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Abstract

:

Sustainable Development Goal (SDG) number 14 pertains to the preservation of sustainable marine ecosystems by establishing marine protected areas (MPAs). However, studies have reported massive damage to Indonesian marine ecosystems due to shipping pollution, anchors, and fishing nets. Thus, this study estimated the potential loss of ecosystem service value due to vessel activity expansion in the MPAs of Indonesia. This study was divided into three stages. The first stage is vessel activity expansion zone modeling based on kernel density. The second stage is marine ecosystem service value modeling through semantic harmonization, reclassification, and spatial harmonization. The last stage is the overlay of the vessel expansion zone model, marine ecosystem service value model, and the MPA of Indonesia. The results of this study indicate that the marine neritic zone of Indonesia has an ecosystem service value of USD 814.23 billion, of which USD 159.87 billion (19.63%) are in the MPA. However, the increase in vessel activity that occurred in 2013–2018 could potentially lead to the loss of the ecosystem service value of USD 27.63 billion in 14 protected areas. These results can assist policymakers in determining priority conservation areas based on the threat of vessel activity and value of ecosystem services.
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1. Introduction


A marine ecosystem is the central unit of ecological function in the marine environment [1]. Marine ecosystems play an important role in human well-being by providing social, economic, and environmental benefits to a growing population globally [2]. They store many ecosystem services, including provisioning services such as food, water, timber, and fiber; regulating services that affect climate, floods, disease, wastes, and water quality; cultural services that provide recreational, aesthetic, and spiritual benefits; and supporting services such as soil formation, photosynthesis, and nutrient cycling [3]. These ecosystem services are valuable for providing human benefits [4].



Ecosystem service value is the value or benefit received by the living from an ecosystem [2]. The assessment of ecosystem services is critical for formulating public policies for natural resource management and social policies [4,5,6] The greater the demand for sustainable development implementation, the greater the information needs of ecosystem service value for various policies and development planning [6,7,8,9].



Several studies have developed spatial models of ecosystem service values on land [7,10,11]. Tianhong et al. (2010) [7], Tolessa et al. (2017) [10], and Jiang et al. (2020) [11] have conducted research related to land use/land cover (LU/LC) dynamics to determine the impact of the value of changes in ecosystem services. A study by Tianhong et al. (2010) [7] identified a decrease of CNY 231.3 million from 1996 to 2004, which was mainly due to reduced forest area, wetlands, and water bodies in Shenshen City, China. A study conducted by Tolessa et al. (2017) [10] showed that changes in forest cover from 1973 to 2015 resulted in a loss in the value of ecosystem services by approximately USD 3.69 million. Further, Jiang et al. (2020) [11] showed that the total value of ecosystem services, including provision, regulation, habitat, and cultural services, increased from USD 1.77 trillion in 1990 to USD 1.81 trillion in 2015. Although many studies provide information regarding spatial modeling of ecosystem services on land, the spatial modeling of marine ecosystem service value remains limited. Notably, spatial modeling of the value of marine ecosystem services is needed, especially for marine spatial planning purposes [4,6,12].



Several studies state that the damage to marine ecosystems caused by climate change and anthropogenic activities is worsening, and is continuing to rise as an emerging concern [13,14,15,16,17]. Climate change and anthropogenic activities resulting in deforestation harm the long-term viability and distribution of mangroves globally [18,19,20,21]. Some studies also report that anthropogenic activities, such as land pollution and waste dumping, are significantly threatening seagrass ecosystems [22,23,24]. In addition, the ecological impacts of climate and chemical change on marine biodiversity are potentially severe and widespread on coral reefs [13,25]. Therefore, the existence of MPAs becomes increasingly essential.



Marine protected areas (MPAs) are one of the policy instruments to help ensure long-term conservation, maintain biodiversity and ecosystem services, and ensure the sustainable use of marine ecosystems for climate change [26,27,28,29,30]. The MPA is a tool for mitigating climate change, and currently, only 7% of MPAs are protected [31]. Meanwhile, based on the UN Convention on Biological Diversity, it proposes to protect at least 30% of the planet by 2030 [32]. SDG 14 is one of the solid reasons for coastal countries to establish MPAs. As an archipelagic nation, Indonesia has an MPA of 7.19% of its ocean [33]. The vast area of Indonesian marine ecosystems has resulted in the need for priority conservation, as well as effective and efficient monitoring [34,35]. The determination of priority areas for marine conservation should be supported by the existence of a spatial model of marine ecosystem service value [4,6,36].



Marine ecosystem pressures are not only caused by climate change, but are also likely to be exacerbated with the growth of the marine industry [26], as in the case of the Aru Islands, Indonesia, with an increasing number of companies and fishing fleet operations [37]. Additionally, the geographical position of Indonesia acts as the entry point for currents from the Pacific Ocean to the Indian Ocean, thus encouraging the massive exploitation of existing fishery resources [38]. Uncontrolled and destructive fishing has also damaged coral reef ecosystems [39], as in eastern Indonesia [40].



Activities from large container ships produce harmful pollutants that damage marine ecosystems [41,42,43]. The increased activity of ships in the water can encourage pollution in the marine environment, which can negatively impact ecosystems, habitats, and marine biota and decrease the quality of the coastal environment [44]. Ship traffic in water can also cause physical and mechanical damage to aquatic ecosystems due to the danger posed by the ship propellers [45]. Vessel navigation changes hydrodynamic forces, marine animals can be injured or killed by collisions with ships, fishing vessels deplete marine living resources, seabeds are damaged by dredging, and the ballast of the vessel sailing in the oceans can lead to the invasion of non-native species [46].



The current damage to global marine ecosystems is mainly triggered by vessel activity [47,48,49]. However, studies on the potential loss in ecosystem service value based on a spatial approach in MPAs are still limited. Thus, based on multi-source spatial data products, this study aimed to analyze the potential loss of marine ecosystem service value due to vessel activity in the MPA. This study conducted three primary analyses: vessel zone expansion modeling, marine ecosystem service value modeling, and marine ecosystem service value (MESV) potential loss in the MPA. The novelty of this research lies is the development of marine ecosystem service value and the estimation of its potential loss due to vessel activity in the MPA based on a geospatial approach. The results of this study will assist policymakers in determining priority areas for marine conservation based on the threat of vessel activity and value of ecosystem services.




2. Materials and Methods


2.1. Study Area


Indonesia is a mega-biodiversity archipelagic country with abundant coastal and marine biodiversity such as mangrove, seagrass, and coral reef ecosystems [50,51,52]. Indonesia’s mangrove and seagrass ecosystems account for 25% of the world’s forest area; thus, they significantly mitigate global climate change [53]. Mangrove ecosystems play an essential role in the sequestration of blue carbon, protecting against storms, and protecting marine habitats [54,55,56]. Seagrass ecosystems can also reduce climate change by sequestering carbon over a long period of time [57], providing food [58], and controlling erosion [59]. However, the marine ecosystem services found in Indonesian waters are inseparable from their anthropogenic use. Increasing anthropogenic and naturogenic factors threatens ecosystem sustainability [60,61]. The greater the pressure, the more likely the ecosystem will degrade, resulting in the ecosystem being unable to provide the same services as before [62]. In Indonesia, the provision of services, especially in seagrass [22,63,64] and mangrove ecosystems [65,66], is under immense pressure.



This study used five types of marine ecosystems: mangroves, seagrass, coral, coastal shelf, and intertidal. The study area was limited to the neritic zone of Indonesia as a physical boundary. In addition, the Indonesian Fisheries Management Zone (IFMZ) and the MPA were adopted as administrative boundaries. The IFMZ or WPP-RI is a fishery management area for fishing, fish cultivation, conservation, research, and fishery development, and includes inland and archipelagic waters, territorial seas, additional zones, and the exclusive economic zone of Indonesia [23]. Simultaneously, based on the WDPA data, the MPA of Indonesia is ~3.06%, or 181,865 km2 of the total marine and coastal area (5,947,954 km2) [67]. The research locations are shown in Figure 1.




2.2. Methodology


This research comprehensively covers three main aspects: vessel zone expansion modeling, marine ecosystem service value (MESV) modeling, and MESV potential loss in the MPAs. Figure 2 illustrates the research framework.



2.2.1. Vessels Expansion Zone (VEZ) Modeling


The vessel activity zone was processed using the VBD data [68] for the period from 2013 and 2018. The VBD data in raster format were converted into a vector data format to generate the distribution of vessel point locations in Indonesian waters. The vessel activity zone was created using the kernel density. The radius kernel density was determined based on the standard distance (Equation (1)). After obtaining the vessel activity map, we reduced the vessel activity zone in 2013 to that in 2018 to obtain the vessel expansion zone between 2013 and 2018.


  S D =      ∑    (  x i − X  )  2   N  +    ∑    (  y i − Y  )  2   N     



(1)







SD = standard distance



  x i   dan   y i   = coordinate of point i



 N  = number of data



 X  dan  Y  = mean center from the point i




2.2.2. Marine Ecosystem Service Value (MESV) Modeling


MESV modeling was developed using multi-source spatial data products, i.e., Global Mangrove Watch (GMW), Alen Coral Atlas (ACA), Murray Global Intertidal (MGI), and General Bathymetric Chart of the Oceans (GEBCO). The ecosystem service value for each ecosystem function and type was obtained from the existing literature (Table 1) [69,70]. In this study, the unit of ecosystem service value was converted from USD/ha/year to USD/km2/year to correlate this with the spatial resolution of the output model.



In the first step, semantic harmonization of the MESV was conducted to harmonize the ecosystem type in the ecosystem service value database with ecosystem type in the multi-source spatial data products. The semantically harmonized ecosystem service value was then reclassified to convert the ecosystem information into ecosystem service value.



The multi-source spatial data products used to develop the MESV have various spatial resolutions. Therefore, we conducted spatial harmonization by resampling each data product to 1 km2. Furthermore, spatial data integration was conducted by overlaying and adding up the ecosystem service value for each marine ecosystem to produce MESV with units of USD/km2.




2.2.3. MESV Potential Loss on Indonesian MPAs


Based on the existing literature, increased vessel activity negatively impacted the marine ecosystems. All vessel wave effects and their indirect effects led to changes in ecosystem services. This condition can also cause a loss of marine ecosystem existence [71]. Therefore, we considered a worst-case scenario by assuming that high vessel activity can cause the loss of all marine ecosystem services. The value of ecosystem services in the high-activity vessel area was 0. Technically, the potential loss of marine ecosystem service value due to vessel activity expansion in MPAs was conducted by overlaying spatial models of MESV, VEZ, and the Indonesian MPA. Further, the potential loss of MESV was estimated by identifying the total ecosystem service value in the MPA impacted by vessel activity expansion.





2.3. Data


This study explored various multi-source spatial products and protected area data to analyze the potential loss of ecosystem service value in the MPA. The specifications of the products are listed in Table 2.



2.3.1. Global Mangrove Watch (GMW)


The GMW is a global mangrove forest data product [72,73]. The GMW has a spatial resolution of 25 m with data available for 1996, 2007, 2008, 2009, 2010, 2015, 2016, 2017, 2018, 2019, and 2020. The GMW data product uses a methodology developed based on the ALOS PALSAR classification and Landsat sensor data, where mangroves are classified using the extremely randomized trees (ERTs) classifier. The overall accuracy for the mangrove area was 94.0%, with a 99% confidence level and the true value was between 93.6–94.5%, using 53,878 points of accuracy in 20 globally distributed areas [73].




2.3.2. Allen Coral Atlas (ACA)


The ACA mapped the shallow-water tropical coral reefs globally using temporal composite data from PlanetScope satellite images from 2018–2020 with a 5 m spatial resolution [74,75]. The image data were processed based on the Global Discovery and Conservation Science (GDCS) algorithm to generate reflectance data on the surface, below the surface, and benthic from the emission image of the planet. Corrections were applied to the planet data to support the UQ mapping (geomorphic zone and benthic composition) and the GDCS warning monitoring components, i.e., atmospheric correction, waterbody retrieval, sun glint removal, depth calculation, and bottom reflectance estimation [76].




2.3.3. Murray Global Intertidal (MGI)


The MGI contains a global map of the tidal ecosystem generated through the supervised classification of 707,528 Landsat images. The image set consisted of a time series of 11 global tidal flat maps at a resolution of 30 m, with data available from 1984 to 2017 [77]. Each pixel was classified as tidal flat, permanent water, or otherwise, with reference to a globally distributed training dataset. The classifications were applied along the global coastlines between 60° north and 60° south [77].




2.3.4. General Bathymetric Chart of the Oceans (GEBCO)


The GEBCO is a global model for oceans and lands that provides altitude data at 15 arcsecond intervals, available for 2019–2022. The GEBCO global elevation model is generated by the assimilation of heterogeneous data types, assuming that they all refer to the mean sea level. However, in some shallow-water areas, the grid includes data from sources with a vertical datum other than the mean sea level [78].




2.3.5. VIIRS Boat Detection (VBD)


The VBD data product was developed based on an automatic ship detection algorithm using the VIIRS Day/Night Band (DNB) sensor with a spatial resolution of 15 arcseconds and data availability period of 2013–2018. The output, including csv and kmz, lists the date, time, latitude, longitude, and DNB emissions. A validation study was performed using analysis vessel detection, yielding an accuracy of 99.3% for the reference pixel set [68].




2.3.6. World Database on Protected Areas (WDPA)


The WDPA is the most comprehensive global database of marine and land protected areas, and it consists of spatial and related attribute data [79]. Each protected area in it is represented as a polygon boundary, or if not available, as a point location. The WDPA is updated monthly and contains more than 200,000 polygons and 20,000 data points, representing nearly 15% of the terrestrial land and 7.5% of the global oceans [80].






3. Results


3.1. Marine Ecosystem Service Value Model in the Indonesian Neritic Zone


This study used marine ecosystems based on the pelagic zone, but is limited to the neritic zone. The pelagic neritic zone is separated from the oceanic pelagic zone by the edge of the continental shelf and generally extends to a depth of 200 m. Here, only the ecosystems located in neritic pelagic zones up to 200 m were used. The spatial model of the MESV in the neritic zone ranges from USD 222,200 to USD 55,817,021 (Figure 3). Based on Figure 3, the samples in Figure 3A–C are located in the Aru Islands, Nusa Tenggara Islands, and Southeast Sulawesi regions, respectively. Figure 3C shows that the Aru Islands are an area with high marine ecosystem service value in Indonesia.



The ecosystem service value for each ecosystem type was different for each IFMZ or WPP-RI (Figure 4). The MESV in Indonesia, which has the highest value, is a continental shelf ecosystem service with an estimated value of USD 422.68 billion. Comparatively, the lowest value of ecosystem services is for mangroves, with an estimated value of USD 4.45 billion. Overall, the estimated value of the marine ecosystem services of Indonesia, based on the five types of ecosystems is USD 814.23 billion. The highest marine ecosystem is in WPP-718, which is USD 207.21 billion. Contrastingly, the lowest marine ecosystem value was in WPP-717, which was USD 17.32 billion.




3.2. Vessel Expansion Zone Model in Indonesia


The vessel activity zone in Indonesian waters is based on the IFMZ or WPP-RI, where the ship activity zone was analyzed for 2013 and 2018 using the classification of low, medium, and high vessel activity (Figure 5). Figure 5A shows that in 2013, vessel activity was observed in almost every WPP-RI, except for WPP-715 and WPP-717. The highest vessel activity in Indonesia was in WPP-712 and WPP-711, which are areas with high transportation and fishing activities. WPP-712 has the highest ship activity, with low, medium, and high activity levels of 153,053 km2, 188,775 km2, and 50,183 km2, respectively. The lowest ship activity zone in the Indonesian Sea is WPP-573, covering 7563 km2.



In 2018, vessel activity was observed in almost every WPP-RI, except for WPP-717. The high vessel activity zones in 2018 included WPP-711, WPP-712, WPP-571, and WPP-718. Figure 5B shows that high vessel activity zones were found in WPP-712, WPP-711, WPP-571, and WPP-718. The highest vessel activity zone is in WPP-712, with areas of 101,140 km2, 160,772 km2, and 126,152 km2 in the high, medium, and low vessel activity zones, respectively. The lowest vessel activity was observed for WPP-715, which had a low activity level of 647 km. The vessel expansion zone between 2013 and 2018 in the WPP-RI is shown in Figure 6.



Figure 6 shows that almost every WPP-RI has increased vessel activity, except for WPP-572 and WPP-717. The high-level vessel activity expansion zones are observed in WPP-712, WPP-718, WPP-571, and WPP-711. In 2013 and 2018, the vessel activity zone in WPP-712 was consistently high due to the high intensity of fishing and port transportation [81]. In WPP-712, there was also an increase in the activity of the highest active ship, which was 50,957 km2.




3.3. Potential Loss of MESV Due to Vessel Activity Expansion


The MPAs of Indonesia have a marine ecosystem service of USD 159.87 billion or 19.63% of the marine ecosystem service in the Indonesian neritic zone. The detailed ecosystem service values for each MPA are provided in Table S1. Ship activity in protected areas is a threat to the ecosystems in the MPA. Generally, 23.87% of the MPAs in Indonesia is in the vessel activity zone, and 76.13% have no vessel activity. Additionally, only 1.94% of 23.87% in the MPAs in Indonesia is in the vessel expansion zone (Figure 7).



Figure 8 shows the distribution of 14 Indonesian MPAs potentially suffering MESV losses due to increasing vessel activity, and are identified in the vessel expansion zone with a total MESV potential loss of USD 27.63 billion. The Indonesian MPA includes: 1. KKPN Kepulauan Aru Bagian Tenggara; 2. KKPN Kepulauan Anambas; 3. KKPD Kepulauan Derawan; 4. Kabupaten Bintan; 5. Ujung Kulon National Park; 6. Tanjung Puting National Park; 7. KKPD Kabupaten Pangkajene Kepulauan; 8. Pulau Maratua-Karang Muaras; 9. Pulau Sangalaki; 10. KKPD Kabupaten Serdang Bedagai; 11. Baluran; 12. Pulau Semama; 13. Pulau Nusa; and 14. Karang Gading dan Langkat Timur Laut.



Table 3 shows the potential loss of marine ecosystem service values in the 14 protected areas. KKPN Kepulauan Aru Bagian Tenggara is an MPA with the highest potential loss of ecosystem service value, reaching USD 23.53 billion. Contrastingly, Pulau Nusa has the lowest potential loss of ecosystem service value with a total of USD 0.007 million.





4. Discussion


4.1. Vessel Activity Impacts on Indonesian Marine Ecosystems


Indonesian territorial waters have potential for fisheries, marine tourism, mining, and maritime industries [82], which leads to increased ship activity. The largest vessel activity was found in the WPP-RI 711 and WPP-RI 712 zones, and these zones are located between Kalimantan Island, Sumatra Island, and Java Island. This high activity occurs because Indonesia’s economic activities are centralized around Java Island [83]. Thus, many transportation ships and fishing vessels come in and out of Java. However, increased ship activity was also identified in WPP-718 and WPP-571. This suggests that the increased ship activity in other areas is caused by economic development, which elevates the need for human and freight transportation [84].



WPP-718 covers Aru waters, one of Indonesia’s leading destinations for catching shrimp and fish [37,85]. Currently, these waters are the main areas for demersal fishing in Indonesia and efforts to utilize fish resources in Aru waters are rising, as indicated by the increasing number of companies and fishing fleets operating in these waters [37,86]. Meanwhile, WPP-571 includes the Malacca Strait and Andaman Sea, which have demersal fish resources that may develop rapidly [85,87]. This increases both the area’s activity and number of fishing vessels [88]. Additionally, based on information from the KKP, many foreign vessels have been caught in WPP-571 [85].



Excessive fishing often occurs in areas with potential fisheries, which can be classified as illegal fishing because it only benefits fishermen and damages coral reef ecosystems [89,90]. Based on KKP data, the locations of illegal fishing captures were dominated by WPP-RI 711, with 163 vessels covering the waters of the Karimata Strait, Natuna Sea, and South China Sea [91]. WPP-RI 711 targets foreign fishermen to utilize fishery resources because it is directly adjacent to neighboring countries [92,93], and Bintan Island located in the Riau Islands is the gateway for international trade to Indonesia [94]. Thus, both reprehensive and preventive real solutions and initiatives that are supported by the government and community are needed to cope with the increasing activities that result in damage to marine ecosystems [89].



A total of 14 Indonesian MPAs can suffer losses due to increased ship activity (Table 3). The region of the Southeast Aru Islands KPPN is a protected area that could potentially experience the highest loss of ecosystem service value, which is USD 23.53 billion, and the magnitude of the potential loss is caused by the increasing number of companies and fishing fleets operating in these waters [37].



The increased ship activity at sea can increase marine pollution, which can originate from tankers and can also be generated by other types of ships, such as bulk carriers, container ships, or passenger ships [41]. Similarly, the discharge may be of several types, such as hydrocarbons, hazardous liquids, hazardous substances in bulk, solids/garbage, wastewater, or atmospheric emissions. The discharge of oil into the ocean threatens individual organisms, the surrounding resources, and entire ecosystems [41,95,96]. The increased ship activity results in ship waves, affects the physical, chemical, and biological structures, and causes indirect and tiered effects for the entire ecosystem. All of the demonstrated effects of ship waves and their indirect effects lead to changes in ecosystem services [71]. The number of negative impacts caused by increased ship activity dramatically affects the damage to the marine ecosystem; therefore, marine ecosystem services can potentially suffer losses.




4.2. Current Status of Threatened MPAs Based on Fauzi et al., 2021 [23]


Based on the analysis of the potential loss of ecosystem service value with a spatial model of fishing potential and ship activity in coastal ecosystems [23], it is stated that a high level of blue carbon risk and excessive exploitation of natural resources, especially in coastal nature reserves, can disrupt the original ecosystem service structure [97,98,99]. The Southeast Aru Islands KKPN and Serdang Bedagai Regency KKPN have over-exploitation and high-risk blue carbon status (Table 4), which implies that they have the potential to lose marine ecosystem service value. The Southeast Aru Islands KKPN has an ineffective conservation area management status, which is dangerous for marine ecosystems on the islands [100]. The over-exploitation of three protected areas and medium to high-risk blue carbon status, i.e., Southeast Aru Islands KKPN, Tanjung Puting National Park, and Serdang Bedagai Regency KKPD, need to be prioritized as conservation areas to prevent the loss of marine ecosystem services. Increasing conservation areas can maintain biodiversity sustainability and the value of ecosystem services [101,102]. Simultaneously, the 11 protected areas with dominant status under exploitation and sustainable blue carbon require more effective marine area management decisions, so that ship activities can be limited to reduce the risk of damage to ecosystem services and biodiversity [46].



The protected area status is divided into six areas, as follows [23]:




	
Over-exploitation and high blue carbon risk: These sites are overexploited and cause significant levels of harm to the blue carbon ecosystem because they have low to moderate levels of fisheries potential, but high levels of ship activity.



	
Over-exploitation and medium blue carbon risk: These sites are overexploited and have moderate levels of harm to the blue carbon ecosystem because they have poor fisheries potential, but moderate levels of ship activity.



	
Low productivity and low blue carbon risk: These regions have low levels of ship activity and fisheries potential, which results in low levels of fishery production yields and low levels of blue carbon ecological impacts.



	
Under-exploitation and low blue carbon risk: These areas are less utilized and cause lower levels of harm to the blue carbon ecosystem because they contain a modest level of fisheries potential, but less ship activity.



	
Under-exploitation and sustainable blue carbon: These places are less fished and the blue carbon ecosystem is more resilient since they contain a low to high level of fisheries potential, but little ship activity.



	
Sustainable blue carbon: The potential for fishing and the degree of ship activity in these areas are quite low. Consequently, the blue carbon ecosystems are largely preserved.









4.3. Limitations


From the perspective of the study area, the ecosystem service value model developed is limited to the neritic zone, and hence does not consider the value of deep-sea ecosystem services or the pelagic zone. Generally, each ecosystem has different functional values for assessing ecosystem services. However, there are significant gaps in the studies of the broad range of marine ecosystem services valuation [103,104,105,106]. Spatial modeling of marine ecosystem services value is still underutilized due to limited validation, calibration, and quantification as a result of technical problems. This includes limited existing knowledge regarding the value of marine ecosystem services, limited practical tools and technology to assess coastal and marine ecosystem services, limited spatial data on coastal and marine ecosystems, and limited existing literature [103,107,108].



Additionally, several spatial ecosystem datasets are generally available for a certain period (mono-temporal), some of which are acquired at different timescales, although in this study, it is assumed that they are in comparable periods. The availability of these data does not allow for the analysis of changes in the value of marine ecosystem services, as can be done for terrestrial ecosystems. In particular, the data period studied was used to identify ship activities and was limited to 2013 and 2018. The ship activity analysis was conducted in this study without further classifying the type of the concerned ship.



Based on the analysis of the potential loss in the value of ecosystem services, the concerned loss is only based on the threat of increasing ship activity. Simultaneously, there are various threats to marine ecosystems that can decrease the value of ecosystem services, such as climate change, oil pollution, aquaculture waste, construction, sedimentation, and fishing [109,110].




4.4. Future Possible Directions


The unavailability of the value of ecosystem functions can result in the non-accommodation of the value of services or benefits humans obtain for survival [12,111]. Therefore, further studies are expected to comprehensively develop the value of ecosystem services for all ecosystem functions based on environmental accounting as a basis for developing spatial models [22,52,112]. Additionally, further research can integrate big Earth observation data (BEOD), cloud computing (CC), and artificial intelligence (AI) into remote sensing for marine ecosystem mapping with high resolution and extensive area coverage. Therefore, changes in the value of marine ecosystem services can be continuously monitored [113,114]. Based on the results of this study, many protected areas have several ecosystems, making it possible to develop multi-ecosystem conservation strategies, especially in the seagrass and coral ecosystems found in the Southeast Aru region [115].



Research was conducted by Mahabror and Hidayat (2018) [116] on Radarsat-2 imagery to detect the distribution of illegal fishing and commercial vessels. From the perspective of threats due to ship activities, the results of the study by Hsu et al. (2019) [117] indicate that the ship extraction methodology for VIIRS satellite imagery can be further developed to obtain information on ship types. Furthermore, ship extraction can be performed using images from various types of satellites [118,119]. A study by Heiselberg (2019) [120] showed that 13 images with different times in Sentinel-2 imagery could be used to detect and obtain ship speed values. Additionally, ships can also be detected by calculating changes in air quality in an area, as in the study by Kim et al. (2020) [121], who analyzed the CO2 gas captured on the mid-infrared sensor of satellite imagery. This shows that there are still many alternatives for ship detection that can be re-explored to increase the accuracy and detail of information for more in-depth analysis.



From the perspective of ecosystem threats, further research can develop a multi-hazard marine ecosystem model [33,122] as a comprehensive threat map to map threats posed by anthropogenic and natural factors from the environment at the local to regional levels [109,123]. Many studies have reported successful experiments for exploiting a spatial data-driven approach for conservation issues [124,125,126]. Ecosystem service value and multi-threat models can then be integrated as the basis for developing a priority marine conservation area model [127]. Changes in the aquatic environment can increase the risk of storm surges, floods, delta subsidence, and geological hazards [128]. Therefore, it is necessary to develop a multi-hazard model for marine ecosystems. Disaster threat maps integrated with the value of ecosystem services can be used for environmental and natural resource management and spatial planning [12].





5. Conclusions


SDG 14, referring to life below water, encourages the establishment of MPAs to mitigate global climate change. However, much research has shown that ship activities cause damage to marine ecosystems. Thus, this study attempted to estimate the potential economic losses caused by the Indonesian MPAs due to the expansion of the ship activity zones. Based on these results, the sea around Indonesia has a potential ecosystem service value of USD 814.23 billion, of which 19.73% (USD 160.64 billion) is within an MPA, representing only 3.45% of the total territorial waters area of Indonesia. In terms of vessel activity, only 14 areas (5.15%) of the 272 MPAs in Indonesia were affected by increasing ship activity, with a potential loss of USD 27.63 billion (17.19% of the total ecosystem service value in MPAs). This potential loss indicates that several MPAs require additional attention to ensure the conservation and sustainability of the ecosystems. Thus, this study can be used as a reference for policymaking to determine conservation priority areas based on a spatial approach. Further, in this era of big geospatial data, multi-source spatial data can be intensively explored to develop a spatial decision support system for marine ecosystem management. We believe that effective conservation management strategies can be achieved by implementing spatial-based policymaking.
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Figure 1. Map presenting the Indonesian Fisheries Management Zone (IFMZ) and Indonesian marine protected areas (MPAs). 
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Figure 2. Schematic depicting the research framework developed in this study. 
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Figure 3. Map depicting the spatial model of marine ecosystem services value in the Indonesian neritic zone. (A) Aru Islands. (B) Nusa Tenggara Islands. (C) Southeast Sulawesi region. 
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Figure 4. Plot illustrating the marine ecosystem services value in the Indonesian neritic zone by Indonesian Fisheries Management Zone (IFMZ or WPP-RI). 
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Figure 5. Maps showing the vessel activity zone in the Indonesian Fisheries Management Zone (IFMZ or WPP-RI) in 2013 and 2018. (A) Vessel activity zone in 2013. (B) Vessel activity zone in 2018. 
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Figure 6. Map and plot depicting the vessel expansion zone in the Indonesian Fisheries Management Zone (IFMZ) between 2013 and 2018. 
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Figure 7. Pie chart illustrating the vessel expansion zone in the MPAs of Indonesia. 
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Figure 8. Map showing the vessel expansion zone in 14 Indonesian MPAs. 
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Table 1. Description of ecosystem service value for each ecosystem function and type.
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	No.
	Ecosystem
	Ecosystem Service Value USD/Ha/Year
	Reference





	1
	Coral
	352,249
	[69]



	2
	Seagrass
	28,916
	[69]



	3
	Mangrove
	193,843
	[69]



	4
	Continental Shelf
	2222
	[69]



	5
	Intertidal
	12,078.21
	[70]
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Table 2. Specification of data products used in this study.
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	No.
	Data Products
	Data Information
	Spatial Resolution
	Data Format
	Temporal

Range
	Reference





	1.
	Global Mangrove Watch (GMW)
	Mangroves
	25 m
	Raster
	1996, 2007–2010, 2015–2020
	UNEP WCMC



	2.
	Allen Coral Atlas (ACA)
	Coral Reefs and Seagrass
	5 m
	Raster
	2018–2020
	Arizona State University Center for Global Discovery and Conservation



	3.
	Murray Global Intertidal (MGI)
	Intertidal
	30 m
	Raster
	1984–2017
	USGS/NASA



	4.
	General Bathymetric Chart of the Oceans (GEBCO)
	Continental Shelf
	500 m
	Raster
	2019–2022
	UNESCO



	5.
	VIIRS Boat Detection (VBD)
	Vessels
	500 m
	Raster
	2013–2018
	NOAA



	6.
	World Database on Protected Areas (WDPA)
	Marine Protected Areas
	-
	Vector
	2017–2030
	UNEP WCMC
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Table 3. Potential loss of marine ecosystem service value due to vessel activity expansion in 14 Indonesian MPAs.
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	No.
	Protected Area
	Potential Loss of MESV

in Millions (USD)





	1
	KKPN Kepulauan Aru Bagian Tenggara
	23,525.729



	2
	KKPD Kepulauan Derawan
	3,388.245



	3
	KKPN Kepulauan Anambas
	333.773



	4
	Ujung Kulon National Park
	306.487



	5
	Kabupaten Bintan
	38.067



	6
	Tanjung Puting National Park
	25.992



	7
	KKPD Kabupaten Pangkajene Kepulauan
	8.233



	8
	Pulau Sangalaki
	1.459



	9
	Pulau Semama
	1.442



	10
	Pulau Maratua-Karang Muaras
	1.439



	11
	KKPD Kabupaten Serdang Bedagai
	0.347



	12
	Baluran
	0.313



	13
	Karang Gading dan Langkat Timur Laut
	0.043



	14
	Pulau Nusa
	0.007
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Table 4. Status of the 14 MPAs based on Fauzi et al., 2021 [23].
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	No.
	Protected Area
	Status





	1
	KKPN Kepulauan Aru Bagian Tenggara
	Over Exploitation and High-Risk Blue Carbon



	2
	KKPN Kepulauan Anambas
	Low Productivity and Low-Risk Blue Carbon



	3
	KKPD Kepulauan Derawan
	Under Exploitation and Sustainable Blue Carbon



	4
	Kabupaten Bintan
	Under Exploitation and Low-Risk Blue Carbon



	5
	Tanjung Puting National Park
	Over Exploitation and Medium Risk Blue Carbon



	6
	Ujung Kulon National Park
	Under Exploitation and Sustainable Blue Carbon



	7
	KKPD Kabupaten Pangkajene Kepulauan
	Under Exploitation and Sustainable Blue Carbon



	8
	Pulau Semama
	Under Exploitation and Sustainable Blue Carbon



	9
	Pulau Sangalaki
	Under Exploitation and Sustainable Blue Carbon



	10
	Pulau Maratua-Karang Muaras
	Under Exploitation and Sustainable Blue Carbon



	11
	KKPD Kabupaten Serdang Bedagai
	Over Exploitation and High-Risk Blue Carbon



	12
	Baluran
	Under Exploitation and Sustainable Blue Carbon



	13
	Karang Gading dan Langkat Timur Laut
	Sustainable Blue Carbon



	14
	Pulau Nusa
	Under Exploitation and Low-Risk Blue Carbon
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