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As of now, the development and utilization of marine resources have entered a new stage of “refinement, orderliness, and high quality”. It has become a top priority to coordinate the relationship among marine economy, ecology, and society. At the same time, the comprehensive evaluation of the conjugacy of the marine composite system has replaced the single evaluation that only relies on economic indicators to measure the operation effect of the marine system. The operational effect of the marine system needs to be comprehensively measured from three aspects: the profitability of the marine economic subsystem, the sustainability of the marine ecological subsystem and the effectiveness of the marine social subsystem. The combination of composite ecosystem theory and conjugate ecosystem theory was applied to the marine economic-ecological-social composite system, the concept of “conjugate degree of marine composite system” was proposed, the conjugate mechanism of marine composite system subsystem was discussed, the conjugate degree measurement model and prediction model of marine composite system were constructed, the conjugate degree measurement index system of marine composite system was constructed, and the cases of China’s coastal areas were empirically analyzed. The empirical results show that 1) the conjugation degree of the marine composite system in Shandong Province is in a steady growth and “moderate conjugation” state. 2)The conjugation degree of marine composite systems in China’s coastal areas is mostly in the state of “low conjugation”. 3)The balance development of the three subsystems of marine economy, ecology and society is the basic premise of the high conjugate degree of the marine composite system.4) It is unscientific and unreasonable to measure the development of the marine system by the gross marine product. Finally, the policy recommendations for the conjugate development of the marine composite system were proposed. The multi-objective comprehensive evaluation of ocean system operation was explored to provide decision support and policy basis for promoting the balanced, sustainable and high-quality development of ocean system.
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Introduction

The extensive development and indiscriminate exploitation of marine resources have resulted in a series of marine ecological and environmental problems, such as marine resource depletion and marine ecological environment pollution. How to obtain marine economic and social benefits while maintaining marine ecological benefits has become an urgent problem to be solved. As of now, the development and utilisation of marine resources have passed the stage of “extensive, disorderly, and low-quality”, and entered a new stage of “refinement, orderliness, and high quality”. It has become a top priority to coordinate the relationship among marine economy, ecology, and society. At the same time, the comprehensive evaluation of the conjugacy operation of the marine composite system has replaced the single evaluation that only depends on economic indicators to measure the operation effect of the marine system.

The composite ecosystem is a system composed of the economy, ecology, and society with symbiosis, coexistence, and interaction under the guidance of human behaviour, including the three subsystems of the economy, nature, and society (Ma and Wang, 1984), human activities are in such an interactive composite system. The marine composite system comprises the marine economic subsystem, ecological subsystem, and marine social subsystem. The marine ecological subsystem is the foundation of the marine composite system, the marine economic subsystem is the core of the marine composite system, and the marine social subsystem is the carrier of the marine composite system. The three subsystems interact, influence, and coexist to create a complete marine composite system (Chen, 2015). The operation effect of the marine composite system needs to be comprehensively measured from three aspects: the profitability of the marine economic subsystem, the sustainability of the marine ecological subsystem, and the effectiveness of the marine social subsystem (Wang, 2017).

In the process of the development and utilisation of marine resources, the symbiosis of the marine composite system has been gradually recognised: human development activities have led to the deterioration of the marine ecological environment. Marine resources must be utilised and managed in a more sustainable way, the ecology, economy, and society, which are interrelated with the ocean, are extremely important. Mankind’s development and utilisation of the ocean have begun to exceed the ocean’s carrying capacity, so more sustainable utilisation and management methods need to be explored (Costanza, 1999). Studying the interaction between the social system and ecosystem is important for sustainable development (Estoque and Murayama, 2014). The negative impact of human economic and social activities on marine ecology can be alleviated through marine spatial planning of the ecosystem (Manea et al., 2019). The development of marine economy brings great pressure to marine ecology, which is a key issue for large marine ecosystems (LMEs) or national marine utilization (Lin, 2020). The coordination among marine economic system, marine ecosystem and marine social system is an important embodiment of the high-quality development of marine economy (Di et al., 2020). Under the background of the rapid development of marine economy, the marine ecological situation is not optimistic, which poses a great threat to the sustainable development of marine economy (Feng et al., 2021). Within the framework of the new European ecological oriented policy, the “blue economy” is carried out together with the restoration and protection of marine ecosystem services (Gomez and Maynou, 2021). The quality of marine resources and environment is closely related to the level of human economic development and social environmental policies (Wang et al., 2021). China’s marine ecosystem is deteriorating, marine economic growth is slowing down, and coastal society is entering a transition period (Gao et al., 2022). Promoting the coordination and linkage of marine resources environment economy system is a necessary way to enhance the marine carrying capacity of coastal areas (Bin et al, 2022).

Conjugate is a control method based on the principle of ecology, which aims to maintain the dynamic balance of the system. “Yoke” is a herringbone harness that is sleeved on the horse’s neck when the carriage is being driven. It requires a balance of the left and right wheels, a tacit understanding between the vehicle and the horse, harmonious rhythm, and symbiosis between the vehicle and the horse. Improper regulation of the conjugate relationship will lead to the imbalance between the horse and carriage. “Conjugation” refers to mutual influence, mutual restriction, coordinated development, and mutual causality according to specific laws so that the whole system structure is relatively stable, its elements are closely linked, the overall function is coordinated, and the system has strong adaptability to the environment (Zeng and Xiang, 2015). It is a control method with dynamic balance as the main purpose. Conjugate ecological regulation is a composite ecosystem-planning method that coordinates the conjugate relationship between man and nature, resources and environment, production and life, and extension and endogeny (Wang and Ouyang, 2012). Conjugate theory first appeared in mathematics, chemistry, physics, and other disciplines, and was later introduced into urban ecosystem regulation. Based on the composite ecosystem theory, it puts forward the concept of “conjugate ecology” (Wang, 2008), the viewpoint of conjugate ecological restoration (Huang et al., 2008), and the concept of conjugate management, which focus on maintaining and ensuring the safety, stability, and health of the target system and maintaining the dynamic balance of the whole target system (Wang et al., 2009). Conjugate ecological theory is mainly used in urban land planning and management (Jin et al., 2010), urban ecosystem regulation (Yin et al., 2014), urban government planning (Zhu and Zhang, 2014), urban and rural planning (Xu and Chen, 2016), regional development (Wang and He, 2018), evaluation of the comprehensive carrying capacity of regional resources and environment (Huang and Song, 2019), land space ecological restoration planning (Zhao et al., 2022), and renovation of industry heritages (Xu, 2022).

In this study, the combination of the compound ecosystem theory and conjugate ecosystem theory is applied to the marine composite system, which aims to promote the high-quality and sustainable development of marine economy, promote the conjugate operation of the marine economic-ecological-social composite system, and create a new highland for the development of the blue economy.



Conjugate mechanism

Under the conjugate action, the marine ecological structure function, marine economic structure function, and marine social structure function of the subsystem of the marine composite system are unified to achieve a relatively stable dynamic balance, ensure the scientific and reasonable development and utilisation of marine resources, and maintain the coordinated operation of the marine composite system. The interaction and regulation of the three subsystems of the marine economy, ecology, and society constitute an open, complex, dynamic, orderly, and huge system of the ocean.

When the impact of the marine socioeconomic subsystem on marine ecology is controlled within the ideal supply threshold, advanced science and technology, a fair market operation mechanism, and a perfect legal system promote the conjugate development among the three subsystems, enabling the marine composite system to develop efficiently. The coupling process of wave development makes the marine composite system continuously optimised, aiming at maintaining the ecological sustainability of the marine ecological subsystem, improving the sustainable development ability of the marine economic subsystem, and establishing the sustainable support of the marine social subsystem so as to achieve the harmonious and sustainable development of the marine composite system.

The conjugate ecological principle of the ocean—that is, development and adaptation, competitive and symbiosis, complementarity and synergy, circular regeneration and chain feedback—focuses on the development, evolution, integration, coordination, and symbiosis of the composite system of marine economy, marine ecology and marine society. The conjugate mechanism of the subsystem of the marine composite system is shown in Figure 1.




Figure 1 | Conjugate mechanism model of subsystem of Marine Composite System.





Research methods


Coefficient of variation method

The coefficient of variation method was selected as the weight determination method. The coefficient of variation method is an objective method of weighting that directly uses the amount of information contained in each index and calculates the weight of the index. In the evaluation index system, the greater the difference in the value range of the index, the more difficult it is to achieve. The greater the difference in the value of the index, the more it can reflect the gap of the evaluated unit, and the greater its weight.

Coefficient of variation of index:

 

where Vi is the coefficient of variation of the index  i , also known as the coefficient of standard deviation.  σi is the standard deviation of index  i.   is the average of index i.

Standard deviation of index:

 

Weight of indicators:

 



Order degree model

The order degree model was selected to measure the conjugate degree of the marine composite system. The order degree model is a composite system model in which multiple order parameters act on the conjugate evolution of the system. It is mainly used to measure the conjugate level of the subsystem of the composite system. The order degree model mainly focuses on the influence of multiple order parameters in different subsystems, and emphasises the differences of subsystems in composite systems. In a certain stage, the dominant role of order parameters will continue to strengthen until it breaks through the critical point, and it will enter the next stage with the emergence of another order parameter. In this stage, the role of order parameters has upper and lower limits, and the measure of conjugation degree depends on the position of order parameters.

The order degree model was used to measure the conjugate level. First, the contribution degree of order parameters in each subsystem is integrated. Second, the conjugate level is displayed through the change of system order degree in different periods (Liu, 2015).


Contribution degree of order parameter

Suppose that the composite system is composed of several subsystems; that is, the composite system S=(S1,S2,⋯,Sn) , Sn is the nth subsystem in the system. In the evolution process of subsystem Sj(j∈[1,n]) , the order parameter ej=(ej1,ej2,⋯,ejm) , where m≥1, βji≤eji≤αji , i=1,2,⋯,m , and αji And βji are the upper and lower limits, respectively, of the order parameter components at the critical point of the system. The change of order parameter has two effects on the conjugation level of the system. One is the positive index; that is, with the increase of order parameter, the order degree of the system will increase; The second is the negative exponent; that is, with the increase of order parameter, the order degree of the system will decrease. Therefore, assuming that the positive indicators include  ej1, ej2, ⋯, ejk,and the negative indicators include   ejk+1,ejk+2,⋯,ejn , the order degree of the order parameter eji of subsystem Sj  is:

 

Where μj(eji)∈[0,1],  and the larger the value of μj(eji) , the higher the contribution of the order parameter eji to the order of the system. The total contribution of order parameter eji to the system can be realised through the integration of μj(eji) , which was carried out by the method of linear weighted summation:

 



Conjugate degree of system

Assuming that the given initial time of the system is t0 , the order degree of subsystem Sj  is   , and the order degree of time t1 in the process of system evolution is   , then the system conjugate degree in this stage is:

 



In the above formula, the condition for the existence of the positive conjugate degree of the system is θ , whose value must meet   ; otherwise, it indicates that at least one subsystem in the composite system is not developing in an orderly direction. In the  [t0,t1] period, the higher the C value, the higher the order degree of the system; that is, the system is in the conjugate evolution state, and the conjugate level is higher.



Classification standard of conjugate degree of system

The classification standard of conjugate degree of composite system is shown in Table 1.


Table 1 | Classification standard of conjugate degree of composite system.






Grey prediction method

The Grey System Prediction GM (1,1) model was selected to predict the conjugate degree of the marine composite system. The grey system prediction model has the advantages of a simple operation process, a good short-term prediction effect, high precision, ease of testing, and the ability to fully tap the essence of the system by using differential equations. At the same time, the irregular original data can be generated, and a generation sequence with strong regularity can be obtained.


Application process of grey prediction model

The application process of GM (1,1) grey prediction model is shown in Figure 2.




Figure 2 | Application process of GM (1,1) grey prediction model.





Class-compare verification

Before applying the GM (1,1) grey system prediction model, the class-compare verification should be carried out, and then the cumulative sequence should be constructed after passing the class-compare verification; If the class-compare verification fails, a smooth transformation will be required to make the level ratio test pass, and then the cumulative sequence can be constructed. The steps of class-compare verification are as follows:

Set sequence x(0)={x(0)(1),x(0)(2),⋯,x(0)(N)} as the original sequence, λ(t) is the class-compare.

 

If the vast majority of λ(t) values fall within the allowable coverage interval   , the GM (1,1) model can be established, and grey prediction can be carried out. Otherwise, it is necessary to pre-process the data properly.



Construction of grey prediction model

The principle of the GM (1,1) grey system prediction model is to generate a new sequence by accumulating a certain data sequence, and the change trend of this sequence is relatively obvious. Based on the cumulative sequence, a new sequence was established, and then the original sequence was restored through reverse subtraction operation so as to obtain the prediction result.

The construction process of GM (1,1) grey prediction model is as follows:

Set the sequence of original data as:

 

where N is the amount of data.

Accumulate the original data sequence,

x(0), to weaken the volatility and randomness of the random sequence. The cumulative sequence is as follows:

 

The equal weight sequence of adjacent average values of the cumulative sequence are as follows:

 

Where Z(1)(k)={0.5x(1)(k−1)+0.5x(1)(k)},   k=2,3,⋯,N The first-order whitening differential equation GM (1,1) about t for x(1) is as follows:

 

where a, μ are coefficients to be decomposed, which are called the development coefficient and grey action quantity, respectively; the effective interval of a is (−2,2), and the matrix composed of a and u is the grey parameter. First, calculate the parameters a and u , then calculate x(1)(t) , and then calculate the predicted value of x(0) . B is generated from the equal weight sequence of adjacent average values:



Constant term quantity y:

 

	

Estimation by least square method:

 

Obtain the prediction equation:

 

By cumulatively reducing the value of the sequence and restoring it to the original sequence, the predicted value can be obtained as follows:

 

If the data have been pre-processed, they need to be transformed to get the predicted value.



Accuracy test of grey prediction

The accuracy test of grey GM (1,1) model can adopt the residual test and posterior error test.

The residual test mainly analyses the reliability, periodicity, or other interferences of the data.

Remnant verification:

 

If all |ϵ(k)|<0.1 , it meets the higher requirements; if all |ϵ(k)|<0.2 , it meets the general requirements.

The posterior error test evaluates the main characteristics of the residual distribution to determine whether it is stable. The steps are as follows:

Variance of original data:

 

Variance of residuals:

 

Posterior error ratio:

 

Small error probability:

	

The posterior error ratio C and small error probability P are used to test the prediction accuracy, and the test grade standard is shown in Table 2.


Table 2 | Standard of accuracy of posterior error test about GM (1,1) grey prediction.







Index system

Referring to the existing research results, this study discussed the influencing factors of the economic, ecological and social subsystems of the marine composite system. The influencing factors of the marine economic subsystem mainly include the marine economic aggregate, marine economic structure, and the marine economic scale (Lu, 2014; Liang, 2017; Zhen and Di, 2017 ; Zhou and You, 2017; Gao et al., 2019; Liu, 2019; Liu et al., 2020b). The influencing factors of the marine ecological subsystem mainly include marine biological conditions, special marine areas, marine environmental conditions, and marine disasters (Yu and Hu, 2017; Cao, 2019; Li, 2020; Ding et al., 2021; Wang et al., 2021). The influencing factors of the marine social subsystem mainly include the regional population, residents’ life, technology and education, environmental protection, and sea area management (Guo, 2014; Zhai, 2014; Gao, 2016; Zhen and Di, 2017; Zhou and You, 2017). According to the influencing factors of subsystem conjugation of the marine composite system, the measurement index system of the conjugation degree of the marine composite system was constructed, as shown in Table 3.


Table 3 | The measurement index system of the conjugation degree of the marine composite system.






Empirical research


Data sources

The basic data of the empirical study come from the China Marine Statistical Yearbook, the China Environmental Statistical Yearbook, the China Environmental Quality Report, the China Coastal Waters Environmental Quality Bulletin, the China Marine Economic Statistical Bulletin, the Shandong Provincial Marine Ecological Environment Status Bulletin, the Shandong Statistical Yearbook, the Shandong Provincial Statistical Bulletin of National Economic and Social Development, the website of China Oceanic Administration, the website of the Ministry of Ecological Environment, the official website of Shandong Provincial Oceanic Administration, the official website of Shandong Provincial Department of Oceans and Fisheries, and the official website of Shandong Provincial Department of Ecological Environment. The data were released from 2007 to 2021.The data with changed statistical calibre were adjusted, and a small amount of missing data were supplemented by exponential smoothing method.



Measurement and prediction of conjugation degree of marine composite system in Shandong Province


Study area

Shandong Province of China was selected as the study area. Shandong Province is adjacent to the Bohai Sea in the north and the Yellow Sea in the East. The offshore sea area accounts for 37% of the total area of the Yellow Sea and Bohai Sea. The total length of the coastline is 3345 km, accounting for one sixth of the national coastline. It is an important coastal province in China and an important node of China’s Maritime Silk Road. Shandong Province has superior geographical conditions and rich marine resources, with a total sea area of 72200 km2. With obvious advantages for marine resources and environment, it has great marine development potential (Shandong Provincial People’s Government Website, 2022).



Measurement of conjugation degree of marine composite system


The weight of conjugate degree measurement index

According to the basic data of the measurement indicators (see “data source“ for details), we calculated the order degree of the order parameters of each indicator and then used the coefficient of variation method [Formula (3)] to calculate the weight of the measurement indicators of each subsystem, as shown in Table 4.


Table 4 | Index weight of conjugate degree measurement of marine composite system.





The order degree of subsystem

According to formula (5), order degree can be calculated. The order degree and its change trend of marine composite system subsystem in Shandong Province from 2007 to 2019 are shown in Figure 3.




Figure 3 | Order degree of subsystems of marine composite system in Shandong Province from 2007 to 2019.



As can be seen from Figure 3, although the order degree of the Shandong marine economic subsystem fluctuated slightly during 2007–2019, it showed a continuous upward trend on the whole. The order degree of the marine ecological subsystem showed a downward trend of volatility. Moreover, the order degree of the marine social subsystem showed a change trend of “rising, falling, fluctuating, and rising”, with two low points in 2015 and 2017.It can be seen that from 2007 to 2019, the development of the three marine subsystems in Shandong Province was unbalanced.



The conjugate degree among subsystems of marine composite system

According to formula (6), subsystems conjugation degree can be calculated. The conjugation degree and its change trend among subsystems of Marine Composite System in Shandong Province from 2007 to 2019 are shown in Figure 4.




Figure 4 | Conjugate degree among subsystems of marine composite system in Shandong Province from 2007 to 2019.



As can be seen from Figure 4, the conjugation degree between the subsystems of the marine composite system in Shandong Province showed a continuous upward trend from 2007 to 2014. There was a downward fluctuation from 2015 to 2017 under the influence of the order degree of the marine social subsystem, and an upward trend from 2018 to 2019. The order degree of the marine social subsystem showed two obvious lows in 2015 and 2017, resulting in two lows in the marine ecological–social system and marine economic–social system in 2015 and 2017. The marine economy ecosystem maintained a steady upward trend, but the order degree of the marine ecological subsystem showed a downward trend, which also slowed down the rising speed of the marine economy ecosystem.



The conjugate degree of marine composite system

According to formula (6), composite system conjugation degree can be calculated. The conjugate degree and its change trend of marine composite system in Shandong Province from 2007 to 2019 are shown in Figure 5.




Figure 5 | conjugate degree of marine composite system in Shandong Province from 2007 to 2019.



As can be seen from Figure 5, the conjugate degree of the marine composite system in Shandong Province showed an upward trend from 2007 to 2014, a downward fluctuation from 2015 to 2017, and an upward fluctuation from 2018 to 2019. From 2007 to 2012, the conjugation degree of the Shandong marine composite system was between 0.274 and 0.495, putting in the state of “low conjugation”. From 2013 to 2019, the conjugation degree of the Shandong marine composite system was between 0.515 and 0.574 (except for the conjugation degree of 0.495 in 2017), putting it in the state of “medium conjugation”. The conjugation level of the Shandong marine composite system was improved from 2007 to 2019. From 2015 to 2017, the conjugate degree of the marine composite system in Shandong Province was in a fluctuating adjustment state under the influence of the marine social subsystem.




Prediction of conjugate degree of marine composite system

GM (1,1) grey prediction model was used to predict the conjugate degree trend of Marine Composite System in Shandong Province.


Class-compare verification

According to the calculation results,   . The data smoothing method was used to pre-process the data. The processing of the original data aimed to extract the cube root, form a new sequence, and conduct the class-compare verification again. Then, the λ (t) value completely fell within the tolerable coverage range (0.8669, 1.1536), so the class-compare verification passed.



Prediction equation

According to the grey prediction model, the prediction equation was obtained:

 

The original sequence was restored through the reverse subtraction operation and reverse cubic operation so as to obtain the prediction result.




Accuracy test of grey prediction model

Remnant verification: grey prediction residual error of conjugate degree of Marine Composite System in Shandong Province from 2007 to 2019 is shown in Table 5.


Table 5 | Grey prediction residual error of conjugate degree of marine composite system.



Because all |ϵ(k)|<0.2 , so the remnant verification is passed.

Posterior error test:

S1=0.0794,   S2=0.0345,   C=S2/S1=0.4342

	

	

It can be seen from Table 2 that P ≥ 0.95, and the grade was “excellent”. C = 0.4342, 0.35< 0.4342 ≤ 0.5, the grade was “good”, and the overall prediction grade was “good”. Therefore, the posterior error ratio, C, and the small error probability, p, were used to judge the accuracy of prediction results, the test result was that the prediction accuracy was up to standard and reliable.

The prediction trend of conjugation degree of marine composite system in Shandong province after 2019 can be obtained from the prediction equation (formula 22), as shown in Figure 6.




Figure 6 | Trend prediction of conjugate degree of Marine Composite System in Shandong Province.



It can be seen from Figure 6 that the conjugation degree of the marine composite system in Shandong Province was rising as a whole; The conjugation degree of the marine composite system in Shandong Province was in “low conjugation” from 2007 to 2012, entered into “medium conjugation” in 2013, will enter the “high conjugation” stage in 2025, and will enter “extremely conjugate” stage in 2030.

As can be seen from Figure 3, from 2007 to 2019, the order degree of the marine ecosystem subsystem in Shandong Province showed a downward fluctuation, which affected the conjugate degree of the marine composite system to a certain extent. From 2007 to 2013, the order degree of the three subsystems showed a “different direction”, and the development direction of the order degree of the three subsystems has converged in recent years, and the development state is good.





Conjugate degree of the marine composite system and gross marine product in China’s coastal areas


Conjugate degree of the marine composite system in China’s coastal areas

There are 11 coastal areas in China (Liaoning Province, Shandong Province, Tianjin city, Hebei Province, Shanghai City, Jiangsu Province, Zhejiang Province, Fujian Province, Guangdong Province, Guangxi Province and Hainan Province). According to the index data of 11 coastal areas and conjugate degree equation, the conjugate degree of the marine composite system of coastal area was calculated respectively, as shown in Figure 7.




Figure 7 | Conjugation degree of Marine Composite System in China’s coastal areas in 2007 and 2019.



According to the conjugation criteria in Table 1, the conjugation degree is in the range of “0.5 ≤ C > 0.75”, which is “moderate conjugation”. As can be seen from Figure 7, the conjugation status of marine composite systems in 11 coastal areas of China. In 2007, all marine composite systems in coastal areas were in the “low conjugation” status; In 2019, the five coastal areas marine composite systems of Liaoning, Shandong, Tianjin, Hebei and Zhejiang were in the “medium conjugate” state, and the six coastal areas marine composite systems of Shanghai, Jiangsu, Fujian, Guangdong, Guangxi and Hainan were in the “low conjugate” state.

It is worth noting that the conjugate degree of Shanghai’s marine composite system in 2007 is greater than that in 2019, the main reason is that the order degree of the marine ecosystem subsystem in Shanghai decreased from 0.612 in 2007 to 0.332 in 2019, showing a negative growth.

In 2019, the five coastal areas in “moderate conjugation” have the common feature that the development of the three subsystems of marine economy, ecology and society is relatively balanced, and there is no obvious “weakness”.

The common feature of the six coastal areas in “low conjugate” in 2019 is that the development of the three subsystems of marine economy, ecology and society is not balanced. For example, in the three obvious coastal areas (conjugation degree lower than 0.4), Guangdong and Shanghai have relatively developed marine economic subsystems, but weak marine ecological subsystems (heavy marine environmental pollution); The marine ecosystem subsystem of Guangxi is well developed, but the marine economic subsystem is weak (the penultimate marine GDP in 2019).



Gross marine product in China’s coastal areas

Figure 8 shows the gross marine product of China’s 11 coastal areas from 2007 to 2020. Guangdong, Shandong and Fujian provinces rank among the top three in terms of marine GDP; Hebei Province, Guangxi Province and Hainan Province ranked in the last three places.




Figure 8 | gross marine product of China’s 11 coastal areas from 2007 to 2020 (RMB 100 million) Data sources: China Ocean Statistics Yearbook, China Ocean Economic Statistics Bulletin, 2007-2020.



From 2007 to 2020, the marine GDP of Guangdong Province and Shandong Province were ranked first and second in China, as shown in Figure 8. However, in 2019, the conjugation status of the marine composite system in Guangdong Province was “low conjugation”, and the conjugation status of the marine composite system in Shandong Province was not ideal. The order degree of the marine ecosystem subsystem continued to decline, and the order degree of the marine social subsystem fluctuated greatly. In 2019, it was in a “medium conjugation” state. Therefore, Therefore, it is one-sided to measure the operation of the marine system simply by the gross marine product.




Empirical conclusion

	1) The conjugation degree of marine composite system in Shandong Province was in a state of steady growth and “moderate conjugation”.

	2)The conjugation degree of marine composite systems in China’s coastal areas was mostly in the state of “low conjugation”.

	3)The balance development of the three subsystems of marine economy, ecology and society

	is the basic premise of the high conjugate degree of the marine composite system.

	4)It is unscientific and unreasonable to measure the development of the marine system by the gross marine product.






Policy recommendations


Policy framework

Build a four in one conjugate regulation mechanism of marine composite system from the four aspects of government, industry, enterprise and society; that is, the mechanism of “Government macro-regulation–Industrial collaborative innovation–Enterprise cleaner production–Social public participation”. The conjugate regulation policy framework of the marine composite system is shown in Figure 9.




Figure 9 | Policy framework for conjugate regulation of marine composite system.





Policy decomposition


Government macro-regulation

Strictly control the development and utilization activities that affect the ecological functions of the marine ecological subsystem, and delimit the ecological red line of the sea area, especially the important marine ecological areas, marine ecological functional areas and marine ecological vulnerable areas. According to the temporal and spatial development trend of marine composite system, reasonably regulate the marine ecological protection red line, so as to improve the marine ecological function, ensure the stability of marine ecological subsystem, and balance the relationship between marine ecosystem function and marine economic and social development.

	Strengthen the construction of marine ecological protection areas and protect important representative marine ecosystems, such as coastal wetlands, mangroves, islands, and important marine fishery waters. Strictly implement the marine ecological red line system of the whole sea area and bring all marine protected areas, important coastal wetlands, and important sandy coastlines into the control of the ecological red line area so as to effectively protect the marine ecological environment.

	Improve the level of sea area supervision by improving marine environment detection and sensing technology, marine environment monitoring platform technology, and data integration and processing technology. Through the development of marine integration and processing technology, ensure the reliability and effectiveness of marine monitoring data and improve the level of marine monitoring and early warning system.





Industrial collaborative innovation

	Promote the development of the marine economic subsystem in the direction of marine ecological and environmental friendliness; vigorously develop marine ecological fisheries; shift the traditional marine fishing fishery to the development strategy of ‘focusing on aquaculture and developing both aquaculture and fishing’; and develop service fisheries with low pollution and high return. Examples include coastal fishing and deep processing of marine products and ecological aquaculture. Moreover, reducing the impact of traditional marine fisheries on water pollution and ecological damage is necessary.

	Through relevant policies and plans, encourage private capital and social investment to favour green and efficient marine industry; promote the diversified development of the marine industry, especially the vigorous development of marine biological medicine, marine clean energy, coastal tourism, marine high-end equipment manufacturing, and comprehensive utilisation of seawater; and make the marine economic subsystem and marine ecological subsystem work together under the driving force of the marine social subsystem.





Enterprise cleaner production

The pollutants discharged into the sea are the most direct factors affecting the ecological environment of the sea area in the process of sea area utilization. The sewage outlet and discharge volume must be strictly controlled to ensure the healthy development of sea area ecology. There are two aspects to control pollution discharge into the sea. One is to control from the source and use science and technology in enterprise production to reduce pollution; Second, control in the process. Through the monitoring and management of the sewage outlet, control the concentration and total discharge of pollutants and formulate discharge standards.

Enterprise cleaner production involves continuously improving design; using clean energy and raw materials; adopting advanced technology and equipment; and improving management, comprehensive utilisation, and other measures in order to protect the environment. The purpose of enterprise cleaner production is to reduce pollution at the source; improve resource utilisation efficiency; and reduce or avoid the generation and emission of pollutants in the process of enterprise production, service, and product use so as to reduce or eliminate the harm to human health and the environment. Thus, the purpose of protecting marine ecological environment can be achieved through all-round management and control means.



Social public participation

Give full play to the role of marine social organizations in marine development and utilization, improve relevant laws and regulations of marine social organizations, and support and encourage the development of marine social organizations. Strengthen the guidance of citizens’ participation in marine social organisations, introduce corresponding policies and systems, and protect citizens’ rights to freely participate in marine-related social organisations. At the institutional and organisational levels, this approach can ensure that marine social organisations participate in the management of marine affairs. In the context of a policy guarantee, we should emphasise the voluntary equality and cooperation among all social subjects and make them contribute their own resources, jointly manage the environment, and mobilise the whole society to implement large-scale, multi-type, and multi-level development capital investment for marine ecological protection. Raising the public’s awareness of the marine composite system, marine ecosystem services, and the ecological environment carrying capacity of the composite marine system will help promote the connection between science and management (Li, 2014). In order to realise this connection, relevant education policies should be issued for the marine social subsystem, such as increasing the investment policy in marine education, setting up multi-level and multi-field marine education professional policies, and giving appropriate priority to the allocation of marine education resources.





Conclusion

For a long time, there have been several phenomena in the practice of marine resources development and utilization: sacrificing the marine environment for the rapid growth of marine economy; exchange the slow development of marine economy for a good marine environment; the inefficient marine social management capability has affected the development of marine economy and the governance of marine environment. The existence of these phenomena has affected the important role of marine economy in the national economy. The evaluation standard of marine system represents the policy guidance of marine development. The multi-objective balanced development of marine system “economy-ecology-society” is the future development direction, and it is also a proposition with important theoretical and practical value. How to comprehensively and objectively assess the operation of the marine system following the principle of sustainable development? It is particularly important to assess the “conjugation” of marine composite systems.



Limitations

This study focuses on the profitability of the marine economic subsystem, the sustainability of the marine ecological subsystem and the effectiveness of the marine social subsystem. Therefore, the marine economic, ecological and social subsystems are selected to build the marine composite system. In the study of marine composite system, there are other subsystems, such as”marine science and technology-economy-environment composite system” (Wang et al., 2020),”marine ecology-industry composite system” (Gou et al, 2017),”marine ecological civilization-science and technology innovation composite system” (Wang et al, 2021), “marine resources-environment-economy composite system” (Song and Ning, 2021; Bin et al., 2022), “sea-land composite system” (Huang and Fang, 2020), and so on. These marine composite systems are not the focus of this study, so they are not involved in this study.
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