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Abstract

:

The accelerated socioeconomic development has placed the coastal ecosystems under stress, which influences the sustainable development of coastal areas. Marine eco-environmental carrying capacity assessment (MECCA) can provide a scientific basis for coordinating coastal socioeconomic development and eco-environmental protection, ensuring a more effective marine ecosystem-based management approach toward sustainability. However, accurate assessment methods are still in the exploratory stage, as there has been a lack of systematic research and applications combining integrated MECCA with a unified method to underpin coastal management processes. In light of this issue, this study applied the marine eco-environmental carrying capacity in coastal waters (MECCCW) conceptual framework to support the establishment of an assessment indicator system for MECCA and used the regularization method and entropy method to determine weights. This study also applied the simplified state space model to comprehensively evaluate and analyze the marine eco-environmental carrying capacity (MECC) of coastal areas. Focusing on the coastal area of Sanya Bay, southern China, as the study area, we assessed the MECC for the period from 2015 to 2020. The state of the MECC was divided into three grades: load capacity, full-load capacity, and overload capacity. The results showed that (1) the MECCA indicator system in Sanya Bay included a total of three criteria and eight assessment indicators and (2) the weights of the environmental carrying capacity (ECC) and human activities (HA) were both relatively higher than that of ecological resilience (ER). The latter result indicates that either ECC or HA could play a more predominant role in the changes of the MECC state in Sanya Bay. The results also indicated that (3) for each criterion, ECC, ER, and HA were at load capacity from 2015 to 2020. In this instance, ECC and HA presented similar change trends in relation to the MECC state of Sanya Bay. Finally, (4) the overall Sanya Bay’s MECC was also at load capacity and weakened, fluctuating between 2015 and 2020. These findings indicate that the coastal area of Sanya Bay is capable of sustainable development, but that there is a need for further eco-environmental improvement. The results of this study can serve as a reference when decisions have to be made about coastal management from an environmental and ecological perspective. Furthermore, this method may provide a feasible approach for integrated MECCA in other coastal areas.
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1. Introduction


Coastal habitats, which provide resources that support more than 40% of the world’s population, are among the most productive ecosystems in the world [1,2]. Unfortunately, with the rapid socioeconomic development and global change, limited trade-offs between human exploitation and environmental protection have resulted in increasingly undesirable impacts on shoreline and near-shore habitats, leading to the degradation and even the collapse of some coastal ecosystems [3,4,5,6]. Hence, the sustainable development of coastal zones has become a major concern and the focus of sustainable development worldwide [7,8]. Some efforts have targeted the improvement of coastal socioeconomic development, which can be viewed as sustainable when a coastal ecosystem is at normal carrying capacity [8,9]. As the carrying capacity is a useful and practicable instrument that can be used to assess and achieve sustainability, it is essential to seek scientific approaches to evaluate and analyze it.



Carrying capacity was originally defined as the maximum number of individuals that a habitat can support in a certain area [10]. After being introduced to the field of ecology in 1870, the concept of carrying capacity was expanded from a single-entity notion (e.g., population carrying capacity, resource carrying capacity, environmental carrying capacity, ecological carrying capacity, etc.) to a more general one, i.e., comprehensive carrying capacity (e.g., resource-environmental carrying capacity, social and ecological carrying capacity, eco-environmental carrying capacity, etc.) [11,12,13,14,15]. The marine eco-environmental carrying capacity assessment (MECCA) can be viewed as a special application and practice of the carrying capacity assessment (CCA) in marine or coastal areas. Focusing on the ecological and environmental perspectives, MECCA offers a feasible way to comprehensively evaluate the synergistic effects of three predominant impact factors (environmental factor, ecological factor, and human activities factor) on the carrying capacity and characterize how sustainable development may be impacted by the coupling of human activities and the eco-environment of marine or coastal areas [16]. Here, the environmental factor refers to physical or non-physical elements (e.g., water quality, hydrology, salinity, etc.) that have an impact on plants, animals, and people who live in the area affected by that factor [17]; the ecological factor refers to the elements (e.g., community composition and area, species diversity, etc.) that reflect the morphology, physiology, and distribution of living organisms [18]; the human activities factor refers to human social and economic activities (e.g., coastal reclamation, marine aquaculture, environmental protection measures, etc.) that positively or negatively affect the ecological environment [19,20]. In summary, MECCA can provide a scientific basis for coordinating the relationship between coastal socioeconomic development and eco-environmental protection, thus ensuring a more effective marine ecosystem-based management of sustainability [21,22,23,24].



In the past decade, great strides have been made in techniques for the development and application of CCA [13,14,25,26,27,28,29,30,31]. However, the most current CCAs are limited to terrestrial areas, and there is a lack of systematic research on MECCA. Many studies have been conducted on MECCA [9,26,32,33,34,35,36,37], but thus far all have focused on introducing related concepts and technical procedures, discussing the establishment of an assessment indicator system, and developing evaluations on single-element carrying capacities (e.g., coastal socioeconomic carrying capacity, marine aquaculture carrying capacity, coastal tourism carrying capacity, marine resources or environmental carrying capacity, etc.). Unfortunately, single-element carrying capacities cannot fully reflect the eco-environmental status of a coastal area and are not able to meet the requirements for protection and management of coastal areas [15]. Moreover, the development period of MECCA studies thus far has been relatively short, and thus they lack maturity [23]. With the exception of a handful or recent related works [21,22,23], few studies have been conducted on integrated MECCA (i.e., integrating the establishment of an assessment indicator system, indicator weighting, and comprehensive evaluation into a compound assessment system) with a systematic and unified method to underpin coastal management. It is therefore advisable to strengthen systematic research on integrated MECCA of coastal areas.



Methods such as the analytic hierarchy process, expert judgment, and principal component analysis (PCA) are often used to determine indicator weight in current CCA processes [21,22]. The analytic hierarchy process and expert judgment approaches are relatively subjective in terms of criterion selection and weight distribution for analyzer preference [7,38]; PCA is a relatively objective method for indicator weighting based on multivariable analysis. However, because the definition of the principal component is somewhat vague, the indicator weighting results that are obtained when using this method are only reasonable and effective when the cumulative contribution rate of the various variables reflecting the principal component reach a superior level [22]. This implies that the fewer the variables that are identified in the process of selecting the principal component, the more difficult it is to determine the actual carrying capacity, particularly in coastal areas. The current analytical techniques for CCA mainly include the ecological footprint method [14], the index evaluation method [31], the system dynamics method [35], the fuzzy comprehensive assessment model [23], and the matter-element extension method [30]. These methods are mostly limited by their referring to related methods that are predominantly oriented to terrestrial CCAs and have both advantages and disadvantages. For example, the ecological footprint method highlights the ecological consequences of human consumption but ignores the effect of humans on eco-environmental conditions during production [14]. Although the index evaluation method is relatively flexible, there is a lack of systematic research on its theoretical framework [29]. The other three methods are suitable for compound systems but they typically require a large amount of detailed information in addition to specific data for complicated calculations. It is also difficult to determine standards for the assessment indicator. The implementation of these methods is thus difficult during integrated MECCA processes due to a usual lack of data, regionality, and uncertainty for coastal areas [23,30,35,38,39,40]. In addition, although the matter–element extension method can further improve and specialize the indicator grading standard, the basis for the boundary value for each grade is still contingent on local development plans for coastal areas, as well as on criteria for the coastal ecosystem, the judgment of relevant referential data, and recommendations from experts and local authorities [30,41]. The uncertainty involved in the creation of a specialized rating standard using the matter-element extension method has still not been effectively resolved. Consequently, reasonable and feasible evaluation methods for the marine eco-environmental carrying capacity (MECC) of coastal areas need further exploration.



Sustainable development has become the most important principle for the regional development of coastal areas [42]. Recently, “The Second World Ocean Assessment” emphasized that pro-active marine eco-environmental protection and sustainable development should be given more attention. The report also proposed that coastal countries and regions around the world should enhance carrying capacity assessment in particular [24]. China is one of the world’s major maritime powers and is currently upgrading its “Marine Ecological Civilization” and “Coastal Sustainable Development” policies to a national strategic level [36]. The construction of an ecological civilization is an approach through which China can implement the 2030 Agenda for Sustainable Development [43]. In this context, “The Implementation Plan of National Ecological Civilization Pilot Zone (Hainan Province, China)” and “The Pilot Project of Total Amount Control for Pollutant Discharge in Key Coastal Areas of China” were proposed in 2019. Sanya City, an internationally renowned coastal city in Hainan Province in southern China, is leading the pilot project. The integrated MECCA is one of the main research topics of this work.



In this study, a set of potential methods for integrated MECCA, including the marine eco-environmental carrying capacity in coastal waters (MECCCW) conceptual framework, the regularization method, the entropyweight method, and the simplified state space model, were applied to the case of Sanya Bay, southern China. The purposes of this study were to (1) comprehensively evaluate and analyze the MECC in the coastal area of Sanya Bay; (2) demonstrate the practicality of potential methods through a case study application; (3) offer an empirical reference and insights for related research in more coastal areas in the future.




2. Materials and Methods


2.1. Study Area


Sanya City is located in the southernmost part of Hainan Province, China. It has become an internationally renowned coastal tourism city with attractive seascapes and abundant marine biodiversity, particularly coral reef ecosystems [44]. Sanya Bay is located in the south of Sanya City and has total coastal area and coastline lengths of 6.9 square kilometers and 27 km, respectively [45]. The area enclosed within points A (109°20′21″ E,18°18′02″ N), B (109°20′21″ E,18°11′18″ N), and C (109°28′55″ E,18°11′18″ N) comprise the special research scope of Sanya Bay for integrated MECCA (Figure 1), along with the north-side coastline [45].



Sanya Bay mainly includes the coastal area of the Tianya District of Sanya City and the partial coastal area of the Jiyang District (the sea area to the west of Luhuitou Ridge), as well as the Sanya Port, Dongmaozhou Island, Ximaozhou Island, and Phoenix Island. Additionally, four rivers—Shaoqi, Chonghui, Taoyuan, and Sanya—enter the ocean via this area. With the increasing intensity of human exploitation activities, the coastal area of Sanya Bay is now facing significant eco-environmental challenges, including the discharge of land-sourced pollutants, the deterioration of sea water quality, the partial degradation of coral reef ecosystems, and the increasing risk of red tide events.




2.2. Procedure and Methods


The process of integrated MECCA generally involves the following steps [21]: (1) the establishment of an assessment indicator system; (2) the normalization and weighing of the assessment indicator; (3) the comprehensive evaluation and analysis of the MECC. Accordingly, a set of potential methods was introduced in three different steps.



2.2.1. Step I: Framework for the Establishment of an Assessment Indicator System


When applying related evaluation methods, an assessment indicator system needs to be established. The most popular conceptual framework for carrying capacity, the pressure–state–response (PSR) model, was proposed by the Organization for Economic Cooperation and Development and has been widely applied in the field of environmental management over the past three decades [46,47,48]. The indicators typically include three aspects: the eco-environmental pressure, the socio-economic development status, and the response of humans and the ecosystem [46]. Notably, the European Environment Agency added the indicators “driving force” and “impact” to the PSR model thus creating the driving force–pressure–state–impact–response (DPSIR) model. The DPSIR model further enriches the content of the PSR model [49,50]. However, few studies have been conducted on how to find the accurate causality between all indicators, in part because of the complexity involved in the classification of assessment indicators using the DPSIR model [51,52].



The MECCCW conceptual framework has evolved from the PSR model [18] and now emphasizes that the two-way interplay between human activities and marine eco-environment conditions (Figure 2) should be taken into account. This conceptual framework has three elements [21]: environmental carrying capacity (ECC), ecological resilience (ER), and human activities (HA). The ECC represents the maximum discharge acceptability of environmental pollutants with specified quality standards in a certain area and corresponds to the “State” in the PSR model; ER represents the inherent self-maintenance and self-regulation ability of the marine ecosystem and also corresponds to the “State” in the PSR model; HA comprises two aspects, one of which represents the adverse impacts on the MECC arising from human exploitative activities (e.g., pollutant discharge, exceeding reclamation, etc.) and corresponds to the “Pressure” in the PSR model, while the other represents the corresponding management actions that are formulated by decision-makers to address the adverse impacts and corresponds to the “Response” in the PSR model.



Based on the MECCCW conceptual framework, the establishment of an assessment indicator system for MECCA is conceived as a combination of the target layer (i.e., the MECC index), the criterion layer (i.e., the indexes of ECC, ER, and HA), and the indicator layer (including some specific assessment indicators). The type of assessment indicator is typically identified by the “attribute context” and may result in the comparison of one “benefit indicator” (e.g., the disposal rate of urban sewage, etc.) defined as a positive effect with a corresponding “cost indicator” (e.g., the eutrophication index, etc.), which can be defined as a more negative effect [23].



As noted, the MECCCW conceptual framework considers not only the self-sustaining and regulating ability of the coastal eco-environment but also positive and negative feedbacks from human activities. Therefore, this framework could incorporate human, environmental, and ecological factors into the establishment process of the assessment indicator system as well as comprehensively reveal the explicit interconnected relationships between human activities and eco-environment conditions in coastal areas [21]. Moreover, the “dual role” of human activities could be well explained by distinguishing the implications of “pressure” (i.e., negative impacts) and “response” (i.e., positive impacts) in this framework. Hence, the study has used this framework to support the establishment of an indicator system.




2.2.2. Step II: Methods of Indicator Normalization and Weighting


The regularization method is often used as an analytical technique to normalize the initial data to hedge against the configurative situation of benefit (positive) and cost (negative) indicators with non-linear features [53]. This method is unnecessary for distinguishing between positive and negative indicators but can avoid the occurrence of a normalization value below zero when the assessment indicators present a nonlinear feature [54,55]. The formula for the regularization method is as follows [56]:


   Z  i j   = /     ∑   i = 1  k   y  i j  2      ( i = 1 ,   2 ,   … ,   k )  



(1)




where the parameter k represents the number of indicators, yij is the initial value of the ith indicator in the jth year, and Zij is the normalization value of yij.



The entropy weight method is a traditional and representative analytical tool for indicator weighting that has been widely applied in environmental management decision-making processes [38,40]. By representing all of the available information in terms of comentropy, this method determines weight based on the variant degree of each assessment indicator and can thus effectively avoid the influence of the analyzer’s preference [23,40]. Additionally, the calculation process for the entropy weight method is relatively simple, and the results of the weighting distribution are specific and explicit [22]. Hence, this method can be used to achieve more objective weight distribution results. The formulas of the entropy weight method are as follows [21,40]:


   p  i j   =  Z ij    ∑   i = 1  n   Z  i j   ( i = 1 ,   2 ,   … ,   n ;   j = 1 ,   2 ,   … ,   n )  



(2)






   e j  = − 1 / l n n   ∑   i = 1  n   p  i j   l n  p  i j    



(3)






gj = 1 − ej(0 ≤ gj ≤ 1)



(4)






   W j  =  g j  /   ∑   j = 1  m   g j   



(5)




where pij is the proportion of Zij (i.e., the normalization value of the ith indicator in the jth year) calculated by Formula (1), ej is the comentropy of each assessment indicator, the parameter n represents the number of samples (i.e., the number of statistic years), and gj is the variation coefficient indicating the importance of each indicator in the assessment indicator system. An indicator with a relatively higher gj value would have a strong impact on the MECC; Wj is the weight of each assessment indicator, and the definition of the parameter m is the same as that of the parameter k in Formula (1).




2.2.3. Step III: A Quantitative Analysis Method for MECCA


The state space model is an effective Euclidean space model method that can quantitatively describe the system state, where the three-dimensional state space axis is deemed to be an integrated combination to present the state vector of each element in the system [57,58,59]. Based on the MECCCW conceptual framework, the state space model for MECCA comprises the ECC, ER, and HA dimensions. The value of the MECC index is accounted for by the vector module from the origin point to the corresponding system state point and is represented as follows [22]:


  MECC = | M | =     ∑   i = 1  n   w i   v  i r    2   2  ( i = 1 ,   2 ,   3 ,   …   n )  



(6)




where |M| represents the actual MECC index, vir is the state space coordinate value of the corresponding assessment indicator for the ECC, ER, and HA dimensions, wi is the weight of the assessment indicator i, and the parameter n represents the number of assessment indicators. The results obtained using this model can be used as a basis to judge the carrying capacity state (i.e., load level, full-load level, or overload level), which is revealed by calculating the ratio of |M| to the ideal MECC index (i.e., |M|s, indicating that the MECC state is at full-load level) [21]. However, the determination of the |M|s value, which refers to the divergent standard for each assessment indicator in this model, is a complex issue [22]. Notably, there is currently no unified standard for each assessment indicator because of the distinctive regionality and ecosystem diversity of coastal areas [38,40], which may result in a complicated calculation process and relatively subjective outcome of |M|s.



We developed a modified model to simplify the calculation process of |M|s. The simplified state space model for the MECCA (Figure 3) assumes that the value of the vector module from the origin point to any point on the OQS curved surface is 1 (i.e., the ideal value of each assessment indicator after normalization is 1,1,1, …, n, and |M|s is 1). When the system state points inside the curved surface (e.g., the P point), on the curved surface (e.g., the Q or S point), or outside the curved surface (e.g., the R point), the state of the MECC is either load (i.e., |M| < 1), full load (i.e., |M| = 1), or overload (i.e., |M|>1). The simplified state space model avoids the difficulty of acquiring the large amounts of initial data required for the complicated process of integrated MECCA and overcomes the difficulty of determining the ideal MECC index value and the standard of each assessment indicator [22,60].





2.3. Data Collection


This study drew on five years of historical data and information related to MECCA, including information on the environment, ecology, and human activities in the coastal area of Sanya Bay.



Relevant statistical data and information were available on (1) the annual status quo of marine eco-environment conditions [61,62], e.g., water quality, pollutant content and distribution, sediment quality, distribution and area of important coastal habitats, etc.; (2) aspects of water quality monitoring [61,62], e.g., sewage outlet distribution, concentration of critical pollutants, flow quantity, and annual emissions of critical pollutant; (3) environmental and ecological risk [61], e.g., coastal erosion, and red tides; (4) related coastal development activities [62,63], e.g., coastal reclamation, marine aquaculture, and coastal tourism.



Other relevant data and information were used, such as related socioeconomic and environmental planning, an overview of social and economic development, the investment on environmental protection, and the amount of sewage disposal [64,65,66,67,68].





3. Results


3.1. Establishing an Assessment Indicator System


In Step I, the MECCCW conceptual framework was used to construct an assessment indicator system framework for the comprehensive marine eco-environmental carrying capacity of a coastal area (Figure 4).



Based on the MECCCW framework, common indicators were first selected from the relevant literature [15,23,28] taking into account the factors of human activities and eco-environmental conditions that affected the MECC of coastal areas. Secondly, we identified the main eco-environmental issues in Sanya Bay according to relevant data collections carried out in recent years [45,61,62,63,64,65,66,67,68], including increased discharge of land-sourced pollutants, deterioration of sea water quality, partial degradation of coral reef ecosystems, and increasing likelihood of red tide risk. Thirdly, we integrated the information on the actual situation in Sanya Bay with the advisory opinions of local experts and the responsible authorities and then selected the most relevant assessment indicators to determine the preferred alternative for the establishment of an assessment indicator system from an eco-environmental perspective. The assessment indicator system (Table 1) included a total of three criteria and eight assessment indicators.



The ECC indicators were factors that were related to the status quo of the natural environment and the state of the environmental capacity (e.g., water quality). The ER indicators represented the state of the marine ecosystem and its ability to defend against interference (e.g., crucial habit area and distribution). The HA indicators were factors that were related to the eco-environmental issues arising from human exploitation activities (e.g., pollutant discharge) as well as the response of humans to adverse eco-environmental impacts (e.g., policy making). These indicators can be briefly described as follows: (1) the eutrophication index is an important assessment indicator that reflects the degree of water pollution [69], where the utilization ratio of environmental capacity refers to the ratio of pollutant emission to the environmental capacity in a certain area and reflects the environment’s ability to accept pollutants [70]; (2) the coverage rate of the coral reef habitat is the coral reef area as a percentage of the total area, where a larger coral reef area indicates better marine biodiversity and ecosystem protection [71], while the red tide assessment index is an important parameter that directly reflects the changes in the ecosystem structure and function [72]; (3) at present, pollution discharge into the ocean (mainly arising from land-sourced production, human life, and marine aquaculture) is one of the greatest environmental concerns in Sanya Bay [61,62,63], where the total amount of pollution discharge into the ocean and the marine aquaculture area directly reflects eco-environmental pressures acting on Sanya Bay; (4) pollution control investment is a proportion of GDP, and the disposal rate of urban sewage represents the ability of human societies to respond to and control pollution and to improve eco-environment conditions when faced with eco-environmental issues [15,21].




3.2. Calculation and Distribution of the Indicator Weight


After data collection, weights were attained using the regularization method and the entropy weight method (Table 1 and Figure 5).



The weighting results illustrate that (1) some of the indicators regarding coastal water quality (e.g., eutrophication index, total amount of river pollutants discharged into the ocean, and utilization ratio of the environmental capacity) had a great impact on the MECC, while the disposal rate of urban sewage had the smallest effect on the MECC; (2) the weight of the ECC with all of its associated assessment indicators and the weight of HA with most of its associated assessment indicators (except for “the disposal rate of urban sewage”) were both relatively higher than the ER. This indicated that either the EEC or the HA would have a greater effect on changes in the MECC state over the ER; (3) in terms of the HA criterion, “Pressure” had higher weight than “Response”. This indicated that the adverse impacts arising from human exploitation activities would have a greater effect on changes in the HA state than the related management actions.




3.3. Comprehensive Evaluation of MECC


Based on the results in Table 1, the simplified state space model was applied in Step III to comprehensively evaluate and analyze the annual MECC index for Sanya Bay from 2015 to 2020. The assessment results (Table 2 and Figure 6) showed that (1) in terms of the target layer, the state of the Sanya Bay MECC was at the load level and showed a tendency to weaken, showing fluctuationsbetween2015 and 2020. The highest value of the MECC annual index (0.615) appeared in 2017 (i.e., the state of the MECC was at its lowest level in 2017), whereas the lowest value (0.191) appeared in 2015 (i.e., the state of the MECC was at its highest level in 2015); (2) from the perspective of each criterion, HA, ER, and ECC were also at load level from 2015 to 2020. Moreover, both of the annual indexes of EEC and HA had relatively higher values compared to the annual index of ER during the evaluation period from 2015 to 2020and showed similar trends to those observed in the assessment results of the MECC for Sanya Bay.





4. Discussion


4.1. Results Analysis


The results indicated that the increasing amounts of pollutant discharge arising from human activities may lead to a higher eutrophication index and a lower utilization ratio for environmental capacity when management actions (i.e., response aspect) are insufficient for managing undesirable impacts (i.e., pressure aspect).This explains why both annual indexes of ECC and HA in Sanya Bay clearly showed upward tendencies and fluctuations (i.e., the ECC and HA states tended to be weakened) during the evaluation period (Figure 6).



In recent years, historical reclamation activities (the reclamation activities of Sanya Bay have been subjected to strict restrictions since 2017) and increasing pollutant discharge have resulted in the slight degradation of the coral reef ecosystem and the occasional appearance of red tides in Sanya Bay [62]. Nevertheless, the annual ER index was still the highest of the three criteria in the assessment indicator system; it also did not show an apparent changing trend over the evaluation period (Figure 6). The analytical results for ER imply that there is a marine ecosystem with inherently high quality in Sanya Bay, which might be attributable to adequate self-maintenance and self-regulation abilities.



As a result of increasing pollutant discharge from the Sanya River, as well as the continued expansion of marine aquaculture in Sanya Bay [61,62,63], it is evident that the state of the MECC showed a weakening tendency from 2016 to 2017 (Figure 6). However, these adverse environmental impacts were alleviated by the high ER level together with the control of marine aquaculture and the increasing level of corresponding management actions [67,68], which improved Sanya Bay’s MECC state from 2017 to 2018.



Unlike the increased intensity of human exploitation after 2018, efforts toward eco-environmental protection in Sanya Bay remained at the prior levels [62,65,67,68]. This once again resulted in a weakening tendency of the MECC state of Sanya Bay from 2018 to 2020 (i.e., an increase in the value of the annual MECC index, as shown in Figure 6) when the existing management actions had difficulty in moderating undesirable impacts resulting from new eco-environmental problems. Our results indicate that an effective and timely response (e.g., an increase in the disposal rate of urban sewage, pollution control investment as a proportion of the GDP, etc.) to critical eco-environmental issues is crucial for alleviating or avoiding pressures (i.e., adverse eco-environmental consequences) arising from human activities, thus improving the future state of the MECC.




4.2. Proposed Corresponding Coastal Managing Measures


The assessment results indicate that the coastal eco-environmental management and sustainable development in Sanya Bay could be improved by taking the following actions:



(1) Strengthen pollutant discharge management to improve eco-environmental quality. After 2018, pollutant discharge increased year by year [61,62,63]. In the future, the government should improve the pollutant discharge supervision system and institutions (e.g., promoting and ensuring the implementation of “Three Control Lines and Environmental Admission List” in Sanya City), enhance environmental protection awareness of commercial enterprises, strictly manage the source of pollutants discharged directly into the ocean (especially in the Sanya River), control the scale of marine aquaculture and coastal reclamation, ensure that pollution discharge meets the standards, and reduce pollution discharge as much as possible. Relevant departments should continue their supervision to avoid a sudden increase in pollution discharge in a given year.



(2) Increase investments in environmental protection and enhance the level of pollution treatment. In recent years (i.e., after 2018), Sanya City has been financially inclined towards environmental protection, and efforts toward eco-environmental protection (e.g., pollution control investment as a proportion of the GDP and the disposal rate of urban sewage) remained at prior levels [62,65,67,68]. The government should continue to invest in environmental protection by increasing investments in pollutant control to improve water quality in all four regional watersheds (especially in the Sanya River), increasing other related environmental protection projects (e.g., mangrove planting), improving environmental protection facilities, and strengthening the technological support to improve the remediation and removal of pollutants, to further promote sustainable development.



(3) Maintain ecological health and establish contingency plans to help develop coastal risk-based planning and management. Due to prior coastal reclamation projects before 2017 and the current increases in pollutant discharge, slight degradation of the coral reef ecosystem and occasional red tides have occurred in some areas of Sanya Bay [62]. A healthy ecosystem is a prerequisite for an adequate carrying capacity [8,9]. Therefore, it is necessary to rationally develop and utilize environmental resources to prevent damage to the health of the coastal ecosystem. In addition, coastal risks (e.g., typhoon, red tide risk, oil spill risk) are highly uncertain and have adverse effects on MECC. Thus, attention should be paid, and precaution should be taken to minimize the coastal risks and formulate contingency plans to reduce possible losses.




4.3. Providing a Practicable Approach for Integrated MECCA in Coastal Areas


Considering the distinctive regionality and ecosystem diversity of coastal areas [7,38,39], it is a challenge to assess the MECC. Although prior related studies provided various referential methods for MECCA [21,73,74], the rationality and practicality of their applications in coastal areas still need further exploration and improvement.



The PSR model and the DPSIR model provide a framework for supporting the establishment of an assessment indicator system [22,23,49,50,74,75], but they both have difficulties in finding the accurate causality between all of the indicators, thus negatively impacting the rationality and pertinence of selected assessment indicators [51,52]. Compared with the above two models, the MECCCW conceptual framework model further describes the correspondences between three elements of the MECC (i.e., environmental carrying capacity, ecological resilience, and human activities) and three elements of the PSR model (i.e., pressure, state, and response) [21]. Therefore, it can assist with providing more explicit thinking for classifying the assessment indicatorsand better supportting the establishment of an assessment indicator system for MECC in coastal areas.



Currently, most studies commonlyuse the min–max method to normalize the assessment indicator [21,22,23,30,60,71,73]. However, in the case study of Sanya Bay, it was found that this method was not suitable for normalizing the initial data with non-linear features. Hence, we used the regularization method to deal with this issue. Meanwhile, although the analytic hierarchy process, expert judgment, and PCA are often used in the process of determining an indicator weight [21,22,60,71], subjectivity (e.g., analytic hierarchy process) and vagueness (e.g., PCA) of the weighting results by using these methods still exist. In the case study of Sanya Bay and other related studies [23,73,74], it was found that the entropy weight method not only could improve the disadvantages of the above weighting methods thus achieving more objective and explicit results of weight distribution, but also intuitively revealed the effect level of each indicator and allowed identifying the predomint impact factor on MECC by calculating the variation coefficient (i.e., gj in the Formula (4)) and the indicator weght.



Compared with other analytical methods for MECCA that were used in similar applications [14,23,30,31,35], it was found that the simplified state space model not only overcame the difficulties in the determination of the MECC ideal index value, but also avoided problems usually encountered in the MECC evaluation process using other analytical methods, such as the simplification of the assessment indicator (e.g., when using the ecological footprint method), the output of relatively subjective or incomplete evaluation results (e.g., when using the index evaluation method), the difficulty in acquiring large amounts of initial data required for the complicated process of integrated MECCA (e.g., when using the system dynamics method and the fuzzy comprehensive assessment model), and the difficulty of determining the standard for each assessment indicator (e.g., when using the matter-element extension method).



As noted, we selected the MECCCW conceptual framework model, the regularization method, the entropy weight method, and the simplified state space model to constitute a set of potential methods and offered insights for further improving the approach for integrated MECCA in coastal areas. The results of this case study application of Sanya Bay also proved that the set of potential methods was practicable for the integrated assessment of MECC in coastal areas.





5. Conclusions


Currently, most related or similar MECCA are concerned with terrestrial environments, and thus there is a lack of systematic research and applications focused on the combination of integrated MECCA with a unified method to support sustainable coastal development [20,21,22,23,76]. Thus, there is a need for methods that can support an integrated MECCA approach, similar to the one presented in this study, to develop informed analyses.



Taking the coastal area of Sanya Bay, southern China, as an example application, this study applied a set of potential methods for integrated MECCA to support: (1) the establishment of an assessment indicator system, (2) data normalization and weight calculation, and (3) MECC evaluation and analysis. The results demonstrated that the MECC of Sanya Bay from 2015 to 2020 was at load capacity and that both HA and ECC were the predominant impact factors for the changes observed in the MECC in Sanya Bay. Furthermore, the results offer insights that can guide coastal management decision making.



The case study of the coastal area of Sanya Bay provided valuable new perspectives on the strengths and limitations of the potential methods for integrated MECCA. First, the MECCCW conceptual framework provides an effective approach to comprehensively consider potential MECC impact factors, but there is still a lack of systematic research on how to apply related methods (e.g., sensitivity analysis, linear regression in the SPSS analysis software) to analyze (or evaluate) the process of selecting assessment indicators [21,22,41,71].The current processes for selecting assessment indicators are mostly based on expert judgment of anthropogenic pressure and degradation history in a study area [21,22,71,73]. Therefore, it is important to explore accurate and unified analytical approaches to ensure that future efforts result in an assessment indicator system that is more scientific, reasonable, and pertinent. Second, a simplified state space model can effectively avoid difficulties when determining the standard value of MECC as an assessment indicator [22,60]. Nevertheless, there is currently no systematic research and unified standard for determining the confidence interval of the MECC index value in this model framework [21,22,60]. This results in more uncertain descriptions of the MECC state that may not be specific enough to precisely classify its grading standard (e.g., extremely good, good, general, poor, very poor, when using the matter-element extension method) [30,73], especially at a much larger scale (e.g., regional level) and with a more complex coastal area (e.g., a semi-enclosed bay with several coastal subunits). Hence, there is a need to combine the SSS model with other related methods to explore a coupled model and thus apply it to a more scientific analysis of the MECC.



In summary, this study provides a potential integrated MECCA approach that could be used in coastal areas as well as empirical references for ensuring a sustainable coastal development. However, it still has several limitations, such as, mainly, the lack of authoritative and unified indicator systems, as well as specific rating standards. Future studies should focus on improving a scientific assessment system for MECC in coastal areas.
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Figure 1. Location of the Sanya Bay. 
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Figure 2. Interactions between marine eco-environment conditions and human activities. Note that the human activities, pressure, state, and response portrayed in this figure are representative examples and thus are by no means exhaustive and definitive. 
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Figure 3. Simplified state space model for MECCA. For instance, S is one of the points on the curved surface, and the value of the vector OS is 1 (i.e., |OS| =1) in this model. 
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Figure 4. Framework of assessment indicator system for the comprehensive eco-environmental carrying capacity of a coastal area. This framework was constructed based on the MECCCW conceptual framework. 
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Figure 5. Differences in the weight proportion of each criterion and assessment indicator of the MECCA for Sanya Bay. (a) Weight proportion of ECC, ER, and HA; (b) weight proportion of adverse impacts (pressure) and corresponding management actions (response) in HA; (c) weight proportion of each assessment indicator in descending order. Here, the weight proportion is used to intuitively describe the importance of each criterion and assessment indicator in the changes of the MECC state. 
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Figure 6. Changing trends in the annual index values of ECC, ER, HA, and MECC in Sanya Bay from 2015 to 2020. The indexes include ECC index, ER index, HA index, and MECC index. 
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Table 1. Assessment indicator system of MECCA and its weight distribution for Sanya Bay.
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Target

Layer

	
Criterion Layer

	
Weight of Each Criterion

	
Indicator Layer

	
Weight of Assessment Indicator

	
Indicator Type






	
MECC

	
ECC

	
State

	
0.537

	
Eutrophication index

	
0.331

	
Negative




	
Utilization ratio of environmental capacity

	
0.206

	
Negative




	
ER

	
State

	
0.036

	
Coverage rate of coral reef habitat

	
0.006

	
Positive




	
Assessment index of red tide

	
0.030

	
Positive




	
HA

	
Pressure

	
0.272

	
Total amount of river pollutants discharged into the sea

	
0.237

	
Negative




	
Area of marine aquaculture

	
0.035

	
Negative




	
Response

	
0.155

	
Pollution control investment as a proportion of the GDP

	
0.150

	
Positive




	
Disposal rate of urban sewage

	
0.005

	
Positive








Note: ECC is environmental carrying capacity; ER is ecological resilience; HA is human activities; MECC is marine environmental carrying capacity; GDP is gross domestic product.
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Table 2. Temporal changes in the annual index values of ECC, ER, HA, and MECC forSanya Bay from 2015 to 2020.
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	Year
	Annual Index

Value of ECC
	Annual Index

Value of ER
	Annual Index

Value of HA
	Annual Index Value of MECC





	2015
	0.130
	0.060
	0.126
	0.191



	2016
	0.078
	0.089
	0.155
	0.195



	2017
	0.515
	0.088
	0.325
	0.615



	2018
	0.305
	0.086
	0.339
	0.464



	2019
	0.394
	0.089
	0.407
	0.573



	2020
	0.516
	0.102
	0.656
	0.584







Note: ECC is environmental carrying capacity; ER is ecological resilience; HA is human activities; MECC is marine eco-environmental carrying capacity.
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