classification (Bai et al., 2022). Based on the data distribution, they were classified according to the rules of maximum intergroup and minimum intragroup variances. Therefore, the calculated results were divided into four groups using the Jenks Natural Breaks classification method.




2.3.4 MECC network analysis

Social network analysis (SNA) is a method that employs network theory to identify network participants and their characteristics, to examine how these participants engage with each other, and to ascertain how these interactions influence group functioning (Wojcik et al., 2021). It has been applied to research fields such as environmental protection (Zhu et al., 2024), green innovation efficiency (Li et al., 2024), spatial planning (Liu et al., 2024), etc. In the process of MECC, each province is not an isolated individual. Rather, complex spatial interactions are formed between different administrative subjects through various links, including cross-regional transmission of pollutants, trade exchanges, and information transfer. The MECC in the coastal provinces will also demonstrate complex networked interactions. Consequently, based on the evaluation of MECC and with reference to relevant literature, this paper constructs the gravity model to develop the MECC spatial network (Equation 8).

[image: Expression for \( G_{ij} \) is given as: \( G_{ij} = K_{ij} \frac{MCC_i \cdot MCC_j}{D_{ij}} \), where \( K_{ij} = \frac{MCC_i}{MCC_i + MCC_j} \), denoted by equation (8).] 

Where [image: The mathematical notation "G" with subscripts "i" and "j" appears, often used to represent a matrix element or a component of a tensor.]  is spatial correlation strength of MECC between provinces [image: A gray blurred rectangle, possibly obscuring some content, with no discernible features or details visible.]  and [image: It seems there was an issue with the image upload. Please try uploading the image again, and I will help create the alt text for it.] . [image: The image shows the mathematical symbol \(D_{ij}\), indicating a subscript notation often used to denote elements in a matrix or tensor, where \(i\) and \(j\) represent indices.]  is the distance between province [image: The image shows a grayscale depiction of an open book with visible text on its pages.]  and [image: Please upload the image or provide a URL so I can generate the alt text for you.] . [image: Mathematical notation showing the letter "K" with subscripts "i" and "j".]  refers to the gravitational coefficient, which indicates the contribution rate of MECC between province [image: It appears the image did not load properly. Please try uploading the image again or provide a URL if available.]  and [image: Please upload an image or provide a URL so I can create the alt text for you.] . 

In order to further analyze the spatial correlation effect of MECC, this paper employs the concept of social network analysis and related literature to construct a model of the spatial radiation capacity of provinces. The model is based on the idea of centrality, whereby a higher centrality value indicates a stronger radiation ability (Equation 9).

[image: The equation shows \( F = \sum_{j=1}^{m} G_{ij}(n_j / N_j) \), with equation number (9).] 

Where [image: The image shows the mathematical symbol F subscript i.]  is the spatial radiation capacity of province [image: A vintage, sepia-toned photograph of a young woman in a formal dress, standing beside a classical sculpture. She appears poised and elegant, with intricate detailing in her dress and hairstyle.] . [image: Mathematical notation showing "n sub i," where "n" is lowered by a subscript "i."]  is the number of provinces that are directly correlated with the province. [image: Mathematical notation showing an uppercase letter "N" with a subscript "i".]  is the total number of provinces.






3 Results and discussion



3.1 Temporal evolution characteristics of MECC

Based on the above evaluation indexes of MECC and methodology, the average values of comprehensive index of MECC in coastal provinces from 2006 to 2021 are shown in Figure 3. Overall, with the development of marine industry and the promotion of MECC, the comprehensive MECC level in China’s coastal provinces shows a fluctuating upward trend. Over the study period, the average value for the MECC was 0.4359, rising from 0.4070 in 2006 to 0.4997 in 2021, with an improvement rate of 22.80%. Further, development of MECC in provinces shows different dynamics in different years and presents periodic features.


[image: Bar and line chart showing comprehensive index trends from 2006 to 2021. Blue bars represent MECC, with values increasing over time. Pink, orange, and green lines represent indices P, S, and R respectively, showing varying trends.]

Figure 3 | Time-changing trends of average values of MECC level in coastal provinces.



Specifically, from 2006 to 2008, the levels of MECC in China’s coastal provinces remained relatively stable, with a generally slow upward trend. At this time, the development of the marine economy in most provinces in China was still in its initial stages, the scale of the marine industry was small, and the contradiction between the development of marine economy and the marine ecological environment was not significant. At the same time, since China hosted the Beijing Olympic Games in 2008, the Beijing Organizing Committee of the Olympic Games was “Green Olympics” as the slogan to vigorously promote the construction of the ecological environment. Existing studies have shown that hosting the Beijing Olympic Games had a positive effect on the ecological environment (He et al., 2016; Long et al., 2018; Wu et al., 2023). Although not all coastal provinces were a host nor a co-organizer of the Olympic Games, local coastal governments had attached importance to the protection and management of the marine ecological environment during the Green Olympics. However, the lack of robust scientific and educational capacity in the coastal provinces proved an obstacle to the advancement of MECC.

From 2009 to 2011, the levels of MECC in China’s coastal provinces were fluctuated and differentiated. In this period, only five coastal provinces (Shandong, Shanghai, Jiangsu, Zhejiang, Guangdong) demonstrated an enhancement in their levels of MECC, and most changes were within 4%. While the concept of ecological civilization was launched in 2007, at that time it was not given due consideration. Development of marine economy is the main theme in this phase. Land-sea transportation links and infrastructure construction have been continuously improved. Coastal ports, together with land railroads, highways, inland waterways, civil aviation, and other facilities, collectively constitute the national comprehensive transportation and traffic network, which has contributed to the rapid development of the national economy. However, the unregulated and rapid expansion of industry has resulted in the domination of land-based and marine industries by secondary industries, generating a large amount of industrial waste that was discharged into the nearshore sea. For example, development of the marine shipping industry led to an increase in heavy metals and toxic substances in seawater, affecting the quality of seawater and biological habitats in near-shore waters (Liu et al., 2020b). Increasing ecological pressure, coupled with the occasional occurrence of natural disasters, resulted in a bleak situation for the marine ecological environment and resources in the coastal provinces. Furthermore, the essence of land-sea coordination is the comprehensive planning of land and sea areas from the national level across sectors and administrative divisions. However, the relevant legal and regulatory system had not yet been perfected during that period, resulting in a lack of a clear legal basis and safeguards for the implementation process. For instance, the absence of guidance from the relevant institutional framework has resulted in the limitation of pollution control efforts in the watershed to the coastal zone, with insufficient attention devoted to the regulation of pollution sources. Therefore, land-based pollution source control, pollution reprocessing, and other environmental protection initiatives had not yet shown positive results, further increasing the pressure on the marine ecological environment in the coastal provinces. Besides, the onset of the global financial crisis in 2009 compelled the central government to reorient its priorities towards economic advancement, rather than environmental protection.

Since 2012, the development of MECC entered a period of accelerated growth and expansion. All coastal provinces achieved noteworthy improvement in MECC, with an average increase of 20%. Since the 18th National Congress of the Communist Party of China, the central government has taken comprehensive measures to accelerate the development of a top-level design and a system of institutions for ecological civilization in order to promote the construction of an ecological civilization and reverse the trend of ecological and environmental deterioration. Chinese government has issued “Integrated Reform Plan for Promoting Ecological Civilization”, “Thirteenth Five-Year Ecological Environmental Protection Plan”, “Water Pollution Prevention Action Plan”, “Comprehensive Establishment and Implementation of the Marine Ecological Red Line System” and a series of other policy documents, providing guidance for coastal areas to accelerate the MECC. Furthermore, policies such as “Action Plan for the Battle against Agricultural and Rural Pollution”, “Outline of the National Territorial Planning Program (2016-2030)”, and “Guiding Opinions on Further Strengthening Agricultural and Rural Ecosystems” provide additional guidance and guarantees from the perspective of land and sea coordination. However, due to the different enforcement efforts of policy implementation, the temporal lag in policy effects, and the inherent differences in the fundamental conditions prevailing in each province, the pace of MECC level varies significantly across different provinces. Comparatively, the MECC growth of Hebei and Guangdong has exhibited a more pronounced improvement, whereas that of Jiangsu has demonstrated a less pronounced improvement.

As shown in Figure 3, the average value for the evaluation indexes of pressure subsystem was 0.1864, decreasing from 0.1940 in the base year to 0.1896 at the end of the period, with a decline rate of 2.26%. The level of pressure subsystem in the coastal provinces demonstrates a U-shaped trend of decline and recovery, with a slight decline. This suggests that the expansion of marine ecological pressure has been relatively well-managed. On the other hand, however, the majority of coastal provinces shows only modest improvement in pressure subsystem, while five provinces (Hebei, Liaoning, Shandong, Fujian, Guangxi) exhibited deterioration during the study period. In terms of the underlying causes of the pressure subsystem problem, land-based pollution pressure factor layer remains a significant concern, as all coastal provinces have witnessed a reduction in the land-based pollution layer. Despite the implementation of numerous pollution control measures at the provincial and national level, land-based pollution pressure continues to pose a significant threat to the development of MECC. A land-sea coordination approach to pollution management and environmental management would prove an effective strategy. The issue of resource exploitation represents a further challenge for the pressure subsystem. However, there have been some improvements in recent years, with the introduction of policies such as fishing quota, reduction of ships and production and marine ranching, which have contributed to a reversal of the downward trend.

As shown in Figure 3, the average value for the response subsystem was 0.1224, rising from 0.1108 in 2006 to 0.1470 in 2021, with an improvement rate of 32.71%. The evaluation indexes of state subsystem of MECC in the coastal provinces in China has a fluctuating upward trend from 2006-2021, which is largely aligned with the trend observed in the MECC. The large improvements of the state subsystem, which, although mainly due to the initial stage’s relatively low status, indicates that the MECC has gain certain achievements. Overall, the majority of indicators have shown positive advancement, with the most notable improvements observed in the industrial structure and people’s living conditions of residents, indicating the considerable achievement of economic transformation and enhancement of social welfare in the coastal provinces. Whereas, progress in the ecological environment and the resources status has been relatively limited, restricting further improvement of the state subsystem. From one perspective, the efficacy of ecological response measures is often constrained when the underlying ecological pressures have not yet been effectively addressed. The excessive discharge of wastewater and waste can result in adverse effects on the marine ecosystem, including eutrophication, deterioration of water quality, and reduction in resources, which makes the restoration of marine ecosystem more difficult. Furthermore, the enhancement of the ecological environment is a long-term process. Despite the fact that provinces have implemented responsive measures to restore marine ecological environment since China commenced its promotion of ecological civilization, the efficacy of these measures is frequently constrained by a lag.

As shown in Figure 3, the average value for the response subsystem was 0.1250, rising from 0.1021 in 2006 to 0.1635 in 2021, with an improvement rate of 60.11%. The evaluation index of response subsystem of MECC in the coastal provinces in China demonstrated a clear upward trend from 2006 to 2021, especially in Shandong and Guangdong. The accelerated growth of the marine economy in coastal provinces has facilitated the rapid development of scientific and technological capabilities, educational opportunities, and cultural enrichment. These developments have prompted effective improvements to the response system. However, it is noteworthy that not all indicators in response subsystem have experienced satisfactory enhancements. For instance, the indicators in the ecological governance factor layer still present numerous challenges that have hindered the development of the response subsystem. More than half of the coastal provinces experienced a decline in the level of ecological governance during the study period. This is mainly due to the fact the pursuit of economic growth leads to an extrusion effect with regard to environmental protection (Liu et al., 2020a). The expansion of the marine economy failed to stimulate investment in environmental protection and restoration. In addition, the existing management systems for land and sea are largely independent, with land and sea construction and management departments and agencies working separately. The delineation of responsibilities among these main governance bodies is often unclear, leading to conflicts and inefficiencies in the utilization of resources, which further impairs the effectiveness of inputs for marine protection. Consequently, the discrepancy between economic growth and the rate of investment in environmental protection resulted in a gradual increase in investment in environmental treatment. However, this growth is insufficient to address the mounting challenge of industrial wastewater and solid waste management, which can constrain the potential for further improvement of MECC. Additionally, this may also be an essential contributing factor to the relatively slow growth of the pressure subsystem.




3.2 Spatial distribution characteristics of MECC

To further analyze the spatial distribution characteristics of MECC in coastal provinces in China, this study selected four typical time points (2006, 2011, 2016, 2021), and applied the Jenks Natural Breaks classification method to divide MECC in five groups.

Figure 4 shows the level of MECC for the coastal provinces in China. While all coastal provinces have made some progress in promoting MECC, the results show that there is are clear disparities in the MECC of coastal provinces. While Guangdong, Hainan, and Shandong have demonstrated exemplary performance in advancing the level of MECC, occupying a superior position with favorable developmental trends. Hebei province, which only reached low status by 2021, has demonstrated a relatively lower level of ecological construction and a slower pace of development. In the process of Hebei’s development, traditional land-based industries are always given priority, which has not only led to the relative backwardness of the development of marine industries, but also hindered MECC (Xia et al., 2019). The slow pace of construction may also have contributed to Hebei being the only province other than municipality without a national marine ecological civilization demonstration zone. In addition to interprovincial differences, the results of the study also demonstrate clear geographical characteristics. Provinces in the northern marine economic circle, Liaoning and Hebei, exhibit relatively weak performance on the MECC. Shandong and Tianjin rely on the developed marine industry and robust marine scientific research capability to withstand the challenge inherent to the region and to distinguish themselves from other provinces in the northern marine economic circle. In contrast, provinces in the southern marine economic circle show a more favorable overall performance on the MECC, as all provinces have reached moderate or above status in 2021, including Hainan, which has reached the status level, and Guangdong, which has reached the extremely high status. Such geographical differences can be attributed to both natural environmental factors and anthropogenic influences. The marine ecological conditions in the northern marine economic circle are less favorable than in other regions. As a semi-enclosed inland sea, the Bohai Sea has limited seawater exchange capacity, fragile marine ecosystems, and is significantly impacted by pollution from inland rivers, resulting in the highest percentage of non-excellent quality among the four major seas in China (Zhou et al., 2021). Furthermore, with regard to the pollution of rivers that discharge into the sea, only the water quality of rivers in the Bohai Rim has been classified as polluted (Chen et al., 2023b). Additionally, the northern marine economic circle is economically weaker than those in the south. These provinces are more constrained by financial pressures that limit their ability to invest in science, technology, and ecological management, particularly in comparison to their southern counterparts. Furthermore, the absence of an efficacious land-sea industrial linkage mechanism has resulted in a lack of proximity between the inland and marine economies (An et al., 2022). Consequently, the marine economy has been unable to establish an effective coordination with inland industries, leading to suboptimal resource utilization. Additionally, the requisite raw materials and technical support for the marine industry may not be readily accessible from the land, potentially impeding its operations. However, with the continuous promotion of MECC, disparities between regions have been diminishing.


[image: Four maps of China labeled A, B, C, and D show different coastal areas colored by risk level: extremely low, low, moderate, high, and extremely high. Areas affected include provinces like Liaoning, Hebei, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, and Hainan. A legend and scale bar are included.]

Figure 4 | Spatial distribution of MECC for coastal provinces in China. (A) 2006. (B) 2011. (C) 2016. (D) 2021.



Figure 5 shows the level of pressure subsystem for the coastal province in China. Despite the fact that all provinces have made some efforts in the promotion of MECC, the pressure state of the majority of provinces has not undergone a notable improvement, but rather a decline. The provinces within northern economic circle exhibits exhibit a comparatively weaker performance, as multiple provinces are in the low or extremely low status during the study period. In particular, the pressure subsystem in Hebei experienced a reduction of over 15% between 2006 and 2021, indicating a pressing need for pollution control measures in the province. Intensified pollution and exploitation pressure from land are the primary factors hindering the improvement of pressure subsystem in these provinces. Accelerated economic expansion has occurred at the cost of the ecological environment, to a certain extent. The coastal areas around the northern marine economic circle are not only among the most densely populated regions in China, but also an important manufacturing, industrial, and agriculture base for the country. Escalation in the overall quantity of diverse pollutant emissions, largely attributable to the scale effect of industrial manufacturing throughout its developmental trajectory (Li and Wu, 2023). Besides, while the high population density has effectively contributed to the development of the northern marine economic circle, it has also resulted in a significant amount of pollution and uncontrolled exploitation of marine resources (Yu et al., 2021). In the contrast, the pressure subsystems in Tianjin, Jiangsu, Shanghai, Guangxi, and Hainan consistently remain at high level during the study period. Due to low population density and relatively slow pace of industrial development, Guangxi and Hainan face lower land-based pollution and resource consumption pressures, which presents an effective guarantee for the development of pressure subsystems. Tianjin, Jiangsu and Shanghai ensure the stability of the pressure subsystem through rational control to regulate the generation of marine pollution and exploitation of marine resources.
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Figure 5 | Spatial distribution of pressure subsystems for coastal provinces in China. (A) 2006. (B) 2011. (C) 2016. (D) 2021.



Figure 6 shows the level of state subsystem for the coastal province in China. Despite effects of ecological pressure, the state subsystems of the coastal provinces all have been steadily improved during the study period, largely due to the provinces’ promotion of MECC. While only 2 provinces reached high status in 2006, by 2021, nine provinces have achieved high or extremely high status. However, Tianjin and Hebei, which are located in the innermost part of the Bohai Sea, have relatively weak performance on the state subsystem, mainly due to their high difficulty in promoting the state subsystem. As mentioned above, the Bohai is subjected to great high pressure from land-based sources of pollution, and as a semi-enclosed sea it has a weak purification capacity, leading to its own compromised ecological condition. In addition to geographical factors, although the proportion of marine secondary industries in Hebei and Tianjin continued to improve during the study period, the overall economic development of the two provinces is still dominated by industrial development. While the industrial sector is a key driver of economic growth, it also represents a significant source of environmental pollution. This not only constrains the further development of the provinces and cities but also poses a significant challenge to the pursuit of MECC (Xiao et al., 2023). Besides, the high intensity of coastal development in the adjacent provinces of Shandong and Liaoning has led to the unfavorable status of the state subsystem. Considering the openness and connectivity of marine ecosystem, there is close interaction and energy transfer between organisms and materials in adjacent seas. Marine ecological problems in neighboring provinces, such as marine pollution, can be transmitted to each other and affect the state of marine ecology. Therefore, Promoting the co-construction of MECC with neighboring provinces on the basis of land-sea coordination will be an effective way to improve the state subsystem.
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Figure 6 | Spatial distribution of state subsystems for coastal provinces in China. (A) 2006. (B) 2011. (C) 2016. (D) 2021.



Figure 7 shows the level of response subsystem for the coastal province in China. As economic and technological levels continue to rise, most response subsystems for coastal provinces in China have also undergone significant and rapid upgrades during the study period. However, there are huge differences between provinces on the response subsystem. Shandong, Guangdong, Shanghai, and Zhejiang demonstrated accelerated progress and superior performance in the response subsystem, all achieving above high status. The results indicates that these provinces have developed an effective marine ecological response system to address marine ecological pressures. These provinces have both robust foundation for marine development and strong economic and scientific infrastructure, and they have effectively leveraged their economic and scientific advancement to propel improvement of the response subsystem. In contrast, the response subsystem performance of Guangxi, Hebei, Liaoning, Fujian, and Hainan is below average, with low or extremely low status. These provinces typically lack of sufficient economic or technological resources to provide adequate support to the response system. In particular, although Liaoning has relatively favorable conditions for marine technology, due to its greater emphasis on land-based development and the lack of a unified policy support and coordination mechanism, it is unable to form an effective synergy even when it has sufficient inputs of marine technological and economic resources, resulting in a waste of resources and affecting the efficiency of the response subsystem. In addition, some provinces, such as Hebei and Guangxi, have a short history of marine development, less developed marine industry, and shortage of marine talents. A defective response subsystem may impede effective management of marine ecological pressures, which could ultimately hinder the development of the MECC.


[image: Four maps of China labeled A, B, C, and D show different regions marked with colors representing severity levels: extremely low, low, moderate, high, and extremely high. Regions like Beijing, Shanghai, and Guangdong are highlighted variably across the maps. A legend indicates the color-coding next to each map, with an inset map showing location context in the bottom right.]

Figure 7 | Spatial distribution of response subsystems for coastal provinces in China. (A) 2006. (B) 2011. (C) 2016. (D) 2021.






3.3 Spatial correlation network characteristics of MECC

The MECC spatial correlation network maps with values in 2006, 2011, 2016, and 2021 for the coastal provinces in China are produced using ArcGIS, and the spatial correlation strength is divided into four levels using Jenks Natural Breaks classification method. As shown in Figure 8, during the study period, there were clear spatial correlations in MECC among coastal provinces, with channels becoming intertwined and different nodes coexisting with neighboring channels and jumping channels. The spatial network shows a trend towards increasing complexity and densification. With the promotion of MECC in China, the strength of spatial correlations among provinces also shows notable enhancement. For instance, the spatial correlations of MECC between Liaoning and Hebei, Shandong and Shanghai, Shanghai and Fujian, Jiangsu and Fujian have all been effective enhanced, indicating a growing level of interactions and cooperations of MECC in these provinces. While some of these provinces are not neighboring, their spatial correlations of MECC have been markedly reinforced during the study period. The increase in the spatial correlations of MECC between Shanghai and Shandong, and Shanghai and Fujian can be attributed to the following reasons. Firstly, Shanghai not only has the geographical location advantage of bridge the north to the south, but also has the largest airport and port in China, as well as a comprehensive transportation network comprising railways, highways, and pipelines, which facilitates collaboration of MECC with non-adjacent provinces (Huo et al., 2022). Except for neighboring provinces, Shandong and Fujian are geographically closest to Shanghai, which helps to the formation of a spatial correlation network. Secondly, the “Outline of the National Territorial Planning Program (2016-2030)” indicates that Shanghai and other megacities should optimize their comprehensive functions of serving the entire country and engaging with the global community, improve their international influence and competitiveness, and lead the development of whole country. MECC in Shanghai is not only contingent upon the city’s own sustainable development, but also has a leading role in China. Thirdly, both Shandong and Shanghai have robust marine technology and economy, which facilitates greater exchanges and flows in related fields. Shanghai and Fujian are both situated on the East China Sea, and have signed “Shanghai-Fujian Science and Technology Innovation Cooperation Framework Agreement”, which provides the basis for the strengthening of spatial correlations. With regard to the enhanced spatial correlation between Jiangsu and Fujian, the main reasons are as follows. First of all, in 2017, the “13th Five-Year Plan for National Marine Economic Development” positions Jiangsu as a pivotal nexus of the 21st Century Maritime Silk Road, with Fujian designated as the core area for its construction. The two provinces exhibit similar developmental orientations, and under the promotion of relevant policies, there is a more expansive space and opportunity for collaboration between the two in the marine development. Besides, both provinces are located along the eastern coast of China, facilitating convenient transportation and fostering strong economic strength and close interaction (Fan and Xiao, 2021), which collectively contribute to the formation of a robust spatial correlation. However, the spatial correlation between the majority of coastal provinces on the MECC still needs to be strengthened. The results suggest that the distance dependence of provincial trajectory MECC spatial flows is more pronounced, indicating that the majority of spatial flows associated with MECC occur between neighboring provinces. The reason is that the spatial proximity of provinces reduces the costs of time and distance for cooperation and linkages in economic, social, and other fields, promoting the allocation of resources and the flow of factors between provinces. This, in turn, strengthens economic cooperation and complementarities, facilitating the spatial linkages of the MECC. Furthermore, the ecosystems of neighboring provinces are more closely interconnected and possess greater incentives to engage in collaborative cross-provincial pollution management.


[image: Four maps labeled A, B, C, and D show spatial correlation strengths across different regions of China. Each map highlights provinces like Hebei, Jiangsu, and Guangdong using varying color gradients to indicate correlation levels from I to IV. A legend and scale bar are included, along with an inset map for geographic context.]

Figure 8 | Spatial correlation network of MECC for coastal provinces. (A) 2006. (B) 2011. (C) 2016. (D) 2021.



In terms of spatial characteristics, the spatial correlations of MECC are stronger in the eastern marine economic circle and northern marine economic circle, while weaker in the southern marine economic circle. The results demonstrate that the two-way mutual feedback intensity of the spatial flow of MECC among provinces in these two regions is greater than that observed in the southern marine economic circle. The provinces in the northern and eastern marine circles are located in the Bohai Bay and the Yangtze River Delta Economic Circle, which have historically demonstrated a high degree of interconnectivity in the process of China’s marine development. The promotion of the cooperative development plan for the Bohai Rim and the strategy of the Great Bay Area around Hangzhou Bay further erode the boundary of provincial and municipal jurisdiction in these regions. This has facilitated the establishment of more effective coordination mechanisms, the internal integration of urban agglomerations, infrastructure connectivity, and coordinated ecological governance, which collectively laid the foundation for the co-development of MECC. In contrast, the provinces in the southern marine economic circle have been developed largely in isolation, and the spatial correlations between their internal provinces are weak. Furthermore, the spatial correlation between the provinces in the southern marine economic circle and provinces outside it is even weaker due to the influence of spatial distance.




3.4 Spatial radiation capacity of MECC

As shown in Figure 9, While there have been some fluctuations in the radiative capacity of the provinces in the MECC network, the overall radiative capacity of the provinces has nevertheless been enhanced to a certain extent. By 2021, provinces in similar radiation capacity levels demonstrate a more pronounced spatial aggregation. Among them, Shanghai, Zhejiang, and Jiangsu in the eastern marine economic circle and Shandong and Tianjin in the northern marine economic circle demonstrate strong radiation capacity, indicating their significant role in promoting MECC through spatial radiation effect. In contrast, Liaoning, Fujian, Guangxi, and Hainan exhibit comparatively diminished radiating capacity, positioning them in marginal locations of spatial network. This renders it challenging for these provinces to exert influence over other areas. The majority of these provinces exhibit a relatively low level of ecological civilization construction, underscoring the urgent need to enhance marine ecological civilization construction through a multi-pronged approach that integrates the problems identified in the previous section, and at the same time take advantage of the radiation capacity and advance development of the surrounding provinces to facilitate their development. The disadvantage of location faced by Hainan and Guangxi is such that it is more challenging to establish a robust regional linkage effect with neighboring provinces. This is due to the fact that other provinces are less able to act as a source of radiation to drive the development of these two regions. Consequently, there is a greater need for the central government to facilitate cooperation between developed and underdeveloped regions through regional strategic adjustments.
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Figure 9 | Spatial radiation capacity of MECC for coastal provinces. (A) 2006. (B) 2011. (C) 2016. (D) 2021.



Match the results with MECC levels, provinces with higher levels of MECC tend to have stronger radiation capabilities. Furthermore, excellent performance levels can create stronger spatial connected effects with neighboring provinces, which in turn can drive their development of MECC. In particular, Guangdong has low radiation capacity despite the high level of MECC, indicating that Guangdong’s influence on other provinces is relatively limited. The primary reasons are as follows. Firstly, Guangdong is geographically distant from the northern and eastern coastal provinces, especially when traversing the sea, which makes it more challenging to engage in cooperations with them. Consequently, Guangdong’s spatial connections are primarily with neighboring provinces. Secondly, Guangdong boasts a significantly stronger economic and technological prowess than its neighboring provinces, leading to a diminished inclination to collaborate with them. Currently, Guangdong is more focused on collaborate with Hong Kong and Macao to establish the Guangdong-Hong Kong-Macao Greater Bay Area, and has already established close ties in the domains of industry, innovation, and logistics (Wang et al., 2024). Related literature also indicates that the strong linkages are primarily concentrated among the cities in the eastern Pearl River Delta, while the network connectivity with the cities in western part of Guangdong is relatively weak (Chen et al., 2023a; Wang et al., 2024). Thirdly, there are evident regional disparities in Guangdong’s internal development. The concentration of development remains in the Pearl River Delta region. The outlying regions of Guangdong are characterized by a relatively low population density, low levels of socio-economic development, and a lack of robust infrastructure (Liao and Zhang, 2022), which hinder the potential for exchange of products, capital and labor with other provinces (Li et al., 2024). Therefore, while promoting the development of its own MECC, Guangdong should also enhance its radiation effect through construction of regional infrastructure, establishment collaborative innovation platform, cross-regional ecological governance, and industrial integration.





4 Conclusions and implications



4.1 Conclusions

This paper introduces the concept of land-sea coordination into the theoretical framework of MECC. Based on the quantitative evaluation of MECC in the coastal provinces from 2006 to 2021, this paper employs gravity model to construct a MECC spatial correlation network and analyze the network structure and radiation capacity to determine the spatial influence of provinces in the MECC. The main conclusions are as follows:

	In terms of temporal characteristics, the comprehensive index of MECC for the coastal provinces shows a fluctuating upward trend from 2006 to 2021, with a decline in the pressure subsystem and an evident increase in the state and response subsystem.

	In terms of spatial characteristics, there is considerable variation in the performance of MECC across different provinces over the study period. While provinces within southern marine economic circle demonstrate a relatively stronger performance on the MECC, particularly Guangdong, those within northern economic circle exhibit a relatively weaker performance, particularly Hebei.

	Despite the fact that the interprovincial MECC spatial network is becoming increasingly interconnected, the strong spatial correlations are primarily concentrated between provinces situated in close geographical proximity, particularly in the vicinity of Bohai Bay and Hangzhou Bay.

	During the study period, there has been improvements in the MECC radiation capacity across all provinces. There is a correlation between the MECC radiation capacity and the MECC level, with the exception of Guangdong, where the majority of provinces with a higher MECC level also demonstrates a stronger radiation capacity.






4.2 Policy implications

Based on the above conclusions, this study puts forward the following suggestions for further strengthening the MECC:

	The implementation of rigorous measures to prevent and control land-based pollution is essential to mitigate the impact of development pressure. Despite the implementation of several policies aimed at fostering ecological civilization in China, the underlying pressure subsystem has yet to undergo substantial improvement. In particular, land-based pollution represents a significant obstacle to the development of marine ecological civilization. It is imperative that the relevant governmental departments implement a comprehensive prohibition on the discharge of untreated and substandard waste by industrial enterprises. Furthermore, they must implement rigorous monitoring and enforcement of penalties for key polluting industries in key industrial areas, such as chemicals and paper-making. Concurrently, when reforms are implemented in pivotal industries, the government should provide suitable subsidies to enterprises to encourage clean production, facilitate effective acceptance and implementation, and strive to serve as a model for green practices to enhance the demonstration effect.

	It is imperative to optimize the structure of the marine industry and enhance the efficiency of resource utilization. On the one hand, the transformation and upgrading of traditional marine industries should be promoted, while the development of strategic emerging marine industries should be strengthened. In addition, marine efficient fisheries, marine renewable energy utilization, desalination and comprehensive utilization of seawater, and marine pharmaceuticals and other marine strategic emerging industries should be cultivated and grown. Besides, in order to ensure the efficient use of marine resources, it is essential to reinforce the management of the total amount of marine resources, comprehensive conservation and recycling, and the efficient allocation of resources. Furthermore, the government should facilitate the advancement of marine monitoring and evaluation technology, marine pollution treatment technology, and marine ecological restoration technology. This will contribute to an increase in the total amount of marine resources and an enhancement in the quality and stability of marine ecosystems.

	It is essential to recognize the discrepancies and inconsistencies inherent to the construction of marine ecological civilization. It is recommended that each province formulate its own MECC enhancement strategy and guarantee mechanism according to local conditions. This approach would allow provinces to leverage their unique advantages and address any shortcomings within their respective regions. For instance, provinces such as Shandong, Hebei, Liaoning, and Zhejiang face elevated ecological pressures, while Hebei and Tianjin are experiencing marine ecological degradation and resource depletion. Additionally, Guangxi, Hainan, and Fujian, have limited technological resources to support further development of MECC.

	It is crucial to focus on the spatial correlation of inter-provincial MECC, aiming to expand the spatial spillover channels of MECC on a global scale, transcend administrative boundaries, and reinforce the resilience and proximity of the spatial correlation of MECC. It is recommended that the radiation capacity of provinces with high MECC levels be fully utilized. The frequency of inter-provincial MECC spatial connections should be increased, and provinces with weak MECC levels should be encouraged to fully leverage the learning effect and exchange mechanism, thereby facilitating their own development through the radiation-driven drole of neighboring provinces. In particular, Guangdong needs to strengthen its capacity to facilitate the development of MECC in neighboring provinces, thereby assuming a leading role in the southern marine economic circle. Furthermore, while stabilizing the MECC spatial correlations of neighboring provinces, it is essential to prioritize the expansion of long-distance interregional MECC spatial correlations. The advancement of cross-regional economic, scientific, and technological collaboration, coupled with the establishment of a cross-regional ecological common governance platform, will facilitate the realization of a coordinated development of the MECC in China as a whole.
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Introduction

China’s marine cities have reached a critical juncture after 40 years of rapid development. In this new stage, where internal circulation is the main focus, there is a need to enhance the internal circulation capabilities of these cities and unleash their full economic potential. This paper aims to explore the positioning and improvement path of marine cities in China's internal circulation network, and fully unleash the development potential of marine cities.





Methods

Based on data from 284 prefecture-level cities in China, this paper constructs the social network of China's urban internal circulation with the help of the modified gravity model, and explores the conditional configuration of the improvement of the status of marine cities in internal circulation network by using the fuzzy-set qualitative comparative analysis (fsQCA) method.





Results and discussion

(1) The development level of marine cities' internal circulation can be categorized into three tiers, led by Shanghai. The development gap between the 14 marine cities has gradually widened over recent years. (2) Chinese marine cities can be divided into three groups in the topological structure of China's urban internal circulation network: core, periphery, and edge, with Shanghai being the core "bridge" in the network. The traditional advantages of some northern economically strong cities in the construction of the internal circulation network have gradually been lost, and many marine cities have seen their leadership and control over the internal circulation network significantly weakened. (3) No single factor is a necessary condition for achieving a high-level status of marine cities in the internal circulation network. (4) The four conditional variables of demand side, supply side, industrial linkage and inter-regional integration have two sufficient condition configurations to enhance the status of marine cities in internal circulation network. Among them, the "industry-regional integration"-dominated configuration with the core of unblocking the bottlenecks of the internal circulation is the main path.





Keywords: marine cities, internal circulation network, social network analysis, fsQCA, conditional configuration




1 Introduction

Since the reform and opening up, especially after joining the WTO, China has actively participated in international trade, achieving rapid economic growth through external circulation. This process not only accelerated industrialization but also led to significant technological advancements and industrial upgrading. While promoting China to become the “world factory”, the international external circulation has also helped China accumulate a large amount of foreign exchange reserves, enhanced China’s international economic status and ability to reduce external risks. However, in recent years, both domestic and international environments have shifted dramatically. China’s traditional way of participating in the international circulation has also faced new challenges.

Internally, the role of export trade, one of the key drivers of China’s economic growth, has gradually weakened in importance. While the contribution of net exports to GDP peaked at around 5-10% in the early 21st century, by 2023, this figure had dropped to -11.4%. Meanwhile, consumption and investment now contribute 82.5% and 28.9%, respectively, indicating that strong domestic demand, driven by consumption and investment, has become the primary force driving China’s economic growth. Externally, factors such as the global financial crisis, sluggish recovery, and recession in certain countries have weakened external demand. Moreover, escalating trade tensions, particularly the US-China trade war, and geopolitical issues have further increased uncertainty in China’s external economic environment. In addition, efforts by Western countries to repatriate supply chains, along with export controls and technological blockades aimed at China, have created challenges, particularly in key areas of production. Against this backdrop, the development of internal circulation has emerged as a strategic choice for China to address both internal and external economic challenges and ensure long-term stable growth. This approach not only aligns with the need for economic restructuring domestically but also serves as an inevitable response to the changing external environment.

In May 1984, China announced the establishment of 14 marine cities, including Shanghai, Guangzhou, Wenzhou, Fuzhou, Qingdao, Yantai, Tianjin, Dalian, Qinhuangdao, Lianyungang, Nantong, Ningbo, Zhanjiang, and Beihai. Marine cities have achieved fruitful results in the early stage of reform and opening up, and they are the important basement of China’s early urban opening up. The function of the establishment of marine cities is not only to form a frontier position for China’s opening up, but also to give them a full play to the leading role of domestic economic development, and then become the central hub of the domestic and foreign affairs and an important node for internal and external circulation (Liu et al., 2022). After 40 years of development, these marine cities have concentrated a large number of high-end industries and innovation resources, and are an important source of power for China’s economic growth. In addition, the residents of marine cities have higher incomes and strong consumption capacity, which is an important force to promote domestic demand. More importantly, marine cities have developed ports and logistics systems, and have the technical infrastructure for the construction of an internal circulation network. In addition, marine cities are both core areas of domestic circulation and international circulation. They can continue to play a bridging role in international trade while promoting China’s internal economic circulation. Therefore, this paper takes marine cities as an example to examine the path to improve the level of internal circulation and the status of the internal circulation network, so as to expand technology and resources to inland areas from marine cities through internal circulation, and help to accelerate the circulation and the upgrading of China’s economy.

Furthermore, marine cities have concentrated a large number of high-end industries and innovative resources, which can have a strategic radiation on inland cities through internal circulation. First of all, marine cities rely on their superior transportation conditions, especially the high accessibility of ports, to maintain close connectivity with the global market. Under the internal circulation model, marine cities have become hubs for the transportation of resources and products to inland, significantly promoting the extension of the industrial chain and the construction of supporting systems in the surrounding inland cities. Secondly, the industrial cluster effect of marine cities provides the main driving force for economic development in inland cities. Through the “enclave economy” model, inland cities can take over some manufacturing links from marine areas and achieve effective flow and allocation of resources, thereby attracting foreign investment and increasing local employment and economic vitality. In addition, the pioneering development of marine cities in the fields of technological innovation and digital economy generates technological spillover effects through the internal circulation network, assisting the technological upgrading and industrial transformation of inland cities. Finally, marine cities are not only production centers, but also important supports for the domestic consuming market. Under the internal circulation model, expanding domestic demand is the core strategy to promote economic growth. The escalating consumer demand in marine cities has also promoted innovative adjustments on the supply side in inland cities to adapt to growing market demand and support overall economic development. In the future, with the further deepening of regional integration strategies, marine cities will continue to play a key role in the internal circulation, providing economic power and development paths for inland cities. Therefore, this paper examines the positioning and enhancement path of marine cities in China’s internal circulation network, using the development of marine cities as a starting point, and expanding technology and resources to inland cities through China’s internal circulation network to help the circulation and upgrading of China’s overall economy.

The internal circulation requires all regions to break down barriers and establish extensive and deep economic connections. Therefore, there are complex network characteristics in space and spatial flow is the underlying logic of the smooth internal circulation. The spatial circulation of economic activities shapes the integrated Chinese internal circulation network. Therefore, study the internal circulation from the perspective of social network is important. However, there are few literatures that explore the spatial correlation characteristics of the internal circulation from the perspective of social network. There is a lack of interpretation of the spatial network structure and the role of individual cities under internal circulation. This paper uses 284 prefecture-level cities data in China, constructs the Chinese internal circulation network based on the modified gravity model, and explores the spatial topological characteristics and the conditional configuration for improving network status of 14 marine cities in China’s internal circulation network. The marginal contributions of this paper are as follows: (1) Based on Marx’s social reproduction theory, we construct an internal circulation evaluation index system and uses Chinese prefecture-level data as samples, which helps to evaluate the internal circulation level’s status and changes. (2) Based on the modified gravity model, we construct the Chinese prefecture-level internal circulation network and study the internal circulation from spatial and social network dimensions. (3) Based on the configuration analysis of fuzzy qualitative-set comparative analysis (fsQCA), we demonstrate the factors that can affect marine cities’ internal circulation, which is helpful for marine cities to establish new development strategies under internal circulation.




2 Literature review



2.1 Definition and measurement of the internal circulation

The concept of economic “internal circulation” is widely agreed upon in current research, referring to economic activities and processes that occur within a country. Several scholars have defined it as the organic integration and seamless connection of production, distribution, circulation, and consumption (Liu, 2020). Others interpret internal circulation as an internal loop that emphasizes domestic markets, from supply to demand (Tang et al., 2020), asserting that it begins and ends with the fulfillment of domestic demand (Chen et al., 2022).

Under the context of the dual circulation strategy, many literatures have conducted discussions on the internal circulation. As the first country to propose a dual circulation strategy, China defines the dual circulation as a coordinated development system of internal and external circulation, and further verifies the core position of the internal circulation in the strategy through the Marxist input-output analysis model (Javed et al., 2023). Based on the assessment of the current rising uncertainty in the global economy, the literature points out that the development of the internal circulation is crucial to achieving sustainable growth of China’s economy, upgrading the industrial structure (Lin and Wang, 2021) and resisting external risks. In addition, the internal circulation is considered to be a key path to cope with the economic impact brought about by the trend of deglobalization, which once again emphasizes the necessity and urgency of promoting the development of the internal circulation economy (Shi et al., 2024).

Regarding the measurement of the internal circulation, current research mainly includes the following three aspects. From the perspective of qualitative analysis, some literature measures the level of internal circulation through different indicators based on the definition of internal circulation, and constructs an internal circulation evaluation index system for Chinese different provinces including consumption and production (Pan and Long, 2024; Dai and Hua, 2024). From the perspective of quantitative analysis, some literature measures the internal circulation level by decomposing GDP. Simple measurements such as using the proportion of domestic investment and consumption in gross domestic product (GDP) (Qian and Pei, 2022), or using input-output tables to further decompose GDP through the contribution rate of different behaviors (Xue and Lu, 2023), or decomposing GDP based on the global value chain by using domestic and foreign supply and demand data (Huang and Ni, 2021). Some other literatures take the factors of intermediate products into account, and measure the internal circulation level through the value-added decomposition method under the value chain analysis system. At the country level, the international input-output table is used to measure the proportion of internal circulation in different countries (Huang and Ni, 2021; Li, 2021), or based on the international input-output table, the degree of China’s internal circulation level is measured through domestic demand dependence (Chen et al., 2022); at the industry level, by decomposing the global value chain into forward links and backward links to measure different industry’s internal circulation level in China (Chen and Fu, 2022; He et al., 2022); at the regional level, based on the domestic input-output table, the internal circulation is divided into intra-provincial and inter-provincial circulation to measure the degree of circulation’s smoothness (Dai and Hua, 2024) and the mutual influence between different provinces (Jiang and Zhang, 2024).




2.2 Driving factors of the internal circulation

In other literature related to the internal circulation, most of the literature affirms the importance of China’s internal circulation to its economic development (Ni and Tian, 2023; Xue et al., 2024), and find that the degree of internal circulation in different regions and industries in China is different (Jiang and Zhang, 2024; Guang et al., 2023), and prove that the level of internal circulation in various provinces has increased through time (Fang et al., 2023). Regarding the impact of the internal circulation, studies believe that the smooth flow of internal circulation within and between provinces in China can promote the quality of exports (Dai and Hua, 2024), the length of NVC under the internal circulation will reduce the level of China’s economic fluctuations (Wen et al., 2024), and the internal circulation, especially the internal circulation of China, has become the driving force of global economic growth (Xue and Lu, 2023). Regarding the factors affecting the level of internal circulation, literature research believes that supply-side technological progress can promote internal circulation by optimizing the allocation of resources among industries (Jiang and Xu, 2024), the development of the digital economy (Zou et al., 2024) and the establishment of free trade pilot zones (Su et al., 2023) can also promote the circulation of the domestic economy.

Under the background of the dual circulation strategy, relevant literature points out that China’s internal circulation strategy may lead to a slowdown in domestic credit growth (Zhang et al., 2023), but have a positive impact on stock market performance (Shi et al., 2024). Further analysis shows that after the domestic value chain is subdivided into intra-provincial and inter-provincial value chains, the development of the intra-provincial value chain is conducive to promoting employment and labor productivity (Ou and He, 2023). At present, China’s economy is undergoing a transformation from external circulation to internal circulation. In this process, the domestic value chain continues to strengthen due to the continuous improvement of production efficiency and technological innovation, while the share of the global value chain shows a downward trend (Gao et al., 2024).




2.3 Research on the internal circulation of marine cities

Promoting internal circulation in marine cities is vital to the overall success of China’s economic restructuring. Research on marine cities, maritime industries, and marine economy highlights their positive impact on China’s economic growth. Marine cities, by leveraging industrial agglomeration, stimulate export growth and drive economic development through scale of economy (Zhang, 2012). Although there are disparities in the development of different marine cities (Liang et al., 2009), most of the research has focused on national policies and external factors such as open trade policies (Sun et al., 2024), industrial structures within the marine economy (Zhai, 2020), and regional differences in marine production inputs (Sun and Zhu, 2020).

Existing literature has conducted a comparative analysis of the internal and external circulation levels in China’s coastal areas, and believes that the internal circulation level in coastal areas is higher than the external circulation, and is driven by multiple factors such as technological innovation capabilities, per capita income levels, circulation system perfection, marketization process, digitalization level, and financial development level (Wang et al., 2023). However, there is currently a lack of research that systematically analyzes the current status and development trends of the internal circulation of China’s marine cities from a network perspective, and there is also a lack of comparative analysis of the differences in the internal circulation network at the city level. This paper constructs an internal circulation evaluation index system at the city level and deeply analyzes the heterogeneity of the internal circulation development of different marine cities in China and its influencing factors from the perspective of social networks to make up for the shortcomings of existing research.





3 Research design and data description



3.1 Research methods



3.1.1 Combinatorial weighting method

In view of the problems of strengthening the correlation of indicators and generating negative weights in the principal component analysis method (Hu, 2012), this paper adopts the combinatorial weighting method, which is the multiplication of information weight and independence weight, to evaluate the weight of sub-indicators of the internal circulation evaluation indicator system. This method has the excellent characteristics of both and can show the importance of indicators from different angles. At the same time, the comprehensive weight can effectively reduce the negative impact of indicator correlation while reflecting the amount of information and has a better evaluation effect. The information weight is constructed by the entropy weight method in this paper, that is, the information entropy of the indicator is used to weight the information. The basic idea of the independence weight is to normalize the correlation coefficient matrix of the sub-indicators, and then obtain the independence weight vector of the indicator.




3.1.2 Spatial correlation analysis based on modified gravity model

At present, some scholars have used the gravity model to explore the spatial development correlation of economies (Tang et al., 2022; Lin et al., 2022). The gravity model can effectively convert the level of urban internal circulation development (attribute value) into the internal circulation development correlation (gravity value) between cities. Considering the economic distance of urban development, this paper uses the modified gravity model to measure the spatial correlation of China’s urban internal circulation development. The specific formula is:

[image: Equation labeled as (1) shows F subscript g equals K subscript ij multiplied by the fraction M subscript i M subscript j over D subscript ij squared times (g subscript i minus g subscript j) squared.] 

In the formula, Fij is the internal circulation correlation strength between city i and city j, Mi and Mj are the internal circulation development score of city i and city j. Dij is the geographical distance between city i and city j, which is calculated according to the latitude and longitude information. [image: Lowercase letter "g" with subscript "i" in italic font.]  and [image: Blurred or pixelated text likely showing lowercase letters "g" and "j".]  are the per capita GDP of city i zand city j from 2010 to 2022, respectively. Kij is the gravitational coefficient, the value of which is 1. According to formula 1, a 284 *284 national urban internal circulation spatial relationship matrix is obtained, and the mean value principle is adopted to binarize all lines of the matrix (Zhao et al., 2021). The matrix row mean value is taken as the threshold value. If F is greater than the row mean, and the value is 1, indicating that there is an internal circulation correlation between the two cities. If F is less than the row mean, and the value is 0, indicating that there is no correlation between the internal circulation development of the two cities.




3.1.3 Social network analysis

Social network analysis (SNA) can break through the analytical limitations of traditional “attribute value” data, conduct a systematic study of “relationship value” data (Márcia and Gama, 2012), and comprehensively describe the network characteristics and relative status of nodes in the integrated network (Serrano and Boguna, 2003). This method has been widely recognized and applied in the research on complex economic relations between regions in recent years. In this paper, social network analysis is used to construct the internal circulation network model of Chinese cities, and the internal circulation network characteristics of 14 marine cities are analyzed through relevant data. Based on the individual network characteristic dimension, the centrality analysis of marine cities is carried out. The centrality is used to represent the importance degree and spatial status of marine cities in China’s internal circulation network. The construction of the internal circulation network model and the analysis of related characteristics in this paper are realized with the help of Gephi and Ucinet 6 software.




3.1.4 Fuzzy-set qualitative comparative analysis

In this paper, we abandon the traditional binary relation statistical method and use the fuzzy-set qualitative comparative analysis (fsQCA) based on the set theory to capture the conditional configuration that affects the circulation network structure of marine city, and then analyze the development mechanism of internal circulation network of marine cities. The main considerations are as follows: Firstly, unlike traditional statistical methods that can only reveal the independent influence of influencing factors or the interactive influence between them, fsQCA believes that there are concurrent multiple causal relationships between variables, which helps to deconstruct the differentiated driving mechanism of the development of the internal circulation network of marine cities. Secondly, although traditional statistical methods can analyze the influencing factors in a unified manner, they are limited to interpreting the degree of variation of the explained variables using the cumulative or substitution relationship of the explanatory variables (Wang et al., 2014). fsQCA can identify the equivalence of different antecedent condition configurations, effectively explore the sufficient and necessary conditions that lead to the results, explore the linkage effect of influencing factors and establish equivalent causal chains (Pappas and Woodside, 2021). Therefore, the fsQCA method is more suitable for exploring the improvement path of the development of the internal circulation network of marine cities. Figure 1 shows the research methods and specific analysis framework used in this paper.


[image: Flowchart visualizing research methods and objectives related to internal circulation in marine cities. It includes four main methods: combinatorial weighting, modified gravity model, social network analysis, and fuzzy-set qualitative analysis. These methods lead to an internal circulation indicator system, geographical and economic distance analysis, a space matrix, and measurement calibration. The objectives include measuring development levels, converting values, constructing networks, and enhancing city status. Outcomes focus on production factors, attribute offerings, centrality degrees, and necessity analysis. Arrows illustrate the process flow.]

Figure 1 | Research methods and analysis framework.







3.2 Internal circulation indicator system

Quesnay, the founder of classical political economy, analyzed the reproduction and circulation of social products in the “Tableau Economique” and pioneered the idea of economic circulation. Later, in “Capital”, Marx interpreted the economic cycle from the perspective of capital circulation and proposed the theory of social reproduction, describing economic circulation activities as four links: production, distribution, flow and consumption. As a continuation of Marx’s theory of social reproduction, this paper measures the level of development of the internal circulation in the four links of production, distribution, flow and consumption, and constructs the evaluation indicator system of internal circulation (Table 1). Production is the origin of the internal circulation, distribution and flow are the bridges that connect the internal circulation, and consumption is the end of the internal circulation and the starting point of a new round of circulation. The internal circulation system is the coordinated planning and organic unity of the four links.


Table 1 | Internal circulation evaluation indicator system.

[image: Table displaying indicators and evaluation methods. First-class indicators include Production, Distribution, Flow, and Consumption. Secondary indicators list details like Production Level and Industrial Structure for Production. Evaluation methods include metrics such as per capita GDP for Production Level and employee wages for Distribution Level.]

In the link of production, the production level is represented by per capita GDP (Zhao et al., 2014). At the same time, the upgrading of industrial structure can avoid the “path dependence” at the technology level and break through the shackles of development. It is the internal logic of building the internal circulation (Liu, 2020), which is specifically represented by the proportion of the tertiary industry. In the link of distribution, Keynes’s permanent income hypothesis, Friedman’s rational expectations theory and precautionary savings theory all point out that income distribution is the main factor affecting consumption. Therefore, a reasonable income distribution pattern is the core link to release the consumption potential of the domestic market and clear the bottlenecks of the internal circulation. Primary distribution is the basic content of income distribution, and employee wages are the decisive factor of primary distribution (Yi and Chen, 2022). Narrowing the income gap between urban and rural areas is the key to achieving distribution coordination. In the link of flow, high-level flow infrastructure and flow system are the basis for smooth internal circulation (Hao, 2020). This paper uses road area and total retail sales of consumer goods to represent the completeness of flow infrastructure and the efficiency of flow system. In the link of consumption, per capita disposable income determines the consumption basis. At the same time, a high level of consumption willingness can form effective consumption demand in the economic society (Long et al., 2021), and effective consumption demand is a necessary condition for smooth internal circulation (Zuo et al., 2022). The consumption willingness indicator is specifically represented by per capita consumption expenditure in this paper.




3.3 Data description

To construct a complete internal circulation network of China and accurately locate the internal circulation development capability of marine cities, 284 cities across China are selected as overall research samples. At the same time, 2010 and 2022 are used as measurement years to explore the evolutionary characteristics of the internal circulation development of marine cities. Per capita disposable income and per capita consumption expenditure are from the WIND and CEIC databases. The remaining sub-indicators are from the “China City Statistical Yearbook” and the “Statistical Bulletin of National Economic and Social Development” of various prefecture-level cities. Since the sub-indicators have different magnitudes and dimensions, the original data are standardized.





4 Analysis of the internal circulation development level and network characteristics of marine cities



4.1 Internal circulation development level of marine cities

Through the above data standardization processing and indicator weighting ideas, the internal circulation development level of 284 cities across the country in 2010 and 2022 is measured, and finally the specific scores and national rankings of 14 marine cities are obtained (Table 2). Figures 1, 2 are the visible results of the internal circulation scores and the changes in national ranking of marine cities respectively.


Table 2 | Internal circulation scores and rankings of marine cities.

[image: A table comparing city rankings and scores between 2010 and 2022. Shanghai ranks first in 2022 with a score of 66.7110, moving up one position since 2010. Guangzhou is fifth in 2022, dropping one place. Ningbo, Tianjin, and Qingdao show position changes, with Ningbo moving up five places to ninth. Some cities like Fuzhou and Lianyungang show significant rank improvements, while others like Dalian and Zhanjiang drop. The ranking changes column indicates whether a city’s rank increased or decreased.]


[image: Line graph comparing 2010 and 2022 scores across various cities. The 2010 scores are represented by a solid blue line, while the 2022 scores are depicted with a dashed green line. Notable peaks and troughs include Shanghai in 2010 with 27.14 and Qingdao in 2022 with 66.71. The graph shows significant changes over time for each city.]

Figure 2 | Internal circulation scores of marine cities.



Table 2 and Figure 2 show that the internal circulation development level of marine cities has spatial non-balanced characteristics. In 2022, the internal circulation development level of 14 marine cities can be divided into three echelons. The first echelon is Shanghai and Guangzhou, both of which are the “leaders” of the full internal circulation development. Among them, Shanghai leads the country with a high score of 66.7, fully demonstrating its leading position in the development of internal circulation. This is due to its strong economic strength, highly developed industrial system, international market, and superior geographical location, which give it strong support and leadership capabilities in various aspects such as production and consumption.

The second echelon is Ningbo, Tianjin and other traditional coastal economic development cities, which are located in the upper reaches of the national city rankings. Among them, the higher scores of Tianjin and Ningbo may benefit from the spatial spillover and radiation effects of the high-level internal circulation development of Beijing and Shanghai. Qingdao, Wenzhou, Fuzhou and others are all in a leading position in their provinces, which indirectly shows that marine cities have a certain leading role in the construction of the internal circulation development pattern. The third echelon is Zhanjiang, Qinhuangdao, Lianyungang and Beihai, which have relatively weak internal circulation development capabilities and may face problems such as a single industrial structure, insufficient economic development momentum, and limited market consumption capacity, placing them at a relative disadvantage in regional economic competition.

Figure 3 shows the changes in national ranking of marine cities. Compared with 2010, 7 out of 14 marine cities in 2022 have improved their national score ranking for internal circulation, reflecting that these cities have actively taken measures to promote the development of internal circulation in the past decade, and have achieved certain results in industrial upgrading, infrastructure construction, market cultivation, and other aspects. However, except for Lianyungang and Fuzhou, which have risen by 28 and 17 places, the improvement effect of the other 5 marine cities is not significant.


[image: Bar chart showing ranking changes of cities. Lianyungang increased by 28, Fuzhou by 17, Nantong by 8, Ningbo by 5, Wenzhou and Qingdao by 3, and Shanghai by 1. Dalian decreased by 29, Zhanjiang by 7, Tianjin and Qinhuangdao by 5, Beihai by 4, Yantai by 2, and Guangzhou by 1.]

Figure 3 | Changes in national ranking of marine cities.



The national ranking of internal circulation scores for the remaining 7 marine cities shows a downward trend, with Dalian experiencing the most severe decline, dropping 29th place. This indicates that it faces significant challenges in economic transformation, industrial restructuring, or market competition, and has failed to keep up with the pace of internal circulation development. Although the internal circulation scores of Qinhuangdao and Beihai have improved, their national rankings have further declined, ranking at the bottom of the 284 cities in the country. Moreover, the gap in internal circulation scores among marine cities has gradually widened, with the standard deviation rising from 4.65 in 2010 to 12.15 in 2022, exacerbating the imbalance. Except for Shanghai, the internal circulation capacity of other marine cities has not been empirically promoted, which may lead to further widening of regional economic development gaps, affecting the coordinated development of the overall economy, and highlighting the urgency of improving the level of internal circulation development in vulnerable cities.




4.2 Characteristics of internal circulation network of marine cities



4.2.1 Internal circulation network

According to the social network theory, this paper takes 284 prefecture-level cities in China as network nodes and takes the spatial correlation coefficient matrix of the internal circulation development among prefecture-level cities obtained by the modified gravity model as the network connecting edge to form China’s internal circulation network. The overall density of the network is 0.086, indicating that the internal circulation between cities is relatively sparse, and the economic connections between cities need to be further strengthened. The average path length is 2.896 and the average clustering coefficient is 0.656, indicating that the network has certain small world characteristics, that is, there are relatively close connections between some cities, but there is still room for improvement in the overall connectivity and integration of the network. The network diameter is 11, indicating that the longest distance of cyclic connections between cities is relatively long, and there may be certain obstacles to information transmission and resource flow (Figure 4).


[image: Network diagram with densely interconnected nodes represented by labels. Central nodes like "SH", "CZ", and "SZ" have more connections, highlighted by thicker blue lines. Peripheral nodes have fewer connections.]

Figure 4 | Internal circulation network.



Based on the dimension of intercity interaction, the topological characteristics of the internal circulation network of 14 marine cities can be examined. It can be seen that Shanghai is located in the central position. As a national economic center and an international metropolis, it gathers abundant resources, funds, technology, and talents, becoming a key hub of the internal circulation network and having a strong radiating and driving effect on surrounding cities and the national economy. Nine cities, including Guangzhou and Qingdao, are located in peripheral areas, indicating that they play a relatively important role in the internal circulation, with close economic exchanges with the central city and other cities. However, their influence and control in the network are relatively weak compared to the central city. Qinhuangdao, Dalian and other four cities are located on the periphery, reflecting their low participation and connectivity in the internal circulation network. They may face problems such as geographical remoteness, unreasonable industrial structure, and lagging economic development, which have led to their insufficient role in the internal circulation and become weak links in the development of the internal circulation. The following paper will further explore the spatial structural characteristics of marine cities in the Chinese internal circulation network based on centrality indicators.




4.2.2 Centrality analysis

Based on the centrality of social network analysis, the spatial network correlation characteristics between regions are analyzed. “Centrality” describes what kind of power each region has in the social network, or what kind of central position it occupies, or how it is related to other regions. Therefore, this paper describes the importance of marine cities in the internal circulation spatial network from three dimensions: degree centrality, betweenness centrality, and eigenvector centrality.



4.2.2.1 Degree centrality

Degree centrality is the number of nodes connected to the target node (Kim and Hastak, 2018), which is specifically divided into in-degree and out-degree, reflecting the city’s inter-city connection ability and central position in the internal circulation network (Zhang et al., 2021). The specific calculation method is shown in formula 2:

[image: Degree centrality formula: summation from b equals one to m of w_sub_ab(in) plus summation from b equals one to m of w_sub_ab(out). Equation two.] 

Among them, [image: Sigma notation representing a summation from \( a = 1 \) to \( n \), of the function \( w_{ab}(in) \).]  is the sum of the in-degree of point a with other nodes, [image: Summation from one to \( n \) of \( w_{ab} \) with \( \text{out} \) in parentheses.]  is the sum of the out-degree of the point a with other nodes.




4.2.2.2 Betweenness centrality

Betweenness centrality measures the role of “bridge” and “intermediary” in the internal circulation network of each region, which reflects the control degree, communication ability and hub role in the internal circulation network of a city (Freeman, 1977). The specific calculation method is shown in formulas 3, 4:

[image: Betweenness centrality formula, equation three: the sum of two divided by n, the product of the sums from one to n, sigma sub v-w of b, all over n squared minus three n plus two.] 

[image: Equation displaying \( v_{\text{ax}}(b) = g_{\text{ax}}(b)/g_{\text{ax}} \), labeled as equation (4).] 

Among them, the number of shortcuts between region a and region x is [image: The image shows a mathematical expression with script-style lowercase "g" followed by "a" and subscript "x".] , [image: Mathematical expression showing "v sub ax of b".]  is the probability that the third region b is on the shortcut between region a and region x.




4.2.2.3 Eigenvector centrality

The importance of an individual in a network depends not only on its own network position characteristics, but also on the position characteristics of the other network individuals to which it is connected. The eigenvector centrality takes into account both the network structure type and the importance of network nodes (Bonacich, 2007), and describes the relative influence and connection quality of marine cities in the internal circulation network. The larger the value, the greater the influence of the member and the more important it is as a core participant in the interaction. The specific calculation method is shown in formula 5:

[image: Eigenvector centrality is represented by the formula: δ raised to the power of negative one times the sum from s equals one to n of the product of omega subscript zero s and epsilon subscript s. It is labeled as equation five.] 

Among them, [image: \( A = \omega_{ab} \)]  is the adjacency matrix of internal circulation network, when the node pair (a, b) is connected, [image: Mathematical notation shows omega subscript a b in a stylized italic font.]  is 1, otherwise it is 0. δ is the maximum eigenvalue of A and ea is the weight value of the node a.

The results of degree centrality, betweenness centrality and eigenvector centrality of marine cities are shown in Table 3. Figures 5-7 are the corresponding visualized processing results, showing the changes in the data for 2010 and 2022.


Table 3 | Centrality of the internal circulation network of marine cities.

[image: Table comparing centrality metrics for various cities in 2010 and 2022. Metrics include degree centrality, betweenness centrality, and eigenvector centrality. Cities listed include Shanghai, Tianjin, Guangzhou, Qingdao, and others. Shanghai shows highest metrics in both years, indicating it is the most central in the network.]


[image: Bar chart comparing degree centrality of various Chinese cities in 2010 and 2022. Shanghai shows a 24.51% increase, while Tianjin and Dalian decrease by 29.17% and 40% respectively. Other cities vary with increases and decreases, such as Qingdao’s 18.97% increase and Qinhuangdao's 33.33% decrease.]

Figure 5 | Degree centrality.




[image: Bar chart comparing betweenness centrality for 15 cities in 2010 and 2022. Shanghai shows a significant increase of 86.68%, while significant decreases include Tianjin (-64.91%) and Dalian (-53.59%). Other cities like Guangzhou, Ningbo, and Zhanjiang show notable increases, while some cities display slight decreases or minimal change. Blue and green bars represent 2010 and 2022, respectively.]

Figure 6 | Betweenness centrality.




[image: Bar chart comparing eigenvector centrality of Chinese cities between 2010 and 2022. Each city shows percentage change with red or green arrows. Most cities decreased, notable exceptions being Guangzhou and Fuzhou with increases. Shanghai remained constant.]

Figure 7 | Eigenvector centrality.



In terms of centrality, with strong economic strength and excellent geographical location, Shanghai, located at the center of the network, achieved a centrality of 254 in 2022, far higher than the national average, indicating its close internal circulation relationship with many cities and absolute dominance in the internal circulation network. It can effectively integrate resources, promote factor flow and economic cooperation, and is the core engine of internal circulation development. Guangzhou leads the marine cities located in the peripheral areas of the network with a degree centrality of 138, while Ningbo and Tianjin have relatively consistent degree centralities. Among the four cities located in the edge of the network, Dalian has a relatively high degree centrality, while the degree centralities of the other three cities are in the range of 20-40, which is significantly different from other marine cities. Compared with 2010, the degree centrality of the five marine cities of Qingdao, Wenzhou, Nantong, Lianyungang and Zhanjiang has not changed significantly, while the degree centrality of the five marine cities of Tianjin, Dalian, Yantai, Qinhuangdao and Beihai has declined, among which Dalian and Tianjin have shown a significant decline, with the decline rates reaching 40% and 29% respectively. This may be related to factors such as the decline in urban industrial competitiveness, insufficient economic development momentum, and hindered regional cooperation, leading to a weakening of their intercity connectivity in the network. Among the marine cities with improved centrality, Shanghai’s development momentum is relatively rapid, with a 25% increase in intercity connectivity in 13 years, reflecting its continuous strengthening of advantages in regional cooperation and further consolidating its core position in the internal circulation network.

In terms of betweenness centrality, the differentiation characteristics of 14 marine cities are significant. In the sample of 2022, Shanghai is in the first echelon with an intermediary centrality of 13587. It plays a key role as an intermediary and bridge in China’s internal circulation network, with strong control over information transmission, resource allocation, and economic coordination. It can promote efficient interaction and cooperation between cities and facilitate the smooth operation of internal circulation. In recent years, Shanghai has actively developed emerging economic formats based on big data, cloud computing, the Internet of Things and other fields, providing strong element support for the dredging of the internal circulation. Wenzhou, Nantong, Lianyungang, Qinhuangdao, Zhanjiang, and Beihai have low betweenness centrality and a large gap with other marine cities, so they fail to effectively play the role of brokers in the internal circulation network. Compared to 2010, the intermediary centrality of marine cities has shown an overall downward trend, with the intermediary roles of Tianjin, Qingdao, Wenzhou, Dalian, Lianyungang, Yantai, Qinhuangdao, and Beihai gradually weakening. This may lead to hindered economic connections between cities and a decrease in internal circulation efficiency, with Tianjin and Dalian experiencing declines of up to 65% and 54%, respectively. As the central hub of China’s internal circulation network, Shanghai’s betweenness centrality has increased rapidly in recent years, with an increase of 87%. The accessibility and control of information have been further enhanced, playing a key supporting role in the construction and optimization of the national circulation network.

In terms of eigenvector centrality, 14 marine cities show a “spindle-shaped” development characteristic with Shanghai as the central pole and a decreasing gradient from north to south. Shanghai, located in the center of the network, ranked first in eigenvector centrality in both sample years, which is relatively consistent with the ranking of degree centrality, further confirming the absolute influence of Shanghai in the topological structure of the internal circulation network. The eigenvector centrality of nine cities, including Qingdao, Ningbo, Wenzhou, Guangzhou, Tianjin, Nantong, Lianyungang, Yantai and Fuzhou, is at a mid-level in the internal circulation network, while the eigenvector centrality scores of the two northernmost cities, Dalian and Qinhuangdao, and the two southernmost cities, Beihai and Zhanjiang, are extremely low. Although they have development potential and latecomer advantages to a certain extent, they may still be “dead corner cities” with internal circulation development for a long time due to the influence of geographical location and administrative barriers. Remote geography may lead to inconvenient transportation and high logistics costs, limiting the flow of economic factors and industrial development. Administrative barriers may hinder cooperation and collaborative development between regions, making it difficult to integrate into a broader internal circulation network and facing the risk of lagging development. Compared with 2010, the eigenvector centrality of Tianjin and Dalian has obviously degraded. Combined with the analysis of the results of degree centrality and betweenness centrality above, it can be seen that Tianjin and Dalian, two traditional marine cities that have not effectively completed economic transformation, play the role of “gatekeepers” in China’s internal circulation network.

From the above analysis of the internal circulation development level and the internal circulation network model, it can be seen that the internal circulation development scores of some marine cities have dropped significantly in recent years, and their leadership, control and influence in the internal circulation network have declined apparently. After 40 years of development, the policy-driven effect of marine cities has gradually been lost, the relevant institutional dividends have gradually disappeared, and the overall development has shown a weak trend, which can no longer meet the new development requirements based on the internal circulation. Therefore, this article will further analyze the improvement path of the internal circulation development of marine cities, so as to strengthen the development leadership and release the vigorous vitality of marine cities.







5 Configuration research of enhancing the status of marine cities in internal circulation network



5.1 Measurement and calibration

In fsQCA, each independent set contains a conditional variable and an outcome variable, and the sample cases all have membership scores in the independent sets. Calibration is to give the case set membership scores, and then construct a fuzzy set of 0-1. The size of this value determines the membership of the variable. Referring to existing research, this paper adopts the direct calibration method to calibrate the data and convert the original data into fuzzy set membership scores (Tao et al., 2021). At the same time, variable calibration points are set up with the quartile method of 25%, 50% and 75% (Fiss, 2011). Quantile method can effectively avoid defects caused by subjective bias (Zhang et al., 2020). In order to maximize the integrity of the sample, the original data after calibration is corrected by 0.001.



5.1.1 Outcome variable

In order to accurately evaluate the internal circulation network status of marine cities, this paper standardizes the centrality data and adopts the urban right role evaluation method to obtain the internal circulation network role index of 14 marine cities by adding the degree centrality, betweenness centrality and eigenvector centrality with equal weights (Lin et al., 2022). This is used to characterize the status of marine cities in the internal circulation network and serve as the outcome variable of fsQCA.




5.1.2 Conditional variables

The demand side and the supply side are the logical starting point and endogenous driving force of the internal circulation (Qian and Pei, 2022). The lack of correlation between upstream and downstream industries and inter-regional barriers are the key obstacles to the internal circulation (Zheng et al., 2022). Marine cities need to build a path to enhance the leadership of the internal circulation based on the endogenous driving force and key obstacles of the internal circulation, and establish a new strategic positioning for the development of the internal circulation. On the demand side, the Chinese government’s 14th Five-Year Development Plan emphasizes that “expanding domestic demand is the strategic basis for building a new development pattern.” Expanding domestic demand is the main engine of the internal circulation, which can stimulate domestic consumption and investment potential, achieve dynamic equilibrium with supply, and thus promote the internal circulation of the economy. At the same time, increasing domestic final demand is the basic connotation of the internal circulation. The key to promoting the development of the internal circulation lies in fully releasing the potential of market demand (Geng and Liu, 2021). On the supply side, the 2020 meeting of the Political Bureau of the CPC Central Committee proposed “deepening supply-side reform and building a new development pattern of dual circulation.” China’s economy has entered a new normal. The mismatch and imbalance between market supply and demand are the main contradictions of the internal circulation. The smoothness of the internal circulation is mainly affected by the supply side (Tang et al., 2020). High-level supply capacity can penetrate the bottlenecks of the internal circulation and eliminate bottleneck constraints. At the same time, the supply side will also affect the efficiency and sustainability of the internal circulation. Therefore, the internal circulation needs to adjust the production and consumption structure with supply-side reform as the main line (Li, 2021). In terms of industrial linkages, the organic combination and nesting of multi-level industrial linkages between cities, regions and countries can maintain the effective operation of the internal circulation, and smooth industrial linkages can effectively promote the internal circulation (Guan, 2023). In terms of inter-regional barriers, there are currently problems such as local protectionism, market segmentation and local government competition caused by the tax-sharing system between regions in China (Qian et al., 2012). Breaking through regional boundaries, building a unified domestic market and realizing regional economic integration are the keys to smooth the internal circulation.

The internal circulation development of marine cities is affected by the demand side, supply side, industrial linkage and inter-regional integration. This paper uses the four as conditional variables of fsQCA to explore multiple paths and equivalent conditional configurations. On the demand side, promoting urbanization is an important measure to expand domestic demand (Jiang and Meng, 2021). Urbanization can release a large amount of market demand, such as housing, education, health and cultural needs (Zheng and Li, 2020). At the same time, urbanization can effectively increase investment demand and stimulate private investment (Sun and Zhou, 2024). Therefore, the urbanization rate can represent the market demand capacity, which is measured by the proportion of urban population in the permanent population of each city. On the supply side, the high-quality innovation capability of the supply system is the fundamental requirement for building a new development pattern. Technological innovation helps to deepen the supply-side structural reform, solve the “stuck neck” problem in the field of technology, effectively connect domestic demand with high-quality and personalized products, and promote the smooth circulation of the national economy with high-level industrial chains and innovation chains. Therefore, innovation capability can represent the market supply capacity and supply quality, and is measured by the number of patent authorizations and R&D expenditures of each city. In terms of industrial linkage, the digital economy can improve the degree of industrial linkage through digital industrialization and industrial digitization, thereby unblocking the “blocking points” of the internal circulation (Wang and Qi, 2023). At the same time, promoting digital industrialization and industrial digital transformation is an important development task mentioned in the “Government Work Report”. Using the digital economy to represent the modern industrial linkage capacity can provide a contemporary development idea for marine cities in the new development pattern stage. Specifically, the number of people employed in the information transmission computer service and software industry, the number of Internet broadband access users, the number of mobile phone users and the digital inclusive finance index from the Digital Finance Research Center of Peking University are used for measurement. In terms of inter-regional integration, information asymmetry is currently common among regions in China, and the degree of information transmission barriers is relatively large. At the same time, local markets and regulatory rules are not transparent. The above factors have led to problems such as local protectionism and market segmentation (Su and Shao, 2022), hindering the construction of a unified domestic market and the integration of inter-regional economic development. Therefore, the anti-corruption and information transparency index can characterize the inter-regional integration capacity, and is measured using the two primary indicators of government integrity and government transparency in the “China Government-Business Relations Index”. The calibration anchor points of each variable are shown in Table 4.


Table 4 | Calibration anchor point.

[image: Table displaying data for three degrees of membership: Fully affiliated, Intersection, and Not affiliated. Columns include Role Index, Market demand, Market supply, Industrial linkage, and Inter-regional integration. Fully affiliated: Role Index 2.2519, Market demand 87.0340, Market supply 0.8122, Industrial linkage 0.6096, Inter-regional integration 63.7683. Intersection: Role Index 0.4881, Market demand 70.5000, Market supply 0.1617, Industrial linkage 0.2898, Inter-regional integration 46.2625. Not affiliated: Role Index 0.1445, Market demand 53.9960, Market supply 0.0126, Industrial linkage 0.1931, Inter-regional integration 25.9038.]





5.2 Necessity analysis of a single condition

fsQCA can clearly identify the sufficient and necessary conditions that lead to the results, among which the necessary conditions are the core conditions that always exist (Ragin and Fiss, 2008). Consistency is the core criterion for judging the necessity of a single condition. When the consistency of the conditional variable is greater than 0.9, it can be regarded as a necessary condition that affects the status of marine cities in the internal circulation network. Table 5 shows the necessary condition analysis results of the high-level role index and the non-high level role index calculated using the fsQCA software. The results of Table 5 show that none of the conditional variables meets the requirement of consistency greater than 0.9, that is, there is no necessary condition that affects the status of marine cities in the internal circulation network.


Table 5 | Necessity analysis of a single condition.

[image: Table comparing condition variables against high and non-high level role indexes. Variables include market demand, market supply, industrial linkage, and regional integration. Each category features consistency and coverage values, such as high level market demand with consistency 0.761 and coverage 0.755, while non-high level market demand has consistency 0.757 and coverage 0.763.]




5.3 Adequacy analysis of conditional configuration

The fuzzy-set qualitative comparative analysis method based on set theory can clarify whether the result set contains the configuration set composed of conditional variables, that is, the sufficiency of the results caused by different conditional variable combinations can be tested in the configuration analysis stage. Based on the specific distribution of cases in the truth table, this paper follows the research method of Pappas and Woodside (2021) and uses the PRI consistency threshold of 0.7 as the judgment standard. Based on the characteristics of the sample size in this paper, the frequency threshold is set to 1. Table 6 shows the configuration analysis results of the four conditional variables on the improvement of the status of marine cities in the internal circulation network.


Table 6 | Adequacy analysis of conditional configuration.

[image: Table comparing two configurations: "Innovation"-dominated (Configuration 1) and "Industry-regional integration"-dominated (Configuration 2). Configuration 1 shows market demand (o), market supply (●), industrial linkage (○), inter-regional integration (○), consistency (1), original coverage (0.1417), unique coverage (0.0832), overall consistency (0.8779), and overall coverage (0.7044). Configuration 2 shows market demand (•), market supply (•), industrial linkage (●), inter-regional integration (●), consistency (0.8638), original coverage (0.6212), unique coverage (0.5622), overall consistency (0.8779), and overall coverage (0.7044). Symbols indicate condition existence and type.]

Table 6 shows that there are two sufficient condition configurations to enhance the status of marine cities in the internal circulation network, and the consistency of the single configuration and the overall configuration are higher than the minimum standard of 0.75, of which the consistency of the overall configuration is 0.8779 and the coverage is 0.7044. In configuration 1, the supply side based on innovation plays a core role, reflecting the specific path of enhancing the status of marine cities in the internal circulation network dominated by innovation capabilities. When a high level of innovation capability exists, the absence of other conditional variables will not hinder the improvement of the status of marine cities in China’s internal circulation network. The deepening of supply-side structural reforms caused by innovation capabilities can independently constitute a conditional configuration that affects the status of the internal circulation network of marine cities. Therefore, this configuration is named “innovation” -dominated, which means that innovation can improve production efficiency, optimize product structure, enhance industrial competitiveness through technological innovation, attract more economic resources and factors to gather, enhance the economic connections between cities and other cities, and even if there are certain deficiencies in other conditional variables such as demand side, industrial correlation, and regional integration, it can still have a positive impact on the improvement of the status of marine cities in the internal circulation network.

The consistency of configuration 1 is 1, the original coverage is 0.1417, and the unique coverage is 0.0832, that is, this path can explain 14.17% of the sample cases, and 8.32% of the sample cases can only be explained by this path. This indicates that this path has certain particularities and limitations in improving the status of marine cities in internal circulation network, and may only be applicable to a few cities with strong innovation capabilities and certain shortcomings in other aspects, or play an important role in specific development stages.

In configuration 2, industrial linkage and inter-regional integration play the core roles, while market demand and market supply play the auxiliary roles, reflecting the specific path of improving the status of marine cities in the internal circulation network by unblocking the development bottlenecks of the internal circulation network. Therefore, this configuration is named as the “industry-regional integration” -dominated. This means that by strengthening the upstream and downstream connections of industries, promoting the development of the digital economy to enhance industrial interconnectivity, breaking down regional barriers, promoting information flow and market integration, and taking expanding domestic demand and optimizing supply as the driving force, the status of marine cities in the internal circulation network can be effectively improved. This configuration emphasizes the collaborative cooperation of multiple factors, forming an organic whole that promotes each other and jointly drives the development of the internal circulation network.

The consistency of configuration 2 is 0.8638, the original coverage is 0.6212, and the unique coverage is 0.5622, that is, this path can explain 62.11% of the sample cases, and 56.22% of the sample cases can only be explained by this path, including marine cities such as Shanghai, Guangzhou, and Qingdao. These cities not only have the high level of urbanization and innovation capabilities, but also have modern digital industries, complete government information disclosure systems, and efficient political and business information sharing platforms, Therefore, they have the ability to build connections for internal circulation network with other cities. Compared with the lower coverage of configuration 1, it can be seen that configuration 2 is a key and normalized path to promote the status of marine cities in the internal circulation network. The “industry-regional integration” -dominated configuration means that marine cities need to follow the improvement path with unblocking circulation bottlenecks as the practical basis and expanding domestic demand and optimizing domestic supply as the endogenous driving force, thereby leading and promoting the establishment and deepening of the internal circulation network, accelerating the construction of a new development pattern with internal circulation as the main body, and assisting and achieving high-quality socio-economic development.





6 Conclusion and policy implication



6.1 Conclusion

This paper takes 284 cities in China as research samples and constructs a China’s internal circulation network based on a modified gravity model. Using centrality data, we explore the roles and positioning of 14 marine cities in internal circulation network. fsQCA method is used to conduct conditional configuration analysis on the role index of the internal circulation network of 14 marine cities, explore the improvement path of marine cities in internal circulation network. The key elements and complex interactive nature that affect the development of internal circulation in marine cities are revealed, injecting new development ideas and establishing new strategic positioning for marine cities in the new development pattern stage where internal circulation is the main body of development.

The key findings are as follows: (1) There is a marked spatial imbalance in the development of internal circulation across marine cities, which can be divided into three tiers. The gap between these cities has widened over the past 13 years. Shanghai, the leader in internal circulation development, has seen substantial progress. (2) In China’s internal circulation network, Shanghai is located in the central location. Cities like Guangzhou, Qingdao, Ningbo, and Tianjin are located on the network’s periphery, while cities such as Qinhuangdao, Dalian, Zhanjiang, and Beihai occupy the network’s edges. (3) In terms of degree centrality, Shanghai holds a dominant position in China’s internal circulation network, having increased its degree centrality by 25% over the past decade. Conversely, the overall centrality of other marine cities has declined. In terms of betweenness centrality, 14 marine cities have significant polarization characteristics. Shanghai plays a key role as an “intermediary” and “bridge” in China’s internal circulation network, while Wenzhou, Nantong, Lianyungang, Qinhuangdao, Zhanjiang and Beihai fail to effectively play the role of broker. In terms of eigenvector centrality, marine cities show a “spindle-shaped” development characteristic with a gradient decreasing from the central pole of Shanghai to the north and south. The two northernmost cities, Dalian and Qinhuangdao, and the two southernmost cities, Beihai and Zhanjiang, are “dead corner cities” in China’s internal circulation network. (4) Tianjin and Dalian, two traditional marine cities that have not effectively completed economic transformation, play the role of “gatekeepers” in China’s internal circulation network. (5) No single condition is necessary to determine a city’s internal circulation network status, highlighting the importance of multiple factors working in tandem. Improving the status of marine cities in the internal circulation network is the synergistic effect of multiple factors. In the “innovation” -dominated model, innovation capability plays a core role, reflecting the specific path of using scientific and technological innovation to enhance the status of marine cities in the internal circulation network. In the “industry-regional integration”-dominated model, industrial linkage and inter-regional integration play the core roles, while market demand and market supply play the auxiliary roles, reflecting the specific path of improving the status of marine cities in the internal circulation network by unblocking the development bottlenecks of the network.




6.2 Policy implication



6.2.1 Policy implication for “innovation” -dominated path

Firstly, we need to strengthen investment and policy support for innovation. The government should increase financial investment and set up a special innovation fund to focus on supporting scientific and technological innovation projects in marine cities, especially in strategic emerging industries such as advanced marine equipment manufacturing, marine new energy, and marine biomedicine. Promote supply-side structural reform, with innovation driven high-quality supply leading and creating new demand, thereby enhancing the position of marine cities in the internal circulation network. Improve innovation incentive policies, establish a sound intellectual property protection system, strengthen the protection of innovative achievements, and motivate enterprises and researchers to actively innovate. At the same time, it is necessary to formulate policies for rewarding innovative talents and create a highland for innovative talents, so as to attract domestic and foreign innovative talents to flow into marine cities and provide intellectual support for innovation driven development.

Secondly, cultivate innovative entities and innovation ecosystems. Support the construction of enterprise innovation capabilities, encourage enterprises in marine cities to increase investment in technological innovation, and establish enterprise technology research and development centers. Enhance the core competitiveness of enterprises, improve product quality and added value through innovation, meet the diversified needs of the domestic market, and thereby strengthen the market adaptability and development vitality of enterprises in the internal circulation. Build an innovative ecosystem, strengthen the construction of innovation carriers such as marine science and technology industrial parks and incubators, and provide a good platform and environment for innovation and entrepreneurship. Promote the aggregation and flow of innovative elements within the park, forming a development pattern of innovation resource sharing and collaborative innovation.

Thirdly, strengthen the transformation and application promotion of innovative achievements. To establish a service platform for the transformation of scientific and technological achievements, the government should integrate resources from all parties, establish a specialized platform for the transformation of scientific and technological achievements, and provide one-stop services for the evaluation, trading, and transformation of marine scientific and technological innovation achievements. Accelerate the process of innovative achievements from the laboratory to the market, and enhance the actual contribution of innovative achievements to the circular development of marine cities. At the same time, it is necessary to promote the application of innovative achievements in traditional industries and guide traditional industries in marine cities to actively apply new technologies, processes, and models for transformation and upgrading. Promote the intelligent and green development of traditional industries, achieve coordinated development between traditional and emerging industries, and expand the industrial space of internal circulation.




6.2.2 Policy implication for “industry-regional integration” -dominated path

Firstly, promote industrial synergy and integrated development. Optimize industrial layout and division of labor cooperation, formulate regional industrial coordinated development plans based on the resource endowment, industrial foundation, and development positioning of marine cities, clarify the division of labor and cooperation relationships among cities in the marine industry chain, form an industrial pattern of complementary advantages and coordinated development, improve the overall production efficiency and competitiveness of the marine industry, promote the play of industrial linkage effects, and enhance the stability and synergy of the internal circulation industry network. At the same time, it is necessary to promote the integrated development of industries, encourage the deep integration of the marine industry with other related industries, and cultivate new economic growth points. By integrating industries, expanding the development space of industries, enriching the internal circulation of industrial formats, and meeting the diverse needs of consumers.

Secondly, strengthen regional integration construction and cooperation. Promote infrastructure integration and increase overall planning and construction efforts for transportation, energy, communication and other infrastructure between marine cities. Accelerate the construction of comprehensive transportation systems such as coastal highways, railways, ports, etc., so as to improve the efficiency of transportation within the region. Promote the construction of information and communication infrastructure, enhance the level of regional informatization, reduce transaction and circulation costs between regions, promote the free flow of factors within the region, and provide solid hardware support for the development of internal circulation. Deepen the reform of regional market integration, break down administrative barriers and market segmentation between regions, and establish a unified, open, competitive and orderly regional market. Strengthen inter regional market supervision cooperation, unify market access standards and regulatory rules, eliminate local protectionism, and promote the free flow of goods and factors within the region. At the same time, it is necessary to promote the equalization of public services between regions, strengthen cooperation and sharing in education, healthcare, social security and other fields, improve the overall development level and attractiveness of the region, and thus enhance the radiation and driving ability of marine cities in the internal circulation network.






7 Research prospect



7.1 Research on the expansion of circulation network structure

Introduce diverse data to expand research perspectives and explore the implementation of multidimensional network structure analysis. Future research should integrate data from multiple fields such as economy, society, and ecology to construct a comprehensive network analysis model. In addition to economic data, further incorporate ecological environment and social population data to explore the interrelationships between economy, society, and ecology in the internal circulation network. Through multidimensional analysis, seek network optimization strategies to achieve a balance and coordinated development of economic, social, and ecological benefits.




7.2 Refinement and expansion of circulation network in marine and inland city

At the micro level, study the internal circulation relationship between enterprises in marine cities and inland cities. Build a supply relationship network between enterprises, analyze the cooperative relationship between marine enterprises and inland enterprises in terms of raw material supply, component matching, product sales, etc. Through the interaction between enterprises, reveal the impact of collaborative models and micro decisions on the internal circulation network.

At the micro level, focus on the connection between marine industry clusters and inland industry clusters, and build an internal circulation network between industry clusters. At the same time, considering the connections between functional zones within the city, studying the collaborative development model of functional zones in terms of industrial positioning, resource allocation, policy support, and how the interaction between functional zones promotes the optimization of urban circulation.

At the macro level, further refine the collaborative network between the regions where marine cities and inland cities are located. In addition to the overall connection between coastal and inland areas, research on the internal circulation network relationships across watersheds and economic zones. Analyze the collaborative mechanisms and network structure characteristics between regions in resource sharing, ecological environment protection, industrial transfer and undertaking, and explore how to promote balanced development and overall efficiency improvement of circulation networks nationwide through regional cooperation.
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This study investigates the direct impact of green innovation in marine-related enterprises on pollution emissions, addressing a significant gap in existing research regarding the role of executives’ environmental awareness factor. Using a sample of 2,580 marine-related firm-year observations from the 2008-2022 period, we find that green innovation and improved environmental awareness among management can significantly reduce water pollution and air pollutants in enterprises and reduce the environmental problems caused by marine-related businesses. Moreover, enhancing environmental awareness within management can effectively substitute for the inhibitory effects of green innovation on pollution emissions. We conduct a heterogeneity test, and it proves that the inhibitory effects of green innovation and executives’ environmental awareness vary across industries and ownership types. These findings contribute to the literature on the sustainable development of marine enterprises.
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1 Introduction

With the global emphasis on sustainable development, corporate green innovation has gradually become a research hotspot. Green innovation not only helps companies improve their competitiveness, but also contributes to environmental protection. This paper will review the relevant literature and explore the relationship between green innovation of marine enterprises and corporate air pollution and water pollution, as well as the impact of senior executives’ environmental awareness on environmental pollution of marine enterprises, and the substitution effect of senior executives’ environmental awareness on corporate green innovation on environmental pollution. It empirically tests whether green innovation of marine enterprises can effectively reduce the emission of air pollution and water pollution, the impact of senior executives’ environmental awareness on environmental pollution of marine enterprises, and analyzes its impact mechanism and implementation path, so as to effectively reduce the negative impact of enterprises on the environment and promote corporate pollution reduction and green development.

Green innovation is generally defined as the adoption of environmentally friendly technologies and sustainable methods in products, processes and management to reduce negative impacts on the environment (Porter and Van der Linde, 1995). According to the definition of the EPA (Environmental Protection Agency), green innovation emphasizes achieving a win-win situation of economic benefits and environmental protection by improving resource efficiency, reducing waste and pollution. Guinot et al., (2022) pointed out that green innovation also includes the positive initiatives of enterprises in social responsibility and environmental management, covering all aspects from raw material procurement to product life cycle. Through green innovation, the innovation of enterprise production processes or technologies is used to reduce pollutant emissions (Li et al., 2018). The characteristics of corporate green innovation include low energy consumption, high resource utilization and low emissions, which enable enterprises to maximize environmental benefits while pursuing economic benefits. According to Zhang (2023), green innovation can be divided into technological innovation, management innovation and market innovation. Technological innovation is mainly reflected in the application of new materials and new processes. Management innovation includes the optimization of organizational structure, decision-making process and other aspects. Market innovation refers to the adoption of environmentally friendly practices in product positioning and marketing strategies. These forms of innovation help reduce resource consumption and pollution emissions.

Green innovation has attracted the attention of scholars. Existing research mainly focuses on the driving factors of enterprises implementing green innovation, the implementation path of green innovation, and its impact on enterprise performance. The driving factors of enterprises implementing green innovation can be divided into external factors and internal factors. External factors include government tax incentives and subsidies, demand of consumers for environmentally friendly products and market competition intensity (Zhang, 2023; Wang et al., 2021). Internal factors include management support and corporate green culture (Cheng B. et al., 2024; Chang and Chen, 2013; Huang and Li, 2017; Singh et al., 2020). Management’s attention makes enterprises more inclined to green projects in resource allocation and promotes the development of green technology (Xie et al., 2022). Shaping corporate culture is also a key influencing factor. Besides, Wan et al. (2022) found that successful green innovation usually adopts multiple paths in parallel. For example, enterprises can achieve green goals through technology research and development, cooperative innovation and marketing. When choosing an implementation path, enterprises must comprehensively consider their resources, market demand and technical capabilities. Scholars have proven the significant role of green innovation in promoting corporate performance. According to Wang et al. (2021), green innovation companies are usually able to gain higher brand recognition and customer loyalty in the market, thereby increasing sales. In addition, Xie et al. (2022) pointed out that green innovation promotes the long-term sustainable development of enterprises by improving their financial flexibility. Green innovation can also reduce the operating costs of enterprises by reducing waste disposal costs (Chen et al., 2024).

From the perspective of how to reduce corporate pollution emissions, scholars try to explore how corporate technological innovation, management innovation, and environmental management systems can impact corporate pollution emissions. Technological innovation is an important part of corporate green innovation. Cohen and Winn (2007) prove that technological innovation enables companies to adopt cleaner production processes and reduce pollutant emissions during the production process. Many companies have significantly improved environmental issues by introducing energy-saving equipment and environmentally friendly materials. Besides, from the perspective of management, management innovation further promotes the development of enterprises in a green direction by improving resource utilization efficiency and employees’ environmental awareness (Tseng et al., 2021). An effective management system can help companies better implement green innovation and ensure the implementation of environmental protection measures. For example, establishing an environmental management system (EMS) can help companies systematically identify and manage environmental impacts, thereby reducing pollution.

In summary, it can be found that there is little existing research on the impact of corporate green innovation behaviors on corporate environmental pollution emissions and sustainable development (Vergara and Agudo, 2021). A literature review summary table is shown in Table 1. Most scholars focus on the driving factors of green innovation and the relationship between green innovation and corporate performance. Some scholars focus on studying the impact of corporate culture and strategy on their environmental performance (Masud et al., 2019). Some scholars also focus on technological innovation to improve resource efficiency and thereby alleviate the negative relationship between economic growth and the environment (Tang et al., 2022). The exploration of the relationship between corporate green innovation behavior and specific corporate pollution emission data has been ignored. Limited studies have focused on the marine-related enterprises regarding their relationship.


Table 1 | Literature summary table.

[image: A table summarizing information about green innovation with columns for Summary, Author, and Content. The table includes various entries: the definition and advantages of green innovation, drivers of implementing green innovation, promotion of corporate performance, and reduction of pollution emissions. Authors linked to each summary are listed, and content explanations include environmentally friendly technology adoption, external factors like tax incentives, management support, brand recognition, and cleaner production processes.]

Marine-related enterprises are an important part of China’s economic development. The industrial chain of marine-related enterprises includes upstream marine equipment manufacturing and marine material manufacturing, midstream marine fisheries, marine oil and gas industry, marine transportation industry, etc., and downstream marine product reprocessing and marine product wholesale and retail. As enterprises pay more and more attention to the development and utilization of marine resources, it also brings about the problems of competition for marine resources and damage to the marine environment. Marine enterprises may emit various pollutants during production and operation, including wastewater, waste gas, solid waste, etc. If these pollutants are directly or indirectly discharged into the ocean without proper treatment, they will pollute the marine environment (Wang et al., 2023). For example, the exhaust gas emitted by ships during navigation contains sulfur oxides (SOX) and nitrogen oxides (NOX). These gases will pollute the atmosphere and eventually settle into the ocean, affecting the marine ecosystem. A large amount of organic waste and chemicals may be generated during marine aquaculture. If these wastes and chemicals are directly discharged into the ocean without treatment, they will cause water pollution and affect the health of the marine ecosystem. Accidents may occur during marine transportation and operations, such as oil spills and chemical spills, which will cause serious pollution to the marine environment. Therefore, studying how to reduce the pollution emissions of marine enterprises is of great significance to protecting the marine environment and reducing regional pollution.

Although existing research supports innovation and effective management systems to advance the company’s pursuit of green strategy, no definitive evidence has been found that increased green innovation of marine-related enterprises suppresses corporate environmental pollution, and there is no research combining executive environmental awareness with corporate green innovation to explore the substitution effect of executive environmental awareness in the impact of corporate green innovation on corporate pollution emissions. As a result, this study focuses on the following research question: Will a company’s green innovation behavior reduce its pollution emissions? Does the increase in environmental awareness among executives reduce the company’s environmental pollution emissions? Does executive environmental awareness have a substitute effect on the impact of green innovation on corporate environmental pollution? What are the differences in this impact under different ownership and industries?

This study significantly complements and expands the existing literature regarding the role of green innovation in marine-related enterprises, executive environmental awareness, and the substitution effect of executive environmental awareness on the relationship between green innovation and corporate pollution emissions. We further conducted heterogeneity tests to explore the differences in the impact of industry and ownership differences on environmental pollution. Firstly, from the perspective of the corporate strategy, we use data to empirically test and prove the direct negative impact of green innovation behavior of marine-related enterprises on air pollution and water pollution. Secondly, from the perspective of executive consciousness, the importance of executive environmental awareness in influencing corporate pollution emissions is revealed. Management of enterprises with higher environmental awareness tends to be more inclined to take proactive environmental protection measures, such as investing in green technology and reducing emissions, while enterprises with lower executive environmental awareness may only be satisfied with complying with the minimum legal requirements. In addition, we have demonstrated that executive environmental awareness can replace the inhibitory effect of corporate green innovation on environmental pollution and promote green development of enterprises. Thirdly, from the perspective of industry and ownership, through heterogeneity testing, we find that the impact of green innovation and executive environmental awareness on corporate pollution behavior varies across different industries and ownership levels. These findings help us to have a more comprehensive understanding of the mechanisms and driving factors of environmental pollution in marine-related enterprises and further develop green development measures for marine-related enterprises.




2 Theoretical background and hypothesis development



2.1 Green innovation behavior of marine enterprises and enterprise pollution emissions

Green innovation refers to innovation in resource utilization, energy consumption and pollutant emissions to achieve a win-win situation between economic growth and environmental protection. This includes the research and development and application of clean energy technology, the promotion of energy-saving and emission reduction technology, and the practice of circular economy. These measures help improve resource utilization efficiency, reduce resource waste, and reduce pollutant emissions by reducing energy consumption. Green technology innovation can reduce environmental pollution, save energy, and achieve green and sustainable development, which is coordinated with environmental protection and corporate competitiveness (Tariq et al., 2017; Abbas & Sağsan, 2019); Many scholars have proved that corporate green innovation can help enterprises gain competitive advantages in the industry and thus improve corporate performance. Green innovation is of great significance in improving corporate performance, gaining competitive advantages and promoting improved labor relations (Aguilera-Caracuel and Ortiz-de-Mandojana, 2013; Meles et al., 2023). Andersen and Massa (2000) found that ecological modernization helps improve the competitive advantage of enterprises, reduce raw material costs and corporate pollution. Tian et al. (2023) analyzed sample data of small and medium-sized enterprises in the manufacturing industry and used the theory of ecological modernization to prove that technological innovation can promote corporate environmental performance. Technological breakthroughs can help improve resource efficiency, thereby reducing corporate environmental pollution. Improving resource efficiency can eliminate environmental pollution (Khan et al., 2021). Green innovation is closely related to sustainable development, but in practice, enterprises still face many challenges. High R&D costs and market risks often make it difficult for enterprises to obtain substantial returns in the short term (Dangelico & Pujari, 2010). Xie et al. (2022) found through a study of heavily polluting enterprises that enterprises often optimize product design during the green innovation process. In the short term, the capital investment in green innovation will reduce the value of the enterprise, but it is an important way for heavily polluting enterprises to achieve green transformation. Wang et al. (2022)’s research shows that the effectiveness of pollution discharge fees on corporate green technology innovation has been significantly improved. The increase in pollution discharge fees can reduce pollution emissions.

From the perspective of macro-policy guidance, Zhang (2023) emphasized that government policy support plays a key role in corporate green innovation. Policies guide enterprises to adopt low-emission technologies and encourage green innovation through measures such as fiscal subsidies and tax exemptions, further promoting the internal application of environmental protection and green technologies in enterprises, thereby creating competitive advantages for enterprises, increasing market share, and promoting the sustainable development of the industrial chain. Many scholars have discovered the role of environmental regulations in promoting corporate green innovation by studying macro-environmental regulatory policies. Yang & Wang (2021) further showed that the implementation of environmental regulations can significantly improve the green innovation efficiency of enterprises and reduce corporate environmental pollution. Moreover, this effect has significant differences in the green innovation efficiency of different regions, indicating that the effectiveness of environmental regulation varies in different regions. Zhang et al. (2022) found through research on Chinese enterprises that when enterprises face more stringent environmental supervision, they are more motivated to innovate green technologies to meet environmental standards and reduce pollution emissions. Chen et al. (2023a) further pointed out that the implementation of environmental regulations not only promotes corporate green innovation, but also promotes corporate environmental investment in digital transformation. This means that enterprises not only reduce pollution emissions through technical means, but also improve their environmental performance through organizational structure and management innovation. Therefore, enterprises need to reduce the barriers to implementing green innovation through government support, cross-industry cooperation, so as to achieve the goal of sustainable development (Shahin et al., 2024).

Air pollution mainly comes from industrial emissions, transportation, and construction. Enterprise green innovation can significantly reduce air pollution emissions by improving technical level and management capabilities. Enterprises that adopt clean production technology can usually reduce the emission of harmful gases, thereby improving air quality. Clean production is a major measure of environmental innovation strategy and an inevitable choice for industrial sustainable development (Halynska et al., 2019). Marine enterprises often need to consume a lot of resources and energy in the production process, resulting in the emission of a large amount of waste gas, wastewater and other pollutants. Through green technology innovation, enterprises can improve resource utilization efficiency, adopt cleaner energy and production processes, and reduce the generation of pollutants from the source. Therefore, this paper proposes hypothesis 1.

Hypothesis 1: Green innovation of marine enterprises can inhibit air pollution.

Water pollution mainly comes from industrial wastewater discharge, agricultural runoff and urban sewage. Enterprises can effectively reduce the occurrence of water pollution through green innovation. Khan et al. (2022) pointed out that the use of advanced wastewater treatment technology and measures to recycle water resources can significantly reduce the water pollution emissions of enterprises. Marine enterprises face great challenges in water pollution control, and green innovation can promote enterprises to develop and apply advanced pollution control technologies. For example, marine enterprises can reduce the toxic and harmful substances discharged in their production process and reduce damage to the marine ecosystem by developing new wastewater treatment technologies or using low-pollution raw materials (Yang & Wang, 2021). In addition, advanced pollution control technologies can also improve the efficiency of pollutant recovery and reuse, further reducing emissions. Therefore, this paper proposes the following hypothesis 2.

Hypothesis 2: Green innovation of marine enterprises can inhibit water pollution emissions.




2.2 Corporate management’s environmental awareness and corporate environmental pollution

Executive environmental awareness refers to the understanding of the importance, interest, attitude and impact of environmental protection by corporate top managers (Li et al., 2022). This awareness not only affects a company’s environmental policy but also directly affects its environmental performance. Top managers are influenced by their values, feel they are influential and capable, and often implement social responsibility strategies in enterprises (Kutzschbach et al., 2021). The environmental awareness of senior executives can effectively promote the green innovation of enterprises, thereby affecting the pollution emissions of enterprises.

From a macro policy perspective, scholars have found that government environmental supervision is an important external factor that promotes corporate executives to strengthen environmental awareness. Research by Zhu et al. (2022) shows that environmental supervision can significantly improve the environmental governance motivation of enterprises, especially among large enterprises and heavily polluting enterprises. Government environmental regulations can effectively improve the green innovation of enterprises, and environmental investment plays an intermediary role. Enterprises should improve environmental awareness to improve corporate social responsibility, establish a positive environmental image, and accelerate the development of cleaner production technologies and green products to improve green innovation performance (Lin et al., 2015; Chen et al., 2023b).

From the perspective of internal corporate decision-making, Jiménez-Parra et al. (2018) pointed out that there is a significant relationship between corporate social responsibility (CSR) and the reduction of air pollution. The study also found that environmental innovation is the link between corporate sustainable development practices and pollution. Key mechanisms for emissions reduction. Research by Yu et al. (2022) pointed out that the Environmental Accountability System (EAS) policy played an important role in promoting companies to reduce sulfur dioxide emissions. The study found that executives of private companies and labor-intensive companies pay more attention to environmental issues when faced with strict government regulation, thereby adjusting the company’s production and operation models to reduce pollutant emissions and promote the optimization of the local environment. The research of Latan et al. (2018) found that environmental uncertainty and executive commitment jointly affect the environmental performance of enterprises. If executives can make proactive environmental decisions in the face of uncertain environmental policies, companies will be able to reduce pollution emissions while improving economic benefits. Research also shows that environmental management accounting (EMA) is an effective tool to help corporate executives cope with environmental uncertainties. It can help companies identify and manage environmental risks and reduce pollution emissions. Research by Baba (2007) pointed out that although SMEs are inferior to large enterprises in terms of resources and technology, the environmental leadership of executives can significantly affect the environmental performance and pollution emissions of small and medium-sized enterprises (SMEs) through the implementation of environmental management practices. Research shows that when executives proactively support environmental management practices, companies are better able to reduce pollution and improve environmental performance. The study also points out that if executives can embed environmental awareness into corporate culture, small and medium-sized enterprises will make significant progress in reducing pollution emissions and improving environmental performance. Among small and medium-sized enterprises (SMEs), executives’ environmental awareness has an equally significant impact on corporate pollution emissions. In addition, Da Silva (2019) research emphasizes the importance of executives’ environmental awareness to employee environmental education. The environmental awareness of senior executives can not only affect the environmental performance of the company, but also improve the environmental awareness of employees through environmental education and training, thereby promoting the improvement of the company’s overall environmental management level and further reducing pollution emissions.

From the perspective of executive experience, existing research has demonstrated the impact of manager experience on managers’ values ​​and cognitions, which in turn affects their attention to green and social responsibility. He et al. (2024) studied the impact of CEOs’ early-life experience on corporate green innovation and proved their positive relationship. Quan et al. (2023); Choi et al. (2023) and Javed et al. (2023) found that CEOs with overseas study background, CEOs with childhood experiences of natural disasters and female CEOs were more willing to promote corporate green innovation, and Fulfill corporate social responsibilities. Based on Impression theory, Marquis and Tilcsik (2013) proved that personal experience can affect the psychological cognition and behavior of executives. Executives who have experienced environmental pollution pay more attention to environmental protection in corporate strategic decisions (Lu, 2020) and are more likely to promote green innovation and reduce environmental pollution (Guo et al., 2023; Liu & Li, 2022). Therefore, the personal characteristics, environmental protection experience and environmental awareness of executives can affect the company’s social responsibility fulfillment and corporate environmental strategy. Based on the above analysis, this article proposes the following hypothesis 3 and hypothesis 4.

Hypothesis 3: Executives’ environmental awareness has an inhibitory effect on environmental pollution of marine-related enterprises

Hypothesis 4: Executive environmental awareness has a substitution effect on the negative relationship between green innovation and environmental pollution in marine-related enterprises.





3 Research design



3.1 Data sources

The research object of this paper is China’s marine-related listed companies from 2008 to 2022. The list of A-share listed companies comes from the China Stock Market & Accounting Research(CSMAR)database. Referring to the research of Li and Cao (2022), listed companies whose business scope includes keywords such as ocean, marine engineering, marine equipment, marine information services, marine shipbuilding industry, shipbuilding industry, marine public services, marine biology, offshore, marine-related, and marine transportation in the business registration information of enterprises are selected as the research objects of this paper. On this basis, this paper carried out the following screening: First, ST companies and PT companies were eliminated; secondly, samples of companies with missing values and abnormal data were eliminated. In order to eliminate the influence of extreme values, the sample data was subjected to 1% tail shrinkage. Finally, 2580 sample data of 190 A-share listed companies were selected. The industry classification of marine-related sample companies is shown in Figure 1 below. The green innovation data in this paper refers to the method of Wang and Wang (2021), and the green patent data of listed companies are obtained from the China Research Data Service Platform. They are matched with the international green patent list released by the World Intellectual Property Organization (WIPO) in 2010, and the corresponding patent classification numbers are extracted to obtain the green patent data of listed companies. The financial data of other companies are obtained from the CSMAR database and the author’s manual collection and collation.


[image: Pie chart illustrating industry percentages. The largest segment is brown, representing electrical machinery and equipment manufacturing. Other segments in blue, green, purple, orange, red, teal, and gray represent various industries, including water transportation, specialized equipment, railway and ship manufacturing, general and electronic equipment, chemical products, and others.]

Figure 1 | Industry classification of sample data.






3.2 Models

This paper uses stata17.0 to process the data. By establishing a fixed effect regression model, we study the impact of corporate green innovation and executives’ environmental awareness on corporate pollution emission intensity, and construct models (1) to (6). Where Total Air Pollutioni,t and Total Water Pollutioni,t are the dependent variables that represent the air pollution and water pollution emissions of enterprises; GreenInnovationi,t and Environmentalconsciousi,t are the independent variables that denote the corporate green innovation behaviors and executive environmental awareness, respectively; Controlsi,t is a set of control variables. Measurement of variables is represented in Table 2: Variables and definitions.


Table 2 | Variables and definitions.

[image: A table with three categories of variables: Dependent Variables, Independent Variables, and Control Variables. Dependent Variables include Total Water Pollution (TWP) and Total Air Pollution (TAP). Independent Variables are Greeninnovation (GI) and Environmental Conscious (EC). Control Variables involve Top Ten Holders Rate (TopTen), Separation (SP), Income Tax Rate (TAXR), Rate of Return on Common Stockholders’ Equity (ROE), Cash Equivalents Turnover (CASH), and Environmental Protection Subsidiary (SUB). Each has corresponding definitions and symbols provided.]

Models (1) and (2) respectively test the impact of corporate green innovation on corporate air pollution emissions and water pollution emissions. To test H1 and H2, we estimate the following model (1) and model (2):

[image: Equation representing total air pollution expressed as \(a_0 + a_1 \text{GreenInnovation}_{i,t} + a_2 \text{controls}_{i,t} + \epsilon_{i,t}\).]	

[image: Equation for Total Water Pollution is presented as follows: Total Water Pollution subscript i,t equals a subscript 0 plus a subscript 1 GreenInnovation subscript i,t plus a subscript 2 controls subscript i,t plus epsilon subscript i,t.]	

Models (3) and (4) respectively test the impact of executives’ environmental awareness on corporate air pollution emissions and water pollution emissions. To test H3, we estimate the following model (3) and model (4):

[image: Equation for total air pollution, \(Total\ Air\ Pollution_{i,t} = a_0 + a_1EnvironmentalConscious_{i,t} + a_2controls_{i,t} + \varepsilon_{i,t}\), where \(a_0, a_1, a_2\) are coefficients, and \(\varepsilon_{i,t}\) is the error term.]	

[image: Equation for Total Water Pollution represented as \( a_0 + a_1 \times \text{EnvironmentalConscious}_{i,t} + a_2 \times \text{controls}_{i,t} + \epsilon_{i,t} \).]	

On the basis of models (1) to (4), models (5) and (6) add the multiplication term of green innovation and executives’ environmental awareness (GI×EC) to test the substitution effect of executives’ environmental awareness on the relationship between corporate green innovation and environmental pollution. To test H4, we estimate the following model (5) and model (6):

[image: Equation for total air pollution: \( Total\ Air\ Pollution_{it} = a_0 + a_1GreenInnovation_{it} + a_2EnvironmentalConscious_{it} + a_3GreenInnovation_{it} \times EnvironmentalConscious_{it} + a_4controls_{it} + \epsilon_{it} \).]	

[image: Formula for Total Water Pollution: \( a_0 + a_1 \times \text{GreenInnovation}_{it} + a_2 \times \text{EnvironmentalConscious}_{it} + a_3 \times \text{GreenInnovation}_{it} \times \text{EnvironmentalConscious}_{it} + a_4 \times \text{controls}_{it} + \epsilon_{it} \).]	




3.3 Variables



3.3.1 Dependent variable

The dependent variable of this paper is the environmental pollution emission intensity of marine enterprises. The calculation of pollution emission intensity of listed marine enterprises refers to the research of Mao et al. (2022) and Ren and Li (2024). Through Python crawling the annual reports of marine enterprises and government reports and other documents, the pollution emission data of marine sample enterprises are collected. Enterprise pollution emissions include waste gas pollution emissions and wastewater pollution emissions. Waste gas pollution emissions are the sum of three pollutants including sulfur dioxide, nitrogen oxides and smoke. Wastewater pollution emissions are the sum of chemical oxygen demand, ammonia nitrogen emissions, total nitrogen and total phosphorus pollution emissions. First, calculate the total amount of water pollution emissions and air pollution emissions, and then use the total amount of water pollution emissions/total assets of the enterprise × 10000 and the total amount of air pollution emissions/total assets of the enterprise × 10000 to measure the water pollution emission intensity and air pollution emission intensity of the enterprise. Specific environmental pollutants are shown in Table 3 below.


Table 3 | Environmental pollution details.

[image: Table showing environmental pollution intensity variables. Water pollution includes chemical oxygen demand, ammonia nitrogen emissions, total nitrogen emissions, and total phosphorus emissions. Total water pollution is their sum. Air pollution includes sulfur dioxide, nitrogen oxides, and smoke. Total air pollution is their sum.]




3.3.2 Independent variables

The independent variable of this paper is corporate green innovation. Referring to the existing research of Li and Zheng (2016) and Wang and Wang (2021), the number of green patent applications is used as a proxy variable to measure the green innovation behavior of enterprises. The number of green patent applications is the sum of the number of green invention patent applications and the number of green utility model patent applications. This paper adds 1 to the number of green patent applications and takes the natural logarithm to represent the green innovation behavior (GI) of the enterprise. The larger the value of GI, the more the enterprise pays attention to the application of green research and development and green patents, that is, the enterprise tends to develop green innovation.

The environmental awareness index of executives refers to the research of existing scholars (Li et al., 2023), selects a series of keywords, and uses the intensity of environmental information disclosure behavior as a proxy variable for whether corporate executives have environmental awareness. The data on environmental management disclosure comes from the CSMAR database. The following 8 environmental management disclosure contents are Environmental Protection Concept - Disclosure of the company’s environmental protection concept, environmental policy, environmental management organizational structure, circular economy development model, green development, etc., assigned a value of 1, otherwise 0. Environmental Protection Goal - discloses the company’s past environmental protection goal completion and future environmental protection goals, with a value of 1, otherwise 0. Environmental Protection Management System - discloses the company’s formulation of a series of management systems such as environmental management systems, systems, regulations, responsibilities, etc., with a value of 1, otherwise 0. Environmental Protection Education and Training - discloses the company’s participation in environmental protection-related education and training, with a value of 1, otherwise 0. Environmental Protection Special Act - discloses the company’s participation in environmental protection special activities, environmental protection and other social welfare activities, with a value of 1, otherwise 0. Environmental Protection Emergency response mechanism for incidents-Disclose the company’s establishment of an emergency mechanism for major environmental emergencies, the emergency measures taken, the treatment of pollutants, etc., with a value of 1, otherwise 0. Environmental Protection Honor Reward-Disclose the honors or rewards the company has received in environmental protection, with a value of 1, otherwise 0. Three Simultaneity (The ‘Three Simultaneous’ System)-Disclose the company’s implementation of the “Three Simultaneous” system (When enterprises carry out new construction, renovation, and expansion projects, facilities for preventing and controlling pollution and other public hazards must be designed, constructed, and put into operation simultaneously with the main project), with a value of 1, otherwise 0. And add the above 8 indicators to get the index of executives’ environmental awareness. The larger the index is, the more attention the company pays to the disclosure of environmental management, that is, the stronger the executives’ environmental awareness is.




3.3.3 Control variables

Control variables data are obtained from the CSMAR database. This paper selects Top Ten Holders Rate, Seperation, Income Tax Rate, Cash Equivalents Turnover, ROE, Environmental Protection Subsidiary as control variables. Based on the research of existing scholars (Chen & Chen, 2024), and based on the government subsidy data in the notes to the financial statements of enterprises, multiple words related to green environmental protection are selected, including “green”, “clean”, “environmental protection”, “energy saving”, “emission reduction”, “circulation”, “pollution”, “waste gas”, “desulfurization”, “denitrification”, “boiler”, “dust removal”, etc., and the data of corporate environmental protection subsidies are obtained by merging and sorting. Definitions of control variables are shown in Table 2.






4 Analysis of empirical results



4.1 Descriptive statistics

Table 4 is the descriptive statistics of the main variables. From Table 4, we can see that the maximum value of the green innovation value of the sample data of marine enterprises is 5.753, the average value is 0.862, and the minimum value is 0. This shows that there are huge differences in the strategic choices of green innovation among different marine enterprises. The maximum values of the total water pollution intensity and air pollution intensity of marine enterprises are 3.039 and 4.408, while the environmental pollution emission value of some marine enterprises is 0, which shows that the negative impact of different marine enterprises on the environment in their operations is very different.


Table 4 | Descriptive statistics.

[image: Table presenting statistical data for various variables like TWP, Waterpollution1-4, Airpollution1-3, TAP, GI, EC, TopTen, SP, TAXR, ROE, CASH, SUB, and Public Attention, including number of observations, mean, standard deviation, minimum, and maximum values. Each variable has data for 2,850 observations, except for Public Attention with 2,301 observations. The means and standard deviations vary, with specific minimum and maximum values provided for each variable.]




4.2 Basline regression results and analysis



4.2.1 Green innovation and environmental pollution of marine-related enterprises

Based on Formula 1 and Formula 2, Table 5 shows the impact of green innovation of marine-related enterprises on water pollution and air pollution. Columns 1 and 2 report the impact of corporate greenness on water pollution. Based on column 1, column 2 adds control variables. Columns 3 and 4 report the impact of corporate green innovation on air pollution. Column 4 adds relevant control variables based on column 3. The data results in columns 1 and 2 show that before and after adding control variables, the impact of green innovation of marine-related enterprises on water pollution is -0.0024 and -0.0023 respectively, with significant negative correlations at the 1% and 5% levels respectively. The regression results in columns 3 and 4 show that the impact of green innovation of marine-related enterprises on air pollution before and after adding control variables is significantly negatively correlated at the 1% and 5% levels, respectively, and the correlation coefficients are -0.0037 and -0.0034 respectively. It shows that green innovation by marine-related enterprises will effectively reduce the company’s water pollution and air pollution emissions, thereby benefiting the improvement of environmental pollution and optimizing the environment. This further proves Hypothesis 1 and Hypothesis 2 of this article, that is, the green innovation of marine-related enterprises is negatively related to the intensity of water pollution and air pollution. Green innovation by marine enterprises will improve their green efficiency, thereby reducing pollution emissions during production and operation, and promoting green development of enterprises.


Table 5 | The Iimpact of green innovation on water pollution and air pollution.

[image: Regression table comparing TWP and TAP across four models. Variables include GI, TopTen, SP, TAXR, ROE, CASH, and SUB, with coefficients and t-statistics. Significance levels are marked with asterisks: * for p < 0.10, ** for p < 0.05, *** for p < 0.01. All models include industry controls and have sample sizes of 2850. Adjusted R-squared values are 0.1235, 0.5202, 0.1365, and 0.5070.]




4.2.2 Environmental awareness and environmental pollution of marine-related enterprises

Table 6 shows the regression results of the impact of executives’ environmental awareness on water pollution. Columns 1 to 4 respectively report the impact of executives’ environmental awareness on different water pollutants. The four water pollutants are chemical oxygen demand, ammonia nitrogen emissions, total nitrogen and total phosphorus. The results show that executives’ environmental awareness is negatively related to these four water pollution elements, and they are all significantly negatively correlated at the 5% level. Column 5 shows the impact of executives’ environmental awareness on the total number of water pollutants. There is a significant negative correlation at the 5% level, which proves hypothesis 3 of this article. Executives’ environmental awareness has a negative effect on corporate environmental pollution. This shows that the stronger the environmental awareness of executives, the higher their sense of social responsibility, and the more likely they are to choose corporate development strategies that optimize the environment.


Table 6 | The impact of environmental conscious on water pollution.

[image: Regression results table showing coefficients and t-statistics for five models labeled Waterpollution1 to TWP. Variables include EC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons. Statistical significance is indicated by asterisks, with additional details about sample size and R-squared values.]

Table 7 shows the regression results of the impact of executives’ environmental awareness on air pollution emissions. Columns 1 to 3 are sulfur dioxide, nitrogen oxides, and particulate matter pollutants in air pollution respectively. Column 4 is the sum of the previous three pollutants. It can be found from Table 7 that executives’ environmental awareness has a negative impact on different air pollutants and total air pollutants. The coefficients of executives’ environmental awareness on sulfur dioxide, nitrogen oxides, and particulate matte and total air pollution are -0.0003, -0.0004, -0.0006, and -0.0013 respectively, and are significantly negatively correlated at the 5% level. This shows that senior executives’ environmental awareness has an inhibitory effect on corporate air pollution, and once again proves hypothesis 3, that is, the higher the senior executives’ environmental awareness, the more likely they are to reduce air pollution and promote corporate green development. When executives’ environmental awareness increases, they are more willing to make socially and environmentally responsible decisions and are therefore more likely to adopt green development strategies and reduce corporate pollution emissions.


Table 7 | The impact of environmental conscious on air pollution.

[image: Table showing regression results for Airpollution1, Airpollution2, Airpollution3, and TAP. Columns include variables: EC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons, with t-statistics in parentheses. Significant levels: *p < 0.10, **p < 0.05, ***p < 0.01. Industry controls are included, with sample size (N) as 2850. Adjusted R-squared values are 0.4540, 0.5233, 0.5125, and 0.5066 respectively for each model.]




4.2.3 The substitute role of environmental awareness

Based on Formula 5 and Formula 6, Table 8 is the regression coefficient table of the substitution effect of environmental awareness. On the basis of columns 1 and 3, columns 2 and 4 add the multiplication term of Green Innovation and Environmental Conscious (GI × EC) respectively to test the substitution effect of environmental awareness on green innovation. From columns 2 and 4, the regression coefficients between GI and EC and the water pollution emissions and air pollution emissions of marine-related companies are significantly negative, indicating that the green innovation of marine-related companies and the improvement of executives’ environmental awareness can inhibit Enterprise pollution emissions once again prove Hypothesis 1 to Hypothesis 4. Further analysis, we found that the regression coefficient between the multiplication term of Green Innovation and Environmental Conscious (GI × EC) and the company’s environmental pollution emission intensity is positive and has a significant positive correlation at the 10% level, indicating that environmental awareness will replace Green innovation affects the pollution emission intensity of Marine-related enterprises. Therefore, it is proved that in suppressing environmental pollution emissions, the improvement of executives’ environmental awareness can replace the impact of corporate green innovation behaviors on pollution emissions, proving the substitution effect of executives’ environmental awareness. As a subjective influencing factor, executives’ environmental awareness can also inhibit corporate pollution emissions. Therefore, executives’ environmental awareness may replace the inhibitory effect of corporate green innovation on environmental pollution, further promote corporate green development, reduce pollution, and improve environmental problems caused by the operation of marine-related enterprises.


Table 8 | The substitute role of environmental awareness.

[image: Table displaying regression results for TWP and TAP models across four columns. Variables include GI, EC, GI×EC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons. Coefficients, t-statistics in parentheses, and significance levels are noted. P-values are indicated as * p < 0.10, ** p < 0.05, *** p < 0.01. The models account for industry effects, with 2850 observations and adjusted R-squared values ranging from 0.5069 to 0.5201.]





4.3 Endogeneity test

In order to avoid the endogeneity problem of the independent variable. This paper selects two stage least square (2sls) to test the endogeneity problem (Sheikhi et al., 2022). Based on the research of Wang & Zhao (2018), Yin et al. (2022), and Liu (2022), this paper selects public environmental attention as an instrumental variable. Because the higher the public environmental attention, the more likely it is to guide enterprises to optimize their corporate image through green innovation, so public environmental attention can affect corporate green innovation behavior. However, as a subjective public choice, public environmental attention can hardly directly affect the pollution emission intensity of enterprises. It ensures that the instrumental variable (Public Attention) meets the exogenous conditions. The natural logarithm of the daily average of Baidu search index + 1 is taken as the proxy variable for public environmental attention. The specific approach is as follows: Search for “environmental pollution” and “smog” as keywords in the Baidu search index, and obtain the average daily search volume for the terms “environmental pollution” and “smog” in the regions where the listed companies are located. Add them up and add one to take the natural logarithm, which is used as a proxy variable (Public Attention) for the degree of public attention in the regions where the listed companies are located.

Table 9 shows the results of 2sls. Column 1 shows the regression results of the first stage. The coefficient of Public Attention is positive and significantly positively correlated at the 1% level, indicating that the higher the Public Attention, the more it can motivate enterprises to carry out green innovation. Columns 2 and 3 report the results of the second stage with water pollution and air pollution as dependent variables, respectively. The coefficients of GI in columns 2 and 3 are -0.071 and -0.111, respectively, and are significantly negatively correlated at the 1% level, which once again proves Hypothesis 1 and Hypothesis 2. The EnvironmentalConscious (EC) coefficient is significantly negatively correlated at the 1% level, which once again proves Hypothesis 3. The regression coefficient of GI×EC is significantly positively correlated at the 1% level, demonstrating the substitution effect of environmental awareness, proving Hypothesis 4 again, and proving the robustness of the previous baseline regression and environmental awareness substitution results.


Table 9 | The results of instrumental variables estimation.

[image: A table displaying regression results with three columns: First-stage (GI), Second-stage (TWP), and Second-stage (TAP). Variables include Public Attention, GI, EC, GI×EC, TopTen, SP, TAXR, ROE, CASH, and SUB. Each entry contains coefficients with statistical significance indicators and t-statistics in parentheses. Observations are consistent at 2,301, and R-squared values are 0.591, 0.027, and unspecified for each respective model. Significance is denoted by asterisks: \(*p < 0.10\), \(**p < 0.05\), \(**\*p < 0.01\).]

The F-statistics of the first stage is 41.92, and in Table 10, Shea’s partial R-squared for the first stage model is 0.0180, which is below 0.05. The F-statistics and Shea’s partial R-squared show that the instruments are correlated with the potentially endogenous variable (Javorcik & Li, 2013), so the instrumental variable does not exhibit weak instrumental variable problem.


Table 10 | Shea’s partial R-squared.

[image: Table showing three columns: "Variable," "Shea’s partial R-squared," and "Shea’s adjusted partial R-squared." The variable "GI" has values 0.0180 for Shea’s partial R-squared and 0.0154 for Shea’s adjusted partial R-squared.]




4.4 Robustness check

Table 11 shows the robustness test results of this article. This article chooses to use Green Invention Patent to replace the total number of green patent applications in the baseline regression. The symbol in the regression is GI2 as the proxy variable for green innovation. GI2 represents the quality of green innovation. The calculation method is the number of green invention patent applications + 1, taking the natural logarithm (Wang and Wang, 2021). The dependent variables reported in columns 1 and 2 are water pollution and air pollution, respectively. It can be found that when the proxy variable of green innovation becomes green innovation quality (GI2), the impact of green innovation quality and executives’ environmental awareness on water pollution and air pollution is still significantly negatively correlated at the 1% level. The coefficient of the multiplication term (GI2×EC) of green quality and environmental awareness is still significantly positive. This result is consistent with the results of the baseline regression, proving that green innovation quality and executive environmental awareness will reduce corporate pollution, as well as the environmental awareness. substitution effect. This once again proves the robustness of the assumptions of this article and the previous results.


Table 11 | Regression results: alternative green innovation measure.

[image: A table displays regression results comparing two models, TWP (column 1) and TAP (column 2). Variables include GI2, EC, GI2×EC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons, with coefficients and t-statistics in parentheses. Significance is indicated by asterisks: * for p < 0.10, ** for p < 0.05, and *** for p < 0.01. Both models include industry control, use 2850 observations, and report adjusted R-squared values of 0.5202 for TWP and 0.5070 for TAP.]





5 Heterogeneity analysis



5.1 Heterogeneous effects of the manufacturing industry and non-manufacturing industry

Due to different industry characteristics, manufacturing and non-manufacturing industries have different emissions and concerns about environmental pollution (Xu et al., 2021). To further analyze the heterogeneity of the manufacturing and non-manufacturing industries of Marine-related enterprises, Table 12 reports the differences in regression results between the manufacturing and non-manufacturing industries. Columns 1 and 3 report the regression results of Marine-related manufacturing companies. Columns 2 and 4 report the regression results of non-manufacturing marine-related enterprises. The comparison results show that the negative impact of green innovation on pollution emissions is more significant among marine-related manufacturing companies. However, among non-manufacturing marine-related companies, executives’ environmental awareness has a stronger inhibitory effect on corporate pollution emissions, and the substitution effect of environmental awareness is also more significant. Perhaps due to the characteristics of marine-related manufacturing enterprises, the manufacturing industry is more likely to emit pollutants during the manufacturing process. Under the supervision of environmental protection regulatory authorities, green innovation is more necessary. Therefore, green innovation in manufacturing enterprises plays an important role in reducing pollution emissions, while the impact of executives’ environmental awareness is less significant.


Table 12 | Manu and non-Manu industry differences.

[image: Statistical table comparing manufacturing and non-manufacturing industries with variables TWP and TAP. It reports coefficients for GI, EC, GIxEC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons, along with standard errors in parentheses. Significance levels are indicated by asterisks: * for p < 0.10, ** for p < 0.05, and *** for p < 0.01. It includes industry controls, sample sizes (N), and adjusted R² values for each model.]




5.2 Heterogeneous effects of State-owned enterprises and non-state-owned enterprises

According to the nature of enterprise equity, this article further divides Marine-related enterprises into State-owned enterprises and Non-state-owned enterprises for heterogeneity analysis. The results are shown in Table 13. Columns 1 and 3 present the regression results of state-owned Marine-related enterprises. Columns 2 and 4 present the regression results of non-state-owned Marine-related enterprises. The comparison shows that compared with non-state-owned enterprises, in state-owned Marine-related enterprises, green innovation and senior executives’ environmental awareness play a more significant role in optimizing corporate environmental pollution. State-owned enterprises usually have stronger policy execution and resource allocation capabilities. Thus, more green innovation resources can be invested to promote the optimization of environmental pollution. Different stakeholders influence non-state-owned enterprises, so the factors that affect their ecological pollution emissions are more diverse.


Table 13 | State-owned and Non-state-owned enterprises differences.

[image: A table comparing regression results for state-owned and non-state-owned enterprises across four models (TWP and TAP). Variables include GI, EC, GIxEC, TopTen, SP, TAXR, ROE, CASH, SUB, and _cons with associated coefficients and t-statistics in parentheses. Significance levels are indicated by asterisks, with results for Industry, N, and adjusted R² provided.]





6 Conclusions and suggestions



6.1 Research conclusions

Enterprise green innovation is a complex and multidimensional activity, and its successful implementation depends on multiple driving factors and effective implementation paths. Although there are many challenges, the long-term benefits of green innovation cannot be ignored. This paper conducts an empirical analysis based on the data of marine enterprises from 2008 to 2022 and finds that corporate green innovation is a crucial way to deal with air and water pollution. Enterprises can effectively reduce environmental pollution and enhance sustainable development capabilities through technological innovation and management optimization. And the enhancement of executives’ ecological awareness can also promote enterprises to reduce pollution, thereby promoting the harmonious development of enterprises and the environment. Further analysis found that executives’ environmental awareness has a substitution effect on the relationship between green innovation and environmental pollution. It proves that executives’ environmental awareness can replace the green innovation of marine enterprises to inhibit environmental pollution emissions. It fully proves the effectiveness and importance of executives’ ecological awareness.

Through heterogeneity testing, this paper finds that the impact of marine enterprise green innovation and executives’ environmental awareness on corporate environmental pollution emissions differs among different industries and ownership types. The negative impact of green innovation and senior executives’ environmental awareness on environmental pollution is more significant in state-owned enterprises. Comparing manufacturing and non-manufacturing companies, we can find that in the manufacturing industry, green innovation has a more significant inhibitory effect on pollution emissions, but in the non-manufacturing industry, executives’ environmental awareness has a more significant inhibitory effect on environmental pollution. This is due to the characteristics of the manufacturing enterprises themselves, the constraints of the government’s environmental protection regulatory authorities, and the environmental protection emission reductions carried out in the daily production of the manufacturing industry. Based on this study, further research in the future will include the impact of macro factors (fiscal and taxation policies) and micro factors (corporate public reputation, capital holdings) on the green strategies and pollution emissions of marine-related companies.




6.2 Suggestions

First, enterprises should strengthen the environmental awareness of executives so that management can fully understand the importance of sustainable development and its impact on the long-term development of enterprises. Then the management can prioritize environmental factors in the decision-making process, and then take more active environmental protection measures, thereby enhancing the competitiveness of enterprises in the market. Second, the government should actively formulate incentive mechanisms to encourage corporate executives to take action to protect the environment by providing tax incentives and financial subsidies. This policy support can not only reduce the economic burden of enterprises in green technology investment, but also stimulate the environmental protection motivation of enterprises, and encourage more enterprises to make a difference in environmental protection. Third, enterprises should also establish and improve environmental protection performance monitoring and evaluation mechanisms and regularly evaluate and provide feedback on the implementation effect of green innovation strategies. This monitoring mechanism can help companies promptly identify and correct problems in the implementation process, ensuring the effectiveness and sustainability of environmental protection measures. Finally, the participation of the public and investors is also an essential factor in promoting corporate environmental protection behavior. By encouraging the public and investors to monitor and provide feedback on corporate environmental performance, companies can more consciously assume environmental protection responsibilities and increase their enthusiasm for environmental protection. This transparent supervision mechanism not only enhances the social responsibility of companies, but also promotes improvements in environmental protection. In summary, by implementing the above suggestions, marine companies can effectively reduce environmental pollution while promoting green development, positively contribute to achieving sustainable development goals, and thus achieve a win-win situation of economic benefits and environmental protection.
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Against the backdrop of global warming and rising sea levels, storm surge disasters occur frequently, often forming complex chains of events that lead to severe crises. However, systematic research on storm surge disaster chains is scarce. To characterize these chains, this research proposes a storm surge disaster chain analysis system based on complex networks and Bayesian networks. The system consists of three modules: evaluation, prediction, and measurement. The evaluation module uses a complex network model to quantitatively analyze the vulnerability, key nodes, and critical transmission paths of the disaster chain complex network. The prediction module establishes a Bayesian network-based model to forecast the complex network evolution process, forecasting the occurrence probability and loss scenarios of the disaster events. The measurement module measures and calculates the chain effect based on the dependence relationship and loss degree of the disaster event loss scenario. The results elucidate that most key nodes are primary and secondary disasters such as seawater flooding, flooding, dam damage, rainstorm, and house damage. Meanwhile, edges such as the sea wave–seawater flooding and house damage–human casualties have a critical impact on the storm surge disaster chain complex network. Key evolutionary paths such as strong winds–human casualties and over-warning tide level–social influence need to be focused on. Disaster reduction strategies such as maintaining dams, reinforcing houses, and removing disaster-bearing body can effectively break the chain and mitigate disasters. This research has a reference value for the scientific understanding of storm surge disaster chains and can serve as a scientific basis for comprehensive disaster reduction, disaster preparedness, and disaster relief.
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1 Introduction

Storm surge disaster has seriously threatened the public’s personal and property safety, ranking first in the world in marine disasters. According to statistics, in September 2022, the storm surge attributed to “Ian” alone caused economic losses of more than $60 billion to the United States. The increasing number and intensity of hurricanes due to climate change and rising sea temperatures have led to more frequent and powerful storm surges (Takayabu et al., 2015). Storm surge disasters are extremely dangerous, can easily cause other disasters, and form a disaster chain to magnify the impact. This has become a hot topic of concern for countries and researchers. Therefore, identifying key events in the storm surge disaster chain complex network, calculating the chain effect for the disaster, and implementing targeted measures to reduce the disaster are important research topics with significant practical implications for protecting public safety and property and maintaining social stability.

The research on disaster chain involves areas such as rail transit (Amin et al., 2019; Chen et al., 2021; Xu et al., 2022), sudden fire (Sarwar et al., 2018), natural disasters (Hou et al., 2019; Du et al., 2022), and other aspects. The disaster chain research of natural disasters mainly focuses on geology (Li et al., 2017; Moradi et al., 2021) and flood (Liu et al., 2016, 2021; Ma et al., 2022), and there are very few studies on the storm surge disaster chain. Storm surge is a phenomenon of off-normal sea surface increase caused by tropical cyclones (typhoon or hurricane) and extratropical cyclones. It is a sudden marine disaster phenomenon occurring along the ocean coast (Fiore et al., 2009; Li and Li, 2013; Chao et al., 2020). Because of the suddenness, danger, and unpredictability of disasters, they can easily cause personnel and property loss in coastal areas, which poses a serious threat to the economic and social development of coastal cities. Consequently, the study of the storm surge disaster chain is of great significance. However, limited by many factors, such as data collection and method adaptability, few researchers have conducted a quantitative analysis of the disaster chain. Complex networks and Bayesian network (BN) methods have been applied in many fields, and are not widely applied in the natural disasters field, especially in storm surge disaster chains. Therefore, this research adopts a hybrid method of disaster chain and complex network method to analyze the interdependence between disaster events and utilizes BN methods to dynamically evolve the disaster chain and evaluate the storm surge disaster chain network. From previous studies, the chain effect of storm surge disasters has not been studied. Therefore, we reveal the chain effect characteristics of storm surge disasters and calculate the chain effect of storm surge disasters from the perspective of a complex network.

The remaining sections are organized as follows. Section 2 reviews the relevant research. In Section 3, the storm surge disaster chain analysis system has been developed. Section 4 analyzes the results from four aspects using hybrid methods. Section 5 presents the conclusions and proposes some orientations for future work.




2 Literature review



2.1 Study on storm surge disaster chain

Storm surge is one of the most severe marine disasters in coastal areas, and storm surge disaster research has attracted wide attention from researchers (Liu Y. et al., 2020; Androulidakis et al., 2023). The storm surge disaster chain refers to the disaster process in which one disaster event causes another disaster event, and different disasters interact and evolve, showing the chain sequence relationship. However, research on the storm surge disaster chain is relatively weak. The related research mainly covers the disaster mechanism from the storm surge disaster chain (Kiri et al., 2016; Pan et al., 2019), assessment of storm surge disaster chain damage (Oumeraci et al., 2018; Guo et al., 2022), and the mitigation of storm surge disaster chains (Yang et al., 2016; Pan, 2020) and other fields. Suzuki et al. (2014) quantitatively estimated the secondary disaster risk caused by storm surge by improving the storm surge inundation system. Hisamatsu et al. (2020) used storm surge empirical values and stochastic methods to evaluate the probability of strong wind and large waves caused by storm surge. Meanwhile, Wang et al. (2021) used geographic information system technology and open data to simulate the footprint of a disaster chain and quantitatively evaluate the storm surge economic loss.




2.2 Research on complex network methods

The topology of complex networks is composed of nodes and edges. The mathematical formula related to nodes and edges can even better explain the construction and characteristics of complex networks, such as the centrality of the edge (Oluwajana et al., 2013), the node degree (Li et al., 2009; Jiao et al., 2024), and the network aggregation coefficient (Artameeyanant et al., 2017). The nodes stand for some different study subjects, and the edges stand for some relationship between the nodes (Xiao and Chen, 2003; Morone and Makse, 2015). Because the complex network method can capture the network characteristics for network modeling and evaluation, it is currently applied in various studies as an effective tool (Nazempour et al., 2018; Sun et al., 2018). The disaster chain is neither entirely deterministic nor purely random, making it unsuitable for analysis using traditional networks (Arianos et al., 2009; Zheng et al., 2017). Thus, the network evaluation and analysis of the disaster chain can be completed based on the complex network construction model. Liu and Chao (2015) constructed a risk assessment method of disaster chain utilizing a complex network to simulate the evolutionary progression of a typhoon disaster chain and assess its risk. Chen et al. (2018) proposed a multi-level description framework of disaster chain (STMFDC) utilizing a complex network to analyze the evolutionary progression of a disaster chain from collapse to surface collapse. Cui et al. (2021) constructed the natural disaster chain of typhoons, rainstorms, landslides, and earthquakes, revealing the disaster characteristics and formation process of landslides, earthquakes, dam breaks, and flood discharge. Researchers have tried to use complex networks to conduct natural disaster chain network research, but there are still few studies based on complex networks. Therefore, this study combines the disaster chain theory with the complex network method to model the storm surge disaster chain network and evaluate it.




2.3 Chain effect study

Studies on the evolution of disaster chains and risk level are usually implemented using BNs (Wang et al., 2013; Jager et al., 2017). Hosseini and Ivanov (2019) considered the chain reaction for the first time, using the BN to examine and test the supply chain elasticity index, and calculated the resilience of restoring the broken chain. Huang et al. (2023) applied BNs to deduce disaster chain scenarios and proposed appropriate response strategies. Chain effects can also reflect the nature of the network and the risk level, and measure the evolution results in the network (Dalton et al., 2020; Liu C. et al., 2020). Chain effect studies have mainly focused on disasters (Wei and Chen, 2010; Choi et al., 2020; Hffken et al., 2020), emergencies (Xiao et al., 2017; Wen et al., 2020), the supply chain (Ge et al., 2021; Sawik and Lev, 2022), and other fields. Wu and Li (2013) adopted the root theory to clarify the chain effect of tourism after suffering from natural disasters. Yan et al. (2022) took into account geographical conditions of mining subsidence areas, the cascading impact of geological hazards, and other factors to establish assessment framework for mining geological hazards. Chen et al. (2023) proposed a multifactorial urban agglomeration risk assessment model by integrating socioeconomic foundations, oligopolistic effects, and cascading effects of disasters.

In conclusion, previous storm surge disaster studies show that there are still some challenging issues for improvement:

	(1) First of all, compared with other natural disasters such as earthquakes, floods, and other disaster chains, there are fewer studies on the storm surge disaster chain, but storm surge is the most severe marine disaster, which needs more attention.

	(2) Second, the disaster chain effect is a crucial component in evaluating the storm surge disaster chain network, but there are few studies on it, and breakthroughs need to be made. At present, studies on the storm surge disaster chain and chain effect mainly focus on qualitative research, and in-depth quantitative research is needed.

	(3) Finally, previous studies are mostly based on the qualitative evaluation of static networks, which do not involve the prediction of disaster chain evolution, triggering the dynamic process of probability and node scenario judgment, which needs to be explored.



The main purpose of this study is to propose a network analysis approach to model and evaluate complex networks of storm surge disaster chains. The main contributions of this study can be summarized as follows:

	(1) Develop a storm surge disaster chain analysis system and build, evaluate, and predict the storm surge disaster chain complex network, so as to provide suggestions for reducing the impact of storm surge disasters.

	(2) Based on the complex network model, the storm surge disaster chain complex network is evaluated from the perspective of individuals, interactions, and networks, and the effectiveness of the assessment results is verified.

	(3) The model based on BNs for predicting the evolutionary process of the storm surge disaster chain in a complex network dynamically illustrates the dynamic evolution process of a disaster chain, achieving the prediction of disaster event triggering rate and node scenarios.

	(4) Measure and calculate the chain effect of storm surge disasters, evaluate the effectiveness of disaster reduction strategies, and provide a basis for scientific chain breaking and disaster reduction and reducing the impact of the chain effect.







3 The storm surge disaster chain analysis system

The established storm surge disaster chain complex network offers an effective vehicle to identify key disaster events and their interactions. Through the analysis of the disaster chain effect, it can assist reasonable decision-making, reduce the harm caused by disasters, and optimize resource allocation. According to the transmission and internal structure of disaster events in the disaster chain, the analysis system of the storm surge disaster chain is developed. The system includes an evaluation module, a prediction module, and a measurement module.



3.1 Evaluation module

The evaluation module using disaster events and disaster loss results as nodes, with the evolution of disaster events as edge, builds a storm surge disaster chain complex network. From the perspective of individual analysis, interaction analysis, and network analysis, this module assesses the status of nodes, edges, and the overall network, while analyzing the vulnerability, key nodes, and critical transmission pathways of the disaster chain. Currently, there is no ordinary operational framework to explain the internal architecture of disaster events within the storm surge disaster chain.

According to the type, sequence, and impact time limit of the disaster events, the source events that lead to the disaster chain are called the original disaster events and the subsequent evolved disaster events are secondary and derivative disaster events. The output variable of the disaster chain, representing the disaster damage result, is referred to as disaster loss. During the formation of a disaster chain, an event or the damage result of its disaster-bearing body may be the disaster-causing factor of another disaster; that is, the output result of one disaster may be the input factor of another disaster. Therefore, the storm surge disaster chain is regarded as a collection of event factors composed of primary disaster events, secondary disaster events, derivative disaster events, and disaster losses. There is an example of a storm surge disaster chain based on a summary of historical disasters. Rainstorm is a typical storm surge disaster, which will cause flood and debris flow secondary disasters in a specific environment. The three disasters have huge disaster energy, which can damage roads, houses, land disaster bearing bodies and cause serious economic losses. Of course, secondary disaster events and derivative disaster events can be caused by different original disaster events; thus, the same disaster events in storm surge disasters will appear in multiple storm surge disaster chains, but the disaster chain is relatively independent. In storm surge disasters, different disaster chains interlace, showing each other the network characteristics, both systematic and complex, and forming a disaster chain complex network.



3.1.1 Individual analysis

This section realizes the comprehensive importance evaluation of network disaster events. In the storm surge disaster chain complex network, the importance of disaster events can be calculated, and obviously some disaster events are crucial. Disaster events with high comprehensive importance may result in more severe consequences, and more concentration should be focused on disaster prevention and control. The four characteristic parameters, namely, degree centrality of disaster event, betweenness centrality of disaster event, proximity centrality of disaster event, and PageRank value, are selected as indicators to measure the comprehensive importance of disaster events, which are shown in Table 1.


Table 1 | Comprehensive importance index of the storm surge disaster chain nodes.

[image: Table with metrics for network analysis: Degree Centrality, Betweenness Centrality, Proximity Centrality, and PageRank Value. Each metric includes a computational formula and parameter definitions, explaining variables like node connections, path lengths, damping factor, and node sets.]

Degree centrality can intuitively quantify the significance and impact on disaster events and losses in the disaster chain complex network. The betweenness centrality can reflect the connection ability and control effect of disaster events and disaster losses as the intermediate connection points on the network. Proximity centrality represents the difficulty and dependency for one node reaching other nodes. The PageRank value measures the significance of nodes and their neighborhood disaster events and disaster loss, indicating that the significance of the node in the network can also measure the significance of adjacent nodes.

To determine the importance of network nodes, it is necessary to measure the correlation between the factors influencing the significance of disaster chain nodes, and measure the intrinsic relationship between the four characteristics of degree centrality, betweenness centrality, proximity centrality, and PageRank value and the significance of disaster events and losses. Therefore, this section proposes an improved relative gray correlation analysis to comprehensively evaluate the comprehensive importance of complex network nodes. The steps for the proposed improved relative gray correlation analysis method are as follows.

Construct the association factor sequence with the reference sequence. Degree centrality, betweenness centrality, proximity centrality, and PageRank value were considered as association factor variables [image: Mathematical expression showing \( O_{ij} \), where \( i \) equals one to \( n \) and \( j \) equals one to \( p \).] .

The maximum value [image: The image depicts the mathematical notation "O" with a subscript "sj".]  of each corresponding index for n disaster events and disaster losses is counted as the optimal reference sequence, and the minimum value [image: Mathematical notation showing "O" with subscripts "i" and "j".]  is counted as the worst reference sequence.

Dedimensionalized treatment,

[image: Equation representing \( F_{ij} = \frac{O_{ij}}{O_j} = (f_i(1), f_i(2), \ldots, f_i(j)) \).]	

, where [image: Formula showing the calculation of \( F_{ij} \) as the ratio of \( O_{ij} \) to \( O_{j} \), equal to a sequence \( (f_{i}(1), f_{i}(2), \ldots, f_{i}(j)) \).] . [image: Mathematical expression showing two ranges: i equals zero, one, through n; j equals one, two, through p.]  is the dedimensionalized data, and [image: Mathematical notation displaying the symbol "F" with subscripts "i" and "j".]  is the average value of the j indicator of the node.

Calculate the gray correlation coefficient. The association coefficients and values were calculated for the best reference sequence [image: Mathematical notation showing a lowercase "o" with an overline, followed by a subscript "j".]  and worst reference sequence [image: Mathematical notation featuring the letter phi with superscripts t and j and the function j of s in parentheses.] .

[image: Formula displaying \(\phi_{ij}\) equals \((\Delta_{\text{min}} + \beta \Delta_{\text{max}}) / (\Delta_{ij} + \beta \Delta_{\text{max}})\), where \(i = 1, 2, \ldots, n\) and \(j = 1, 2, \ldots, p\); labeled as equation (5).] 

[image: The mathematical equation shown is: \(\phi_{i_{(t)}}^{j} = \frac{\Delta_{\min} + \beta \Delta_{\max}}{\Delta_{i_{(t)}} + \beta \Delta_{\max}}\), where \(i = 1, 2, \ldots, n\); \(j = 1, 2, \ldots, p\). The equation is labeled as (6).] 

where the resolution coefficient β is between 0 and 1. [image: Mathematical notation displaying \(\phi_{j(n)}^i\).] , [image: Δk(s) prime equals the absolute value of f sub s of i minus f sub i of i.] , [image: Δₖ⁽ⁱ⁾(t) equals the absolute value of fᵢ(j) minus fᵢ(ĵ).] , [image: Delta sub min equals the minimum over j of the minimum over j of Delta sub ij.] .

The traditional calculation formula of the gray correlation degree of the optimal reference sequence is [image: \( \Delta_{\text{max}} = \max_i \max_j \Delta_{ij} \)] , and the average weight ignores the characteristic relationship of the index and is easy to cause the local association trend. Thus, this section introduces information entropy for improvement.

[image: The image shows a mathematical equation for entropy, specifically \( E_{ij} = -\frac{1}{\ln i} \sum_{i=1}^{n} \phi_{ij} \ln \phi_{ij} \) where \( i = 1, 2, \ldots, ni \) and \( j = 1, 2, \ldots, p \). The equation is labeled as equation 7.] 

[image: Mathematical equation displaying theta sub f of x equals one divided by n times the summation from j equals one to n of phi sub j of f of x.]  is the relative entropy of the jth index, whose residue degree is [image: The image shows the mathematical notation "E sub j," representing a variable or element within a sequence or set.] , the higher the residual degree, and the higher the importance.

[image: Mathematical equation representing a formula for \(\sigma_{j(s)}\), which is calculated as \((1 - E_{j(s)})\) divided by the sum from \(j = 1\) to \(p\) of \((1 - E_{j(s)})\). This is equation number eight.] 

[image: The image displays a mathematical expression: \(1 - E_j\).]  is the weight of the jth index. The optimal reference sequence gray correlation degree for the entropy weight correction is

[image: Mathematical equation showing theta sub P, Q equals the sum from I equals one to N of phi sub I, P times sigma sub I, Q for I equals one, two, up to N and J equals one, two, up to P. Numbered as equation nine.] 

Similarly, the worst reference sequence of the entropy weight correction is

[image: Mathematical equation showing theta subscript open parenthesis t close parenthesis equals the summation from i equals one to n of phi subscript zero open parenthesis ij close parenthesis times xi subscript open parenthesis t close parenthesis, where i ranges from one to n subscript i, j ranges from one to rho, equation ten.] 

Then,

[image: Mathematical formula for \( W_i \) as \( \theta_i = \frac{\theta_{i0}}{\theta_{in} + \theta_{i0}} \) for \( i = 1, 2, \ldots, n \), numbered as equation (11).] 

[image: Mathematical expression displaying sigma subscript j of s.]  is the node synthesis importance, and [image: Greek letter theta with a subscript of "t" in a small font.]  is the relative correlation degree.




3.1.2 Interaction analysis

This section calculates the vulnerability of the interaction edge between storm surge disaster events and disaster loss, analyzes the evolution characteristics of disasters, and identifies the potential disasters and consequences. The vulnerability of the edge is an indicator to measure the importance of the edge. The vulnerability of the edge in the disaster chain complex network is an inherent property of a certain network, which refers to the degree of influence on the network if the certain edge in the network is deleted. The vulnerability index of the complex network edge in the storm surge disaster chain is shown in Table 2. The greater the vulnerability of network edges, the greater the degree of association with other nodes, and the higher the importance.


Table 2 | The vulnerability index of the complex network edge.

[image: Table displaying metrics for disaster chain complex networks. Columns are: Average path length, Edge betweenness, Connectivity, and Fragility of edge. Formulas: \( P = \frac{2}{(M-1)} \sum_{i,j \in G} d_{ij} \), \( B_s = \sum_{j \neq q \in G} n^s_{jq} \), \( U = \frac{M_i}{M} \), \( V_s = \frac{B_s P_s}{U_s} \). Definitions: \( M \) is total nodes, \( G \) is nodes set, \( d_{ij} \) shortest path edges, \( n^s_{jq} \) shortest paths through node \( a_s \), \( M_i \) nodes connected to \( a_i \). \( P_s \), \( B_s \), \( C_s \) are metrics after edge removal.]

The average path length reflects the difficulty of the evolution in a disaster chain network. By removing edge s or more edges, the importance of the connecting edges formed between disaster events and disaster losses in the disaster chain network can be analyzed. The edge betweenness represents the number of shortest paths passing through the edge, and reflects the influence range of connected edges formed between nodes in the disaster chain network. The connectivity refers to the proportion of other nodes connected in the disaster chain complex network to total nodes and reflects the stability in the disaster chain complex network. The vulnerability of the edges in the disaster chain complex network can give expression to the interaction of the nodes and the importance of the connecting edges between the nodes to the network stability and evolution process. The equation [image: The image shows a lowercase letter B with a subscript s.]  is constructed to obtain the degree of edge s contribution to the network vulnerability, where [image: The image shows a mathematical notation, specifically the variable \( C_{s} \).] , [image: Italicized letter "V" with a subscript "s" to the right.]  and [image: The image shows the mathematical notation "B" with a subscript "s".]  are the positive indices and [image: Subscript notation with a capital letter "P" and a lowercase "s" positioned slightly below it.] , [image: The image shows the symbol "V" with a subscript "s".]  are the negative indices.




3.1.3 Network analysis

The interweaving of disaster chain forms the disaster chain complex network, which is essential to the overall analysis of the complex network. The purpose is to weaken the internal connection of the disaster chain complex network and cut off the spread and development in the disaster chain. This section evaluates and analyzes network characteristics through the degree correlation, clustering coefficient, and network efficiency of the disaster chain complex network as a measure of the effectiveness of chain breakage in disaster prevention analysis. The degree correlation of complex networks reflects the relationship between moderately large and small nodes in the disaster chain. The range of the degree correlation coefficient is [image: The image shows the mathematical notation "U" with a subscript "s".] . When [image: The image shows the mathematical notation "V" with a subscript "s".] , the disaster chain complex network was negatively correlated, indicating that some nodes with higher degrees in the disaster chain complex network are more likely to be connected to nodes with lower degrees. The clustering coefficient reflects the possibility of their neighboring nodes being connected to each other and the degree of aggregation of complex network connections in the disaster chain. The network efficiency reflects the degree of closeness and connectivity in the complex networks. Specific indicators are detailed in Table 3.


Table 3 | Analysis index of the storm surge disaster chain complex network.

[image: Table with metrics for network analysis, including degree correlation, cluster coefficient, and network efficiency. Each metric has computational formulas and parameter definitions. The parameters include Z, \( j_s \), \( q_s \), \( R_i \), x, M, G, and \( y_{ij} \), which are defined in the context of a disaster chain complex network.]





3.2 Predictive module

This module is applied with BNs to mine the complex network evolution information of the disaster chain hidden in storm surge disaster data. By learning the cause-and-effect relationship among disaster chain nodes, the initiation probability and disaster loss scenario of secondary and derived disaster events in the network are predicted. Based on the causal semantic inference in the posterior probability problem of the BN, the prediction model of the complex network evolutionary process for the storm surge disaster chain is constructed. According to the evaluation model, the complex network construction and node parameters of the disaster chain are known. Based on the occurrence evidence of a disaster event known in the storm surge disaster database, the reliability of the entire network is updated to obtain the occurrence probability of other disaster events. Among them, the complexity of the inference algorithm is closely related to the topological structure and complexity of the network model. There are multiple algorithms to realize the inference calculation for the network model, but each algorithm is built on the Bayesian formula to achieve the node prediction and inference update, as shown in Equation 19:

[image: Expression for conditional probability \( P(C|D) = \frac{P(D|C)P(C)}{P(D)} \) with the equation number \( (19) \).] 

In Equation 19, P(C) indicates the probability of C occurrence without evidence support, which is the prior probability; P(C/D) indicates the known query variable, that is, the evidence variable is D, the probability of C occurrence is the posterior probability, and the prediction inference result in the prediction model is the posterior probability. P (D/C) represents the conditional probability distribution for the initial given node, which is the likelihood function. In the disaster chain complex network, it refers to the occurrence probability for the latter disaster event node when the previous disaster event node occurs/does not occur.




3.3 Measurement module

By calculating the chain effect of the disaster chain, this module helps the public and decision-makers understand the evolution pathways and chain effects, and provides scientific basis for the work of chain breaking disaster reduction. The definition of effects varies slightly in different disciplinary fields. Here, storm surge disasters are likened to toxins. In toxicology experiments, effects refer to the biological changes in an individual, organ, or tissue caused by a certain dose of exogenous chemicals in contact with the body. Therefore, in this research, the chain effect for storm surge disasters refers to the degree of change in disaster risk after the primary disaster event of storm surge reaches a certain intensity and triggers secondary or derivative disaster events, thereby generating secondary or derivative disaster factors and forming a hierarchical chain effect.

Therefore, through the definition of chain effect, the chain effect of a storm surge disaster is affected by the possibility of other events triggered by disaster events, the severity of consequences caused by disaster events or disaster losses, the difficulty of disaster chain damage, and the degree of interaction and influence between disaster events. The more important the disaster event is, the greater the risk, loss, and harm it may cause. The greater the contribution of the complex network edge to the vulnerability of the disaster chain, the easier it is for the disaster chain to evolve, and the smaller the trigger probability of the disaster event, the shorter the length of the disaster chain. Therefore, the calculation formula for the chain effect of a storm surge disaster is defined as:

[image: Equation labeled (20) shows \(H_{ij} = W_{s}(S(j/l)i)L_{ij}V_{ij}\).] 

[image: Subscript notation with "a" followed by the subscript "i".]  represents the chain effect of disaster event i or disaster loss j caused by disaster events; [image: Lowercase letter "a" followed by subscript "j".]  indicates the comprehensive importance of disaster event or disaster loss j on the disaster chain; [image: The image shows the mathematical notation "H" with subscripts "i" and "j".]  is the triggering rate between disaster event i and j; [image: Subscript notation showing the letter "W" with a subscript "j".]  is the loss degree of disaster event or disaster loss j; [image: Mathematical notation showing the expression "s" with the subscript "j over i" in parentheses.]  is the vulnerability of interaction edge between disaster event i and j. In a storm surge disaster chain complex network, a certain disaster chain occurs as disaster event a, which eventually leads to disaster loss n. The chain effect of this disaster chain is defined as:

[image: Equation displaying a series of expressions: H equals Ha plus Hab plus Hbc up to Hij plus Hmn, written as a weighted sum of terms using variables such as Va, Vab, Vbc, Vij, and Vmn, with coefficients W and S in parenthetical pairs. Equation number (21) on the right.] 

where H is the chain effect for the whole chain; Hmn represents that chain effect between disaster event m and n in the disaster chain where disaster event a occurs and disaster loss n ends. When disaster event a occurs [image: The image displays a mathematical notation with the letter "L" and a subscript "j".] , [image: Mathematical notation showing the variable \( V_{ij} \), with "i" and "j" as subscripts.] .

According to Equation 21, the storm surge disaster chain effect can be calculated, and the comprehensive significance of disaster events and the vulnerability of the edge in the disaster chain are obtained by the evaluation module. To what extent a disaster event will trigger secondary and derivative disasters, the triggering rate between disaster events needs to be measured, and this probability is obtained by the prediction module.





4 Results analysis

The main purpose of the analysis system is to present the evolution process in the disaster chain by analyzing the topological characteristics of complex networks. It is possible to identify key nodes, clarify the interaction between disaster events, and calculate the chain effect, in order to achieve precise breakpoints and disaster reduction, and minimize the risks and hazards generated by storm surge disaster chains.



4.1 Data collection

To establish a storm surge disaster chain complex network with high authenticity, conducting a lot of research on the disaster-causing events and disaster chain caused by the storm surge on the basis of real disasters and reliable data is necessary. In general, there are historical disaster data, engineering reports, and research literature as the three main sources of data (Papathoma-Koehle et al., 2015; Chen and Cui, 2017), which are applied to seize the interaction relationships between diverse disaster-causing events in the storm surge disaster chain complex networks. In this study, data on 220 storm surge disasters in coastal China from 1989 to 2022 were collected. These data will be applied to support the identification of disaster events, disaster-causing factors, and disaster losses, and to establish the relationship among disaster events and disaster losses. Through the historical data and the experience of building disaster chains in previous literature, the learning database for the storm surge disaster chain complex network structure is obtained. The experimental environment is macOS 10.14.6, Intel(R) Core CPU (Core-i5 2.6GHz), 8G RAM. For the methods of this paper, different tools are used. A complex network was implemented in Gephi software, BNs were implemented in GeNie2.2 software, and all the other models were run using the MATLAB R2016b software.




4.2 Network establishment

According to the above storm surge disaster data and the transmission process for the disaster chain, 33 high-frequency and representative disaster events and disaster loss results were identified. They serve as the node elements in the storm surge disaster chain complex network structure, as shown in Table 4.


Table 4 | Complex network nodes of the storm surge disaster chain.

[image: Table displaying disaster events and outcomes categorized into primary, secondary, derivative events, and disaster loss results. Types include strong wind, flood, aquaculture damage, disease, social influence, among others. Each is assigned an identifier.]

Considering the identified disaster chain nodes and the interactive influence matrix with disaster events, a storm surge disaster chain complex network can be preliminarily established, in which the nodes are connected by edges. The relationship between the evolution and interaction of the two nodes is recorded as 1, and the 0–1 matrix is used to abstract the storm surge disaster chain complex network. The preliminary determination of the complex network structure of the disaster chain is based on objective data, and then tested by subjective data by interviewing experts in the field. Redundant relationships are eliminated and missing links are supplemented. The relationship matrix between primary disaster events and secondary, derived disaster events is shown in Table 5.


Table 5 | The relationship matrix of primary disaster events and other disaster events.

[image: A table with three sections, each with five columns labeled A1 to A5, and eight rows labeled B1 to B16 and C1 to C7. The table cells contain binary values, either 0 or 1, arranged in a distinct pattern for each section.]

The connecting edges between nodes represent the impact relationship between disaster events, and a complex network evolution model [image: Equation showing \( S(a) = 1 \).]  for the disaster chain is constructed. G and K represent the set of nodes and edges, where [image: Mathematical expression showing \( V_a = \max(V_{a \to m}) \).] , [image: The image shows the notation "N(G, K)", which could represent a mathematical function or expression involving variables G and K.]  corresponds to 5 primary disaster events, [image: Mathematical expression showing a set \( G = \{ A_1, \ldots, A_5, B_1, \ldots, B_{16}, C_1, \ldots, C_7, D_1, \ldots, D_5 \} \).]  corresponds to 16 secondary disaster events, [image: Mathematical expression with the letter "A" and a subscript "i".]  corresponds to 7 derivative, disaster events, and [image: The image shows the mathematical notation "B sub j", representing a variable B with a subscript j.]  corresponds to 5 disaster loss results. The influence relationship between complex network nodes can be constructed into an adjacency matrix, where [image: Mathematical notation showing "C" with a subscript "m".]  represents whether the primary disaster event [image: Mathematical notation displaying "D" with a subscript "n" in italics.]  affects the primary disaster event [image: \( A_{ij} \) is a mathematical notation typically used for representing elements of a matrix, where \( i \) and \( j \) denote the row and column indices, respectively.] , and [image: Capital letter "A" with a subscript "i".]  represents whether the ith primary disaster event affects the jth secondary disaster event. The influence value is 1; otherwise, it is 0, from which we can obtain the 0–1 matrix of the influence relationship between complex network nodes. According to the adjacency matrix, a complex network evolution model of the storm surge disaster chain is drawn as shown in Figure 1, which has 33 nodes and 214 directed edges.


[image: Graph illustration showing a network of interconnected nodes labeled A1 to D5. Nodes are connected by numerous lines, forming a complex web. The arrangement appears random, indicating a dense network structure.]

Figure 1 | Storm surge disaster chain complex network diagram.



By conducting structural analysis on the network, the key nodes and evolution patterns of the disaster chain can be clarified. For instance, in Figure 1, the primary disaster event “strong wind (Node A1)” will lead to secondary and derivative disaster events such as “crop damage (Node B9)” and “traffic tie-up (Node C2)”.




4.3 Results analysis

This study presents the results of individual analysis, interaction analysis, network analysis, and chain effect analysis in the constructed storm surge disaster chain complex network. Some findings can be obtained based on the study results.



4.3.1 Individual analysis



4.3.1.1 The node feature analysis

Gephi and Matlab software were used to construct a complex network model and calculate the metrics. The power function fitting of the node degree distribution in the complex network is shown in Figure 2. The fitting equation R2 is 0.8271, and the power law exponent of this equation is −0.706. It can be construed that the node degree for the disaster chain complex network follows the power law distribution, which conforms to the characteristics of the scale-free network. The scale-free network nodes have a high aggregation degree and “small clusters” characteristics. Removing such nodes has a small effect on the scale-free network structure. In case the hub nodes are damaged, the network will be seriously damaged. Therefore, individual analysis should be conducted to identify key disaster events.


[image: Line graph depicting the relationship between degree and frequency, showing a decreasing trend. The curve is fitted with the equation y equals 0.2167 times x to the power of negative 0.706 with an R-squared value of 0.8271. Frequency ranges from 0 to 0.30, while degrees span 1 to 14.]

Figure 2 | Node degree distribution of the storm surge disaster chain complex network.






4.3.1.2 The node importance analysis

The degree centrality, betweenness centrality, proximity centrality, and PageRank value in the storm surge disaster chain complex network are obtained from Equations 1, 2, 3, 4, respectively. The specific indicators are shown in Table 6. The comprehensive importance is obtained from Equation 11, and the comprehensive importance ranking is shown in Figure 3.


Table 6 | Comprehensive importance index of storm surge disaster chain disaster events.

[image: Table displaying panel points with values for degree centrality, betweenness centrality, proximity centrality, and PageRank. Each row lists a point, such as \(A_1\) with 0.5937 degree centrality and 0.0140 PageRank. The table covers points \(A_1\) to \(D_5\).]


[image: Bar chart showing the comprehensive importance of various disaster events labeled A1 to D5. Vertical axis ranges from 0.00 to 1.00. Event B6 has the highest importance near 0.90, while D3 has the lowest below 0.20.]

Figure 3 | Comprehensive importance of the nodes in the storm surge disaster chain complex network.



In the complex network, the top 10 in terms of comprehensive importance are seawater flooding, flood, eagre, rainstorm, overtopping dam, sea wave, dam damage, strong wind, house damage, and floodplain. Among these disaster events, seven nodes are secondary disasters, and three nodes are primary disasters, indicating the significant importance of secondary disasters in the storm surge disaster chain complex network. The impact of natural disasters is beyond doubt, but primary disasters are almost inevitable, which are the impact of storm surges themselves. Secondary disaster events such as house damage, dam damage, and seawater flooding are also the hub of the disaster chain complex network. If they are attacked, the impact on the network structure is enormous. Derivative disasters are directly affected not only by primary disasters such as strong winds and sea waves, but also by secondary disasters caused by primary disasters. The comprehensive importance on top include life disorder, traffic tie-up, freshwater pollution, and enterprise shutdown. The difference in importance between various derivative disaster events is not significant. However, due to their own characteristics, the derivative disaster events are in the backward position in the comprehensive importance ranking. Because they are at the end of the disaster chain and serve as the output of disaster events, disaster loss nodes have obvious duality and relatively poor centrality, with the lowest comprehensive importance degree. The comprehensive importance gap of primary, secondary, and derivative disaster events is obvious, but the internal gap is not significant, among which the comprehensive importance of environmental damage nodes is the lowest.





4.3.2 Interaction analysis

The typical scale-free networks in complex networks allow the networks to follow a power law distribution, where the nodes can have different degrees to illustrate their importance level. The interaction between nodes reflects the network edge characteristics and analyzes the interaction effects between disaster events and disaster loss to intuitively study the evolution of the storm surge disaster chain. Meanwhile, the vulnerability and robustness of network connection edges have been measured, providing a scientific basis for blockchain disaster reduction. Using the Matlab software program, the average path length, connectivity, and edge betweenness were calculated in combination with Equations 12, 13, 14, 15 of the disaster chain complex network. Thus, the vulnerability of each edge in the disaster chain complex network is calculated. The results that are sorted by vulnerability are shown in Table 7.


Table 7 | Vulnerability of the edge in the storm surge disaster chain complex network.

[image: Table displaying network analysis data with columns for starting point, terminal point, edge betweenness, average path length, connectivity, and fragile of edge. Values range from various starting and terminal points with metrics indicating network characteristics, such as "A4 to B4" with edge betweenness of 26 and a fragile edge value of 77.73. Connectivity values vary, as do average path lengths, with data indicating structural properties of the network.]

From the table, either the edges with high vulnerability are the source of disaster losses in the disaster chain, or the nodes with high comprehensive importance in the disaster chain complex network are connected. If these edges are artificially destroyed, the entire disaster chain complex network can be greatly disrupted, reducing the occurrence conditions of other nodes in the network. Among them, the vulnerability of sea wave–seawater flooding, house damage–human casualties, dam damage–seawater flooding, overtopping dam–seawater flooding, strong winds–sea waves, freshwater pollution–diseases, over-warning tide level–seawater flooding, seawater flooding–freshwater pollution ranks high, with fragility levels of 77.73, 77.19, 75.63, 73.96, 73.83, 59.09, 57.98, and 57.07, respectively. These are key edges in the network and are prone to forming a long chain of disasters, causing greater disaster losses. Simultaneously removing these edges will have a major impact for the network, leading to a decrease in network connectivity. It can be seen that seawater flooding is a node with high comprehensive importance and a key node affecting network vulnerability. However, seawater flooding–eagre, eagre–flood, flood–debris flow, flood–landslides, flood–aquaculture damage, debris flow–power and communication facilities damage, life disorder–people affected, disasters–human casualties, and enterprise shutdowns–economic losses are relatively weak edges. These edges have obvious two-end characteristics, which are either the edges of the derivative disaster aggregation in the early stage of the disaster, or the edges connecting the comparative terminal nodes, with weak correlation to other nodes and slightly lower importance. Thus, identifying key edges and nodes can achieve damage to the critical chain, reduce the impact of disasters, and provide greater protection for people’s lives and property safety.




4.3.3 Network analysis

The above content is presented from individual analysis and interaction analysis to analyze the micro situation of disaster chain. This section analyzes the overall situation of disaster chain complex network from the perspective of aggregation sub-network, network clustering, and network connectivity.



4.3.3.1 Network feature analysis

The Pearson correlation coefficient λ of the node degree of the two sides in the disaster chain complex network can describe the degree correlation of the disaster chain complex network. By analyzing the degree correlation of the storm surge disaster chain complex network, the coefficient of network degree correlation is λ = 0.0736 and the network has a positive correlation. This positive correlation proves that the nodes with a large node degree in the disaster chain network are more inclined to connect to other factors with a large node degree. That is, when the disaster event with a strong interaction ability occurs, the disaster event caused by it also has a strong interaction ability. Similar to the characteristics of scale-free networks and power distributions, there are hub nodes in complex disaster chain networks that are prone to forming small groups. Meanwhile, the complex network of storm surge disasters causes disasters quickly, with significant amplification effects and disaster results. While blocking disaster events with strong interactive capabilities, attention should also be paid to disaster events in other disaster chains caused by them. However, the decentralization of disaster chain paths poses difficulties for disaster prevention and mitigation.




4.3.3.2 Cluster-based sub-network analysis

The Louvain algorithm is used to divide the disaster events and disaster loss aggregation sub-network, and the disaster chain node cluster group, and its main principle is to evaluate the module degree of aggregation sub-network closeness. The sub-network has closer internal relationships compared to external relationships, resulting in more pronounced interactions between disaster events and disaster losses. Storm surge disaster chain disaster events and disaster losses are divided into three groups, namely, cluster sub-network 1: A1, A2, A3, A4, B12, B14, B15, D2, D4; cluster sub-network 2: A5, B1, B2, B3, B10, B13, B16, C2, C3, C4, C5, C6, C7, D3, D5; and cluster sub-network 3: B4, B5, B6, B7, B8, B9, B11, C1, D1. Disaster events were more interactive within the group. Cluster sub-network 1 indicates that primary disasters such as strong wind, surge, and sea wave are important factors causing casualties and economic losses. Cluster sub-network 2 shows that rainstorm, flood, debris flow, and other disasters are the main impact factors of land facilities such as production equipment, and road and bridge infrastructure damage, and are also the leading factors of derivative disaster events, which can easily cause environmental damage and have a social impact. In cluster sub-network 3, nodes such as seawater flooding, dam damage, crop damage, and house damage are the dominant factors causing disasters to people. There is an obvious phenomenon in the cluster sub-network, and the agglomeration of disaster events with a large node degree can prove the positive correlation of the disaster chain complex network. Meanwhile, the core factors in the disaster event cluster sub-network can become the key points of the blocking and control of the disaster chain. Therefore, controlling core factors can reduce the aggregation degree and chain effect.




4.3.3.3 Network clustering analysis

The clustering coefficient of the complex network in the disaster chain expresses the degree of aggregation of disaster events. The high clustering coefficient of a disaster event proves that it is closely related to other adjacent disaster events, and its adjacent nodes in the network are easily connected and clustered into groups. The average clustering coefficient represents the degree of interconnectedness within the disaster chain complex network. After calculation, the average clustering coefficient of the complex network is 0.3386 > 0.1000, demonstrating that the disaster events in the storm surge disaster chain complex network have high aggregation degree and strong interaction, and have the characteristics of “small groups”. The clustering coefficient of disaster events is shown in Figure 4. Among them, the clustering coefficient of derivative disasters is higher, indicating that the agglomeration of derivative disasters “within the group” is better. The clustering coefficient of disaster loss nodes is the smallest, indicating low interaction between them.


[image: Color wheel chart divided into 32 segments, each labeled with codes ranging from D1 to C7. The segments transition smoothly through shades of blue, green, yellow, and orange.]

Figure 4 | Clustering coefficient of disaster events in the storm surge disaster chain complex network.



From Figure 4, it can be seen that the clustering coefficients for ship damage, freshwater pollution, eagre, life disorder, landslide, etc. are all higher than the average clustering coefficient. This indicates that the closer the connection between these disaster events and adjacent events, the easier it is for them to form groups. It is worth noting that the top-ranked disaster events are mainly secondary disasters and derivative disasters. Diseases, fresh water pollution, traffic tie-up, enterprise shutdown, and life disorder are easy-to-generate derivative disaster-causing factors. In the disaster chain, it has the characteristics of many nodes and far greater than the degree, which is the main direct derivative disaster factors with obvious results in the disaster chain. The eagre and surge are the events that directly cause disasters in the sea and land, and are closely related to other secondary disasters and derivative disasters. Ship damage, the maritime platform damage, and aquaculture damage are directly caused by primary disasters. The adjacent nodes are prone to produce secondary disaster factors. The disaster location generally has obvious regional characteristics at sea and are closely interconnected to the original disaster events. There is no disaster event with a clustering coefficient of 0 in the complex network of the entire disaster chain, indicating that the disaster event in the network has a strong interaction and a close connection, and confirming the characteristics of “small groups”. However, the clustering coefficient of these primary disasters with high comprehensive importance, such as over-warning tide level and strong wind, is small. Because it is a primary disaster event that can easily cause losses, it cannot be easily affected by other disaster events, and the interaction between the adjacent nodes is relatively small. Secondary disaster events such as overtopping dam, seawater flooding, and crop damage mainly exist in the long disaster chains, resulting in a lowaggregation coeffificient. However, there is a clear dispersion of disaster loss nodes such as environmental damage and economic losses, which are dispersed in different clusters. There is less interaction between adjacent nodes in the chain, which corresponds to the grouping of cluster sub-networks.




4.3.3.4 Network connectivity analysis

The connectivity of a complex network in a disaster chain refers to the ability of all connected nodes or edges to form a new network after removing one or more disaster chain nodes and interactive edges, which can maintain its original circulation efficiency. The stronger the network connectivity, the more robust and less susceptible the network is to damage, making it difficult to achieve effective disaster prevention and mitigation. According to the calculation, the network efficiency of the complex network of the original storm surge disaster chain is 0.4611, with good connectivity and resistance to damage (Zhou and Wang, 2018). If the complex network nodes and edges of the disaster chain are disrupted, the connectivity of the network will deteriorate, which is the main method to evaluate the effect of the disaster reduction strategy.

[image: Formula illustrating a calculation for \( T \) where \( T = \frac{1}{32 \times 33} \sum_{i \neq j \in G} y_{ij} = \frac{1}{32 \times 33} \times 487 = 0.4611 \).]	





4.3.4 Chain effect analysis



4.3.4.1 Evolutionary process prediction

(According to the described method and combined with the specific data of storm surge, the chain effect of storm surge disaster is further analyzed. The comprehensive importance and vulnerability of the edge of the disaster chain node have been known. This section uses the system to measure the triggering rate [image: Stylized letter "A" with a subscript "j" indicating a mathematical or scientific notation.]  of disaster events. The probability is between 0 and 1, and the closer the value is to 1, the more likely the trigger between storm surge disasters is. Conversely, the smaller is the probability. The relationship among the nodes in the disaster chain network can be described by the triggering rate between the disaster events, which enables the quantitative analysis of the network. First, the value domain and the scenario of the disaster chain nodes are determined. The scenario division of complex network nodes in disaster chains often adopts binary discretization processing, that is, two scenarios of disaster event occurrence and non-occurrence. Combined with the data of disaster news reports, relevant literature, statistical yearbook, emergency disaster database, and disaster field standards, the value domain of each node in the disaster chain is shown in Table 8.


Table 8 | Node value domain of the disaster chain complex network.

[image: Table listing various nodes related to environmental and social scenarios. Columns include Order, Node Name, Divide the Value Domain, and Scenario. Node names range from strong wind and surge to economic losses and social influence, each with specified thresholds or occurrences and scenarios numbered one to three.]

The model sample database was established, and the occurrence evidence of each node variable in the database was analyzed. The value domain was divided based on the scenario of the complex network nodes, and then the evolution probability parameters of each node in the disaster chain complex network were received. Based on this, the node relationships are constructed according to the disaster chain complex network, and parameter learning is carried out based on the storm surge database. The prediction model for the evolutionary process of the storm surge disaster chain complex network was constructed by using the GeNie2.2 software as shown in Figure 5.


[image: Flowchart depicting interconnected nodes labeled from A1 to D5, with various states displayed as color-coded bars. Each node displays percentages for two states. Arrows indicate directional relationships between nodes.]

Figure 5 | Evolution process diagram of the storm surge disaster chain complex network.






4.3.4.2 Triggering rate prediction

The BN is used to show the occurrence probability of different scenario nodes. In order to determine the disaster event evolution process of the disaster chain, the triggering rate between the disaster chain nodes is analyzed, and the scenario probability parameter of a certain parent node is changed to obtain the scenario probability of the child node, so as to determine the triggering rate of a certain parent node. The probability of rainstorm scenario 2 is changed to 1, that is, [image: Subscripted mathematical notation showing "A sub i B sub j".] , [image: The image shows the expression "s(j/i)" in a mathematical or statistical context, indicating a function or ratio of j to i.]  is changed to [image: The mathematical expression shows the probability that event A subscript 5 equals one, which is equal to 0.31.] , [image: The probability notation shows \( P(A_5 = 2) = 0.69 \).] . When the rainstorm exceeds 250 mm/d, the scenario probability of each node in the disaster chain complex network is calculated and the triggering rate of its sub-nodes in the same disaster chain can be determined, so as to realize the measurement of chain effect. When the rainstorm is set to more than 250 mm/d, the probability of eagre, flood, and crop damage caused by the rainstorm increases, by 93%, 85%, and 87%, respectively. The evolution of the disaster chain has resulted in a growth for the degree of disaster losses such as the people affected, environmental damage, and economic losses. In the process of disaster chain evolution, the occurrence of disaster events such as house damage, flood, debris flow, landslides, and maritime platform damage disasters will result in disaster losses such as people affected, human casualties, and environmental damage losses. Among them, the probability of causing extremely serious affected to people reaches 74%, and the probability of causing more serious social influence is 55%. The presentation is shown in Figure 6. Similarly, by improving the scenario probability of nodes, the triggering rate between disaster links can be obtained.


[image: Flowchart displaying interconnected nodes labeled A1 through D5. Each node shows State0 and State1 with different percentage values and colored bars, indicating varying probabilities. Arrows indicate relationships and data flow between nodes.]

Figure 6 | Prediction diagram of the complex network evolution of the storm surge disaster chain.






4.3.4.3 Chain effect analysis

According to the described method formula and the specific data of storm surge, the chain effect of storm surge disaster is further analyzed. According to the chain effect formula, the comprehensive importance of disasters in the storm surge disaster chain complex network, the triggering rate of disaster events, and the vulnerability of disaster events have been known. The degree of loss L is assigned according to the scenario of loss. When the primary disaster event scenario is 1, the loss degree is 1, and when the scenario is 2, the loss degree is 2. When the secondary and derivative disaster event scenario is 1, the loss degree is 0, and when the scenario is 2, the loss degree is 2. When the disaster loss result scenario is 1, the loss degree is 1. When the disaster loss result scenario is 2, the loss degree is 2. When the disaster loss result scenario is 3, the loss degree is 3. The chain effect of storm surge disasters calculated by Matlab is shown in Table 9.


Table 9 | Chain effect of storm surge disasters.

[image: Table showing disaster chains with associated chain effects. The left column lists sequences like \(A_1 \to A_4 \to B_5 \to B_4 \to B_{11} \to D_2\) with effects, e.g., 283.64. The right column lists disaster sequences like \(A_2 \to B_7 \to B_4 \to C_1 \to D_3\) with effects, e.g., 185.24. Several sequences are given for each with varying effects.]

By analyzing the probability parameters and interaction of node scenarios in BNs, and measuring the chain effect of the chain, five key disaster chain paths related to the disaster loss results of storm surge disaster chain are obtained, which are the strong winds–human casualties evolution path, the strong winds–people affected evolution path, the over-warning tide level–social influence evolution path, the strong winds–environmental damage evolution path, and the rainstorm–economic losses evolution path.

Path 1, the strong winds–human casualties evolution path: strong winds → sea waves → dam damage → seawater flooding → house damage → human casualties. The disaster chain has the highest chain effect, which includes four key edges, among which the comprehensive importance of primary disaster and secondary disaster nodes ranks in the top eight, and the comprehensive importance of seawater flooding nodes is the highest. This disaster chain gathers three spatial elements and has a very high disaster energy. Marine defense engineering should be strengthened to reduce the incidence rate of seawater flooding. The stability of buildings should be strengthened to minimize casualties.

Path 2, the strong winds–people affected evolution path: strong winds → sea waves → seawater flooding → crop damage → people affected. This disaster chain is not the longest chain, but it has a high incidence of inter-disaster disasters and high node importance, including three key edges. The disaster chain contains an important disaster-bearing body, namely, crops. Crops cannot be moved, and most of the affected areas and the affected people belong to the rural areas. Once affected, the economic impact will be significant. For this path, crops that meet the harvest standards can be harvested in advance and effectively covered. After the disaster, timely drainage and planting should be carried out to prevent pests and diseases.

Path 3, over-warning tide level–social influence evolution path: over-warning tide level → dam damage → seawater flooding → house damage → social panic → social influence. The chain effect of this disaster chain is relatively high. It has three key edges and three secondary disaster event nodes with high comprehensive importance, which is a typical long chain with fewer primary disasters and derivative disasters and multiple disasters. Pay attention to this path in addition to the measures mentioned earlier to prevent seawater flooding. Regularly inspect the towering buildings to eliminate hidden dangers. Before the disaster, focus on strengthening the building structure to increase the stability of the building. Seal the house in time to prevent rainwater leakage.

Path 4, strong winds–environmental damage evolution path: strong winds → sea waves → dam damage → floodplain → land salinization → environmental damage. This disaster chain is a typical long chain, where strong winds and waves are coupled to enhance the triggering rate of disaster events, the chain effect in the disaster chain, and the degree of disaster losses. This disaster chain includes the main disaster-bearing bodies along the coast, dams, mudflat, coastal vegetation, and land. Paying attention to this path can guide people to reinforce and raise dams through disaster prevention and mitigation measures, reduce their vulnerability, and prevent dam damage and flooding. Timely carry out land drainage and irrigation to accelerate soil desalination. Timely carry out chemical improvements to reduce losses.

Path 5, rainstorm–economic losses evolution path: rainstorm → flood → debris flow → house damage → economic loss. In the disaster chain about economic losses, the losses caused are more easily reflected, the chain is relatively short, and the measures are more targeted, but there are fewer nodes that can be implemented. The chain effect is more prominent in the evolution path of rainstorm economic losses. Divide flood and debris flow disaster-sensitive areas. Pay attention to highly sensitive areas, remove the main disaster-bearing materials in the area, strengthen ecological restoration and regional vegetation coverage, and improve water retention capacity and environmental stability. Improve the disaster prediction accuracy to reduce risks. Increase investment in water conservancy facilities and enhance drainage capacity.




4.3.4.4 Assessment of disaster reduction strategies

The nodes and their related edges that affect the chain effect and critical path are obtained by the measurement module, and they are intentionally deleted in complex networks to block the occurrence of key disaster events and critical chains, and then evaluate the effectiveness of eliminating them in reducing disasters. Thus, targeted disaster reduction strategies can be formulated. This section evaluates the effectiveness of targeted chain breaking measures by examining the changes in clustering coefficients and network efficiency before and after intentional network destruction.

Given the assessment of the disaster chain by the disaster chain analysis system, three risk reduction strategies have been developed to mitigate the spread and impact of the disaster chain. Strategy 1 focuses on reducing the impact of seawater flooding caused by dam damage and overtopping dam due to primary disasters, that is, removing nodes B5 and B7. After removing relevant nodes, the disaster chain of sea waves → dam damage → seawater flooding, overtopping dam → dam damage → seawater flooding will disappear, and the network density can be reduced by 13.18% to 0.4003. The suggestion is to enhance the prediction ability of storm surge path, strengthen the marine defense engineering in highly sensitive areas, and reduce the incidence rate of seawater flooding. Strategy 2 focuses on mitigating the impact of emergency relief due to damage to road and bridge infrastructure and power communication facilities, that is, node B13 and B16 are removed, After removing the relevant nodes, the disaster chain of rainstorm → road and bridge infrastructure damage→ traffic tie-up, strong wind → power and communication facilities damage → enterprise shutdown will disappear, reducing the network density to 0.4021, a decrease of 12.80%. The suggestion is to plan road construction reasonably, strengthen the construction of emergency traffic channel, and strengthen the emergency power supply and communication equipment and management of key units. The third is to reduce the impact of human casualties and economic losses by protecting against personnel-related disasters, that is, removing nodes B11, B14, and B15. After the removal of relevant nodes, the disaster chain of rainstorm → house damage → economic loss, strong wind → the maritime platform damage → human casualties, sea waves → ship damage will disappear, which can reduce the network density to 0.3853, with a decrease of 16.44%. It is suggested to strengthen the disaster structure before the disaster; increase the stability of houses, factories, and marine platforms; and prepare for the ships and personnel in advance. Comparing the three strategies, it is found that strategy 3 is the primary solution to improve the impact of the storm surge disaster chain complex network. Disaster-bearing bodies play an important role in the disaster chain complex network, and strengthening the protection of disaster bearing has a huge impact on reducing disasters. If there are sufficient manpower and material resources, strengthened ocean defense engineering, sufficient emergency power communication equipment, timely protection of disaster prone areas in areas where storm surge disasters are about to occur, and the above three strategies are implemented, the network density will be reduced to 0.2705, a significant decrease of 41.33% compared to the original network. Therefore, the adoption of targeted disaster prevention and mitigation strategies in disaster-sensitive areas can greatly reduce the complexity of the storm surge disaster complex network, thereby reducing the impact of disasters.

Important nodes, critical edges, and chain effect indicators can guide disaster prevention and reduction from different aspects. Before the occurrence of storm surge disasters, it can be investigated and prevented according to the key factors and events calculated by the system. After the occurrence of disasters, the path of further evolution of the disaster can be cut off based on the key edges with larger indicators. Cutting off key disaster events and their corresponding disaster chains, disrupting the conditions for the formation of complex networks in the disaster chain, and providing a basis for refined disaster prevention and reduction thereby reduce the risks and losses caused by storm surges.







5 Conclusions and future work

In order to realize the scientific identification, accurate simulation, and effective calculation and evaluation of the storm surge disaster chain, and provide reference for the formulation of disaster prevention and mitigation policies in the future, this study proposes the analysis system for the storm surge disaster chain. The system consists of three modules: evaluation, prediction, and measurement. The evaluation module abstracts the disaster chain complex network and evaluates the vulnerability of key disaster events and key transmission chain and disaster chain network. The prediction module constructs a complex network evolution process prediction model for the disaster chain, and deduces the probability of storm surge disaster scenario evolution. The main function of the measurement module is to measure the chain effect of storm surge disasters, identify the key evolution path, put forward targeted measures of storm surge chain reduction, quantitatively discuss the chain breaking strategy and disaster reduction effect, and ameliorate the early warning, resistance, and disaster reduction ability of storm surge disasters. The results for the research are summarized as follows: (1) the storm surge disaster chain complex network has the characteristics of the scale-free network. Through the comprehensive analysis of different indicators, it is found that the hub disasters are concentrated in secondary disasters such as seawater flooding, flooding, dam damage, and house damage, as well as primary disasters such as rainstorm and sea waves. Meanwhile, the key chains such as waves–seawater flooding, house damage–human casualties, and seawater flooding–freshwater pollution play a crucial role in the disaster chain complex network. (2) The storm surge disaster chain complex network forms three key sub-networks. The average clustering coefficient for the complex network in the original disaster chain is 0.3386, and the network efficiency is 0.4611, which analyzes the vulnerability and connectivity of the storm surge disaster chain complex network effectively. (3) The prediction module is used to deduce the probability of complex network evolution scenarios and the triggering rate of disaster events, and predict the disaster loss scenarios. (4) Calculate the chain effect of storm surge disasters, identify the five key paths which are highly related to the disaster loss results and formulate and evaluate the adaptive strategies of storm surge disasters. In conclusion, this research should offer scientific guidance for disaster management decision-makers and coastal residents, improve the level of regional disaster prevention and mitigation, and guarantee the social economy of coastal areas. In the future, this system can be applied to other disaster chains and emergency event chains. Meanwhile, the advantages of disaster big data can be utilized to strengthen the comprehensive research of the land and sea disaster chain. Simultaneously, multi-objective optimization is utilized to determine the future production layout, resource allocation, and coastal safety management measures in disaster-prone areas.
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It is of great significance to explore the effect of marine environmental policies to promote the sustainable development of the marine economy. This article takes the ‘National Marine Ecological Civilization Demoznstration Zone’ (hereinafter referred to as the ‘Demonstration Zone’) as a quasi-natural experiment and adopts the difference-in-difference method to explore the effects of marine environmental regulation on green technology innovation of micro-enterprises in coastal areas and on the high-quality development of the regional economy. This article finds that marine environmental regulation can promote the green technology innovation of enterprises in coastal areas. The mechanism analyses show that marine environmental regulation increases the government’s attention to the environment and promotes industrial structure upgrading, thus positively affecting local enterprises’ green technology innovation. Cross-sectional analyses show that the increase in green technology innovation is more pronounced in resource-based cities, areas with high marine economic dependence and high green finance development, as well as in enterprises with low financial constraints and marine-related enterprises. Additionally, marine environmental regulation significantly increases green invention patents and independent green innovation by enterprises in coastal areas. At the macro level, we find that the impact of marine environmental regulation on green technology innovation ultimately leads to high-quality development of the local economy. Based on the above results, this article suggests that the government should actively explore and practice the construction of marine environmental ecological civilization, and further improve marine environmental regulation to encourage firms to carry out green technological innovation activities.




Keywords: marine environmental regulation, green technology innovation, coastal areas, China, economic and environmental effects




1 Introduction

In the context of increasingly severe environmental and resource problems, countries have begun to put green and sustainable development in an important position. At present, green technology innovation has green and innovative characteristics, and it is becoming a key driving force for transforming economic development mode and high-quality development and an important support for coordinating pollution prevention and control, climate change and economic development (Chen and Lee, 2020). As the main body of green technology innovation, the green technology innovation performance of enterprises has an important impact on the sustainable development of the ecological environment and the high-quality development of the economy. From the perspective of China’s green technology innovation trend, China’s integration of green technology in products and production methods has become an important direction for the development of environmentally sensitive enterprises. However, the negative externalities of environmental pollution and the positive externalities of innovation activities make enterprises reluctant to participate in green technology innovation activities (Rennings, 2000). In this case, how to internalize the double externalities into the enterprise decision-making becomes the key to improving enterprise green technology innovation.

Environmental regulation refers to the government’s direct and indirect intervention in environmental pollution to control the pollution level and improve the ecological environment, and it is an important means and tool to encourage enterprises to take environmental protection actions (Rugman and Verbeke, 1998). Whether environmental regulation can drive innovation and enhance the competitiveness of enterprises has always been a hot research topic in innovation, but no consensus has been reached on the research conclusions. The traditional school of neoclassical, based on a static perspective, believes that environmental regulations increase the production cost of enterprises, squeeze out domestic and foreign market resources (Gollop and Roberts, 1983), restrict economic development and hinder technological innovation (Gollop and Roberts, 1983). The Porter hypothesis advocates active environmental protection policies. It holds that strict and appropriate environmental protection policies can stimulate enterprises to carry out technological innovation, and the innovation benefits can offset or even exceed the environmental protection costs, thus ensuring or improving the competitiveness of enterprises (Porter and van der Linde, 1995).

Marine environmental protection is an important part of global sustainable development. Enterprises in coastal areas, as major players in marine economic activities, can help reduce the negative impact on the marine ecological environment by controlling resource consumption, the discharge of wastewater, waste and solid pollutants (Islam and Tanaka, 2004; Ghisellini et al., 2016). Their technological innovation in environmental protection will also have a significant impact on improving the quality of the marine environment (Frondel et al., 2008; Hering et al., 2013; Golden et al., 2017). Enterprises in coastal areas need to bear the social responsibility of marine environmental protection, and the corresponding environmental regulation means are indispensable. Existing studies on the ecological effects of marine environmental regulation have revealed the significant effects of near-shore marine regulation and industrial structure optimization on environmental improvement (Zhang et al., 2021). However, relevant studies have also pointed out the limitations of coastal environmental regulation, arguing that increasing investment in micro-individual environmental behaviour is more effective in reducing garbage along coastal zones than policy investment (Willis et al., 2018). This paper studies the relationship between marine environmental regulation and the green technology innovation behaviour of micro-individuals in coastal areas and further explores its economic and environmental effects on the region, which will provide a new perspective for the ecological and economic effects of marine environmental regulation.

In 2012, the State Oceanic Administration of China issued the Interim Measures for the Administration of the Construction of Marine Ecological Civilization Demonstration Zones and the Index System for the Construction of Marine Ecological Civilization Demonstration Zones (Trial Implementation) (Ministry of Natural Resources of the People’s Republic of China, 2012) to ensure a healthy marine ecosystem by piloting demonstration zones, guided by ecological and environmental protection. Emphasizing the governance orientation of market-oriented allocation, fine management and paid use, vigorously promoting the construction of marine ecological civilization in coastal areas, guiding coastal areas to correctly handle the relationship between economic development and marine ecological environmental protection, and stably supporting the sustainable development of China’s economy. The document issued by the State Oceanic Administration of China defines four main tasks for the construction of demonstration zones: optimizing the industrial structure in coastal areas and transforming production methods, strengthening the control of pollutant discharge into the sea to improve the quality of the marine environment, strengthening marine ecological protection and construction and maintaining marine ecological security, and fostering awareness of marine ecological civilization and establishing a concept of marine ecological civilization. In 2013 and 2015, China set up demonstration zones in two batches, covering 24 cities and counties (districts), providing a favourable research scenario for marine environmental regulation to drive green technology innovation of enterprises in coastal areas.

This paper takes the ‘National Marine Ecological Civilization Demonstration Zones’ (hereinafter referred to as ‘demonstration zones’) established in 2013 and 2015 as a quasi-natural experiment scenario and uses the data of listed companies in provincial and coastal areas of China from 2008 to 2020. The effects of marine environmental regulation on green technology innovation of micro-enterprises in coastal areas and on macro-economic growth and environmental improvement were investigated by the multi-point DID method. We find that in coastal areas, compared with enterprises in non-demonstration areas, enterprises located in demonstration areas have significantly increased their green technology innovation activities, and this conclusion is still valid after a series of robustness tests. Furthermore, the impact of marine environmental regulation on enterprises’ green technology innovation is more significant in resource-based cities, areas with high marine economic dependence and high green finance development, as well as in enterprises with low financial constraints and marine-related enterprises. Under the requirements of marine environmental regulations, the quality of green patents of enterprises in coastal areas significantly improves, which is reflected in the significant increase in the number of green invention patents. As for the choice of innovation mode, marine environmental regulation leads to an increase in the number of independent innovations of enterprises in coastal areas, indicating that enterprises pay more attention to internal R&D investment rather than to cooperating with others. Finally, we find that the positive impact of marine environmental regulation on green technology innovation can significantly increase regional GDP, and significantly reduce energy consumption, indicating that the positive impact of green technology innovation on enterprises can promote high-quality economic development in coastal areas.

The marginal contribution of this paper is mainly reflected in the following three aspects. First, this study provides a new research perspective for the study of the ecological effects of marine environmental regulation. Studies on the ecological effects of marine environmental regulation mostly focus on the theoretical connotation and index system evaluation, and the environmental effects of demonstration zones are mostly tested from the provincial level in data analysis (Den Hartog, 2021; Lin et al., 2022, 2023). The environmental and economic effects of marine environmental regulation are rarely explored from the perspective of enterprise green technology innovation at the micro level. Based on the quasi-natural experiment scene of demonstration zone construction, this paper explores the impact of marine environmental regulation on the green technology innovation of micro-individuals in coastal areas, provides empirical evidence for the effect of marine environmental regulation and supplements the existing studies on marine environmental regulation.

Second, this study reveals the driving factors for enterprises in coastal areas to actively carry out green innovation activities, expands the theoretical extension of Porter’s hypothesis and provides China’s micro evidence for the debate on whether environmental regulation and enterprise competitiveness are ‘conflicting’ or ‘coordinated’ (Rugman and Verbeke, 1998). At present, relatively little research has been made on how enterprises in coastal areas should bear the responsibility of marine environmental protection in the process of developing themselves. Studies on the economic consequences of environmental regulations remain controversial, and most of them focus on factors at the national and regional levels. Few studies have investigated how micro-enterprises in China respond to environmental regulations, especially the lack of targeted studies on enterprises in coastal areas. Through the study of marine environmental regulation driving green technology innovation of enterprises in coastal areas, this paper provides empirical evidence for the study of the innovation behaviour of enterprises in coastal areas and the economic consequences of environmental regulation.

Third, in terms of research paradigm, this study reflects micro-enterprise behaviour on the quality of macroeconomic development, enriching the research framework of the interaction between macro-economic policy and micro-enterprise behaviour. Existing studies have extensively discussed how macro-environmental economic policies affect micro-enterprises green technology innovation, but few studies have explored the feedback effect of micro-enterprises behaviours on macro-policies (Carrión-Flores et al., 2013; Chhaochharia et al., 2019). In this paper, micro-enterprise green technology innovation is linked with macro-economic high-quality development, which not only deepens the understanding of the economic consequences of enterprises’ green technology innovation behaviour in coastal areas but also provides a micro-enterprise-level explanation for the ‘double dividend’ of economic growth and environmental improvements achieved by marine environmental regulation.

The rest of this article is as follows. The second part is the literature review and research hypotheses. The third part is the research design, including research methods, data sources and model design. The fourth part is the result analyses. The fifth part is further analyses. The final part is the main conclusions and discussion.




2 Literature review and research hypotheses



2.1 Literature review

The implementation of a marine environmental policy not only has a direct impact on the marine ecological environment but also has a wide impact on economic activities. Existing studies on the effects of marine policies mainly focus on ecological effects and economic effects. The research on the ecological effects of environmental policies in the academic circle mainly focuses on the construction of marine protected areas (MPAs) and the related policies of marine environmental pollution protection and control. MPAs are one of the most common and effective ways of regulating the marine environment. Edgar et al. (2014) explored the conservation effects of MPAs. They found that MPAs with large areas, fishing bans, strong law enforcement and long construction times had the best ecological results. These characteristics are known as NEOLI (no-take, enforced, old, large, isolated) characteristics. MPAs with these characteristics are significantly better than other areas in terms of fish numbers, the proportion of large fish and shark numbers. Gill et al. (2017) studied 964 MPAs worldwide and found that the implementation of MPAs can improve fish biomass. Among the relevant studies on marine environmental pollution, Jambeck et al. (2015) focused on plastic pollution. They estimate that between 4.8 and 12.7 million tonnes of plastic waste entered the oceans in 2010. Research shows that implementing plastic waste management policies can significantly reduce the amount of plastic pollutants entering the ocean. Chen et al. (2018) studied the water quality of China’s offshore waters and found that the implementation of strict pollutant discharge standards and regulatory measures can effectively improve the water quality of offshore waters. They analysed water quality data from China’s offshore waters between 1978 and 2016 and found that offshore water quality has improved significantly since stricter water pollution prevention policies were implemented in 2001. Willis et al. (2018) found the limitations of shoreline environmental protection policies and pointed out that increasing investment in individual environmental protection behaviours is more effective than policy investment in reducing garbage along coastal zones.

The studies on the economic effects of marine environmental policies have not reached a unified view. Sala et al. (2013) found that MPAs reduced fish catch in the short term and significantly increased fishery output and income after a longer period. In their study, they simulated a scenario in which 30% of the world’s oceans were set aside as completely protected areas and found that catches would fall by 15% in the short term but increase by more than 30% in the long term. The study highlights the long-term economic benefits of marine environmental policies. Costello et al. (2016) pointed out that scientific fishery management can not only restore fish stocks but also significantly improve the economic benefits of fisheries.

However, marine environmental policies can also have negative economic impacts, especially for communities that depend on fisheries. Bennett and Dearden (2014) studied MPAs in Thailand and found that the establishment of such areas had an impact on the employment of local fisherfolk. Barbier (2017) pointed out that the economic effects of marine environmental policies are often long-term and indirect, which is difficult to quantify accurately. For example, the conservation of marine biodiversity may provide valuable resources for future biotechnology development, but this potential value is difficult to realise in the short term.

Porter’s hypothesis is the most representative theory on the relationship between environmental regulation and innovation. Porter and van der Linde (1995) proposed that properly designed environmental regulations can stimulate enterprise innovation, improve resource utilization efficiency, offset or even exceed environmental compliance costs and ultimately enhance enterprise competitiveness. This hypothesis provides a theoretical basis for a large number of subsequent empirical studies. Porter’s hypothesis has been supported by some studies on marine environmental regulation. Some scholars discussed the impact of marine environmental regulation on enterprise innovation from the perspective of innovation compensation. The increased costs caused by marine environmental regulation are believed to stimulate firms to find solutions through innovative activities to offset the regulatory costs (Makkonen and Repka, 2016). Few studies have been done on marine environmental regulation and green technology innovation. Horbach et al. (2012) studied the marine environmental policy of the European Union and found that setting strict pollutant discharge standards could promote an increase in the number of patent applications related to ship-clean technology. Cainelli et al. (2012) studied the marine environment in Italy and found that stricter water quality standards were positively correlated with the number of environmental patents of local enterprises. However, the impact of marine environmental regulations on patent applications may have a lagging effect Marin and Lotti (2016), found that the impact of the implementation of ship emission control areas (ECA) on relevant green patents was significant only two to three years after the implementation of the policy.

On the whole, the ecological and economic effects of marine environmental policies have been fully studied, and the importance and necessity of implementing marine environmental policies have been revealed. The research on the relationship between marine environmental regulation and technological progress provides a rich theoretical basis and empirical support for this paper to explore marine environmental regulation and green technology innovation of enterprises in coastal areas. However, due to the research on the ecological effects of marine environmental regulations, the environmental effects of demonstration zones are often tested at the provincial level (Den Hartog, 2021; Lin et al., 2022, 2023). The environmental and economic effects of marine environmental regulations are rarely explored from the perspective of enterprise green technology innovation at the micro level, and relatively little research has been done on how enterprises in coastal areas should bear the responsibility of marine environmental protection in the process of developing themselves. Studies on the economic consequences of environmental regulations are still controversial, and most of them focus on factors at the national and regional levels. Few studies have investigated how micro-enterprises in China respond to environmental regulations, especially the lack of targeted studies on enterprises in coastal areas, which cannot easily meet the needs of the sustainable development of the marine environment in the new situation. Taking the demonstration zones established in 2013 and 2015 as quasi-natural experiment scenes, this paper adopts the multi-point DID method to investigate the impact of marine environmental regulations on the green technology innovation of micro-enterprises in coastal areas and their effects on macroeconomic growth and environmental improvement, compensating for the shortcomings of existing studies.




2.2 Research hypotheses

Under the theory of new institutional economics, environmental regulation, as a formal institutional arrangement, will affect the innovation behaviour of enterprises (North, 1990). Porter’s hypothesis proposes that reasonably designed environmental regulations can stimulate enterprise innovation and improve resource utilization efficiency, thus achieving a win-win situation for environmental protection and economic development (Porter and van der Linde, 1995).

The guiding principle for the construction of marine ecological civilization demonstration zones is to adhere to the concept of ecological civilization, guide coastal areas to correctly deal with the relationship between economic development and marine ecological environmental protection, and promote the shift in the mode of development of coastal areas and the construction of marine ecological civilization. Therefore, we believe that the construction of marine ecological civilisation demonstration zones will have a significant impact on the local government’s marine ecological environmental protection governance and the need for optimising and upgrading the industrial structure.

On the one hand, the construction of marine ecological civilisation demonstration zones increases the attention of local governments to marine ecological environmental protection and governance. Local governments that have been approved as national marine ecological civilisation construction demonstration zones highly value the ‘golden signboard’ of the demonstration zones. They have the incentive to be more proactive in their environmental governance behaviour around their marine ecological endowments, and to strive for synergy between economic development and the protection of marine ecosystems. On the other hand, the construction of marine ecological civilisation demonstration zones needs to promote the shift in the development mode of coastal areas. Industrial structures play a crucial role in the effectiveness of regional environmental governance (Du et al., 2021). Prior to the granting of the national marine ecological civilisation construction demonstration zone, local governments preferred the crude development model and vigorously developed heavy industries out of the consideration of promoting local economic growth, which could obviously boost economic growth but was often accompanied by the aggravation of environmental pollution (Lin et al., 2024) After being granted a national-level marine ecological civilisation construction demonstration zone, accelerating the optimisation and upgrading of the industrial structure has become an important way of environmental governance for the purpose of promoting the synergy between local economic growth and marine ecological environmental protection. In this context, increased government attention to ecological environmental protection and increased need for industrial structure optimisation and upgrading shift cost-benefit trade-offs of enterprises’ green investment decisions and provide incentives for firms to enhance green technology innovation.

From the cost perspective, when marine environmental regulations are strengthened, enterprises in coastal areas need to invest more resources in pollution control, thus increasing their environmental compliance costs (Ambec et al., 2013). Under such cost pressure, enterprises reduce environmental pollution in the short term by means of ‘end treatment’ such as production reduction, production suspension or investment in pollution control, potentially also increasing the operating costs of enterprises (Clarkson et al., 2004) and harm normal production and business activities of enterprises (Gray and Shadbegian, 1993). At this time, enterprises urgently need to seek innovative solutions to meet environmental requirements and reduce costs (Kesidou and Demirel, 2012). Green technology innovation is an important way to reduce pollutant emission and environmental governance costs (Porter and van der Linde, 1995; Frondel et al., 2008; Testa et al., 2011), therefore, increasing R&D investment and developing environment-friendly technologies have become the choice for enterprises to cope with cost pressure.

From the benefit perspective, enterprises in coastal areas have many advantages in adopting green technology innovation to achieve energy conservation, emission reduction and efficient utilization of resources. Firstly, When Marine environmental regulations are strengthened, green technology innovation not only has long-term energy-saving and emission reduction effects but also helps enterprises to form cost advantages (Christmann, 2000) and product differentiation advantages (Porter and van der Linde, 1995), and can also win ‘green reputation’ for enterprises (Tang et al., 2018), enabling enterprises to obtain environmental and economic benefits (Hart, 1995). And, compared with the introduction of environmental protection equipment or outsourcing investment in environmental protection transformation, which is difficult to be known by the outside world, the green patent application is not only a successful signalling mechanism but also a transaction realization mechanism. Enterprises in coastal areas externalize their internal ‘green transformation’ consciousness into active environmental protection measures through open, visible and costly imitation of green patent applications and communicate their environmental stance through market and information intermediaries such as analysts and institutional investors to make stakeholders such as potential customers and investors more willing to deal with them (Huang and Li, 2017; Bardos et al., 2020; Fang and Na, 2020).

From the incentives perspective, the strengthening of marine environmental regulations has put forward higher requirements for the environmental management capabilities of enterprises in coastal areas (Darnall and Edwards Jr., 2006), and enterprises with environmental technology advantages will gain more market share (Hart and Dowell, 2011). However, enterprises with poor environmental performance face survival challenges (Testa et al., 2011). To gain competitive advantages and development opportunities, enterprises have a stronger incentive to increase investment in green technology innovation (Chen et al., 2006), build technical barriers (Lanoie et al., 2011), and gain market recognition through green innovation products, improve enterprise economic performance ( (Ghisetti and Rennings, 2014). Berrone et al. (2013) adopted the data of 326 listed companies from polluting industries in the United States and found that when enterprises face greater government regulatory pressure and NGO regulatory pressure, heavily polluting enterprises will respond to the institutional pressure through more active green innovation. Kong et al. (2020) based on empirical evidence from 198 Chinese manufacturing enterprises, showed that under the pressure of external stakeholders and strict resource constraints, green technology innovation is an effective strategy for enterprises to deal with environmental governance issues. All this evidence shows that green technology innovation is a common means for enterprises to cope with environmental regulations. In other words, enterprises hope to improve evaluation from stakeholders through green technology innovation, promoting enterprises to form competitive advantages and win investment value. These benefits will attract enterprises to independently and continuously carry out green technology innovation.

To sum up, this paper puts forward the following hypothesis:

Hypothesis 1: Marine environmental regulation will promote green technology innovation of enterprises in coastal areas.





3 Research design



3.1 Sample selection and data sources

Under the requirements of sustainable development, the national ministries and commissions and provinces, municipalities directly under the central government and autonomous regions have strengthened the organization and guidance of ecological civilization construction. In February 2013, with the approval of the State Council, 12 cities (counties and districts) in the four pilot provinces of marine economic development in Shandong, Zhejiang, Fujian and Guangdong were identified as the first batch of demonstration zones by the State Oceanic Administration. Weihai, Rizhao and Changdao counties in Shandong Province; Xiangshan, Yuhuan and Dongtou counties in Zhejiang Province; Xiamen, Jinjiang and Dongshan counties in Fujian Province and Hengqin New Area and Nanao and Xuwen counties in Zhuhai, Guangdong Province, were the first national-level demonstration zones. In December 2015, to further promote the construction of marine ecological civilization, the State Oceanic Administration announced the second batch of demonstration zones, which totalled 12: Panjin City and Lushunkou District of Dalian City in Liaoning province, Qingdao City and Yantai City in Shandong province, Nantong City and Dongtai City in Jiangsu province, Shengsi County in Zhejiang province, Huizhou City in Guangdong province and Dapeng New District in Shenzhen City, Beihai City in Guangxi Zhuang Autonomous Region, Sanya City and Sansha City in Hainan Province. The four main tasks of creating the demonstration zone are optimizing the industrial structure of the coastal areas and changing the development mode, strengthening the control of pollutant discharge into the sea to improve the quality of the marine environment, strengthening marine ecological protection and construction and maintaining marine ecological security, fostering awareness of marine ecological civilization and establishing a concept of marine ecological civilization. China should adhere to the concept of ecological civilization and guide coastal areas to correctly deal with the relationship between economic development and marine ecological environment protection, the ‘Opinions on the Construction of the Marine Ecological Civilization Demonstration Zone’ said.

Based on this background, in the process of examining how marine environmental regulations marked by the approval of demonstration zones affect the green technology innovation strategy of micro-enterprises, this paper focuses on the quasi-natural experiment of demonstration zones approved by the State Oceanic Administration of China in 2013 and 2015. A-share listed companies in Shanghai and Shenzhen stock markets in China’s coastal areas from 2008 to 2020 are selected as the initial samples. The samples are processed as follows: (1) financial industry samples are excluded, (2) ST and *ST companies during the sample deletion period, and (3) samples with missing data of main variables are removed. After the above processing, the final sample contains 16,101 observations.

The green patent data used in this paper were manually sorted by using Python software from the patent search website of the State Intellectual Property Office with the help of IPC classification numbers published in the ‘Green List of International Patent Classifications’ issued by WIPO in 2010. Given that the relevant financial data uses the data of the consolidated statement, to maintain the consistency of the data, the green patent data in this paper not only considers the green patent of the listed company itself but also includes the green patent output of its subsidiaries. The industry Classification Guidelines issued by the China Securities Regulatory Commission in 2012 were adopted to classify the industries to which enterprises belong. Other enterprise-level data came from the CSMAR database. Provincial-level data were obtained from the China Economic Network and the China Environmental Yearbook. To avoid the influence of extreme values on the results of this study, all continuous variables were curtailed at the 1% and 99% levels.




3.2 Definition of variables



3.2.1 Independent variable

The key to identifying the net effect of marine environmental regulation implementation is to construct appropriate experimental and control groups. As a marine environmental regulation system for coastal areas, the demonstration zone adopts a step-by-step pilot implementation method, so the demonstration zone can be divided into enterprises affected by marine environmental regulation and enterprises not affected by marine environmental regulation according to whether the enterprises are located in the demonstration zone. Specifically, based on the location of the 24 demonstration zones approved by the State Oceanic Administration, the enterprises located in the demonstration zones approved by the State Oceanic Administration in 2013 and 2015 were taken as the experimental group with 1 Treat variable, and the rest were taken as the control group with 0 Treat variable. After the marine environmental regulation is implemented, Post takes 1, otherwise, Post takes 0.




3.2.2 Dependent variable

The key to constructing the enterprise-level green technology innovation variable is in the identification of green patents of listed companies. Firstly, according to the IPC classification number published in the Green Patent List issued by WIPO, this paper identifies and captures the corresponding green patent information in the patent search website of the State Intellectual Property Office by year, including patent name, patent classification number, patent inventor and patent abstract. Secondly, to avoid the situation that the patents matched based on IPC classification number may not belong to green patent technology and overestimate the number of green patents of enterprises to a certain extent, we further build a green technology keyword dictionary with the help of national policy semantic expression related to green technology innovation. The final green patent data is screened by Python regular expression. Specifically, according to the definition of green technology in the ‘Guiding Opinions on Building a Market-oriented Green Technology Innovation System’ of the National Development and Reform Commission and the Ministry of Science and Technology, and the ‘Green Technology Promotion Catalogue (2020)’, we have selected 168 green technologies. These technologies include ‘green’, ‘water saving’, ‘low carbon’, ‘environmentally friendly’, ‘pollution-free’, ‘recycling’, and ‘emission reduction’, covering seven major fields. Colour technology-related vocabulary is used as the matching standard, and the final green patent data of listed companies are screened out according to the patent abstracts captured in the above step. Then, the enterprise green technology innovation index (GP) is constructed.

For the measurement of green technology innovation, the measurement indicators of the existing literature are mainly divided into two categories: one is the use of green patent application data and the other is the use of green patent grant data (Albino et al., 2014; Noailly and Smeets, 2015; Acemoglu et al., 2016; Aghion et al., 2016). On the one hand, this paper considers that a lag is present in patent authorization data, and it may be affected by many factors in the approval stage. On the other hand, this paper aims to investigate the willingness of enterprises in coastal areas to invest in green technology innovation or the degree of emphasis on green technology innovation under the background of the establishment of demonstration zones. Therefore green patent applications are more in line with the research objectives of this paper. We further statistical enterprise green patent grant data (GPG) as a proxy variable of green technology innovation output for the robustness test.




3.2.3 Control variables

Referring to existing authoritative studies (Berrone et al., 2013), this paper selected Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, and Ins as control variables. The selection and definition of specific variables are shown in Table 1.


Table 1 | List of variable definitions.

[image: A table listing various variables with their definitions and sources. Columns are labeled "Variable" and "Definition [Sources]." The variables listed include GP, Treat, Post, Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, and Ins. Definitions describe the variables, such as the natural log of assets, total debt ratio, and indicator variables for specific conditions like state ownership and profit loss.]





3.3 Empirical model

To test the impact of the introduction of marine environmental regulations on enterprises’ green technology innovation, this paper selects a semi-log model and draws on the research of Bertrand et al. (2004) to build the following model (1):

Dependent variable GP is the company’s green technology innovation level. To avoid sample loss, this paper measured the number of green patent applications plus 1, taking the natural logarithm. Treat is a group dummy variable. When the company is located in the demonstration zone, the value is 1, otherwise the value is 0. Post is a time dummy variable. If the sample is in the year of the establishment of the demonstration zone (2013, 2015) and subsequent years, it is 1; otherwise, it is 0. Controls are a set of control variables that influence green technology innovation, in addition to annual (μ) and industry (η) fixed effects. We focus on the coefficient of the interaction term Treat*Post, which reflects the change in green technology innovation of enterprises located in the demonstration zone relative to other enterprises in the non-demonstration zone after the establishment of the demonstration zone. At the same time, to avoid the influence of aggregation effect on standard error at the firm level, cluster processing is carried out at the firm level during regression.

[image: The image shows an equation: \( GP_{i,t} = \beta_0 + \beta_1 \text{Treat}_i \times \text{Post}_t + \text{Controls}_{i,t} + \mu_t + \eta_j + \epsilon_{i,t} \).]





4 Empirical findings and analyses



4.1 Descriptive statistical analyses

Table 2 reports the descriptive statistical results of the main variables in this paper. The results show that the mean, median and standard deviation of GP during sample selection are 0.693, 0 and 1.071 respectively. The median is smaller than the sample mean, indicating that the problem of insufficient motivation for green technology innovation is common among listed companies in China, and there are obvious differences among companies. The mean value of Treat is 0.258, indicating that 25.8% of the enterprises in the sample are located in the demonstration zone. It can be seen that the enterprises subject to Marine environmental regulations occupy a certain proportion among the sample companies, indicating that a considerable proportion of listed companies will be affected by Marine environmental regulations. The descriptive statistical results of the remaining variables are consistent with the existing literature and are all within a reasonable range.


Table 2 | Summary Statistics.

[image: Table displaying descriptive statistics for various variables with columns for number of observations, mean, standard deviation, and percentile values. There are fifteen variables such as Size and ROA, each with data across rows. The note mentions winsorization at the first and ninety-ninth percentiles and a reference to Table 1 for definitions.]




4.2 Multiple regression results

This paper uses a differentially differential model to test the impact of marine environmental regulations on green technology innovation in coastal areas, and the regression results are shown in Table 3. The table shows that when control variables are not added to Column (1) and only the fixed effects of year and industry are controlled, the coefficient of Treat*Post is significantly positive at the 10% level. The results in Column (2) show that the coefficient of Treat*Post is 0.094 and still significant at the 5% level after further adding the control variables of enterprise characteristics. These results show that compared with other enterprises, the demonstration zone has improved the level of green technology innovation of enterprises in coastal areas and led to an average increase of 9.4% in the number of green patent applications.


Table 3 | Main results.

[image: A table presenting statistical results for two models, labeled (1) and (2), under the heading "GP". Key variables include "Treat*Post", "Size", "Lev", "ROA", "Age", with coefficients and standard errors in parentheses. Statistical significance is indicated by asterisks. Model (1) shows an adjusted R-squared of 0.163, while model (2) shows 0.318. Observations number 16,101 in both models, with year and industry fixed effects included.]




4.3 Robustness tests

To make the research conclusion of this paper more reliable and robust, the robustness test of the aforementioned regression was conducted as follows:



4.3.1 Propensity score matching

Major differences may occur between enterprises in the demonstration zone and other enterprises, so this paper further uses the PSM-DID method for testing. First, the experimental group and control group were matched 1:1 year by year by industry based on company characteristic variables such as enterprise Size (Size), enterprise age (Age), asset-liability ratio (Lev), return on assets (ROA), enterprise nature (SOE) and Sharebalance Dual Loss. Then the basic hypothesis test is re-conducted based on the matched samples, and the results are shown in Table 4. The results in Column (1) show that the coefficient of Treat*Post is 0.092, which is significant at the 5% level, consistent with these results.


Table 4 | PSM and Placebo test.

[image: A table shows regression results with two models labeled (1) and (2) for the dependent variable GP. Variables include Treat*Post, Treat*New_Post, Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, and Ins. Values are accompanied by t-statistics in parentheses. Significant levels are indicated by asterisks: *** for p<0.01, ** for p<0.05, and * for p<0.1. Year and Industry fixed effects are included. Observations number 8,228 for model (1) and 4,795 for model (2). Adjusted R-squared values are 0.318 for model (1) and 0.214 for model (2).]




4.3.2 Placebo tests

The time interval of the empirical analysis in this paper is 2008–2020. Considering that the results of this study may be caused by other potential events before and after the establishment of the demonstration zone, we further adjusted the time window to conduct a robustness test. This part adopts a placebo test. Regarding the research of (Bertrand et al., 2004), the sample interval was limited to 2008–2012, and 2011 was selected as the time when the assumed policy occurred. If no significant change occurred in the level of green technology innovation, the basic regression results in this paper are reliable. The test results are shown in Column (2) of Table 4. The coefficient of Treat*New_Post is not significant, indicating that the incentive effect of green technology innovation in marine regulation we observed is caused by the establishment of the demonstration zone, rather than other unobservable factors. The research conclusions are robust.

Second, due to the long research interval span in this paper, although the time fixed effect is controlled, considering that the results of this paper may be influenced by some random factors, the methods of Li et al. (2020) are used in this part to conduct a placebo test. To judge that the incentive effect of green technology innovation in marine regulation is caused by the establishment of the demonstration zone, rather than other random factors. The experimental group was randomly generated, the extracted placebo test was carried out, the original sample was randomly disordered, and the randomized interaction terms were used for regression. The kernel density distribution of simulated coefficients was drawn, as shown in Figure 1. The distribution of coefficients shows that the regression coefficients for Treat_new*Post are centrally distributed around the 0 point and are normally distributed, and are all to the left of the true values (0.094) in the main regression. Figure 1 shows that these regression results pass the placebo test, and the influence of marine environmental regulations on the green innovation of enterprises in coastal areas does not come from other random factors. The above research conclusions are robust.


[image: A line graph displaying a density plot with coefficients on the x-axis ranging from negative 0.1 to 0.1, and density on the y-axis up to 25. The plot shows a symmetrical curve peaking at zero, illustrating a normal distribution.]

Figure 1 | The kernel density distribution of simulated coefficients.






4.3.3 Parallel trend test

Using the event study method proposed by Jacobson et al. (1993) for reference, this paper added the cross term of each year dummy variable and group dummy variable, and took the year before the establishment of the demonstration zone as the benchmark period to investigate its dynamic impact on the green technology innovation level of enterprises in coastal areas. The regression results are shown in Column (1) of Table 5. The results showed that the coefficients of Pre_2, Pre_3, Pre_4, Pre_5, Pre_6 and Pre_7 were not significant, indicating that there was no significant difference in green technology innovation between the experimental group and the control group before the formal establishment of the demonstration zone, satisfying the parallel trend hypothesis. Current, Post_1 and Post_2, are all significant at the 5% level and their coefficients increase, indicating that with the establishment of the demonstration zone, the effect of this policy is increasing. However, the coefficients of Post_6 and Post_7 are significantly negative, indicating that the effect of this policy is not long-term and a negative effect is found on enterprises’ green technology innovation after many years of implementation.


Table 5 | Parallel trend test.

[image: Table displaying variables, coefficients, and t-statistics for a regression analysis. Variables range from Pre_7 to Post_7, with key significant values marked by asterisks: Current (0.156**), Post_1 (0.153**), Post_2 (0.179**), Post_5 (0.169*), and Post_6 (-0.251***). Adjusted R-squared is 0.165 with year and industry fixed effects included. Total observations are 16,101.]




4.3.4 Alternative the dependent variable

To avoid the impact of measurement errors in the selection of indicators on the empirical results of this paper, this paper selects other alternative indicators to test the robustness of the subject hypothesis. Referring to the research of Aghion et al. (2016) and Acemoglu et al. (2016), we use green patent grant data to measure enterprise green technology innovation. Specifically, this paper calculates the number of patents applied for and granted by the company in the current year by adding 1 to take the natural logarithm to replace GP, and the regression results are shown in Column 1 of Table 6. The results show that the Treat*Post coefficient in Column (1) is still significantly positive, indicating the robustness of these empirical results.


Table 6 | Alternative the dependent variable and estimation model.

[image: Regression table comparing two models labeled (1) GPG and (2) GP. Variables include Treat*Post, Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, and Ins with corresponding coefficients and t-statistics in parentheses. Significant coefficients are marked with asterisks indicating levels of significance (*p<0.1, **p<0.05, ***p<0.01). Both models include year and industry fixed effects with 16,101 observations each. Adjusted R-squared for model (1) is 0.303, and Pseudo R2 for model (2) is 0.154.]




4.3.5 Alternative estimation model

The number of patents used in this paper has a large number of zeros with the feature of truncated data. Considering the potential model setting bias of the linear regression model, this part uses the Tobit model, referencing to Tobin (1958), to further test the impact of marine environmental regulation on the green technology innovation of enterprises in coastal areas. The regression results are shown in Table 6. The Treat*Post coefficient in Column (2) is still significantly positive, indicating the robustness of the above empirical results.




4.3.6 Controlling city-level factors

Considering that regional environmental governance factors may affect enterprises’ green technology innovation behaviour, to alleviate endogenous problems caused by missing variables, this paper further controls factors at the regional level. It includes the degree of government intervention (GI, general revenue of government finance/gross regional product), the degree of financial development (FD, loan balance of financial institutions at the end of the year/gross regional product), and the industrial structure (IS, value-added of tertiary industry/gross regional product). The regression results are shown in column (1) of Table 7. Due to the absence of macro data in some cities, the sample size of this regression is smaller than that of the main regression. The regression results in Table 7 show that the regression coefficient of Treat*Post is still significantly positive, which is consistent with the aforementioned empirical results, indicating that the previous research conclusions are reliable.


Table 7 | Controlling city-level factors and other policies.

[image: A table with three regression models labeled (1), (2), and (3) analyzing variables affecting GP. Key variables include Treat*Post, Policy_GC*After, NCEDC, Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, Ins, GI, FD, and IS. The table includes coefficients and t-statistics in parentheses. Statistical significance is indicated by asterisks, where *** denotes p < 0.01, ** p < 0.05, and * p < 0.1. Year and Industry fixed effects are noted as Yes for all models, with observations ranging from 14,263 to 16,101. Adjusted R-squared values range from 0.318 to 0.333.]




4.3.7 Rule out other contemporaneous policies

During the establishment of the demonstration zone, China also introduced other environmental regulation policies, which have the same policy attributes of environmental protection and sustainable development as the construction of the national Marine ecological civilization demonstration zone, which may interfere with the research results of this paper.

In 2012, in the face of the dual pressure of environmental protection and economic growth, the China Banking Regulatory Commission issued the “Green Credit Guideline” and began to try to incorporate the concept of environmental protection into credit policies. The policy makes clear requirements on the responsibilities and operational processes of banking financial institutions in terms of environmental and social risks, urging banks to effectively incorporate environmental risks into their lending decisions, and tightening credit for industries with high pollution, high energy consumption and overcapacity. In 2013, to promote circular production mode and green lifestyle, further promote green development and low-carbon development through circular development, and improve the ecological civilization level of cities (counties). The National Development and Reform Commission officially identified 40 regions such as Yanqing County of Beijing as the 2013 national circular economy demonstration cities (counties) to create regions, aiming to build them into a national circular economy development model and set a model for ecological civilization construction. The introduction of these two policies may have an impact on our research results.

First of all, this paper will belong to the “Listed companies Environmental Protection Verification Industry Classification Management List” issued by the Ministry of Environmental Protection in 2008 involved in high-pollution, high-energy, overcapacity industry enterprises in the sample to be excluded, the remaining coastal area enterprises according to whether they are located in the demonstration zone, divided into experimental group and control group for re-testing, if the same results are still observed. It shows that the more active green technology innovation of enterprises in demonstration areas is indeed affected by Marine environmental regulations, thus excluding the competitive explanation of the Green Credit Guidelines in the same period. The regression results are shown in column (2) of Table 7. The regression coefficient of Treat*Post in column (1) is still significantly positive, basically consistent with the aforementioned empirical results, which excludes the possible influence of the Green Credit Guidelines on the conclusion of this paper.

Secondly, this paper selects the samples of 40 coastal cities outside the “ National Circular Economy Demonstration City” and further divides them into experimental groups and control groups for re-testing according to whether they are located in the economy demonstration cities. If the same results are still observed, it indicates that our results are robust. Thus, the competitive explanation of “National Circular Economy Demonstration City” is excluded. The regression results are shown in column (3) of Table 7. The regression coefficient of Treat*Post in column (3) is still significantly positive, which is consistent with the aforementioned empirical results, indicating that enterprises located in the demonstration zones are still more active in green technology innovation after controlling for the effect of ‘National Circular Economy Demonstration City’. This excludes the possible influence of the “National Circular Economy Demonstration City” established in the same year on the conclusions of this paper.






5 Further analyses



5.1 Mechanism analyses

China’s environmental policy is usually top-down. The four main tasks for the creation of a marine ecological civilization demonstration zone include: optimizing the industrial structure of coastal areas and transforming the mode of development; strengthening the control of pollutant emissions into the sea and improving the quality of the marine environment; strengthening the protection of marine ecology and safeguarding marine ecological security; and fostering the awareness of marine ecological civilization and establishing the concept of marine ecological civilization. We hypothesize that an increase in green technology innovation following the establishment of Demonstration Zones may stem from either local government environmental concerns or the increased need for upgrading the industrial structure. We thus further test these two potential channels through which marine environmental regulation affects green technology innovation.



5.1.1 Local governments’ attention to the environment

In cities with demonstration zones, the protection of marine ecosystems becomes even more important. The demonstration zones set out detailed requirements for the management and construction of local marine ecological environmental protection, and indicate that those that fail the assessment will be withdrawn. In the face of the assessment pressure of the construction objectives of the demonstration zones, the attributes of local government as ‘political personnel’ make them rearrange the weights of various political behaviours in their utility functions to maximize their interests. Therefore, we expect that the construction of the demonstration zones increases the pressure and motivation of local governments for environmental governance, promotes local government to be more environmentally concerned, and in turn, drive local firms to improve their green technological innovation.

This paper holds that Marine environmental regulation represented by demonstration zones will have a positive impact on enterprises’ green technology innovation by increasing local government’s attention to the environment. Concerning the existing literature (Chen et al., 2018), this paper selects the occurrence times of environment-related words in the work report of the prefecture-level city government plus 1, and takes the natural logarithm as the proxy variable of the prefecture-level city government’s attention to the environment (GEC). The results are shown in column (1) of Table 8. It shows that the regression coefficient of Treat*Post is significantly positive, indicating that Marine environmental regulation increases the local government’s concern about the environment, and thus has a positive impact on the green technology innovation of enterprises in coastal areas.


Table 8 | Mechanism tests.

[image: A regression results table shows variables compared across two models: GEC and ISU. Key coefficients include Treat*Post (0.455 for GEC, 0.313 for ISU), significant with p-values of 0.000. Other significant variables are ROA, Age, SOE, Cash, and Loss. Both models include Year FE and Industry FE, with observations totaling 16,101. Adjusted R-squared is 0.0777 for GEC and 0.0874 for ISU. Significance levels are denoted by asterisks: *** for p<0.01, ** for p<0.05, and * for p<0.1.]




5.1.2 Need for upgrading the industrial structure

One of the main tasks of creating the marine ecological civilization demonstration zones is to optimize the industrial structure of coastal areas and shift the development pattern. Enterprises, as ‘economic agents’ also adopt economic behaviours that are characterized by heterogeneity based on discretionary choices based on the principle of maximizing their interests (Milani, 2017). After the introduction of the marine environmental policies, green and low-carbon emerging industries can enjoy corresponding policy dividends and continue to promote enterprises to carry out green upgrading (Zhou et al., 2017). For traditional industries with high energy consumption and high pollution, higher environmental taxes and penalties increase the production cost of traditional industries with high pollution, so they will seek greener and low-carbon production methods in an unfavourable business environment to achieve their own green and low-carbon transformation. Therefore, the green orientation of the marine environmental regulation promotes the green transformation and upgrading of industrial structure, which in turn positively affects the green behaviour of enterprises, that is, the level of green technology innovation.

This paper holds that Marine environmental regulation represented by demonstration zones will have a positive impact on enterprises’ green technology innovation by optimizing the industrial structure. This paper refers to existing literature to measure industrial structure upgrading. Specifically, the measure of industrial structure upgrading (ISU) is the proportion of the added value of the primary industry in GDP *1+ the proportion of the added value of the secondary industry in GDP *2+ the proportion of the added value of the tertiary industry in GDP *3. The result is shown in column (2) of Table 8. It shows that the regression coefficient of Treat*Post is significantly positive, indicating that marine environmental regulation promotes the upgrading of industrial structure and thus has a positive impact on the green technology innovation of enterprises in coastal areas.





5.2 Cross−sectional analyses



5.2.1 Whether the city is resource-based

Resource-based cities have a higher need for industrial restructuring. Resource-based cities were formed as a result of China’s continuous industrial development. Most of these resource-based cities use the mining industry as their pillar industry and thus face serious environmental pollution problems. Resource-rich cities tend to pay more attention to the development of resource-based industries and carry out excessive resource exploitation and investment in high-pollution energy projects, thus causing damage to the marine ecosystem and facing greater pressure for upgrading (Yu et al., 2008; Dong et al., 2017). Therefore, resource-based cities can be more sensitive to marine environmental regulation. In resource-based cities, enterprises in the demonstration area have stronger incentives to pursue green upgrading for the sustainable development of marine ecosystems.

On this basis, this paper investigates whether the impact of marine environmental regulation on green technology innovation of firms in coastal areas varies with the development mode of the city in which the enterprises is located. According to the list of resource-based cities published in the National Plan for Sustainable Development of Resource-Based Cities (2013–2020), the research samples were divided into resource-based cities and non-resource-based cities, and then grouped regression was carried out. The results are shown in Table 9. It shows that the impact of marine environmental regulations on green technology innovation of enterprises in coastal areas is stronger in resource-based cities than in non-resource-based cities.


Table 9 | Whether or not it is a resource-based city.

[image: Table showing regression results with two models under the GP column: "No" and "Yes". "Treat*Post" has values 0.086 with a t-statistic of 0.058 in "No" and 0.803 with a t-statistic of 0.000 in "Yes". Controls and Constant, Year, and Industry FE are included in both models. Observations are 15,025 for "No" and 1,076 for "Yes". Adjusted R-squared is 0.326 for "No" and 0.261 for "Yes". There is a significant difference between groups, χ² = 15.96, P = 0.000. Significance levels: ***p<0.01, **p<0.05, *p<0.1.]




5.2.2 Dependence on the marine economy

If the importance of the marine industry in the regional economy is greater, then the local government pays more attention to the protection of the marine ecosystem. According to the resource dependence theory proposed by Pfeffer and Salancik (2003), organizations depend on resources in their environment and try to manage this dependence to ensure survival. In areas highly dependent on the Marine economy, enterprises are more susceptible to changes in the Marine environment and therefore more sensitive to Marine environmental regulations. Meanwhile, the institutional stress theory proposed by DiMaggio and Powell (1983)] holds that organizations will exhibit similar behaviours under the pressure of the institutional environment. In areas with high dependence on the marine economy, Marine environmental regulation, as a kind of institutional pressure, can more strongly affect the local government’s motivation to protect the marine ecology, which in turn affects enterprises’ behaviours Berrone et al. (2013).

On this basis, this paper investigates whether the impact of marine environmental regulation on green technology innovation of firms in coastal areas varies with the degree of regional dependence on the marine economy. The research sample was divided into two groups using the median ratio of marine GDP to provincial GDP as the partitioning criterion. The results are shown in Table 10. As shown in Table 10, the results show that the higher the regional dependence on the marine economy, the more significant the impact of marine environmental regulation on enterprises’ green technology innovation.


Table 10 | Dependence on the maritime economy.

[image: Table showing regression results for two groups: Low and High. The coefficient for Treat*Post is -0.039 (0.625) for Low and 0.127** (0.022) for High. Controls and constants, year, and industry fixed effects are included. Observations are 6,963 for Low and 9,138 for High. Adjusted R-squared is 0.297 for Low and 0.343 for High. Tests of difference between groups show χ2 = 2.98; P=0.084. Statistical significance is denoted by ***p<0.01, **p<0.05, *p<0.1.]




5.2.3 Green finance development

In China, green finance is the main source of financial support for enterprises’ green transformation. According to the resource-based theory, the innovation ability of an enterprise depends on its available resources. As an important external resource, green finance can provide necessary financial support for enterprises’ green technology innovation (Scholtens, 2017). In regions with a higher level of green finance development, enterprises are more likely to obtain low-cost green credit, green bonds and other financing tools (Borghesi et al., 2015), thus easing the financial constraints in the innovation process. At the same time, according to signal theory (Michael, 1973), a good green financial environment signals to investors that the government attaches importance to environmental protection and sustainable development, and helps attract more capital to the green innovation sector (Zerbib, 2019). Therefore, in provinces with higher levels of green finance development, where enterprises have access to more adequate and convenient financial support to implement innovative activities, marine environmental regulations are more likely to motivate enterprises to green technological innovation.

On this basis, this paper investigates whether the impact of marine environmental regulation on green technology innovation of firms in coastal areas varies with the level of regional green finance development. Regarding existing literature (Wang and Zhang, 2023), the research sample was divided into two groups using the median of the Green Finance Index as the partition criterion. The results are shown in Table 11. Table 11 shows that in provinces with higher levels of green finance development, marine environmental regulation has a more significant impact on enterprises’ green technology innovation.


Table 11 | Green finance development.

[image: A table titled "Variables" displaying results for two groups, Low and High. The main variable, Treat*Post, has values of -0.011 (p=0.863) for Low and 0.139** (p=0.023) for High. Both groups have controls, year, and industry fixed effects. Observations are 9,047 for Low and 7,054 for High. Adjusted R-squared values are 0.276 for Low and 0.378 for High. The test for group differences is significant (\(\chi^2 = 3.14; p=0.077\)). T-statistics are in parentheses. Significance levels are indicated by stars: *** p<0.01, ** p<0.05, * p<0.1.]




5.2.4 Whether or not it is marine-related firm

The principal place of concern for the construction of a marine ecological civilisation is still the protection of the marine ecological environment. Marine-related enterprises, because of their special characteristics, are more directly dependent on marine resources and may therefore be more sensitive to marine environmental regulations. In addition, based on the dynamic capability theory (Teece et al., 1997) ocean-related enterprises may have developed stronger environmental perception and coping ability due to long-term interaction with the Marine environment, which enables them to more effectively transform environmental regulation into innovation impetus (Li et al., 2018). Therefore, marine-related enterprises are likely to engage in more aggressive green technology innovation when faced with stricter marine environmental regulations.

On this basis, this paper investigates whether the impact of marine environmental regulation on green technology innovation of enterprises in coastal areas varies with the nature of their operations. Specifically, this paper identifies whether the enterprise is a marine-related listed company from its business scope (Shi et al., 2024). The results are shown in Table 12. Table 12 shows that the impact of marine environmental regulation on enterprises’ green technological innovation is more pronounced among marine-related firms.


Table 12 | Whether or not it is a marine-related firm.

[image: Table depicting regression results with two columns labeled (1) and (2) for GP with "No" and "Yes". Values for Treat*Post are 0.074 and 0.252 with significance at p<0.1. Both columns include controls and constants, and year and industry fixed effects. Observations are 14,753 and 1,348. Adjusted R-squared values are 0.311 and 0.436. A difference test shows χ2 = 5.52, P = 0.019. Significance levels are noted with asterisks.]




5.2.5 Financial constraints

Our results thus far support the conclusion that when local marine environmental regulations become stricter, enterprises respond with aggressive green technological innovations. However, this optimal response can be limited by a lack of resources. Innovative activities require continuous financial support (Hall and Lerner, 2010). Financially constrained firms may lack the funds to invest in R&D (Brown et al., 2009), which weakens the impact of environmental regulations on enterprises’ green technology innovation (Ghisetti et al., 2017). By contrast, enterprises that do not have financial constraints are more affordable to undertake green technology innovation activities (Aghion et al., 2016; Costantini et al., 2017).

On this basis, this paper investigates whether the impact of marine environmental regulation on green technology innovation of enterprises in coastal areas varies with financial constraints. Referring to Kaplan and Zingales (1997), this paper uses the KZ index to measure the degree of financial constraints. The research sample was divided into two groups using the median of the KZ index as the partition criterion. The results are listed in Table 13. The results show that the impact of marine environmental regulation on green technology innovation of enterprises in coastal areas is significant only in low levels of financial constraints.


Table 13 | Financial constraints.

[image: A table comparing two groups, Low (1) and High (2), under the variable GP. The main variable, Treat*Post, shows values of 0.131** (0.020) for Low and 0.048 (0.418) for High. Both columns indicate the presence of controls, constant, and year and industry fixed effects. Observations are 7,673 for Low and 8,428 for High. The adjusted R-squared values are 0.315 for Low and 0.330 for High. There is a significant test of differences between groups, indicated by Yes (chi-squared = 3.38; p = 0.066). T-statistics are provided in parentheses. Significance levels are denoted by asterisks, where ***p<0.01, **p<0.05, *p<0.1.]





5.3 How do enterprises adjust technological innovation activities under marine environment regulation?

Enterprise technological innovation exists in a direction (Hicks, 1963). Enterprises can choose to carry out environmentally beneficial ‘clean’ innovation or non-green technological innovation when allocating innovation resources (Aghion et al., 2016). The former emphasizes the realization of the economic and environmental benefits of a win-win situation. The latter is limited to the improvement of corporate profits and does not incorporate environmental protection into innovation investment decisions. Enterprises can also choose whether to do R&D on their own or in cooperation with others. For independent innovation, enterprises can fully capture the benefits of technological innovation and prevent the leakage of key technologies. For collaborative innovation, firms can improve innovation efficiency and share R&D risks and costs by establishing R&D alliances (Hennart, 1988).

On this basis, we further investigate how enterprises in coastal areas adjust the allocation of technological innovation resources and accelerate their green technological innovation activities from the dimensions of technological innovation structure and innovation mode. For the measurement of enterprise innovation structure, this paper further subdivided enterprises’ green patents into green invention patents and green utility model patents. For the measurement of enterprises’ choice of green innovation methods, this paper uses the number of green patents independently applied by enterprises and the number of green patents jointly applied by other entities, respectively, to construct the independent innovation and cooperative innovation indicators of enterprises according to the applicant information of green patents.

The regression results are shown in Table 14. Columns (1) -(4) are regression results of Marine regulation on patent applications for green invention, patent applications for green utility models, independent innovation and joint innovation. The establishment of demonstration zones significantly increased the number of green invention patents of enterprises in coastal areas but had no significant impact on green utility model patent applications. Therefore, we believe that the establishment of demonstration zones leads local enterprises to pay more attention to the improvement of the quality of green patents, which is manifested in the increase in the number of green invention patents. For the choice of innovation methods, the paper finds that the establishment of the demonstration zone provokes an increase in the number of enterprises’ independent innovations in the coastal region, which reflects that enterprises are more prone to choose to increase their internal R&D investment rather than to co-operate with others.


Table 14 | Types of innovative activities.

[image: A table presents regression results across four models: GPI, GPU, GP_stand-alone, and GP_joint. Each model includes variables such as Treat*Post, Size, Lev, ROA, Age, SOE, Cash, Top1, ShareBalance, Dual, Loss, and Ins. Coefficient estimates and t-statistics in parentheses are given for each variable. Additional details include the constant term, year and industry fixed effects, the number of observations (16,101), and adjusted R-squared values for each model. Significance levels are indicated by asterisks, with three, two, and one asterisk representing p-values less than 0.01, 0.05, and 0.1, respectively.]




5.4 Marine environmental regulation and high-quality development of regional economy

The purpose of marine environmental regulation is to support the construction of ecological civilization and ensure high-quality economic development. Therefore, this paper further tests whether the positive impact of marine environmental regulation on the green technology innovation of enterprises in coastal areas can ultimately contribute to the high-quality development of the regional economy. More specifically, we first explored the impact of marine environmental regulations on regional green technology innovation. Secondly, we test the impact of marine environmental regulation on the high-quality development of the regional economy in two dimensions: economic effect and environmental effect.

Firstly, referring to Fu et al. (2018), we use the number of green patents aggregated at the city level to measure the level of regional green technology innovation (GP_city). Secondly, we use the logarithm of per capita GDP to measure the economic effect (GDP) and unit energy consumption (total energy consumption of 10,000 tons of standard coal/real GDP of 10,000 yuan) to measure the energy-saving effect (Energy). For control variables, we refer to existing studies, control population density Pdensity (regional resident population/urban area), foreign investment level OE (actual utilization of foreign capital/gross regional product), government intervention level GI (government general revenue/government general expenditure), government investment intensity Investment (government investment intensity = fixed assets investment/local general expenditure), environmental regulation ER (general industrial solid waste comprehensive utilization rate).

The regression results are shown in Table 15. Column (1) shows that after controlling a series of urban characteristic variables and year fixed effects, marine environmental regulation increases regional green technology innovation, and the coefficient of Treat*Post is 0.267, which is significantly positive at the 5% level. The test results in column (2) show that, based on economic growth, the regression coefficient of Treat*Post*GP_city is 0.048, which is significantly positive at the 1% level. Based on the energy-saving effect, the regression coefficient of Treat*Post*GP_city is −0.003, which is significantly negative at the 1% level. The above results show that after the implementation of marine environmental regulations, the economic growth rate and energy-saving effect are more obvious in areas with a higher proportion of enterprises’ green technology innovation, indicating that it is the marine environmental regulations that are effective.


Table 15 | Marine environmental regulation and high-quality development of regional economy.

[image: A regression table displaying three models with dependent variables: GP_city, GDP, and Energy. Coefficients and t-statistics for variables such as Treat*Post, GP, Pdensity, OE, GI, Investment, and ER are listed, along with significance levels. Year fixed effects are included. Observations number 3,634 for each model, with adjusted R-squared values of 0.627, 0.741, and 0.477, respectively. Significance is denoted by asterisks: three for p<0.01, two for p<0.05, and one for p<0.1.]





6 Conclusion and discussion

Green technology innovation is a key force in achieving high-quality economic development. This paper explores whether the establishment of demonstration zones (as a forerunner of China’s marine environmental policy system) can facilitate enterprises’ green technological innovation. The research finds that in coastal areas, compared with enterprises in non-demonstration areas, enterprises located in demonstration areas have significantly increased their green technology innovation activities, and this conclusion remains valid after a series of robustness tests. Furthermore, the impact of marine environmental regulation on enterprises’ green technology innovation is more significant in resource-based cities, areas with high marine economic dependence and high green finance development, as well as in enterprises with low financial constraints and marine-related enterprises. Under the requirements of marine environmental regulations, the quality of green patents of enterprises in coastal areas significantly improves, which is reflected in the significant increase in the number of green invention patents. As for the choice of innovation mode, marine environmental regulation leads to an increase in the number of independent innovations of enterprises in coastal areas. Finally, we find that the positive impact of marine environmental regulation on green technology innovation can significantly increase regional GDP, and significantly reduce energy consumption, which indicates that the positive impact of green technology innovation on enterprises can promote high-quality economic development in coastal areas.

The research conclusions of this paper provide empirical evidence for the effects of marine environmental regulations at the micro and macro levels and will provide scientific decision-making basis for promoting marine environmental policy innovation, green technology innovation of enterprises in coastal areas, enhancing the green core competitiveness of industries in coastal areas and promoting the sustainable development of the marine economy.

This study contributes to the existing literature in several ways and opens avenues for future research. Firstly, it extends the understanding of environmental regulation effects by focusing specifically on marine environmental policies, an area that has received less attention compared to general environmental regulations. Secondly, our findings provide empirical support for the Porter Hypothesis in the context of marine environmental regulations, demonstrating that well-designed policies can indeed stimulate innovation and improve both economic and environmental outcomes.

From a policy perspective, this paper finds that the construction of demonstration zones is an effective marine environmental policy, promoting the increase of green technology innovation of enterprises in coastal areas and driving regional economic development and environmental improvement, thereby providing empirical evidence for the effectiveness of the establishment of demonstration zones. Following the demonstration zone, the government can also actively explore and practice the construction of marine environmental ecological civilization and further improve the marine environmental policy system to encourage green technology innovation activities of enterprises. At the same time, enterprises are the main body of green technology innovation, which is crucial to deepening the construction of ecological civilization and promoting high-quality economic development. This paper finds that micro-enterprises green technology innovation is the key driving force for the high-quality development of the regional economy.

Therefore, the state should speed up the cultivation of leading enterprises in green technology innovation, give play to the leading role of leading enterprises and guide more enterprises to participate in green technology innovation.

However, this research also has limitations. For instance, while we focused on coastal areas and demonstration zones, future research could explore the spillover effects of these policies on inland regions or non-demonstration areas. Additionally, longitudinal studies could be conducted to examine the long-term sustainability of the observed positive effects. Furthermore, comparative studies across different countries with similar marine environmental policies could provide insights into the generalizability of our findings.
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Using social network analysis, spatial econometric method and structural equation model, based on the patent citation data of China’s marine industry from 2008 to 2019, this paper analyzes the temporal-spatial characteristics and influencing factors of knowledge spillover network of marine Industry in China. The results show that: the knowledge spillover network with Qingdao, Beijing and Shanghai as the main distribution centers has expanded rapidly, and the network status of Zhoushan, Wuhan and other cities has improved significantly. The network space structure tends to be multi-core and complex, extending from coast to inland; There are significant differences in cyberspace. The central and western regions are low value areas, while the eastern region is the core area, and the core cities have built an “X” shaped spatial structure with Qingdao as the intersection; Knowledge proximity, social proximity, cognitive proximity and economic proximity are important factors that affect knowledge spillover networks. Geographic proximity has a reinforcing effect on knowledge proximity and economic proximity. This paper is beneficial in that it provides a reference and experience for the innovation of the marine industry and the high-quality development of the marine economy by effectively analyzing the spatio-temporal characteristics and influencing factors of China’s marine knowledge diffusion network.
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1 Introduction

Amidst the resource and environmental pressures stemming from the swift advancement of the social economy, the ocean, which constitutes approximately 71% of the Earth, represents a “blue ocean” abundant in resources and possessing extensive development potential. The financial sector’s growing interconnection with the marine economy (Song et al., 2020; Su et al., 2021) has emerged as a pivotal factor in propelling future human economic progress. As a prominent maritime nation, China’s marine economy has emerged as a new focal point for economic growth; however, the economic efficiency of marine science and technology innovation remains inadequate (Wu et al., 2019; Wang et al., 2020), and the disjointed development of the marine economic ecosystem (Peng et al., 2018) has hindered the advancement of the marine industry. Within the framework of the new development model, establishing a marine innovation system and expediting the transition between traditional and emerging driving factors has become crucial for advancing the marine economy. Knowledge, learning, and invention are fundamentally interconnected (Rao and Li, 2006). Knowledge accumulation underpins innovation activities, while knowledge spillover among enterprises, universities, and research institutions fosters the creation of new knowledge and serves as an internal mechanism for advancing regional innovation development (Liu and Ge, 2018). The widespread use of new technologies in the Internet economy facilitates cross-regional knowledge transfer and information interchange, rendering knowledge spillover beyond R&D investment a significant method of knowledge acquisition.

Knowledge spillover denotes the phenomenon wherein the knowledge generated by one economic organization is employed by another, often without enough pay or at a value lower than its worth (Jaffe, 1996). Explicit knowledge embedded in products and documents, along with implicit knowledge inherent in individuals, may unconsciously transfer to other industries or areas (Tijssen, 2001). Knowledge spillover, being an intangible phenomenon, poses challenges for quantification using conventional data and measuring techniques (Braunerhjelm and Svensson, 2024). Griliches first developed a knowledge production function and depicted knowledge spillover using a knowledge stock adjusted by a distance function, establishing the groundwork for the quantitative analysis of knowledge spillover (Griliches, 1979). Knowledge spillover in Western new economics predominantly illustrates a process of spatial interaction (Li et al., 2013). Rodriguez-Pose, Crescenzi and Qiu (Rodriguze-pose and Crescenzi, 2008; Qiu et al., 2020) employed spatial weight matrices to examine the geographical confines of regional knowledge spillovers in Europe and China, respectively. Alongside geographical distance and concealed obstacles, including social, cognitive, and institutional barriers (Abramo et al., 2020), the examination of information spillover effects through network linkages has deepened significantly. Many empirical research rely on knowledge input or output data. The cross-regional impacts of knowledge spillovers, facilitated by varying proximity or network links, were assessed (Sheng and Lesage, 2021; Cortinovis and Van Oort, 2019; Ma et al., 2018). Conversely, Choi established a global knowledge spillover network utilizing trade and FDI data to investigate the influence of network structure on country innovation performance (Choi and Zo, 2022). Zhang utilized patent data to develop a technology connectedness index and matrix, examining the technology spillover network characteristics of Chinese innovation firms (Zhang et al., 2022). Li and Wang examined the attributes and determinants of knowledge spillover networks in China’s biopharmaceutical and knowledge-intensive sectors, utilizing data from scientific paper writing and patent citations (Li et al., 2013; Wang and Gu, 2021). These scholars have examined the avenues of knowledge spillover from a network approach.

Patent data, as an accessible and timely source of technical information, encompasses geospatial and citation data that facilitate the examination of the temporal and spatial attributes of knowledge spillover, thereby reflecting its characteristics and possessing distinct advantages (Wang and Gu, 2021). When a creative entity applies for a patent, it will reference analogous patents to demonstrate its distinction from prior patents, so illustrating the advancement of the patent. Such citations are prevalent in patent applications (Steensma et al., 2015), signifying that knowledge transfer has occurred. Knowledge sources can be identified by analyzing citation data in patent literature (Hussler, 2004; Maurseth and Verspagen, 2002). Despite the presence of noisy information, patent data can nevertheless indicate knowledge connections or future knowledge flows (Li, 2017). Granovetter contended that the network model’s focus on strong ties restricted its relevance to small, defined groups, asserting that weak ties might enhance the diversity of knowledge or information obtained within the creation of loose networks (Granovetter, 1973). Wang discovered that the significance of weak links in semiconductor manufacturers’ knowledge spillover networks, as measured by patent citation data, had been underestimated in the acquisition of external knowledge (Wang et al., 2017). The citation of information data partially represents the innovation of the original knowledge, therefore enabling these data to characterize the Marine innovation network (Li et al., 2021; Guo et al., 2021). In recent years, evolutionary economic geographers have examined the accumulation effect of innovation space through the lens of multidimensional proximity theory, addressing the effects of cognitive proximity, socio-cultural proximity, organizational proximity, and social institutional proximity (Rigby, 2015; Martinez et al., 2024). illustrates the spatio-temporal variability of the knowledge spillover network.

Current research seldom addresses the knowledge spillover within the marine industry, and there is insufficient discourse regarding the primary sources, directions, and intensities of marine knowledge spillover, along with the spatio-temporal variations of the knowledge spillover network. Consequently, utilizing the notion of weak ties and proximity, we aim to delineate the attributes of the knowledge spillover network in the developmental trajectory of the marine industry through patent data pertaining to the sector. This paper employs patent citation data from China’s marine industry spanning 2008 to 2019 to construct a knowledge spillover network at the prefecture level. It utilizes social network analysis and multidimensional proximity theory to thoroughly investigate the evolutionary characteristics and potential mechanisms of network state, external connections, and urban spatial distribution within the spatial knowledge spillover of the marine industry.




2 Data source and research methodology



2.1 Building a knowledge spillover network

The research concentrates on prefecture-level cities in mainland China, omitting Hong Kong, Macau, and Taiwan, and employs certain criteria and methodologies for data filtration (Figure 1): Initially, patent applicants must be Chinese citizens, and only the geographic location details of the primary applicant are preserved to guarantee data accessibility. Secondly, patents categorized as marine patents are those including “Marine” in the title or abstract inside the worldwide patent database (IncoPat) from 2008 to 2019. These patents encompass domains pertaining to marine resources, energy development, and the delivery of associated products and services. Moreover, the forward and backward citations of patent data elucidate knowledge spillover from the viewpoints of technological diffusion and spillover origins, respectively. Forward citations may signify the advancement, investigation, application, and dissemination of succeeding innovations derived from earlier information (Alcácer and Gittelman, 2006; Hall et al., 2001; Marco, 2007). We investigate the knowledge spillover effect by examining backward citations in patent literature and acquiring geographical location data via publication numbers and database links. The research categorizes the timeframe from 2008 to 2019 into three distinct phases: 2008-2011, 2012-2015, and 2016-2019, to analyze the configuration of the knowledge spillover network. Following screening and processing, these three eras encompass 887, 3044, and 5112 citation linkages, respectively, thereby establishing a patent citation network with prefecture-level cities as nodes. The research employs Ucinet 6.0 and ArcGIS 10.2 software for social network analysis (SNA) and geographical analysis.


[image: Directed graph showing nodes labeled \(a_2\), \(a_1\), \(c\), \(d\), \(b_1\), and \(b_2\). Arrows connect \(a_1\) to \(c\), \(d\), and \(b_1\). Dashed lines connect \(a_1\) to \(a_2\) and \(b_1\) to \(b_2\).]

Figure 1 | Data presentation Note: a1 and a2 are the geographic information of joint applications (so do b1 and b2), and c and d denote the geographic information of independent applicants.






2.2 Social network analysis

The SNA involves the following network structure indices:

(1) Network size: It denotes the total number (n) of nodes in a network.

(2) Network density: Network density reflects the degree of connection between network nodes. The higher the network density, the more significant the knowledge spillover between nodes, and the more convenient the knowledge flow:

[image: Formula for species diversity index, D, as D equals m divided by the product of n and the difference of n and 1, where m is the total number of individuals and n is the number of species.]

where, m denotes the total number of actual relations in the entire network (it is n(n-1) in a directed network). The closer to 1 the D value, the closer the relations between network nodes.

(3) Node reciprocity: It denotes the proportion of two-way spillover relations in the entire network.

(4) Centrality: In this study, node centrality was measured in terms of degree centrality (CD(i)), betweenness centrality (CB(i)), and weighted centrality. Degree centrality reflects the ability of a node to connect with other nodes. The higher the degree centrality, the more nodes in the network that are directly connected to the node. In a directed network, degree centrality is the sum of in-degree and out-degree. Betweenness centrality reflects the degree of control of a node over network information. The higher the betweenness centrality, the more frequently a node is in the shortest path of other node pairs. In this study, the weighted in-degree and out-degree in a directed weighting network respectively reflected the intensity at which individuals cite patents and individuals’ patents are cited by others, and the sum of the two was weighted centrality. The first two centrality indicators are standardized to facilitate the comparison between networks of different sizes.

[image: Equation labeled (2) shows \( C_{D1D} = \frac{C_{in}^\text{out} + C_{in}^\text{in}}{2(n-1)} \).]

where, [image: The image shows mathematical equations: \( C_{i}^{out} = \sum_{j=1}^{N} x_{ij} \) and \( C_{i}^{in} = \sum_{j=1}^{N} x_{ji} \).] , respectively denote node out-degree and in-degree (the xij and [image: Mathematical expression with two variables, x subscript i j.]  values are 0 or 1).

[image: Mathematical equation showing the clustering coefficient, C_B(i), represented as the sum of b_k(i) for all k in set N divided by (n^2 - 3n + 2)/2.]

where, [image: Variables j, k, and i are distinct, and the notation b subscript j, k parentheses i end parentheses is used.]  denotes the probability that Node i is in the shortest path between Nodes k and j.

(5) Central potential: Degree central potential (CRD) reflects the overall concentration degree of a network, and star networks have the highest degree central potential. High betweenness central potential (CB) of a network implies a high degree of dependence on certain nodes in the process of knowledge transfer. Based on the degree centrality and betweenness centrality of nodes, the degree central potential and betweenness central potential of a network can be calculated as follows:

[image: The formula shows \( C_{RD} = \frac{\sum_{i=1}^{n}(CD_{i\_max} - CD_{i})}{n - 2} \), labeled as equation (4).]

[image: Equation showing the formula for \( C_B \): the sum from \( i = 1 \) to \( n \) of \(( C_{B(i)\text{max}} - C_{B(i)}) \) divided by \( n-1 \). Labeled as equation (5).]




2.3 A structural equation model



2.3.1 Constructing a SEM

Using a measurement model and a structural model, structural equation modeling (SEM) is a technique for examining the connections between indicators and latent variables. Software like LISREL, AMOS, and SmartPLS are used to implement SEM, which offers more precise parameter estimations than typical linear regression. PLS-SEM is especially appropriate when the influence mechanism is still unclear and can manage individual variables (Hair et al., 2012). PLS-SEM is constructed in this work using SmartPLS 3.0 software, which analyzes 5,112 samples from 2016 to 2019. The model is validated using 5,000 bootstrap resamplings. Geographical, knowledge, social, economic, and cognitive proximity, as well as the interplay between knowledge, economic, and geographic proximity, are examples of exogenous latent variables in the PLS-SEM model, whereas the degree of knowledge spillover is an endogenous latent variable.




2.3.2 Multidimensional proximity variables

(1) Geographic proximity: It is measured in terms of nominal and spatial distance proximity. Nominal distance proximity is assigned a value according to the region in which a city is located (1 for the same provincial region; 0.5 for the same region (eastern, central, western and northeastern China specified in China’s 11th Five-Year Plan), and 0 for the whole country). Geographic distance is calculated based on a city’s latitude and longitude coordinates, and spatial distance proximity is calculated using the method specified by Wang (Wang, 2013):

[image: The formula shows \( \text{GeoProj}_{ij} = \frac{1 - \ln(d_{ij} + 1)}{\ln(\max(d_{ij}) + 1)} \).]

where, dij denotes the geographic distance between cities i and j; max(dij) denotes the maximum geographic distance; Geoproij denotes the spatial distance proximity between cities i and j (value range: 0 to 1).

(2) Knowledge proximity and economic proximity: They reflect the differences in the number of invention patent applications and per-capita GDP between cities, and their ranges are standardized to facilitate their evaluation.

(3) Social proximity: The Jaccard index is used to measure the social proximity in a knowledge spillover network of the marine industry (Gui et al., 2018):

[image: The image shows a mathematical formula: \( \text{Socproj}_{ij} = \frac{I_{ij}}{I_j + O_i - I_{ij}} \), labeled as equation (7).]

where, Iij denotes the edge weight from i to j; Ij denotes all input strengths of j; Oi denotes all output strengths of i (The value range of social proximity is 0 to 1).

(4) Cognitive proximity: Cognitive proximity is measured in terms of knowledge structure similarity (Knopro) and industrial structure similarity (Indpro):

[image: Knotproj is represented by the fraction of the sum from n equals 1 to 8 of the product of f sub i n and f sub j n, divided by the square root of the product of the sum from n equals 1 to 8 of f sub i n squared and the sum from n equals 1 to 8 of f sub j n squared. It is labeled as equation 8.]

[image: Equation labeled as number nine represents Indproj sub j equals the sum from k equals one to three of f sub i k f sub j k, divided by the square root of the sum from k equals one to three of f sub i k squared, times the square root of the sum from n equals one to three of f sub j n squared.]

According to the international patent classification standard, patents are classified into eight categories, and all industries are classified into primary, secondary, and tertiary industries; fin and fjn denote the number of all invention patent applications in the technological field n in Cities i and j; fik and fjk denote the proportion of Industry k in the industrial structure of Cities i and j, and the value range of knowledge structure similarity and industrial structure similarity is 0 to 1.






3 Spatiotemporal characteristics of China’s knowledge spillover network of the marine industry



3.1 The core positions of Qingdao, Beijing, and Shanghai are continuously strengthening, while cities like Zhoushan, Wuhan, and Guangzhou are developing rapidly

Table 1 presents the ten leading node cities ranked by centrality across three periods from 2008 to 2019, with Qingdao, Beijing, and Shanghai consistently occupying the top three positions, signifying their pivotal role in the marine sector knowledge spillover network. The ranks of sub-core cities, including Wuhan, Guangzhou, Zhoushan, Tianjin, Dalian, Hangzhou, and Nanjing, are both stable and subject to change. Between 2008 and 2011, Beijing’s dominance was most pronounced. Between 2012 and 2015, Qingdao’s centrality attained a value of 0.450, surpassing that of Beijing and Shanghai, while significantly trailing other cities. Between 2016 and 2019, the rankings of Zhoushan and Guangzhou improved markedly, the disparity among core cities diminished, and the overall centrality of the network increased to 44.54% (Table 2), signifying a shift towards a multicentric network model, with knowledge increasingly concentrated in a select number of core cities.


Table 1 | Degree centrality and betweenness centrality of different cities.

[image: Table comparing degree centrality and betweenness centrality of various cities during three periods: 2008-2011, 2012-2015, and 2016-2019. For degree centrality, Qingdao is the highest in 2016-2019 with a score of 0.551, while Beijing leads in 2008-2011 with 0.327. For betweenness centrality, Beijing is top in 2008-2011 with 0.114, and Qingdao leads in 2012-2015 with 0.103. Standard deviations are listed for each period and metric.]


Table 2 | Topological structure indicators of the knowledge spillover network.

[image: A table comparing network metrics across three periods: 2008-2011, 2012-2015, and 2016-2019. Metrics include the number of nodes (169, 253, and 273), network density (0.031, 0.048, and 0.069), node reciprocity percentage (20.0%, 28.0%, and 30.9%), degree central potential percentage (29.97%, 40.59%, and 44.54%), and between central potential percentage (11.00%, 10.06%, and 7.74%).]

Between 2008 and 2019, Qingdao, Beijing, and Shanghai consistently occupied the top three positions in intermediary centrality. As centers of information dissemination, they have increased opportunity to obtain diverse knowledge, however their intermediate centrality experienced a modest decline. The intermediary centrality of sub-core cities like Wuhan, Guangzhou, and Zhoushan is increasing, narrowing the disparity among core cities, and the intermediary effect of cities is becoming more distributed. From 2016 to 2019, Qingdao’s central role as a hub continued to strengthen, despite a decline in intermediary centrality, which remained the highest. Zhoushan’s position increased from 14th to 6th (period 3), indicating its progressively significant role in the marine sector knowledge spillover network.

Figure 2 illustrates the top 10 cities ranked by weighted centrality across several periods, with findings mostly aligning with those in Table 1. Qingdao, Beijing, and Shanghai occupy the top three positions regarding weighted centrality, outgoing degree, and incoming degree, making them the most dynamic nodes in the knowledge spillover network. The weighted export degree of Beijing and Shanghai consistently surpasses the weighted import degree, and as the network’s radiation centers, their power and control are intensifying. Conversely, the weighted import degree of Qingdao consistently surpasses the weighted export degree, ranging from 142 to 2554, signifying the swift advancement of marine industry patents in Qingdao, which has now emerged as the preeminent hub in the network. In recent years, the weighted income of Wuhan, Zhoushan, and Dalian has markedly increased.


[image: Bar chart comparing weighted out-degree and in-degree for various Chinese cities across three periods: 2008-2011, 2012-2015, and 2016-2019. Each period shows comparative values for cities such as Beijing, Shanghai, Qingdao, and others, indicating connectivity or networking metrics.]

Figure 2 | Weighted out-degree and in-degree of different cities.






3.2 The spillover of marine knowledge in cyberspace exhibits significant polarization effects and is evolving towards a multi-core complex model with three major distribution centers as the focal points

Table 2 illustrates the topological attributes of the knowledge spillover network within China’s marine sector from 2008 to 2019. The nodes in the knowledge spillover network rose from 169 to 273, while the network density grew from 0.031 to 0.069, signifying an intensification of network expansion and knowledge flow. In comparison to the degree center potential, the intermediary center potential was diminished and persisted in its decrease. As innovation capacity improves, the quantity of nodes directly associated with the core node rises, signifying an increase in network concentration. Nonetheless, the overall network density and node reciprocity are minimal, with reference linkages predominantly unidirectional and tenuous. Between 2016 and 2019, 3,094 city pairings produced 5,112 bilateral reference links, resulting in a network reciprocity of 30.9%. The natural fracture method in ArcGIS software categorizes the number of patent cross-citations in the Marine industry among cities into five tiers. Figure 3 illustrates the spatial distribution of the knowledge spillover network within China’s marine industry. The findings indicated that, in all three periods, the low-strength bond prevailed, with cities exhibiting bond strength below the average constituting 78.08%, 81.83%, and 82.81%, respectively. First-tier and second-tier cities serve as the primary overflow conduits, with side number proportions of 1.63%, 0.76%, and 0.97%, respectively, and total citation proportions of 17.52%, 18.88%, and 26.48%. The concentrated technology transfer indicates that the knowledge spillover network exhibits a notable spatial polarization effect.


[image: Three-panel map series depicting cross-citation intensity and weighted centrality in China from 2008-2019. The maps show network connections with varying line thickness and color, representing intensity levels. Pink circles indicate nodes of weighted centrality, increasing in size across the timeline. Panel a (2008-2011) shows fewer connections and smaller central nodes. Panel b (2012-2015) displays increased connectivity and larger nodes. Panel c (2016-2019) features the densest network with the largest nodes, signifying growth in cross-citation intensity and centrality over time. A legend explains the symbols and colors.]

Figure 3 | Spatial characteristics of China’s knowledge spillover network of the marine industry (A) 2008-2012; (B) 2012-2016; (C) 2016-2019.



Between 2008 and 2011, the mutual referrals between the Beijing and Shanghai regions were the highest, indicating a primary-level link. The citation count for other relational patents is below 40, with the majority utilized for long-distance applications across geographies. Between 2012 and 2015, the first-tier city network comprised Beijing - Qingdao, Shanghai - Qingdao, Beijing - Shanghai, and Beijing - Tianjin, during which the patent citations of Qingdao in Beijing, Shanghai, Tianjin, Dalian, and Guangzhou experienced substantial growth; additionally, Wuhan and Zhoushan became part of the second-tier city network. Between 2016 and 2019, the triangular configuration of Qingdao, Beijing, and Shanghai was significantly reinforced, resulting in closer connections and a substantial expansion of the first-tier city network. The knowledge spillover strength from Shanghai and Qingdao to Zhoushan was notably augmented.

From 2008 to 2019, the intensity of knowledge spillover in China’s marine industry experienced significant growth. Qingdao, Beijing, and Shanghai have emerged as the three principal distribution centers, distinct from the “trapezoidal” core structure of “Beijing-Qingdao-Shanghai-Guangzhou” identified in Guo et al.’s study on the geographical characteristics of the marine scientific research network (Guo et al., 2021). The network has transitioned from a dual-core framework to a multi-core framework, and technology dissemination has progressed from coastal regions to interior areas. The significance of inland cities like Wuhan is growing daily, and the correlation between patent citations and regions, as well as short distances within the network of prominent cities, is intensifying.




3.3 Significant spatial variation in the knowledge spillover network, and X-shaped core area in eastern China with Qingdao as the intersection

The ArcGIS kernel density analysis tool was utilized to create a distribution map of the knowledge spillover network in China’s marine industry (Figure 4), based on inter-city patent citation intensity. The findings indicate that: i) notable disparities exist within the spatial knowledge spillover network of China’s marine industry; ii) with the exception of Wuhan, the nuclear density in the central and western regions is predominantly low; iii) the eastern core area exhibits an X-shaped spatial configuration with Qingdao as the nexus, linking Beijing, Tianjin, Zhenjiang, Wuxi, Suzhou, Shanghai, Hangzhou, Zhoushan, Dalian, Yantai, Nanjing, Guangzhou, and Shenzhen. The transfer of knowledge from the northeast to the southwest is somewhat feeble. The inner and inter-connections between the Bohai Sea Rim and Yangtze River Delta urban agglomerations are notably strong. The analytical conclusion aligns closely with Ma et al.’s nuclear density examination of the spatial distribution evolution of urban innovation output (Ma et al., 2018), demonstrating that marine industrial innovation exhibits analogous spatial differentiation to urban innovation output in cities. Table 3 juxtaposes the information spillover network density throughout the Bohai Rim, Yangtze River Delta, and Pearl River Delta regions. A density matrix is built based on the patent citation relationships within the marine industry. The row field denotes the overflow ground, the column field signifies the receiving ground density matrix, and the diagonal line illustrates the internal network density of the corresponding city clusters. The findings indicate that the density of the national directed weighted network is 0.306, whereas the regional network densities for the circum-Bohai Sea, Yangtze River Delta, and Pearl River Delta are 7.154, 7.320, and 1.708, respectively, signifying the concentration of the knowledge spillover network. The internal network density of the Bohai Rim city cluster and the Yangtze River Delta city cluster significantly exceeds that of the entire nation, with network densities from the Bohai Rim to the Yangtze River Delta and from the Yangtze River Delta to the Bohai Rim city cluster measuring 6.310 and 6.918, respectively, indicating frequent knowledge exchange between the two regions. Conversely, the local network density of the Pearl River Delta city cluster, centered on Guangzhou, is comparatively low, yet the external network intensity with the Yangtze River Delta and the Bohai Sea rim surpasses that of the Pearl River Delta.


[image: Map of China showing kernel density with a focus on eastern regions. Density increases from green to red. Core cities like Beijing, Shanghai, and Guangzhou are highlighted with purple dots. Red outlines indicate three major city clusters. Insets provide detailed views of these clusters. A scale and north arrow are included.]

Figure 4 | Kernel density of China’s knowledge spillover network of the marine industry from 2016 to 2019.




Table 3 | Density matrix of China’s three major city clusters.

[image: Table showing values for three regions: Circum-Bohai-Sea, Yangtze River Delta, and Pearl River Delta. Each region intersects with others, showing values: 7.154, 6.31, 3.222, 6.918, 7.32, 4.096, 3.536, 3.63, 1.708.]





4 Analysis of influencing factors



4.1 Test of the measurement model

The measurement model involves a reliability and validity test. The reliability test involves the load coefficients, Cronbach’s α, and composite reliability of the measurement model. Table 4 lists the Bootstrap test results of the load coefficient of the measurement model. Specifically, the load coefficients of (Spatial distance proximity)x(knowledge proximity) <- (Geography) x (Knowledge) and Industrial structure proximity <- Cognitive proximity are slightly lower than 0.7 (0.638 and 0.679 respectively); all other latent variables are greater than 0.7, and all indicators are significant at the 0.01 level. As described in Table 5, Cronbach’s α of geographic proximity is 0.736, and Cronbach’s α of other variables are within an acceptable range of 0.6 to 0.7 and the composite reliability of all variables is greater than 0.8. Therefore, the measurement model is of high reliability. The validity test involves convergent validity and discriminant validity. The average variance extracted (AVE) of all reflective latent variables is greater than 0.5 (Table 5), indicating that the measurement model passes the convergent validity test. The root value of AVE (diagonal value) of each latent variable in Table 6 is greater than the Pearson correlation coefficients between it and other latent variables, and the load coefficient of each indicator in the measurement model is greater than its cross-load coefficients (load coefficients of the indicator relative to other latent variables), indicating that the measurement model passes the discriminant validity test.


Table 4 | Bootstrap test results of load coefficients of the measurement model.
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Table 5 | Reliability and validity test of the measurement model.

[image: Table showing reliability statistics for different proximities. Geographic proximity has Cronbach’s alpha: 0.736, Composite Reliability: 0.875, AVE: 0.779. Cognitive proximity has Cronbach’s alpha: 0.611, Composite Reliability: 0.812, AVE: 0.689. (Geography) x (Knowledge) has Cronbach’s alpha: 0.657, Composite Reliability: 0.831, AVE: 0.716. (Geography) x (Economy) has Cronbach’s alpha: 0.696, Composite Reliability: 0.868, AVE: 0.766.]


Table 6 | Discriminant validity.

[image: Table showing correlation coefficients and average variance extracted (AVE) between factors: spillover intensity, geographic, knowledge, social, economic, and cognitive proximities, with interaction terms. Diagonal bold values represent AVE square-root values. High values indicate good discriminant validity when greater than correlation coefficients. Bold AVE values: 0.882 (Geography), 1 (Knowledge), 1 (Social), 1 (Economic), 0.83 (Cognitive), 0.846 (Geography x Knowledge), 0.875 (Geography x Economy).]




4.2 Test of the structure model

The test of the structure model mainly involves the significance of the path coefficients (measured by t-value) and the explanatory power of the structure model (measured by R2). The explanatory power of the model (R2) is equal to the product of the correlation coefficients and path coefficients between latent variables and different explanatory latent variables; R2 reflects the extent to which an explanatory latent variable explains a latent variable, or the fit effect of the structure model. The adjusted R2 of the structure model is 0.226 (greater than the minimum standard of 0.019), indicating that the explanatory power of several latent variables in the structure model is acceptable.

Table 7 lists the Bootstrap test results of the path coefficients of the structure model. Evidently, the effect of geographic proximity is not significant, the effect of knowledge proximity is significantly negative at the 1% level, and the effect of social, cognitive, and economic proximity is significantly positive at the 1% level. Followed by social proximity, knowledge proximity has the largest path coefficient, and the path coefficients of economic proximity and cognitive proximity are smaller than those of knowledge and social proximity to some extent. The interaction term between geographic and knowledge proximity is significantly negative at the 10% level, and the interaction term between geographic and economic proximity is significantly positive at the 1% level. Evidently, geographic proximity produces a positive moderating effect; specifically, it can strengthen the similarity of economic strength between regions, as well as the effect of knowledge stock gap on the intensity of knowledge spillover.


Table 7 | Test results of the structure model.

[image: Table showing path coefficients, standard deviation, T statistic, and P values for relationships between different types of proximity and spillover intensity. Notable values include significant negative coefficients for knowledge proximity and significant positive coefficients for social, cognitive, and economic proximities. Significance is indicated by asterisks: "***" for 1% and "*" for 10%.]





5 Conclusions and policy implications

Through a thorough examination of the patent citation data pertaining to China’s marine industry from 2008 to 2019, we develop an extensive knowledge spillover network. This network elucidates the patterns and attributes of knowledge dissemination within the Marine industry, while also offering recommendations to augment Marine innovation capacity and foster the high-quality advancement of the Marine economy. It aims to establish an analytical framework for the Marine economy in China and globally, viewed through the lens of knowledge spillover, and serves as a reference for enhancing regional Marine innovation capacity and stimulating the growth trajectory of the Marine economy.

Initially, Qingdao, Beijing, and Shanghai have consistently occupied the central role in the information spillover network, succeeded by Zhoushan, Wuhan, and Guangzhou. This indicates that they are pivotal in knowledge innovation and dissemination within the Marine business, aligning with the findings of Li. in their research on cooperative innovation networks in the Marine sector (Li et al., 2021). Over time, the dimensions and density of the network surrounding the three distribution hubs have progressively expanded, mirroring the more frequent and intense exchange of knowledge within the Marine industry. The transition of network topology from dual-core to multi-core illustrates the complex and varied nature of information spillover within the marine industry. Since 2016, the X-shaped spatial configuration in East China, centered around Qingdao, underscores its activity and impact on knowledge spillover.

The information spillover network exhibits a propensity to extend inland. Inland cities like Beijing, Wuhan, and Nanjing have emerged as primary support points of the X-type core area, serving as significant nodes for knowledge innovation in the marine sector. The growing prevalence of technology-intensive sectors, such as the contemporary marine service and advanced marine manufacturing industries, indicates that marine technological innovation is increasingly reliant on terrestrial knowledge, highlighting a pronounced terrestrial trend within the marine industry. Cities with favorable locational attributes will serve as more significant nodes in marine information dissemination. Nanjing, despite being an interior city, possesses abundant marine research resources, including multiple ocean-related universities and institutes, as well as significant geographical advantages, such as access to sea and inland river transit.

Thirdly, the empirical study of PLS-SEM elucidates the determinants driving knowledge spillover. The adverse impact of knowledge proximity suggests that a bigger disparity in knowledge potential increases the likelihood of information spillover, highlighting the significance of diverse knowledge in the innovation process. The beneficial impact of social proximity on knowledge spillover suggests that strong social connections and high familiarity among cities can significantly diminish barriers in information transfer mechanisms, hence facilitating the dissemination and exchange of knowledge. Cities with analogous knowledge and industrial frameworks incur reduced costs in the assimilation and implementation of new knowledge, hence enhancing the knowledge spillover within the Marine industry. 4) While geographical proximity does not significantly affect knowledge spillover, it moderates the impact of knowledge proximity and economic proximity on knowledge spillover, indicating the necessity of a comprehensive evaluation of the interplay among various factors in the context of knowledge spillover.

In light of the aforementioned research, we propose the subsequent policy recommendations:

Initially, the facilitation of information sharing across emergent nodes should be encouraged via various channels and innovation agents. Zhoushan can utilize university resources to proactively pursue marine patent applications and citations. To bolster regional independent innovation capacity, it is essential to promote the profound integration of universities, research institutes, and enterprises, facilitating knowledge diffusion, transformation, and renewal through various spillover mechanisms. Consequently, it is imperative to enhance the methods and avenues for knowledge acquisition and to facilitate the interaction and syn.




6 Restrictions and upcoming studies

This study offers a comprehensive analysis of the structural attributes and spatio-temporal evolution of China’s marine industry knowledge spillover network, serving as a significant reference for advancing policy interventions aimed at fostering innovative development in the marine sector. Given the expanding influence of the Marine industry on the global economy, our results and recommendations will hold substantial theoretical and practical importance in advancing the high-quality growth of the Marine economy. Nonetheless, the knowledge spillover network derived from patent citation data inadequately represents the efficacy of knowledge spillovers occurring through alternative channels (such as direct interpersonal interactions) in the advancement of Marine industry inventions, and it fails to account for the evolution of knowledge spillovers in the Marine industry across diverse data sources. Future research will thoroughly examine various relational data and investigate the analytical impact of alternative methodologies on the knowledge spillover effect, thereby elucidating the role of cities within the marine sector knowledge spillover network.
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Introduction

As a crucial strategy for promoting urbanization in China, smart city construction introduces new momentum for high-quality economic development through intelligence and informatization. Coastal cities, with their unique geographical and economic advantages, serve as important engines of high-quality economic growth.





Methods

Based on panel data from 53 coastal cities in China from 2003 to 2021, this study uses the super-efficiency SBM-GML index to measure green total factor productivity as an indicator of high-quality economic development and employs a time-varying difference-in-differences model to examine the impact of smart city construction on high-quality economic development in coastal areas.





Results

The findings reveal that (1) Smart city construction significantly enhances high-quality economic development in coastal cities. This conclusion remains valid in parallel trend tests, PSM-DID, placebo tests and endogeneity analysis. (2) The mechanism test shows that smart city construction development primarily promotes high-quality economic growth in coastal cities by facilitating industrial structural upgrading, optimizing resource allocation, and release household consumption potential and expanding domestic demand. However, technological innovation, which is the most important aspect of smart city construction, has not brought new opportunities for high-quality economic development in coastal cities. (3) Heterogeneity analysis shows that the policy effects of smart city are more pronounced in large cities and those with lower levels of scientific and educational development. Additionally, the impact is particularly significant in cities located within the Bohai Rim and Yangtze River Delta port clusters.





Discussion

Based on these findings, continued support for smart city construction is recommended, with differentiated policies tailored to the characteristics of coastal cities and port cluster development levels, alongside advancing industrial structural upgrading, optimizing resource allocation, and fostering new points of consumption growth to promote high-quality economic development in China’s coastal cities.
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1 Introduction

According to the World Intellectual Property Organization (WIPO), the core of smart city is key to alleviating the environmental burdens of rapid urbanization. While urbanization promotes economic activity, it can sometimes cause irreversible changes to natural resources and the environment, severely restricting sustainable economic development (Dutta, 2011). Against this backdrop, the concept of “smart city” emerged, aiming to provide a new pathway to solve the dilemma of “urban disease.” China initiated three batches of smart city pilot projects in 2012, 2013, and 2015, vigorously promoting smart city construction (SCC) from the national level, and driving urban intelligent transformation and development. In 2017, the report from the 19th National Congress of the Communist Party of China (CPC) first proposed the important strategy of “high-quality development” marking the shift of China’s economy from a phase of rapid growth to a phase of high-quality development. In 2022, the report from the 20th National Congress of the CPC further proposed making “high-quality development” the primary task in the comprehensive building of a modern socialist country and positioned “high-quality economic development” as the top development goal for the next five years.

As a novel model for urban development, smart city introduces new opportunities for high-quality economic development with intelligence and informatization. Current literature demonstrates that SCC significantly improves high-quality economic development. Entrepreneurial vitality, technological innovation, industrial structural upgrading, and urban resilience as important influencing mechanisms. Nonetheless, there remains a lack of investigation into how smart city promote high-quality economic development from the demand side. Moreover, most existing studies adopt a nationwide perspective. Zhang and Zhao (2021) selected 161 cities across China as their research sample, and Ma (2024) conducted an empirical analysis using panel data from 237 cities nationwide. Thus, studies examining coastal cities, characterized by inherent geographical advantages, high levels of openness, and rapid economic growth, are notably limited.

Coastal cities, as important engines of China’s economic development, rely on their locational advantages near the sea and high levels of openness to play a crucial role in driving high-quality development of urban economic. However, with increasing global economic uncertainty, the relatively weaker domestic and foreign environments and the threat of natural disaster such as typhoons and rising sea levels, coastal cities, more vulnerable to external adverse factors than inland cities that mainly rely on domestic demand-driven and traditional industries (Shen and Li, 2023). Additionally, coastal cities belong to different port clusters that operate independently and compete with one another. They lack an effective linkage mechanism, resulting in significant development gaps between different port clusters, and underutilized regional resource integration. Therefore, studying how SCC can promote high-quality economic development in coastal cities is of significant theoretical and practical importance.

Based on this, this paper selects panel data from 53 coastal cities in China from 2003 to 2021 as the research sample. It empirically analyzes the impact of SCC on high-quality development of economic in coastal cities using the time-varying difference-in-differences (TV-DID) model. And further through the mechanism test from the supply side and demand side to comprehensively examine its specific mechanism of action. Additionally, this paper investigates the differentiated performance of different sizes, different levels of educational and scientific and different port clusters in the construction of smart cities through heterogeneity analysis. Compared to existing research, the contributions of this paper are as follows: First, this paper focuses on coastal cities and systematically analyzes the implementation effects of smart city policies in this region. Second, it comprehensively explores the impact mechanisms of smart cities from both supply and demand sides, extending the scope of existing smart city research. Furthermore, through heterogeneity analysis it reveals the differentiated performance of cities with varying sizes, scientific and educational levels, port clusters in SCC, providing new theoretical support and practical reference for regional coordinated development.

The remainder of the paper is organized as follows: the second part is the literature review; the third part is the theoretical mechanisms and research hypotheses; the fourth part is the research design; the fifth part is the analysis of the empirical results; and the sixth part is the conclusions of the study, policy recommendations and limitations.




2 Literature review



2.1 Research on smart cities

“Smart city” is an advanced form of urban informatization development, a new carrier of contemporary information technology and management mode, which has become an accelerator for national informatization and modernization development (Xie and Gao, 2023). As a multidimensional concept, “smart cities” have been widely studied and explored over the past decade.

The existing literature defines the concept of smart cities from the following several perspectives roughly: (1) Technological perspective: Emphasizes the core role of new-generation information technologies in SCC, suggesting that technology is the foundation for realizing smart cities (Washburn and Sindhu, 2010; Zhou et al., 2024; Shi et al., 2018). (2) Functional perspective: Focuses on how smart cities enhance urban management and governance, emphasizes the application of information technology in urban operations and governance (Harrison et al., 2010; Shi, 2011). (3) Human-centric perspective: Emphasis on people at the core, focusing on how smart cities meet the needs of citizens and improve their quality of life and happiness (Rahmat et al., 2016; Joyce and Javidroozi, 2024; Mathew and Bangwal, 2024).(4) System perspective: Views smart cities as an organic combination of multidimensional elements, emphasizing cross-domain Synergy and integration (Han and Kim, 2024), promoting urban operations and optimization. To date, academia has not reached a unified definition of smart cities. Despite different focuses, all highlight the application of information technology in urban development.

As research deepens, more scholars are using smart city pilot policies as quasi-natural experiments, studying their impacts from various angles, such as environmental pollution (Shi et al., 2018), environmental quality (Cheng et al., 2024), green total factor productivity (Zhan and Li, 2022), employment resilience (Wang et al., 2024a), urban innovation capacity (Gao et al., 2023) and new productivity (Wang et al., 2024b). Additionally, Su et al. (2020) took Jinzhou-Huludao as an example to explore the smart city construction in the context of new urbanization. Razmjoo et al. (2022) explored the critical impact of clean energy and green technologies on smart city development. Joyce and Javidroozi (2024) establishes a framework to systematically discuss how to effectively realize cross-sectoral data sharing (CDS) while complying with data protection legislation (DPL) in the development of SCC. Tonmoy et al. (2020) pointed out, while smart city technologies have great potential, their large-scale urban application in coastal disaster management is still limited. Tao et al. (2020) using Fujian province, China, as an example, suggested that the government should accelerate SCC in coastal areas through top-level design and data sharing to create an upgraded version of smart city.




2.2 Research on high-quality economic development

Because of high levels of economic growth can increase wealth, expanding its potential to address poverty, unemployment, and other social issues, so arouse many countries emphasizes and set high-quality economic development as one of the economic policy goal (Sharipov, 2015). Over the past 40 years of China’s reform and opening up, the national economy has achieved rapid growth, characterized by the rapid expansion of quantity and scale (Jin, 2018). However, as China’s development enters the phase of urbanization and Servicification of the economic structure, the expansion of scale and quantity based on traditional modes of production can no longer satisfy the new characteristics of individualization, diversification and structural upgrading that people are displaying in terms of consumption. At the same time, it is difficult to sustain economic growth by relying on traditional growth methods, and highlight the urgent need to shift development models and identify new growth drivers (Gao et al., 2020). Given these new characteristics, the 19th National Congress of CPC emphasized that “the principal contradiction in Chinese society has evolved into one between the people’s ever-growing need for a better life and unbalanced and inadequate development” and proposed that “China’s economy has transitioned from a phase of rapid growth to one of high-quality development.”

The 20th National Congress of CPC further stressed that “high-quality development is the primary task of building a modern socialist country in all respects.” Jin (2018) pointed out that entering new era of high-quality development, a more genuine and rational new driving mechanism is needed, one that consciously targets the strategic development goals that directly reflect people’s aspirations, this new driving mechanism is innovation-led on the supply side and people’s aspirations on the demand side. Zhao et al. (2019) explained the connotations of high-quality economic development from three perspectives: systemic balance, economic development, livelihood orientation. Gao et al. (2019) using methods from political economy, microeconomics, and macroeconomics, argued that building a modern economic system is an essential pathway for China’s economy to achieve high-quality development. High-quality economic development is the output of high-quality society and governance based on the expanded reproduction of a knowledge-based middle class, with its core economic mechanism being the upgrading of factor quality and innovation. Innovation-driven development is the key internal factor that determines regional differences in high-quality economic development, while fiscal science and technology expenditures and urbanization are significant external forces (Wang and Chen, 2024)

As the core of high-quality development, some scholars use total factor productivity (TFP) to portray high-quality development of urban economy (Sun et al., 2020), while other scholars have constructed different indicator systems to measure it. For instance, Ma et al. (2019) considers that high-quality development is about improving the effectiveness of supply, achieving dynamic equilibrium between supply and demand at a new level, and, based on this, constructed a regional economic high-quality development evaluation system. Chen et al. (2020) based on the “new development philosophy”, built an indicator system for high-quality economic development and measured the provincial-level economic high-quality development index. City as crucial engines and spatial carriers of China-style modernization, research on high-quality economic development is gradually moving closer the city level. Wang and Tang (2022) constructed an indicator system based on the relationship between quantity and quality of high-quality development and measured the level of high-quality economic development at the level of coastal cities clusters. Ming and Peng (2024) constructed an index system from six dimensions: economy, green, society, coordination, innovation, and openness to measure the typical regional Yangtze River Delta region. An et al. (2022) constructed a system of indicators to measure high-quality development of the marine economy based on efficiency, coordination, innovation, sustainability, openness, and shareability and identified coordination, sustainability, and innovation as the main drivers. Zhang et al. (2024b) point out that marine industrial agglomeration has a significant role to play in promoting the high-quality development of the marine economy, which is mainly promoted through four aspects: innovation, coordination, openness and inclusiveness. Liu et al. (2021b) pointed out that the impact of marine technological innovation on the high-quality development of the marine economy is non-linear, and after reaching a certain threshold, this promotional effect gradually diminishes. Moreover, scholars have also researched influencing factors such as smog pollution and government governance (Chen, 2010), innovation factor mismatch (Wang and Hu, 2023), digital economy (Cao, 2024; Ming and Peng, 2024), local government environmental regulations (Jia et al., 2023), and government digital transformation (Guo et al., 2024).




2.3 Research on the impact of smart city construction on high-quality economic development

SCC can attract and aggregate innovative resources, driving technological innovation and organizational transformation, thereby promoting urban economies to leap to a high-quality stage (Caragliu and Del Bo, 2019).

From a micro-level perspective, SCC can promote high-quality corporate development by alleviating financing constraints and reducing operational costs (Liu and Liu, 2022). Additionally, it enhances the high-quality development of export trade through the shared effect of domestic intermediate inputs, the variety effect of imported intermediate goods, and the technological innovation effect (Xie and Gao, 2023).

From a macro-level perspective, SCC has significantly improved the quality of urban development (Zhao and Wu, 2020), Liu et al. (2021a) from a perspective of resilient development also reached similar conclusions and pointed out that existing the positive spatial spillover effect of smart city pilot policy. SCC not only enhances high-quality economic development by impacting the dynamics and outcomes of economic growth (Zhang and Zhao, 2021),but also promotes industrial structure upgrades, stimulates entrepreneurial vitality, strengthens urban resilience, and increases technological investment, all contributing to high-quality economic development (Zhang et al., 2024a; Zhan and Li, 2022; Ma, 2024). Moreover, the development of digital technology and the new generation of information technology industries has led to a demand for highly skilled workers, forcing the labor market to upgrade its skills, boosting the overall level of human capital in the region (Guo et al., 2023) and contributing to high-quality economic development.

Based on the literature review above, it can be found that academia has already laid a certain foundation for research on SCC, high-quality economic development, and the impact of SCC on high-quality economic development, which provides an important reference for the research in this paper. However, there is a lack of in-depth research on the high-quality economic development of coastal cities. Therefore, the possible marginal contributions of this paper are mainly as follows: First, the focus of the research is concentrated on the coastal region. Second, this paper not only describes the impact of smart cities on the high-quality development of coastal cities’ economies through technological innovation, industrial structure upgrading and resource allocation optimization on the supply side, but also illustrates the promotion of high-quality development of coastal cities’ economies through the release of residents’ consumption potential on the demand side. Third, considering that coastal cities belong to different port clusters, analyzing port cluster heterogeneity helps promote coordinated development between coastal cities and across port clusters.





3 Theoretical mechanisms and research hypotheses

SCC, as a new model of urban development, plays a crucial role in promoting high-quality economic development. Smart cities possession the capacity of pool and leverage innovative resources, which is a fundamental force to promote technological advancement and organizational transformation precisely (Ma, 2024). And coastal cities construction relies precisely on the rapidly transformation and upgrading of traditional urban organizations to promote high-quality urban economic development continually.

Smart cities accelerate the development of digital infrastructure in coastal cities by introducing new-generation information technologies and digital platforms. The rapid development of digital infrastructure not only significantly enhances corporate innovation capacity (Yang et al., 2024b) but also boosts overall urban innovation capabilities (Wang and Deng, 2022). At the same time, the development of information infrastructure transforms the original ways resources are combined and connected, reducing contract, agency, and governance costs in the innovation process, cognitive differences was decreased, and establishing an efficient, boundaryless, open innovation network for innovation subjects, stimulates knowledge and creativity exchanges, enhancing the innovation capacity and efficiency of all actors (Zhao et al., 2022). In addition, substantial financial support for the construction of smart cities has led to a greater concentration of innovative elements in the pilot cities, which has contributed to the efficiency of local innovation and creativity (Wang et al., 2022), and boosting coastal cities high-quality economic development. Drawing on the above, this paper proposes:

Hypothesis 1: Smart city construction promotes high-quality economic development by enhancing technological progress and innovation efficiency.

Smart cities, as a product of the high integration of informatization and urbanization, promote the development of emerging industries such as the Internet of Things (IoT), big data, cloud computing, new energy, and information materials. The efficient informatization environment significantly reduces the operating costs of traditional industries, increases productivity, and accelerates the digital transformation of enterprises, thereby optimizing the overall industrial structure (Zhang et al., 2024a). As the industrial structure improves, overall operational efficiency and productivity levels are effectively enhanced (Wang et al., 2024a). SCC optimizes the spatial distribution and structural configuration of industries (Wang and Liu, 2024), mitigating the negative impacts of rapid urbanization in coastal areas on a spatial level (Tian and Zhang, 2024), and thus promoting high-quality economic development. Based on the above, the hypothesis is proposed as follows:

Hypothesis 2: Smart city construction promotes high-quality economic development by driving industrial structure upgrades.

SCC relies on IoT, big data, mobile internet, cloud computing, and other new-generation information technologies and high-tech industries, to achieve the agglomeration of factors of production and the optimization of the structure of resource allocation (Gong et al., 2023). This promotes the transformation of coastal industries toward informatization, networking, and digitalization, reducing resource waste and improving factor allocation efficiency (Zhang and Zhao, 2021). Smart city development can significantly enhance capital allocation efficiency (Cui et al., 2024) and alleviate labor factor mismatches (Cao et al., 2023; Chen et al., 2024), increasing the mobility of factors, allowing more capital and high-quality labor factor to flow into more productive sectors, thereby continuously improving total factor productivity. Additionally, smart cities provide the support for government management of intellectualization, reducing public resource waste caused by information asymmetry thus promoting high-quality urban economic development. Based on the above, this article proposes:

Hypothesis 3: Smart city construction promotes high-quality economic development by optimizing resource allocation.

SCC drives the development of emerging industries such as IoT, big data, cloud computing, and artificial intelligence, optimizing the industrial structure and consumption environment, thus satisfying the basic consumption needs of residents. At the same time, diverse and personalized consumption demands are unleashed (Zeng and Zhong, 2021). The application of emerging technologies breaks the traditional limitations of time and space, reduces transaction costs, allowing the market to adjust product prices more effectively, thereby enhancing consumer motivation and increasing current consumption expenditures (Du, 2017; Huang and Dou, 2024). The development of digital information technology helps mitigate information asymmetry, optimizing consumer decision-making. Meanwhile, the widespread use of mobile internet and the rapid development of digital payment platforms improve consumer habits and consumption quality (Li et al., 2020; Zhong and Zeng, 2022). Additionally, SCC continues to foster new high-tech and high-quality products, new-consumer demand is created. The emergence of new economic forms, such as smart healthcare and smart governance, also improves the quality of life, especially for disadvantaged groups (Makkonen and Inkinen, 2024). High-quality urban public services attract more floating populations to settle and promote the development of coastal tourism, driving local consumption growth and promoting high-quality economic development (Yang et al., 2024a). Therefore, another hypothesis is proposed as follows:

Hypothesis 4: Smart city construction promotes high-quality economic development by release the consumption potential of residents.

Based on the analysis above, the theoretical analysis frame as shown in Figure 1.


[image: Flowchart showing the impact of smart city construction on high-quality economic development in coastal cities. Key factors include technological progress, industrial transformation, resource optimization, and consumption potential. Positive influences are outlined as technological innovation, structural upgrading, resource optimization, and enhanced consumption. Each positive influence links back to smart city construction initiatives like high-tech industries, digital infrastructure, efficient information environments, and personalized demand stimulation.]

Figure 1 | Theoretical analysis frame.






4 Research design



4.1 Model setup

This paper treats the smart city pilot policy as a quasi-natural experiment. Since the smart city pilot were conducted in three batches and the traditional DID model assumes that all individuals in the treatment group begin to receive policy shocks at exactly the same point in time, it cannot deal with the problem of inconsistency in the point in time at which individuals in the treatment group receive the treatment. Therefore, the TV-DID model (Callaway and Sant’Anna, 2020) is used to assess the impact of SCC on high-quality economic development in this paper.

Following the basic steps of the TV-DID model, two dummy variables are constructed: (1) Group dummy variable: the treatment group includes cities selected as smart city pilot, which are assigned a value of 1; the control group includes non-pilot cities, assigned a value of 0. (2) Policy time dummy variable: set to 1 after the city was approved as a smart city pilot, and 0 before approval. To mitigate the omitted variable bias, a two-way fixed effects model is used in this paper. Based on the above analysis, the TV-DID model is set as follows:

[image: The image shows an equation: \( GTFP_{it} = \alpha_0 + \alpha_1 SCC_{it} + \beta \text{controls}_{it} + \Theta_t + \mu_i + \varepsilon_{it} \), labeled as equation (1).] 

In formula (1), GTFP represents the dependent variable, high-quality economic development, measured by equation (2) - (4); i represents cities, and t represents years; [image: It looks like you referenced a specific image, but it was not uploaded. Please try uploading the image again, and I will help you with the alternate text.]  is the constant term; [image: Please upload the image or provide a URL so I can help create the alt text for it.]  is the coefficient for the impact of smart city pilot policies on high-quality economic development, which is the core estimation coefficients in this paper; [image: Mathematical notation showing "SCC" with subscripts "i" and "t".]  is the interaction term representing the smart city policy dummy variable; [image: Greek letter beta in italic font.]  represents the estimated coefficients of the control variables; [image: Text in italics displaying "controls" with subscript letters "i, t".]  represents the control variables; [image: Hand-drawn number "9" with a slightly curled loop, resembling an artistic or calligraphic style.]  is the time fixed effect; [image: Lowercase Greek letter mu followed by a subscript lowercase i.]  is the city fixed effect; and [image: Lowercase Greek letter epsilon with subscripts i and t.]  is the random error term.




4.2 Variable descriptions



4.2.1 Dependent variable

High-quality economic development is a comprehensive concept that covers not only economic factors but also other non-economic. The measurement results vary significantly due to the subjective selection of indicators. While TFP is the core indicator to represent the quality of economic development in modern economics and is the driving force for long-term sustainable economic growth. Drawing on the research approach of Zhan and Li (2022), this paper constructs green total factor productivity (GTFP) to measure the level of high-quality economic development, with the specific indicators shown in Table 1.


Table 1 | Measurement of high-quality economic development.

[image: A table with three columns titled "Dimensional," "Elementary," and "Basic indicators." Under "Input," "Elementary" includes Labor, Capital, and Energy. Labor is indicated by the number of persons employed in urban establishments. Capital is represented by physical capital stock. Energy is shown as electricity consumption of society. Under "Output," "Elementary" includes Expected outputs, represented by real urban GDP, and Non-expected outputs, defined by industrial dust emissions, wastewater discharge, and sulfur dioxide emissions.]

The super-efficiency SBM-GML model is used to measure high-quality economic development level (GTFP). Compared to the traditional SBM model, the super-efficiency SBM model (Tone, 2002) can solve the issue of ranking when multiple decision-making units (DMUs) have efficiency values of 1, reflects the static efficiency of the GTFP.

The specific calculation formula is as follows:

[image: A mathematical formula is shown. It starts with the objective function maximization of \(\theta^*\), defined as \(\sum_{j=1}^{n} \lambda_j y_{j0}^{\circ} + \sum_{j=1}^{n} \lambda_j y_{j0}\) divided by \(\frac{1}{1+\theta^*}\left(\sum_{i=1}^{k} \frac{x_{i0}^{\circ}}{x_{i0}}\right)\). Constraints include \(x_i \geq \sum_{j=1}^{n} x_{ij} \lambda_j\), \(y_q^{\circ} \leq \sum_{j=1}^{n} y_{qj}^{\circ} \lambda_j\), \(\lambda_j \geq 0\), among others, for specified ranges of \(i, q, j\). The equation is marked as (2).] 

Where x is the input variable of each decision-making unit, y represents the output variables, i and q represent the number of input and output indicators, [image: The image shows the mathematical expression: an overlined x and y raised to the power of eight.]  and [image: Mathematical expression showing the lowercase letter "y" with a superscript "b" and a horizontal bar over both characters.]  are slack variables for input, desirable output, and undesirable output, respectively, and [image: Mathematical symbol representing lambda subscript y, denoting a particular instance or value related to lambda in mathematical contexts.]  is the weight vector for input and output. [image: Mathematical notation showing the symbol "p" with a tilde and a superscript star, representing a specific variable or parameter, possibly in statistics or physics.]  is the efficiency value of the DMU, indicating the GTFP efficiency of each city. The larger [image: Mathematical notation depicting a variable \( p \) with a tilde below it and an asterisk above, possibly indicating a modified or optimized parameter in a formula.] , the higher the efficiency. When [image: The image depicts a mathematical expression consisting of the Greek letter rho with a tilde below it and a star symbol above it.]  < 1, it indicates that the DMU is inefficient; if [image: Mathematical notation showing the Greek letter rho with a superscript star and a subscript G.]  = 1, it means the DMU is fully efficient; if [image: Mathematical notation of a lowercase letter 'p' with a tilde and an asterisk above it.] , it implies that either reducing output or increasing input can still lead to efficiency.

The GML index with cross-period comparability characteristics and allows for inconsistent rates of increase or decrease in desirable and undesirable output. The super-efficient SBM model measures efficiency values that respond to static changes, while the GML index is a dynamic change in efficiency over time measured on the basis of static efficiency values, and when the GML index is >1, it represents an increase in GTFP, and vice versa for a decrease. The GML function expression is:

[image: The formula shown is for GM efficiency at time t+1, which is calculated as the ratio of \(1 + D^G(x^t, y^t, b^t, y^t, -b^t)\) over \(1 + D^G(x^{t+1}, y^{t+1}, b^{t+1}, y^{t+1}, -b^{t+1})\), marked as equation (3).] 

The base period (2003) GTFP is set to 1 and the GTFP for each period (2004-2021) is obtain by cumulative multiplication of the GML index. The cumulative multiplication formula is as follows:

[image: The equation shows GTFP subscript t equals the product notation from i equals 1 to t of GML subscript i, indicated as equation four.] 

Based on the constructed GTFP evaluation index system, the results of GTFP for 53 coastal cities and five port clusters in China from 2004 to 2021, with 2003 as the base year, are shown in Table 2 (the GTFP here shows the annual average).


Table 2 | Average annual GTFP of China’s coastal cities and five major port clusters, 2004-2021.

[image: Table displaying Green Total Factor Productivity (GTFP) from 2004 to 2021 across various regions: Coastal Cities, Bohai Rim, Yangtze River Delta, Southeast Coast, Pearl River Delta, and Southwest Coast. Each column lists annual GTFP values for each region. The table highlights differences in productivity trends over the years and between the regions.]

From Table 2, we can see that the GTFP of China’s coastal cities and five major port clusters exhibited a trend of initial increase, followed by a slight decline, and then further growth from 2004 to 2021. The Bohai Rim and Pearl River Delta regions showed the most significant overall increases. In contrast, the Southeast coast and Southwest coast experienced more modest gains. The Yangtze River Delta also demonstrated steady growth. These trends suggest that while GTFP improved across regions, progress varied due to differing regional conditions and policy impacts.




4.2.2 Core independent variable

The Ministry of Housing and Urban-Rural Development of the People’s Republic of China proposed the vision of SCC in 2009 and officially launched the smart city pilot program in 2012. The second and third batches were announced in 2013 and 2015, respectively, greatly promoting the development of smart cities. This paper uses city-level panel data to evaluate the impact of smart cities on high-quality economic development. It draws on the data processing method of Shi et al. (2018), excluding cities where a specific county or district within the city was designated as a pilot. Through screened, 15 smart city pilot cities were identified out of the 53 coastal cities, set to the treatment group, while the remaining non-pilot cities is the control group (Figure 2).


[image: Map of China's eastern and southeastern regions highlighting smart cities from 2012 to 2014 and a control group. Guangxi, Guangdong, Hainan, Fujian, Zhejiang, Jiangsu, Shandong, Hebei, Liaoning, and Tianjin are marked. A legend indicates different shades for each category. An inset shows the South China Sea.]

Figure 2 | Coastal smart city pilot cities.






4.2.3 Control variables

Several variables that have an impact on high-quality economic development of smart city are included as control variables in the economic model. Referring to existing studies, this paper controlled seven key factors for the following Table 3.


Table 3 | Control variables and Interpretation.

[image: Table listing variables with their interpretations and an indication of flat measurement. Variables include: economic development, human capital, science education, financial development, industrial structure, information infrastructure, and openness. Each is measured differently, such as GDP, student numbers, education expenditure, loan balance, tertiary industry proportion, internet subscribers, and foreign capital. Flat measurement varies among these variables.]





4.3 Data and descriptive analysis of variables

Considering the data availability, panel data from 53 coastal cities from 2003 to 2021 were selected as the research sample. The treatment group includes 15 cities, while the remaining 38 cities is the control group. The lists of smart city pilot cities come from the Ministry of Housing and Urban-Rural Development of the People’s Republic of China. Other relevant data are sourced from the China City Statistical Yearbook, China Urban Construction Statistical Yearbook, China Urban and Rural Construction Statistical Yearbook, the EPS database, and the CSMAR database. Missing values in the data are filled in using interpolation. Descriptive statistics analysis for all dependent, core independent, and control variables are shown in Table 4.


Table 4 | Definition of variables and descriptive statistics.

[image: Table displaying variables categorized as explanatory, core explanatory, and control, with columns for observations, mean, standard deviation, minimum, and maximum. Variables include high-quality economic development, smart city construction, level of economic development, human capital, level of science education, financial development, industrial structure, information infrastructure, and degree of openness, each with 1,007 observations.]





5 Empirical results analysis



5.1 Benchmark regression analysis

Table 5 reports the results of the benchmark regression model (1). From the results in column (1), before adding control variables and fixed effects, the coefficient of impact of smart cities development on high quality economic development of coastal cities is 0.288, which is significant at 1% level. In column (2), after only adding control variables and the estimated coefficient changes to 0.146 and significance is unchanged. In column (3), after further adding city and year fixed effects, the results is still a significant positive correlation, the estimated coefficient is 0.135. This indicates that SCC significantly promote high-quality economic development of coastal cities.


Table 5 | Benchmark regression results.

[image: Table comparing three regression models with the dependent variable "GTFP." Each model's coefficient for SCC is listed with standard errors below: Model 1 (0.288, 0.0369), Model 2 (0.146, 0.0367), Model 3 (0.135, 0.0404). Controls are included in Models 2 and 3. City and year effects are only included in Model 3. The number of observations is 1,007 for all models. R-squared values are 0.057, 0.199, and 0.567, respectively. Significance levels are indicated by asterisks.]




5.2 Robustness tests



5.2.1 Parallel trend test

The effectiveness of the DID model relies on the parallel trend assumption, meaning there should be no trend difference between the treatment and control groups before the exogenous policy shock. To verify if the model meets the parallel trend requirement, this paper incorporates dummy variables for three years before and eight years after the implementation of the smart city pilot policy in the model. The short, capped lines perpendicular to the horizontal axis are the 95 per cent confidence intervals of the regression coefficients of the cross-multiplier terms for the number of periods and the treatment group dummy variable. The parallel trend test graph (Figure 3) show that the confidence interval contains a 0-axis with a non-significant coefficient before the policy was implemented, indicating that there was no significant difference between the treatment and control groups. After the implementation of the policy in 2012, although the coefficient is still insignificant, there is a significant upward trend compared to the previous three years. After 2018, the confidence interval does not include the 0-axis and the coefficient is significant, indicating that the implementation of SCC has created a significant gap between the level of high-quality economic development between the control and the control groups.


[image: Line graph showing regression coefficients and confidence intervals from 2009 to 2019. A vertical dashed line marks 2012. Values remain near zero from 2009 to 2011, then increase gradually from 2012 onward, peaking in 2019. Error bars indicate variability.]

Figure 3 | Parallel trend test results.






5.2.2 PSM-DID test

To address differences in trends between smart cities and other cities, reduce sample selection bias, and counteract TV-DID estimation bias, a PSM-DID approach is used for robustness test. PSM helps eliminate sample selection bias, while DID effectively addresses endogeneity. Before conducting PSM-DID, a propensity score matching effectiveness test is also required. The 1:1 kernel matching method is employed, and Table 6 and Figure 4 demonstrates no significant differences between the treatment and control groups after matching, providing support for the robustness of the PSM-DID model. According to the density function plot of propensity score matching, the probability density of propensity score values of variables between the treatment group and the control group had a large gap, and after matching, the probability densities between the treatment group and the control group were closer, and the matching effect was better, which indicated that propensity score matching was effective.


Table 6 | Propensity score matching validity test.

[image: Table comparing treatment and control group means for various variables, including lngdp, hc, se, fd, is, ii, and do. Differences are shown with %Bias, T-values, and P-values. Notable differences include %Bias of -9.7 for hc, -8.4 for se, and -16.1 for fd. T-values range from -1.48 to 1.28, with P-values mostly above 0.1.]


[image: Two graphs compare kernel density estimates against propensity scores for experimental and control groups. Chart (a) shows differences before matching, with separate peaks for both groups. Chart (b) displays results after matching, indicating closer alignment between the groups' densities.]

Figure 4 | Propensity score matching density function plot.



Before conducting the regression, this paper conducted the existence test of city fixed effects, time fixed effects and city time double fixed effects, and the results show that after PSM, the new sample data only have city fixed effects. Therefore, in the TV-DID regression based on PSM, only city-fixed effects are included. The regression results, as shown in Table 7, confirm that SCC continues to have a significantly positive effect on high-quality economic development in coastal cities, supporting the benchmark regression results.


Table 7 | PSM-DID test results.

[image: A table displaying regression results for the variable GTFP. SCC's effect size is 0.0935 with a standard error of 0.0567. Controls and City effect are both marked as "Yes." Observations total 621, with an R-squared value of 0.566. Significance at the ten percent level is indicated by an asterisk, with numbers in parentheses representing standard errors.]




5.2.3 Placebo test

To ensure the net effect on high-quality economic development is solely due to the smart city pilot policy, an indirect placebo test is conducted. This test performs 500 (a) and 1,000 (b) random simulations on the timing and cities involved in the policy, on the basis of which regression analyses are done on high-quality economic development, derive a distribution figure of spurious regression coefficients. The horizontal dashed line indicates the significance level P=0.1, and a scatter below this dotted line indicates that the coefficients are significant at least at the 10 per cent level, and vice versa. Figures 5A, B show that the spurious regression coefficients are clustered around zero and normally distributed, and that the P values for most of the coefficients after randomization lie above the P value = 0.1 line, indicating that most of the coefficients are not significant at least at the 10% level. It shows that the impact on high quality economic development is fully attributable to the implementation of the smart city pilot policy. The placebo test passes, confirming the robustness of the benchmark regression results.


[image: Two side-by-side charts compare the distribution of p-values and k-density beta for simulations. Chart (a) depicts 500 random simulations, and chart (b) shows 1,000 simulations. Both charts have horizontal axes labeled b[Did] and vertical axes with p-values on the left and k-density beta on the right. Data points and density curves show similar bell-shaped distributions in both charts. A legend distinguishes p-values as blue dots and k-density beta as red lines.]

Figure 5 | Distribution of Placebo Test-Spurious Coefficients.






5.2.4 Excluding other policy interference

The “Sponge City Pilot” policy launched in 2014 and the policy on promoting urban underground utility tunnels in 2015 are closely related to the research in this paper. Drawing on the research approach of Bai and Liu (2018), add to dummy variables for sponge cities and utility tunnel cities in the benchmark regression model to reduce estimation bias. The regression results, as shown in Table 8, demonstrate that, after controlling for these two policies, the positive impact of SCC on high-quality economic development remains significant, validate the benchmark regression results again.


Table 8 | Robustness test: Excluding other policy disturbances.

[image: Table showing regression analysis results for three models on the variable GTFP. Variables include SCC, Sponge Cities, and Integrated Corridor, each with significant coefficients and standard errors. Models differ by controls, city, and year effects. Observations number is one thousand seven, and R-squared values range from 0.117 to 0.585. Significance is indicated by *, **, and *** for the 10%, 5%, and 1% levels, respectively.]




5.2.5 Endogenous treatment

The regression model may have endogeneity problems due to omitted variables, measurement bias, and reverse causation, etc., and the possible endogeneity problems have been dealt with in the previous section. First, the super-efficient SBM-GML index is used to measure the level of high-quality development of China’s economy, and authoritative data from the national as well as prefecture-level municipal statistical bureaus are used as the data source to minimize the estimation bias on the regression results due to data quality. Second, PSM-DID is adopted to alleviate the endogeneity problem caused by the self-selection bias of pilot policies.

To make the estimation results more credible, this paper further utilizes instrumental variables (IV) to further deal with the possible endogeneity problem by using SCC lagged one period as an instrumental variable, and the two-stage least squares method (IV-2SLS) for the regression. To examine the validity of the instrumental variables, the unidentifiable test, weak instrumental variable test, and endogeneity test were conducted. The results of the two-stage regression are shown in Table 9.


Table 9 | Endogenous treatment result.

[image: Table showing results of a Two-Stage Least Squares (2SLS) analysis with variables SCC and IV. The first stage IV coefficient is 0.869 with a standard error of 0.1695. The second stage SCC coefficient is 0.199 with a standard error of 0.0482. Both stages passed identification tests, with the Cragg-Donald Wald F statistic at 2628.51. Controls for endogeneity, city, and year effects are included. Observations total 954. Significance levels are indicated by asterisks.]

The results in Table 9 reject the under-identification and weak instrumental variables and exogenous hypotheses for explanatory variables, indicating that this SCC lag one period is reliable as an instrumental variable. The first stage regression reveals the instrumental variable as an explanatory variable, and the regression result for high quality economic development in coastal cities is significantly positive at the 1% level. The second stage regression reveals dummy SCC as an explanatory variable and the regression result is still significant at the 1% level. It shows that smart cities can enhance the high-quality development of coastal cities’ economy by solving endogenous problems.





5.3 Heterogeneity analysis



5.3.1 Heterogeneity by city size

In 2014, the State Council issued the Notice on Adjusting the Standards for City Size Classification, classifying cities into five categories and seven levels based on the permanent resident population in urban areas. According to this classification, this study categorizes 55 coastal cities into small cities, medium cities, and large cities to examine the differential impact of SCC on high-quality economic development across different city sizes. The results are shown in Table 10.


Table 10 | Heterogeneity analysis: City size heterogeneity.

[image: Table comparing variables across small, medium, and large cities for GTFP. SCC values: small (-0.177), medium (0.155*), large (0.124**). Standard errors in parentheses. Controls, city effect, and year effect are all "Yes" across categories. Observations: small (76), medium (380), large (551). R-squared values: small (0.497), medium (0.600), large (0.604). Significance levels, represented by asterisks, range from 10% (*) to 1% (**).]

Table 10 indicates that SCC has a negative and insignificant impact on high-quality economic development in small cities. In medium-sized cities, the impact is positive and significant at the 10% level, while in large cities, the effect is more pronounced, with significance at the 5% level. The potential reason is that large cities generally have higher levels of economic development, stronger technological innovation capabilities, and greater human capital, accelerating the pace of SCC and better matching urban needs. This leads to a more pronounced positive effect on high-quality economic development. In contrast, medium-sized cities, while benefitting from SCC, still lag behind large cities in urbanization, human capital, factor allocation, and industrial transformation. While small cities face more challenges, not only including economic, human capital, industry, and resource allocation issues, but also shortcomings in informatization, technological innovation, and transportation. These large gaps hinder the pace of SCC in these areas, requiring substantial investment and resulting in a negative and insignificant impact.




5.3.2 Heterogeneity by scientific and educational levels

Universities as important research bases that provide valuable scientific and educational resources for high-quality economic development. Draw on the approach of He and Ma (2021), based on whether have a “211 Project” university, dividing the coastal cities into high-science and education cities and low-science and education cities. Table 11 shows that in cities with low scientific and educational levels, SCC has a significant positive impact on high-quality economic development. However, in cities with high scientific and educational levels, the impact is insignificant. This may be because high-level scientific and educational cities already have more mature urbanization, resources, and technological, making the marginal contribution of smart cities to high-quality economic development relatively small.


Table 11 | Heterogeneity analysis: Heterogeneity in the level of science and education.

[image: Table comparing variables for low and high levels of SE under GTFP. For SCC, values are 0.174 with significance and 0.130. Both columns have controls, city, and year effects. Observations are 855 and 152, with R-squared values of 0.562 and 0.788, respectively. Numbers in parentheses are standard errors; asterisks indicate significance at 10%, 5%, and 1% levels.]




5.3.3 Heterogeneity by port cluster

The Ministry of Transport has formulated the “National Coastal Port Layout Plan” based on the economic development status and characteristics of different regions, the current conditions of ports, the transportation relationships among ports, and the economic feasibility of major cargo transportation. This plan categorizes China coastal ports into five port clusters: the Bohai Rim, the Yangtze River Delta, the Southeast Coast, the Pearl River Delta, and the Southwest Coast. Based on this layout plan, 53 coastal cities are grouped into the five port clusters for heterogeneity analysis.

According to the results in Table 12, SCC significantly promotes high-quality economic development in coastal cities belonging to the Bohai Rim and Yangtze River Delta port clusters. This may be due to the better economic development in these regions, the high efficiency resource allocation of various production factors, the reasonable layout of the industrial structure and greater capacity of technological innovation that enable SCC to effectively contribute to high-quality economic development. However, the impact is insignificant for cities in the southeast and southwest coastal port clusters and even negative for cities in the southwest coastal cluster. Cities in the southeast port cluster may face challenges such as insufficient urbanization, inefficiencies in resource allocation, and limited technological innovation, leading to diminished marginal effects of SCC. The Pearl River Delta port cluster shows a negative impact at a 10% significance level. The coastal cities included in the Pearl River Delta port cluster have matured and improved in terms of economic development, efficiency of resource allocation, as well as technological innovation and urbanisation level. In this context, SCC may hinder high-quality economic development.


Table 12 | Heterogeneity analysis: Heterogeneity of port clusters.

[image: Table comparing variables related to GTFP across five coastal regions: Bohai rim, Southeastern coastal, Yangtze river delta, Pearl river delta, and Southwest coast. SCC values, standard errors, and significance levels are provided, along with data on controls, city effect, year effect, observations, and R-squared values. Significance levels are indicated by *, **, and *** for 10%, 5%, and 1% levels, respectively.]





5.4 Mechanism test

To further examine the mechanisms by which SCC promotes high-quality economic development in coastal cities, variables related to technological innovation (tc) and industrial structure upgrading (str) are used, draw on the approaches of Shi et al. (2018) and Du et al. (2020). Technological innovation is measured by the number of patents per capita, and industrial structure upgrading is measured by the ratio of secondary to tertiary industry GDP. Resource allocation is represented by the following variables: degree of openness (do), measured by the ratio of actual foreign capital utilization to GDP; infrastructure level (inf), measured by road area per capita at year-end; financial development level (fd), represented by the ratio of loan to deposit balances; and economic agglomeration (agg), measured by the proportion of entropy in secondary and tertiary industry locations (ratio of the proportion of employees in secondary and tertiary industries in the city to the total number of employees in the city to the proportion of employees in secondary and tertiary industries in the province in which the city is located to the total number of employees in the province). The consumption potential of residents is represented by the actual per capita retail sales of consumer goods in urban areas. The results are shown in Table 13.


Table 13 | Mechanism test.

[image: Table showing coefficients for variables tc, str, do, fd, inf, agg, and cp across seven columns. SCC values are listed with standard errors in parentheses. The R-squared values range from 0.358 to 0.943. Significance levels are marked with asterisks: *, **, and *** for 10%, 5%, and 1% respectively. Controls, city effect, and year effect are present. Observations equal 1,007 per column.]

According to the results in Table 13, in column (1), it’s showing a negative impact of SCC on technological innovation in coastal cities, indicating that SCC may no longer sustain technological innovation for urban development. Focusing solely on technological innovation related to SCC may hinder the overall technological innovation goals of coastal cities, so Hypothesis 1 is not supported. Column (2) indicate that SCC continues to significantly impact industrial structure transformation and upgrading, support Hypothesis 2. Column (3)-(6) indicate that the development of smart cities positively and significantly impacts the degree of openness and infrastructure level, while it negatively and insignificantly affects financial development and economic agglomeration. Overall, SCC optimizes resource allocation in coastal cities, alleviating resource misallocation, support Hypothesis 3. Column (7) indicate that the influence of SCC has a significant positive impact on the resident consumption potential at the 5% level, Hypothesis 4 is valid.





6 Conclusions, policy recommendations and limitations



6.1 Main findings

This paper empirically demonstrates the impact of smart city pilot policies on high-quality economic development using a TV-DID model based on panel data from 53 prefecture-level cities along the coast of China from 2003 to 2021. The study shows that:

	The smart city pilot policy has a significant contribution to the economic high-quality development of coastal cities during the sample period and still holds under robust type tests such as PSM-DID, placebo test, and endogeneity analysis.

	This paper selects technological innovation, industrial structure upgrading, resource allocation (degree of opening up to the outside world, level of financial development, level of infrastructure, and economic agglomeration) and residents’ consumption potential as mechanism variables, and the results show that the construction of the smart city can boost the high-quality development of coastal cities’ economy by promoting industrial structure upgrading and optimizing resource allocation. Technological innovation appears to have limited effectiveness, likely because coastal cities already possess advanced digital platform infrastructure and are highly developed in new-generation information and communication technologies (ICT) such as big data and IoT. This reduces the potential for SCC to drive sustained technological innovation. Nonetheless, SCC, underpinned by data and leveraging advanced ICT, has spurred the emergence of new industries, optimized industrial structures, and promoted economic diversification. Additionally, SCC facilitates the continuous flow of high-quality resources into more productive sectors, enhancing resource allocation efficiency. By mitigating resource mismatches, it improves the operational efficiency of coastal city economies and drives high-quality economic development.

	The policy effects of SCC vary significantly across city sizes, levels of science and education, and belonging to different port clusters. Among them, large cities and above enjoy greater policy dividends from SCC than small and medium-sized cities. This may be attributed to the comparative advantages of large cities in terms of infrastructure, capital resources and innovation capacity, which enable them to better fit the smart city pilot policies to promote high-quality economic development. The policy effects of smart city building are greater for coastal cities with low levels of science and education than for coastal cities with high levels of science and education. This suggests that smart city development may have narrowed the gap between coastal cities with different levels of science and education, providing them with educational and technological support that was previously inadequate or lacking. In terms of the different port clusters, the policy effect of SCC is more pronounced on the high-quality economic development of coastal cities belonging to the Bohai Rim and the Yangtze River Delta than those belonging to the Southeast Coast, the Pearl River Delta, and the Southwest Coast, which is probably due to the lack of effective synergies between port clusters, and the phenomenon of fragmentation not only affects the overall efficiency of the construction of smart cities but also reduces the impact of the policy on the high-quality development of economy.






6.2 Policy recommendations

According to the above conclusions, this paper proposes following policy recommendations.

	Continuing to promote SCC to enhance high-quality economic development. Make full use of the smart city pilot policy to promote the process of SCC. Firstly, the government should provide stable long-term financial support and policy incentives to attract more enterprises and investors to participate in SCC. Secondly, the policy implementation of SCC should be strengthened. In the process of policy implementation, it is necessary to strengthen communication and coordination between the central government and local authorities to avoid a significant reduction in policy effects due to inadequate implementation. It is recommended that a special monitoring and evaluation mechanism be set up to dynamically monitor and evaluate the effectiveness of the pilot policy, so as to ensure that problems are identified, and programs are optimized in a timely manner during the implementation of the policy. Finally, pilot policy funding and technical support need to be upgraded. A special pool of funds should be set up to provide stable financial support for key areas in SCC (e.g., smart transport, smart government and intelligent infrastructure construction); at the same time, social capital and technology enterprises should be encouraged to participate in order to provide diversified resources for SCC. Through these measures, policy dividends can be further released to realize the territory-wide high-quality development of coastal cities.

	SCC should focus on technological innovation and industrial structure upgrading, optimize resource allocation, and release consumption potential of resident, and comprehensively enhance the high-quality economic development of coastal cities. In terms of upgrading the industrial structure, SCC should be used as an opportunity to promote the digital transformation of traditional industries and the cultivation of new industries. Pilot smart cities should focus on creating regional characteristic industrial clusters, transforming traditional industrial chains using technologies such as big data, IoT and artificial intelligence, while increasing policy support for emerging economic sectors (such as smart manufacturing, digital services and new energy industries) to enhance the level of industrial diversification and added value. In terms of resource allocation optimization, it is proposed to build a cross-regional resource synergy platform based on smart technologies to enhance resource flow and allocation efficiency through data sharing, intelligent scheduling and refined management. For example, a smart logistics platform is used to integrate port, railway and air transport resources, reduce logistics costs and improve inter-regional synergy efficiency. To address resource mismatch in coastal cities, priority can be given to guiding high value-added industries to absorb more capital and high-end human resources and improve production efficiency. In terms of unleashing consumption potential, the construction of smart consumption scenarios that are highly relevant to residents’ daily lives, such as smart retail, smart payment and smart travelling, should be accelerated. At the same time, combining with the specialty economies of coastal cities (such as tourism and marine economy), consumption upgrading of local residents and foreign tourists should be promoted. In addition, accurate smart livelihood services (e.g. smart healthcare and online education) can be used to boost residents’ consumption confidence and expand effective demand.

	Formulate differentiated policies to fully harness the potential and strengths of various cities. Firstly, in terms of city scale, priority should continue to be given to supporting the construction of smart cities in large cities, giving full play to their advantages in terms of infrastructure, capital resources and innovation capacity, so as to create a model smart city with international competitiveness. At the same time, in order to prevent small and medium-sized cities from being marginalized due to a lack of resources, special support programs for small and medium-sized cities should be set up to provide technology transfer and financial support to help them overcome the problem of ‘difficult start’ in SCC and narrow the gap with large cities. Secondly, in view of the different levels of science and education in cities, the resources of smart cities in the field of education and science and technology should be strengthened. For cities with a low level of science education, they should focus on promoting the construction of smart education platforms, such as popularizing online learning systems and virtual laboratories, in order to enhance local education and scientific research capabilities; for cities with a high level of science education, they can increase the investment in high-end scientific research projects to promote the continuous breakthroughs in the research and development of smart city technologies, so as to enhance their international competitiveness in the field of smart economy. Finally, in promoting the development of port clusters, the synergistic development of ports should be deepened. Especially in the Bohai Rim and Yangtze River Delta regions, the smart transformation and linkage of port clusters should be further promoted to improve the overall efficiency of the regional economy through the integration of the logistics network, the optimization of the supply chain management and the data sharing platform. For regions such as the Southeast Coast, the Pearl River Delta and the Southwest Coast, synergies within and outside the region should be strengthened to overcome the weakening of policy effects brought about by port fragmentation.






6.3 Limitations and future research directions

Economic high-quality development, as a comprehensive indicator, contains multiple dimensions such as economic, social, and ecological. GTFP, as the core of economic high-quality development, can portray the level of economic high-quality development to a certain extent. In the future, a comprehensive multi-dimensional analysis framework and indicator system can be established to provide a comprehensive measurement of high-quality economic development. Another limitation is that the impact of the smart city pilot policy may take a long time to appear. The static model adopted in this paper may not be able to reflect the full impact of the policy as well as the time-differentiated effects at different stages of development. Therefore, the next study can conduct a comprehensive analysis from both static and dynamic aspects. Finally, in terms of mechanism analysis, future research can further explore the important influencing mechanisms on the demand side and construct the cross-sectional distribution of these mechanisms to study the heterogeneous influence of the mechanisms.
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Footnotes

1Bohai Rim port group, consisting of Liaoning, Tianjin, Hebei and Shandong coastal port clusters

2A group of ports in the southeastern coastal region, dominated by the ports of Xiamen and Fuzhou, including Quanzhou, Putian, and Zhangzhou

3A group of ports in the Yangtze River Delta region, including the ports of Shanghai, Ningbo and Lianyungang as the main ports, and ports along the coast and in the lower reaches of the Yangtze River, such as Zhoushan, Wenzhou, Nanjing, Zhenjiang, Nantong, Suzhou, etc.

4Pearl River Delta (PRD) ports group, comprising ports in the eastern part of Guangdong and the Pearl River Delta (PRD) region

5The group of ports in the southwestern coastal region consists of ports in western Guangdong, coastal Guangxi and Hainan Province.
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Introduction

The sustainable development of marine fisheries has been a major concern, with the carrying capacity of marine fishery resources becoming a focal point of research.





Methods

This study, utilizing remote sensing data, marine capture fisheries catch data, and fishing effort data from 2013 to 2020, aims to determine the maximum sustainable yield using a surplus production model and provide a comprehensive assessment of the status and potential of China’s marine fishery resources.





Results

The results indicate that China’s marine fishery resources exhibit significant regional variability, with the East China Sea contributing the largest share of catch and maintaining sustainability, while regions such as the South China Sea, Yellow Sea, and Bohai Sea have exceeded their ecological carrying capacities. Correlation analysis highlights that nutrient levels and water quality (e.g., chemical oxygen demand) are critical for resource stability, while the distribution and management of protected areas further influence carrying capacity.





Discussion

This study contributes to the development of more effective fishery policies, aiming to balance economic benefits with ecological health. By understanding these dynamics, policymakers can better address the challenges facing sustainable marine fisheries.





Keywords: marine fishery resources, fishing effort, surplus production models, carrying capacity, correlation analysis, sustainable marine fisheries




1 Introduction

Sustainable management of marine fisheries is essential for maintaining ecological balance and supporting human livelihoods, particularly in regions where fishing plays a significant economic role (Pauly et al., 1998; FAO, 2020; Kemp et al., 2023). China’s coastal and offshore waters are among the most productive globally, supporting a rapidly expanding fishing industry that has developed significantly over the past few decades (Shen and Heino, 2014). However, increasing demand for fish products and the growing capacity of fishing fleets have placed unprecedented pressure on Chinese marine fisheries, raising concerns about resource depletion, ecosystem degradation, and the sustainability of fishery resources (Han, 2018; Tang et al., 2016; Szuwalski et al., 2017; Chen et al., 2018; Yin et al., 2024). In response, marine resource management practices in China have made some advances, including improved regulations and monitoring systems (Shen and Heino, 2014; Chen et al., 2023; Yue et al., 2023), but the challenges of sustainable fishery resource management, particularly in terms of accurately assessing and managing the carrying capacity of marine ecosystems, remain substantial.

Carrying capacity, in the context of marine ecosystems, refers to the maximum population of fish that an ecosystem can support without undergoing degradation (Odum, 1997; Wang et al., 2022). Estimating this capacity is essential for preventing overexploitation and ensuring the sustainability of fishery resources. A common approach to assess carrying capacity is through the use of surplus production models (SPMs), which estimate the maximum sustainable yield (MSY) —the highest catch that can be maintained over time without depleting the fishery (Hilborn and Walters, 1992). The MSY serves as a critical benchmark in fishery management, offering insights into the capacity of marine resources to support fishing activities. By providing a quantitative estimate of the MSY, SPMs allow researchers and policymakers to evaluate the sustainability of current fishing practices and help develop management strategies to maintain fish stocks within sustainable limits (Jacobson et al., 2002; Kokkalis et al., 2024). However, most studies using SPMs and MSY focus on single species or specific regions, often neglecting the broader, more complex interactions within entire marine ecosystems (Wang and Liu, 2013; Stäbler et al., 2016; Derhy et al., 2024; Sultana et al., 2023).

Recent studies have called for a more integrated approach that applies MSY not only at the species level but also across larger geographic scales, incorporating ecosystem dynamics to better understand the carrying capacity of marine fisheries on a broader level (Fulton et al., 2022; Sun et al., 2020; Demirel et al., 2020; Griffiths et al., 2024). Comprehensive assessments of fishery resource carrying capacity across entire marine regions remain scarce, particularly for large, productive areas such as China’s waters, where systematic evaluations are needed to inform sustainable management strategies.

This study applies the surplus production model as a key tool to estimate the MSY for marine fishery resources in Chinese waters. Using extensive data collected from statistical yearbooks, we analyze marine fishery catch trends over the past eight years. The estimated MSY is then employed to construct a carrying capacity evaluation model that assesses the current status of China’s marine fisheries, followed by an analysis of the factors influencing this status. The goal of this research is to provide a scientific basis for managing marine fishery resources in China, as well as to offer insights that may benefit global fisheries management.




2 Materials and methods



2.1 Data resource

The data used in this study primarily includes marine fishery catch data, fishing effort, environmental factors, aquaculture distribution data and protected area information from 2013 to 2020. The main sources of data are the China Fishery Statistical Yearbook, Global Fishing Watch (GFW), China Marine Ecological Early Warning Monitoring Surveys, and official reports from provincial government websites (Table 1).


Table 1 | Summary of data sources used in the study.

[image: Table displaying data types, sources, and summaries. Categories include catch data from China Fishery Statistical Yearbooks, daily fishing operation times from Global Fishing Watch, environmental metrics from China Marine Surveys, aquaculture distribution from national records, and protected area data from provincial reports. The summaries provide details such as data content and updates.]



2.1.1 Catch data

Catch data used in this study were sourced from the China Fishery Statistical Yearbooks (Bureau of Fisheries of Ministry of Agriculture and Rural Affairs of China, 2014– 2021). The data are collected through standardized government surveys and compiled by provincial and national fishery bureaus. Although the accuracy of catch statistics available from these Yearbooks has been questioned in the past, with suggestions of over-reporting domestic fisheries production, it is also acknowledged that “a more effective statistical system for domestic fisheries has been developed” (Pauly et al., 2014). Indeed, there have been three major adjustments in the China Fishery Statistical Yearbooks throughout this period of years to reduce past inaccuracy and uncertainty in reported catches, accompanied by timely updating of China’s fisheries data based on these adjustments in the Food and Agriculture Organization of the United Nation’s (FAO) global capture production database. Detailed revision information about China’s fisheries data has been described by its Fisheries Bureau of the Ministry of Agriculture and Rural Affairs (1999).




2.2.2 The fishing effort data

The fishing effort data is represented by the total annual fishing hours of Chinese vessels. This data was derived by filtering the daily fishing vessel operation time provided by GFW to include only vessels registered in China (Global Fishing Watch, 2021). The Global Fishing Watch dataset is a globally recognized platform that utilizes Automatic Identification System (AIS) signals from fishing vessels, combined with advanced algorithms, to monitor fishing activities worldwide. This dataset provides detailed spatial resolution (10th-degree grids) and temporal resolution (daily) of fishing effort, including vessel locations, activity intensity, and fishing types. GFW collaborates with international organizations such as the Food and Agriculture Organization (FAO) and regional fishery management bodies, ensuring alignment with global fisheries management standards. Its data have been widely cited in peer-reviewed publications and used for policy-making in fisheries management.




2.2.3 Environmental monitoring data

Environmental monitoring data was collected from the 2013–2020 China Marine Ecological Early Warning Monitoring Surveys. China Marine Ecological Early Warning Monitoring Surveys provide comprehensive data on marine ecological changes, focusing on three aspects: trend monitoring of large-scale, long-term changes; thematic monitoring of specific regions or ecological issues; and research-oriented monitoring supporting restoration and disaster management. Key indicators include seawater quality (e.g., nutrients, pH), hydro-meteorological factors (e.g., temperature, salinity), and biological metrics (e.g., biodiversity, habitat conditions). This study used the data of sea surface temperature (SST), pH, dissolved inorganic nitrogen (DIN), phosphate (PO43-), dissolved oxygen (DO), chemical oxygen demand (COD), and chlorophyll-a (chl a) concentrations from 2,041 stations. The monitoring framework is guided by annual work plans and coordinated by the Ministry of Natural Resources, with coastal provinces and marine research institutions responsible for conducting the surveys. To ensure data consistency and reliability, all monitoring activities adhere to national protocols, such as the Specifications for Oceanographic Survey—Part 4: Survey of Chemical Parameters in Seawater (GB/T 12763.4-2007) and the Specification for Marine Monitoring—Part 4: Seawater Analysis (GB 17378.4-2007). A rigorous quality control system is in place, including regular training and multi-level review processes. After completing three levels of review—local, regional, and national—the data are submitted to the national data management agency for final validation and approval before being authorized for use.




2.2.4 Aquaculture distribution data

Aquaculture distribution data used in this study were obtained from sea area ownership records. These records include detailed information on the spatial distribution of aquaculture activities, licensing, and usage rights for designated marine areas. The data collection process adheres to national standards and guidelines to ensure consistency and reliability, forming a robust basis for assessing aquaculture’s role in marine resource management.




2.2.5 Protected area data

Data on marine protected areas (MPAs) were obtained from official provincial reports, which document MPA designations, sizes, and management measures. Provincial natural resource authorities organize the designation and delineation of protected areas based on unified rules set by the National Forestry and Grassland Administration. Following expert evaluation and approval, the finalized information is submitted to the National Forestry and Grassland Administration for record-keeping. These records were used to assess spatial coverage and protection impacts.





2.2 Model calculate

The surplus production model of Schaefer (1954) was applied in this study to the per annum total catch in tons and standardized number of fishing units. This model considered the stock as one big unit of biomass.

The Schaefer model expresses the relationship between catch yield (Y) and fishing effort (E) using a quadratic function:

[image: The mathematical equation \( Y = a \times E - b \times E^2 \).]	

Where:

Y: the catch yield.

E: the fishing effort.

a and b are model parameters that are determined by fitting the data.

Using the Least Squares Method to estimate the optimal values for a and b, which minimizes the sum of squared errors between the predicted and actual values. Once the parameters a and b are determined, MSY and the corresponding fishing effort (Emsγ) can be calculated.

The fishing effort at Emsγ occurs when the yield is maximized. This can be found by taking the derivative of the Schaefer model with respect to E and setting it to zero:

[image: The equation shows the derivative of Y with respect to E: dY/dE equals a minus 2bE equals zero.]	

[image: The mathematical equation shown is: \( E_{msy} = \frac{a}{2b} \).]	

MSY is then obtained by substituting Emsγ back into the original equation:

[image: Mathematical equation for maximum sustainable yield: MSY equals a times E subscript msy minus b times E subscript msy squared, which equals a squared over four b.]	

The catch per unit effort (CPUE) was used to analyze fishery productivity, and together with MSY and Emsγ, it provides a comprehensive understanding of the relationship between fishing effort, catch, and stock biomass.

The carrying capacity of marine fishery resources is represented by the ratio of the annual CPUE to the catch per unit effort corresponding to MSY. The formula is as follows:

[image: Equation depicting \( B = \frac{\text{CPUE}}{\text{MSY} / E_{\text{msy}}} \), where CPUE stands for catch per unit effort, MSY for maximum sustainable yield, and \( E_{\text{msy}} \) for effort at maximum sustainable yield.]	

Where:

B: carrying capacity of marine fishery resources.

According to the evaluation results of marine fishery carrying capacity B, a classification assessment is conducted based on Table 2, following the principle of maintaining stability by reasonably controlling offshore fishing intensity.


Table 2 | The evaluation method of carrying capacity of marine fishing resources.

[image: A table with three columns: "Evaluation Basis," "Evaluation Results," and "Definitions." It summarizes resource evaluation criteria. B ≥ 1.2 indicates "sustainable capacity," meaning resource use is sustainable. 0.9 ≤ B < 1.2 shows "overloaded," indicating depletion risks. B < 0.9 signifies "critically overloaded," leading to substantial depletion and long-term ecosystem damage.]




2.3 Correlation coefficients

Since temperature and nutrients are influenced by both human activities and natural processes, “environmental” and “anthropogenic” factors were distinguished in this study to distinguish between direct and indirect anthropogenic stressors. For environmental factors, SST, pH, cholorophyII a, DIN, PO43-, DO and COD were included, which covered a range of physical and chemical indicators, as well as the pollution indicators that are important in a marine environment. For human activities aspect, mariculture and establishment of marine protected areas were selected.

To assess the relationship between fishery resource status and environmental factors, we employed the grey correlation analysis (Tosun, 2006). The fishery resource status was represented by CPUE, which provides a standardized measure of fishery resources accounting for fishing effort. Environmental factors, including sea surface temperature, salinity, dissolved oxygen, and nutrient levels, were used as independent variables. Data were log-transformed where necessary to ensure normality. The steps is :

First, the original data were normalized by the mean method.

[image: The formula shows \( x_i(k) = \frac{x_i(k)}{\frac{1}{n} \sum_{k=1}^{n} x_i(k)} \).]	

where [image: The mathematical notation shows "x sub i of k" enclosed in parentheses.]  and xj(k) are normalized, and [image: Mathematical notation showing \(x_i(k)\).]  and Xj (k) are original.

Secondly, the correlation coefficient ϵ0i (k) was calculated as follows:

[image: Mathematical equation showing ε₀₁(k) equals (Δₘᵢₙ plus ρΔₘₐₓ) divided by (Δ₀₁(k) plus ρΔₘₐₓ).]	

where [image: Δ<sub>0,1</sub>(k) equals the absolute value of x<sub>0</sub>(k) minus x<sub>1</sub>(k).] , [image: The mathematical notation depicts \( x_0(k) \), representing a function or value \( x_0 \) parameterized by \( k \).]  denotes the reference sesequence, and [image: Mathematical notation showing "x sub i of k" in parentheses.]  denotes the comparability sequence. [image: Lowercase Greek letter rho, ρ.]  is distinguishing or identification coefficient which is between 0 and 1 (taking 0.5). [image: Δ subscript min.]  is the minimum values of [image: Mathematical expression showing Delta sub-zero i of k.] .

Finally, the grey correlation degree was calculated as the average value of the grey correlation coefficient, which was defined as follows:

[image: Mathematical formula showing the average: \( r_i = \frac{1}{n} \sum_{k=1}^{n} \epsilon_{0i}(k) \).]	

where [image: Italic lowercase letter "r" with subscript "i".]  is the grey relational grade which represents the level of correlation between the reference sequence and the comparability sequence. If a particular comparability sequence is more important than the other comparability sequences to the reference sequence, then the grey correlation degree for that comparability sequence and reference sequence will be higher than others.





3 Results



3.1 Marine fishery catch yield

China’s marine fishery catch exhibited a clear trend from 2013 to 2020, first increasing and then gradually decreasing (Figure 1). From 2013 to 2015, the catch yield grew steadily, reaching a peak of 13.14 million tons in 2015. And between 2015 and 2020, the catch volume declined steadily.


[image: Bar and line chart showing marine catch from 2013 to 2020. Blue bars represent total catch, peaking in 2015 and declining slightly by 2020. Lines represent individual seas: East China Sea (gray) shows a slight decline, Yellow Sea (orange) declines more sharply, South China Sea (yellow) remains stable, and Bohai Sea (green) shows a slight decline.]

Figure 1 | The annual variation trend chart of marine catch.



The marine fishery catch yield also exhibited considerable variability across different sea regions. Among the four major sea areas—namely the East China Sea, the South China Sea, the Bohai Sea, and the Yellow Sea—the East China Sea consistently contributed the largest share to the overall national catch. This region’s relatively higher productivity can be attributed to a combination of favorable environmental factors, such as nutrient-rich waters, and its geographic proximity to key fishing grounds. The South China Sea, while also significant, contributed slightly less, followed by the Bohai Sea and Yellow Sea, which produced comparatively smaller portions of the total catch volume. These differences reflect not only regional ecological conditions but also varying levels of fishing effort and resource management strategies across these zones. The annual variation in catch volume within these regions generally aligned with the national trends. For instance, the peak in 2015 and subsequent decline between 2015 and 2020 were observed across all four sea areas. This consistency suggests that the factors influencing marine fishery catch volume—such as overfishing, environmental changes, and possible resource depletion—were not isolated to one region but were instead part of broader, nationwide trends affecting China’s marine fisheries.

In terms of species composition, fish constituted the majority of the catch, representing approximately 68.48%, followed by crustaceans at 19.11% (Figure 2). The dominant fish species between 2013 and 2020 included Trichiurus, Engraulis, Caranx, Scomberomorus, Pampus, Nemipterus, Muraenesox, Larimichthys, Collichthys, Sparus, Thamnaconus and Sphyraenus, with Trichiurus and Engraulis being the most prevalent. Crustacean catches primarily consisted of Portunus, Scylla, Paramamosain, Acetes, Penaeus, Trachypenaeus, with Portunus and Acetes comprising the majority. Thus, Trichiurus, Engraulis, Portunus and Acetes emerged as the key species in China’s marine fishery, with Trichiurus being the most dominant. The remaining catch was comprised of mollusks, algae, and cephalopods, all of which, though less dominant, still played an important role in the overall marine ecosystem and fisheries economy.


[image: Pie chart showing seafood distribution: Fish at sixty-eight point four eight percent, Crustacea at nineteen point one one percent, Shellfish at five point nine six percent, Cephalopod at three point eight two percent, and Others at two point six three percent.]

Figure 2 | The species composition of fisheries catch in 2020.






3.2 Marine fishing effort

The fishing effort in China’s offshore waters was assessed based on the duration of fishing operations by vessels registered in China. The results indicated a fluctuating trend in fishing effort between 2013 and 2020, with an initial increase followed by a decline (Figure 3). From 2013 to 2018, the fishing effort showed a gradual upward trend, peaking at 9,650 hours in 2018. A slight decrease was observed between 2019 and 2020, though the overall effort remained higher than pre-2018 levels. Comparing these results with catch data from 2015 to 2020 revealed that, despite no significant reduction in fishing effort, the total catch gradually declined. This may indicate that overfishing has led to a depletion of fishery resources.


[image: Bar and line graph showing fishing effort from 2013 to 2020 across four seas: Bohai Sea (blue bars), and Yellow Sea, East China Sea, and South China Sea (varied lines). Fishing effort in hours fluctuates, with Bohai Sea displaying notably high values.]

Figure 3 | The annual variation trend of fishing effort.



Spatial analysis of fishing effort across the four major sea regions—Bohai Sea, Yellow Sea, East China Sea, and South China Sea—revealed significant regional variation. The Bohai Sea exhibited the lowest fishing effort, likely due to its smaller geographic area and possibly lower fishery productivity. The East China Sea, known for its historically high levels of fishing activity, showed a fluctuating downward trend in effort. The Yellow Sea and South China Sea exhibited a pattern of rising fishing effort followed by a decrease, mirroring the national trend. These regions may have benefited from the initial expansion in fishing capacity but are now experiencing the consequences of sustained pressure on fishery resources. The synchronization of these trends with the national pattern suggests that broader economic and regulatory factors, such as fishing subsidies, technological advancements, or nationwide policy interventions, may be influencing fishing behavior across regions.




3.3 The MSY for marine fishery resources

MSY and Emsγ values were computed for each study region using the Schaefer surplus production model. Table 3 presents a detailed summary of the computed values for each region, showcasing the potential yield of marine fishery resources under optimal fishing efforts.


Table 3 | MSY calculation results for each region.

[image: Table comparing the Schaefer Model results for the Bohai Sea, Yellow Sea, East China Sea, South China Sea, and China Sea. For each sea: Bohai Sea (a = 3368.36, b = 2.79), Yellow Sea (a = 2047.32, b = 0.345), East China Sea (a = 4450.49, b = 0.92), South China Sea (a = 3101.73, b = 0.55), and China Sea (a = 3844.38, b = 0.304). Maximum Sustainable Yield (MSY) and Emsy values are also provided: Bohai Sea (MSY = 1017054.40, Emsy = 603.89), Yellow Sea (MSY = 3038229.16, Emsy = 2968.01), East China Sea (MSY = 5389914.82, Emsy = 2422.17), South China Sea (MSY = 4407318.90, Emsy = 2841.84), China Sea (MSY = 12165299.60, Emsy = 6328.88).]

The results indicate that the overall MSY for Chinese marine fishery resources was 12,165,299.60 tons, achieved at an effort of 6,328.88 hours. Upon further analysis, it was observed that the MSY and Emsγ values differed significantly across the four major seas of China, reflecting the variability in marine productivity and fishing pressure in each region. In the Bohai Sea, the MSY was calculated at 1,017,054.40 tons, with a corresponding Emsγ of 603.89 hours. This relatively smaller effort suggests that the Bohai Sea has a lower productivity compared to other regions, likely due to its limited water exchange and greater influence of anthropogenic activities. For the Yellow Sea, the MSY was 3,038,229.16 tons, with an Emsγ of 2,968.01 hours. This sea, with a larger surface area and significant water exchange compared to the Bohai Sea, can sustain higher fishing efforts, reflecting a relatively higher productivity. In the East China Sea, the MSY reached 5,389,914.82 tons, at an Emsγ of 2,422.17 hours. The East China Sea, benefiting from both the Kuroshio current and continental runoff, presents high biological productivity, contributing to its high MSY. However, the increasing fishing intensity in this region requires careful management to avoid overexploitation. Lastly, the MSY in the South China Sea was 4,407,318.90 tons, with a corresponding Emsγ of 2,841.84 hours. This region, characterized by its deep waters and diverse marine ecosystems, holds considerable fishery potential, yet its relatively large fishing effort indicates a need for stricter controls to maintain sustainability.




3.4 Carrying capacity of marine fishery resources

Between 2013 and 2016, the overall fishery resources in China’s seas remained within sustainable limits, as indicated by CPUE/(MSY/Emsγ) ratios consistently above 1, which suggest that despite total catch volumes approaching or slightly exceeding MSY, the ecosystems’ carrying capacities were largely intact. However, beginning in 2017, a marked decline in the CPUE/(MSY/Emsγ) ratio was observed, dropping below 1, indicating a shift toward overexploitation. By 2018, the ratio had fallen to unsustainable levels, further corroborating the negative impact of increased fishing pressure on the ecosystems’ ability to regenerate (Table 4).


Table 4 | The assessment results of carrying capacity of marine fishing resources in China.

[image: Table displaying fishing data from 2013 to 2020, showing catch yield in tons, fishing effort in hours, CPU (Catch Per Unit Effort), biomass (B), and assessment results for each year. The assessment results vary from "Sustainable Capacity" in 2013 and 2014, to "Critically Overloaded" in 2015 and 2016, and "Overloaded" from 2017 to 2020.]

In the Bohai Sea, the CPUE/(MSY/Emsγ) ratio was 0.90 in 2013, reflecting a state of critical overexploitation, where the fishing effort slightly exceeded the ecosystem’s sustainable limits. However, significant improvements were observed in 2014 and 2015, with CPUE/(MSY/Emsγ) ratios rising sharply to 2.29 and 5.66, respectively, while fishing time reduced significantly. These changes suggest that resource use was highly efficient during these years. Nevertheless, by 2018, the CPUE/(MSY/Emsγ) ratio had dramatically declined to 0.46, coupled with a fishing effort that surpassed sustainable thresholds. This indicates a return to overexploitation and significant stress on the Bohai Sea’s fishery resources (Table 5).


Table 5 | The assessment results of carrying capacity of marine fishing resources in the Bohai Sea.

[image: Table showing data from 2013 to 2020 on catch yield in tons, fishing effort in hours, CPUE (Catch Per Unit Effort), B values, and assessment results. The results indicate a shift from "Critically Overloaded" in 2013 to varying levels of sustainability between 2014 and 2017, ending with "Overloaded" in 2018 to 2020.]

From 2013 to 2015, the Yellow Sea’s fishery remained within sustainable limits, with CPUE/(MSY/Emsγ) ratios consistently above 1. However, starting in 2016, the carrying capacity declined significantly, with the CPUE/(MSY/Emsγ) ratio dropping from 1.34 to 0.66 by 2017. This rapid decline suggests that increased fishing pressure during this period outpaced the region’s resource replenishment capacity. Despite a reduction in fishing effort in 2018, the CPUE saw only a modest recovery, indicating that the region’s fishery resources had not yet fully returned to sustainable levels (Table 6).


Table 6 | The assessment results of carrying capacity of marine fishing resources in the Yellow Sea.

[image: A table showing fishing data from 2013 to 2020. Columns include Year, Catch Yield (tonnes), Fishing Effort (hours), CPUE, B, and Assessment Results. Initial years show a sustainable capacity, with later years indicating overloaded conditions, culminating in critically overloaded in 2018.]

The East China Sea showed signs of overexploitation between 2013 and 2015, with CPUE/(MSY/Emsγ) ratios below 1. However, a notable recovery occurred in 2016, when the ratio surged to over 2.0, and fishing effort significantly decreased. This marked a transition toward more sustainable resource management, with the CPUE/(MSY/Emsγ) ratio remaining above 1 in the following years. By 2020, the ratio stood at 1.21, indicating that the East China Sea had largely recovered from its previous overexploitation and was operating within sustainable limits (Table 7).


Table 7 | The assessment results of carrying capacity of marine fishing resources in the East China Sea.

[image: Table displaying yearly data from 2013 to 2020, including catch yield in tons, fishing effort in hours, CPUE, and B values. From 2013 to 2015, the assessment results indicate "Overloaded," while 2016 to 2020 show "Sustainable Capacity."]

From 2013 to 2017, the South China Sea maintained relatively high CPUE/(MSY/Emsγ) ratios, indicating that fishing activities remained sustainable. However, 2018 marked a drastic shift, with the CPUE/(MSY/Emsγ) ratio plummeting to 0.40, and fishing effort exceeding 173% of the Emsγ. This sharp decline reflects severe overexploitation, with fish stocks being depleted at unsustainable rates. Although fishing effort was slightly reduced in 2019 and 2020, the CPUE remained low, around 0.60, indicating that the South China Sea’s resources had not yet recovered from the prior overexploitation (Table 8).


Table 8 | The assessment results of carrying capacity of marine fishing resources in the South China Sea.

[image: Table showing fishing data from 2013 to 2020. Columns include Year, Catch Yield in tons, Fishing Effort in hours, CPUE, B, and Assessment Results. From 2013 to 2016, the assessment shows Sustainable Capacity. From 2017 to 2020, it shows Overloaded, indicating declining sustainability.]




3.5 Factors influencing the sustainability of marine fishery resources

The grey relational analysis results (Figure 4) reveal the degree of association between environmental factors and CPUE across the Bohai Sea, Yellow Sea, East China Sea, and South China Sea. The following findings illustrate the key factors influencing the fishery resource carrying capacity in each sea area.
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Figure 4 | The correlation analysis between environmental, anthropogenic factors, and CPUE.



In the Bohai Sea, most environmental factors exhibit moderate to high correlations with the CPUE, with values generally exceeding 0.6. The highest correlations are observed with PO43- (0.64), COD (0.64), and area of protected areas (0.63), suggesting that nutrient levels (PO43-) and COD, a proxy for water pollution, significantly impact fishery resource sustainability. Additionally, the influence of protected areas highlights the importance of marine spatial management in maintaining fishery resources in this region.

In the Yellow Sea, Chl a (0.73), COD (0.72), DIN (0.70), and area of protected areas (0.75) exhibit the strongest correlations with CPUE. This indicates that nutrient availability (Chl a, DIN) and water quality (COD) are key drivers of the fishery resource carrying capacity. The high correlation with protected areas suggests that expanding and optimizing marine protected zones could contribute positively to the sustainable management of fishery resources in this sea.

The East China Sea shows notably high correlation values for DO (0.80), COD (0.85), and area of protected areas (0.79), indicating that DO and COD are critical factors affecting the fishery resource carrying capacity. These factors suggest that water quality, particularly regarding oxygen levels and organic pollution, plays a significant role in sustaining the fishery resources in this region. Additionally, protected areas are shown to have a substantial influence on resource maintenance.

The correlations between environmental factors and CPUE in the South China Sea are generally lower compared to other regions, with the highest correlations seen for PO43- (0.50), DIN (0.49), and area of protected areas (0.53). While these factors have moderate correlations, it is evident that nutrient levels (PO43-, DIN) and protected areas still play an essential role in influencing the fishery resource carrying capacity, although the effects are less pronounced compared to other sea regions.





4 Discussion



4.1 The status and trends of fishery resource capacity

During the study period (2013–2020), China’s marine fishery resources were predominantly within sustainable limits prior to 2017. However, after 2017, a clear shift toward overexploitation was observed, with declining CPUE/(MSY/Emsγ) ratios across all sea regions. The transition to overexploitation after 2017 aligns with studies highlighting the escalating fishing pressures and environmental degradation in China’s seas (Liu, 2019; Sun et al., 2023). This overall pattern is consistent with global fisheries, where overfishing and poor management policies often result in a rapid decline in resource availability (Andersen et al., 2024; Kang, 2006; Ritchie and Roser, 2023). While the overall trend is clear, the conditions in each sea area differ considerably.

The fisheries carrying capacity in the Bohai Sea is relatively low, primarily due to its semi-enclosed geography and limited water exchange capacity, which result in the accumulation of nutrients and pollutants within the water column (Zou et al., 2024). Key factors affecting the resource status in this region include PO43- and COD, with correlation coefficients of 0.64. Phosphate serves as a limiting nutrient in the Bohai Sea, where increased concentrations enhance phytoplankton productivity, thereby improving fishery resource conditions. Previous studies have shown that phosphate levels in the confined environment of the Bohai Sea directly impact marine primary productivity (Xu et al., 2010; Zhang et al., 2023). Additionally, rising COD levels, associated with organic pollutant accumulation, exacerbate hypoxia, further stressing fishery resources (Zhao et al., 2011).

In contrast, the Yellow Sea exhibits a relatively high resource carrying capacity. Although coastal development in the Yellow Sea is intensive, its open connection with larger bodies of water facilitates strong water exchange, which provides stable nutrient input to support fishery productivity (Yang et al., 2022). Despite this higher carrying capacity, the Yellow Sea’s fishery resources remain overexploited. Chl a, COD, DIN, and protected area coverage show high correlations with CPUE, with protected area size being the most critical factor. This finding underscores the role of protected areas in mitigating fishing pressure and promoting resource recovery. Furthermore, fluctuations in DIN directly affect phytoplankton growth, with both excess and deficiency disrupting ecological balance, destabilizing food supply chains for fish populations, and impacting the sustainable productivity of fishery resources (Zhang et al., 2019; Jin et al., 2021).

The East China Sea has a high resource carrying capacity, largely due to favorable water exchange conditions and abundant nutrient inputs. The interaction between the Kuroshio Current and river runoff provides substantial nutrients and oxygen, supporting high fishery productivity (Wang et al., 2020; Luo et al., 2023). The resource status in the East China Sea is generally sustainable, with DO, Chl-a, and COD identified as key influencing factors. However, eutrophication and hypoxia have been found to limit the recovery of fishery resources in certain areas (Chang et al., 2012; Xu et al., 2024).

The South China Sea also demonstrates a relatively high carrying capacity for fishery resources, aided by its deep-water environment and diverse ecosystems that offer favorable habitats. Sufficient nutrient supply and effective water circulation naturally support fishery productivity. Despite this, fishery resources in the South China Sea face overexploitation, with PO43- levels and protected area coverage being pivotal factors (Zhang, 2024). Given the relatively low nutrient concentrations in the South China Sea, increased phosphate can directly stimulate phytoplankton productivity, supporting the recovery of fishery resources (Yi et al., 2014; Song et al., 2019). While existing protected areas have shown some effectiveness in alleviating fishing pressure, incomplete management and enforcement limit their ability to control overfishing in certain areas (Teh et al., 2017).




4.2 Implications for future fisheries management



4.2.1 Diversify fisheries management measures

Given the diversity of marine environments in China, a more diversified set of management measures is necessary. Different regions face distinct challenges: the Bohai Sea suffers from severe pollution and habitat degradation, while the South China Sea is subject to intense fishing pressure. Research recommends implementing Total Allowable Catch systems tailored to the specific conditions of each region. Pilot projects in areas like Maoming have shown that the introduction of catch quotas and Total Allowable Catch systems has successfully improved sustainability by reducing overfishing and optimizing resource allocation (Lyu et al., 2022). Expanding these programs to include economically significant species in China’s marine fisheries can strengthen population management and reduce resource depletion (Zhu et al., 2021). Furthermore, refining Total Allowable Catch programs can balance ecological sustainability with social equity, especially in regions with severe overfishing (Ding et al., 2022).




4.2.2 Strengthen and tailor fishing bans

Tailoring the duration and timing of fishing bans to the biological characteristics of local species and the carrying capacity of fishery resources is essential for maximizing the effectiveness of these bans. For instance, Yan and Lu (2020) argue that implementing an earlier fishing ban in the South Yellow Sea would significantly enhance the protection of spawning cycles, based on their analysis of local fish population dynamics and the critical timing of spawning events. Studies have shown that region-specific management strategies have successfully reduced overfishing in other contexts as well (Zhao and Jia, 2020). This approach can further promote the recovery of fish populations across various marine regions (Chen et al., 2020).




4.2.3 Expand Marine Protected Areas (MPAs) and restore habitats

Expanding Marine Protected Areas (MPAs) is crucial for the recovery and sustainability of fishery resources, particularly in overfished regions (McDonald et al., 2024). MPAs allow fish populations to regenerate by restricting fishing activities, and studies have shown that this leads to increased abundance, size, and diversity of species within the protected zones. Additionally, spillover effects from MPAs, where fish migrate to adjacent areas, help boost catches in nearby fisheries, benefiting both conservation and economic goals (Kerwath et al., 2013). MPAs also protect breeding grounds and promote biodiversity, leading to higher resilience and growth rates in fish populations (Marshall et al., 2019; Franceschini et al., 2024). Combining MPA expansion with habitat restoration efforts, such as the creation of artificial reefs, further enhances fishery recovery, as seen in Daya Bay where artificial reefs increased species diversity and biomass (Yu et al., 2015). This integrated approach ensures both ecological and economic benefits, promoting long-term sustainability of fishery resources.





4.3 Limitations and future research directions

One limitation of this study is the reliance on relatively coarse estimates of marine fishery resources from the “China Fisheries Statistical Yearbook”, which may not fully capture the spatial and temporal variations in fishery dynamics. To address this, we utilized data from Global Fishing Watch to represent fishing effort more accurately. This dataset provides more granular and comprehensive information on fishing activity, allowing for a better understanding of regional and global patterns in fishing pressure. However, integrating such global datasets with local data sources could further improve the accuracy of fishery resource assessments.

Another limitation of this study is the absence of data from 2021 to 2023. The COVID-19 pandemic disrupted global fishing operations, data collection, and reporting, leading to gaps and inconsistencies in the available records. Additionally, the fishing effort data used in this study is sourced from Global Fishing Watch, which requires substantial time for processing, integration, and validation to ensure high reliability. As a result, the most recent validated dataset extends only to 2020. While the data from 2013 to 2020 provide a robust baseline for analysis, future studies incorporating post-2020 data would further validate and refine the findings presented here.

Additionally, this study uses CPUE as the primary indicator of fishery health. While CPUE is widely used to reflect the abundance and availability of fish stocks, it does have limitations, such as being influenced by changes in fishing technology or effort rather than actual stock health. Future studies could incorporate more direct biological indicators, such as spawning biomass and recruitment rates, to provide a more holistic view of fishery sustainability and resource dynamics.





5 Conclusion

Based on the findings of this study, several key conclusions can be drawn. Between 2013 and 2020, China’s marine fishery resources underwent notable changes, with catch yields showing an initial increase followed by a gradual decline. There were clear regional differences in fishery yields across major sea areas, with the East China Sea consistently contributing the largest share to total catch. Additionally, the composition of species in the catch highlights the biodiversity of China’s coastal fisheries, with species such as Trichiurus and Engraulis playing a significant role.

Fishing effort trends varied across regions, with the East China Sea showing fluctuating and slightly decreasing fishing intensity, while the South China Sea and Yellow Sea initially increased, followed by a gradual decline. The Bohai Sea, however, maintained consistently low fishing effort. These differences illustrate diverse fishing strategies and resource pressures across regions.

Regarding resource carrying capacity, there were significant differences in MSY among the sea regions. The East China Sea had the highest MSY, supported by the nutrient influx from the Kuroshio Current and land runoff, resulting in higher biological productivity. The South China Sea followed, benefiting from a rich marine ecosystem. The Yellow Sea’s MSY was also substantial due to frequent water exchange, while the Bohai Sea’s MSY was relatively low due to geographical constraints and anthropogenic impacts. These variations underscore the need for tailored management strategies that align with each region’s ecological conditions and resource management requirements. Notably, only the East China Sea remains within sustainable limits, whereas the South China Sea, Yellow Sea, and Bohai Sea have surpassed their ecological carrying capacities, indicating evident overexploitation. Enhanced management in these regions is essential to mitigate the ecological pressures of overfishing.

The results of the grey relational analysis further indicate that factors influencing resource sustainability vary across regions. Nutrient levels and water quality (e.g., chemical oxygen demand) are critical determinants of fishery sustainability, while the distribution and management of protected areas significantly contribute to resource stability.
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Technological progress (TC) is an important driving force of resource efficiency, and its bias has an important impact on resource efficiency. Based on the data of China’s mariculture industry from 2008 to 2020, this paper constructs a double-layer nested CES production function, and uses the seemingly unrelated regression method to estimate the elasticity of substitution between resource elements and non-resource elements of mariculture industry, and measures the level of resource biased technological progress (RBTC). On this basis, the vector autoregressive model is used to explore the relationship between RBTC, resource price and resource efficiency. The results show that: Firstly, there is complementarity between the resource elements of China’s mariculture industry and the non-resource elements aggregated by labor and capital. Secondly, there is a long-term equilibrium relationship between resource biased technological progress, resource price and resource efficiency. resource biased technological progress has a short-term negative and long-term positive impact on resource efficiency, and resource price has a short-term negative and long-term positive impact on resource efficiency. Based on this, this paper puts forward relevant policy recommendations to promote the improvement of resource efficiency of mariculture.
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1 Introduction

Resources are an indispensable factor in human production and life, and play an important role in economic development. In the development of mariculture, marine resources play an important role. As an important material carrier for the development of mariculture, marine resources provide a suitable space environment for the growth of mariculture organisms. However, under the background of the rapid development of mariculture, the utilization of marine resources has been close to saturation. According to the data of China Fishery Statistical Yearbook, the increase rate of mariculture area decreased from 17.759% in 2009 to 0.169% in 2020, and the room for mariculture area expansion is limited. With the marine resources that can be exploited and utilized being gradually reduced, the production activities of mariculture will be limited, and the development scale of mariculture will also be hindered. In addition, the increasingly scarce marine resources will cause mariculture practitioners to compete for the marine area, making the marine resources competition intensified, which will lead to resources over-use and environmental deterioration, posing challenges to the sustainability of mariculture industry. Therefore, how to improve the utilization efficiency of marine resources is one of the urgent problems that need to be solved in the development of the current mariculture industry. For this, this research adopts a double nested CES production function to conduct an in-depth study on the RBTC of mariculture, which is of great significance for coastal areas to improve the efficiency of the utilization of marine resources and promote the development of mariculture.

This paper mainly reviews the existing research from the perspective of biased technological progress (BTC) and resource efficiency. Regarding the technological progress bias, scholars have confirmed that technological progress helps to improve the efficiency of factor utilization and reduce resource consumption, which is the main driving force for industrial development (Chen et al., 2019; Li et al., 2020). Moreover, more and more scholars have noticed the important impact of the technological progress bias on the sustainable development of the industry (Li and Sun, 2020; Liang et al., 2020; Wei et al., 2019). In the field of mariculture, the research on the BTC is still in the exploratory stage. Ren (2021) constructed a transcendental logarithmic production function model to measure the BTC, and found that in mariculture industry the degree of bias in the use of labor factors for technological progress gradually decreased. Sun and Ji (2021) applied data envelopment analysis model to discern the bias of the mariculture industry between capital, labor and sea area factors, and developed factor endowment indicators to explore the desirability of the input bias. Ji et al. (2022) studied the bias of mariculture between desired and undesired outputs from the output perspective and analyzed the time-series characteristics and regional differences in output bias. There are abundant studies on the efficiency of mariculture, which can be divided into two categories based on different research methods. One is the efficiency study based on the stochastic frontier method. Kularatne et al. (2019) estimated the breeding efficiency based on the data of fish breeding in Sri Lanka, and found that the average efficiency was only 0.33. Rahman et al. (2020) took Bangladesh as the research object to measure the total factor productivity (TFP) of shrimp-carp-rice joint breeding, and found that the TFP increased at an annual rate of 0.86%. Thriveni et al. (2022) measured the efficiency of shrimp farming in India and found that the average efficiency was 0.93, which was at a high level. The other is the efficiency research based on DEA method. Long et al. (2020) calculated the efficiency of intensive white leg shrimp farming in Vietnam. The results showed that the cost and technical efficiency after deviation correction were 0.533 and 0.723, respectively. There is a large room for improvement in farming efficiency. Aung et al. (2021) measured the efficiency of small-scale aquaculture in Myanmar, and the efficiency of most households was 45-60% below the production boundary. Yu et al. (2020) measured the efficiency of China ‘s mariculture industry based on the super-efficiency SBM model and GML index, and found that from 2004 to 2016, China’s mariculture efficiency increased by 6.45%. Wang et al. (2024) further studied the spatial imbalance of mariculture efficiency and found that compared with high mariculture efficiency areas and low mariculture efficiency areas, the spatial imbalance of medium efficiency areas is greater. Dong et al. (2023) used the SBM model to measure the efficiency and found that the average eco-economic efficiency of mariculture in China is above 0.8, and the convergence analysis results verify that the difference in eco-economic efficiency of mariculture is significantly narrowing. Ren and Xu (2024) also used the SBM model to measure the efficiency and found that the average ecological efficiency of the mariculture industry was 0.586, and the efficiency improvement space was 41.4%. At present, there are relatively few studies on the impact of technological progress bias on resource efficiency. According to the theory of technological progress bias, technological progress bias will affect the marginal output of unit input factors, so that the production efficiency will change when the input factors remain unchanged, that is, technological progress bias can affect resource efficiency (Hicks, 1932). Fan et al. (2020) studied the impact of different forms of technological progress on production efficiency based on data envelopment analysis. The results show that capital-embodied technological progress can promote production efficiency more than neutral technological progress.

Currently, there is little literature measuring the level of resource biased technological progress and its growth rate in the mariculture industry, and there is also a lack of quantitative studies on the relationship between RBTC and resource efficiency. This paper expands on the basis of existing research, and the main contributions can be summarized into two aspects. Firstly, the introduction of sea area resources into the research framework of mariculture enriches the research on the bias of technological progress in mariculture. Most of the existing literature on technological progress bias only includes capital and labor, and few literature considers resource factors. This paper introduces the production factor of resources into the production function, transforms the measurement of biased technological progress from two-factor conditions to three-factor conditions, and analyzes the elasticity of substitution between factors and resource biased technological progress from the time dimension and regional dimension. Secondly, based on the discussion of the elasticity of substitution among various elements in the traditional theory of technological progress bias, this paper combines resource biased technological progress with the improvement of resource efficiency. Based on the measurement of resource biased technological progress, this paper attempts to conduct a detailed study on the equilibrium relationship between this technological progress bias and resource efficiency, so as to provide a basis for improving the resource efficiency of mariculture.

The structure of this paper is as follows. The second part is the research methodology. The third part is the empirical results. The fourth part is the analysis of the impact of resource biased technological progress on resource efficiency. The fifth part is the conclusions and policy recommendations.




2 Research methodology



2.1 Production function

The research on the BTC in mariculture mainly involves three factors: labor, capital and resources. This paper fits labor and resource factors into non-resource factors and uses Cobb-Douglas production function to represent them. The CES production function is used between the non-resource elements represented by ‘ labor-capital ‘ and the resource elements.

Referring to the research of Liao and Ren (2020) and Hassler et al. (2021), the double nested CES production function is represented as follows.

[image: The image shows an equation defined as \( Y_t = \left\{(1 - \gamma) [A_t K_t^{\alpha} L_t^{1-\alpha}]^{\frac{\epsilon-1}{\epsilon}} + \gamma [A_t^R R_t]^{\frac{\epsilon-1}{\epsilon}} \right\}^{\frac{\epsilon}{\epsilon-1}} \).] 

In the expression, [image: Mathematical expression with a capital letter Y and a subscript t.]  is total output, [image: The image shows the mathematical notation "K sub r".]  is capital inputs, [image: The image shows the mathematical expression "L" subscript "t".]  is labor inputs, [image: The image shows the mathematical notation \( A_t \).] is capital-labor-enhancing technological progress, [image: The image shows the mathematical notation "R subscript t".]  is resource inputs, [image: Text depiction showing the letter "A" with a subscript "f" and a superscript "R".]  is resource biased technological progress, [image: Lowercase Greek epsilon symbol, ε, in a serif font on a white background.]  denotes the elasticity of substitution of capital-labor for resources, and [image: Lowercase Greek letter alpha.]  is the share of capital income as a proportion of the joint share of labor and capital.

The following can be obtained by assuming that factor markets are perfectly competitive, that is, the marginal output of a factor is equal to its real price.

[image: Equation for \(L_t^{\text{share}}\) is shown, representing a derivative involving \(Y_t\) and \(L_t\). It includes parameters \(\alpha\), \(\gamma\), and expressions in brackets with variables \(A_t\), \(K_t\), and \(L_t\).] 

[image: Mathematical equation labeled as equation three, representing a natural rate formula. It shows a fraction equal to gamma times a square bracketed term \( \frac{A_t^R R_t}{Y_t} \) raised to \( \frac{\epsilon}{\epsilon - 1} \).] 

From Equations 2, 3, the level of technological progress for the two categories is as follows.

[image: The mathematical expression shown is: \( A^{L}_{t} = \frac{Y_{t}}{K_{t}^{\alpha}L_{t}^{1-\alpha}} \left[ \frac{L_{t}^{\text{share}}}{(1-\alpha)(1-\gamma)} \right]^{\frac{1}{\epsilon}} \). This is labeled as equation (4).] 

[image: Equation showing the formula: \( A_R^* = \frac{Y_L}{R_L} \left[ \frac{R_{\text{future}}}{\gamma} \right]^{-\epsilon} \). It is labeled as equation (5).] 

As can be seen from the above equations, the level of TC in the two categories can be found by setting the values of [image: Lowercase Greek letters alpha, epsilon, and gamma separated by commas.]  and utilizing the data [image: Y subscript t in a serif font.] 、 [image: Subscript notation depicting the letter "K" followed by a subscript "r".] 、 [image: Italicized uppercase letter "L" with a subscript lowercase "t".] 、 [image: Italic letter "R" with a subscript "t".] 、 [image: The image shows the mathematical expression "L share" with the subscript "t".]  and [image: The image shows the variable \( R_{f}^{\text{share}} \).] . For the value of [image: Lowercase Greek letter gamma (γ).] , this research refers to Hassler et al. (2012), assuming [image: The equation displays the Greek letter gamma equal to 0.05.] .




2.2 Estimation of elasticity of substitution

From Equations 4, 5, it can be observed that the prerequisite for studying the level of technological progress of factors is to estimate the elasticity of substitution between them.

Given the level of TC satisfies the following conditions.

[image: Equation six shows \( a_t - a_{t-1} = \Theta^4 + \sigma A_t^4 \).] 

[image: Equation showing \( a_{t}^{R} - a_{t-1}^{R} = \Theta^{k} + \eta_{\Theta}^{R} \).] 

If [image: The equation represents "a sub t equals log of A sub t".] , [image: The equation shows \(a_{t}^{R} = \log(A_{t}^{R})\).] , [image: Mathematical notation showing \(\omega_i^A \sim N(0, \Sigma)\), which indicates that the variable \(\omega_i^A\) follows a normal distribution with a mean of zero and a covariance matrix \(\Sigma\).] , 

Then from Equations 4, 5, the following can be deduced.

[image: Equation illustrating the growth rate of a variable \( A_t/A_{t-1} \), involving factors \( Y_t, K_t, L_t \) with exponents, and a ratio of labor shares \( L_{\text{share}}/L_{t-1}^{\text{share}} \) influenced by a term \( \epsilon_t \), labeled as equation (8).] 

[image: Formula showing the ratio of \(A_k^R / A_{k-1}^R\) equal to the ratio of \(Y_k R_{k-1} / R_k Y_{k-1}\) multiplied by \(R_k^{\text{share}} / R_{k-1}^{\text{share}}\) raised to the power of \((1 - \delta)\).] 

The logarithm of Equations 8, 9 is taken and substituted into Equations 6, 7. The following equations are obtained.

[image: Logarithmic equation with variables and logs, showing transformations and relationships between \(Y_t\), \(K_t\), \(L_t\), \(\epsilon\), \(\theta\), and \(s^{hare}\). It is labeled as equation (10).] 

[image: Logarithmic equation describing changes in ratios of Y to R over time. It includes parameters such as theta, epsilon, and a shock term. Labelled as equation 11.] 

Let [image: The formula displayed is \( s_t^A = \log \left( \frac{Y_t}{K_t^\alpha L_t^{1-\alpha}} \right) - \log \left( \frac{Y_{t-1}}{K_{t-1}^\alpha L_{t-1}^{1-\alpha}} \right) \).] , [image: Equation showing financial return: \(s_t^R = \log\left(\frac{Y_t}{R_t}\right) - \log\left(\frac{Y_{t-1}}{R_{t-1}}\right)\).] , [image: \( z_{t}^{A} = \log L_{t}^{\text{share}} - \log L_{t-1}^{\text{share}} \).] , 

So Equations 10, 11 can be abbreviated as follows.

[image: Equation labeled as 12 shows \( S_{t}^{A} = \theta^{0^{A}} - \frac{\varepsilon}{\varepsilon - 1} z_{t}^{A} + \sigma \omega_{t}^{A} \).] 

[image: \( S_t^R = \theta^R - \frac{\varepsilon}{\varepsilon - 1} z_t^R + w_t^R \) shown as equation (13).] 

For Equations 12, 13, the value of the elasticity [image: Lowercase Greek letter epsilon, shown in a bold font.]  can be estimated by seemingly uncorrelated regression.

The value of [image: Lowercase Greek letter alpha.]  can be obtained by the following equations.

[image: Equation labeled as (14) defines the labor share, L_t^share, using partial derivatives. It expresses L_t^share as the product of (1 - α)(1 - γ) and a fraction involving production variables V_t, K^α L_t^(1-α), and Y_t.] 

[image: Capital K supershare subscript t equals the partial derivative of capital Y subscript t over the partial derivative of capital K subscript t, times capital K subscript t over capital Y subscript t, which equals alpha times one minus gamma, times the bracketed expression open bracket capital A subscript t capital K subscript t to the power alpha capital L subscript t to the power one minus alpha, end bracket, over capital Y subscript t, close bracket, raised to the power epsilon minus one. This is labeled as equation fifteen.] 

Then [image: \( \frac{L_{t+1}^{\text{share}}}{K_t^{\text{share}}} = \frac{1 - \alpha}{\alpha} \)]  can be obtained.




2.3 Description of data and variables

This paper takes the data of mariculture industry in ten coastal areas from 2008 to 2020 as the research sample. Based on the availability of data, it does not consider Shanghai, Hong Kong, Macao and Taiwan. The relevant data mainly come from China Fishery Statistical Yearbook, China Statistical Yearbook, China Rural Statistical Yearbook and China Fixed Asset Investment Statistical Yearbook. The specific indicators are as follows.

Output (Y): This paper uses the output value of mariculture in coastal areas to measure output, and uses the regional GDP index to deflate to obtain the actual output value of mariculture.

Labor (L): This paper selects the number of employees in the marine aquaculture industry to measure the labor input of the marine aquaculture industry. Regarding labor prices, the per capita net income of fishermen is approximately used as the wage level of mariculture practitioners. For the labor income share, this paper uses the product of the number of workers and the labor price to calculate.

Capital (K): the capital stock of mariculture industry is estimated by perpetual inventory method (Ji et al., 2022). On the capital price, using the method of Doraszelski and Jaumandreu (2014), capital price = investment price index * (loan interest rate + depreciation rate-inflation rate), in which the investment price index, loan interest rate, depreciation rate and inflation rate are replaced by the price index of agricultural means of production, the loan interest rate of 3-5 years, the depreciation rate of fixed assets and the change rate of consumer price index respectively. For the capital income share, this paper uses the product of capital stock and capital price to calculate.

Resources (R): This paper selects the area of marine aquaculture to measure the input of marine resources. Regarding the price of resources, considering that the sea area use fee levied on the sea for aquaculture in various regions has policy preferences and exemptions, it is difficult to accurately measure. Therefore, this paper uses the residual value of mariculture output value after deducting labor income share and capital income share to approximate the resource income share. The resource price is the ratio of sea area resource income share to mariculture area.





3 Empirical results



3.1 Full sample factor elasticity of substitution and resource biased technological progress

Regression analysis was first performed on the data of the full sample from 2008 to 2020, and seemingly uncorrelated regression estimation was carried out on Equations 12, 13. The estimation results of parameter coefficients are shown in Table 1.


Table 1 | Results of SUR estimation.

[image: Table with three rows displaying parameters, estimates, and P-values. First row: parameter theta A, estimate -0.0314, P-value 0.007. Second row: parameter epsilon over epsilon minus 1, estimate 0.6539, P-value 0.000. Third row: parameter theta E, estimate -0.0034, P-value 0.759.]

As can be seen from the table, [image: Mathematical equation showing negative e raised to the power of one over e raised to the power of e plus one, equals zero point six five three nine.] , the elasticity of substitution between the non-resource factors aggregated by “capital-labor” and the marine resource factors can be calculated as 0.3954. This result is in line with the meaning of economics, indicating that there is a certain substitutability between resource factors and non-resource factors, that is, the increase in the input of non-resource factors such as labor and capital or marine resource factors will promote each other ‘s marginal output, but the degree of substitution is weak, showing a complementary relationship as a whole. From the perspective of a completely free market, the ratio of the marginal output of factors is the ratio of the price of factors. Therefore, this complementarity between resource factors and non-resource factors indicates that as the price of resources increases, the production cost of mariculture activities also increases. In order to cope with the cost pressure caused by the increase in the price of resource factors, producers can only moderately adjust the proportion of input of resources and non-resource factors, such as appropriately reducing the input of resources and reducing the marginal output of capital-labor, resulting in a decline in total output. Therefore, in order to maintain the total output of the mariculture industry will not decrease with the decrease of resource input, it is necessary to increase the marginal output by improving technological progress.

The level and growth rate of RBTC in mariculture industry from 2009 to 2020 can be calculated by bringing the obtained substitution rate into Equation 5. The results are shown in Table 2.


Table 2 | The resource biased technological progress of mariculture industry from 2009 to 2020.

[image: Table showing resource-biased technological progress from 2009 to 2020, with corresponding growth rates. Starting from 0.0107 in 2009, the value fluctuates, ending at 0.0115 in 2020. Growth rates vary, with notable increases in 2012 and 2017, at 12.6831 percent and 8.0398 percent, respectively.]

From the table, it can be found that the RBTC of mariculture industry generally shows a trend of decreasing first and then increasing. The growth rate of resource biased technological progress has experienced a trend of “sharp rise-sharp decline-slow rise”. Since 2015, the level of technological progress of marine resources has gradually increased, and the growth rate of resource biased technological progress has fluctuated around 5%, which is basically consistent with the actual situation of mariculture. From 2015 to 2020, the Ministry of Agriculture and Rural Affairs has announced six batches of national marine ranching demonstration areas, a total of 136, marine ranching construction and management standard system basically established, to a certain extent, promote the development of mariculture. During this period, the development of mariculture industry attaches great importance to the protection of fishery resources, mariculture industry pays more and more attention to green aquaculture in production practice, and the technological progress level of marine resource elements has been steadily improved. As far as the level of BTC is concerned, because the TC of non-resource factors such as “resources-labor” is greater than the technological progress level of marine resource factors, and the substitutability between the two types of factors is weak, there is a certain complementarity. It can be concluded that in the production process of mariculture, the marginal production of non-resource factors is greater than the marginal production of marine resource factors. Increasing one unit of non-resource factor input requires more than one unit of marine resource factor input, and the overall TC is RBTC. This result also reflects that the TC of mariculture industry tends to increase the use of sea area resources as a whole.




3.2 Factor elasticity of substitution and level of technological progress across regions

On the basis of estimating the elasticity of substitution and resource biased technological progress for the full sample, this research divided the regions into the Bohai rim region, the East China Sea and Yellow Sea region and the South China Sea region, and performed seemingly uncorrelated regression estimation of the time-series data for each region respectively. The parameters obtained are shown as Table 3.


Table 3 | SUR estimation results of three regions.

[image: Table comparing parameter estimates and P values for three regions: Bohai rim, East China Sea and Yellow Sea, and South China Sea. Each region includes estimates and P values for parameters \( \theta^A \), \( -\frac{\varepsilon}{\varepsilon - 1} \), and \( \theta^E \). Values vary across regions, indicating regional differences in parameters.]

Thus, the elasticity of substitution of each region was further calculated as Table 4.


Table 4 | Elasticity of substitution for the three regions.

[image: Table showing the elasticity of substitution for three regions: Bohai rim region at 0.3366, East China Sea and Yellow Sea region at 0.4492, and South China Sea region at 0.3028.]

It can be seen from the table that the factor elasticity of substitution is less than 1 in all three regions and has relatively small values. This result suggests that there is a complementarity between marine resource factors and non-resource factors, i.e., that an increase in either marine resource factors or non-resource factors can lead to marginal outputs of the other type of factor in each of the three coastal regions. Comparing the elasticity of substitution of the three major coastal regions, it can be found that the South China Sea region has the smallest elasticity of substitution, the Bohai rim region has the second highest, and the East China Sea and Yellow Sea region has the highest elasticity of substitution. This result evinces the very weak substitutability between resource and non-resource factors in the South China Sea and Bohai rim regions. Therefore, when the price of marine resources fluctuates relative to the price of non-resource factors, producers cannot effectively achieve the goal of reducing costs and ensuring output simply by adjusting the ratio of inputs between resource and non-resource factors. For the East China Sea and Yellow Sea region, on the other hand, the elasticity of substitution is 0.4492, and although the two types of factors also show a complementary relationship, the degree of substitutability between resource and capital-labor factors is significantly higher than in other regions. This result suggests that when there is a relative change in the price of marine resources to the price of non-resources, there will be a relatively larger change in the ratio of marine resources to the inputs of capital and labor.

Table 5 shows resource biased technological progress and its growth rates for the three regions. Significant differences can be found between the three regions in terms of resource biased technological progress. TC in the South China Sea region is much higher than that in the East China Sea and Yellow Sea region and the Bohai rim region, with RBTC in the South China Sea region averaging about 0.317 over the sample period, which is 7 times higher than that in the Bohai rim region and 40 times higher than that in the East China Sea and Yellow Sea region. This is mainly due to the fact that the South China Sea region is more richly endowed with marine resources, and technological progress communicates itself in a resource biased manner, while the level of TC in the resource factors in the Bohai rim and the East China Sea and Yellow Sea regions need to be further improved. In terms of growth rates, RBTC in the South China Sea region achieves steady growth at an average rate of 3.272%, while resource biased technological progress in the East China Sea and Yellow Sea region grows at a slightly slower rate than that of the South China Sea region, at 1.303%, and in the Bohai rim region, at -1.912%. In addition, the figure depicted that the growth rate of resource biased technological progress in the three major coastal regions peaked in 2012, with both the South China Sea region and the Bohai rim region growing at more than 20%. The reason may be that in 2012, the country proposed to build a strong marine nation and strengthen the development and utilization of marine resources, which to a certain extent promoted the growth rate of RBTC.


Table 5 | The resource biased technological progress in the three regions.

[image: Table showing resource-biased technological progress and growth rates for the Bohai Rim, East China Sea and Yellow Sea, and South China Sea from 2009 to 2020. It includes figures for each region's progress and corresponding growth rates in percentage, highlighting varying technological advancements and percentage changes over the years.]





4 Analysis of the impact of resource biased technological progress on resource efficiency



4.1 Empirical model

As indicated by the definition of share of resources (Chen et al., 2015), the resource share is expressed as follows.

[image: Equation displaying \( R_{t}^{\text{share}} = \frac{R_{t}^{R} P_{t}^{R}}{Y_{t}} \). Labeled as equation fifteen.] 

Then unite Equations 3, 16, 17 is yielded.

[image: The equation shows a mathematical expression: natural logarithm of the ratio of Y sub t to R sub t equals (1 minus epsilon) times natural logarithm of A sub t raised to R plus epsilon times the difference of natural logarithm of P sub t raised to R and natural logarithm of y, labeled as equation 17.] 

In this research, resource efficiency is defined as the ratio of output to resource consumption. From Equation 17, it can be assumed that resource efficiency is closely linked to resource biased technological progress and resource prices. Therefore, drawing on the study of the relationship between resource biased technological progress and resource efficiency and accommodating the variable of marine resource price, the research establishes an econometric model to study the influence of the two on resource efficiency.




4.2 The results of resource efficiency

As evident by Figure 1, the resource efficiency of mariculture increased from 6.81 in 2009 to 7.50 in 2020, with an overall increase of 10.18%, a result which indicates that the resource efficiency of mariculture has shown an upward trend, and the output of marine resources per unit has been increasing during the study period. Further detailed analysis shows that from 2009 to 2011, the resource efficiency of mariculture showed a sharp decline, followed by a sharp increase from 2011 to 2012, and a fluctuating upward trend from 2012 to 2020. The reason is mainly due to the extensive aquaculture in the early stage of mariculture, and the increase of economic benefits at the expense of a large amount of resources. Moreover, due to the decrease of aquaculture density and the backwardness of technology, the output efficiency per unit sea area is relatively low. In 2011, the resource efficiency reached its lowest point, mainly due to natural disasters, such as typhoons, resulting in a decrease in aquaculture area and social resource, which directly led to a decline in the efficiency of mariculture resources. While in other years, the resource efficiency of mariculture industry is higher than 6.5, and reaches its peak of 7.50 in 2020.


[image: Line graph showing data from 2008 to 2020. The y-axis ranges from 4 to 8, the x-axis from 2008 to 2020. It depicts a decrease to 5 by 2010, a sharp increase to 7 in 2011, with generally rising values ending near 8 in 2020. Data points are marked by black squares.]

Figure 1 | Resource efficiency in mariculture.






4.3 Analysis of the dynamic impact of resource biased technological progress, resource prices on resource efficiency

To reduce the possible heteroskedasticity in the data, this research takes the natural logarithm of the sequence [image: Mathematical expression showing the variable Y sub L divided by R sub L.] 、 [image: Stylized mathematical notation showing the symbol "A" with a superscript "R" and a subscript "f".] 、 [image: Text with subscripts and superscripts showing the letter "p" with the subscript "t" and the superscript "R".] , to obtain lny, lna and lnp. The stationarity of the data needs to be tested before constructing the vector autoregressive model. The ADF unit root test is performed to determine its stationarity, and the results are shown in Table 6.


Table 6 | Unit root test results of variable.

[image: Table displaying results of ADF tests for different variables. Columns are Variable, ADF statistic, 5% statistic, P value, and Result. Variables are lny, D(lny), lna, D(lna), lnp, and D(lnp). Results show lny and lna as non-stationary with p-values 0.1872 and 0.7348, respectively, while differenced variables and lnp are stationary with p-values below 0.05.]

To construct a vector autoregressive model, it is first and foremost to determine the optimal lag order. If the optimal lag order is too small, it will cause the error to have strong autocorrelation, which will affect the reliability of the parameter being estimated. And if the optimal lag order is too large, it will lead to the reduction of the degree of freedom and the validity of the parameter estimation will be significantly affected. The LR test is implemented to determine that the lag order is 1. Further, this research constructs the VAR (1) model and results grabbed as shown below:

[image: Equation displayed with the natural logarithm of y equals 3.1921 times the natural logarithm of y minus one, minus 1.2172 times the natural logarithm of a minus one, minus 3.0604 times the natural logarithm of p minus one, minus 4.7667. Equation is numbered eighteen.] 

It can be noted that the elasticity coefficient of resource efficiency with respect to resource biased technological progress is -1.2172 at lag 1, which indicates that in the short run, the level of resource biased technological progress in mariculture has a significant dampening effect on resource efficiency. When the level of technological progress rises by 1%, there is a corresponding decline in resource efficiency of -1.2172%. In terms of the impact of resource prices on resource efficiency, the lag 1 elasticity coefficient is -3.0604, which suggests that there is a negative impact of the price of marine resources on resource efficiency. When the price of marine resources rises by 1%, it will result in a decrease in resource efficiency of -3.0604%. The reason may be that resource biased technological progress, resource prices and resource efficiency have not yet been in a synergistic growth situation. In the short term, due to the pressure of rising costs, farmers may not be able to immediately adjust their production methods and improve resource utilization efficiency, resulting in a decline in resource efficiency.




4.4 Analysis of the long-run impact of resource biased technological progress and resource prices on resource efficiency

In order to further investigate the long-run equilibrium relationship between resource biased technological progress, resource price and resource efficiency, the three variables lny, lna, lnp are first tested for cointegration. The results of the cointegration trace test indicate that there is only one linearly independent cointegration variable. The results of the maximum eigenvalue test demonstrated that the null hypothesis of “cointegration is 0” can be rejected at the level of 5%, but the null hypothesis of “cointegration is 1” cannot be rejected. It can be concluded from the test results that there is a cointegration relationship among the three variables, which implies that there is a long-run equilibrium relationship among the three.

Using Johansen’s MLE approach to estimate the cointegration equation.

[image: Equation showing log transformation: \(\ln y_t = 2.1598 + 0.5733 \ln a_t + 1.4570 \ln p_t\), labeled as equation (19).] 

As a comparison, the EG-ADF two-step method is used to estimate the long-run equilibrium relationship of the three variables, and the co-integration equation is obtained.

[image: Equation showing the natural logarithm of y sub i equals three point six one six two plus zero point six five three three times the natural logarithm of a sub q plus zero point eight zero zero six times the natural logarithm of p sub t. A reference number, twenty, is on the right.] 

The two estimates are similar, but the MLE estimate is theoretically more efficient. According to the MLE estimation results, the coefficient of elasticity of technical progress for resource efficiency is 0.5733, suggesting that when the level of resource biased technical progress increases by 1%, it will contribute to an increase in resource efficiency by 0.5733%. The price elasticity coefficient of resource efficiency is 0.8006, importing that when prices increase by 1%, it will contribute to an increase in resource efficiency by 0.8006%. This result reveals that both resource biased technological progress and marine resource prices promote resource efficiency in mariculture in the long-run, with marine resource prices contributing slightly more than resource biased technological progress.





5 Conclusions and policy recommendations



5.1 Conclusion

Taking the data of China’s mariculture industry from 2008 to 2020 as research samples, this research introduced marine resource factors into the input-output system of mariculture industry to study the technological progress level of marine resource factors. On this basis, an econometric model was built to study the impact of resource biased technological progress and resource price on resource efficiency. The main research results are summarized as follows.

Firstly, a double-nested CES production function was constructed to estimate the elasticity of substitution between non-resource factors represented by labor and capital factors and resource factors, so as to measure the level of resource biased technological progress in the mariculture industry, which yielded that there was a complementary relationship between resource and non-resource factors in marine areas, and that the level of technological progress of non-resource factors was higher than that of resource factors. resource biased technological progress among the three major coastal regions presents heterogeneous characteristics, with the level of resource biased technological progress in the Bohai rim region showing a small downward trend, the level of resource biased technological progress in the South China Sea region basically remaining stable, and the level of resource biased technological progress in the South China Sea region being the highest among the three major regions and showing a steady growth.

Secondly, the research analyzed the relationship between resource biased technological progress, resource prices and resource efficiency and fount that, in the short term, resource biased technological progress and resource prices had a negative impact on resource efficiency; in the long term, there was a long-term equilibrium relationship between the three, and resource biased technological progress and resource prices had a positive impact on resource efficiency. Moreover, the improvement of resource price on resource efficiency could reflect greater utility. When the level of resource biased technological progress increased by 1%, the resource efficiency would increase by 0.5733%, whereas 1% increase in the price of marine resources would lead to a 0.8006% increase in resource efficiency.




5.2 Policy recommendations

The first is to improve the technological progress level of marine resource elements. R & D and promotion of resource-saving mariculture technology, coastal areas can increase efforts to R & D and promotion of resource-saving mariculture technology, improve the ability of independent innovation, strengthen the development and utilization of green aquaculture technology. This includes optimizing the aquaculture structure, developing multi-level comprehensive aquaculture, making full use of the three-dimensional space of seawater, and improving the utilization efficiency of marine resources. In addition, in the field of key technology research, technical research on fish industrial ships and deep-water cage culture was carried out, and technical specifications for ship-borne cabin culture and deep-water giant cage fish culture were established. This helps to improve breeding efficiency and resource utilization efficiency. At the same time, the integration and demonstration of aquaculture platform should be carried out, the industrialization platform should be established, and the technical mode of large-scale aquaculture in deep sea should be constructed.

The second is to build a perfect marine resource price evaluation system. Coastal areas need to improve the management system of marine resource price assessment, establish and improve the procedures and methods of marine resource price assessment, and establish a database of transaction information including the price of marine resources sold by various places and types, so as to fully and truly reflect the market price of marine resources. Moreover, coastal areas can consider introducing differentiated sea area resource price policies to make full use of regional differences to improve the utilization of sea area resources in various regions. This means that according to the resource situation, economic development level and ecological environment requirements of different regions, different sea area resource prices are formulated to promote the rational allocation and efficient utilization of resources.
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Watershed ecological compensation programs have emerged as a pivotal instrument for internalizing the externalities associated with watershed ecological protection. In most countries, the direct participants in ecological compensation projects are ordinary persons and enterprises, but in China, the direct participants are local governments and the central government, which to some extent affected the efficacy of the compensation programs. This study used PSM–DID to analyze the efficacy of the Xin’an River Basin Ecological Compensation Project (Xin’an-BECP) and calculated the loss of opportunity developed in the upstream area through EKC (Environmental Kuznets Curve) fitting, which makes the benefit assessment of government-led ecological compensation projects more objective and provides a model that can be used to analyze the benefits of BECP in developing countries. Our results show that (1) the treatment effect of the Xin’an-BECP is not obvious; (2) the compensation funds gained by the upstream area are much lower than the theoretical opportunity loss; and (3) enterprises are not transaction participants in the Xin’an-BECP. Finally, based on the conclusions of the discussion, we propose specific policy recommendations to guide developing countries in increasing the compensatory effects of BECP in the context of growing demand for economic development. 
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1 Introduction

Statistical analysis indicates that approximately 50% of the world’s rivers are contaminated, and there has been a 25% decrease in freshwater resources since 1980 (Mekonnen and Hoekstra, 2017). China’s economic growth is predominantly propelled by the advancement of manufacturing and industry, which has caused numerous pressing ecological and environmental concerns, particularly within the Yangtze River Basin (Hansen et al., 2018). In recent years, watershed ecological compensation programs have emerged as a pivotal instrument for internalizing the externalities associated with watershed ecological protection (Börner et al., 2017). However, the watershed is frequently divided into different administrative units, which have complex interests in the same basin because of the scarcity and liquidity of water resources (Song et al., 2013). In particular, the implementation of basin ecological compensation programs in China is still mainly based on urban agglomerations, small watersheds, or fragmented areas divided by large-scale watersheds (Chi et al., 2024). Since compensation means balanced interests, it is agreed upon that the subjects of resources development and utilization should pay or provide compensation measures to subjects whose own interests are affected by protecting the resources (Bull et al., 2013). It can be seen that the ultimate goal of ecological compensation of a river basin is inherent in achieving benefit balance by transferring part of the rights and interests under the reasonable division of labor, and the governance of watershed pollution can be seen as the natural result of the balanced benefit.

In most countries, the direct participants in ecological compensation projects are ordinary persons and enterprises. However, in China, the direct participants are local governments and the central government—ecological compensation projects involving only government agencies (ECPioGA). In addition to providing substantial financial support, the central government also assumes the role of adjudicator in the process. Despite improvements in river water pollution in recent years, the problem of water pollution in river basins remains severe. The Xin’an River’s main stem measures 373 km in length, with a basin area in excess of 11,000 km2 (see Figure 1) and a permanent population of 13,838,000. In 2012, China launched the Xin’an-BECP, which operates as follows: if Huangshan City in Anhui Province (upstream area) provides water that meets the standards of Hangzhou City in Zhejiang Province (downstream area), the Hangzhou Municipal Government will compensate the Huangshan Municipal Government; if the water provided by Huangshan City does not meet the quality standards, the Huangshan Municipal Government must compensate the Hangzhou Municipal Government for water pollution damage; the central government provided the main financial support during the initial operation of the project and then withdrew from the project.


[image: Topographic map of an area between Huangshan and Hangzhou. It shows elevation variations, with higher elevations in red and lower ones in green. Water bodies are marked in blue. The coordinates and a scale bar are included.]

Figure 1 | The basin of the Xin’an River.



However, further discussion is required on the following points: firstly, whether the effectiveness of the ECPioGA was significant, and secondly, whether economic development opportunities that were lost upstream due to water management were fully offset by compensation downstream. Our research found that the effectiveness of the Xin’an-BECP was not significant, and the compensation level downstream did not make up for the development opportunities lost upstream.




2 Literature review and mechanism analysis



2.1 Literature review

With the environmental problems becoming increasingly serious, there are more and more studies on environmental governance. Crossover studies between different disciplines have become mainstream, especially in the field of ecological compensation. However, there have not been much studies done on the benefit evaluation of watershed ecological compensation projects, especially relevant explorations on benefit assessment methods of the watershed ECPioGA in China. In the realm of ecological compensation research, it is well-known and widely accepted that the institutional function of the financial ecological appropriation is to compensate local governments for the loss of profits caused by eco-environmental protection, so as to stimulate the supply of ecological services (Liu, 2015). The best form of financial allocation should be matching grants in the light of incentives, but most of the existing policy practices are shown as package grants, which makes it difficult to assess the final benefit of the compensation project. The research related to this issue mainly includes the following aspects:

First and foremost is the definition of the policy objectives for ecological compensation. Corbera et al. (2007) argued that fairness of ecological compensation can be divided into three dimensions, namely, participation fairness, decision-making fairness, and outcome fairness; outcome fairness depends on participation fairness and decision-making fairness. This theory challenged the efficiency-only theory of ecological compensation policy goals advocated by the neoclassical economics (Cox, 2003). There are some scholars who believe that ecological compensation can only be achieved by one of three goals, namely, efficacy, efficiency, and fairness (Mayrand and Paquin, 2004). Others believe that the aim of ecological compensation is inherent in achieving environmental improvement and rural development, and that poor groups are the biggest victims of ecological damage (Nicolas et al., 2008; Barbier, 2008). Holding different opinions, Clements et al. (2010) argued that the balance between efficiency and social inclusion of ecological goals is an important factor that has great influence on the long-term operation and efficacy of ecological compensation. However, what needs to be added is that, in China, socialism and mixed economy are still the dominant principles of the Chinese management model (Fan et al., 2019); in particular, political factors have a great influence on environmental policy (Li et al., 2022), which, in turn, determines the policy goals of BECP to a certain extent.

Secondly, the method of project benefit evaluation is decided by the mode of the ecological compensation project. Research on BECP is chiefly concerned with the establishment and evaluation of water quality control targets for watershed waterbody characteristics. This is done in order to determine ecological compensation values and financial flow strategies, which, in turn, can effectively improve the pollution status of a watershed (Sonter et al., 2020). In this context, the relationship between diverse stakeholders within the same watershed becomes a pivotal aspect. The effective implementation of compensation schemes is contingent upon the existence of appropriate incentives to influence the conservation behavior of stakeholders (Hayes et al., 2019). However, some scholars have summarized 457 relevant documents and found that government agencies have participated in most of the ecological compensation projects, but what differs are their research directions of the ECPioGA (Schomers and Matzdorf, 2013). Liu believed that the institutional function of ecological compensation consists in coordinating interest relations rather than completely “covering” ecological externalities (Liu, 2015). Instead of improving the ecological environment indicators directly, the goal of compensation is to change the ecological behavior of decision-makers that ultimately ended with the mechanism of intergovernmental fiscal ecological compensation. Wang and Li (2015) emphasized the effective integration of the government and market in the progress of compensation. Zheng and Ge (2019) deemed that it is more efficient to construct a diversified ecological compensation model with the coupling of government compensation, market compensation, and social compensation.

The third aspect concerns the evaluation of the compensation projects. In the light of the efficacy of ecological compensation policies, Pagiola assessed the efficacy of compensation policies by measuring the benefits and negative returns of ecological zones brought by resource development and conservation (Pagiola et al., 2007). Sven (2007) considered that the deficiency of the majority of ecological compensation projects can be found in the lack of supervision and evaluation, and the compensation funds are also non-sustainable at the same time (this is consistent with most river basin ecological compensation projects in China); hence, the assessment highlights whether the service providers have changed the traditional methods of production or not. In addition, Corbera et al. (2009) evaluated the acceptability of ecological compensation, the income after compensation, the efficiency of forest management, and its organizational capacity in rural areas of Mexico in quantification. In combination with the variables exemplified by the residents’ ability in participating in compensation policies, individual characteristics, environmental awareness, and adaptability to the system, Nicolas et al. (2008) assessed the compensation project of Mexican forests. Recent studies have demonstrated that the evaluation of ecological compensation programs is no longer the ultimate research objective. Liu et al. (2023) constructed an ecological compensation mechanism under the dual control of water quality and water quantity, and the empirical analyses of this mechanism showed that the value of water quantity compensation is likely to be higher than the value of water quality compensation. This indicates that the impact of water quantity on the water environment is greater than that of water quality, and that it is necessary to ensure the river’s ecological water demand while strengthening the treatment of water pollution. In a related study, Li et al. (2024) examined the impact of the Xin’an-BECP on the regional economy. Their findings indicated that the implementation of the compensation program led to a shift in the local industrial structure, with an overall negative impact on the county economy. This shift, from secondary to primary and tertiary sectors, resulted in the inhibition of economic growth at the county level.

The last review on the existing research is about their evaluation methods of the compensation project. On the basis of Pagiola’s study, Zabel and Roe pointed out that in terms of assessing ecological compensation projects, unobservable factors such as “pollution leakage” and external influences should be highlighted since incomplete information will be produced by these non-objective factors, while Ferraro argues that the incomplete information can be solved by auction or measuring the opportunity cost (Zabel and Roe, 2009). Yu et al. (2024) proposed a tripartite evolutionary game model for two-way ecological compensation to estimate the incentive impact of cross-border horizontal ecological compensation policy on water pollution governance. Liu et al. (2022) quantitatively evaluated China’s basin ecological compensation policies based on the PMC index model; however, deficiencies in timeliness, incentive measures, and policy receptors were noted in the compensation policy. The above is a new evaluation method derived from specific issues, but the general evaluation method is roughly a combination of theoretical models and empirical models, such as Liu’s systematic evaluation on intergovernmental fiscal ecological compensation projects in six provinces of eastern China, and Wang and Tang’s empirical research on land urbanization in mainland China (Liu, 2015; Wang and Tang, 2019).

Though as pioneering and forward-looking as the existing research is, its research methods or results are not fully applicable to the benefit evaluation of the Xin’an-BECP. (1) The Xin’an-BECP is such a typical ECPioGA that the proportion of incomplete information will increase with the absence of micro-interested compensation subjects in the project. In the process of assessing, therefore, it is likely to miss the important variables or to be unable to effectively distinguish the causal relationship between the explanatory variable and the interpreted variable, which results in the significant difference between the OLS estimated value and the IV estimated value, and leads to the difficulty in solving the endogenous problems in the empirical model. (2) The most of the ECPioGAs, indeed, have the motivation to internalise externalities, which is directly reflected in the rigid demand for environmental governance, while the government’s anti-pollution actions have not been highlighted by the market-oriented evaluation method of ecological compensation projects.




2.2 Mechanism analysis

(1) The proportion of voluntary transactions is extremely little and the degree of commercialization of ecological services is fairly low. With regard to the supply and demand system of ecosystem services in the Xin’an River, there are rare eco-services transacted voluntarily based on the interests of both parties. The reasons are mainly summarized as follows:

	It is hard to reach the compensation price that both parties are satisfied with in the market due to the discrepancy of measurement cost for compensation fees. Different calculation methods adopted for different compensation projects bring about various prices of the same compensation volume, which is not conducive to the stability of the compensation price system; that is, the price information loses the credibility supported by market supply and demand.

	The guidance and support of policies for compensation projects are more economically attractive than private transactions. On the one hand, the government’s ability to allocate resources and process information is innately domineering. On the other hand, the opportunity cost of ecological service providers cannot be equivalently replaced by the compensation of the demand side. There is no reason and motivation for compensation even if there is the demand side. In other words, the Xin’an-BECP will not be activated without the leadership of the government.

	From the micro-level perspective, under the condition that ecological service providers guarantee the supply of ecological services, ecological compensation is a set of ecological environmental protection mechanism based on the purchase of ecological products and services; namely, the pure market-oriented ecological compensation is a voluntary transaction where a beneficiary (at least one) of an ecological service can purchase high-quality ecological services from an (at least one) ecosystem service provider (Sven, 2005). The nihilism of the micro-interests of ecological compensation in the Xin’an River Basin has squeezed the vital space of the voluntary trading market (Sven et al., 2008). In terms of the content of the three-round compensation agreement of the Xin’an River Basin, there are almost no direct compensation objects for residents in the areas where ecological services are provided, collective contractors whose main development capital is cultivated land or water area in the upstream river basin, and enterprises engaged in agricultural production in the river basin. For example, the measures for livestock and poultry collection, the construction of ecological tea gardens, etc. are still insufficient, and the existing compensation projects have limited influence over the involved providers of micro-direct production.



(2) The ecological compensation system of most developing countries is still at the stage of government financing. Sven et al. (2008), who researched on the ecological compensation system of developed and developing countries, divided the market transaction-type compensation system into government financing ecological compensation and beneficiary financing ecological compensation. In the Xin’an River ecological compensation system, the government takes the lead in the implementation and promotion of ecological compensation projects based on its functions and provides high-value financial subsidies to ecological service providers at the same time. The role of the government has changed from administrative regulators to a third-party agent who purchases ecological services collectively from the ecological service providers as a “total demander” (Wang and Li, 2015). This kind of administrative action that is called subsidy but is purchased, in fact, is actually more suitable for the ECPioGA. The destination of its development, undoubtedly, is nothing more than to establish a credit guarantee system, to provide technical assistance services, to promote the upgrading of the basin industry, and to cultivate a market trading mechanism of ecological compensation by means of other measures.

(3) It is difficult to evaluate the environmental benefits of ecological compensation accurately. As far as the object of the environmental benefit evaluation is concerned, although the natural restoration and self-purification function of the environment itself has been generally declining with the development history of human society, the ability of environmental self-restoration remains unstable despite the development of nearly 100 years, and this instability is even not observable at a certain time. Therefore, the level of environmental self-repair ability is always regarded as a random error term that affects the accuracy of benefit evaluation in the benefit evaluation system of ecological compensation, and the random error summarized by abstraction does not have the stability similar to white noise. The instability of environmental self-healing capabilities is even more true during the nearly 100 years when industry, technology, and information have developed rapidly. On account of this instability, it is difficult for us to distinguish how much improvement of the ecological environment comes from natural restoration and environmental purification, from spillover effects owing to the improvement of the ecological environment in the adjacent space, and from the supply side and the service itself directly (Wang and Li, 2015). As there are profitable business activities, there is a transaction risk associated with it. Based on the psychology of risk aversion, the relative party of the transaction will unconsciously increase the cost and transaction price of ecological services, which is largely affected by the situation of information asymmetry partly induced by the non-stationary and unpredictable self-healing ability of the natural environment. This series of linear conduction market behavior has an urgent need for the government’s subsidy funds, because the extra effort made by both sides when the eco-service transaction is finally concluded needs the incentive of subsidy. Therefore, defining the system function of ecological compensation fund with the term “subsidy” has its own meaning, because this kind of subsidy has an incentive effect on the ECPioGA and on market transaction ecological compensation system as well.

(4) Spatial factors have a decisive influence on the choice of different ecological compensation systems. The Xin’an-BECP is the first inter-provincial watershed compensation project with a main stream of 373 km and a drainage area of over 11,000 km2 in China. On the one hand, it is difficult for commercial institutions to complete the exchange activities of cross-regional ecological service independently in China due to its hugeness. On the other hand, without the participation of the private sector, the government’s intervention activities are effective in the project start-up stage, but the incentive effect on the project’s middle and late operation is gradually weakened, and the government can neither use the currency vote to evaluate the ecological service like the beneficiaries of the ecological service, nor can it propose the heterogeneous plan to evaluate the ecological service performance for the ecological service provider, which leads to the insufficient incentives for the providers of ecological services they deserve under the government intervention mechanism (Jing and Zhang, 2018).

Based on the reviews and considerations mentioned above, this paper will assess the environmental benefits of the Xin’an-BECP through the following two main steps: (1) Does the compensation project have a significant negative impact on the intensity of environmental pollution? The PSM–DID (Propensity Score Matching and Difference-In-Difference) method is firstly applied to evaluate the policy effects of the BECP; PSM is responsible for selecting control individuals and the individuals who will be treated, and DID is responsible for identifying the impact of policy shocks. (2) Is the compensation project itself in full compensation? Based on the evaluation of the PSM–DID method and the combination with the newly fitted Kuznets curve, this paper will measure the government’s theoretical input to the Xin’an River project, and lead to our next analysis. (3) Based on (1) and (2), we will conduct a comprehensive discussion on the Xin’an River compensation project and obtain corresponding policy inspirations, which will provide experience and reference for the formulation and implementation of other types of ecological compensation projects.





3 Research design



3.1 Variable selection and data sources

The explanatory variable selected in this paper is the water pollution intensity, that is, the industrial sewage discharge per 10,000 yuan of GDP. The ecological compensation target should be highlighted in evaluating the effect of ecological compensation (Zhang and Jiang, 2014). The primary purpose of the Xin’an-BECP is to improve the water ecological environment of the basin, and then to provide a clean and stable water source for Zhejiang Province. Hence, it is of certain relevance and rationality to investigate the impact of the ecological compensation project on the water pollution of the basin.

The treated group comprised the entire territories of Hangzhou City and Huangshan City. According to the ecological compensation agreement between Anhui Province and Zhejiang Province, the scope of implementing the Xin’an-BECP is the whole territory of Huangshan City in the upstream and the whole territory of Hangzhou City in the downstream. The DID method requires that the difference between the experimental group and the control group before the implementation of the policy is as small as possible. Considering that the closer the spatial location, the greater the possibility of smaller differences between cities, this paper has selected Xuancheng and Chizhou cities, which are adjacent to Huangshan City, as well as Huzhou and Jinhua cities, which are in the vicinity of Hangzhou City, for the control group.

The explanatory variable is the interaction term between the processing variable and the time variable [image: Mathematical expression showing "d u subscript i dot d t subscript i".]  so as to test the change of water pollution intensity caused by the ecological compensation project of the experimental group and the control group.

Taking data availability and data structure balance into consideration, the covariates include infrastructure (Infras), the ratio of added value of tertiary industry to GDP (Struc), technological innovation (Tech), and per-capita drainage system scale (ScaleR), and “Co-governance in Water” (CGW) includes treatment of sewage, flood prevention, dredging water, safeguarding water supply, and conserving water. Among them, the infrastructure of the city, especially the public environmental infrastructure such as sewage network, sewage treatment plant, green park, and garbage disposal facilities, can improve the urban environment through water pollution purification and pollutant degradation, among others. In the general case of infrastructure construction, the per-capita hardened road area is taken as the proxy indicator of infrastructure (Jing and Zhang, 2018). To some extent, the optimization of industrial structure can be reflected by the proportion of the added value of the tertiary industry in GDP, and the optimized industrial structure signifies the elimination of backward production capacity and the transformation of high-energy and high consumption production mode. Technological innovation, indeed, upgrades the technology and improves energy efficiency exemplified by the same output with less energy, thereby reducing pollution emissions (Ryzhenkov, 2016). Therefore, the number of patents granted per thousand people is taken as the proxy index of scientific and technological innovation in this paper. The per-capita drainage system size is measured by the per-capita drainage pipe length, which is selected as the covariate mainly because it measures the balance between the water demand and sewage discharge in the entire production sector to some extent. CGW is the only virtual variable among the covariates, and it has also been the comprehensive treatment policy of Zhejiang Province on sewage, flood, waterlogging, water supply, water conservation, and other issues since 2013. The policy is intended to solve the problems of water environment pollution and water resource shortage, and the ecological problems of the Xin’an River Basin, which is consistent and relevant to the ecological compensation of the Xin’an River Basin in terms of policy objectives and policy implementation. The city implementing “Co-governance in water” is assigned as 1; otherwise, it is 0.

The original data collected in this paper are all derived from China Urban Statistical Yearbook from 2008 to 2021, which constitutes the annual panel data of each city during this period, and uses the method of average growth rate to fill in very few missing values. Among them, Huangshan City and Hangzhou City, both of which belong to the experimental group, are located in the Xin’an River Basin. The cities in the control group are Chizhou City and Xuancheng City adjacent to Huangshan City, and Jinhua City, Shaoxing City, and Huzhou City adjacent to Hangzhou City. The year 2012 is the time node before and after the implementation of the compensation project. Descriptive statistics are shown in Table 1.


Table 1 | Descriptive statistics.

[image: A table compares variables across three groups: All, Treated, and Controls. For each variable—Pollution, Infras, ScaleR, Struc, Tech, and CGW—the table lists the number of observations, mean, and standard deviation. Values are presented for each group, with total observations: All (78), Treated (26), and Controls (52). Key differences include higher Infras mean for Treated (15.1214) compared to Controls (9.5016), and higher Tech mean for Treated (3.9901) compared to Controls (2.3379).]




3.2 Model setting

At the end of 2012, an agreement on the Xin’an-BECP was formally signed by the Ministry of Finance and the Ministry of Environmental Protection, Zhejiang Province and Anhui Province, which implies the start of the implementation of the ecological compensation project. In this paper, the pilot policy of inter-provincial ecological compensation is regarded as a quasi-natural experiment, and the double difference method is used to evaluate the project performance. The year 2012 is taken as the first year of the formal implementation of the project based on the consideration of the overall implementation time of the project. According to the basic steps established by the DID model, two groups of virtual variables are constructed: (1) construct the treatment variable [image: Mathematical notation showing \( du_{i} \in \{0, 1\} \).] , where [image: Mathematical expression: \( du_i = 0 \).]  means that the individual [image: Cloudy sky with a rainbow in the distance, above a lush green landscape with rolling hills.   ]  belongs to the control group, and [image: Mathematical expression showing \( du_i = 1 \).]  means that the individual [image: Sorry, I can't help identify or describe this person.]  belongs to the experimental group. The experimental group is the implementation city of the Xin’an-BECP, and the control group consists of the cities that do not participate in the Xin’an-BECP. (2) Construct time variable [image: The mathematical expression "dt sub j is an element of the set containing zero and one".] , where [image: Mathematical expression showing "d sub i equals zero".]  means that an individual [image: A group of four people is seated at a table, appearing engaged in a meeting or discussion. Papers, a laptop, and a cup are on the table, indicating a collaborative work setting.]  belongs to the Xin’an River Basin before the implementation of the ecological compensation project, and [image: Mathematical expression with 'd' subscript 'i' equals 1.]  indicates that an individual [image: It seems the image is not visible. Please try uploading the image again, and I will help you with the alternate text.]  belongs to the Xin’an River Basin after the implementation of the ecological compensation project. Next, [image: Mathematical notation representing the variable \( Y_i \), where \( Y \) is a letter and \( i \) is a subscript.]  is the observable result of individual [image: It appears the image is too small or not visible. Please upload a larger image or provide more context so I can help create the alt text.] , [image: Mathematical notation showing "Y" with subscript "i" and superscript "N".]  is the potential result when the individual [image: I can't see the image you've uploaded. Please try uploading it again or provide a description of the image, and I'll help create alt text for it.]  is not affected by the compensation item, and [image: Superscript "l" next to uppercase "Y" with subscript "i", representing a mathematical notation.]  is the potential result of the individual [image: A blurred image showing a person flipping over a playing card with a confident expression. They are wearing a suit, and a stack of chips is visible on the table.]  being affected by the compensation item, then the observable result of individual [image: A blurry black and white image of an unidentified person.]  in the processing variable = [image: Mathematical notation showing "d u sub i over d t sub i".]  can be expressed as (Hu and Lin, 2018):

[image: The formula \( Y = I Y^E + (1 - I) Y^N \) is displayed, labeled as equation (1).] 

Assuming that the effect of policy impact on individual [image: A man sitting on a vintage motorcycle in front of a building facade. The motorcycle is black with chrome details, and the man is wearing a leather jacket and sunglasses. The building has large windows.]  is a fixed constant:

[image: Equation labeled as (2) showing \(\tau = E[Y_{1i} | d_{1i} = 1, d_{ti} = 1] - E[Y_{0i} | d_{ti} = 1, d_{1i} = 1]\). It represents the expected value difference in two scenarios for outcomes \(Y_{1i}\) and \(Y_{0i}\), given conditions \(d_{1i} = 1\) and \(d_{ti} = 1\).] 

In this formula, [image: \( Y_i^N \mid du_i = 1, dt_i = 1 \)]  indicates the state when the individual [image: Logo featuring a stylized lowercase 't' designed as a green leaf with a prominent central vein.]  is not affected by the policy. This state is unobservable and generally refers to counterfactual, which will be used later for counterfactual testing. Now, assuming that [image: Mathematical notation showing a variable Y with subscript i and superscript N.]  has a linear form, there are:

[image: The equation shows \( Y_{it}^N = c + \alpha d_{it} + \beta d u_{it} + \sum_{h=1}^{n} \gamma_h X_{h it} + \epsilon_{it} \), labeled as equation (3).] 

In Equations 3, 4, ϵ is the disturbance term, and its mean is 0 and independent of the processing variable and the time variable:

[image: If you have an image you'd like me to provide alt text for, please upload it, and I'll be happy to help!] 

[image: It seems there was an error in uploading the image. Please try uploading it again, and I will help create the alt text for you.]  is the number of sections, and X is a covariate and also an observable characteristic of [image: A child standing near a wall, holding a black and white cat in their arms. The child is smiling, wearing casual clothing with the cat looking calm and relaxed.] . According to Equation 3, the expression of the expectation of the potential outcome of individual [image: I can’t view or analyze the image directly. Please upload the image or provide a URL so I can help create the alt text.]  not being affected by the policy is Equation 5:

[image: Mathematical equation displaying \(E[Y^i \mid dit = 1, dt = 1] = c + \alpha + \beta + \gamma X_{it}\), labeled as equation (5).] 

Combining Equations 2, 3, the expression for the expectation of the potential outcome when individual [image: I'm unable to view the image. Please upload it directly or provide a detailed description, and I'll help you create the alt text.]  is affected by the policy is Equation 6:

[image: The equation represents the expected value of \( Y_{i} \) given \( d_{it} = 1 \) and \( dl_{t} = 1 \). It includes parameters \(\tau\), \(c\), \(\alpha\), \(\beta\), and \(\gamma\), and is structured as \(\tau + c + \alpha + \beta + \gamma X_{it}\). A reference number, (6), is indicated at the end.] 

Recalling Equation 1, the linear regression model containing policy effect [image: A calligraphic lowercase Greek letter tau (τ) is depicted.]  is obtained as follows:

[image: Mathematical equation showing an expected value calculation for \( E[Y_i \mid d_i, d_i^n] \). It includes terms \( \alpha d_i \), \( \beta d_i^n \), \( \gamma X_i \), with coefficients \( \alpha \), \( \beta \), and \( \gamma \), and final expression \( = \alpha d_i + \beta d_i^n + \tau d_i d_i^n + \gamma X_i \) as Equation (7).] 

Estimates of different combinations of [image: Y sub k.]  can be obtained from Equation 7 (See Table 2).


Table 2 | Estimate of [image: The image displays the mathematical notation "Y" with a subscript "t", indicating a possible time-dependent variable or function often used in equations or formulas.] .

[image: A table with two columns and two rows. The columns are labeled \(du_i = 0\) and \(du_i = 1\). The rows are labeled \(dt_i = 0\) and \(dt_i = 1\). The values for \(du_i = 0\) are \(\gamma_j X_{it}\) for \(dt_i = 0\) and \(\alpha + \gamma_j X_{it}\) for \(dt_i = 1\). The values for \(du_i = 1\) are \(\beta + \gamma_j X_{it}\) for \(dt_i = 0\) and \(\alpha + \beta + \tau + \gamma_j X_{it}\) for \(dt_i = 1\).]

However, there is a high heterogeneity of development in different cities in China, and it is difficult for different cities to meet the conditions of consistent time effects. Therefore, we adopt the tendency score matching method (PSM) of Heckman to eliminate the bias of sample selection as much as possible. In terms of PSM and DID, PSM can eliminate the deviation of sample selection to some extent, but it cannot solve the endogenous problem caused by missing covariates. Though DID can effectively solve the endogenous problem, it cannot avoid the deviation of sample selection. Based on this, the paper finally uses the PSM–DID method by combining PSM and DID to evaluate the project (Hirano et al., 2003). Among them, the regression model based on DID is Equation 8:

[image: Equation labeled as (8) representing a model: pollution subscript it equals c plus alpha ddt subscript it plus the sum from one to n of gamma X subscript it plus epsilon subscript it.] 

The model of DID regression after matching the control group with the experimental group via the PSM method is Equation 9:

[image: The equation represents pollution as a function in a difference-in-differences model: \( pollution_{it}^{PSM} = c + \alpha \times diff1\_du_{t} + \sum_{i=1}^{n}\gamma_{i}X_{it} + \epsilon_{it} \).] 

Among them, the treatment effect of individual [image: A blurred image with an undefined shape, lacking clear visual details or context.]  in the experimental group is:

[image: Equation labeled as (10) shows the expression \( Y'^{PSM} = (Y_{i+1} - Y_i) - \sum_{j \in N} \omega(i, j)(Y_{i+1}^N - Y_j^N) \).] 

In Equation 10, ω(i,j) is the propensity score weight of an observation value.





4 Analysis



4.1 Impact of compensation projects on water pollution

The parallel trend test should be carried out for the experimental and control groups before using the double difference method to evaluate the efficacy of the compensation project. The hypothesis of parallel trend states that changes with time of the explained variables of the experimental group and the control group are generally parallel to each other before the implementation of the policy. Except for the experimental impact, the influence of the unrelated factors on the individual is identical, and the samples of the experimental group and the control group are of the same variance statistically. The samples of the treated group and the control group sample present the same trend before the implementation of the policy (Su and Song, 2019). It can be seen from Figure 2 that the time trend of water pollution intensity of the experimental group and the control group is relatively consistent before the implementation of the Xin’an-BECP, which conforms to the parallel trend test. From the distribution of confidence intervals in Figure 3, it can be seen that prior to the introduction of the Xin’an-BECP, there were cases where the coefficient of the interaction term was not significantly different from 0; after the introduction of the Xin’an-BECP, there were at least three periods where the coefficient of the interaction term was significantly different from 0, which indicates that the parallel trend test is passed.


[image: Line chart showing pollution levels from 2008 to 2020 in two groups: treated (solid blue line) and control (dashed red line). The treated group starts higher at 15, decreases significantly to about 5 by 2020. The control group remains relatively stable, around 5 throughout.]

Figure 2 | Pollution in the treated and control groups.




[image: Scatter plot showing coefficients with error bars labeled from pre4 to post8 on the x-axis. The y-axis ranges from negative five to ten. A red dashed line indicates zero on the y-axis.]

Figure 3 | The estimated effects of coefficients.



Furthermore, Figure 4 illustrates the distribution of the estimated coefficients of 800 pseudo-policy dummy variables and the corresponding p-values. The x-axis denotes the magnitude of the estimated coefficients of the pseudo-policy dummy variables, while the y-axis indicates the density value and the magnitude of the p-value. The curve represents the kernel density distribution of the estimated coefficients. The blue dots correspond to the p-values corresponding to the estimated coefficients. The vertical dashed line indicates the true estimated value (−1.165) of the DID model, and the horizontal dashed line signifies the significance level of 0.1. This figure reveals several key insights. Firstly, the estimated coefficients are found to be normally distributed. Secondly, the majority of the estimated values possess a p-value greater than 0.1, indicating that they are not significant at the 10% level. Finally, it is observed that only two of the estimated coefficients of the pseudo-policy dummy variables are located to the left of the true policy dummy variable. This finding suggests that our estimation results are unlikely to be an accident.


[image: A scatter plot with the x-axis labeled "Coefficients" and the y-axis labeled "p value". Blue circles represent data points, and a density curve overlays the plot. Vertical and horizontal dashed lines are at -0.7 and 0.1, respectively, indicating significance thresholds. A legend indicates "kdensity of estimates" for the curve and "p value" for the data points.]

Figure 4 | The placebo test.



Next, benchmark regression (Table 3) reveals the following: (1) when no covariates are added, whether it is a random effect or a fixed effect, the compensation project has a significant negative impact on the water pollution intensity; (2) after adding covariates, the significant negative impact of compensation projects on water pollution intensity is only reflected in the fixed effects.


Table 3 | The benchmark regression.

[image: A table presents regression results for four pollution categories labeled I, II, III, and IV. It includes coefficients and standard errors for variables du/dt, Infras, ScaleR, Struc, Tech, and CGW. Significance levels are marked by asterisks. The table notes whether time and individual fixed effects are included, the number of observations, and R-squared values for within, between, and overall. Significance levels are denoted by asterisks at the bottom.]




4.2 Inspection based on the PSM–DID method

In order to minimize the systematic differences in the level of environmental pollution in different cities, it is necessary to use [image: The image shows the mathematical expression "du subscript i".]  to make logit regression for each covariate so as to get the score of propensity, and the city which is the closest to the score of propensity can be selected into the control group. Therefore, after the PSM matching, it is also necessary to examine whether there is a significant difference between the experimental group and the control group. If the significant difference between the experimental group and the control group is present as high, the PSM–DID regression is not applicable, and vice versa. In Table 4, only pollution has significant difference after matching, so that PSM–DID regression can be carried out.


Table 4 | Applicability test results.

[image: Table comparing variables between treated and control groups. Variables: Pollution, Infras, ScaleR, Struc, Tech, CGW. Columns: Variable, Mean treated, Mean controls, Difference, Absolute t-value, Probability. Significant differences noted for Pollution (p < 0.1). Significance levels: p < 0.01, p < 0.05, p < 0.1.]

However, Table 5 shows that the compensation project did not significantly reduce the water pollution intensity in the Xin’an River Basin.


Table 5 | PSM–DID regression results.

[image: Table showing difference-in-differences analysis for pollution effects before and after treatment. Columns labeled Before, After, and Diff-in-Diff. Rows indicate Diff (Treated – Control), Standard Error, t values, and p-values. Before shows -1.198 Diff, 0.940 Std. Err., -1.27 t, 0.243 p. After shows -1.610 Diff, 1.580 Std. Err., 1.02 t, 0.342 p. Diff-in-Diff shows -0.412 Diff, 1.839 Std. Err., 0.22 t, 0.829 p.]




4.3 Robustness test

In order to verify the validity of this conclusion, a robustness test was conducted. When estimating the pollution reduction effect of Xin’an-BECP, it is possible that other policies may also be a factor, which could result in an overestimation or underestimation of the estimated results. To address this issue, a national environmental policy event was added to verify the robustness of the conclusion. In 2013, following the advent of a new Chinese government, significant emphasis was placed on environmental concerns, resulting in the promulgation and implementation of a series of environmental protection policies and laws. It is hypothesized that the environmental protection measures implemented by the new government have led to a reduction in pollution. To identify this effect, a dummy variable for the 2013 policy (var_2013) was incorporated into the baseline regression model. If the effect of the var_2013 policy is not significant, it can at least show that the Xin’an-BECP has a pollution reduction effect. In contrast, it shows that the preliminary conclusions of this article may have been affected by similar policies in a wider context, thereby affirming the robustness of the estimation results. The addition of var_2013 to the model in Table 6 indicates a highly significant effect of the 2013 policy, suggesting that the enhancement in the quality of the Xin’anjiang River is not attributable to Xin’an-BECP alone.


Table 6 | Effectiveness of other policies.

[image: Table comparing two models, V pollution and VI pollution, with variables: dudt, var_2013, Infras, ScaleR, Struc, Tech, CGW, and C. Each variable contains coefficients and standard errors in parentheses. Dudt shows -2.4323 for V and -1.9524 for VI, significant at different levels. Var_2013 shows -2.4620 for V and -1.1269 for VI. Infras is -0.6890 in VI. ScaleR in VI is 6.4397. Struc in VI is -16.6772. Tech in VI is 0.0670. CGW in VI is -0.5452. C in VI is 15.7599. Control is No for V, Yes for VI. Observations are 78 for both. Stars indicate significance levels.]

Furthermore, in order to further test the robustness of the estimation results of this paper in the time dimension, the sensitivity of Xin’an-BECP to time change is identified by altering the time interval. To this end, the year 2012 was selected as the intermediate time point, and samples of 1, 2 and 3 years before and after this time point were taken. The samples were then regressed. If a significant change in the coefficients and significance was observed, it was indicated that the estimation results of this paper were robust. As illustrated in Table 7, the pollution reduction effect of stage (1) is found to be significant, while the pollution reduction effects of stages (2) and (3) are not significant. This observation indicates that the sensitivity of Xin’an-BECP to temporal variations is high, thereby providing indirect evidence that substantiates the robustness of the estimation results presented in this article.


Table 7 | Pollution reduction effects after changing the width of the time window.

[image: A table with three columns labeled (1), (2), and (3) showing simulated stage data for 2012 across different years. Each row lists variables like dudt, Infras, ScaleR, Struc, Tech, CGW, and C with corresponding coefficients and significance levels denoted by asterisks. Control is marked as "Yes" for all, with observations at 18, 30, and 42 respectively. Significance levels are indicated below the table: ***p < 0.01, **p < 0.05, *p < 0.1.]

Concomitantly, counterfactual tests are imperative to eliminate the possibility that policy estimates are erroneous due to selection bias in the time dimension. The basic principle of the counterfactual test is the regressions or tests based on the actual implementation year of the project, which has been illustrated above, and the counterfactual test needs to reset the implementation year of the compensation project; that is, we can imagine that the compensation project was officially implemented in 2009, 2010, or 2011 in order to take the hypothetical project implementation year as the base period to re-estimate the processing effects of the compensation project. Under the premise of the implementation time and interval of the artificial simulation project, the processing effect of each time interval showing insignificant results can be regarded as the most ideal result; thus, it can be said that the pollution reduction effect of the compensation project is significant. Unfortunately, only stage (1) is insignificant in Table 8, and the other stages are significant at different confidence levels, which means that the Xin’an-BECP does not have a significant pollution reduction effect in time scale. In general, there are two reasons for this result: (1) people have already expected the policy to be implemented before the policy occurs, and (2) there is no parallel trend between the experimental group and the control group. Obviously, the above two points are not the real reason for the failure of the compensation project to pass the counterfactual test.


Table 8 | Counterfactual test.

[image: Table displaying simulated stages and pollution levels over five intervals from 2008 to 2012. The base years are 2009, 2010, and 2011 with intervals (1) to (5) showing pollution values: -3.5256, -4.1103, -3.2785, -3.6373, and -2.9528, with significance levels indicated by asterisks. The note explains the year intervals and significance levels.]




4.4 Heterogeneity analysis

Cities with a population size greater than 1 million have been shown to experience an economic agglomeration effect, resulting in enhanced efficiency of resource allocation and utilization, which can contribute to a reduction in environmental pollution (Shi et al., 2018). This article therefore seeks to ascertain whether there are differences in the pollution reduction effect depending on the population size. The population sizes of the cities observed in this paper are all at least 1 million. Table 9 indicates that the pollution reduction effect is more pronounced in cities with a population size of less than 3 million. However, when controlling for variables is not taken into account, the pollution reduction effect is marginally weaker in cities with a population size of more than 3 million compared to cities with a population size of less than 3 million. This finding suggests that cities with a population of more than 1 million may be able to achieve wastewater reduction through their own endowment, provided that the impact of the Xin’an-BECP is not taken into account. It is highly probable that the pollution reduction effect observed in the Xin’anjiang River is not attributable to the Xin’an-BECP.


Table 9 | Heterogeneity analysis of city scale.

[image: Table showing statistical results for variables across populations less than 3 million and greater than or equal to 3 million. The variables include "dudt," "Infras," "ScaleR," "Struc," "Tech," "CGW," and "C." Each value includes a standard error in parentheses. Statistical significance is indicated with asterisks denoting p-values: *** for p < 0.01, ** for p < 0.05, and * for p < 0.1. "Control" entries indicate "Yes" or "No," with observations falling under either 52 or 26, depending on the population size.]

In Table 10, the present study analyzes the influence of geographical factors on the pollution reduction effects of the treated and control groups. It is well established that the economic agglomeration effect of cities on the southeast coast of China is higher than that of cities not located there. Therefore, the following question is posed: does a significant pollution reduction effect exist when the observed cities are located on the southeast coast, or when they are not located there? To this end, a dummy variable i_coastal is introduced, with i_coastal = 1 when the observed city is located on the southeast coast, and i_coastal = 0 otherwise. Subsequently, the independent variables are multiplied by i_coastal to obtain an interaction term, which is then incorporated into the benchmark regression. Should the coefficients of the core independent variable and the original core independent variable be the same positive value, it would indicate that the pollution reduction effect of the Xin’an River may be attributable to the inherent endowment of the coastal cities in the watershed, as opposed to the Xin’an-BECP.


Table 10 | Heterogeneity analysis of geographical distribution.

[image: A statistical table showing variables related to pollution with columns for Coefficient, Standard Error, t-value, and p-value. Key results include significant coefficients for "dudt" (-2.0045, p=0.001) and "i_coastal* ScaleR" (5.0944, p=0.013). Significance levels are noted at the bottom as ***p < 0.01, **p < 0.05, *p < 0.1.]





5 Measurement of theoretical ecological compensation quota

Based on the above analysis, we also need to take the compensation project itself as the point of contact to further investigate the balance of compensation. Therefore, the calculation of the theoretical ecological compensation amount becomes the next issue to be discussed in this paper. With regard to the calculation of the theoretical ecological compensation limit, the expectation of this paper is that when the compensation amount is close to the loss amount in the upstream of the river basin, that is, when the environmental rights and development rights of the upstream and downstream regions reach equilibrium, the implementation of the compensation project will have the possibility of significant treatment effect.

The output price of sewage in the current year is represented by [image: It seems there is a technical issue with displaying the image properly. Please try uploading the image file directly or provide a URL.] , and the functional relationship between the [image: Text displaying "GDP" with a subscript "PC".]  (yuan/person) and per-capita sewage discharge [image: Italicized text displaying the word "Water" followed by a subscript "p".]  is set as follows:

[image: The image is a mathematical equation representing a function where water usage (Water) is dependent on the per capita GDP (GDP\(_{PC}\)). It is expressed as \( \text{Water} = f(\text{GDP}_{PC}) \), labeled as equation (11).] 

Then, according to Equation 11, the theoretical per-capita sewage discharge per year under the normal economic development level is calculated (tons/person) as Equation 12:

[image: Equation in the image represents a function where water consumption per person (Water_pc,t) is a function of GDP per capita (GDP_pc,t).] 

The annual pollution rights lost in the upstream watershed due to environmental governance environmental governance is Equation 13:

[image: Equation showing change in water potential as delta Water subscript potential equals Water subscript potential subscript initial minus Water subscript potential subscript final, labeled as equation thirteen.] 

The total loss of pollution rights in the upstream basin is Equation 14:

[image: Equation describing water demand: Q_water,t equals POP_t multiplied by ΔWater_p,t, labeled as equation 14.] 

According to Equation 14, the total value of pollution loss in the upstream basin (i.e., the portion of the downstream basin that needs to be compensated to the upstream basin) is:

[image: Equation depicting a formula for \( V \). It states \( V = P_t \times Q_{\text{water} t} = P_t \times POP_t \times ( \text{Water}_{pdt} - \text{Water}_{pdt\_p} ) \), labeled as equation 15.] 

The EKC hypothesis posits that the ecological environment deteriorates during the initial stage of economic development, but will improve to a certain extent once the economy has reached a certain level of development (Kılıç et al., 2024; Golpîra et al., 2023). Based on this hypothesis, if we only observe the relationship between GDP and water pollution, then their quantity curve is inverted U-shaped (Equation 16):

[image: Equation for Water price (Water_p) expressed as a function of GDP per capita (GDP_PC), with parameters phi_0, phi_1, and phi_2. Includes an error term xi. Phi_2 is less than zero, and phi_1 is greater than zero. Labeled as equation (16).] 

However, studies related to EKC show that the [image: The text "GDP" with a subscript "PC" next to it.]  and environmental pollution in some regions of China have an N-shaped curve (Shen and Xu, 2000). Taking the above into consideration, when there is an N-type curve relationship, the relationship between the [image: Text showing "GDP" with a subscript "PC".]  and [image: The text displays "Water" in italics with a subscript "p".]  should also satisfy the Equation 17:

[image: Equation for water (Water) as a function of GDP per capita (GDPpc) is shown: Water = δ₀ + δ₁ × GDPpc + δ₂ × (GDPpc)² + δ₃ × (GDPpc)³ + ξ, with conditions δ₁, δ₂ > 0, δ₃ < 0.] 

We made use of the data from Huangshan Statistical Yearbook and the Hangzhou Statistical Yearbook (2008–2020) (Tables 11,  12) to test the matching degree of EKC with model (16) and model (17), and obtained the results in Table 13. It can be found that the coefficients in model (16) do not satisfy the inverted U-shaped curve relationship and are not significant as well, by which it is eliminated as a result; all coefficients in the model (17) are significant, but the sign is completely opposite to the requirement of the N-type curve; thus, it is an inverted N-type curve.


Table 11 | Per-capita industrial wastewater discharge (unit: ton).

[image: Table displaying annual data for various districts and counties from 2012 to 2020. Categories include Tunxi District, Huangshan District, Huizhou District, She County, Xiuning County, Yi County, Qimen County, and Hangzhou areas. Values vary yearly, with notable fluctuations across regions. For instance, in 2020, Tunxi District has 4.76, and Hangzhou urban area has 19.47.]


Table 12 | Per-capita GDP (unit: yuan).

[image: Table showing population data from 2012 to 2020 for various districts and counties including Tunxi, Huangshan, Huizhou, She, Xiuning, Yi, Qimen, Hangzhou urban area, and Hangzhou non-urban area. Each row represents a year, with corresponding population numbers listed for each location.]


Table 13 | Results of the econometric model.

[image: A table compares two regression models labeled (16) and (17). Prob > F values are 0.0083 and 0.0056. Constants are 43.5939 with a t-value of 3.91 and 59.7089 with a t-value of 7.66. GDP_PC coefficients are 0.0090 and -8.0278 with t-values of 0.00 and -3.86 respectively. (GDP_pc)² coefficients are 0.1061 and 0.9546 with t-values of 1.77 and 5.22. (GDP_pc)³ coefficients are -0.0236 with a t-value of -4.74 for model (17). R²_overall is 0.9065 and 0.9653. Significance levels are noted as ***p < 0.01, **p < 0.05, *p < 0.1.]

Therefore, from model (17), it can be known that the quantitative relationship between [image: Text reading "GDP" in uppercase letters, followed by a subscript "PC" in lowercase letters.]  and [image: The text "Water" followed by a subscript "p".]  is Equation 18 (ξ is the random error term):

[image: An equation in the format "Water_{t} = 59.7089 - 8.0278 × GDP_{PC} + 0.9546 × (GDP_{PC})^2 - 0.0236 × (GDP_{PC})^3 + ξ", with a reference number "(18)".] 

In Figure 5, the theoretical [image: The text shows "Water" with a subscript "p".]  of Huangshan City and Hangzhou City is calculated by model (18). We can find out that the theoretical [image: The text "Water" is written in italics with a subscript "𝑝".]  of Huangshan City in the upper reaches of the Xin’an River is between 40.49 and 43.91 t from 2012 to 2020, while the actual [image: The text "Water" is written in italics with a subscript "p".]  is between 28.35 and 35.17 t, and approximately 23% of the pollution right has not been exercised. In addition, the actual wastewater discharge of Huangshan River basin takes only from 28.23% to 49.87% of the actual wastewater discharge of Hangzhou River Basin. Even though the proportion is decreasing year by year with the improvement of the economic development level, there is still a large gap between these two. Taking the adjacent areas and similar ecological environment and equivalent economic volume as reference values, we choose Wei Chu and other people’s calculation results of the industrial wastewater unit output value (the average value is t/280 yuan) of the Shanxi Reservoir Watershed in Wenzhou City—the adjacent area of the Xin’an River (Wei and Shen, 2011), and calculated that the loss of potential output caused by emission reduction and control in the Huangshan watershed of the Xin’an River in the window period is at least from 2.264 billion yuan and 5.050 billion yuan while the annual average is 3.980 billion yuan, which is far from the compensation fund of 500 million yuan in the first round of the Xin’an-BECP led by the government (the annual average compensation fund of 700 million yuan for the second round of compensation project), and it is twice as high as the amount of all funds of the three rounds of compensation agreement between Zhejiang and Anhui Province. Moreover, 200 million of the 500 million yuan compensation fund was bet on each other by Zhejiang Province and Anhui Province with the chips of the Xin’an River environmental quality meeting the agreed standards. Although the compensation funds were eventually used for environmental pollution control, the comparative calculation result is still a drop in the bucket according to the result (Du and Che, 2019).


[image: Stacked bar chart showing data from 2012 to 2020. Each bar is divided into four segments: HZ theoretical (blue), HZ actual (orange), HS theoretical (gray), and HS actual (yellow). Progressions over the years indicate changes in theoretical and actual values for each category.]

Figure 5 | Per-capita industrial wastewater discharge of Hangzhou and Huangshan.






6 Discussion



6.1 Discussion on compensation policy

As mentioned above, the Xin’an-BECP does not have a significant pollution reduction effect. Firstly, according to the analyses in this paper, it is possible that the reduction in the intensity of water pollution in the Xin’an River after 2012 can be attributed to other reasons, such as the new government’s emphasis on environmental pollution, the city’s own endowment, or the different geographic distribution of upstream and downstream. In addition, if the ECPioGA continues to increase compensation inputs to keep the environmental and development rights of both upstream and downstream parties in equilibrium as much as possible, it will be difficult for this government-led compensation model to internalize all the externalities if the involvement of market players is neglected: either the pollution reduction effect is not significant or the right to development of the upstream area is diminished.

Secondly, there is a huge gap between the fund of the Xin’an River Ecological Compensation Project provided by the government and the calculation of the opportunity cost of economic development in the upstream basin. We have calculated that the potential output loss caused by emission reduction and control in Huangshan basin of the Xin’an River during the window period is at least from 2.264 billion yuan to 5.050 billion yuan, with an average annual loss of 3.980 billion yuan; from a certain point of view, the government is purchasing ecological services at low prices. Although Huangshan City has made extra efforts for environmental protection in the upper reaches of the Xin’an River that need to be realized, the extent of such incentives is far from enough. Moreover, in the light of more macroscopic policy, the government’s purchase of ecological services does not mean that the government is a direct consumer of ecological services. Although it promotes environmental protection for the purpose of providing its own public service functions, for the private sector that does not directly pay the compensation price in the downstream, the acquisition of free positive externalities is not conducive to the voluntary downstream of the Xin’an River. Although it is shown from the data that the actual per-capita sewage discharge of Hangzhou is decreasing year by year, it can be largely attributed to the rigid provisions of environmental protection policy.

Thirdly, the nihilism of the micro-interests of ecological compensation in the Xin’an River Basin has led to the absence of a protection system for substantive interest groups. Being confined to the appearance of management practice, the research and discussion on the subject of social relations of ecological compensation only linger at the macro level of the regional government rather than trace the micro level and the private subjects restricted by the development and utilization of environmental resources (Du and Che, 2019). For example, the implementation of compensation projects reduces the agricultural land of some farmers in Huangshan City due to return farmland to forests, which brings about the effect on the income of upstream residents whose livelihood is tea, forestry, and fish farming as their main source of income was suddenly reduced. However, most of the compensation project funds are used for environmental governance, and the people’s livelihood project has not been constructed at the same time due to the virtualization of micro-interests.




6.2 Policy implications

The policy implications are derived as follows by means of the above analysis:

	Improve the legal rights and interests of the micro-interests of Xin’an River Basin Ecological Compensation, and ensure that the private sector pays directly for the ecological services. Even in the middle and later stages of the operation of the ecological compensation projects, it is also necessary to provide strong livelihood security for the micro-benefiters whose living environment has been changed. Effective livelihood security should be the basis for optimizing the space for ecological development.

	With due regard to the interests of private actors, the government should continue to increase funding for compensation programs. There are reasons to believe that the upstream region needs to be fully compensated for sacrificing the right to development. At the same time, we believe that the shadow value of pollution control has a higher probability of premium in the whole system. Although the direct purpose of the ecological compensation project of the Xin’an River Basin is merely to adjust the institutional arrangement of benefiters’ interests mainly by economic means, pollution prevention and control are the bottom line of its direct purpose instead. Only when pollution prevention and control are guaranteed by the economy and system will the government’s economic adjustment means be more efficient. On the other hand, it can also establish an independent system such as a third-party organization running ecological compensation projects with the participation of the government and the private sector. Third-party organizations have a considerable influence on the operation of ecological compensation projects, such as setting trading conditions, affecting the transaction price, and controlling the transfer of resources between the two parties of the eco-service transaction (Vatn, 2010; Kosoy and Corbera, 2010). Nevertheless, the aim of the third-party organization in our proposal is to solve the gap between existing funds and actual funds: the funds used by the government to purchase ecological services directly should be allocated to third-party institutions, which provide financial institutions with guarantees for ecological service demanders. The credit can be granted from the financial institutions to the eco-service demanders according to their own qualifications and guarantee quotas. They can purchase eco-services from the eco-service providers indirectly through third-party institutions right after the eco-service demanders receive the corresponding level of credit. Such a system design proposal actually introduces a tool of trading leverage in which the lower the margin ratio is, the greater the leverage ratio is, and the third-party agencies can provide guarantees in a larger scope. At the same time, the financial pressure of the government will also be correspondingly reduced, which opens the door for private capital to enter the ECPioGA.







7 Conclusion and future recommendations

This article provides a reference model and enriches the research on the benefit analysis of river basin ecological compensation projects, and we believe that (1) the one-way purchase price should be replaced by the two-way transaction price, which brings about a higher premium on the shadow value of pollution control; (2) the government agencies gradually withdraw from the compensation system, and the micro-interest will become the compensated subject of the ecological service and resource-intensive industries will become the main purchasing force of ecological services, through which the ecological compensation projects will return to the authentic who benefits and who compensates model in the hope of achieving higher project returns.

In addition, two research directions merit further exploration in future studies: (1) the theoretical ecological compensation amount of BECP can be measured directly by calculating the unit output value of water resources in the watershed, as opposed to the current practice of calculating the unit output value of industrial wastewater in the cities in the watershed (Chen et al., 2022); (2) the methodology of this paper and its associated recommendations may also be applicable to the study of marine ecological compensation projects (Wang, 2023), especially in the national system of centralized government management; the issue of the effectiveness of marine ecological compensation projects that lack the participation of market players deserves further study.
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Introduction

In the future, China's mariculture must maintain its scale and improve quality. Crucial measures for achieving this goal are to optimize the layout of sea areas for aquaculture, strengthen the suitability assessment of marine aquaculture, and delineate suitable areas.





Methods

This study aims to scientifically identify marine aquaculture zones suitable for marine spatial planning by constructing a comprehensive suitability assessment system, incorporating both natural and social factors. The weights of the evaluation indicators were determined using the Analytic Hierarchy Process (AHP). Taking the Lianyungang sea area as a case study, GIS technology was employed to analyze marine aquaculture suitability based on the proposed index system.





Results

The results categorized the Lianyungang sea area into aquaculture zones with varying suitability levels: excellent, good, average, poor, and very poor. Based on these findings, the study further classified the area into three types of management zones: key, moderate, and limited mariculture zones.





Discussion

In order to provide better decision support services and take into account the matching with Marine spatial planning and double evaluation, it is necessary to classify the evaluation results to facilitate users to propose scientific and practical management measures in this paper. Based on the evaluation results of mariculture suitability in the research area, it is necessary to strengthen the protection and development of mariculture suitable areas by providing sufficient resources and maximizing development potential.
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1 Introduction

Marine aquaculture is a traditional maritime development and utilization activity with a significant role in ensuring the production and livelihood of fishermen and promoting the economic and social development of coastal areas. The Food and Agriculture Organization of the United Nations has released the 2024 edition of the “State of World Fisheries and Aquaculture” report, proposing that global fisheries and aquaculture production reached a new high, with the total global fisheries and aquaculture production has soared to 223.2 million tons in 2022. As the world’s largest marine aquaculture country, China plays a significant role in global seafood production, according to the statistics, the total amount of seawater aquaculture in China will exceed 36.6 million tons in 2024, with marine aquaculture as its main form of marine area utilization, accounting for 84% of all marine-use areas in China. While guaranteeing the supply of high-quality protein and reducing the intensity of fishing operations, it also involves spatial conflicts, environmental pollution, and ecological disturbances. In the future, China’s marine aquaculture must maintain its scale and improve quality (Zheng et al., 2023; Yu and Jiang, 2024). Crucial measures for achieving this goal are to optimize the layout of sea areas for aquaculture, strengthen the suitability assessment of marine aquaculture, and delineate suitable areas. These actions are important when guiding marine aquaculture activities, maximizing marine spatial patterns, protecting the marine environment, and ensuring sustainable use of marine resources.

Suitability assessment is a process that analyzes the appropriateness of a development or utilization method, and implements a grade evaluation (Jing et al., 2024). It has extensive applications, with the main fields including urban construction, agriculture, disaster prevention, nature reserves, and tourist area land use (Sathiyamurthi et al., 2024; Gao et al., 2024b; Ma et al., 2024; Sun and Shi, 2024; Yi et al., 2024), and has become an essential method in spatial planning research. The spatial suitability assessment proposed in this paper refers to the analysis of the degree of suitability of a certain type of development and utilization for a given space, based on spatial resource conditions and specific types of development and utilization. This involves defining clear levels and regional scopes (Qin et al., 2018). This method has been widely applied in areas such as land use (Yin et al., 2013; Xu et al., 2024; Fu et al., 2022; Li et al., 2023; Feng et al., 2022), agriculture (Luo, 2023; Rong and Li, 2023), and ecological protection (Han et al., 2023; Qu et al., 2023). However, its application in marine spaces, especially in mariculture spaces, is uncommon. Some scholars have applied spatial suitability assessment to divide different functional areas in marine space (Gao et al., 2023b; Li et al., 2022; Liu et al., 2022; Fei et al., 2023; Drackett et al., 2023) and island development (Gu et al., 2022). There are also scholars who conduct suitability evaluations on coastlines, clarifying the development and protection orientation and requirements for different types of coastlines (Yuan et al., 2021; Chen et al., 2023; Yuan et al., 2021). And other scholars have evaluated the suitability of marine spatial development from the perspective of ecosystem services (Ma et al., 2022; Xiang et al., 2018). Only a few scholars have researched the suitability evaluation of marine space for certain types of development and utilization activities, such as offshore wind power (Latinopoulos and Kechagia, 2015; Huang et al., 2022a; Vasileiou et al., 2017), sea sand mining (Cheng et al., 2024; Qin et al., 2022), water intake points (Zhang et al., 2023; Huang et al., 2022b), coastal bathing areas (Wu, 2023), and marine aquaculture (Beard et al., 2020; Suo et al., 2023; Li et al., 2024). Some scholars use bivariate copulas to evaluate the suitability of seawater aquaculture (Santjer et al., 2024), others assess site suitability and develop a spatial bioeconomic model (Thomas et al., 2019), they explored the method model for evaluating the suitability of mariculture. And these existing suitability evaluation mainly focused on the specific space such as coastal mudflats (Drackett et al., 2023), islands (Li et al., 2017; Gao et al., 2023a) and nearshore sea (Xu et al., 2016). Therefore, starting with the practical needs of optimizing and managing aquaculture sea areas in China, this paper uses GIS tools to establish a set of universally applicable evaluation indicators of mariculture suitability for studying the spatial distribution characteristics of mariculture suitability in this area, choosing the Lianyungang sea area as the research region. The important innovation points of the paper are to try to innovate the construction of index system of mariculture suitability assessment, taking into account both natural and social factors comprehensively. In this way, the appropriate area for mariculture can be selected to further assist the zoning and adjustment of marine spatial planning. And it supports the formulation of suitable mariculture area delineation schemes and provides technical support for spatial management policies in marine and fishery management. In addition, the amount of data involved in this paper is small and not suitable for objective weighting method, which is easy to cause weight instability. The influencing factors of mariculture involve the professional subject knowledge, and the influence degree of each factor is also professional. By using AHP to determine the weights of indicators, the experience knowledge of experts in the field of mariculture can be combined with their rational analysis, so as to minimize the uncertain factors in the analysis process and simplify the complex problems.




2 Materials and methods



2.1 Study area and data sources

Lianyungang (33°58′55″N - 35°08′30″N, 118°24′03″E - 119°54′51″E) lies on the west of the Yellow Sea and is located on the northeastern tip of Jiangsu Province, as shown in Figure 1. Lianyungang is known for its diversity of coastal zones, which extends over a total length of 195.93 km. Unique rocky and sandy shorelines are spread along its coastal region. It has 20 islands, among which the Lian Island is the largest island in the Jiangsu Province, covering an area of 6.07 km2. Lianyungang has a flat terrain and 17 seagoing rivers, including Guan River and Linhong River. It also has a great variety of ecosystems, such as estuary, nearshore, shallow sea, and intertidal ecosystems. Lianyungang has developed marine fisheries and is a typical bay-type area in the north of China. The coastal mudflat covers an area of nearly 20,000 km2. The offshore area of Lianyungang is the Haizhou Bay fishing grounds. Choosing the Lianyungang sea area as the research region can better represent the situation of mariculture in the north of China, which can provide better verification for the research results. At the same time, the data in the Lianyungang sea area is relatively detailed, which facilitates the selection of indicators for fishery suitability evaluation methods and minimizes the selection bias caused by data collection.


[image: Map of China highlighting Lianyungang in Jiangsu province. An inset zooms into Lianyungang, showing the research area shaded with diagonal red lines, adjacent to the yellow spatial area. A compass and scale are included.]

Figure 1 | Map of the study area.



(Censor Code: GS (2019) NO.1686 Produced from the Ministry of Natural Resources of the People’s Republic of China.)

Satellite remote sensing images, environmental monitoring data, and MODIS data with a spatial resolution of 250m were selected for the years 2023 from the study area. These dates were procured from NASA, the official website of the Ministry of Ecology and Environment, and the National Marine Data and Information Center. The study area evaluation unit was 250m×250m.




2.2 Research methods

The research steps in this paper were as follows: firstly, the index system of mariculture suitability assessment was constructed from two dimensions of nature and society, and the weight of each index was determined by AHP method. Secondly, the research area was divided into 250m×250m units, the index values of each unit were calculated and their standard scores were determined according the suitability assessment criteria of indicators. Thirdly, the mariculture suitability calculation results of each unit were obtained by weighting and summing the standard scores of each unit. Fourthly, the suitability calculation results are divided into five levels based on the natural breakpoint method. Finally, based on five levels results of suitability calculation, the research area were categorized as key, moderate, and limit mariculture zones.



2.2.1 Index system of mariculture suitability assessment

Lianyungang is rich in tidal flat resources and has good natural conditions for developing mariculture. Mariculture species include portunid, Chinese prawn, nori, oysters, mussels, scallops, perch and so on. The culture environment of these mariculture species mainly has higher requirements for seawater quality, water temperature, salinity, leaf green a and so on. Considering the key factors influencing mariculture suitability and mariculture species, the index system of mariculture suitability assessment (Table 1) was determined by considering two domains: natural aspects and social aspects. Specifically, three layers (target, control, variable) were included in the index system. The target layer was the mariculture suitability assessment index which was calculated by using Equation 9, and it evaluated the distribution of different levels of mariculture suitability in the study area. Hydrological and ecological factors were selected in the natural aspect, which included marine primary productivity index, seawater quality index, seawater eutrophication index, Chlorophyll a concentration, water depth, salinity, and temperature (Qiu et al., 2018; Zhang et al., 2024; Lin et al., 2014)). Among them, marine primary productivity index, seawater quality index, and seawater eutrophication index were composite indicators. The distance from coastline, distance from fishing port, and distance from town (Liu et al., 2021)were mainly selected for the social aspect from the economic cost point. In addition, considering the representativeness of indicators and data availability, this paper focused on the selection of indicators that reflected the natural state of marine space and the fishery activities. These indicators were obtained by combining previous research, consulting expert opinions and inquiring existing literature. These indicators can reflect independently or influence each other to determine their impact on mariculture activities, and constitute the attribute parameters that must be considered in the mariculture industry activities, such as water quality, chlorophyll concentration, water temperature, salinity, water depth, etc. There were other factors that can affect mariculture areas, such as the location of ecological protection areas, shipping channels, ship anchorage, special purpose areas, etc. However, these indicators mainly reflected the exclusivity of mariculture areas, and were not research priorities in this paper.


Table 1 | Index system of mariculture suitability assessment.

[image: Table illustrating a hierarchy for mariculture suitability assessment. The target layer is "Mariculture suitability assessment index." The control layer includes "Natural indexes" and "Social indexes." The variable layer lists natural indexes like marine productivity, seawater quality, eutrophication, chlorophyll concentration, water depth, salinity, and temperature. Social indexes include distance from coastline, fishing port, and town.]




2.2.2 Calculation methods for comprehensive indexes



2.2.2.1 Marine primary productivity index

In this study, the chlorophyll assimilation index method was used to calculate the marine primary productivity (PP) (Cadee, 1975; Gao et al., 2024a). PP can be deduced as with Equations 1–3:

[image: Equation for calculating PP, given as: \( PP = \frac{P_s \times E \times D}{2} \).] 

[image: Equation showing P sub e equals Q multiplied by Chla, with the equation numbered (2) on the right.] 

[image: Formula for primary productivity: PP equals the product of Chla, Q, E, and D, all divided by 2.] 

where [image: Please upload the image or provide a URL so I can help create the alt text.]  is the marine primary productivity of the study area (measured by CO2) (mg/(m2·d)); [image: Text reading "Chla" in a stylized font.]  is the concentration of Chlorophyll a in seawater (mg/m3); Q is the assimilation coefficient (mgC·mg/(Chla·h)) and the empirical value is 3.7; D is the annual average light duration (h/d) and is calculated according to Table 2 (Liu et al., 2019).


Table 2 | Average light duration of per month.

[image: Table showing average light duration in hours for four monthly intervals. From months one to three, twelve point eight hours; months four to six, fourteen point three hours; months seven to eight, thirteen point six hours; months nine to twelve, twelve point one hours.]

(*By averaging the average light time data of each month, the average light time data of each quarter is obtained.)

The euphotic layer depth of the sea [image: It seems like there was an error with uploading the image. Please try uploading it again or describe the image, and I can help you generate alternate text.]  can be deduced with Equation 4:

[image: Equation labeled as equation four, showing \( E = \frac{2 \ln 10}{k_{d490}} = \frac{4.605}{k_{d490}} \).] 




2.2.2.2 Seawater eutrophication index

To a certain extent, the seawater eutrophication index reflects information about marine environmental quality, and is widely used to evaluate seawater eutrophication status. It has been constantly redefined and developed in application. The eutrophication index (E) from the Bulletin of Marine Ecology and Environment Status of China released by the Ministry of Ecology and Environment was adopted in this paper. E can be deduced with Equation 5:

[image: The formula \(E = COD \times DIN \times DIP \times 10^6 / 4500\) is shown, labeled as equation (5).] 

where, [image: The text "DIN" in a dark blue serif font on a white background.] , [image: Text "DIP" in bold, serif font on a white background.]  and [image: Text displaying "COD" in a bold, stylized font, likely part of a logo or title.]  are respectively the concentrations of inorganic nitrogen, inorganic phosphorus, and chemical oxygen demand. Their unit are [image: The image shows the text "mg/L," which is a common unit of measurement for concentration, representing milligrams per liter.] .




2.2.2.3 Seawater quality index

The Nemerow comprehensive index method was used to measure regional seawater quality in this paper. This is the most common method for evaluating the comprehensive seawater pollution index. It is a weighted multi-factor environmental quality index that considers both the extreme value or the prominent maximum value. P can be deduced with Equation 6:

[image: The equation shown is: \( P = \sqrt{\frac{(C_I/L_I)^2 + (C_I/L_I)_{\text{ave}}}{2}} \), labeled as equation (6).] 

where, [image: Stylized mathematical notation depicting a script capital "C" with a subscript "H".]  is the seawater monitoring concentration of the ith item, [image: Lowercase letter "L" followed by subscript "i", typically used to denote the i-th element or a particular variable in mathematical notation.]  is the standard concentration of lever 2 seawater environmental quality of ith item. P ≤ 1 indicates that the comprehensive quality of seawater is up to standard. P>1 indicates that the comprehensive water quality of seawater exceeds the standard.





2.2.3 Index weight determination method: analytic hierarchy process

Analytic Hierarchy Process (AHP) analyzes the relationship between the basic elements in the evaluation system and establishes a systematic hierarchical recursive structure. When applying AHP to analyze a decision problem, the problem is first organized and hierarchized, and the decision problem is to build a recursive hierarchy model (Gao et al., 2022). Then all judgment matrices in each layer are constructed and the importance scale (e0/5- e8/5 exponential scale method) is used to define the judgment matrix A=(aij)n×n (Huang et al., 2022c), and judgment matrix A conducts the hierarchical single arrangement and consistency test:

[image: The equation for the consistency index (CI) is shown as CI equals lambda max minus n, divided by n minus one. It is labeled as Equation 7.] 

[image: The image shows the equation CR equals CI divided by RI, labeled as equation number eight.] 

Consistency testing is intended to determine the allowable range of inconsistencies for the judgement matrix. According to the maximum eigenvalue of judgement matrix A, the consistency index CI is obtained in Equation 7. RI is the average random consistency index (Table 3), a fixed order ‘n’ has a fixed RI value, and CR corresponds to the consistency ratio. Equation 8 is used to calculate CR. When CR<0.10, the consistency of judgment matrix A is accepted. Otherwise, the judgment matrix should be modified. Order represents the order of the matrix A.


Table 3 | Average random consistency index (Gao et al., 2022).

[image: Table showing the consistency index for different orders. Values are: Order 1 (0), Order 2 (0), Order 3 (0.52), Order 4 (0.89), Order 5 (1.12), Order 6 (1.26), Order 7 (1.36), Order 8 (1.41), Order 9 (1.46).]

Finally, the overall hierarchical arrangement was obtained. The composite weight of each element in the last three levels of indicators to the target layer is [image: Blurred and distorted text resembling a lowercase "w".]  is obtained in Equation 9.

[image: Mathematical expression showing \( w = w_i \times w_{ij} \times w_{ijl} \) with indices \( (i = 1, 2, \ldots, n_i; j = 1, 2, \ldots, n_j; l = 1, 2, \ldots, n) \).] 




2.2.4 Suitability assessment criteria of indexes

In this paper, the measurement units and properties of each index were different in the assessment index system, so they cannot be directly compared and calculated. Therefore, the method of assigning points was used to reclassify the raster data of each index to obtain the standardized score value and its spatial distribution, in which 5 points was the most suitable and 1 point was the least suitable. Reference to the evaluation criteria proposed by relevant experts in the study of suitability evaluation of mariculture, the standard scores and thresholds of suitability assessment for indicators in this paper were established, as shown in Table 4. Marine primary productivity index was classified by the natural breakpoint method. Seawater eutrophication index referred to the eutrophication status rating in the Bulletin of Marine Ecology and Environment Status of China. Seawater quality index was intended to classify the pollution degree of sea area according to the corresponding relationship between the Nemerow comprehensive index and the standard grade of sea water quality (Shao et al., 2020; Zhang et al., 2019; Lei et al., 2014; Standardization Administration of the People’s Republic of China, 1997). Water depth, temperature, salinity, and chlorophyll a concentration referred to the preliminary research conclusions on the suitability conditions for mariculture proposed by several scholars (Shi et al, 2008; Fast and Pagen, 1974; Silva et al., 2011). The distances from coastline, fishing port, and from town referred to several scholars’ research (Zhang et al., 2024; Lin et al., 2014) on the comprehensive assessment of mariculture suitability.


Table 4 | Suitability assessment criteria of indexes.

[image: Table showing evaluation indexes against suitability area scores from very poor (1 point) to excellent (5 points). Criteria include marine productivity, seawater quality, eutrophication, chlorophyll concentration, water depth, salinity, temperature, and distances from coastline, port, and town. Each index has numeric ranges corresponding to suitability scores.]




2.2.5 Method of mariculture suitability assessment index

After determining the score value and weight of each index, the standard score values of each unit were weighted and summed by using Equation 10 to obtain the mariculture suitability assessment index (MSAI). This paper adopted the weighted summation model, and [image: Text reads "MSAI" in a distorted and blurry font.]  can be deduced as:

[image: Mathematical equation showing Mean Social Affinity Index (\(MSAI\)) equals the summation from \(i\) equals one to \(n\) of \(W_i\) times \(X_i\), as shown in Expression ten.] 

where [image: It seems there was an error. Could you please upload the image or provide a URL to it?]  is the weight of the ith indicator, [image: To provide alt text, please upload the image or provide a URL to the image.]  is the value of the ith indicator, and n is the number of evaluation indicators.






3 Results



3.1 Index weights

We invited 10 experts to score the index system, which included marine economy, marine spatial planning, and integrated marine management. According to the basic data and experts’ marking, the weights of indicators were determined based on the AHP. The calculation results are detailed in Tables 5, 6. After consistency test for the scores obtained by each expert, CI was all less than 0.1, indicating a good consistency.


Table 5 | The comprehensive weights obtained by 10 experts.

[image: A table displays various environmental indices assessed by ten experts. Rows list indices: Marine primary productivity, Seawater quality and eutrophication, Chlorophyll a concentration, Water depth, Salinity, Temperature, Distance from coastline, fishing port, and town. Each column under experts has corresponding numeric values representing their evaluations.]


Table 6 | The weights of indexes.

[image: Table showing mariculture suitability assessment index divided into natural and social indexes. Natural indexes have a weight of 0.7685, including marine productivity, seawater quality, and others. Social indexes, weighted at 0.2315, include distances from the coastline, fishing port, and town. Average weights are listed for each variable.]




3.2 Calculation result of natural indexes

The GIS tool was applied to perform a raster interpolation on data such as depth, temperature, salinity, and Chlorophyll a concentration to obtain the planar distribution results of various indicators, as shown in Figures 2A-D. These pictures showed the distribution of water depth, water temperature, salinity and Chlorophyll a concentration in the study area, and the data were all annual average data.


[image: Four maps (A-D) display different oceanographic conditions within a geographic region. Map A shows water depth with a gradient from red (high) to blue (low). Map B indicates temperature in degrees Celsius ranging from red (high) to blue (low). Map C presents salinity percentages, with blue representing low and red high salinity. Map D illustrates chlorophyll a concentration in milligrams per cubic meter, with colors indicating low to high concentrations. Each map includes a scale and orientation indicator.]

Figure 2 | (A) Water depth distribution profile (B) Temperature distribution profile (C) Salinity distribution profile (D) Chlorophyll a concentration distribution profile.



The water depth in the study area gradually deepens from the land to the open sea. Influenced by the land, the temperature and salinity of the water are inversely proportional to the depth, with higher temperatures and lower salinities near the land. The planar spatial distribution of depth, temperature, and salinity is detailed in Figures 2A–C. The Chlorophyll a concentration in the study area ranges between 1.75-17.28 μg/L. Overall, the Chlorophyll a concentration is higher near the coast, especially near the mouths of the Linhong and Guan Rivers, compared to the open sea. Other areas show limited spatial variation in Chlorophyll a concentration. The planar distribution of Chlorophyll a concentration is detailed in Figure 2D.

Using formulas (3), (5), and (6), the grid data for indices such as the marine primary productivity index, seawater eutrophication index, and seawater quality index were calculated, as shown in Figures 3A-C. The results indicate that the seawater quality index ranges from 0.5466-1.2011. From a spatial distribution perspective, the overall seawater values in the study area are at a generally clean level, with low values appearing around the Guan River estuary, mainly affected by land-based pollutant discharge into the sea. The eutrophication index ranges between 0 and 0.7498. According to the eutrophication classification evaluation standards, most of the sea areas did not exhibit eutrophication; only areas near Guannan County and Haizhou Bay showed mild eutrophication, with high values appearing in the Guan River estuary area. The primary productivity index ranges from 0 to 3560.6. The overall primary productivity level in the study area is good, with dominant areas primarily located in the southern part of Haizhou Bay and Lianyun District, as well as around the ancient Po Shanhou River. The data of seawater quality and seawater eutrophication were all from marine monitoring stations, and the grid data covering the whole study area can be obtained by using the differences of the measured data of each monitoring station.


[image: Panel A shows a map illustrating the seawater quality index with a gradient from low (blue) to high (red), peaking at 1.2011. Panel B depicts the seawater eutrophication index, indicating higher levels in red, with a peak of 0.7498. Panel C represents the marine primary productivity index, ranging from low (blue) to high (red), with the highest point at 3560.6. Each map includes a scale bar in kilometers and a north arrow.]

Figure 3 | (A) Distribution profile of seawater quality index (B) Distribution profile of seawater eutrophication index (C) Distribution profile of marine primary productivity index.






3.3 The results of natural and social suitability assessment for mariculture

The grid data of each index is standardized according to the suitability assessment criteria of indexes. The grid calculation is performed by formula (10). The natural breakpoint method divides the suitability level into five levels. After reclassification, the results of the natural suitability assessment and social suitability assessment are obtained.

The results of the natural suitability assessment show (Figure 4) that the water temperature in the study area is very suitable for marine aquaculture. The Chlorophyll a concentration and primary productivity are higher in areas closer to the coastline, while the water quality in the sea is poorer, with these two driving factors constraining each other. Most of the study area is suitable for marine aquaculture, with highly suitable areas mainly concentrated in the central and eastern deep-sea regions. The coastal area near the Guan River estuary has become a concentrated area of low suitability due to reasons such as lower seawater quality and primary productivity. Overall, the suitability of the central and eastern sea areas in the study region is significantly higher than that of the western coastal areas.


[image: Map showing a natural suitability assessment with a color gradient from blue (low suitability: 2.1695) to red (high suitability: 4.2050). The area spans 119°E to 120°E and 35°N. Scale and north arrow included.]

Figure 4 | The results of natural suitability assessment.



Considering economic and convenience factors, the distance from offshore, port, and town directly affects the difficulty of developing marine aquaculture. Areas closer to the coastline have a higher level of infrastructure convenience, making them more suitable for mariculture. The results of the social suitability assessment show (Figure 5) that the degree of suitability is centered around ports, towns, and shorelines, distributed in concentric circles towards the eastern sea area, with highly adaptable areas mainly concentrated within a 10km range near the shore.


[image: Map showing social suitability assessment with a color gradient from red to blue, indicating levels from high (5) to low (1). It includes coordinates and a north arrow for orientation.]

Figure 5 | The results of social suitability assessment.






3.4 The results of mariculture suitability assessment index

The mariculture suitability assessment index is calculated according to formula (10), and the suitability calculation results are divided into five levels based on the natural breakpoint method, reclassifying to generate the evaluation results of mariculture suitability. The spatial distribution of different suitability marine areas is shown in Figure 6. The results of the mariculture suitability assessment index indicate that the area of seawater with moderately high suitability is 3070.25 km2, accounting for 61.79% of the total area of the study region. Among them, the area of highly suitable mariculture is 902.97 km2, accounting for 18.17% of the total study area, mainly distributed in the coastal waters near Haizhou Bay and Lianyun District in the south. The area of relatively highly suitable mariculture is 1016.32 km2, accounting for 20.45% of the total study area, mainly distributed in the central part of Haizhou Bay. This area is mainly limited by distance, resulting in a decrease in suitability. The moderately suitable sea area covers 1150.96 km2, accounting for 23.16% of the total. The chlorophyll concentration and primary productivity in this sea area are slightly lower, and it is further away from urban areas. The combined effects of multiple factors reduced the suitability of marine aquaculture in this region.


[image: Map illustrating mariculture suitability assessment index with color-coded areas: red for excellent, orange for good, yellow for average, light blue for poor, and dark blue for very poor. North arrow and scale included.]

Figure 6 | The results of mariculture suitability assessment index.



The areas of lower and low-suitability seas are 1501.64 km2 and 397.00 km2, accounting for 30.22% and 7.90% respectively. A portion of these is concentrated in the eastern offshore areas. The main reason for the low suitability is the distance from land, which results in lower primary productivity, affecting the efficiency of marine aquaculture. Another part is concentrated around the mouth of the Guan River, where water pollution reduced the suitability of this area.





4 Discussion

In order to provide better decision support services and take into account the matching with Marine spatial planning and double evaluation, it is necessary to classify the evaluation results to facilitate users to propose scientific and practical management measures. Based on the evaluation results of mariculture suitability in the research area, it is necessary to strengthen the protection and development of mariculture suitable areas by providing sufficient resources and maximizing development potential. Targeted ecological restoration and environmental improvement measures should be taken in areas where mariculture functions have degraded (Yang et al., 2023; Jin et al., 2023; Liu et al., 2021). This will maximize the restoration of ecological functions and resource conservation, thereby enhancing regional biodiversity and ensuring the safety baseline of resources (Wu et al., 2020). Based on varying degrees of suitability for marine aquaculture in different regions, the study area is divided into three types of mariculture management zones according to development strategies (Lv et al., 2023; An et al., 2022) (Figure 7). These are categorized as key, moderate, and limit mariculture zones.


[image: Map illustrating mariculture zoning in an area between 119 and 120 degrees east longitude and 35 degrees north latitude. Regions are marked in orange for key mariculture zones, green for moderate mariculture zones, and blue for limit mariculture zones. Includes a scale and north arrow.]

Figure 7 | The results of suitability zoning for mariculture.



The key mariculture area, which refers to the space where the suitability evaluation results for marine farming are high or relatively high, is mainly distributed in the coastal waters of Haizhou Bay, covering an area of 1919.29 km2, accounting for 38.63% of the total study area. The key mariculture area is a crucial development zone for promoting marine farming and enhancing and stabilizing seafood production, having a significant supporting role in achieving food security goals. In key mariculture areas, it is necessary to optimize the layout and development of sea areas for mariculture, effectively ensuring the production and living needs of fishermen and the demand for sea areas in modern fishery development. Key mariculture areas are close to the shore and influenced by ecological protection areas, ports, and navigation channels. Some sea areas used for mariculture must be given up, and nearshore marine mariculture space has limited growth. Therefore, key mariculture areas should focus on improving marine mariculture technology and spatial utilization efficiency, properly manage mariculture wastewater, adopt overall guidance of ‘no increase or decrease, basically stable’, implement large-scale and three-dimensional mariculture, and promote the construction of a ‘blue granary’. The above management measures are conducive to improving the quality and output of mariculture products under the premise of limited space increment, which is in line with the location conditions and utilization status of key aquaculture areas.

The moderate mariculture area refers to the space where the suitability evaluation results for marine mariculture are moderately suitable, mainly distributed in the central sea area of Lianyungang, covering an area of 1150.96 km2, accounting for 23.16% of the total study area. The suitable mariculture area is the potential incremental space for seawater mariculture and is crucial for stabilizing or increasing the overall mariculture area. As offshore mariculture is far from suitable breeding areas and has fewer spatial conflicts, the primary goal should be to ensure the supply of seafood. We should extensively develop deep-sea mariculture, rely on intelligent and intensive large-scale mariculture facilities, promote factory farming, and construct marine ranches in deep waters and near distant shores. Marine ranching in the current international context is broadly divided into two categories. The first involves large-scale fishery resource enhancement through the construction of artificial reefs, represented by countries such as China, Japan, and South Korea. The second is primarily aimed at conservation of marine fishery resources and development of recreational fishing, represented by Europe and America. Considering the general conditions of water quality and primary productivity in moderate mariculture areas, it is recommended to prioritize the development of conservation-oriented marine ranches by preserving and appreciating ecological capital. Moderate development should also be considered for reproductive and recreational marine ranches. The above management measures help to increase the incremental space of mariculture and ensure the output of mariculture. At the same time, it plays a key role in the consolidation and promotion of Marine primary productivity.

The restricted mariculture area refers to the evaluation results of the suitability of sea areas for mariculture, which are low or relatively low. These areas are mainly located in the southern coastal waters of Lianyungang and eastern offshore waters, covering an area of 1898.64 km2, accounting for 38.21% of the total study area. The region is primarily constrained in terms of reducing the suitability for seawater mariculture due to factors such as port construction and terrestrial pollution entering the sea at river mouths. In restricted mariculture areas, the entry of mariculture activities should be restricted and enclosed mariculture should be reduced or withdrawn. It is also necessary to retreat from the shoreline and return to the beach and sea to strengthen restoration of coastal ecological and protection of biological resources, increase nearshore ecological space, and enhance conservation of regional fishery resources. The above management measures help coordinate the use of sea space for mariculture and other industries, promote the improvement of the coastal environment, and promote the sustainable development of the Marine ecological environment.

In addition, in order to further verify the rationality of the results in this paper, we compared the actual mariculture areas with suitability zoning for mariculture (Figure 8). The results show that the actual mariculture area is about 694.04km2, and the area of actual mariculture located in the key mariculture zone are 660.08km2, accounting for 95.1% of the actual mariculture area. It is further explained that the evaluation results in this paper are in line with the actual trend of marine aquaculture in Lianyungang. It also shows that the research results have a certain scientificity in practical application scenarios.


[image: Map showing suitability zoning for mariculture near coordinates 119°E, 35°N. Blue areas represent the current situation, orange indicates key zones, light green shows moderate zones, and light blue depicts limit zones. North arrow and scale bar included.]

Figure 8 | Superimposed map of suitability zoning for mariculture and current situation of mariculture.



However, there are still certain limitations in the selection of indicators and data acquisition in this study. In terms of indicator selection, due to the complex seawater environment, the suitability evaluation of mariculture involves numerous factors, social indexes and suitability assessment criteria of indexes need further practice and improvement in the future. In terms of date, due to the limitations of existing environmental investigation and observation methods, the environmental parameters we have mastered are generally discontinuous in time and space. Therefore, it is necessary to use spatial interpolation to create thematic layers for most environmental parameters. The selection of different interpolation methods may lead to local differences in evaluation results. The production methods of thematic layers for different factors still need to be continuously explored and attempted.

In the future, follow-up research on suitability evaluation should focus more on the scientific nature of evaluation methods and the comprehensiveness of evaluation content. For the weight calculation in traditional evaluation methods, the importance level of influencing factors can also be simulated through growth models related to the breeding objects. Through the continuous improvement of GIS technology and the gradual deepening of understanding of aquaculture organisms and ecological environment, the functions of GIS technology in spatial decision support will be more fully utilized, and there will be better presentation in the evaluation of aquaculture suitability.




5 Conclusions

Marine aquaculture in China has gradually moved towards deep water, and its cultivation areas have slowly expanded. The impact of marine ecological and socio-economic conditions on marine aquaculture is becoming increasingly prominent. To effectively support the management and planning of marine aquaculture, this study establishes an index system to assess the suitability of marine aquaculture by including natural and social perspectives. It evaluates the suitability of marine aquaculture in the Lianyungang sea area, thereby establishing key, moderate, and restricted cultivation areas, and proposes requirements for controlling spatial use. There are two main innovations in this paper. (1) The index system of mariculture suitability assessment was innovatively constructed. In the construction of the index system, we added the influence of social location factors on the location selection of mariculture zones. In the construction of the index system, we added the influence of social location factors on the location selection of mariculture zones. In addition to considering the most basic natural environmental factors, we also increased the influence of social location such as distance from coastline, fishing port and town, so as to further evaluate the mariculture suitability of sea areas from the aspects of social economic pattern and cultural environmental conditions. The inclusion of social and human factors in the suitability evaluation can reflect the relevant trend covering the mariculture development space to a certain extent, and better planning of marine spatial zoning in the region. (2) In the evaluation method, we redesigned the assessment interval and assessment criteria according to the environmental characteristics and the specific performance of various influencing factors of the study area. The characterization scales and calculation methods of different influencing factors were specially treated, and different data processing modes were applied to the relevant monitoring data.

In the future, as Chinese people’s demand for aquatic products increases and restrictions on freshwater aquaculture and marine fishing intensify due to ecological protection, marine aquaculture will be more prominent in enriching food sources and ensuring continued access. Therefore, Lianyungang should use key and moderate mariculture areas to develop marine fisheries, focusing on three effective measures. (1) Stabilizing mariculture areas should be predicated on the existing spatial scale. The determination of this scale must consider factors such as increased production demand, the depletion of ecological resources, and the enhancement of efficient space utilization resulting from technological advancements. By employing scientific methods to determine the appropriate scale for mariculture, healthy mariculture areas can be stabilized, thereby fulfilling the ‘stable growth’ requirements of marine aquaculture products. (2) To optimize the layout of mariculture spaces, it is essential to rigorously control sea use methods and mariculture-related industrial measures. This involves gradually phasing out enclosed mariculture to minimize its negative impact on the marine environment. Concurrently, implementing ecological protection and restoration measures can further reduce mariculture-associated sea use, particularly issues stemming from enclosed mariculture such as spatial conflicts, environmental pollution, and ecological disturbances. (3) Use multiple forms and channels to expand suitable fishing space in deep water offshore, strengthen the security and intensive management of new business spaces such as marine ranches, and further optimize coastal spatial patterns and high-quality marine economic development. This study requires additional research on the approval of spatial zoning for mariculture suitability. It also must consider issues regarding coordination among stakeholders involved in existing regional marine activities, and exclude areas such as port use and ecological protection zones that cannot coexist with mariculture from key and moderate areas.
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Z is the total number of edges between nodes in the disaster chain complex network; j;, g; are the degree for two nodes a;, a, of edge
s R; is the actual number of connected edges of node g; in the disaster chain complex network; x represents the maximum number
of connected edges that a; can connect with other nodes; M is the total number of nodes in the disaster chain network; G is the set
of disaster chain complex network nodes; y; is the distance between node a; and node a;
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Computational formulas (12)-(15)

Parameter definition
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M is the total number of nodes in the disaster chain complex network; G is the set of nodes in the complex network; dj; is the

number of edges contained in the shortest path between node a; and node aj; nj, is the number of shortest paths that pass through

node a; in the shortest path connecting node a; and node ag; M; is the number of nodes connected to node a; in the disaster chain

complex network; Py, By, C; represent the average path length, edge betweenness, and connectivity of the disaster chain complex
network after removing the connection edges.
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4; is the number of other nodes connected by node a;, that is the total degree; M is the total number of nodes in the disaster chain
complex network; njg is the shortest number of paths connecting the node a; and ag; njg is the number of shortest paths passing

Parameter definition through the node ; in the shortest path connecting the nodes a; and a,; p; represents the number of connected edges in the shortest
path starting from node a; and ending at node a; cis a damping factor, Nj, is the set of incoming nodes for node a; and L(a;) is the
number of nodes coming out of node a;
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VARIABLES

Treat*Post 0.086* 0.803%**
(0.058) (0.000)
Controls and Constant Yes Yes
Year, and Industry FE Yes Yes
Observations 15,025 1,076
Adjusted R-squared 0.326 0.261

Tests of difference between groups

Yes (y° = 15.96; P=0.000)

t-statistics in parentheses.
#4p<0.01, #*p<0.05, *p<0.1.
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VARIABLES

Treat*Post 0.4554%* 0.313***
(0.000) 7 (0.000)
Size -0.035 -0.025
(0.161) (0.126)
Lev -0.190 -0.128
(0.180) (0.163)
ROA 1.240%* 0.753**
(0.007) (0.010)
Age 0.062* | 0.045**
(0.059) (0.036)
SOE 0.352%* 0:25184%
(0.000) (0.000)
Cash -0.714%* -0.467*
(0.001) (0.001)
Topl 0.235 0201
(0.401) (0.270)
ShareBalance 0.066 0.037
(0.289) (0.358)
Dual 0.008 -0.004
(0.900) (0.921)
Loss 0.105* 0.069*
(0.092) (0.082)
Ins 0.111 0.035
(0.446) (0.718)
Constant 3.044** Zo2r
(0.000) (0.000)
Year FE Yes Yes
Industry FE Yes Yes
Observations 16,101 16,101
Adjusted R-squared 0.0777 0.0874

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Treat*Post 0.104** 0.094** 0.090**
(0.029) (0.038) | (0.047)
Policygc*After 0.006
(0.899)
NCEDC -0.072
(0.210)
Size 0.3420* 0.339* 0.339%**
(0.000) (0.000) (0.000)
Lev 0.069 0.074 0.078
(0.450) (0.400) (0.371)
ROA 0.626** 0.694** 0.701**
(0.034) (0.014) 7 (0.013)
Age V 0.026 0.024 ' 0.024
(0.221) (0.230) (0.243)
SOE 0.086* 0.085* 0.090**
(0.058) (0.051) (0.038)
Cash 0.018 -0.037 -0.040
(0.893) (0.774) (0.750)
Topl -0.364* -0.418** ‘ -0.425%*
(0.070) (0.029) (0.026)
ShareBalance -0.084** -0.092** -0.093**
(0.039) (0.016) (0.015)
Dual 0.084** 0.064* 0.064**
(0.015) (0.050) (0.047)
Loss -0.035 -0.023 -0.022
(0.396) (0.561) (0.580)
Ins 0.076 0.092 0.093
(0.353) (0.226) (0.219)
GI -0.889**
7 (0.027)
FD -0.031
(0.462)
IS 0.876%**
(0.001)
Constant -7.6547* -7.3140% -7.311%%*
(0.000) (0.000) ‘ (0.000)
Year FE Yes Yes Yes
Industry FE Yes Yes Yes
Observations 14,263 16,101 16,101
Adjusted R-squared 0.333 0.318 0.318

t-statistics in parentheses.
#p<0.01, *p<0.05, *p<0.1.
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VARIABLES

Treat*Post 0.066* 0.191**
(0.096) (0.020)
Size 0:292%%* [0 i
(0.000) (0.000)
Lev 0.087 0.144
(0.265) (0.490)
ROA 0.596** 1.423**
(0.020) (0.026)
Age 0.017 -0.014
(0.345) (0.768)
SOE 0.069* 0:2374%%
(0.069) (0.009)
Cash -0.057 -0.166
(0.619) (0.612)
Topl -0.347%* -0.882**
(0.040) (0.029)
ShareBalance -0.079** 0,226
(0.020) (0.006)
Dual 0.049* 0.088
(0.094) (0.199)
Loss -0.014 -0.114
(0.691) (0.223)
Ins 0.073 0.055
(0.270) (0.755)
Constant 63210 -17.660***
(0.000) (0.000)
Year FE Yes Yes
Industry FE Yes Yes
Observations 16,101 16,101
Adjusted R-squared 0.303
Pseudo R2 0.154

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Pre_7 0.145
(0.214)
Pre_6 0.134
(0.175)
Pre 5 0.054
(0.512)
Pre_4 0.145
(0.150)
Pre_3 0.044
(0.428)
Pre_2 0.095
(0.132)
Current 0.156**
(0.040)
Post_1 0.153**
(0.039)
Post_2 0.179**
(0.020)
Post_3 0.139
(0.184)
Post_4 0.169*
(0.063)
Post_5 0.127
(0.231)
Post_6 <0251
(0.004)
Post_7 -0.292%*
(0.018)
Year FE Yes
Industry FE Yes
Observations 16,101
Adjusted R-squared 0.165

t-statistics in parentheses.

©4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Treat*Post 0.267**
(0.011)
GP 1651+ -0.954**
(0.000) (0.000)
Treat*Post*GP_city 0.048*** 0.102%*
(0.000) (0.000)
Pdensity 0.499*** -0.258%* -0.397*+**
(0.000) (0.000) (0.000)
OE 17,971 5.075%%* -2.989
(0.000) (0.000) (0.220)
GI -6.082*** 43197+ 11.975%%*
(0.000) (0.000) (0.000)
Investment -0.007 0.014¢¢ -0.010
(0.539) (0.000) (0.689)
ER 0.000 -0.000 0.007***
(0.677) (0.211) (0.009)
Constant 072204+ 11,223%*% 8.448***
(0.000) (0.000) (0.000)
Year FE Yes Yes Yes
Observations 3,634 3,634 3,634
Adjusted R-squared 0.627 0.741 0.477

t-statistics in parentheses.

#4p<0.01, **p<0.05, *p<0.1.
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(3) (4)

GP_stand-

VARIABLES s GP_joint
Treat*Post 0.071* 0.039 0.080* 0.023
(0.067) | (0.268) (0.064) (0.331)
Size 0.274%* 0:229*#% 0.2974%% 0,130
(0.000) (0.000) (0.000) (0.000)
Lev -0.002 0.137*%* 0.132 -0.061
(0.975) | (0.041) (0.107) (0.132)
ROA 0.541** 0.482** 0.746*** -0.052
0.022) | (0.027) (0.007) (0.689)
Age 0.023 0.016 0.023 0.010
(0.165) | (0.325) (0.238) 7 (0.320)
SOE 0.084** 0.044 0.079* 0.029
(0.023) (0.187) (0.056) (0.144)
Cash -0.056 -0.046 -0.088 0.046
(0.599) | (0.648) (0.467) (0.457)
Topl -0.344** -0.270* -0.392%* ' -0.073
(0.035) | (0.063) (0.030) (0.498)
ShareBalance -0.061* -0.065%* -0.080** -0.024
(0.059) | (0.026) (0.027) (0.261)
Dual 0.080*** 0.024 0.053* 0.032*
(0.003) | (0.347) (0.085) (0.059)
Loss -0.025 -0.014 -0.012 -0.033*
(0.446) | (0.652) (0.755) (0.086)
Ins 0.087 0.074 0.074 0.024
(0.161) | (0.192) (0.300) (0.519)
Constant -5.9174% 1 -5.004*** -6.433%0* -2.808%*
(0.000) (0.000) (0.000) (0.000)
Year FE Yes Yes Yes l Yes
Industry FE Yes V Yes Yes Yes
Observations 16,101 16,101 16,101 16,101
Adjusted
R squated 0.275 0.279 0.291 0.152

t-statistics in parentheses.
#4p<0.01, **p<0.05, \*p<0.1.
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VARIABLES

Treat*Post Q131 0.048
(0.020) (0.418)
Controls and Constant Yes Yes
Year, and Industry FE Yes Yes
Observations 7,673 8,428
Adjusted R-squared 0.315 0.330

Tests of difference between groups

t-statistics in parentheses.
©4p<0.01, *p<0.05, *p<0.1.

Yes (y° = 3.38; P=0.066)
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VARIABLES

Treat*Post 0.074 0.252*
(0.120) (0.064)
Controls and Constant Yes Yes
Year, and Industry FE Yes Yes
Observations 14,753 1,348
Adjusted R-squared 0.311 0.436

Tests of difference between groups

Yes (32 = 5.52; P=0.019)

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Treat*Post -0.011 0.139**
(0.863) (0.023)
Controls and Constant Yes Yes
Year, and Industry FE Yes Yes
Observations 9,047 7,054
Adjusted R-squared 0.276 0.378

Tests of difference between groups

Yes (32 = 3.14; P=0.077)

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Treat*Post -0.039 0127
(0.625) (0.022)
Controls and Constant Yes Yes
Year, and Industry FE Yes Yes
Observations 6,963 9,138
Adjusted R-squared 0.297 0.343

Tests of difference between groups

Yes (32 = 2.98; P=0.084)

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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Variable  Definition [Sources]

GP Natural log of the number of green patent applications plus one

Treat Whether it was a national marine ecological civilization
demonstration zone.

Post Whether policy implementation has started

Size The natural logarithm of total assets.

Lev Total debt divided by total assets.

ROA Net income divided by total assets.

Age The natural logarithm of the number of years the firm has

been listed.

SOE Indicator variable equal to one if the firm is a state-owned
enterprise and 0 otherwise.

Cash Cash flow from operations divided by total assets.
Topl The proportion of firm shares held by the largest shareholder.

ShareBalance | Proportion of shares held by the 2nd-5th largest shareholders
divided by proportion of shares held by the first
largest shareholder.

Dual Indicator variable equal to one if the chairman and the CEO of
the company are the same person, and zero otherwise.

Loss Indicator variable equal to one if the net profit less than 0, and
zero otherwise.

Ins The proportion of firm shares held by institutional investor.
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VARIABLES

Treat*Post 0.092**
(0.048)
Treat*New_Post 0.073
(0.194)
Size 0.342%* 0:2294%%
(0.000) (0.000)
Lev 0.102 -0.049
(0.357) (0.600)
ROA 1.034%* 0.362
(0.005) (0.308)
Age 0.019 0.032
(0.445) (0.190)
SOE 0.053 0.016
(0.323) (0.708)
Cash 0.002 -0.105
(0.991) (0.446)
Topl -0.642* -0.192
(0.005) (0.363)
ShareBalance -0.124%%¢ -0.035
(0.008) (0.408)
Dual 0.115%** 0.116***
(0.007) (0.005)
Loss 0.011 0.039
(0.837) (0.446)
Ins 0.052 0.083
(0.577) (0.370)
Constant 728400 -4.893***
(0.000) (0.000)
Year FE Yes Yes
Industry FE Yes Yes
Observations 8,228 4,795
Adjusted R-squared 0.318 0.214

t-statistics in parentheses.
#4p<0.01, **p<0.05, *p<0.1.
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VARIABLES

Treat*Post 0.102* 0.094**
(0.055) (0.039)
Size 0:339+%*
(0.000)
Lev 0.074
(0.399)
ROA 0.693**
(0.014)
Age 0.025
(0.228)
SOE 0.085*
(0.051)
Cash -0.037
(0.775)
Topl 0.417%*
(0.029)
ShareBalance -0.092**
(0.016)
Dual 0.063%
(0.051)
Loss -0.023
(0.560)
Ins 0.092
(0.227)
Constant -0.155%* -7.317%%
(0.028) (0.000)
Year FE Yes Yes
Industry FE Yes Yes
Observations 16,101 16,101
Adjusted R-squared 0.163 0.318

t-statistics in parentheses.

020,01, **p<0.05, *p<0.1.
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VARIABLES Mea Std Dev P10 P25 P P75 P90
GP 16,101 0693 1071 0.000 0.000 0.000 1.099 2303
Treat 16,101 0258 0438 0.000 0.000 0.000 1.000 1.000
Post 16,101 0.158 0365 0.000 0.000 0.000 0.000 1.000
Size 16,101 22132 1260 20671 21234 21987 22.840 23.833
Lev 16,101 0437 0205 0.166 0274 0431 0590 0717
ROA 16,101 0.040 0057 0.001 0015 0038 0.068 0.102
Age 16,101 2116 0903 0693 1.609 2303 2833 3.091
SOE 16,101 0370 0483 0.000 0.000 0.000 1.000 1.000
Cash 16,101 0048 0075 -0.038 0.009 0049 0.091 0.136
Topl 16,101 0357 0.149 0.174 0241 0339 V 0.463 0.564
ShareBalance 16,101 0673 0567 0.097 0225 0520 0.968 1.462
Dual 16,101 0271 0444 0.000 0.000 0.000 1.000 1.000
Loss 16,101 0.094 0292 0.000 0.000 0.000 0.000 0.000

Ins 16,101 0472 0245 0.106 0.287 0.490 0.667 0.779

This table reports the descriptive statistics of the sample. We winsorize the continuous variables at the 1st and 99th percentiles. All variables are defined in Table 1.
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pollutionl Airpollution2 Airpollu

[¢Y] ) 3) @)
EC -0.0003** -0.0004** -0.0006™* -0.0013**
(-2.1268) (-2.0949) (-2.1404) (-2.1289)
TopTen -0.0002*** -0.0003*** -0.0005*** -0.0010***
(-3.6340) (-3.4565) (-3.6155) | (-3.5762)
SP -0.0002* -0.0003* -0.0004* | -0.0009*
(-1.9466) (-1.8920) (-1.9123) (-1.9217)
TAXR -0.0004 -0.0008* -0.0010* -0.0021*
(-1.5425) (-1.7598) (-1.6747) (-1.6820)
ROE 0.0049** 0.0099** 0.0130** 0.0278**
(2.1771) (2.1665) (2.1702) (2.1701)
CASH -0.0000** -0.0001** -0.0001** -0.0002**
(-2.3711) (-2.1127) (-2.1811) (-22019)
SUB 0.0467* 0.0642 0.1444 0.2553
(1.6751) (1.6058) (1.4834) (1.5898)
_cons 0.0311* 0.0489*** 0.0705*** 0.1505***
(3.7492) (3.8682) (3.9051) (3.8715)
Industry Yes Yes Yes Yes
N 2850 2850 2850 2850
adj. R2 0.4540 0.5233 0.5125 0.5066

t statistics in parentheses.
*p < 0.10, **p < 0.05, ***p < 0.01.
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Waterpollutionl Waterpollution2 Waterpollution3 Waterpollu TWP
1) ) 3) @ (5)
EC -0.0001% -0.0002** -0.0004** -0.0002** -0.0009**
(-2.5826) (-2.1358) (-2.2435) (-2.0677) (-22356)
TopTen -0.0001%%* -0.0002+%% -0.0003**% -0.0001%* -0.0007**
(-3.6089) (-3.5971) (-3.6228) (-3.6392) (-3.6377)
sp -0.0000 -0.0002* -0.0003* -0.0001** -0.0006*
(-1.3476) (-1.9683) (-1.8677) (-2.0388) (-19131)
TAXR -0.0001% -0.0004* -0.0006* -0.0003 -0.0015*
(-1.8887) (-1.7717) (-1.7211) (-1.6504) (-1.7533)
ROE 0.0015% 0.0057* 0.0082* 0.0039% 0.0192%
(22312) 7 (2.1811) (2.1620) (2.1709) (2.1747)
CASH -0.0000 -0.0000%* -0.0001%* -0.0000%* -0.0001**
(-1.1410) (-2.1850) (-2.2485) (-2.4296) (-2.1906)
SUB 0.0031 0.0597 0.0887 0.0470 0.1986
(0.4319) (1.4807) (1.5078) (1.4171) (1.5218)
_cons 0.0076** 0.0275%% 0.0428*+* 00207+ 0.0986%*
(5.4418) (4.0055) (3.9368) (3.9167) (4.0844)
Industry Yes Yes Yes Yes Yes
N 2850 2850 2850 2850 2850
adj. R2 04427 05339 0.5090 0.4909 05198

t statistics in parentheses.

*p < 0.10, **p < 0.05, ***p < 0.01.
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TWP TWP TAP TAP
& @ @) @
GI -0.0024** -0.0023** -0.0037*** -0.0034**
‘ (-3.4891) (-2.5747) (-3.3589) (-2.5337)
TopTen V -0.0007*** -0.0010
(-3.6990) (-3.6378)
Sp -0.0006* -0.0009*
(-1.7741) (-1.7870)
TAXR -0.0013 -0.0020
(-1.5851) (-1.5210)
ROE 0.0192** 0.0278**
(2.1757) (2.1712)
CASH -0.0001** -0.0002**
(-22152) ‘ (-2.2260)
SUB 0.1792 0.2261
(1.4113) (1.4533)
_cons ‘ 0.0458*** 0.0984*** 0.0721** 0.1502%**
(2.7066) (4.0747) (2.5701) (3.8639)
Industry Yes Yes Yes Yes
N | 2850 7 2850 2850 2850
adj. R2 0.1235 0.5202 0.1365 0.5070

t statistics in parentheses.
*p < 0.10, **p < 0.05, ***p < 0.01.






OPS/images/fmars.2024.1471467/im15.jpg
tL(N,T)





OPS/images/fmars.2024.1518619/table4.jpg
Variable Obs Mean Std.Dev. Min  Max
TWP 2850 017 ‘ 072 0 3.039
Waterpollutionl 2850 .002 .006 0 233
Waterpollution2 2850 .005 021 0 .895
Waterpollution3 2850 .007 V 031 0 1.298
Waterpollution4 2850 .003 015 0 614
Airpollutionl 2850 .005 ‘ 022 0 786
Airpollution2 2850 .008 .037 0 1.561
Airpollution3 2850 012 051 0 2.061
TAP 2850 025 109 0 4.408
GI 2850 .862 1.212 0 5.753
EC 2850 1.614 1.982 0 8
TopTen 2850 60.503 16.007 14.6 100
SP 2850 4.563 ‘ 7.463 0 58.142
TAXR 2850 156 624 -12.283 | 18.436
ROE 2850 022 2.196 -50.082 | 90.705
CASH 2850 8.087 20.981 .003 794.846
SUB 2850 0 .003 0 .108
Public Attention ‘ 2301 5.019 1.058 0 7.151
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Dependent variable (environmental
pollution intensity) Water pollution

Water pollution

Air pollution

Water pollutionl
Water pollution2
Water pollution3
Water pollutiond

Total
Water pollution

Air pollutionl
Air pollution2
Air pollution3

Total Air pollution

Chemical oxygen demand
Ammonia nitrogen emissions
Total nitrogen emissions
Total phosphorus emissions

Total water pollution = chemical oxygen demand + ammonia nitrogen emissions
+ total nitrogen + total phosphorus

Sulfur dioxide
Nitrogen oxides
Smoke

Total air pollution = sulfur dioxide + nitrogen oxides + smoke
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Variable Type

Dependent Variables

Independent Variables

Control Variables

Variable name

Total Water pollution

Total Air pollution

Greeninnovation

Environmental Conscious

Top Ten Holders Rate

Seperation

Income Tax Rate

Rate of Return on Common
Stockholders’ Equity

Cash Equivalents Turnover

Environmental
Protection Subsidiary

ymbol

TWP

TAP

GI

EC

TopTen

SP
TAXR
ROE
CASH

SUB

Definitions

Total Water pollution=(chemical oxygen demand+ammonia nitrogen emissions+total
nitrogen+total phosphorus)/total asset * 10000

Total gas pollution=(sulfur dioxide+nitrogen oxides+particulate matter)/total asset
* 10000

Natural logarithm of (Number of green invention patent applications+number of
green utility model applications+1)

8 environmental management disclosures,

Environmental Protection Concept;Environmental Protection Goal;Environmental
Protection Management System;Environmental Protection Education Training;
Environmental Protection Special Act;Environmental Protection Emergency response
mechanism for incidents;Environmental Protection Honor Reward;ThreeSimultaneity;
Assign a value of 1, otherwise 0

The shareholding ratio of the top ten shareholders (%)=the sum of the shareholding
ratios of the top ten shareholders

Separation rate of ownership and control =the difference between the actual
controller’s control and ownership of the listed company

Income Tax Rate of the Company

Net profit/Average balance of shareholders’ equity; Average balance of shareholder
equity=Closing balance of shareholder equity

Operating income/end of period cash and cash equivalents balance

Environmental subsidies/total assets, environmental subsidies: green subsidies received
by enterprises.
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State-owned
enterprises

Non-state-owned
enterprises

State-owned
enterprises

Non-state-owned
enterprises

TWP TWP TAP TAP
1) @) (3) @)
Gl -0.0016* -0.0018 -0.0024*% -0.0025
(-4.1994) (-13800) (-4.1326) (-1.3265)
EC -0.0005** -0.0013 -0.0007** -0.0020
(-2.7455) (-1.4400) (-24728) (-1.4125)
GIXEC 0000244 0.0002 0.0002* 0.0003
(2.8219) (0.5332) (2.5941) (0.4939)
TopTen -0.0002** -0.0006"* -0.00024% -0.0008**
(-3.7022) (-3.3455) (-3.5602) (-3.2224)
SP 0.0001* -0.0007* 0.0001% 0.0011
(1.8876) (-1.8210) (1.8831) (-1.5909)
TAXR -0.0000 -0.0011 -0.0001 -0.0016
(-0.3183) (-1.4644) (-0.4791) (-1.4372)
ROE 0.0001 0.0318°* 0.0002 00461
(03249) (27.4292) (0.2925) (27.7719)
CASH ‘ 0.0000* 0.0003* 0.0000* 0.0005*
(23462) (1.7496) (2.2567) (1.7966)
SUB 00217* 0.4445%* 00301 0.4675*
(22428) (3.3166) (1.9148) (2:3564)
_cons 00205+ 0.0610** 0.0306** 0.0968***
(4.4913) (4.0434) (45192) (4.2615)
Industry Yes Yes Yes Yes
N 1585 1265 1585 1265
adj. R2 02278 0.8647 02411 0.8645

t statistics in parentheses.
*p < 0.10, **p < 0.05, ***p < 0.01.
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Manufacturing industry

Non-manufacturing
industry

Manufacturing industry

Non-manufacturing
industry

TWP TWP TAP TAP
1) @) (3) @)
Gl -0.0025* -0.0019* -0.0037*% -0.0027
(-2.1279) (-16677) (-2.1193) (-1.6421)
EC -0.0001 -0.0008** -0.0000 0.0012%*
(-0.1747) (-2.5669) (-0.0399) (-2.5202)
GIXEC -0.0000 0.0004* -0.0000 0.0007**
(-0.0097) (2.2077) (-0.1174) (22102)
TopTen -0.0006*** -0.0004* -0.0009** -0.0006"*
(-3.9729) (-2.0099) (-3.9589) (-2.0050)
SP -0.0006 -0.0002 -0.0009 -0.0004
(-1.6491) (-05921) (-1.5838) (-0.7259)
TAXR -0.0006 -0.0002 -0.0008 -0.0005
(-1.2636) (-0.8324) (-1.1882) (-0.9680)
ROE 002274 0.0001 00330 -0.0000
(26383) (0.2019) (2.6376) (-0.0312)
CASH -0.0002*% -0.0001 -0.0003** -0.0002
(-2.7823) (-1.1060) (-2.7174) (-1.1595)
SUB 0.1414 0.4588 01716 0.8378
(1.4123) (0.6957) (15482) (0.7383)
_cons 0.0622*% 0.0357** 0.0914*+ 00551
(4.9875) (3.0123) (5.0399) (3.0540)
Industry Yes Yes Yes Yes
N 1559 1291 1559 1291
adj. R2 06251 0.1378 06247 0.1404

t statistics in parentheses.
*p < 0.10, **p < 0.05, ***p < 0.01.
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TWP TAP
(1) @
GI2 -0.0037%* -0.0057***
(-2.7071) (-2.5959)
EC -0.0010** -0.0015**
(-2.0912) (-1.9862)
GI2xEC 0.0005** 0.0007*
7 (1.9926) 7 (1.9214)
TopTen -0.0007** -0.0010***
(-3.7152) (-3.6521)
Sp -0.0006* -0.0009*
(-1.8063) (-1.8180)
TAXR -0.0014* -0.0021
7 (-1.7070) (-1.6372)
ROE 0.0192** 0.0278**
(2.1744) 7 (2.1699)
CASH -0.0001** -0.0002**
(-2.1770) (-2.1888)
SUB 0.2059 0.2666*
(1.5970) (1.6851)
_cons | 0.1016*** 0.1550*%*
(4.1553) 7 (3.9316)
Industry Yes Yes
N 2850 2850
adj. R2 0.5202 0.5070

t statistics in parentheses.

*p < 0.10, **p < 0.05, **p < 0.01.
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TWP TWP TAP TAP
1 @ 3) (4)
GI -0.0020** -0.0029*** -0.0031* -0.0045%**
(-2.3628) (-2.7358) (-2.3387) (-2.6671)
EC -0.0006* -0.0011** -0.0009 -0.0017**
(-1.6959) (-2.1247) (-1.6004) (-2.0385)
GIXEC 0.0004* 0.0006*
(1.8627) (1.8243)
TopTen -0.0007* -0.0007*** -0.0010*** -0.0010***
(-3.7175) (-3.7254) (-3.6554) ‘ (-3.6625)
Sp -0.0006* -0.0006* -0.0009* -0.0009*
(-1.7787) (-1.8033) (-1.7915) (-1.8158)
TAXR -0.0014 -0.0014 -0.0020 -0.0020
(-1.6367) (-1.6353) (-1.5691) (-1.5687)
ROE 0.0192** 0.0192** 0.0278** 0.0278**
(2.1745) (2.1742) (2.1700) (2.1696)
CASH -0.0001** -0.0001** -0.0002** -0.0002**
(-2.1897) (-2.1770) (-2.2014) (-2.1889)
SUB 0.1846 0.1888 ‘ 0.2340 0.2406
(1.4362) (1.4459) (1.4863) (1.5002)
_cons 0.0995%** ‘ 0.1001** 0.1517*+** 0.1528***
(4.1345) (4.1310) (3.9163) (3.9136)
Industry Yes Yes Yes Yes
N 2850 2850 2850 2850
adj. R2 0.5201 0.5201 0.5069 0.5069

t statistics in parentheses.

*p < 0.10, **p < 0.05, **p < 0.01.
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Year 2015 20 2018 2020
Distorted measurement of
carbion ginlk Rctor priceg tn 1539 15.89 2107 1346 12.00 1056 9.30 6.62

China’s marine fisheries
and aquaculture
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The shadow The shadow

prices (CNY Year prices (CNY

per ton CO2) per ton CO2)
1979 39.46 2001 134.13
1980 41.11 2002 141.01
1981 48.66 ‘ 2003 207.88
1982 42.52 ‘ 2004 190.55
1983 ‘ 57.82 2005 201.71
1984 55.86 2006 212.57
1985 59.19 2007 236.14
1986 56.33 . 2008 255.1
1987 4341 ‘ 2009 254.46
1988 51.39 2010 266.91
1989 50.42 2011 265.61
1990 50.07 2012 273.45
1991 49.96 2013 288.19
1992 58.72 2014 294.16
1993 6291 2015 286.17
1994 66.33 2016 355.87
1995 77.67 2017 347.59
1996 82.12 2018 346.01
1997 91.85 ‘ 2019 333.49
1998 103.82 2020 339.93
1999 113.12 2021 361.75
2000 114.88 2022 375.96
Compound The Annual
Annual Growth 6.00% Average 167.87
Rate (CAGR) Price (AAP)
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Ridge Regression with K=

Mult R 19811628981 F 97.45056673
RSquare 9626806326 Sig F .00000000
Adj RSqu .9528019766 SE .3373980937

Regress 9.000 99.842 11.094

Residual 34.000 3.870 114
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Northern coastal regions
Central coastal regions
Southern coastal regions
PET
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Mid-income

Low-income

Northern coastal regions
Central coastal regions
Southern coastal regions
NHN

High-income

Mid-income

Low-income

Northern coastal regions
Central coastal regions
Southern coastal regions
TP

High-income

Mid-income

Low-income

Northern coastal regions
Central coastal regions
Southern coastal regions

-1.467 [-1.488, -1.445]
-1.672 [-1.814, -1.531]
-0.277 [-0.403, -0.150]
-0.179 [-0.387, 0.028]
-1.233 [-1.276, -1.190]
-2.210 [-2.369, -2.051]

-0.525 [-0.557, 0.493]
0.184 [-0.038, 0.406]
0.021 [-0.107, 0.149]

-0.136 [-0.437, 0.164]

-0.008 [-0.050, 0.034]
-0.065 [-0.164 0.034]

-0.159 [-0.165, -0.153]
-1.012 [-1.492, -0.532]
-0.061 [-0.080, -0.042]
-0.019 [-0.922, 0.883]
-0.496 [-0.565, -0.427]
-1.082 [-1.223, -0.941]
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0.000
0.000

0.000
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0.000
0.000
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0.000
0.000

0.000
0.918
0.348
0.148
0.000
0.000
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Summary

Green Innovation definition
and its advantages

The driving factors of
enterprises implementing
green innovation

Green innovation promote
corporate performance

Reduce corporate
pollution emissions

thor

Porter and Van der Linde, 1995;
Zhang, 2023

Guinot et al., 2022;
Liet al, 2018

Zhang, 2023;
Wang et al,, 2021

Cheng B. et al., 2024;
Chang and Chen, 2013; Huang and Li, 2017;
Singh et al., 2020

Wang et al, 2021;
Xie et al., 2022

Cohen and Winn, 2007

Tseng et al,, 2021

Content

Adoption of environmentally friendly technologies;
Green innovation can be divided into technological innovation,
management innovation and market innovation

Positive initiatives of enterprises;
Reduce pollutant emissions

External factors include government tax incentives and subsidies,
demand of consumers for environmentally friendly products and market
competition intensity

Internal factors include management support and corporate
green culture

Green innovation companies gain higher brand recognition and
customer loyalty in the market, thereby increasing sales

Technological innovation enables companies to adopt cleaner
production processes and reduce pollutant emissions

Management innovation further promotes the development of
enterprises in a green direction by improving resource
utilization efficiency
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District 2007 2008 9 201 atit 2012 2013
Zhejiang 1.0875 1.1048 1.0573 11170 1.1052 1.0539 1.0427 1.0455 1.0038 1.1274
Tianjin 1.1018 1.1565 1.0480 1.2031 1.1150 1.0482 1.0702 1.0354 0.9918 1.0148
Shanghai 1.0480 1.0541 0.9662 1.3095 1.1475 1.1878 1.0945 1.0403 1.1183 1.2757
Shandong 1.0758 1.1084 0.9723 1.0435 1.0489 1.0068 0.9962 0.9903 0.9673 1.2685
Liaoning i 1.0085 1.0591 0.9858 1.0648 1.0677 09717 0.9879 0.9521 0.7771 0.9940
Jiangsu 12115 1.0811 11517 1.1648 1.1084 1.0399 1.0292 1.0614 1.0344 1.2704
Hebei 13141 1.2337 0.8584 1.0724 1.0891 0.9581 0.9463 0.9855 0.9820 1.5520
Hainan 1.1239 1.0311 1.1165 1.1959 0.9473 1.0387 1.1241 1.0345 1.0569 1.0839
Guangxi 0.9877 0.9689 0.8778 1.0704 1.1303 1.0431 1.0946 1.0525 1.0418 1.1204
Guangdong 1.0461 1.0777 1.0069 1.0779 1.0567 1.0177 1.0400 1.0572 1.0191 1.1828
Fujian 1.1071 ‘ 1.0862 1.0595 1.0971 1.1007 1.0653 1.1066 1.0278 11116 1.1142
Mean 11011 1.0874 1.0091 1.1288 1.0833 1.0392 1.0484 1.0257 1.0095 1.1822

Data source: The author compiled the data based on the calculation results.
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VARIABLES
Labor
Capital

Energy

Gop
Marine industrial wastewater discharge
Marine industrial solid waste

Marine industrial sulfur
dioxide emissions

Marine industrial carbon
dioxide emissions

Economy
Industry
Open

Regulation

Unit
Ten thousand persons
100 million RMB

Ten thousand tons of
standard coal

100 million RMB
Ten thousand tons
Ten thousand tons

Ten thousand tons

Million tons

RMB

Mean

305.0

6,869

2,645

4,079
16,472

1,264

9.091

54.91

10,139
1.245
0.566

5.358

Sd
2101

5291

1,718

3,268
11,257

1,144

6.447

35.60

8,220
0573
0.381

2.190

Min
8150

437.6

2723

300.7
771.8

43.51

0.137

5.680

720.4
0.457
0.109

2.595

Max

868.5

25448

7,827

15,968
43,233

5138

28.07

168.4

35215
3.082
1.670

10.70
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Economic Circle Economic Circle Economic Circle NERENILE
2007 01174 ‘ 00765 ‘ 0.0582 0.0843
2008 0.0653 00235 ‘ 00517 00625
2009 | 0.0818 ‘ 0.0876 0.1004 0.0897
2010 0.0661 0.0837 0.0523 0.0718
2011 0.0263 0.0210 0.0758 0.0501
2012 00404 00746 00187 00575
2013 00515 00327 0.0332 00532
2014 00345 00105 | 00135 00338
2015 01099 ‘ 00564 0.0373 0.0903
2016 0.2166 0.0687 0.0369 0.1325
Mean 0.0810 0.0535 0.0478 0.0726
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Coordinate 0/° 10000km? the x-axis the y-axis
2007 116.750°E,31.245°N 19.704 157.249 408.905 1224159 0334
2010 116.776°E,31.029°N 20.639 158.590 411270 1227501 0335
2013 116.635°E,30.817°N 21.027 159371 410813 1234915 0333
2016 116.753°E,31.294°N 19.758 156.712 415.054 1201.902 0.345

Data source: The author compiled the data based on the calculation results.
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Jiangsu 1.1153
Hebei 1.0992
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Data source: The author compiled the data based on the calculation results.
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(o)) ()} (3)
VARIABLES GI TWP TAP
Public 0.067*%*
Attention

-4.14
GI -0.071 -0.1110+*

(-3.06) (-3.10)

EC -0.161 -0.015%** -0.023%**

(-14.63) (-3.69) (-3.71)
GIXEC 0.214** 0.015%%* 0.023%%

-51.7 -2.99 -3.03
TopTen -0.003** -0.001*** -0.001**

(-2.27) (-5.86) (-5.83)
Sp -0.003 0 0

(-1.48) (-0.42) (-0.47)
TAXR 0.038 V 0 -0.001

104 (-0.14) (-0.09)
ROE -0.001 0.020*** 0.029*+*

(-0.16) -30.33 -28.39
CASH -0.001 0 0

(-1.22) (-0.73) (-0.75)
SUB 1.326 0.332 0.453

-0.24 -0.62 -0.55
Constant 0.5514** 0.115%** 0.178***

-5.35 -5.46 -5.46
Observations 2,301 2,301 2,301
R-squared 0.591 0.027

t-statistics in parentheses.

*p < 0.10, **p < 0.05, **p < 0.01.
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Northern Marine Eastern Marine Southern Marine

S Pl S Nationwide
Economic Circle Economic Circle Economic Circle
Lny -0.570* 0.971%* -L110%* -0.875%*
(-2.030) (-3.650) (-5.860) (-10.130)
Lnxl -0.230% 0.007 0.036 -0.046
(-2480) (0.200) (1.070) (-1.370)
Lnx2 0.082% 0.167 -0.001 0.940
(0.620) (0.530) (-0310) (1.400)
Lnx3 -0.535* 0.046 0.032 -0.154*
(-2620) (-0.710) (-0.120) (-1.740)
Lnx4 0414 -0.097 -0.013 -0.050
(0.920) (-1.470) (-0.180) (-0.270)
P 0.831 0.143 -0.249 0411
o (0.890) (0.460) (-0.690) (0.990)
Model random random random regular
Settings
R 0536 0.493 0.536 0.462
N 40 30 40 110
conclusion convergence convergence convergence convergence

*p< 0.10, **p< 0.05, ***p< 0.01; t values are in parentheses.
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Northern Marine Eastern Marine Southern Marine Nationwide

Economic Circle Economic Circle Economic Circle
P -0.989*** -0.969*** -0.944*% -1.013*%*
¥ (-4.430) (-4.210) (-5.330) (-7.950)
0.0370* 0.093*%* 0.058*** 0.063***
Constant
(1.820) (3.830) (4.200) (5.630)
Model random random random regular
Settings
R? 0388 0415 0455 0421
N 40 30 40 110
conclusion convergence convergence convergence convergence

*p< 0.10, **p< 0.05, ***p< 0.01; t values are in parentheses.
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Variable Definition and description

Size In (corporate annual total assets)
ROE Net profit/average balance of shareholder equity
Growth Current operating income/previous operating income-1
BM Book value/total market value
PB Price per share/net assets per share
ListAge In (current year - year of listing + 1)
Topl Number of shares held by the largest shareholder/total number
of shares
Employee In (the number of employees)
Fixed Net fixed assets/total assets
Intangible Net intangible assets/total assets
TMTAge Average age of managers

Loss Take 1 if the net profit for the year is less than 0, otherwise take 0
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Categories

Income levels

Coastal geographic regions

Classification standard

Average value of per capita GDP from
2006 to 2019

Northern, central, and southern
coastal regions

Level

High-income

Mid-income

Regions

Shanghai, Jiangsu, Tianjin,
Zhejiang, Fujian

Guangdong, Shandong, Liaoning

Low-income
Bohai Rim Region
Yangtze River Delta

West coast of the Taiwan Strait and
South China Sea region

Hainan, Hebei, Guangxi
Liaoning, Hebei, Tianjin, Shandong
Shanghai, Jiangsu, Zhejiang

Fujian, Guangdong, Guangxi, Hainan
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Model 1 Model 2 Model 3 Model 4

Null Z3 Direction  Null Vit Direction Null s Direction  Null iz Direction

Hypothesis statistics Hypothesis statistics Hypothesis statistics Hypothesis statistics

TOUR=COD 3036 TOUR COD  TOUR#PET 1838 TOUR—PET = TOUR#NHN 2306+ TOUR— NHN ~ TOUR<TP 3280 TOUR—TP
(0.002) (0.066) (0.021) (0.001)

COD=TOUR 1901 PET<TOUR 1.565 NHN#TOUR 2580 TP<TOUR 0933
(0057) (©.118) (0.010) (0351)

ER#COD 0308 ER-COD ER#PET 1058 ER-PET ER#NHN 0745 ER-NHN ER<TP 1976 ER—TP
(©758) (0.290) (0.456) (0.048)

COD+ER 0667 PETZER 0174 NHN=ER 0719 TP#ER 1520
(0505) (0.862) (0472) (0.129)

GOP#COD 2486+ GOP—COD  GOP<PET 5,920 GOP— PET  GOP#NHN 4671 GOP-NHN  GOP<TP 1993+ GOP—TP
(©013) (0.000) (0.000) (0.046)

cop+Gop 1068 PET2GOP 5932 NHN=GOP 0012 TP2GOP 1188
(0.285) (0.000) (0:990) (0235)

TECH2COD 1355 TECH-COD  TECH#PET 1563 TECH-PET  TECH#NHN 342300 TECH-NHN  TECH=TP 0547 TECH-TP
(0175) ©.118) (0.001) (0.584)

COD+TECH 0290 PET-TECH 0381 NHN=TECH -0.660 TPLTECH 0426
©772) (0.703) (0.509) (0.670)

POP=COD 5028 POPCOD  POP#PET 4745 POP—PET  POP<NHN 53280 POP-NHN  POPTP 2432 POP—TP
(©.000) (0.000) (0.000) 0015)

COD=POP 0179 PET2POP 0669 NHN=zPOP 0566 TP2POP 0384
(0858) (0.500) (0572) (©0701)

(1) =, =, -, shows unidirectional, bidirectional and no causality, respectively; (2) P values are in bracket; (3) ***, **, * represent statistical significance at 1%, 5%, 10% level.
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Model Model 1 Model 2

Variables PMG FMOLS DOLS FMOLS DOLS

Long-run estimation

InTOUR -0.734* | -0.536** -0.952*** | 0.186 -0.002 0.119 -0.746** | -0.340** -1.633%%* | -5169%%* | -0.899*** -0.334**
(0.162) (0.157) (0.103) (0.147) (0.194) (0.095) (0.262) (0.130) (0.167) (0.689) (0.073) (0.084)

InER 0173 -3.638*** -0.105 0.135%** | -2,304*** -1.026** | -0.040 -4.626* 1 0.938** | 0.515% | -7.698** -0.165
(0.026) (0.188) (0.195) (0.044) (0.233) (0.180) (0.043) (0.156) (0.264) (0.109) (0.088) (0.133)

InGOP 0346 4.004** 1030 | -0.793*** | 1.467*** -1.040% | -0.968*** | -2.588*** -1.100** | 0.621** 11.066**  1.073***
(0.099) (0.404) (0.310) (0.095) (0.499) (0.286) (0.165) (0.334) (0.439) (0.296) (0.188) (0.220)

InTECH -0.070 -3.104* -2.160*** | -0.192* -4.3540* -0.201 -0.3007% | -1.643%* -0.874* | 1.250*** -11.529"* | -2.514***
(0.096) (0.332) (0.226) (0.100) (0.410) (0.209) (0.108) (0.274) (0.318) (0.300) (0.188) (0.160)

InPOP 3383 23000 | 2208 4388 4299 | 0.782* | 1062 L8729 | 2442 | 8866 | 2773 | 1000
(1.805)  (0.333) (0224)  (1.293)  (0.411) 0207)  (1767)  (0.275) (0291)  (4441)  (0.155) (0.146)

Short-run estimation

Error -0.772*%* -1.207*%* -0.579*** -0.421%%%

Correction (0.121) (0.158) (0.135) (0.091)
AlnTOUR 1.732 0.720 0.126 1.087
(1.599) (1.056) (2.458) (1.903)
AlnER -0.082 -0.016 0213 -0.028
(0.070) (0.105) (0.166) (0.123)
AlnGOP -0.055 -1.765*** -0.402 -1.302**
(0.417) (0.500) (0.650) (0.638)
AInTECH 1.093 0.690 0.551 -1.084***
(0.852) (0.530) (0.895) (0.364)
AlnPOP 10.003 -5.458 25993 -20.477
(9.656) (14.615) (17.671) (18.541)

(1) Standard errors are in bracket; (2) ***, **, * represent statistical significance at 1%, 5%, 10% level.
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Model Model 1

Pedroni (1999) cointegration

Statistic
Modified Phillips-Perron t 4.115%%
Phillips-Perron t -8.370***
Augmented Dickey-Fuller t -8.585%*
Kao (1999) cointegration

Statistic
Modified Dickey-Fuller t -3.1530*
Dickey-Fuller t -4.828"*
Augmented Dickey-Fuller t -1.517%

Unadjusted modified Dickey-Fuller t -6.581*
Unadjusted Dickey-Fuller t -6.062**

Westerlund and Edgerton (2007)

Statistic
Variance ratio -1.692**
Westerlund ECM cointegration
Value
G, 2630
Go -1.576
P: 7201
Py 3447

p-value
0.000
0.000

0.000

p-value
0.001
0.000
0.065
0.000

0.000

p-value

0.045

p-value
0.000
0.948
0.000

0.003

*%, *%, and * denote statistical significance at 1%, 5%, and 10%, respectively.

Model 2
Statistic p-value
3.996** 0.000
-11.685% 0.000
-10.746"* 0.000
Statistic p-value
3774 0.000
-6.987** 0.000
-2.918%* 0.002
-10.500** 0.000
-9.359% 0.000
Statistic p-value
-1.537 0.062
Value p-value
-3.573%* 0.000
-7.460%* 0.004
-9.812%% 0.000
-7.923% 0.000

Model 3
Statistic p-value
4,329 0.000
-8.233% 0.000
5,965 0.000
Statistic p-value
-3.007* 0.001
-1.649* 0.050
-1.595* 0.055
4,030 0.000
-2.006* 0.022
Statistic p-value
1425+ 0.077
Value p-value
2,641 0.000
-3.033 0713
-4.596* 0.006
-4.738 0.000

Model 4
Statistic p-value
4.758** 0.000
-6.969** 0.000
5,651 0.000
Statistic p-value
-1.578* 0.057
-1.891%* 0.029
2492 0.006
-3.724%% 0.000
-2.892% 0.002
Statistic p-value
1.303* 0.096
Value p-value
2393 0.000
-4.539 0.296
-6.244*% 0.000
-4.886** 0.000





OPS/images/fmars.2024.1461376/im108.jpg
aym





OPS/images/fmars.2024.1471467/table4.jpg
PP-Fisher

ADF-Fisher
Variable 1(0) 1(1) 1(0) 1) 1(0) /(1)
InCOD -4.843"* -14.373 -1.187 -9.559*** 66.217** 58.630%* 58.378** 241.965***
(0.000) (0.000) (0.118) (0.000) (0.000) (0.000) (0.000) (0.000)
InPET -6.810"** L. 7e™ -5.623* -12.4730 61.916"** HATI* 90.347** JI53190=
(0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)
InNHN -5.159*% 9.961%% -1.844% 523500 41,300 64891 15678(0.832) | 196.909**
(0.000) (0.000) (0.033) (0.000) (0.008) (0.000) (0.000)
InTP 2361 10,184 0.399(0.655) 6358 59.716** 64.578%  27.952(0.177) | 177.559**
(0.009) (0.000) (0.000) (0.000) (0.000) (0.000)
InTOUR 2,889 7708 1.366(0.914) 3.589%% 33.331% 46,392 7.353(0.999) 1171314
(0.002) (0.000) (0.000) (0.057) (0.002) (0.000)
InER -3.038*** =13 12 e -1.037 -8.756*** 62.602"** i 29.317(0.136) 138.109***
(0.001) (0.000) (0.150) (0.000) (0.000) (0.000) (0.000)
InGOP 2459 9.505%% 1.451(0927) -5.084*% 61.848** 44308 147.750%% 93.130**
(0.007) (0.000) (0.000) (0.000) (0.003) (0.000) (0.000)
InTECH -2.008* 9.886** 1.011(0.844) 5.534%% 47,551 47.852% | 24706(0.311) | 142.528**
(0.022) (0.000) (0.000) (0.001) (0.001) (0.000)
InPOP 0990 60784 3.427(1.000) 24754 30.418 53212 39.166* 47225
(0.007) (0.109) (0.000) (0.014) (0.001)

(0.161)

(0.000)

-2.354%%

-3.002***

-2.557*%*

20722

-0.604

<2.313%%*

2,022

-0.643

0.593

-4.177%*

-4.613**

-3.226"**

-3.835%%*

2053+

-4.2824*

-2.064**

-3.086***

-1.703**

(1) The value in bracket is p-value; (2) For CIPS, we only list the value of statistics, and the significance is given by comparing it with the critical values -1.53, -1.67, and -1.91 (at the 10%, 5%, and

1% significance level).
**,#*, and * denote statistical significance at 1%, 5%, and 10%, respectively.
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Variable CD-Test p-value

InCOD 18.022* 0.000
InPET 10.496* 0.000
InNHN 16.539%%* 0.000
InTP 13.155%* 0.000
InTOUR 177167 0.000
InER 12.644°* 0.000
InGOP 25.682%%* 0.000
InTECH 17.6597* 0.000
InPOP 20.413%* 0.000

*** denote statistical significance at 1%.
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Maximum = Minimum Kurtosis era

COD 1080.999 751.983 14867.285 56.839 1448.137 6.071 55.309 1.9E+04 0.000
PET 6763 2959 226.963 0.000 18.954 10.330 119.915 9.0E+04 0.000
NHN 98.004 56.232 635.797 0.163 112381 2.105 8.115 281.700 0.000
TP 16.330 8954 242917 0.462 25.409 5.444 44.082 1.2E+04 0.000
TOUR ‘ 0.096 0.086 0.307 0.008 0.067 0.667 3.098 11.490 0.003
ER 0.001 0.001 0.006 0.000 0.001 1.830 8.458 277.000 0.000
GOP 210.310 174.673 708.400 37.387 133.809 1.105 3.869 36.180 0.000
TECH 1648279 1650.000 6750.000 69.000 1198.850 1.187 5335 71.130 0.000
POP 2310.000 1785.800 6747.000 582.830 1509.534 1.230 3.962 44.770 0.000
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Variables

Chemical oxygen demand

Petroleum

Ammonia nitrogen

Total phosphorus

Coastal tourism revenue

Environmental regulation

Gross ocean product

Technological innovation

Total population

Symbols

TOUR

TECH

Specificati

Chemical oxygen demand discharge from direct marine
pollution sources/total population of coastal cities (tons per
ten thousand persons)

Petroleum discharge from direct marine pollution sources/
total population of coastal cities (tons per ten
thousand persons)

Ammonia nitrogen discharge from direct marine pollution
sources/total population of coastal cities (tons per ten
thousand persons)

Total phosphorus discharge from direct marine pollution
sources/total population of coastal cities (tons per ten
thousand persons)

Total tourism revenue of coastal cities/GDP (%)

Completed investment in industrial pollution treatment/
GDP (%)

GOP/total population of coastal cities (ten thousand yuan
per person)

Number of personnel engaged in scientific and
technological activities in marine R&D Institutions (person)

Total population of coastal cities (ten thousand persons)

ta source

Bulletin of Marine Ecology and Environment Status of
China by the Ministry of Ecology and Environment of the
People’s Republic of China

Bulletin of Marine Ecology and Environment Status of
China by the Ministry of Ecology and Environment of the
People’s Republic of China

Bulletin of Marine Ecology and Environment Status of
China by the Ministry of Ecology and Environment of the
People’s Republic of China

Bulletin of Marine Ecology and Environment Status of
China by the Ministry of Ecology and Environment of the
People’s Republic of China

China Statistical Yearbook by the National Bureau of
Statistics of China

China Statistical Yearbook by the National Bureau of
Statistics of China

China Marine Statistical Yearbook by the National Marine
Data and Information Service

China Marine Statistical Yearbook by the National Marine
Data and Information Service

China Statistical Yearbook by the National Bureau of
Statistics of China
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Variable (2)
CPU 0.338%* (2.57) 0.3397%* (2.71)
CPU? -0.074*** (-2.70) -0.074*** (-2.85)
Controls No Yes
_cons -0.100 (-0.66) -0.799 (-0.94)
Year-FE Yes Yes
Individual-FE Yes Yes
Observations 2113 2113

*, ¥ and *** indicate significance at 10%, 5% and 1% levels, respectively. The t statistics are
gn P! Yy

in parentheses.
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(5) (6)

Companies in = Companies in

non- coastal areas
coastal areas
Gl Gl
CPU 0.007***(3.15) 0.017%(1.85) 0.023**(2.45) 0.021%(2.34) -0.003 (-0.27) 0.035** (2.23)
cPU* -0.002***(-3.32) -0.004%(-1.96) -0.005**(-2.53) ‘ -0.004**(-2.43) 0.000 (0.16) -0.007** (-2.29)
CPUxXKZ 0.009**%(3.34) 0.008***(2.88)
CPUxKZ -0.002*%*(-3.22) -0.002*%%(-2.74)
KZ v 0.001%(1.73) 0.001%**(3.66)
Controls Yes Yes No Yes Yes Yes
_cons -0.012(-0.43) 0.162**(2.35) -0.013(-1.25) 0.106%(1.69) 0.116 (1.36) 0.077 (0.85)
Year-FE Yes Yes Yes Yes Yes Yes
Individual-FE Yes Yes Yes Yes Yes Yes
Observations 1040 2537 3641 3641 I 1528 2113

%, ** and *** indicate significance at 10%, 5% and 1% levels, respectively. The t statistics are in parentheses.
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Variable ()] (2)

First stage
CPU CPU?
EL 0.135%%(-5.26) | -0.799**(-6.44)
EL? 0.019%(6.43) 0.1074(7.47)
CPU 0.124*(1.80)
CPU? -0.023%(-1.75)
Controls Yes Yes Yes
_cons 0.713(1.01) 2,293 (-0.67) -0.013 (-0.14)
Year-FE Yes Yes Yes
Individual-FE Yes ‘ Yes Yes
Observations 3582 3582 3582

*, ** and *** indicate significance at 10%, 5% and 1% levels, respectively. The t statistics are
in parentheses.
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Variable (1) (2) (3) (4)
CPU 0.020**(2.17) | 0.010%(1.76) = 0.016**(2.19) = 0.018**(2.08)
-0.004** -0.002* -0.003** -0.004**
CPU 0 0! 0. 0l
(-2.25) (-1.90) (-2.11) (-2.16)
) 0.002(1.43) 0.001(1.32) -0.008%+
Size
(-2.70)
ROE 0.003(0.66) 0.003(0.70) 0.004(0.77)
Growth -0.000(-0.14) | 0.000(0.34) 0.000(0.37)
BM 0.008*(222) | 0.009**(2.36) | 0.013**(2.34)
PB 0.001*(1.93) | 0.001*(1.69) 0.001(1.30)
ListA. 0.0 “Diaz 0.002(0.41)
i ! .
stage (-2.08) (-198)
TOPI 0.000(0.48) 0.000(0.27) | 0.000%*(2.18)
Employee 20.002(-1.57) | -0.002(-1.54) | 0.006**(2.15)
i -0.006(-1.15) -0.007(-1.37) -0.082***
Fixed
(-5.98)
Intangible 0.031*(2.07) | 0.030**(2.00) | -0.002(-0.09)
TMTAge -0.000(-0.12) | -0.000(-0.18) = 0.000(1.06)
Loss 0.000(0.05) 0.000(0.03) 0.002(1.00)
_cons -0.010(-0.92) -0.024(-1.40) -0.027(-1.56) 0.102(1.64)
Year-FE Yes No Yes Yes
Individual- Yes No No Yes
FE
Observations 3641 3641 3641 3641

*, ** and *** indicate significance at 10%, 5% and 1% levels, respectively. The t statistics are

in parentheses.
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Size 3641 ‘ 22.746 1.240 20.436 26.435
ROE 3641 0.057 0.121 -0.577 0.308
Growth 3641 0.164 0.388 -0.486 2.354
BM 3641 0.673 0.244 0.155 1.190
PB 3641 2.892 | 2.129 0.508 ‘ 1291
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TOP1 3641 33.688 14.343 10.122 74.295
Employee 3641 8.058 1.131 5.565 1121
Fixed 3641 0.251 0.161 0.0103 0.694
Intangible 3641 0.057 0.063 0.001 0.392
TMTAge 3641 49.760 2.924 42.590 56.460
Loss 3641 0.112 0.316 0 V 1
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Expert Expert Expert Expert Expert Expert Expert Expert Expert Expert
! 2 3 4 5 6 7 8 9 10

Variable layer

Marine primary

productivity index 0.1224 0.1258 0.1258 0.1223 0.1222 0.1221 0.1222 0.1224 0.1258 0.1185
Seawater quality index 0.1295 0.1295 0.1295 0.1295 0.1294 0.1292 0.1222 0.1156 0.1258 0.1255
Seawater eutrophication index 0.1031 0.1030 0.1060 0.1030 0.1090 0.1153 0.1188 0.1189 0.1155 0.1119
Chlorophyll a concentration 0.1002 0.1001 0.1001 0.1001 0.0945 0.0917 0.0945 0.0946 0.0945 0.0916
Water depth 0.0919 0.0919 0.0919 0.0919 0.0918 0.0891 0.0893 0.0920 0.0919 0.0891

Salinity 0.1091 0.1060 0.1030 0.1030 0.1029 0.1058 0.1060 0.1061 0.1060 0.1027
Temperature 0.1123 0.1122 0.1122 0.1188 0.1187 0.1153 0.1155 0.1189 0.1091 0.1291
Distance from coastline 0.0984 0.0978 0.0873 0.0876 0.0878 0.0817 0.0761 0.0810 0.0925 0.1031
Distance from fishing port 0.0577 0.0537 0.0625 0.0671 0.0719 0.0873 0.0930 0.0925 0.0810 0.0789

Distance from town 0.0754 0.0800 0.0817 0.0767 0.0719 0.0625 0.0623 0.0580 0.0580 0.0495
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Real value

Fitted value

(10,000 (10,000
RMB yuan) RMB yuan)
2016 6673.73 6637.30 0.55
2017 4077 4314.27 5.82
2018 31196.82 32076.76 2.82
2019 8952.46 8986.84 0.38
2020 7484.94 7933.27 5.99
2021 6287.38 6419.34 2.10
2022 4980.35 5140.62 322
Average relative error 2.98
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Predicted value (10,000

RMB yuan)
2023 3666.24
2024 2193.54
2025 509.86
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Suizhong Xingcheng Wafangdian Ganjingzi Lvshunkou Jinzhou Zhuanghe

relational analysis

County City City District District District
Results 0.2161 0.1660 0.2884 0.4127 0.4800 0.4812 0.4495 0.7365 ‘ 0.5521
1.Based on entropy
method
2.Based on gray 0.2413 0.1886 0.3171 0.4031 0.4777 0.4630 0.4669 0.7089 0.5755
relational analysis
Rankings 8 9 7 6 4 3 5 1 ‘ 2
1.Based on entropy
method
2.Based on gray 8 9 7 6 3 2 4 1 2
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OGM(1,N) ARIMA BP neural network

Real value (10,000

RMB yuan) Fitted value (10,000 Fitted value (10,000 Error Fitted value (10,000 Error

RMB yuan) RMB yuan) (VA RMB yuan) (VA
2016 6673.73 7068.40 591 6999.79 4.89 6618.35 0.83
2017 4077 4335.70 635 4306.61 563 4305.17 5.60
2018 3119682 31903.07 226 3315865 629 32137.65 3.02
2019 895246 9224.94 3.04 9716.46 853 8982.69 0.34
2020 7484.94 8084.74 so1 7977.67 6.58 7851.94 490
2021 6287.38 6386.87 1.58 683130 8.65 6552.99 422
2022 4980.35 5207.90 457 537647 7.95 510023 241

Average relative error(%) 4.53 6.93 3.04
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Suizhong
County

Wafangdian
City

Lvshunkou
District

Jinzhou
District

OGM(1,N) ARIMA BP neural network
Real value
(10,000 Fitted value Fitted value Fitted value Error
RMB yuan) (10,000 (10,000 (10,000 %)
RMB yuan) RMB yuan) RMB yuan)
2016 1704.4 1714.54 0.59 1824.66 7.06 1749.65 2.65
2017 313 328.14 4.84 339.08 8.33 312.85 0.05
2018 12759.48 13072.14 245 13875.39 8.75 13187.53 335
2019 2159.89 2260.08 4.64 2360.41 9.28 2287.11 5.89
2020 1221.36 1293.26 5.89 1321.25 8.18 1261.10 3.25
2021 2976 3184.80 7.02 3254.35 9.35 3078.34 3.44
2022 3112.84 3255.11 4.57 3360.51 7.96 3070.52 1.36
Average relative error(%) 429 842 2.86
2016 1237.38 1307.13 5.64 1314.63 6.24 1262.20 2.00
2017 427 437.61 248 463.82 8.62 442.34 3.59
2018 14452.84 15477.53 7.09 15618.46 8.07 15213.94 5.27
2019 4125.61 4514.54 9.43 4342.62 5.26 4306.30 4.38
2020 5685.09 6124.55 773 6153.18 8.23 5950.02 4.66
2021 94.75 100.01 555 102.31 7.98 96.82 2.19
2022 60 61.38 230 64.54 7.57 60.97 1.62
Average relative error(%) 5.75 742 339
2016 2286.25 2336.22 2.19 2394.76 4.75 2356.73 3.08
2017 1350 1485.11 10.01 1437.31 6.47 1427.72 5.76
2018 2 2.14 6.97 2.10 4.99 2.11 5.38
2019 278.369 277.31 038 297.91 7.02 297.91 7.02 ‘
2020 310.37 327.93 5.66 332.62 7.17 316.62 2.01 ‘
2021 278.51 292.29 4.95 298.26 7.09 284.04 1.99 ‘
2022 735.66 785.59 6.79 798.11 8.49 792.78 7.76 ‘
Average relative error(%) 5.28 6.57 471 ‘
2016 1167.64 1229.01 5.26 1246.08 6.72 1216.25 4.16
2017 1704 1781.00 452 1891.62 11.01 1777.17 4.29
2018 30.94 3115 0.68 32.61 541 33.27 7.54
2019 1851.52 1932.41 4.37 1955.85 5.63 1854.17 0.14
2020 166.01 167.50 0.90 177.78 7.09 173.33 4.41
2021 254.12 267.41 523 266.88 5.02 259.38 207
2022 850.81 87431 2.76 931.70 9.51 864.35 159
Average relative error(%) 3.39 7.20 346
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Weight

A ARIMA  BP neural network
2016 0.0188 0.0275 0.9537
2017 0.2811 0.3575 0.3614
2018 0.5921 0.0764 0.3315
2019 0.0123 0.0016 0.9861
2020 0.1941 0.2875 0.5184
2021 0.8521 0.0284 0.1195
2022 0.2030 0.0671 0.7299
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Variable type Variables ervations Mean Std. dev. Min Max

Explanatory High-quality economic development (GTFP) 1,007 1.438 0.420 0.481 5.131
Core explanatory Smart city construction (SCC) 1,007 0.138 0.345 0 1

I Level of economic development (Ingdp) | 1,007 10.744 0.760 [ 8.442 [ 13.128

Human capital (hc) 1,007 0.219 0.245 0.000 1.396

Level of science education (se) 1,007 2517 0.922 0.507 6.060

Control Level of financial development (fd) 1,007 0.741 0273 0.749 6.880

Industrial structure (is) 1,007 1.210 ‘ 0.560 0.187 6.054

Level of information infrastructure (ii) [ 1,007 0.295 0.353 0.000 3.663

Degree of Openness (do) 1,007 0.494 0.557 0.005 5.362
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Variables Variable Interpretation

Level of economic development (Ingdp) measured by the logarithm of per capita GDP =
Human capital (hc) measured by the number of university students per 10,000 people -
Level of science education (se) measured by the proportion of science and education expenditure as a percentage of GDP %
Level of financial development (fd) measured by the ratio of loan balance to deposit balance %
Industrial structure (is) measured by the proportion of the tertiary industry in the city’s GDP %
Level of information infrastructure (ii) measured by the number of Internet broadband access subscribers/total population at the end of the year %

Degree of Openness (do) measured by the actual utilization of foreign capital =
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2SLS

riables
First stage Second stage
scc ‘ 0.199%*
(0.0482)
v 0.869***
(0.1695)
Under-identification test Passed
Cragg-Donald Wald F statistic 262851
Endogeneity test Passed
Control Yes Yes
City effect Yes Yes
Year effect Yes Yes
Observations 954 954

Numbers in parentheses are standard errors; *, *¥, and *** indicate significant at the 10%, 5%,
and 1% levels, respectively.
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Variables

SCC 0.2574% 0.1514% 0.143*%*
(0.0361) (0.0365) (0.0397)
Sponge Cities 0251%%F 0:1287*% 0,2128%%
(0.0485) (0.0495) (0.0455)
Integrated Corridor 0.345%** | 0:2262%% 0.240***
(0.0660) (0.0674) (0.0604)
Controls No ‘ No Yes
City effect No Yes Yes
Year effect No Yes Yes
Observations 1,007 1,007 1,007
R-squared 0.117 0.215 0.585

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%,
and 1% levels, respectively.
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SCC 0.0935*
(0.0567)
Controls Yes
City effect Yes
Observations 621
R-squared 0.566

Numbers in parentheses are standard errors;
and 1% levels, respectively.

, and *** indicate significant at the 10%, 5%,
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Variables

SCC 0.288*%* 0.146%** 0.1354**
(0.0369) (0.0367) (0.0404)
Controls No Yes Yes
City effect No No Yes
Year effect No No Yes
Observations 1,007 1,007 1,007
R-squared 0.057 0.199 0.567

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%,
and 1% levels, respectively.
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Variables

Neel -0.569 -0.173%** 0.103* -0.0474 1.139* -0.0155 0.0561**
(2.961) (0.0397) (0.0578) (0.0323) (0.580) (0.0144) (0.0760)
Controls Yes Yes Yes Yes Yes Yes Yes
City effect Yes Yes Yes Yes Yes Yes Yes
Year effect Yes Yes Yes Yes Yes Yes Yes
Observations 1,007 1,007 1,007 1,007 1,007 1,007 1,007
R-squared 0.739 0.764 0.503 0.358 0.729 0.877 0.943

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%, and 1% levels, respectively.
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Southeastern Yangtze

e Bohai rim oz Tiver delias Pearl river delta® = Southwest coast®
GTFP GTFP GTFP GTFP GTFP
scc 0.180*** 0.0280 0.207* -0.333* -0.0921
(0.0566) (0.0592) (0.0895) (0.197) (0.130)
Controls Yes Yes Yes Yes Yes
City effect Yes Yes Yes Yes Yes
Year effect Yes Yes Yes Yes Yes
Observations 323 114 209 247 114
R-squared 0.731 0.831 0.520 0.545 0.601

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%, and 1% levels, respectively.
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Low level of se High level of se

Variables

GTFP GTFP
SCC 0.1740* 0.130

(0.0417) (0.105)
Controls Yes Yes
City effect Yes Yes
Year effect Yes Yes
Observations 855 152
R-squared 0.562 0.788

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%,
and 1% levels, respectively.
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Small Cities Medium Cities Large Cities

Variables GTFP GTFP
GTFP

SCC -0.177 0.155* 0.124**

7 (0.245) (0.0826) (0.0504)
Controls Yes Yes Yes
City effect Yes Yes Yes
Year effect Yes Yes Yes
Observations 76 380 551
R-squared 0.497 0.600 0.604

Numbers in parentheses are standard errors; *, **, and *** indicate significant at the 10%, 5%,
and 1% levels, respectively.
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Target layers
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layers

Indicator layers

Weight
Entropy
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Social Population density People/km* 0.01 0.04 0.03
pressure Urbanization rate % 0.02 003 002
Wastewater discharged directly
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into the sea
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Industrial solid
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petroleum products
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consumption
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Ecological ith i
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Scientific and Number of employees of people 0.07 0.04 0.05
technological marine scientific
levels research institutions
Number of patents in marine - 0.17 0.05 0.11
scientific research institutions
Total investment in industrial CNY 0.05 0.04 0.04
‘wastewater treatment
Response
Ecological Industrial solid waste % 0.09 0.02 0.05
governance utilization rate
Total environmental protection % 0.04 0.02 0.03
investment as a share of GDP
Authorized sea areas hm?* 0.01 0.03 0.02
, Area of marine nature reserve km® 0.04 0.13 0.09
Ecological
aanagerment Sea use charges CNY 0.02 0.04 0.03
km* 0.01 0.04 0.03
Number of marine
observation stations
Fiscal expenditure on education % 0.04 0.02 0.03
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Per capita cultural and % 0.01 0.03 0.02
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!Composite index of marine water quality = percentage of high-quality waters * 100 + percentage of moderate waters * 60 + percentage of poor waters * 20
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in Guangdong
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in Guangxi
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in Jiangsu
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technical services in Shandong

Marine fisheries in Liaoning— Coastal tourism
in Liaoning

Marine fisheries in Zhejiang— Water conservancy,
environment, and public facilities management
in Zhejiang

Marine Fisheries in Shandong— Food and tobacco in

Shandong— Coastal tourism in Shandong

Marine fisheries in Guangdong— Coastal tourism
in Guangdong

Marine fisheries in Shandong— Water conservancy,
environment, and public facilities management
in Shandong

Marine fisheries in Guangdong— Food and tobacco in
Guangdong— Coastal tourism in Guangdong

Marine fisheries in Liaoning— Food and tobacco in
Liaoning— Coastal tourism in Liaoning

Marine fisheries in Guangxi— Food and tobacco
in Guangxi

Marine fisheries in Zhejiang— Food and tobacco
in Zhejiang
Marine fisheries in Fujian— Food and tobacco
in Fujian
Marine fisheries in Zhejiang— Textiles in Zhejiang

Marine fisheries in Liaoning— Food and tobacco
in Liaoning

Marine fisheries in Fujian— Paper printing and sports
supplies in Fujian

Marine fisheries in Shandong— Food and tobacco
in Shandong

Marine fisheries in Liaoning— Agriculture, forestry,
animal husbandry, fisheries products and services
in Liaoning

Marine fisheries in Shandong— Textiles in Shandong

Marine fisheries in Fujian— Food and tobacco in
Fujian— Food and tobacco in Fujian

Marine fisheries in Zhejiang — Construction
in Zhejiang

Marine fisheries in Fujian — Transportation,
warehousing, and postal services in Fujian —
Construction in Fujian

Marine fisheries in Zhejiang — Marine engineering
and construction in Zhejiang

Marine fisheries in Fujian — Transportation,
warehousing, and postal services in Fujian

Marine fisheries in Liaoning — Agricultural, forestry,
animal husbandry, and fishery products and services
in Liaoning

Marine fisheries in Fujian — Wood processing and
furniture in Fujian

Marine fisheries in Fujian — Agricultural, forestry,
animal husbandry, and fishery products and services
in Fujian

Marine fisheries in Guangxi — Construction
in Guangxi

Marine fisheries in Hebei — Construction in Hebei

Marine fisheries in Fujian — Marine fisheries
in Fujian

Ocean fisheries in Shandong— Food and tobacco
in Shandong

Ocean fisheries in Fujian— Food and tobacco
in Fujian

Ocean fisheries in Liaoning— Food and tobacco
in Liaoning

Ocean fisheries in Guangdong— Food and tobacco
in Guangdong

Ocean Fisheries in Shandong— Food and tobacco in
Shandong— Food and tobacco in Shandong

Ocean fisheries in Zhejiang— Construction
in Zhejiang

Ocean fisheries in Guangxi— Food and tobacco
in Guangxi

Ocean fisheries in Fujian— Food and tobacco in
Fujian— Food and tobacco in Fujian

Ocean fisheries in Jiangsu— Food and tobacco
in Jiangsu

Ocean fisheries in Hebei— Food and tobacco in Hebei
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Carbon sink
calculation formula

Category

Mariculture carbon sink = shellfish
carbon sink + algae carbon sink

Algae Algae carbon sink = algae production

x dry weight ratio x algae carbon
sink factor

Shellfish carbon sink = shell carbon
sink + molluscan tissue carbon sink

Shell carbon sink = shell production x
dry weight ratio x shell specific gravity
Shellfish x shell carbon sink factor

Mollusk carbon sink = shellfish
production x dry weight ratio x
mollusk tissue specific gravity x

mollusk tissue carbon sink factor

References (Tang et al,, 2011; Xu and She, 2020; Ren, 2021).
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Mass specific gravity/(%) Carbon content/(%)

Wetness coeffi- Dry weight carbon

Species

cient/(%) Soft tissues Shells Soft tissues Shells sink factor
Clams 5255 1.98 98.02 14490 152 0.06
scallops | 63.89 1 1435 85.65 284 1140 0.10
Opsters 65.10 6.14 93.86 4598 1268 0.10
Mussels 7528 847 9153 444 1176 o1
Other 6421 1141 88.59 4387 1144 0.10
Shellfish
Seaweed 20.00 1.00 0.00 3120 0.00 0.06
Wakame 20,00 1.00 0.00 26.40 0.00 005
Nori 20,00 1.00 0.00 2739 0.00 0.06
Gracilaria 20,00 1.00 0.00 20,60 0.00 0.04
| Gheralgre 20,00 1 1.00 0.00 2776 0.00 [ 0.06

References (Tang et al,, 2011; Xu and She, 2020; Ren, 2021).
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2013

2014

2015

2016

2017

2018

2019

2020

Catch
yield (tone)

3185005
3315958
3350841
2656281
2529459
2385959
2292305

2268382

Fishing effort (h)

1033

2285

2805

3989

4698

2243

3347

3111

CPUE

3083.257502
1451.18512
1194.595722
665.9014791
538.4118774
1063.735622
684.8834777

729.1488267

3.011997653

1417645517

1.16698638

0.65051125

0.525968172

1.039150702

0.669054539

0.712296833

Assessment results

Sustainable Capacity
Sustainable Capacity
Sustainable Capacity
Overloaded
Overloaded
Critically Overloaded
Overloaded

Overloaded
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Catch

yield (tone) Fishing effort (h) Assessment results

2013 975257 643 1516.729393 0900578881 Critically Overloaded
2014 1023741 265 3863.173585 2.293812304 Sustainable Capacity
2015 1039627 109 9537.862385 5.663236613 Sustainable Capacity
2016 735124 219 3356.730594 1.993104831 Sustainable Capacity
2017 698002 84 8309.547619 4933907873 Sustainable Capacity
2018 790300 1010 782.4752475 0464605411 Overloaded

2019 629572 675 932.6992593 0553802978 Overloaded

2020 602415 494 1219.463563 0.724073217 Overloaded
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Catch
yield (tone)

Fishing effort (h)

CPUE

Assessment results

2013 12643822 5107 2475.782651 1.28800209 Sustainable Capacity
2014 12808371 5425 2360.990046 1.228282342 Sustainable Capacity
2015 13147811 6576 1999.362987 1040149346 Critically Overloaded
2016 11872029 5688 2087.206224 1.085848944 Critically Overloaded
2017 11124203 6719 1655.633725 0.861327507 Overloaded
2018 10444647 9650 1082.346839 0.563080523 Overloaded
2019 10001515 8157 1226.12664 0.63788058 Overloaded
2020 9474104 7977 1187.677573 0.617877823 Overloaded
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Evaluation Basis Evaluation Results Def ions
B212 sustainable capacity resource use is sustainable and does not impose significant pressure on the ecosystem.
0.9<B<1.2 overloaded resource use leads to resource depletion risks and potential ecosystem imbalance
B<0.9 critically overloaded resource use causes substantial resource depletion and long-term damage to

the ecosystem.
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Data Type Data source Data Summary

Catch data the China Fishery Statistical Yearbooks Includes annual catch data for marine species
Provi i ivi ily, with
the daily fishing vessel operation time Global Fishing Watch sovides global fching activity, dato; updated daily,with a
10° resolution
SST, pH, DIN, PO,*, DO,COD, and chl-a China Marine !.Ecol.oglca] Early Warning Includes seawa‘ler quality, me!eomloglc?l, hydrolloglcal, and
Monitoring Surveys ecological data from 2041 monitoring sites
Includ tial distribution of Ity , licensing status,
Aquaculture Distribution Data National sea area ownership records aehcesApatial ctrbution;o ) aqu?cu e
and certification dates
Srotecoed area ke offcal provincial reports Includes information on protected area location, size, species

protection, etc.
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Length of

Length of coastline Length of
Country (Region) Length of Length pf eroded coastline_ with exp_eriencing coastline
coastline (km) coastline (km) artificial erosion despite affected by
protection (km) artificial erosion (km)
protection (km)

Belgium 98 25 46 18 53
Cyprus 66 25 0 0 25
Denmark 4605 607 201 92 716
Estonia 2548 51 9 0 60
Finland 14018 5 7 0 12
France 8245 2055 1360 612 2803
Germany 3524 452 772 147 1077
Greece 13780 3945 579 156 4368
Ireland 4578 | 912 0 349 273 988
Italy 7468 1704 | 1083 438 2349
Latvia 534 175 30 4 201

Lithuania 263 64 0 0 64
Malta 173 7 0 0 7

Poland 634 349 138 134 353
Portugal 1187 338 0 72 61 349
Slovenia 16 14 38 14 38

Spain 6584 757 214 147 824
Sweden 13567 327 85 80 332

The Netherlands 1276 134 146 50 230

United Kingdom 17381 3009 | 2373 677 4705
Bulgaria and Romania 350 156 [ 44 22 178

Total 100925 15111 7546 2925 19732
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Score of each area Score of each area Score of each area

(Based on entropy method) (Based on gray relational analysis) (Based on both methods)

Class Included areas Score Class Included areas Score Included areas Score
v Jinzhou District 0.7365 v Jinzhou District 0.7089 v Jinzhou District 0.7227
It Waf.angdlan..Cltyj Zl?ma?ghe 0.5044 m Waf?ngdlan..Clw? Z}?ua.nghe 0.5054 m Waf.angdlanucnyr Z}.|ua‘nghe 0.5049

City, Ganjingzi District City, Ganjingzi District City, Ganjingzi District
1 Bayuquan, Lvshunkou District 0.4311 n Bayuquan, Lvshunkou District 0.4350 1 Bayuquan, Lvshunkou District 0.4331
1 Xingcheng City, Gaizhou City, 02235 1 Xingcheng City, Gaizhou City, 0.2490 1 Xingcheng City, Gaizhou City, 02363

Suizhong County Suizhong County Suizhong County
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Research contents Indicator

Coastal erosion intensity
GDP

Loss prediction Per capita land area

Urbanization level

Agricultural output value

Stability of coastal terrain
and geomorphology

Proportion of coastal development

Area of seas

Vulnerability risk zoning
Urbanization level

Proportion of primary industry output
value to GDP

GDP
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Catch

el (e Fishing effort (h) Assessment results

2013 3460841 55 62924.38182 4057365244 Sustainable Capacity
2014 3569963 142 25140.58451 16.2106533 Sustainable Capacity
2015 3757699 850 4420.822353 2850547029 Sustainable Capacity
2016 3597354 394 9130.340102 5.887244899 Sustainable Capacity
2017 3383119 463 7306.952484 4711524244 Sustainable Capacity
2018 3095591 ‘ 4922 628.9295002 | 0.405533852 Overloaded

2019 3003791 3137 9575361811 0.617419498 Overloaded

2020 2794879 2962 943.5783255 0.60841947 Overloaded
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Catch

yield (tone) Fishing effort (h) CPUE Assessment results
2013 5022719 3376 1487.772216 0668588901 Overloaded
2014 4898709 2733 1792.429199 0.805498487 Overloaded
2015 4999644 2812 1777.967283 0.798999457 Overloaded
2016 4883270 1086 4496565378 2020708327 Sustainable Capacity
2017 4513623 1474 3062.15943 1.376101656 Sustainable Capacity
2018 4172797 1475 2829.014915 1.271329007 Sustainable Capacity
2019 4075847 998 4084.01503 1.835312619 Sustainable Capacity
2020 3808428 1410 2701.012766 1.213806212 Sustainable Capacity
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2010 2022
Degree Betweenness Eigenvector Degree Betweenness Eigenvector
centrality Centrality centrality centrality Centrality centrality
Shanghai 204 7278.58 1.00 254 13587.60 1.00
Tianjin 144 3289.85 054 102 1154.43 032
Guangzhou 116 1869.84 0.29 138 3515.83 041
Qingdao 112 721.30 0.57 116 711.21 054
Ningbo 90 129.34 0.53 102 515.59 056
Wenzhou 86 147.85 047 88 94.50 047
Dalian 80 1370.62 0.27 48 636.14 0.11
Nantong 80 88.75 0.52 82 94.32 048
Lianyungang 80 54.52 0.50 80 50.16 0.44
Yantai 78 25455 038 68 162.69 031
Fuzhou 66 106.85 031 76 107.09 037
Qinhuangdao 42 26.84 0.13 28 17.52 0.07
Zhanjiang 40 2362 0.07 40 272 0.06
Beihai 34 1292 0.06 24 773 0.04
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First-class

indicators

Secondary
indicators

Evaluation methods

Production Production Level Per capita GDP
Industrial Structure Output value of tertiary
industry/GDP
Distribution Distribution Level Employee wages
Distribution Ratio of urban and rural per
Coordination capita disposable income
Flow Flow Infrastructure Road area
Flow scale Total retail sales of
consumer goods
Consumption Consumption basis Per capita disposable income

Consumption
willingness

Per capita consumer expenditure
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Variable Coefficient T-value P-value

InK 0.19421720 12,428 0.000
InL ~0.14611771 7 —8.411%%* 7 0.000
InC 0.35395826 8.114%** 0.000
InKInK 0.00800580 11.003** 0.000
InLInL ~0.00769438 —9.535%%* 0.000
InCInC 0.01380987 8.059*** 0.000
InKInL 0.00162086 4.326%* 0.000
InKInC 0.01062671 | 16.959*** | 0.000
InLInC . ~0.00396289 ~5.786 0.000
Constant 2.20096196 3.592%% 0.001
R? v 0.963
Adjusted R? 0.953
F 97.451%%*

4 indicates p <1%.
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Input indicator

Output indicator

Variables

Capital stock in marine carbon sink fisheries

Calculation

PIM (Perpetual Inventory
Method), K,=K,_;(1-8)+I,

Data resources

“China Fisheries
Statistical Yearbook”

Marine carbon sink fisheries and aquaculture labor force

The capacity of marine fisheries and aquaculture carbon sink

The gross output value of marine carbon sink fisheries
and aquaculture

The people directly involved in the
production and operation of
marine carbon sink fisheries

and aquaculture

Long-term carbon storage in
China's ocean carbon sink fisheries
and aquaculture

The gross output value of marine
fisheries and aquaculture

“China Fisheries
Statistical Yearbook”

Figures calculated
from 3.2

“China Fisheries
Statistical Yearbook”
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Conditional “Innovation”- “Industry-regional

Configuration dominated integration”-
dominated
Configuration Configuration 2
Market demand o .
Market supply [ ] .
Industrial linkage ‘ o ®
Inter- V
regional integration ° e
Consistency 1 0.8638
Original coverage 0.1417 0.6212
Unique coverage 0.0832 V 0.5622
Overall consistency ‘ 0.8779
Opverall coverage 0.7044

@ or « in the table indicates that the condition exists, © or o indicates that the condition does
not exist, @ and O indicate core conditions, « and o indicate marginal conditions.
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Condition
variables

High Level Role Index

Consistency

Coverage

Non-high level Role Index

Consistency

Coverage

High level market demand
Non-high level market demand
High level of market supply
Non-high level market supply
High level of industrial linkage
Non-high level industrial linkage
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Path

Coefficient Standard Deviation T Statistic
(STDEV) (|O/STDEV|)
(@]
Geographic proximity -> Spillover intensity 0.01 0.01 097 0.332
Knowledge proximity -> Spillover intensity -0.383*** 0.018 20781 0
Social proximity -> Spillover intensity 05728 0.027 13.604 0
Cognitive proximity -> Spillover intensity 0.205** 0.019 11.059 0
Economic proximity -> Spillover intensity 0109 0012 9012 0
(Geography) x (Knowledge) -> Spillover intensity -0.084% 0034 249 0.013
(Geography) x (Economy) -> Spillover intensity 0078 0019 4.16 0

"**" indicates that the test is significant at the 1% level, while "*" denotes that the test is significant at the 10% level.





OPS/images/fmars.2024.1461376/im74.jpg
Step





OPS/images/fmars.2024.1497167/M11.jpg
(11)





OPS/images/fmars.2024.1509523/table6.jpg
Spill-

> i : e Geograph
over Geographic = Knowledge Social Economic = Cognitive i graphy) (Geography)
Intensit-  Proximit Proximit; Proximity = Proximit Proximit; x (Econom:!
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y
Spillover 1
Intensity
Geographic 0049 0.882
Proximity
Knowledge -0.134 0014 1
Proximity
ial
Social 037 0.044 0.204 1
Proximity
Heonomie 0.123 0.047 0428 0279 1
Proximity
Cognitive 0.08 0.054 0.622 02 0355 0.83
Proximity
(Geography)
x -0.034 0.112 -0.017 -0.003 -0.039 0.022 0.846
(Knowledge)
(Geography) 0.069 0.137 -0.025 0.046 -0.025 0.012 0457 0.875
x (Economy)

The diagonal bold values in the table are the “AVE square - root values” of the test factors. When these values are greater than the maximum values of the correlation coefficients between each
factor and other factors, it indicates that the test factors have good discriminant validity.
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Spatial distance proximity <- Geographic proximity 0813 0056 14.457 0
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(Geography) x (Knowledge)
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(Spatial distance proximity)x(economic proximity) <- 0.865 0.024 35.679 0
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coefficient =~ marine eco- . marine eco- . regional .
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circle
2010 0.217 0.209 0.085 0.238 0219 0.235 0.249 28.0 38.72 3323
2011 0.222 0.219 0.090 0.236 0.219 0.248 0.251 28.17 40.99 30.83
2012 0.229 0.223 0.093 0.256 0213 0.263 0.259 28.72 37.51 3378
2013 0.207 0.182 0.083 0.257 0.168 0.241 0.254 28.79 40.20 31.01
2014 0212 0.170 0.074 0.266 0.187 0.241 0.265 27.39 4179 30.83
2015 0.223 0.165 0.064 0.301 0.174 0.266 0.286 2743 34.59 37.98
2016 0235 0.170 0.067 0311 0.201 0.277 0.287 27.31 30.14 42.56
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2020 0.256 0.188 0.047 0.330 0.238 0.297 0.306 26.57 32.55 40.88
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2010 0.300 0.315 0.203 0.383
2011 0307 0336 0206 0380
2012 0329 0359 0241 0388
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2017 0453 0526 0432 0401
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2021 0.639 0.897 0.629 0.391

2022 0.692 0.980 0.719 0.379





OPS/images/fmars.2024.1461376/im92.jpg
6 = (0, - B,6™) /B,





OPS/images/fmars.2024.1497167/table2.jpg
ne economic circle Province 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 Mean value

Liaoning Province 0133 | 0133 051 | 0let | 0192 | 0225 0178 0189 0193 0198 | 0200 0214 0227 0181
Hebei Province 009 | 0093 0097 | 0104 | 0014 | 0128 0132 0147 0185 0198 | 0205 0214 0217 0148
Northern marine economic circle Tianjin Municipality 0136 | 0148 0160 0207 | 0181 | 019 0184 0202 0203 023 | 0226 025 0259 0199
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Eastern marine economic circle
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Guangdong Province 0216 | 0212 0268 0287 | 0321 | 0391 0416 0487 0569 0641 | 0679 | 0688 0750 0460

Guangxi Zhuang

0102 | 0103 0105 | 0108 0120 0124 0121 0128 0160 0182 0206 | 0217 0231 0147
Autonomous Region

Southern marine economic circle

Hainan Province 0079 | 0077 0078 | 0085 0089 0093 0097 009 0120 0130 0134 0149 016l 0.107
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Marine environment-friendly
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Additional value gained by MREs for

6 R
! technological innovations
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Based on the above conditional assumptions of the evolutionary game, the payment matrix of
the three-party evolutionary game of MRE, government and consumers is constructed, as
shown in Table 2.
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