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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.




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.



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:

 

Negative indicators:

 

Second, we calculated the feature weight   of the  th index for the  th sample:

 

Third, the entropy value of the  th index was calculated:

 

Subsequently, the redundancy of the   of the information entropy   and the weight coefficient   were calculated as follows:

 

 

Finally, the linear weighting method was used to calculate the marine economy’s new quality productive forces:

 

Where,   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  , between-group coefficient  , and hypervariable density  , expressed as
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Where   represents the overall Gini coefficient,   represents the Gini coefficient within   regions,   represents the Gini coefficient between   and   regions,   ( ) represents the level of marine economy’s new quality productive forces in  ) provinces within   ( ) regions,   represents the relative impact of the marine economy’s new quality productive forces level between   and   regions,   represents the difference in the marine economy’s new quality productive forces between   and   regions,   represents the variable first order moment,   represents the number of divided regions,   represents the number of provinces,  ( ) represents the number of provinces within the   ( ) region,   represents the average level of the marine economy’s new quality productive forces in all provinces, and   ( ) represents the average value of marine economy’s new quality productive forces levels in the   ( ) 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.

 

 

Where   represents the number of observations,   is the independent and equally distributed observations,   is the mean of the observations,   is the Gaussian kernel, and   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   expressed as follows:

 

 

Where   indicates the total number of provinces with the marine economy’s new quality productive forces level during the study period from level   in   to level   in   year, and   indicates the number of provinces with the marine economy’s new quality productive forces in level   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.



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.




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.




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.



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.




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.



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.




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.




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.




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.




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.



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.



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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