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In this study, the green development of marine economy driven by marine scientific and technological innovation is empirically studied and the influencing factors are analyzed. The results show that the development of marine science and technology is significantly positively correlated with the green development of marine economy as a whole, and each input variable has a promoting effect on economic development, but with varied degree of effect. The analysis on the growth models of “Circum-Bohai Sea Economic Zone,” “Yangtze River Delta Economic Zone” and “Pearl River Delta Economic Zone” shows that at present, science and technology in each marine economic zone play an obvious role in promoting economic development, and each input variable plays a different role in promoting the green development of regional marine economy. With the help of threshold panel model, the influences of five factors, namely opening to the outside world, government investment, financial development, human capital and technology investment, on the green development of marine economy driven by marine scientific and technological innovation are investigated, and it is concluded that all kinds of external influencing factors will interfere with the role of marine scientific and technological innovation and achieve the effect of promoting or restricting it.
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INTRODUCTION
As the future development is more about the development of marine industry, the construction of first-class seaports is imminent. Only by establishing a perfect modern marine industry system, effectively improving the marine ecological environment and achieving green and sustainable development can contributions be made to the development of our country for truly becoming a powerful marine nation. Marine economy is closely related to national construction, effectively improve the quality of marine economy, make full use of this treasure house, obtain continuous resources, make contributions to national economy, and occupy a certain position in international competition. The research results on marine science and technology innovation and green development of marine economy can be divided into four aspects. First, the marine science and technology innovation and the marine economy green development correlation Research (Chen and Ma, 2020; Cu, 2020; Wang et al., 2021). Second, the research on coordinated development of marine science and technology innovation and Marine Economy green development. In recent years, the level of coordination between marine science and technology innovation and green development of marine economy has been increasing year by year, and is now in a good coordination stage (Wang et al., 2020; Zhao et al., 2022). Third, the impact of marine science and technology innovation on the green development of marine economy. Marine science and technology innovation can promote green development of the local marine economy by promoting the green Total factor productivity of the marine economy (Ning and Song, 2020; Qin and Shen, 2020). Fourth, the efficiency measure of marine science and technology innovation to marine economy green development. The three-stage DEA method shows that the overall efficiency of scientific and technological innovation to the growth of marine economy is not high, and the level of innovation efficiency still has great room for improvement (fan et al., 2019). In the existing research, only the mechanism of marine scientific and technological innovation driving green development of marine economy is analyzed, but no research is conducted on whether regional differences and influencing factors can affect and restrict the green development of marine economy driven by marine scientific and technological innovation. It is necessary to fully discover and understand the influence of these different factors on the green development of marine economy driven by marine scientific and technological innovation, attach importance to marine scientific and technological innovation, optimize the relevant environment and make it play its full role, so as to promote the development of marine economy and achieve all-round progress. As the influence of external conditions does exist, if the impact on the green development of marine economy driven by marine scientific and technological innovation is ignored in future work and the emphasis is put on improving marine scientific and technological innovation, it is likely to run counter to the purpose of promoting the green development of marine economy. In this study, based on panel data, the econometric model is introduced to make an in-depth study on this topic, and the countermeasures and suggestions for optimizing marine scientific and technological innovation to drive the green development of marine economy are discussed.
DATA AND VARIABLE DESCRIPTION
The data in this study are from China Ocean Statistics Yearbook (2009–2018), China Statistics Yearbook (2009–2018) and China Financial Yearbook (2009–2018). The main variables are selected as follows:
Explained variables
Green Development of Marine Economy (MEC). Referring to the previous literature results (Li, 2011; Wang, 2013a; Cheng, 2013; Yin, 2013), in view of the availability and comparability of data, the indicator system is this study is mainly constructed from the total marine economy, marine economic structure, marine economic effect and marine ecological civilization, and the weights are determined by using principal component analysis method based on the previous research results (Table 1).
TABLE 1 | MEC evaluation indicator system.
[image: Table 1]Core explanatory variable
Marine Scientific and Technological Innovation (MST). With reference to previous research results (Yin, 2008; Ni, 2010; Ma, 2012; Jing and Zhang, 2014), the principal component analysis is used in this study to determine the weight based on the previous research results. (Table 2).
TABLE 2 | MST evaluation indicator system.
[image: Table 2]Control variable
Opening to the outside world (OPEN)
Referring to the previous research results (Sun and Wan, 2011; Zhang et al., 2013; Dong and Yan, 2015a), in this study, the proportion of the total import and export volume in GDP of each region is used to measure the regional opening up.
Financial development (FD)
Referring to previous research results (Huang et al., 2014; Yang, 2014; Geng et al., 2015; Xin and Liu, 2015; Zhan and Shan, 2016), in this study, the indicator system is mainly constructed from three aspects: financial development scale, financial development structure and financial development efficiency, and the weight is determined by using principal component analysis based on the previous research results (Table 3).
TABLE 3 | FD comprehensive indicator system.
[image: Table 3]Human capital (HC)
The level of human capital is directly related to the final result, which can be measured by many methods, but various factors should be fully considered in the selection, such as the availability of data first, because the follow-up research can be completed only if the relevant data are easily obtained, and then the feasibility of operation, which is also the technology for completing the research. In view of the above two factors, the method of Barro and Lee (2000) (Barro and Lee, 2000) is finally determined, that is, it is measured by the years of education of local residents. In this study, the proportion of employed people who are illiterate and semi-literate in China *1.5 + employed people who receive primary education *7.5 + employed people who receive junior high school education *10.5 + employed people who receive high school education *13.5 + employed people who receive junior college or above *17 is adopted.
Government investment (GI)
Referring to the previous research results (Wang, 2013b; Yu and Yang, 2018), in this study, the proportion of science and technology expenditure to GDP is measured by the methods commonly used in most literatures.
Technology input (TI)
Referring to the previous research results (Dong and Yan, 2015b; Sheng and Xu, 2018), in this study, most of the methods commonly used in the literatures are used to measure the proportion of technology transactions in GDP. The descriptive statistics of the mainindicators are shown in Table 4.
TABLE 4 | Descriptive statistics of main variables.
[image: Table 4]MODEL SETUP
Basic model setup
Solow model (Lewis, 1996) is the representative of the neoclassical economic growth theory model in the specific form of
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where,
MEC = green development of marine economy; M.
ST = marine scientific and technological innovation;
A = technical efficiency;
α = output elasticity of marine scientific and technological innovation;
i = the province; t = the year.
Technical efficiency A of green development of marine economy consists of financial development FD, government investment GI and technical input TI, expressed as
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Taking the neoclassical economic growth model (Yu and Yang, 2018) as an example, the regression equation is set as follows:
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Threshold model setup
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Therefore, with reference to Hansen threshold regression model (Wang and Han, 2017; Xu and Li, 2022), a double-threshold regression model of marine scientific and technological innovation and green development of marine economy is established based on formula (5).
Opening to the outside world as a threshold variable
Technical efficiency A of green development of marine economy consists of financial development FD, human capital HC, government investment GI and technical input TI. Therefore, technical efficiency A can be expressed as:
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Financial development as a threshold variable
Technical efficiency A of green development of marine economy consists of opening to the outside world OPEN, human capital HC, government investment GI and technical input TI. Therefore, technical efficiency A can be expressed as:
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Human capital as a threshold variable
Technical efficiency A of green development of marine economy consists of opening to the outside world OPEN, financial development FD, government investment GI and technical input TI. Therefore, technical efficiency A can be expressed as:
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Government investment as a threshold variable
Technical efficiency A of green development of marine economy consists of opening to the outside world OPEN, financial development FD, human capital HC and technical input TI. Therefore, technical efficiency A can be expressed as:
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Technical input as a threshold variable
Technical efficiency A of green development of marine economy consists of opening to the outside world OPEN, financial development FD, human capital HC and government investment GI. Therefore, technical efficiency A can be expressed as:
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Theoretical analysis and research hypotheses
In reality, it is difficult to show a simple linear relationship in the process of marine scientific and technological innovation driving the green development of marine economy in eleven coastal provinces and cities in China, and many factors may have an impact on the driving process, that is, there may be certain “threshold” characteristics in the process of marine scientific and technological innovation driving the green development of marine economy. When the marine scientific and technological innovation ability of the region reaches a certain threshold, the green development of marine economy develops significantly under the influence of factors. Considering that there is little research on the threshold characteristics of marine scientific and technological innovation driving green development of marine economy in the existing literature, this study reviews the relevant literature and finds that the green development of marine economy driven by marine scientific and technological innovation is likely to result from the differences of five factors, i.e., local opening to the outside world, financial development, human capital, government investment and technology investment.
Opening to the outside world
With the continuous acceleration of the process of economic globalization, marine scientific and technological innovation and marine economic development are all affected to varying degrees by the external impact brought by the opening to the outside world, especially when China’s marine scientific and technological development starts later than that of western developed countries, some of the marine high-end technological innovation still rely on the replication and transformation of imported technologies. Therefore, the higher the degree of opening to the outside world, the easier it is for all scientific and technological innovation subjects in the industry to come into contact with the world’s most cutting-edge and top-notch technologies and products, so as to help each subject better understand the global technology market trends and enhance the effectiveness and timeliness of scientific and technological innovation (Leamer, 1995). At the same time, the improvement of opening to the outside world can effectively accelerate the flow of innovative elements such as domestic marine scientific and technological talents, promote the optimization process of innovative resource allocation (Lai et al., 1995), and further enhance the level of industrial economic development (Wang, 2018). Thus, the following hypothesis is made.
H1:. The degree of opening to the outside world has a positive impact on green development of marine economy driven by marine scientific and technological innovation.Financial development
The process of marine scientific and technological innovation is a high-investment, high-risk and high-return technological research and development process, which relies on the support of sufficient research and development funding resources in addition to hidden resources such as knowledge and technology. At present, there are three main sources of R&D funds: government investment, investment from innovative subjects such as enterprises, and investment from financial institutions. Compared with the former two kinds of investment, financial institutions have a larger amount of capital investment, which has a more severe impact on the overall innovation process. The researches have shown that new technological innovation needs a large amount of long-term and continuous R&D funding, and it is far from meeting the needs of technological innovation only relying on government special funds investment and innovation subject’s own R&D funding support. However, even enterprises with rich innovation resources and huge financial support have external financing in the process of technological innovation. Based on the intervention of financial institutions, enterprises can effectively transfer innovation risks, at the same time, increase R&D capital investment, ensure the continuity and effectiveness of R&D expenditure investment, and further promote innovation efficiency. Thus, the following hypothesis is made:
H2:. Financial development has a positive impact on the green development of marine economy driven by marine high-tech innovation.Human capital
Human capital, as an indispensable element in marine scientific and technological innovation activities, is also an important foundation for marine economic development, and plays an important driving force in the process of marine economic development driven by marine scientific and technological innovation. In essence, marine scientific and technological innovation activities are the innovation activities of knowledge and foundation, while the main carrier of tacit resources such as knowledge is the talents with knowledge and skills in related fields. Therefore, it can be considered that the investment of human capital is in essence the input of knowledge and technology, as well as the basic elements in scientific and technological innovation activities. The direct influence in the process of technology-driven industrial economic development is reflected in the impact of technological innovation products on economic development. Fundamentally, the scientific and technological innovation products are formed depending on the input of knowledge and technology, that is, the input degree of human capital in the process of marine scientific and technological innovation. Previous studies have proved that the intensity of human capital investment has a direct and significant impact on the process of scientific and technological innovation to promote industrial economic development, and the degree of impact increases with the increase in intensity of human capital investment (Aigner et al., 1977).Thus, the following hypothesis is made.
H3:. Human capital input has a positive impact on the green development of marine economy driven by marine scientific and technological innovation.Government investment
In the process of marine scientific and technological innovation driving the green development of marine economy, government departments play the role of guiding, promoting and guaranteeing macro-control. First of all, marine scientific and technological innovation activities are the process of effective integration of relevant innovation resources. The flow process of knowledge, technology and R&D funds needs to be carried out under the policy and legal framework, and any resource flow beyond the framework is invalid. In addition, the government’s influence on scientific and technological innovation is also reflected in funding. As mentioned above, the current financial support for marine scientific and technological innovation activities mainly comes from three aspects, among which financial investment is one of the important sources of innovation funds. Secondly, the green development of marine economy cannot be separated from the investment and support of government departments. On the one hand, government departments provide goal orientation and overall planning for the green development of the marine economy, and promote all economies in the marine industry to move forward in the direction of government planning through policy input, project establishment and other means, and strive to promote the green development of the marine economy. At the same time, the market’s own mediation ability can no longer meet the needs of green development of marine economy due to the complex effect of the green development of marine economy and its variability, so it is necessary to rely on the government’s macro-control ability to maintain the steady, rapid and high development of marine economy. On the other hand, government investment can effectively ensure the steady progress of green development of marine economy, and provide a healthy external environment guarantee for green development of marine economy through policies, regulations and other measures. Thus, the following hypothesis is made.
H4:. Government investment has a positive impact on the green development of marine economy driven by marine scientific and technological innovation.
Technical input
The intensity of technical input is one of the important indicators to measure the level of investment in marine scientific and technological innovation resources. Generally speaking, the higher the intensity of technical investment, the stronger the innovation ability of marine science and technology, and the more obvious its driving effect on the green development of marine economy. Relevant studies have shown that green development of marine economy driven by scientific and technological innovation is largely affected by the intensity of technical input. The different intensity of technical input leads to significant differences in the effect of green development of marine economy driven by scientific and technological innovation in different regions. The stronger the intensity of technical input, the stronger the driving ability, and the more obvious the result. Thus, the following hypothesis is made.
H5: The intensity of technical input has a positive impact on the green development of marine economy driven by marine scientific and technological innovation.
EMPIRICAL ANALYSIS
Model results and analysis
According to Table 5, among the estimation results of OLS, fixed effect and random effect models in eleven coastal provinces and cities of China and Circum-Bohai Sea Economic Zone, Yangtze River Delta Economic Zone and Pearl River Delta Economic Zone divided by marine economic belt, Wald F test value of fixed effect and LM test value of random effect model show that the original hypothesis of OLS should be rejected and alternative hypothesis of fixed effect and random effect model should be accepted.
TABLE 5 | Panel data, fixed effect and random effect model estimation.
[image: Table 5]The test results in Table 5 show that according to R2, the fitting degree of fixed effect of panel model is the best among the three models, followed by OLS method of panel data. Since the possible “pseudo-regression” problem of the series is not considered in the OLS method for panel data, the fixed-effect model is selected as the optimal one in terms of volume test and economic significance.
By analyzing the panel data of green development of marine economy driven by marine scientific and technological innovation in 11 coastal provinces and cities from 2008 to 2017, the regression equation is obtained as follows:
[image: image]
Equation 17 shows that in the whole regression model, government investment contributes the most to the high-quality development of marine economy, with a coefficient of 0.1304, followed by marine scientific and technological innovation, with an action coefficient of 0.1221 and a technology input coefficient of 0.0423, which is slightly higher than the contribution of human capital. The regression model accords with the hypothesis of neoclassical economic growth model and the current situation of marine economic development. Firstly, the neoclassical economic growth model holds that labor and capital can be replaced each other under perfect competition. With the development of science and technology, the contribution of single labor force to economy is far less than the force of science and technology to economic development. Furthermore, with the continuous development of the Internet and artificial intelligence, the functions of science and technology products are constantly being improved and gradually developing in the direction of replacing human resources. The model has shown that the contribution of technical input to the high-quality development of marine economy is greater than that of human capital, so the model is considered reasonable. Secondly, as far as the current situation of marine economic development is concerned, the development of marine economy mostly depends on the guidance of the government that the government fundamentally affects the development priorities of various industries of marine economy by adjusting the policies and the direction of capital investment, so as to further improve the quality of marine economic development. From the perspective of marine science and technology, most marine scientific and technological projects come from the government, so it can be considered that the government plays an essential role in promoting the development of marine science and technology. In the model, the strong collinearity of government investment to the high-quality development of marine economy has been shown. In conclusion, the model is reasonable.
According to the division of marine economic regions, the regression equation is divided into “Circum-Bohai Sea Economic Zone,” “Yangtze River Delta Economic Zone” and “Pearl River Delta Economic Zone” for analysis one by one.
(1) Regression model for Circum-Bohai Sea Economic Zone
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(2) Regression model for Yangtze River Delta Economic Zone
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(3) Regression model for the Pearl River Delta Economic Zone
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The comparison of the regression models of “three major economic zones” shows that the coefficients of each influencing factor in different regression models have little change, and the results are the same as those of the coastal zone model as a whole. Among them, the financial development and human capital in the Pearl River Delta region contribute more to the high-quality development of marine economy than other regions, reflecting two major characteristics: First, the Pearl River Delta Economic Zone has a better financial financing environment. Considering that Shenzhen and Guangzhou have a good foundation for financial development, they can communicate and cooperate with a wider range of financial institutions in the operation of the marine economy, thus enhancing the contribution of financial development to the high-quality development of the marine economy; Secondly, marine aquaculture, tourism and other industries in the Pearl River Delta Economic Zone are relatively developed, both of which need a lot of human resources as support. Therefore, the influence of human capital in this region is higher than that in other regions.
Compared with other regions, the Yangtze River Delta Economic Zone has a technical input that plays a more prominent role in the high-quality development of the marine economy, because it covers economically developed regions such as Shanghai and Zhejiang, and has a more active technology trading market, which can provide richer technical support for the development of the marine industry. Considering that the coefficient of marine scientific and technological innovation is lower than the regional technical input, it is believed that the science and technology that promotes the high-quality development of marine economy in the region mainly comes from the regional technology exchange market, rather than the regional marine scientific and technological innovation itself.
Equation 18 shows that the government investment and the contribution of marine scientific and technological innovation in the Circum-Bohai Sea Economic Zone are far greater than those in other regions. As mentioned above, the development of China’s marine economy relies heavily on the government, which, while investing in policies, regulations and funds, tends to promote the development of the industrial economy by enhancing the industry’s own scientific and technological innovation capabilities. This region not only contains the political center of our country, but also has a large number of marine scientific research institutions and marine economic research institutes, so the government investment and marine scientific and technological innovation in this region contribute more to the high-quality development of marine economy than other regions.
Factor analysis
Test of threshold effect
Threshold effect of marine scientific and technological innovation on marine economic growth is tested with opening to the outside world as the threshold variable. The threshold self-sampling tests are carried out under the assumptions of single threshold, double threshold and triple threshold respectively. In order to judge the threshold model to be selected, the F statistical value and the p-value obtained by Bootstrap method are used.
Table 6 shows the obtained results. The above-mentioned influencing factors are classified on this basis: factors with a significant threshold including two influencing factors of marine human capital and opening to the outside world, and factors with a double threshold including government investment and financial development. However, the above results are not available for the impact of technical input, and the threshold effect has not been detected. Whether the effect of productive force driven by development in science and technology will change due to this has not been determined yet, which needs further analysis.
TABLE 6 | Self-sampling test results of threshold effect of each threshold variable.
[image: Table 6]Estimation and analysis of threshold model
It is necessary to carry out regression test on samples with different threshold intervals. On the basis of the results obtained above, various factors are investigated to determine their impact on marine scientific and technological innovation, whether the latter can drive the development of marine economy, and the role played therein and the subsequent degree of impact are interfered by various factors. Through analysis, different impacts generated by these factors are determined, so as to grasp their importance in different threshold intervals and grasp their function characteristics. The test results are shown in Table 7.
TABLE 7 | Regression results of threshold model for each threshold variable.
[image: Table 7]Table 7 shows the results of threshold regression, indicating the changes of different threshold intervals. The action force of science and technology input presents different change characteristics here, which can be used to formulate accurate marine strategies and implement better policies for marine scientific and technological innovation to drive green development of marine economy. Specifically, there is a single threshold value of 0.54 for opening to the outside world (OPEN). When OPEN<0.54, the effect of marine scientific and technological innovation on the green development of marine economy is 0.6433, indicating that in this threshold interval, the green development of marine economy will be raised by 0.6433 for every 1% increase in marine scientific and technological innovation, and when opening to the outside world exceeds the threshold value, i.e., OPEN>0.54, the coefficient value is 1.2332, indicating that the improvement of opening to the outside world is beneficial to the exertion of marine science and technology. Thus, both of them change positively and play a positive role in promoting.
There is a single threshold value for the government investment (OPEN). When GI < 0.562, the effect of marine scientific and technological innovation on the green development of marine economy is 0.6577, indicating that in this threshold interval, the green development of marine economy will be raised by 0.6577 for every 1% increase in marine scientific and technological innovation. However, when the government investment exceeds the threshold value and GI > 0.562, the above coefficient value is 1.0423, which is obviously improved and changed compared with the original situation, indicating that the improvement of government investment is beneficial to the exertion of marine science and technology, and the two change positively and play a positive role in promoting.
Judging from two factors with double thresholds, there are two obvious thresholds for financial development (FD), which are 0.574 and 0.812 respectively. When the financial development is less than 0.574, the force coefficient of marine scientific and technological innovation driving the green development of marine economy is 0.6121, while when the financial development is 0.574 ≤ FD < 0.812, it decreases to 0.4892, when FD > 0.812, it rises greatly to 0.5624. Therefore, from the overall trend, the role of marine scientific and technological innovation in driving the green development of the marine economy is also on the rise with the increase in financial development, i.e., financial development is an important force for marine scientific and technological innovation to drive the green development of the marine economy, and plays a key role therein with positive effects. From the intermediate stage, the role of marine marine scientific and technological innovation in driving the green development of marine economy is slightly reduced, possibly because financial development and marine marine scientific and technological innovation are synchronized to a certain extent, and can grow together in some stages. The analysis of some samples from coastal provinces and cities shows that financial development can play a positive role in marine marine scientific and technological innovation and produce crowding-out effect.
The threshold value of human capital (HC) is 0.534 and 0.743, which constitute three intervals. The contribution coefficients of marine marine scientific and technological innovation to the green development of marine economy are 0.6322, 1.0794 and 1.0974, respectively, which clearly shows that human capital has played a positive role in this period and effectively promoted the effect of marine marine scientific and technological innovation. The capital invested by HC is positively related to the final force, which can effectively promote the marine marine scientific and technological innovation elements to play a role. This result suggests that there is a shortage of marine scientific and technological talents from the current domestic situation, which seriously restricts the application and popularization of marine science and technology, and marine scientific and technological talents are an important prerequisite for the green development of marine economy.
CONCLUSION
In this study, the panel data of eleven coastal provinces and cities in China from 2008 to 2017 are tested empirically, and the following conclusions are drawn:
With reference to previous literature (Chen and Ma, 2020; Cu, 2020; Wang et al., 2020; Wang et al., 2021; Zhao et al., 2022), according to the constructed neoclassical growth model that marine scientific and technological innovation driving the green development of marine economy, marine scientific and technological development and green development of marine economy are positively correlated on the whole, and all input variables promote economic development but with certain differences. Among them, government investment and marine scientific and technological innovation play the most prominent role in promoting the green development of marine economy, while the sharing degree of human capital is the weakest, reflecting that China’s marine economy is now in the stage where science and technology gradually replace labor, which conforms to the development law of marine science and technology and marine economy in China. Based on the analysis of the growth models of “Circum-Bohai Sea Economic Zone,” “Yangtze River Delta Economic Zone” and “Pearl River Delta Economic Zone,” at present, the promotion of science and technology to economic development in each marine economic zone is obvious, and the promotion of green development of regional marine economy varies by various input variables, which reflects that each economic zone fully considers its own regional characteristics and effectively allocates resources for different marine industry types in the process of enhancing marine scientific and technological innovation capability and promoting green development of marine economy (Ning and Song, 2020; Qin and Shen, 2020).
With reference to previous literature (Wang and Han, 2017), by building a panel threshold model, the five factors, namely opening to the outside world, government investment, financial development, human capital and technical input are examined, which contribute to the green development of marine economy driven by marine scientific and technological innovation. According to the empirical results, it is concluded that all kinds of external influencing factors will interfere with the role of marine scientific and technological innovation by means of promotion or restriction. The test results can be classified according to the threshold characteristics, including three factors: first, factors with significant thresholds, including opening to the outside world and government investment; second, factors with double thresholds, including financial development and human capital; third, technical input without thresholds. Thus it is proved that this result is closely related to many factors and is the result of their joint action. The role of marine scientific and technological innovation is affected by external factors under certain conditions with different forces for the green development of the marine economy, which hence should be fully taken into account when formulating the marine scientific and technological strategy and in the implementation of the policies (Aigner et al., 1977; Lai et al., 1995; Leamer, 1995; Wang, 2018).
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