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Introduction

In the future, China's mariculture must maintain its scale and improve quality. Crucial measures for achieving this goal are to optimize the layout of sea areas for aquaculture, strengthen the suitability assessment of marine aquaculture, and delineate suitable areas.





Methods

This study aims to scientifically identify marine aquaculture zones suitable for marine spatial planning by constructing a comprehensive suitability assessment system, incorporating both natural and social factors. The weights of the evaluation indicators were determined using the Analytic Hierarchy Process (AHP). Taking the Lianyungang sea area as a case study, GIS technology was employed to analyze marine aquaculture suitability based on the proposed index system.





Results

The results categorized the Lianyungang sea area into aquaculture zones with varying suitability levels: excellent, good, average, poor, and very poor. Based on these findings, the study further classified the area into three types of management zones: key, moderate, and limited mariculture zones.





Discussion

In order to provide better decision support services and take into account the matching with Marine spatial planning and double evaluation, it is necessary to classify the evaluation results to facilitate users to propose scientific and practical management measures in this paper. Based on the evaluation results of mariculture suitability in the research area, it is necessary to strengthen the protection and development of mariculture suitable areas by providing sufficient resources and maximizing development potential.
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1 Introduction

Marine aquaculture is a traditional maritime development and utilization activity with a significant role in ensuring the production and livelihood of fishermen and promoting the economic and social development of coastal areas. The Food and Agriculture Organization of the United Nations has released the 2024 edition of the “State of World Fisheries and Aquaculture” report, proposing that global fisheries and aquaculture production reached a new high, with the total global fisheries and aquaculture production has soared to 223.2 million tons in 2022. As the world’s largest marine aquaculture country, China plays a significant role in global seafood production, according to the statistics, the total amount of seawater aquaculture in China will exceed 36.6 million tons in 2024, with marine aquaculture as its main form of marine area utilization, accounting for 84% of all marine-use areas in China. While guaranteeing the supply of high-quality protein and reducing the intensity of fishing operations, it also involves spatial conflicts, environmental pollution, and ecological disturbances. In the future, China’s marine aquaculture must maintain its scale and improve quality (Zheng et al., 2023; Yu and Jiang, 2024). Crucial measures for achieving this goal are to optimize the layout of sea areas for aquaculture, strengthen the suitability assessment of marine aquaculture, and delineate suitable areas. These actions are important when guiding marine aquaculture activities, maximizing marine spatial patterns, protecting the marine environment, and ensuring sustainable use of marine resources.

Suitability assessment is a process that analyzes the appropriateness of a development or utilization method, and implements a grade evaluation (Jing et al., 2024). It has extensive applications, with the main fields including urban construction, agriculture, disaster prevention, nature reserves, and tourist area land use (Sathiyamurthi et al., 2024; Gao et al., 2024b; Ma et al., 2024; Sun and Shi, 2024; Yi et al., 2024), and has become an essential method in spatial planning research. The spatial suitability assessment proposed in this paper refers to the analysis of the degree of suitability of a certain type of development and utilization for a given space, based on spatial resource conditions and specific types of development and utilization. This involves defining clear levels and regional scopes (Qin et al., 2018). This method has been widely applied in areas such as land use (Yin et al., 2013; Xu et al., 2024; Fu et al., 2022; Li et al., 2023; Feng et al., 2022), agriculture (Luo, 2023; Rong and Li, 2023), and ecological protection (Han et al., 2023; Qu et al., 2023). However, its application in marine spaces, especially in mariculture spaces, is uncommon. Some scholars have applied spatial suitability assessment to divide different functional areas in marine space (Gao et al., 2023b; Li et al., 2022; Liu et al., 2022; Fei et al., 2023; Drackett et al., 2023) and island development (Gu et al., 2022). There are also scholars who conduct suitability evaluations on coastlines, clarifying the development and protection orientation and requirements for different types of coastlines (Yuan et al., 2021; Chen et al., 2023; Yuan et al., 2021). And other scholars have evaluated the suitability of marine spatial development from the perspective of ecosystem services (Ma et al., 2022; Xiang et al., 2018). Only a few scholars have researched the suitability evaluation of marine space for certain types of development and utilization activities, such as offshore wind power (Latinopoulos and Kechagia, 2015; Huang et al., 2022a; Vasileiou et al., 2017), sea sand mining (Cheng et al., 2024; Qin et al., 2022), water intake points (Zhang et al., 2023; Huang et al., 2022b), coastal bathing areas (Wu, 2023), and marine aquaculture (Beard et al., 2020; Suo et al., 2023; Li et al., 2024). Some scholars use bivariate copulas to evaluate the suitability of seawater aquaculture (Santjer et al., 2024), others assess site suitability and develop a spatial bioeconomic model (Thomas et al., 2019), they explored the method model for evaluating the suitability of mariculture. And these existing suitability evaluation mainly focused on the specific space such as coastal mudflats (Drackett et al., 2023), islands (Li et al., 2017; Gao et al., 2023a) and nearshore sea (Xu et al., 2016). Therefore, starting with the practical needs of optimizing and managing aquaculture sea areas in China, this paper uses GIS tools to establish a set of universally applicable evaluation indicators of mariculture suitability for studying the spatial distribution characteristics of mariculture suitability in this area, choosing the Lianyungang sea area as the research region. The important innovation points of the paper are to try to innovate the construction of index system of mariculture suitability assessment, taking into account both natural and social factors comprehensively. In this way, the appropriate area for mariculture can be selected to further assist the zoning and adjustment of marine spatial planning. And it supports the formulation of suitable mariculture area delineation schemes and provides technical support for spatial management policies in marine and fishery management. In addition, the amount of data involved in this paper is small and not suitable for objective weighting method, which is easy to cause weight instability. The influencing factors of mariculture involve the professional subject knowledge, and the influence degree of each factor is also professional. By using AHP to determine the weights of indicators, the experience knowledge of experts in the field of mariculture can be combined with their rational analysis, so as to minimize the uncertain factors in the analysis process and simplify the complex problems.




2 Materials and methods



2.1 Study area and data sources

Lianyungang (33°58′55″N - 35°08′30″N, 118°24′03″E - 119°54′51″E) lies on the west of the Yellow Sea and is located on the northeastern tip of Jiangsu Province, as shown in Figure 1. Lianyungang is known for its diversity of coastal zones, which extends over a total length of 195.93 km. Unique rocky and sandy shorelines are spread along its coastal region. It has 20 islands, among which the Lian Island is the largest island in the Jiangsu Province, covering an area of 6.07 km2. Lianyungang has a flat terrain and 17 seagoing rivers, including Guan River and Linhong River. It also has a great variety of ecosystems, such as estuary, nearshore, shallow sea, and intertidal ecosystems. Lianyungang has developed marine fisheries and is a typical bay-type area in the north of China. The coastal mudflat covers an area of nearly 20,000 km2. The offshore area of Lianyungang is the Haizhou Bay fishing grounds. Choosing the Lianyungang sea area as the research region can better represent the situation of mariculture in the north of China, which can provide better verification for the research results. At the same time, the data in the Lianyungang sea area is relatively detailed, which facilitates the selection of indicators for fishery suitability evaluation methods and minimizes the selection bias caused by data collection.




Figure 1 | Map of the study area.



(Censor Code: GS (2019) NO.1686 Produced from the Ministry of Natural Resources of the People’s Republic of China.)

Satellite remote sensing images, environmental monitoring data, and MODIS data with a spatial resolution of 250m were selected for the years 2023 from the study area. These dates were procured from NASA, the official website of the Ministry of Ecology and Environment, and the National Marine Data and Information Center. The study area evaluation unit was 250m×250m.




2.2 Research methods

The research steps in this paper were as follows: firstly, the index system of mariculture suitability assessment was constructed from two dimensions of nature and society, and the weight of each index was determined by AHP method. Secondly, the research area was divided into 250m×250m units, the index values of each unit were calculated and their standard scores were determined according the suitability assessment criteria of indicators. Thirdly, the mariculture suitability calculation results of each unit were obtained by weighting and summing the standard scores of each unit. Fourthly, the suitability calculation results are divided into five levels based on the natural breakpoint method. Finally, based on five levels results of suitability calculation, the research area were categorized as key, moderate, and limit mariculture zones.



2.2.1 Index system of mariculture suitability assessment

Lianyungang is rich in tidal flat resources and has good natural conditions for developing mariculture. Mariculture species include portunid, Chinese prawn, nori, oysters, mussels, scallops, perch and so on. The culture environment of these mariculture species mainly has higher requirements for seawater quality, water temperature, salinity, leaf green a and so on. Considering the key factors influencing mariculture suitability and mariculture species, the index system of mariculture suitability assessment (Table 1) was determined by considering two domains: natural aspects and social aspects. Specifically, three layers (target, control, variable) were included in the index system. The target layer was the mariculture suitability assessment index which was calculated by using Equation 9, and it evaluated the distribution of different levels of mariculture suitability in the study area. Hydrological and ecological factors were selected in the natural aspect, which included marine primary productivity index, seawater quality index, seawater eutrophication index, Chlorophyll a concentration, water depth, salinity, and temperature (Qiu et al., 2018; Zhang et al., 2024; Lin et al., 2014)). Among them, marine primary productivity index, seawater quality index, and seawater eutrophication index were composite indicators. The distance from coastline, distance from fishing port, and distance from town (Liu et al., 2021)were mainly selected for the social aspect from the economic cost point. In addition, considering the representativeness of indicators and data availability, this paper focused on the selection of indicators that reflected the natural state of marine space and the fishery activities. These indicators were obtained by combining previous research, consulting expert opinions and inquiring existing literature. These indicators can reflect independently or influence each other to determine their impact on mariculture activities, and constitute the attribute parameters that must be considered in the mariculture industry activities, such as water quality, chlorophyll concentration, water temperature, salinity, water depth, etc. There were other factors that can affect mariculture areas, such as the location of ecological protection areas, shipping channels, ship anchorage, special purpose areas, etc. However, these indicators mainly reflected the exclusivity of mariculture areas, and were not research priorities in this paper.


Table 1 | Index system of mariculture suitability assessment.






2.2.2 Calculation methods for comprehensive indexes



2.2.2.1 Marine primary productivity index

In this study, the chlorophyll assimilation index method was used to calculate the marine primary productivity (PP) (Cadee, 1975; Gao et al., 2024a). PP can be deduced as with Equations 1–3:

 

 

 

where   is the marine primary productivity of the study area (measured by CO2) (mg/(m2·d));   is the concentration of Chlorophyll a in seawater (mg/m3); Q is the assimilation coefficient (mgC·mg/(Chla·h)) and the empirical value is 3.7; D is the annual average light duration (h/d) and is calculated according to Table 2 (Liu et al., 2019).


Table 2 | Average light duration of per month.



(*By averaging the average light time data of each month, the average light time data of each quarter is obtained.)

The euphotic layer depth of the sea   can be deduced with Equation 4:

 




2.2.2.2 Seawater eutrophication index

To a certain extent, the seawater eutrophication index reflects information about marine environmental quality, and is widely used to evaluate seawater eutrophication status. It has been constantly redefined and developed in application. The eutrophication index (E) from the Bulletin of Marine Ecology and Environment Status of China released by the Ministry of Ecology and Environment was adopted in this paper. E can be deduced with Equation 5:

 

where,  ,   and   are respectively the concentrations of inorganic nitrogen, inorganic phosphorus, and chemical oxygen demand. Their unit are  .




2.2.2.3 Seawater quality index

The Nemerow comprehensive index method was used to measure regional seawater quality in this paper. This is the most common method for evaluating the comprehensive seawater pollution index. It is a weighted multi-factor environmental quality index that considers both the extreme value or the prominent maximum value. P can be deduced with Equation 6:

 

where,   is the seawater monitoring concentration of the ith item,   is the standard concentration of lever 2 seawater environmental quality of ith item. P ≤ 1 indicates that the comprehensive quality of seawater is up to standard. P>1 indicates that the comprehensive water quality of seawater exceeds the standard.





2.2.3 Index weight determination method: analytic hierarchy process

Analytic Hierarchy Process (AHP) analyzes the relationship between the basic elements in the evaluation system and establishes a systematic hierarchical recursive structure. When applying AHP to analyze a decision problem, the problem is first organized and hierarchized, and the decision problem is to build a recursive hierarchy model (Gao et al., 2022). Then all judgment matrices in each layer are constructed and the importance scale (e0/5- e8/5 exponential scale method) is used to define the judgment matrix A=(aij)n×n (Huang et al., 2022c), and judgment matrix A conducts the hierarchical single arrangement and consistency test:

 

 

Consistency testing is intended to determine the allowable range of inconsistencies for the judgement matrix. According to the maximum eigenvalue of judgement matrix A, the consistency index CI is obtained in Equation 7. RI is the average random consistency index (Table 3), a fixed order ‘n’ has a fixed RI value, and CR corresponds to the consistency ratio. Equation 8 is used to calculate CR. When CR<0.10, the consistency of judgment matrix A is accepted. Otherwise, the judgment matrix should be modified. Order represents the order of the matrix A.


Table 3 | Average random consistency index (Gao et al., 2022).



Finally, the overall hierarchical arrangement was obtained. The composite weight of each element in the last three levels of indicators to the target layer is   is obtained in Equation 9.

 




2.2.4 Suitability assessment criteria of indexes

In this paper, the measurement units and properties of each index were different in the assessment index system, so they cannot be directly compared and calculated. Therefore, the method of assigning points was used to reclassify the raster data of each index to obtain the standardized score value and its spatial distribution, in which 5 points was the most suitable and 1 point was the least suitable. Reference to the evaluation criteria proposed by relevant experts in the study of suitability evaluation of mariculture, the standard scores and thresholds of suitability assessment for indicators in this paper were established, as shown in Table 4. Marine primary productivity index was classified by the natural breakpoint method. Seawater eutrophication index referred to the eutrophication status rating in the Bulletin of Marine Ecology and Environment Status of China. Seawater quality index was intended to classify the pollution degree of sea area according to the corresponding relationship between the Nemerow comprehensive index and the standard grade of sea water quality (Shao et al., 2020; Zhang et al., 2019; Lei et al., 2014; Standardization Administration of the People’s Republic of China, 1997). Water depth, temperature, salinity, and chlorophyll a concentration referred to the preliminary research conclusions on the suitability conditions for mariculture proposed by several scholars (Shi et al, 2008; Fast and Pagen, 1974; Silva et al., 2011). The distances from coastline, fishing port, and from town referred to several scholars’ research (Zhang et al., 2024; Lin et al., 2014) on the comprehensive assessment of mariculture suitability.


Table 4 | Suitability assessment criteria of indexes.






2.2.5 Method of mariculture suitability assessment index

After determining the score value and weight of each index, the standard score values of each unit were weighted and summed by using Equation 10 to obtain the mariculture suitability assessment index (MSAI). This paper adopted the weighted summation model, and   can be deduced as:

 

where   is the weight of the ith indicator,   is the value of the ith indicator, and n is the number of evaluation indicators.






3 Results



3.1 Index weights

We invited 10 experts to score the index system, which included marine economy, marine spatial planning, and integrated marine management. According to the basic data and experts’ marking, the weights of indicators were determined based on the AHP. The calculation results are detailed in Tables 5, 6. After consistency test for the scores obtained by each expert, CI was all less than 0.1, indicating a good consistency.


Table 5 | The comprehensive weights obtained by 10 experts.




Table 6 | The weights of indexes.






3.2 Calculation result of natural indexes

The GIS tool was applied to perform a raster interpolation on data such as depth, temperature, salinity, and Chlorophyll a concentration to obtain the planar distribution results of various indicators, as shown in Figures 2A-D. These pictures showed the distribution of water depth, water temperature, salinity and Chlorophyll a concentration in the study area, and the data were all annual average data.




Figure 2 | (A) Water depth distribution profile (B) Temperature distribution profile (C) Salinity distribution profile (D) Chlorophyll a concentration distribution profile.



The water depth in the study area gradually deepens from the land to the open sea. Influenced by the land, the temperature and salinity of the water are inversely proportional to the depth, with higher temperatures and lower salinities near the land. The planar spatial distribution of depth, temperature, and salinity is detailed in Figures 2A–C. The Chlorophyll a concentration in the study area ranges between 1.75-17.28 μg/L. Overall, the Chlorophyll a concentration is higher near the coast, especially near the mouths of the Linhong and Guan Rivers, compared to the open sea. Other areas show limited spatial variation in Chlorophyll a concentration. The planar distribution of Chlorophyll a concentration is detailed in Figure 2D.

Using formulas (3), (5), and (6), the grid data for indices such as the marine primary productivity index, seawater eutrophication index, and seawater quality index were calculated, as shown in Figures 3A-C. The results indicate that the seawater quality index ranges from 0.5466-1.2011. From a spatial distribution perspective, the overall seawater values in the study area are at a generally clean level, with low values appearing around the Guan River estuary, mainly affected by land-based pollutant discharge into the sea. The eutrophication index ranges between 0 and 0.7498. According to the eutrophication classification evaluation standards, most of the sea areas did not exhibit eutrophication; only areas near Guannan County and Haizhou Bay showed mild eutrophication, with high values appearing in the Guan River estuary area. The primary productivity index ranges from 0 to 3560.6. The overall primary productivity level in the study area is good, with dominant areas primarily located in the southern part of Haizhou Bay and Lianyun District, as well as around the ancient Po Shanhou River. The data of seawater quality and seawater eutrophication were all from marine monitoring stations, and the grid data covering the whole study area can be obtained by using the differences of the measured data of each monitoring station.




Figure 3 | (A) Distribution profile of seawater quality index (B) Distribution profile of seawater eutrophication index (C) Distribution profile of marine primary productivity index.






3.3 The results of natural and social suitability assessment for mariculture

The grid data of each index is standardized according to the suitability assessment criteria of indexes. The grid calculation is performed by formula (10). The natural breakpoint method divides the suitability level into five levels. After reclassification, the results of the natural suitability assessment and social suitability assessment are obtained.

The results of the natural suitability assessment show (Figure 4) that the water temperature in the study area is very suitable for marine aquaculture. The Chlorophyll a concentration and primary productivity are higher in areas closer to the coastline, while the water quality in the sea is poorer, with these two driving factors constraining each other. Most of the study area is suitable for marine aquaculture, with highly suitable areas mainly concentrated in the central and eastern deep-sea regions. The coastal area near the Guan River estuary has become a concentrated area of low suitability due to reasons such as lower seawater quality and primary productivity. Overall, the suitability of the central and eastern sea areas in the study region is significantly higher than that of the western coastal areas.




Figure 4 | The results of natural suitability assessment.



Considering economic and convenience factors, the distance from offshore, port, and town directly affects the difficulty of developing marine aquaculture. Areas closer to the coastline have a higher level of infrastructure convenience, making them more suitable for mariculture. The results of the social suitability assessment show (Figure 5) that the degree of suitability is centered around ports, towns, and shorelines, distributed in concentric circles towards the eastern sea area, with highly adaptable areas mainly concentrated within a 10km range near the shore.




Figure 5 | The results of social suitability assessment.






3.4 The results of mariculture suitability assessment index

The mariculture suitability assessment index is calculated according to formula (10), and the suitability calculation results are divided into five levels based on the natural breakpoint method, reclassifying to generate the evaluation results of mariculture suitability. The spatial distribution of different suitability marine areas is shown in Figure 6. The results of the mariculture suitability assessment index indicate that the area of seawater with moderately high suitability is 3070.25 km2, accounting for 61.79% of the total area of the study region. Among them, the area of highly suitable mariculture is 902.97 km2, accounting for 18.17% of the total study area, mainly distributed in the coastal waters near Haizhou Bay and Lianyun District in the south. The area of relatively highly suitable mariculture is 1016.32 km2, accounting for 20.45% of the total study area, mainly distributed in the central part of Haizhou Bay. This area is mainly limited by distance, resulting in a decrease in suitability. The moderately suitable sea area covers 1150.96 km2, accounting for 23.16% of the total. The chlorophyll concentration and primary productivity in this sea area are slightly lower, and it is further away from urban areas. The combined effects of multiple factors reduced the suitability of marine aquaculture in this region.




Figure 6 | The results of mariculture suitability assessment index.



The areas of lower and low-suitability seas are 1501.64 km2 and 397.00 km2, accounting for 30.22% and 7.90% respectively. A portion of these is concentrated in the eastern offshore areas. The main reason for the low suitability is the distance from land, which results in lower primary productivity, affecting the efficiency of marine aquaculture. Another part is concentrated around the mouth of the Guan River, where water pollution reduced the suitability of this area.





4 Discussion

In order to provide better decision support services and take into account the matching with Marine spatial planning and double evaluation, it is necessary to classify the evaluation results to facilitate users to propose scientific and practical management measures. Based on the evaluation results of mariculture suitability in the research area, it is necessary to strengthen the protection and development of mariculture suitable areas by providing sufficient resources and maximizing development potential. Targeted ecological restoration and environmental improvement measures should be taken in areas where mariculture functions have degraded (Yang et al., 2023; Jin et al., 2023; Liu et al., 2021). This will maximize the restoration of ecological functions and resource conservation, thereby enhancing regional biodiversity and ensuring the safety baseline of resources (Wu et al., 2020). Based on varying degrees of suitability for marine aquaculture in different regions, the study area is divided into three types of mariculture management zones according to development strategies (Lv et al., 2023; An et al., 2022) (Figure 7). These are categorized as key, moderate, and limit mariculture zones.




Figure 7 | The results of suitability zoning for mariculture.



The key mariculture area, which refers to the space where the suitability evaluation results for marine farming are high or relatively high, is mainly distributed in the coastal waters of Haizhou Bay, covering an area of 1919.29 km2, accounting for 38.63% of the total study area. The key mariculture area is a crucial development zone for promoting marine farming and enhancing and stabilizing seafood production, having a significant supporting role in achieving food security goals. In key mariculture areas, it is necessary to optimize the layout and development of sea areas for mariculture, effectively ensuring the production and living needs of fishermen and the demand for sea areas in modern fishery development. Key mariculture areas are close to the shore and influenced by ecological protection areas, ports, and navigation channels. Some sea areas used for mariculture must be given up, and nearshore marine mariculture space has limited growth. Therefore, key mariculture areas should focus on improving marine mariculture technology and spatial utilization efficiency, properly manage mariculture wastewater, adopt overall guidance of ‘no increase or decrease, basically stable’, implement large-scale and three-dimensional mariculture, and promote the construction of a ‘blue granary’. The above management measures are conducive to improving the quality and output of mariculture products under the premise of limited space increment, which is in line with the location conditions and utilization status of key aquaculture areas.

The moderate mariculture area refers to the space where the suitability evaluation results for marine mariculture are moderately suitable, mainly distributed in the central sea area of Lianyungang, covering an area of 1150.96 km2, accounting for 23.16% of the total study area. The suitable mariculture area is the potential incremental space for seawater mariculture and is crucial for stabilizing or increasing the overall mariculture area. As offshore mariculture is far from suitable breeding areas and has fewer spatial conflicts, the primary goal should be to ensure the supply of seafood. We should extensively develop deep-sea mariculture, rely on intelligent and intensive large-scale mariculture facilities, promote factory farming, and construct marine ranches in deep waters and near distant shores. Marine ranching in the current international context is broadly divided into two categories. The first involves large-scale fishery resource enhancement through the construction of artificial reefs, represented by countries such as China, Japan, and South Korea. The second is primarily aimed at conservation of marine fishery resources and development of recreational fishing, represented by Europe and America. Considering the general conditions of water quality and primary productivity in moderate mariculture areas, it is recommended to prioritize the development of conservation-oriented marine ranches by preserving and appreciating ecological capital. Moderate development should also be considered for reproductive and recreational marine ranches. The above management measures help to increase the incremental space of mariculture and ensure the output of mariculture. At the same time, it plays a key role in the consolidation and promotion of Marine primary productivity.

The restricted mariculture area refers to the evaluation results of the suitability of sea areas for mariculture, which are low or relatively low. These areas are mainly located in the southern coastal waters of Lianyungang and eastern offshore waters, covering an area of 1898.64 km2, accounting for 38.21% of the total study area. The region is primarily constrained in terms of reducing the suitability for seawater mariculture due to factors such as port construction and terrestrial pollution entering the sea at river mouths. In restricted mariculture areas, the entry of mariculture activities should be restricted and enclosed mariculture should be reduced or withdrawn. It is also necessary to retreat from the shoreline and return to the beach and sea to strengthen restoration of coastal ecological and protection of biological resources, increase nearshore ecological space, and enhance conservation of regional fishery resources. The above management measures help coordinate the use of sea space for mariculture and other industries, promote the improvement of the coastal environment, and promote the sustainable development of the Marine ecological environment.

In addition, in order to further verify the rationality of the results in this paper, we compared the actual mariculture areas with suitability zoning for mariculture (Figure 8). The results show that the actual mariculture area is about 694.04km2, and the area of actual mariculture located in the key mariculture zone are 660.08km2, accounting for 95.1% of the actual mariculture area. It is further explained that the evaluation results in this paper are in line with the actual trend of marine aquaculture in Lianyungang. It also shows that the research results have a certain scientificity in practical application scenarios.




Figure 8 | Superimposed map of suitability zoning for mariculture and current situation of mariculture.



However, there are still certain limitations in the selection of indicators and data acquisition in this study. In terms of indicator selection, due to the complex seawater environment, the suitability evaluation of mariculture involves numerous factors, social indexes and suitability assessment criteria of indexes need further practice and improvement in the future. In terms of date, due to the limitations of existing environmental investigation and observation methods, the environmental parameters we have mastered are generally discontinuous in time and space. Therefore, it is necessary to use spatial interpolation to create thematic layers for most environmental parameters. The selection of different interpolation methods may lead to local differences in evaluation results. The production methods of thematic layers for different factors still need to be continuously explored and attempted.

In the future, follow-up research on suitability evaluation should focus more on the scientific nature of evaluation methods and the comprehensiveness of evaluation content. For the weight calculation in traditional evaluation methods, the importance level of influencing factors can also be simulated through growth models related to the breeding objects. Through the continuous improvement of GIS technology and the gradual deepening of understanding of aquaculture organisms and ecological environment, the functions of GIS technology in spatial decision support will be more fully utilized, and there will be better presentation in the evaluation of aquaculture suitability.




5 Conclusions

Marine aquaculture in China has gradually moved towards deep water, and its cultivation areas have slowly expanded. The impact of marine ecological and socio-economic conditions on marine aquaculture is becoming increasingly prominent. To effectively support the management and planning of marine aquaculture, this study establishes an index system to assess the suitability of marine aquaculture by including natural and social perspectives. It evaluates the suitability of marine aquaculture in the Lianyungang sea area, thereby establishing key, moderate, and restricted cultivation areas, and proposes requirements for controlling spatial use. There are two main innovations in this paper. (1) The index system of mariculture suitability assessment was innovatively constructed. In the construction of the index system, we added the influence of social location factors on the location selection of mariculture zones. In the construction of the index system, we added the influence of social location factors on the location selection of mariculture zones. In addition to considering the most basic natural environmental factors, we also increased the influence of social location such as distance from coastline, fishing port and town, so as to further evaluate the mariculture suitability of sea areas from the aspects of social economic pattern and cultural environmental conditions. The inclusion of social and human factors in the suitability evaluation can reflect the relevant trend covering the mariculture development space to a certain extent, and better planning of marine spatial zoning in the region. (2) In the evaluation method, we redesigned the assessment interval and assessment criteria according to the environmental characteristics and the specific performance of various influencing factors of the study area. The characterization scales and calculation methods of different influencing factors were specially treated, and different data processing modes were applied to the relevant monitoring data.

In the future, as Chinese people’s demand for aquatic products increases and restrictions on freshwater aquaculture and marine fishing intensify due to ecological protection, marine aquaculture will be more prominent in enriching food sources and ensuring continued access. Therefore, Lianyungang should use key and moderate mariculture areas to develop marine fisheries, focusing on three effective measures. (1) Stabilizing mariculture areas should be predicated on the existing spatial scale. The determination of this scale must consider factors such as increased production demand, the depletion of ecological resources, and the enhancement of efficient space utilization resulting from technological advancements. By employing scientific methods to determine the appropriate scale for mariculture, healthy mariculture areas can be stabilized, thereby fulfilling the ‘stable growth’ requirements of marine aquaculture products. (2) To optimize the layout of mariculture spaces, it is essential to rigorously control sea use methods and mariculture-related industrial measures. This involves gradually phasing out enclosed mariculture to minimize its negative impact on the marine environment. Concurrently, implementing ecological protection and restoration measures can further reduce mariculture-associated sea use, particularly issues stemming from enclosed mariculture such as spatial conflicts, environmental pollution, and ecological disturbances. (3) Use multiple forms and channels to expand suitable fishing space in deep water offshore, strengthen the security and intensive management of new business spaces such as marine ranches, and further optimize coastal spatial patterns and high-quality marine economic development. This study requires additional research on the approval of spatial zoning for mariculture suitability. It also must consider issues regarding coordination among stakeholders involved in existing regional marine activities, and exclude areas such as port use and ecological protection zones that cannot coexist with mariculture from key and moderate areas.
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