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Abstract

:

Implementation of the UN Sustainable Development Goals requires countries to determine targets for the protection, conservation, or restoration of coastal ecosystems such as mangrove forests by 2030. Satellite remote sensing provides historical and current data on the distribution and dynamics of mangrove forests, essential baseline data that are needed to design suitable policy interventions. In this study, Landsat time series were used to map trends and dynamics of mangrove change over a time span of 30 years (1987–2017) in protected areas of Hainan Island (China). A support vector machine algorithm was combined with visual interpretation of imagery and result showed alternating periods of expansion and loss of mangrove forest at seven selected sites on Hainan Island. Over this period, there was a net decrease in mangrove area of 9.3%, with anthropic activities such as land conversion for aquaculture, wastewater disposal and discharge, and tourism development appearing to be the likely drivers of this decline in cover. Long-term studies examining trends in land use cover change coupled with assessments of drivers of loss or gain enable the development of evidence based on policy and legislation. This forms the basis of financing of natural reserves of management and institutional capacity building, and facilitates public awareness and participation, including co-management.
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1. Introduction


Mangrove forests are a diverse assemblage of trees and shrubs that occupy intertidal wetlands of tropical and subtropical regions of world [1]. The forests are ecologically and socio-economically important, and provide a wide range of supporting, provisioning, regulating, and cultural ecosystem services (e.g., shoreline stabilization, reduction of coastal erosion, storm protection, sediment and nutrient retention, water filtration, provision of medicinal plants and construction material, tourist attraction) [2,3,4,5,6,7,8]. In recent years, the role of mangrove forests in protection from natural disasters and carbon sequestration has being highlighted as an effective option for climate change adaptation and mitigation. At the same time, mangrove forests are vulnerable ecosystems, being under threat from both natural and anthropogenic forces [9,10,11], and efforts towards their conservation, protection, and sustainable management and restoration are central to the achievement of UN Sustainable Development Goals (SDGs) such as 14, 15, and 6.6 [12]. Access to up-to-date, complete, and accurate information regarding the spatial distribution and change dynamics of mangrove forests is essential for baseline and target setting of these SDGs, and for tracking the impact of actions implemented by governments at national or local levels to progress towards set targets.



Remote sensing is a widely used tool for the provision of spatio-temporal information regarding mangrove forest distribution, species differentiation, health status, and dynamic changes at landscape level [13,14,15]. Extensive prior research has documented the potential and limitations of using optical imagery (e.g., aerial photographs, high- and medium-resolution satellite images, hyperspectral data), and active synthetic aperture radar (SAR) data for mangrove studies [16,17,18,19,20], ranging from local to global scales [21,22]. Worth noting are 2000 global scale mangrove forest maps from Spalding et al. [23] and Giri et al. [1]; and the Global Database of Continuous Mangrove Forest for the 21st Century (CGMFC-21) produced with data from the years 2000–2012 [24]. These works have enhanced understanding of mangrove forest biodiversity and potential as carbon stocks, and are an aid to global policy- and decision-making for the management, conservation, and sustainable use of these ecosystems.



In China, mangrove forests dominate the southeast coast of China, across the provinces of Guangxi, Guangdong, Fujian, Hainan, and Taiwan. The spatial distribution of this ecosystem has been mapped at local and national scales [25,26,27,28,29,30,31,32,33,34] at specific points in time, hence unable to reflect change dynamics of the mangrove forests. Furthermore, these estimates vary depending on the scale of mapping (i.e., national or provincial scale).



Increasing fragmentation of mangrove forests along the coastline due to natural and human disturbances makes challenging to accurately map the distribution and dynamics of this ecosystem in places such as Hainan Island, the second largest island in China. The island has wide distribution of mangrove forests, and high species-richness; and despite government efforts for their conservation and protection, significant changes have occurred in recent years due to the impact of human activity and rapid economic development. Hence an approach enabling dynamic monitoring of mangroves’ distribution and state is essential to formulate effective ecological policies in Hainan. To this end, this research assesses the potential of applying a multitemporal mapping approach that combines support vector machine (SVM) technique and visual interpretation to generate mangrove forest maps over seven protected areas of Hainan Island at seven epochs between 1987 and 2017 (see Section 2.3). The performance of the methods was evaluated alongside ground survey data and other publicly available mangrove forest data. Moreover, the possible reasons causing mangrove forest changes were analyzed through coupling the results of the multitemporal classified Landsat imagery with a conceptual framework of pressure-state-response (PSR).




2. Materials and Methods


2.1. Study Area and Data Sets


2.1.1. Study Area


Mangroves on the island of Hainan are located mainly in the northeastern, southern, eastern, and western coastal areas, such as Haikou, Wenchang, Danzhou, Sanya, Lingao, Chengmai, and Dongfang. The forests are rich in plant species, including true and semi-mangrove species. There are 36 mangrove species on Hainan Island [35]. Since the 1980s, China has made rapid progress in mangrove conservation. Eight mangrove nature reserves located in Dongzhaigang, Qinglangang, Xinyinggang, Xinyingwan, Huachangwan, Dongfang, and Sanya, have been established, with a total protected area of more than 9600 ha. Seven of the eight declared mangrove reserves along Hainan’s coastal area were selected to conduct the study (Figure 1).



Among the selected nature reserves, Dongzhaigang National Mangrove Reserve (DNMR), listed as a Wetlands of International Importance (Ramsar Site 53), has the largest area of coastal tidal mangrove forests, and it presents the most continuous, best-preserved mature mangrove forest of China. Qinglangang Nature Mangrove Reserve (QNMR) was established as a provincial nature reserve, and consists of three sections located in different sites. Dongfang Nature Reserve was also declared as the provincial reserve, and the other four were delegated as local nature reserves. Table 1 presents the details of the selected reserves, including the year they were declared protected areas and the authorities responsible for their managements. These reserves, including a 2 km buffer zones were chosen as the study area. The boundaries of selected reserves were delineated referring to the previous studies [36,37,38], and the management agencies supplied the boundaries of DNMR and QNMR [39,40]. The buffer zones were delineated 2 km from the boundary of protected areas.




2.1.2. Data Sets


This research uses multitemporal series of Landsat images at 30 m spatial resolution, to monitor long-term (1987–2017) changes in mangrove forests. To this end 31 cloud-free Landsat images, including 21 Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETM+) images, and 9 Landsat Operational Land Imager (OLI) images (see Table S1) were downloaded from the United States Geological Survey (USGS) Center for Earth Resources Observation and Science website [41]. Most images were acquired at tidal heights of less than 2 m, when most of the mangrove forests are not inundated. Figure S1 shows the coverage of Landsat images for the study area.



Ground surveys were conducted on Hainan Island in November 2016, March 2017, and January 2018. Google Earth images were used to plan the field work that collected information on mangrove species, growth status, and the surrounding environments. A total of 386 ground observations were performed, with 152 points located in mangrove ecosystems and 234 points on other land cover types (built-up areas, cultivated land, other forests, aquaculture ponds, water body, bare land, and tidal sand flats) present within the selected study areas (Figure 2).





2.2. Understnading Mangrove Dynamics thorugh the PSR Framework


To understand dynamics of mangrove forest on protected areas of Hainan Island, a PRS (pressure-state-response) conceptual framework was proposed, exploring drivers of mangrove changes, associated pressures, and the consequences on the state of the ecosystem at the selected sites (Figure 3). In the conceptual framework, pressures that drove the mangrove changes include natural factors and human activities. Major categories include clearing for aquaculture, wastewater disposal and discharge, rapid tourism development, invasive species and diseases, and natural phenomena (e.g., sea-level rise, tropical storms, etc.). Prior research ascertains that as a transitional intertidal ecosystem, mangrove forests are particularly vulnerable to climate change stressors, such as sea-level rise [42] and drought [43], where changing environmental conditions push mangroves beyond species-specific thresholds of tolerance [44].



The pressures arising from human activities or natural phenomena impact on the state of mangroves through increases fragmentation, habitat loss, and/or degradation. Responses are identified from implementation of government policies, strengthening of the reserve management and public awareness raising on socio-economic significant of mangrove forests.



For example, the mangroves located in Qinglangang are the most diverse in China, while the Dongzhaigang’s mangrove are a well-known touristic attraction. An ecosystem health index (EHI) undertaken for Dongzhaigang Mangrove nature reserve [45], identifies pressures in the form of ongoing human activities (e.g., tourism, marine water pollution arising from state farms and domestic sewage, aquaculture farms; the overuse of groundwater supplies, and excessive harvesting of mangrove species of economic value), and consequences of past, such as former construction of dams. The project [45], with a focus on strengthening effectiveness in the management of mangroves, suggests responses to: reduce communities’ pressure and reliance on the natural capital of the reserve; promote sustainable harvesting, and; co-manage the reserve to develop alternative livelihood (e.g., ecotourism). In this regard, time series of satellite remote sensing data can provide insights to identify proxies of pressures, indicators of state and change of state, and through regular monitoring, the success of responses.




2.3. Remote Sensing Data Processing


Radiometric calibration and atmospheric corrections were performed on the Landsat images using the FLAASH module [46] within the Environment for Visualizing Images (ENVI) software (version 5.3, Boulder, CO, USA). Georeferenced Landsat OLI images from 2017 were used as master “spatial reference set” to rectify time series of Landsat for the years 1987, 1993, 1998, 2003, 2007, and 2013. Co-registered images had an average root mean square error (RMSE) of less than 0.5 pixel.



A SVM classification technique [47] was applied to separate mangrove from non-mangrove areas in the selected reserves, on the 2017 Landsat OLI images. This machine learning method locates an optimal hyperplane that maximizes the margin between two classes in high-dimensional space, and it has been successfully applied for classification of land covers from remotely sensing imagery [48,49,50]. This research applied a radial basis function (RBF), and set the penalty factor to 100, and the Gamma function to 0.022.



Visual inspection of the results was undertaken through a combination of field data and Google Earth images, and used to assess completeness and reliability of mangrove areas mapped by applying of the SVM classifier on the 2017 Landsat OLI images. In a subsequent step, mangrove and non-mangrove areas were screen digitized from historical Landsat images (1987, 1993, 1998, 2003, 2007, and 2013) using the 2017 Landsat OLI mapped mangrove areas as contextual reference base. The classified 2017 image was used as reference for digital visual interpretation of mangrove forests on images of preceding years. These results were trusted as accurate because field surveys were conducted contemporaneously with the 2017 image acquisition and used for validation of mapped mangrove areas (see Table 2). Previous studies have reported that visual interpretation as undertaken in the context of this research is not uncommon, and highlight its benefits [51,52].




2.4. Accuracy Assessment


Mangrove and non-mangrove land cover validation samples were generated for the seven mangrove forest reserves using the National Oceanic and Atmospheric Administration (NOAA) Biogeography Branch’s Sampling Design Tool for ArcGIS [53]. Considering the 30 m spatial resolution of the Landsat image, a circular buffer with a radius of 9 m (i.e., smaller than one pixel) was produced around each validation point sample, and a rectangular polygon was created based on the circular buffer using the ArcGIS software (version 10.0, Redlands, CA, USA). These polygons were classed as mangroves and non-mangroves by reference to Google Earth images and field survey data. Finally, these polygons were used to assess the accuracy of areas mapped as mangrove in the time series Landsat images. An error matrix providing overall accuracy (OA), user’s accuracy (UA), producer’s accuracy (PA), and Kappa coefficient was used produced to assess agreement between the ground-truth data (field survey and Google Earth images) and the classified images.



Furthermore, a search was conducted to identify and compile prior research that mapped mangroves at a point in time within the interval of 1987–2017 over the seven study sites. Six reports were identified that mapped mangrove areas in years 2015, 2013, 2010 and 2000 and used to assess the similarity in estimations of mangrove areas.





3. Results


3.1. Accuracy Assessment of Mangrove Areas


The accuracy of mangrove areas extracted from the 2017 Landsat images was assessed using a total of 650 check points (300 mangrove points, and 350 points corresponding to land cover types other than mangroves). These check points include ground observations and sampling points generated by Google Earth images. Table 2 summarizes the OA, UA, PA, and Kappa coefficient of the classification results for the 2017 Landsat images, indicating a 98% Kappa agreement.




3.2. The Distribution of Mangrove Areas on Selected Protected Areas of Hainan Island


The total area of mangrove forests at seven sites on Hainan Island was computed from the classified Landsat images from 1987 to 2017. Table 3 presents the average annual amount of mangrove forest mapped at each site from 1987 to 2017, and Figure 4 portrays the total annual extent (in hectares) of mangroves at an interval of six years. A decreasing trend in mangrove areas can be observed between 1987 and 2003, followed by a five-year plateau with an increasing trend in mangrove coverage between 2007 and 2013. A slightly negative trend is observed between 2013 and 2017.



Table 3 summarizes the total area (hectares) for each of the selected protected areas from 1987 to 2017, at a six-year interval. Dongzhaigang National Mangrove Reserve in Haikou, and Qinglangang Nature Mangrove Reserve in Wenchang (see Figure 1), account for more than 60% of the total mangrove forest cover on selected protected areas of Hainan Island, with the remaining five sites representing less than 40% of the total mangrove area. Figure 5 illustrates the annual variation in mangrove cover at the protected areas Hainan Island, as derived from the classification of the multitemporal Landsat images over 30 years, from 1987 to 2017.



Table 4 compares estimations of mangrove areas in the seven reserves by prior research with results from the time series Landsat analysis presented in Section 3.2. Comparisons are against annual closest annual estimations produced in this research. Mangrove forest map of China (MDFC) 2015 was compared again the 2017 estimations. Jia (2013) and Zhang (2013) compare with the results for 2013. Mangrove forest map of the world (WMF) 2000 and World Atlas of Mangroves (WAM10) 2000 compare with 2003 estimations, and Wu (2010) was compared against the 2007 results.





4. Discussion


4.1. Accuracy of Multitemporal Mangrove Dynamics Mapping


The multitemporal classification of Landsat images covering a time span of 30 periods offers a new insight into the dynamics of coastal mangrove change on nature reserves of Hainan Island. The support vector machine technique delivered accurate discrimination of mangrove areas (overall accuracy of 99%) that could be used with high confidence to undertake visual interpretation of historical images. Furthermore, comparison with prior estimations from independent research (Table 4) for the years 2015, 2013, 2010, and 2000 shows a good level agreement with estimations of year 2000 and 2010.



At the local level, for 2013 our study detected more forests in Dongzhaigang nature reserve than Zhang’s work (1673 ha), but less than Jia (1975 ha). Likewise, for the same reserve, the comparison of our results (year 2003) with estimations of year 2000, shows values similar to WMF (1666 versus 1629 ha). For the Qinglangang reserve, results are similar between year 2003 (1165 ha as shown in Table 3) and year 2000 mapped by the WAM 10 (1108 ha). The 2003 areas of mangrove forests in Xinyinggang, Xinyingwan, Huachangwan and Maoliaogang differed from the results of WMF and WAM 10 (see Table 3 and Table 4), though similar for the Dongfang Nature Reserve.




4.2. Trends in the Area of Mangrove Forest at Selected Sites on Hainan Island


The results (see Table 3) evidence an overall net decrease of 9.3% in mangrove forest (from 4716 to 4278 ha) over the 30 years of Landsat-based monitoring on the Hainan Island. The largest loss of mangrove forests occurred between 1998 and 2003, equating 88.2 ha y−1, followed by an annual average loss of 33.2 ha y−1 between 1993 and 1998, and 28.1 ha y−1 (1987–1993), and 15.3 ha y−1 between 2013 and 2017. The extent of mangrove forests remained stable between 2003 and 2007, with the highest annual increase rate (65.0 ha y−1) observed between 2007 and 2013.



Figure 6 shows the conversion between mangroves and other land cover types in Hainan protected areas from 1987 to 2017. During this period, mangrove forests were converted into other land cover types, including 1065 ha for aquaculture ponds, 7 ha for bare land, 46 ha for building-up areas, 42 ha for cultivated land, 158 ha for other forests, 31 ha for tidal sand flats, 153 ha for water body, and 79 ha for wetland. Likewise, land cover types, such as aquaculture ponds, cultivated land, other forests, tidal sand flats, water body, and wetland, etc., changed to mangrove forests. This indicates that mangrove forests on Hainan Island were transformed to other land use due to the impact of human activities, especially the excavation of aquaculture ponds. Furthermore, some mangrove areas experienced persistent environmental degradation, which caused changes to water bodies and tidal sand flats.



Figure 7 shows trends in the annual change in mangrove area from 1987 to 2017 at each of the seven reserve areas. The extent of mangrove areas at the Dongzhaigang reserve increased steadily over 26 years (1987–2013). This trend may be related to a positive impact on mangrove conservation and sustainable management underpinned from Hainan government strategies such as the 12th Five-Year National Development Plan (2011–2015); and from international aid funded programs for capacity building and co-management developed between 2007–2012 (e.g., AUSAID supported implementation of a project for capacity building on management and policy in Dongzhaigang, described in UNDP-GEF 2013). Actions to deploy the Five-Year-National Plan in Hainan consists of improving management effectiveness of the Dongzhaigang Nature Reserve, including development of institutional capacity, and plans to extend wetland protection and restoration through creating the Hainan Dongzhaigang National Wetland Park, Haikou Nandujiang Estuary Provincial Wetland Park and Haikou Baishuitang City-level Wetland Park. Our results (Figure 6) also evidence a renewed loss of mangrove areas between 2013 and 2017. The latter has also been reported in research of Sun et al. [55] and attributed to terrestrial sources of pollution, including heavy metals [56]. Other factors may have also contributed to the loss in mangrove area at this reserve. More to the point, a break-out of Sphaeromawalkeri in 2010 affected 5.39 ha [57,58,59], and July 2014 typhoon “Rammason” damaged the mangrove forests in Dongzhaigang and Qinglangang reserves [60,61,62].



Significant losses of mangrove habitat have occurred at Qinglangang reserve from 1987 to 2007, despite the area being declared a nature reserve in 1981 (Figure 5). A 2013 EHI study on Qinglangang reserve (UNDP-GEF, 2013) ascertains the site experiences intensive human-induced pressure from local communities due to rapidly increasing tourism, fishing activities. Our results appear to confirm the negative impacts of these pressures on the areal extent of mangroves at the reserve. The multitemporal analysis of the Landsat imageries also indicates the negative trend reversed between 2007 and 2013, followed a new wave of habitat loss between 2013 and 2017 (Figure 7).



The loss of mangrove forests in Xinyingwan reserve was most significant between 1998 and 2003, reaching 47.9 ha y−1. That trend began to reverse between 2003 and 2007 (no significant loss of mangrove forests was observed as shown in Figure 5 and Figure 7) with a positive increase over the period 2007–2017. Similar patterns of change can be observed in the Reserves of Xinyinggang and Huachangwan Reserves for 26 years; both locations exhibit a decreasing trend in mangrove coverage from 1987 to 2007 that reverses over the next five years (2007–2013), with a sustained increase between 2013 and 2017 only for the Xinyinggang reserve. The latter was created in 1986 (Figure 5) as a county level nature reserve with no baseline survey, and at 2012 it was lacking an official administration unit, and had only one permanent staff responsible for patrols (UNDP-GEF, 2013). Dongfang area was declared a nature reserve in 2006 and the multitemporal mapping of mangrove habitat (Table 3 and Figure 5) shows a small, though steady, increase in mangrove surface area since 2007. The Maniaogang area, declared a reserve in 1992, follows a similar dynamic of small and steady increase in mangrove areas since 1998. Large-scale direct destruction of mangrove forests has rarely occurred in the west coast of Hainan Island due to the declaration of the Nature Reserves [63].



Figure 5 and Figure 7 summarize the dynamics of mangrove change in seven reserves of Hainan Island and the temporal trends of habitat loss and recovery mapped thorough the use of 30 years of Landsat imagery adds strong evidence to the impacts of effective management on reserves once established.




4.3. Pressures and Responses to Mangrove Changes on Selected Protected Areas of Hainan Island


Natural and anthropogenic pressures (Figure 3 and Section 2.2) have caused changes of mangrove forests on the seven protected areas of Hainan Island mapped in this study. Triangulation of the dynamic mapping of mangrove trends over 30 years with peer-reviewed literature and grey reports using the PSR logical framework (Section 2.2) shows that main human activities are the main pressures effecting the state of the mangrove ecosystems on the selected protected areas of Hainan Island. The most significant anthropogenic process contributing to the loss of mangrove forests has been reclamation for aquaculture. Since 1992, a market-led economic policy of aquaculture development in coastal areas has been implemented, and such economic development has led to undesirables impacts on the health and areal coverage of mangroves and wetlands of protected areas of Hainan Island [64]. Figure 8 is an extract of a time series of Landsat imagery that shows the progressive clearing of mangrove forest for development of aquaculture. Such landscape transformations have been common between 1987 and 2017 in areas such Qinglangang, Xinyingang, and Huachangwan. Moreover, land use conversion has also affected the health of non-cleared mangrove areas through pollution associated with wastewater disposal and discharge, and garbage disposal (Figure 9).



The national and local government has strengthened the mangrove wetland protection and established the nature reserves of mangrove forests, and implemented the policy of returning the aquaculture ponds to mangrove wetlands; impacts of these responses are evident areas such as the Dongzhaigang reserve, where our research has mapped an increase in areal coverage of mangrove forest between 2003 and 2013. The effectiveness of policy instruments (such as declaring a reserve) varies. For examples Dongzhaigang site was declared a nature reserve in 1980 (see Table 1), and listed as Wetlands of International Importance. Actions from the local and national government (illustrated in Section 4.2) have focused heavily in the protection and management of the reserve, with a resulting positive trend of mangrove growth between 1987 and 2013. On the other hand, the same policy instrument (i.e., declaring the site as a reserve) appears not as effective in Qinglangang. Despite being a protected area since 1981, the mangrove area decreased from 1986 to 2007 due to development of aquaculture in the reserve, demonstrating the significant of enforcement of policy instruments, to ensure sustainable management. Since 2009, new strategies are in place to promote Hainan Island as an international touristic destination [65], and this has added significant pressures the conservations and sustainable management of the mangrove forest of Hainan. The over-developed tourism has increased environmental pressures of mangrove wetlands, and area of mangrove forest have decreased from 2013 to 2017 in some reserves, such as Dongzhaigang and Huachangwan reserves.




4.4. Options for Sustainable Mangroves Management on Hainan Island


Integrated, participatory land use planning and policy are key elements of successful protection and management of mangrove forests in Hainan Island. Moreover, government actions to improve the functioning of existing nature reserves through strengthening effectiveness in the management, improving monitoring and law enforcement can also advance the sustainable management of this ecosystem.



This study shows how multitemporal, remote-sensing-based monitoring of mangrove forest trends can add evidence of the impacts of human activities on this ecosystem. Likewise, linking our results with a PSR logical framework, confirm that the responses to governmental policies and public awareness have a great impact on the dynamics of change of this ecosystem. Pledges of the national government to protect the mangroves at Dongzhaigang reserve appears to have improved the state of the mangrove ecosystem. On the other hand, the Qinglangang mangrove areas lack this strong link with the national government since the declaration of the reserve only occurs at the local level, and Table 2 as well as Figure 6 evidence a dominant negative trend of mangrove growth in this reserve. Public awareness and support by the national government to the local communities appear important for strengthening the management of coastal resources.





5. Conclusions


Mangrove forests fulfil many important ecological and socio-economic functions. However, increased population pressure in coastal areas and a general lack of awareness of the range of ecosystem services that mangroves provide to local populations have led to changes in the cover and condition of mangrove forests in nature reserves of Hainan Island over time.



This study shows that time series of remote sensing images have potential for mapping trends and dynamics of mangrove forests, and to identify different pressures that drive changes in the state of this ecosystem. Landsat TM/OLI images obtained over a 30-year time span enabled accurate mapping of total area of mangrove forests from 1987 to 2017, at an interval of six-year. Trend analysis showed a net decrease of 9.3% of mangrove area between 1987 and 2017.



A PSR conceptual framework was coupled with the multitemporal, remote sensing-based mapping to explore the drivers of mangrove changes and showed the main pressure driving mangrove changes are anthropogenic (e.g., reclamation for aquaculture, wastewater disposal and discharge, tourism development etc.). These activities impact the state of mangroves (health and extent), as demonstrated by the statistics derived from satellite-based cartography of mangroves. Time series remote sensing data also enabled exploring the association between policy responses adopted in the area (by local and national government) and changes in mangrove state (e.g., increase in area). Our findings evidence the potential of satellite-based remote sensing technologies in support of the implementation of the 2030 Agenda for Sustainable Development through providing information for enhancing protection, conservation, and sustainable management coastal mangrove forests.
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Figure 1. Location of selected protected areas of Hainan Island. (Red lines are the boundaries of selected reserves; Green areas indicates the extent of mangrove forests in 2017). 
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Figure 2. Location of field survey points and photographs of some land cover types: (a) mangrove forest in Xinyinggang; (b) young seedlings in the cultivation of mangrove forests; (c) fishpond; (d) salt pan; (e) paddy field and salt marsh. 
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Figure 3. A conceptual framework of pressure-state response for mangrove forests on selected protected areas of Hainan Island. 
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Figure 4. Area change of mangroves on selected protected areas of Hainan Island between 1987 and 2017. 
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Figure 5. The changes in mangrove area at selected sites on Hainan Island derived from Landsat images from 1987 to 2017. 
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Figure 6. Conversion between mangroves and other land cover types in Hainan protected areas from 1987 to 2017. 
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Figure 7. The annual change in mangrove area on selected protected areas of Hainan Island over 30 years. 
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Figure 8. The changes of mangrove wetlands on Landsat images from 1987 to 2017. 
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Figure 9. The photographs of pollution and loss of mangrove wetlands on Hainan Island. (a) Garbage disposal; (b) Wastewater disposal; (c) Digging aquaculture ponds. 
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Table 1. The details of the selected reserves in this study.
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	Site
	Declared Year
	Declared Area (ha)
	Jurisdiction
	Number of Mangrove Species *





	Dongzhaigang
	1980
	3337
	International/National
	25



	Qinglangang
	1981
	2948
	Provincial
	35



	Xinyinggang
	1986
	350
	Local
	12



	Maniaogang
	1992
	696
	Local
	ND **



	Huachangwan
	1995
	150
	Local
	12



	Xinyingwan
	1992
	115
	Local
	16



	Dongfang
	2006
	1429
	Provincial
	ND







* Mangrove species includes true- and semi-mangrove species; ** ND indicates unknown number of mangrove species due to no survey data in the reserve.
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