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Mangrove forests in the Gulf Cooperation Council (GCC) countries are facing multiple threats from natural and anthropogenic-driven land use change stressors, contributing to altered ecosystem conditions. Remote sensing tools can be used to monitor mangroves, measure mangrove forest-and-tree-level attributes and vegetation indices at different spatial and temporal scales that allow a detailed and comprehensive understanding of these important ecosystems. Using a systematic literature approach, we reviewed 58 remote sensing-based mangrove assessment articles published from 2010 through 2022. The main objectives of the study were to examine the extent of mangrove distribution and cover, and the remotely sensed data sources used to assess mangrove forest/tree attributes. The key importance of and threats to mangroves that were specific to the region were also examined. Mangrove distribution and cover were mainly estimated from satellite images (75.2%), using NDVI (Normalized Difference Vegetation Index) derived from Landsat (73.3%), IKONOS (15%), Sentinel (11.7%), WorldView (10%), QuickBird (8.3%), SPOT-5 (6.7%), MODIS (5%) and others (5%) such as PlanetScope. Remotely sensed data from aerial photographs/images (6.7%), LiDAR (Light Detection and Ranging) (5%) and UAV (Unmanned Aerial Vehicles)/Drones (3.3%) were the least used. Mangrove cover decreased in Saudi Arabia, Oman, Bahrain, and Kuwait between 1996 and 2020. However, mangrove cover increased appreciably in Qatar and remained relatively stable for the United Arab Emirates (UAE) over the same period, which was attributed to government conservation initiatives toward expanding mangrove afforestation and restoration through direct seeding and seedling planting. The reported country-level mangrove distribution and cover change results varied between studies due to the lack of a standardized methodology, differences in satellite imagery resolution and classification approaches used. There is a need for UAV-LiDAR ground truthing to validate country-and-local-level satellite data. Urban development-driven coastal land reclamation and pollution, climate change-driven temperature and sea level rise, drought and hypersalinity from extreme evaporation are serious threats to mangrove ecosystems. Thus, we encourage the prioritization of mangrove conservation and restoration schemes to support the achievement of related UN Sustainable Development Goals (13 climate action, 14 life below water, and 15 life on land) in the GCC countries.
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Highlights

	Few remote sensing studies have focused on mangrove forests in GCC countries.

	A survey of 58 studies found that mangrove forest parameters were mainly estimated from Landsat images (75.9%).

	LiDAR (5.2%) and UAV (3.4%) imagery were the least used compared to other high resolution satellite remote sensing data sources.

	Mangrove cover in GCC countries decreased, remained stable or increased from 1996 and 2020, attributed to reforestation and afforestation efforts.

	Visual digitization and interpretation (46.6%) and machine learning (25.9%) techniques were the most commonly used mangrove classification approaches.






1 Introduction

Global mangrove forests provide important ecosystem services that are critical for the environment and human well-being. These include climate regulation through carbon sequestration, water purification through filtering and pollutant retention, nutrient cycling, provision of livelihoods, soil erosion control, coastal protection, and habitat provision (Bunting et al., 2022; Hagger et al., 2022). Global mangroves are recognized as carbon-rich tropical ecosystems (Donato et al., 2011), estimated to mitigate more than 25.5 million carbon tonnes annually and supply 10% of the vital liquefied carbon in the world’s oceans (Khader, 2023). In general, healthy mangroves can store about 21 gigatons of carbon, the equivalent to three years of greenhouse gas (GHG) emissions from a nation like Australia, while restored degraded mangroves could lead to the sequestration of an additional 1.3 gigatons on a global scale (Spalding and Leal, 2021). Thus, mangrove ecosystems are now considered a high-priority conservation target for large scale international conservation initiatives such as the International Blue Carbon Initiative and the Global Mangrove Alliance. These ecosystems are increasingly incorporated into the Nationally Determined Contributions of countries to meet their pledges to the Paris Agreement of the United Nations Framework Convention on Climate Change (Friess et al., 2020).

Mangroves exist in complex social-ecological systems around the world, and local economic pressures and biophysical drivers impact the condition of these mangrove forests (Goldberg et al., 2020; Hagger et al., 2022). Mangroves are disappearing three to five times faster than other forests, which is resulting in severe ecological and socio-economic challenges (Friess et al., 2020). From 1996 to 2020, more than 5, 245 km2 (about 3.4%) of mangrove cover has been lost due to expansion of urban development, agriculture, and aquaculture in coastal environments (Bunting et al., 2022). Advances in remote sensing technologies have allowed us to quantify losses in mangrove cover due to anthropogenic stressors and characterize land use changes with high accuracy and precision (Goldberg et al., 2020; Bunting et al., 2022).

Mangroves in the Gulf Cooperation Council (GCC) countries are resilient evergreen forest ecosystems that are well adapted to the extreme environmental conditions of high temperatures and hypersalinity found in this region that make it hard for other forest ecosystems to thrive (Friis and Burt, 2020; Getzner and Islam, 2020). As a consequence of these environmental extremes, only two mangrove species - namely Avicennia marina and Rhizophora mucronata - commonly called gray and red mangrove, respectively, have been reported to flourish in the GCC countries (Almahasheer, 2018). They represent the dominant tree species resilient enough to grow and endure the extremely dry climates of the GCC countries, leading to the development of a unique vegetation habitat (Elsebaie et al., 2013; Almahasheer, 2018). Mangroves in the GCC countries tolerate temperatures of up to 47°C, water temperatures of up to 22-34°C, and water salinity of up to 44% (Elsebaie et al., 2013; Monsef et al., 2013). It was reported that A. marina grows naturally in all of the GCC countries, while R. mucronata was reported to grow over the Red Sea coast in Farasan Kabir and Kamaran Islands of Saudi Arabia (Kumar et al., 2010; Alwhibi, 2017). R. mucronata also grows in the waters of Ras Ghanada Island in the UAE, following a successful reintroduction effort by the Environment Agency-Abu Dhabi (Milani, 2018). In Qatar, mangrove height and tree density have been found to range between 0.6-6 meters and 1,000 to 2,600 trees/ha, respectively (Al-Khayat and Balakrishnan, 2014). Measurements obtained from the field and analyzes of leaves or sediments can complement remote sensing data in characterizing the status of mangrove communities within the GCC as shown by multiple studies (Al-Ali et al., 2015; Moore et al., 2015; Alwhibi, 2017).

Mangroves are the only naturally-occurring evergreen forest in the GCC countries and hold great importance because of the ecosystem services they provide (Friis and Burt, 2020). Mangroves in the GCC countries represent only a small fraction (0.11%, 147,359 km2) of the total global mangrove area in 2020 (Bunting et al., 2022). They are found along the coastal shorelines of the Red Sea, Arabian Sea, Arabian Gulf, and Gulf of Oman, and these areas are located in Saudi Arabia, UAE, Qatar, Oman, Bahrain, and Kuwait. Among these countries, Saudi Arabia and the UAE have the largest mangrove forest area, which in combination constitute more than 95% of the total mangrove cover in the GCC countries (Bunting et al., 2022).

The importance of mangrove ecosystems for climate change mitigation is well documented as they sequester carbon more efficiently than other terrestrial forest ecosystems and consequently are considered important long-term carbon sinks (Alongi, 2020; Al-Nadabi and Sulaiman, 2021; Abd El-Hamid et al., 2022a; Aljenaid et al., 2022). Mangroves represent one of the most important ‘blue carbon’ ecosystems in this arid region (Schile et al., 2017; Cusack et al., 2018; Bukoski et al., 2020; Macreadie et al., 2021) and at the global level for climate change mitigation and adaptation (Duarte et al., 2013; Alongi, 2020). The carbon sequestration potential of mangroves is of particular importance for many countries within the GCC countries, which include some of the highest per capita greenhouse gas emitters in the world. During 2019, carbon emissions in metric tons (tCO2e) per capita were very high for Qatar (32.47 tCO2e), Kuwait (22.02 tCO2e), Bahrain (20.26 tCO2e), Saudi Arabia (15.28 tCO2e), Oman (15.29 tCO2e), and UAE (19.33 tCO2e) (Climate Watch, 2022). This is tied to the socio-economic landscape of the GCC countries that has been progressively characterized by the development of the oil and gas industry and urban development at the detriment of mangrove conservation (Burt and Bartholomew, 2019; Vaughan et al., 2019).

Consequently, protection, conservation and restoration initiatives are of high interest for these countries as mangrove forests can be used to offset, for example, part of national oil and gas company emissions through carbon market mechanisms (Macreadie et al., 2021). Thus, progressive efforts have been made by the governments of Oman, United Arab Emirates (UAE), Qatar, Bahrain, and Saudi Arabia, especially post-2000 to expand and implement mangrove restoration and conservation programs (Milani, 2018). Most recently, the UAE through Abu Dhabi’s Environment Agency and Abu Dhabi National Oil Company (ADNOC) began plans to plant up to 10 million mangrove seedlings in Abu Dhabi by 2030 (ADNOC, 2023). However, long-term sustenance and adaptive management of these restoration initiatives is important to ensure climate-related outcomes are realized.

Despite ongoing restoration since the 1980s, and more extensively in recent years, A. marina along the Qatar coastline (at Simaisma, Al Thakhira, Al Khor, and Fuwairit) are threatened due to the escalating scale of coastal development and an expanding tourism industry (Al-Khayat and Balakrishnan, 2014; Burt et al., 2017). Environmental hazards are exacerbated by climate change, including, but not limited to, sea-level rise, recurrent hypoxia, a shortage of fresh water, extreme storm surges, increasing wave energy, drought, flooding, inundation and erosion (Lincoln et al., 2021; Melville-Rea et al., 2021; Lachkar et al., 2022). It is important to assess the potential impacts of these threats so that management efforts can be undertaken to adapt and minimize their impacts (Babu et al., 2012; Bahrawi and Elhag, 2016; Hereher, 2016; Hereher and Al-Awadhi, 2019). Thus, developing a conceptual understanding of the extent and the severity of the impacts of the direct and indirect threats that lead to loss of mangrove cover, is important to develop strategies and actions (Rittenhouse, 2017). Because this mangrove ecosystem is very unique, there is a need to characterize its current status and the additional biophysical and anthropogenic pressures it endures.

Efforts to map, monitor and model mangrove restoration opportunities using remote sensing techniques can greatly improve the success of restoration programs (Monsef et al., 2013). Previous studies in the GCC region have used remote sensing data to quantify mangrove distribution and cover, temporal gain or loss of cover, ecological state of mangrove ecosystems (Elsebaie et al., 2013; Alsumaiti et al., 2019; Butler et al., 2020; Butler et al., 2021; Aljenaid et al., 2022), and the influence of physical and chemical properties of seawater, soil and geomorphology on the site suitability for mangrove restoration projects (Elsebaie et al., 2013; Alsumaiti, 2017; Butler et al., 2020; Butler et al., 2021; Aljenaid et al., 2022).

The Global Mangrove Watch (GMW) provides useful baseline data around current mangrove extent within the GCC. During 2020, GMW detected mangrove cover within five of the six GCC countries, but mangroves were not detected in Kuwait (Figure 1). Between these countries, Saudi Arabia (77.1 km²) and the UAE (74.4 km²) account for the largest areas, while Qatar (4.5 km²), Bahrain (0.6 km²) and Oman (1.4 km²) have smaller mangrove areas (Bunting et al., 2022). Kuwait is the only country in the region that has no natural mangrove forest. Plantation establishment experiments have been undertaken in Kuwait since 1968 using A. marina and have reportedly been successful since 2001 (Milani, 2018), evidenced by a reported area of 0.58 km² of mangrove cover in 2017 (Almahasheer (2018). The discrepancy between mangrove cover in Kuwait, reported in various sources, is highlighted by (Guo et al., 2021) as their method provides results for 1990, 2000, 2010 and 2015 while FAO, GMW and WCMC (the Global Distribution of Mangroves study executed by USGS in 2011) do not.




Figure 1 | Location of mangrove forest and area determined by GMW 3.0. Green pixels represent gain in mangrove cover and yellow is used for loss in a comparison between 1996 and 2020. The cumulative change for Qatar, Oman and Bahrain is below 1 km2 while UAE and Saudi Arabia are over 10 km2. A. marina is present in all GCC countries while R. mucronata can only be found in Saudi Arabia and UAE.



Based on the data released by GMW (Bunting et al., 2022), Qatar is the only GCC country in which the mangrove forest extent increased between 1996 and 2020 (by 0.26 km²). For Bahrain and Oman, estimated losses were 0.04 km² and 0.24 km², respectively, over this time period. Area changes in Saudi Arabia and UAE were similar, with area peaking in 2008, declining until 2016, and then slightly increasing until 2020. Over the period from 1996 to 2020, there were losses in mangrove extent in Saudi Arabia and UAE of 23 km² and a near-negligible 1.38 km², respectively (Figure 1).

While remote sensing has been increasingly used as the primary data source for delineating mangrove distribution, cover and habitat in the GCC countries, there are often variations in characteristics of these data (e.g. spectral, spatial and temporal resolution) that can influence estimates. Thus, the importance of fieldwork that provides ground truth data to validate satellite data and the opportunity to consult local and community experts cannot be overlooked, particularly for local scale studies (Mateos-Molina et al., 2020). Importantly, studies that combine field and remote sensing data are important to accurately represent mangrove ecosystems and their dynamics (Howari et al., 2009), including, for example, the sensitivity of range limits to climate variability, deforestation or regeneration rates and assessments of biomass and carbon stocks (Ximenes et al., 2023). However, no study has reviewed remote sensing-based assessments of mangrove ecosystems for the entire GCC region, advantages and limitations of different remotely sensed data types, and the measured mangrove characteristics that are important for climate change mitigation.

In this study, we undertook a comprehensive analysis of the remote sensing-based mangrove studies published from 2010 to 2022 in the GCC countries. Our objectives were to 1) examine the temporal and spatial distribution of the reviewed articles, 2) the most widely estimated mangrove forest parameters, 3) the vegetation indices/metrics that are used to classify mangrove forests, and 4) the remote sensing data types and classification methods used to assess and characterize mangrove forests in the GCC countries. We discuss the mangrove conservation initiatives implemented in the GCC countries, and how the fusion of remote sensing data can be used to increase the feasibility and accuracy of mapping and monitoring mangroves with reasonable cost and agility. Because data from UAV-LiDAR are very useful for detailed small scale studies that require high accuracy and ground validation of satellite data, we further discuss the UAV-based rules and regulations for operation in each GCC country. Lastly, we also highlight how high resolution LiDAR, UAVs and Google Earth Engine (GEE) data can be used to improve mangrove conservation and restoration planning in the GCC countries and describe current trends and progress in this area.




2 Methods



2.1 Data collection

This systematic review included only peer-reviewed scientific research papers with focus on mangroves in the GCC countries. The Preferred Reporting Items for Systematic Reviews and Meta-analysis statement (PRISMA) (Moher et al., 2009) was adopted for this purpose. The systematic literature review process also followed the population, intervention, comparators, outcomes and study type/design (PICOS) (Badzmierowski et al., 2021). Our review process used three different databases: Google Scholar, Scopus, and Web of Science. The search expression and workflow are presented in Figure 2. We used a combination of Python-based automated literature review and manual review to identify as many relevant articles as possible. Initially, the SerpAPI Google Scholar API (https://serpapi.com/search?engine=google_scholar) in Python was utilized to perform the Google Scholar search. Using this method, we examined the first ten Google Scholar pages of 100 results per page giving a total of 1000 articles. We limited the search to the first 1000 articles in the Google Scholar search after a pre-test screening of the literature search results. This screening showed only five articles were included after reviewing 1000 articles, but none were retrieved through examining 500 more articles (Ewane et al., 2023a). Similarly, in the case of the manual literature review, we examined the first 1000 results in Google Scholar and all the obtained results for Scopus and Web of Science for the publication period from January 2010 through December 2022. Relevant articles were identified by reading the title, abstract, and methods section first and these articles were later verified by reading the entire paper.




Figure 2 | Workflow representing the systematic literature review process.



The primary list of returned articles - from the combination of automated and manual review - included 807 results, of which 79 were removed after filtering for duplicates. We also excluded non-English articles. Subsequently, we applied a secondary filtering phase, where we excluded multiple versions of blog posts and global articles that were not directly related to the GCC countries. We excluded gray literature from blogs, online newspaper articles, press releases, etc. We included published articles in journals and gray literature from conference proceedings, book chapters and institutional reports. The eligibility criteria for inclusion or exclusion of the searched articles is included under the search criteria in Figure 2. We continued with supplementary searches by identifying relevant articles in the reference list of included articles in a backward and forward snowballing approach (Badzmierowski et al., 2021). The final list included 58 peer-reviewed articles from different journals, conference proceedings, book chapters and institutional reports (Figure 2).




2.2 Data analysis

We extracted information on the country and location of the studies in the GCC region, the journal and year of publications, sensors/platforms, classification approaches, vegetation indices, and mangrove parameters estimated. We developed frequencies for the extracted data, analyzed and presented as maps, figures, and tables. We analyzed the remote sensing data used to derive the vegetation indices to estimate mangrove cover, distribution, and related mangrove forest characteristics to provide an understanding on spatiotemporal dynamics of mangrove ecosystems. We compiled the provided ecosystem services, threats, and ongoing mangrove conservation initiatives to guide future research endeavors and inform policy and practice on mangrove conservation in the region.

The final list of 58 included papers were published across 49 different journals, conference proceedings, book chapters and institutional reports. The five main journals where more than one article was published include Marine Pollution Bulletin (4), Environmental Monitoring and Assessment (3), Arabian Journal of Geosciences (3), Remote Sensing (MDPI) (2), and Journal of Ecosystem and Ecography (2). All the other journals and publication outlets published just one article (See Supplementary Table 1).





3 Results



3.1 Temporal and spatial distribution of the reviewed articles

A clear trend in the number of papers (remote sensing-based) published from 2010 to 2022 was not established. The number of papers published was highly variable over time, with publications peaking in 2022 (17.2%), followed by 2013/2020 (12.1%), and 2016/2021 (8.6%), as shown in Figure 3. The remote sensing-based mangrove papers varied in geographic scale of focus with some global (e.g., Bunting et al., 2022) and regional (e.g., Kumar, 2011) studies assessing mangroves in more than one GCC country. This increased the total number of times that a particular GCC country was mentioned in the 58 articles to 74 times. Most of the remote sensing-based papers focused on mangroves in Saudi Arabia (38.7%), followed by UAE (26.7%), Qatar (16%), Oman (8%), Bahrain (8%) and Kuwait (2.7%) as shown in Figure 4A. Figure 4B shows the proportion of studies we categorized as local, national, regional and global for each GCC country.




Figure 3 | Number (A) and percentage (B) of articles published over time (January 2010 to December 2022).






Figure 4 | Location and scale of the studies that illustrate (A) percentage of articles that mentioned each GCC country, and (B) number and scale of the articles that included each GCC country. Studies that included countries in multiple continents were considered global, the studies that included multiple neighboring countries were considered regional, and the studies covering more than 70% of a country’s shoreline were considered national. Regional and global studies were taken into account for each country included.



The spatial distribution of the study areas in each paper showed that some locations have multiple overlapping local studies (yellow polygons) while others were only included in the broader scale of national, regional or global studies (white polygons) (Figure 5). It was found that the 12 studies for Saudi Arabia include large extensions over the Red Sea but there are also five studies covering the mangroves over the Arabian Gulf in Al-Khair, Jubail and Tarut Bay. The UAE has ten overlapping local studies that include the mangroves near Abu Dhabi, while only one targeted the mangroves located toward the northern coast. Qatar has four studies and we categorize them as national and the other five studies are in the vicinity of AI-Dhakira, northwest near Khasooma and moving southeast near Hamad Container Terminal Port. For Oman, the studies were at the national level and included the shoreline over the Gulf of Oman and the Arabian Sea. In the case of Bahrain, the local studies overlapped over Muharraq Island and Tubli Bay while Kuwait was only included in the regional and global studies. Since the GMW is a global study and the spatial data is available to the general public, it can be used as a base for regional analysis. The mangrove cover for the GCC countries (excluding Kuwait) determined by Bunting et al. (2022) for the year 2020 is presented as a spatial reference in relation to the study areas.




Figure 5 | Study area extent for the reviewed papers in relation to the mangrove cover determined by GMW 3.0.






3.2 Measured mangrove characteristics and vegetation indices using remote sensing data

All the reviewed studies measured mangrove cover change (100%) and mangrove distribution mapping (100%) as the main mangrove characteristics using remote sensing data. Studies also included the estimation of mangrove health/greenness (41.4%), biomass (10.3%), height (8.6%), density (8.6%), carbon stock (8.6%), species type (5.2%), restoration assessment (5.2%), sensitivity mapping (5.2%), and chlorophyll content (1.7%). A total of 33.9% of the studies examined more than one parameter, that is, mangrove cover and one or more other mangrove-related parameters (Figure 6).




Figure 6 | Mangrove forest characteristics estimated using remote sensing data in relation to (A) number and (B) percentage of articles.



The main vegetation index used to classify mangrove forest/tree stands in the reviewed papers was the Normalized Difference Vegetation Index (NDVI) (24 papers, 41%). Some of the reviewed papers used the multi-indices method to detect and classify mangrove cover, distribution and health. Five of the reviewed remote sensing-based papers (8.6%) used NDVI in combination with other vegetation indices such as 1) Leaf Area Index (LAI) and Optimized Soil Adjusted Vegetation Index (OSAVI) to study mangrove health (Arshad et al., 2020); 2) Enhanced Vegetation Index (EVI), Modified Soil-Adjusted Vegetation Index (MSAVI) and Normalized Difference Moisture Index (NDMI) to study mangrove forest degradation and regeneration (Aljahdali et al., 2021); 3) Normalized Difference Built-up Index (NDBI) and Urban Thermal Field Variance Index (UTFVI) to study the effects of coastal development on mangrove ecosystems (Abd El-Hamid et al., 2022b); 4) Modified Normalized Difference Water Index (MNDWI), Normalized Difference Water Index (NDWI) and Ratio Index for Bright Soil (RIBS) for mangrove cover and distribution mapping (Hereher and Al-Awadhi, 2019); and 5) Submerged Mangrove Recognition Index (SMRI) to quantify mangrove changes during tidal inundation (Li et al., 2019) (Figure 7). A total of 34 (59%) out of the 58 reviewed papers did not explicitly indicate that NDVI or other vegetation indices were used for the detection and delineation of mangrove cover.




Figure 7 | Vegetation indices used for mangrove classifications in the reviewed remote sensing studies focused on GCC region (2010-2022) in relation to (A) number and (B) percentage of articles: NDVI, Normalized Difference Vegetation Index; SMRI, Submerged Mangrove Recognition Index; EVI, Enhanced Vegetation Index; MSAVI, Modified Soil-Adjusted Vegetation Index; NDMI, Normalized Difference Moisture Index; NDBI, Normalized Difference Built-up Index; UTFVI, Urban Thermal Field Variance Index; MNDWI, Modified Normalized Difference Water Index; NDWI, Normalized Difference Water Index; RIBS, Ratio Index for Bright Soil; LAI, Leaf Area Index; OSAVI, Optimized Soil Adjusted Vegetation Index.



The multi-indices approach to map mangrove cover change was important to overcome the challenge of detecting submerged mangroves and differentiating mangrove forests from water during tidal inundation. NDVI and SMRI values showed agreement for predicting mangrove cover and distribution and in the differentiating submerged mangroves from water in tidal flats during conditions of low and high tides (Li et al., 2019). In particular, the SMRI was reported as an effective indicator to detect submerged mangroves in both high and medium spatial resolution WorldView-2 and Landsat satellite images, respectively, over the western Arabian Gulf along the Saudi Arabian coastline. Thus, values of SMRI obtained from high resolution satellite imageries efficiently differentiates spectral signatures of mangrove forests under high and low tides with high accuracy (94%), and is usually preferred for mangrove cover classifications and distribution mapping during tidal inundation (Li et al., 2019; Xia et al., 2018; Xia et al., 2020).




3.3 Overview of remote sensing-based studies data sources

Remote sensing data derived from the instruments onboard Landsat satellites (multispectral scanner (MSS) thematic mapper (TM), enhanced thematic mapper plus (ETM+), operational land imager (OLI), and thermal infrared sensor (TIRS)) were the most widely used to map and monitor mangroves. These data featured in three-quarters (75.9%) of the reviewed papers that measured mangrove forest characteristics such as distribution and cover. This datasource was used solely or in combination with other satellite imageries from IKONOS (12.1%), Sentinel (8.6%), Worldview (8.6%), GeoEye (6.9%), SPOT-5 (6.9%), QuickBird (5.2%), MODIS (5.2%), SAR - JERS-1 SAR, ALOS PALSAR and ALOS-2 PALSAR-2 (3.4%) and IRISS LISS-3 (3.4%). Remote sensing data from Google Earth Pro imagery (10.3%), SRTM/ASTER - DEM imagery (13.8%), aerial photographs/imagery (6.9%), airborne terrestrial LIDAR (5.2%) and UAV imagery (3.4%) were also used. The satellite imageries from Pleiades-1A, PlanetScope, Mapper (ALTM) 3100 EA system, Earth Observing-1 (EO-1), DubaiSat-2 and AVHRR, and JAI AD-080GE multi-spectral 2-channel CCD scan camera imagery from close-range sensing of mangroves are also featured in some studies and presented as Others (12.1%) in Figure 8A.




Figure 8 | Remote sensing data types used in the reviewed papers as an overall percentage and for each year of the considered timeframe. (A) Remote sensing data type usage (percentage) between January 2010 and December 2022. Percentages do not sum to 100% as more than one remote sensing data source was used in a single reviewed article. (B) Percentage of remote sensing data type used for each year over the time period.



One third (27.9%) of the reviewed papers used data fusion methods, integrating one or two medium-resolution Landsat, Sentinel or SPOT-5 imageries and one or two high-resolution data from Worldview, Quick Bird, aerial photographs and LiDAR. Satellite imagery of various types were documented 82 times in the 58 remote sensing-based mangrove papers, accounting for over three-quarters (75.9%) of the data types. From 2019, high spatial resolution imageries from UAVs and LiDAR and medium to high-resolution remote sensing data from Sentinel, Worldview, Quickbird, PlanetScope, SAR (JERS-1 SAR, ALOS PALSAR and ALOS-2 PALSAR-2) were increasingly used in the remote sensing-based mangrove studies (Figure 8B).




3.4 Classification methods used to detect mangrove forests cover and their accuracies

The reviewed studies used a variety of classification approaches to detect mangrove forest cover and changes over time from the remote sensing imagery. These included manual identification of changes based on visual digitization and interpretation - onscreen vector-based digitization methods (27 studies, 46.6%), machine learning algorithms (15 studies, 25.9%), and statistical modeling techniques (2 studies, 3.4%). A total of 7 studies (12.1%) used supervised and unsupervised classification approaches while the remaining 7 studies (12.1%) did not provide any specific information on the classification approaches used (Figure 9A). The reviewed remote sensing studies mostly used ENVI, ArcGIS and ERDAS for image processing and segmentation. Google Earth Engine was less used, mainly for global and regional studies, using multi-temporal and multi-sensor satellite imageries.




Figure 9 | (A) Frequency of papers by mangrove classification methods, further broken down into those that included or did not have accuracy data, and (B) overall accuracy of the various machine learning algorithm (Classification method D) used in the studies.



Data on the accuracy of the classification methods used to detect mangrove cover and distribution in the GCC countries was provided only in 13 (22.4%) of the reviewed studies. The most common machine learning techniques (accuracy given in brackets) used in 9 reviewed studies to detect and classify mangrove forest cover and changes over time included: random forest (95%), super vector machine (96%), decision tree or classification and regression tree (CART) algorithm (>95%), iterative self-organizing data analysis technique algorithm (ISODATA) (80%) and maximum likelihood (91%). Others included the canonical correlation forest models (96.2%), kernel logistic regression (95%), eCognition with contextual editing (94%), fuzzy logic model (90%) and deep learning (Capsules-Unet) (86%). Minimum distance (77%), naive bayes tree model (75%), deep learning (U-net) (74%), eCognition no contextual editing (72%) and ENVI FX algorithm (52%) classifiers were less accurate (Figure 9B). The 4 reviewed studies that used visual digitisation and interpretation techniques also reported classification accuracies of greater than 90%. Overall, the classification accuracies and estimation of vegetation greenness and health, based on NDVI, was relatively invariant to the classification method and remote sensing data used.

The specific classification method and accuracies used in the detection of mangrove forest cover were described more in the reviewed studies that used machine learning algorithm techniques than those that used visual digitisation and interpretation and other classification techniques. Details of the classification methods and accuracies of the models used to predict key attributes are provided in Supplementary Tables 2, 3.





4 Discussion



4.1 Contribution of remote sensing studies

For mangrove studies based in GCC countries over the past 30 years, satellite remote sensing data sources were particularly useful in determining mangrove cover, distribution, density, tree height, biomass and carbon stock, and potential areas for future afforestation initiatives (Elsebaie et al., 2013; Monsef et al., 2013; Alwhibi, 2017; Blanco-Sacristán et al., 2022). The majority of the studies used medium-resolution Landsat imageries from MSS, TM, ETM, ETM+, OLI and TIRS instruments/sensors solely or in combination with high-resolution satellite data from WorldView, QuickBird, Sentinel, Ikonos and SPOT to study the spatiotemporal dynamics of mangrove cover and distribution in the GCC countries. Data fusion methods involving the combination and integration of satellite imageries, LiDAR, and UAV (for ground truthing) images provided significant progress in efficiently and accurately detecting and mapping mangrove habitat and their sensitivity to natural and anthropogenic stressors (Butler et al., 2020; Jiang et al., 2022).

Estimates of mangrove cover and distribution for the GCC countries showed an appreciable decrease in dense mangrove cover, particularly post-2007, except for Qatar and the UAE (Bunting et al., 2022). For example, Bahrain and Saudi Arabia lost about 25.9% (21 ha) and 30.6% (3,396 ha) of their natural mangrove cover from 2007 to 2020, respectively. Similarly, Oman lost 14.3% (24 ha) of natural mangroves from 1996 to 2020 (Bunting et al., 2022). This was mainly due to the growth of urban development activities related to coastal infrastructure and industrial expansion (Milani, 2018; Arshad et al., 2020; Aljenaid et al., 2022; AlQahtany et al., 2022), in addition to climate change impacts (Al-Naimi et al., 2016; Almahasheer, 2018; Blanco-Sacristán et al., 2022). However, some studies reported stable to slight increases in mangrove cover over the same period in the GCC countries (Almahasheer et al., 2016; Almahasheer, 2018; Milani, 2018). This was particularly evident by appreciable increases and relatively stable mangrove cover in the post-2000s in Qatar and UAE, respectively, where government efforts toward mangrove reforestation and afforestation projects had likely played a significant role in increasing mangrove cover post-2000. This is compared to pre-2000 records when most loss in mangrove extent generally occurred (Almahasheer et al., 2016; Alsumaiti, 2017; Almahasheer, 2018; Bunting et al., 2022).

The limitations of the remote sensing-based mangrove studies that were identified mainly focused on disparities in mangrove distribution and cover data within each GCC country. The observed disparity in the statistics in mangrove distribution and cover change (loss/decrease or gain/increase) was attributed to the differences in mapping methods, classification approaches, and spatial resolution of the satellite remotely sensed data used between different studies (See Supplementary Table 2). For example, the remote sensing method and data (JERS-1 SAR, ALOS PALSAR and ALOS-2 PALSAR-2) used in the GMW (Bunting et al., 2022) were different from most of the other studies, where Landsat and WorldView, QuickBird, Sentinel, Ikonos and SPOT satellite imageries were mainly used (See Supplementary Table 3). Guo et al. (2021) found that factors such as the spatial resolution of the remote sensing images, tidal inundation, and information extraction strategy can account for inconsistencies in mangrove cover estimates.

The classification methods used in the various remote sensing studies in the GCC countries vary widely - for instance, supervised/unsupervised, visual interpretation by experts and/or machine learning algorithms - and the scope of the studies can range from global to local. The scale of a study influences some of the decisions regarding sources of remote sensing data and the classification approach used. For example, the scope of the study, such as the question the mapping is intended to address, will also modify the type of data and classification approach used. As a result, studies could use high temporal resolution data to track dynamics, versus low temporal resolution data to quantify changes at specific time steps such as pre- and post-restoration. Global scale studies such as the World Atlas of Mangroves (WAM-1, WAM-2), the Global Distribution of Mangroves (GDM) and the GMW rely on the use of larger scale mostly lower temporal resolution remote sensing data. Local scale studies mostly used a combination of high and low temporal resolution remote sensing and field data, with less use of LiDAR and UAV data.




4.2 Major findings

Mangrove ecosystems in the GCC countries provide diverse ecosystem services that are of critical importance to the ecological, social and economic well-being of the region (Vaughan et al., 2019). However, the main mangrove ecosystem service that was reported to be directly measured using remote sensing data sources was carbon sequestration and storage (Al-Nadabi and Sulaiman, 2021; Abd El-Hamid et al., 2022a; Aljenaid et al., 2022). Globally, mangroves are recognized as an important asset for blue carbon sequestration (Friess et al., 2019), thus its conservation provides optimism for climate change mitigation and adaptation efforts (Friess et al., 2020). The reviewed studies did not explicitly use remote sensing data or technology to investigate other important benefits of mangrove ecosystems to the environment and society of the GCC countries.

Despite the well-known importance of mangroves in the GCC region, these highly complex, vulnerable and fragile forest ecosystems are facing a wide variety of threats, including stressors driven by climate change and anthropogenic land use change activities (Burt, 2014; Al-Naimi et al., 2016; Almahasheer, 2018; Blanco-Sacristán et al., 2022). Specific threats to mangrove ecosystems are important to understand and can be identified through the use of remotely sensed data. In particular, climate change-induced sea-level rise, erosion and flooding, changes in precipitation, increases in temperature and salinity, and decreases in dissolved oxygen in submerged mangrove aerial roots are expected to significantly increase mortality of mangrove trees in the GCC countries (Al-Khayat and Balakrishnan, 2014; Al-Naimi et al., 2016; Almahasheer, 2018; Samara et al., 2020; Blanco-Sacristán et al., 2022; Subraelu et al., 2022). Rapid urbanization, land reclamation and dredging operations for infrastructural and industrial development and sewage disposal constitute important threats to the sustainability of mangrove ecosystems (Al-Naimi et al., 2016; Almahasheer, 2018; Milani, 2018; Aljenaid et al., 2022; Blanco-Sacristán et al., 2022).

Increased timber exploitation, camel grazing associated with local livelihood sustenance activities, and unsustainable tourism development are also threatening the conditions of mangroves in the GCC countries (Kumar et al., 2010; Al-Ali et al., 2015; Alsumaiti, 2017; Alwhibi, 2017; Milani, 2018). A lack of awareness about the importance of mangroves among local people was reported to have negatively impacted the conservation of mangrove ecosystems in Saudi Arabia (Al-Ali et al., 2015; Alwhibi, 2017). However, anthropogenic pressures are not always considered entirely negative for mangrove ecosystem health. Evidence suggested that treated sewage could enhance mangrove growth due to its low salinity and high nutrient concentrations. Similarly, dredging of channels, particularly in lagoon areas characterized by hypersalinity/extreme temperatures, can result in increased mixing with less extreme coastal waters, enhancing mangrove growth (Burt et al., 2021).

Most of the reviewed studies used open source (free access) and time series Landsat imageries to map mangrove distribution and cover. The low spatial (30 m) and temporal (16 days) resolutions of Landsat imageries limited the ability to extract detailed tree- and forest-level characteristics, which are important for monitoring biomass and estimating carbon sequestration. Only a few of the reviewed studies used moderate to high spatial (10 m or less) and temporal (4 days or less) resolution remote sensing data to study mangrove ecosystems in the GCC region. High spatial resolution sensors offer the opportunity to obtain more detailed ecological information of forest ecosystems and are increasingly being used for monitoring mangroves although they can be costly (Goldblatt et al., 2017; Psomiadis et al., 2017; Xian et al., 2019).

Field-based measurements of mangrove forest characteristics are usually expensive, time-consuming and difficult to undertake due to the challenging physical conditions and remoteness of mangrove habitats. As an alternative to field-based assessments, LiDAR data were used in three of the reviewed studies to measure mangrove aboveground biomass (AGB) and tree height inventory in UAE (Alsumaiti et al., 2019), and for benthic habitat (including mangrove forests) mapping and benthic habitat sensitivity analysis of mangrove forests in Qatar (Butler et al., 2020). The inclusion of LiDAR data improved the accuracy and efficiency of mangrove detection when compared to pixel-based classifiers alone (Butler et al., 2021). A high-resolution centimeter-scale UAV-mounted MicaSense RedEdge-MX sensor was used for validating data from satellite imageries in Saudi Arabia (Jiang et al., 2022) and to obtain georeferenced photographs of mangroves for interpretation in UAE (Mateos-Molina et al., 2020). UAVs allow the collection of high-resolution, time series imagery over small spatial scales, with the advantages of lowering costs and the risks of human involvement, which can be considerable in mangrove ecosystems. Such UAV-derived high-resolution data improves the accuracy of mangrove forest classification and the estimation of tree-level growth characteristics, and early detection of any ecological changes (Meyer et al., 2019; Ewane et al., 2023b).




4.3 Integration of UAVs in mangrove forests monitoring and assessment

Satellite imagery has been the primary resource used to map mangrove forests in GCC countries. In contrast, UAVs are yet to be widely used due to issues related to accessibility, local laws and regulations, logistics, privacy and ethics in GCC countries. Despite the technical and logistic limitations associated with UAV-based endeavors, there is a potential for greater use of UAVs in forest resource management schemes, as the use of UAVs is becoming increasingly cost-competitive to bridge the data limitation gap between field measurements and satellite remote sensing (Ewane et al., 2023b). High-resolution UAV imagery provides detailed data with high accuracy that can be sufficient to validate satellite data. As UAVs can collect a wide array of useful data including LiDAR, multi and hyperspectral, infrared, accelerometers, pressure gauges and temperature sensors (Nitoslawski et al., 2021), they can be used for high-accuracy mangrove mapping and present opportunities for monitoring, evaluation, and reporting (Jiang et al., 2022).

UAVs have been used to monitor mangrove ecosystems and provide detailed tree-level information over small to large areas in a fast, repeatable, cost-effective, and accurate way (Ruwaimana et al., 2018; Castellanos-Galindo et al., 2019; Jones et al., 2020; Navarro et al., 2020). This highly detailed tree-level information of mangrove ecosystems can be integrated as a complementary data source to cover low data frequency gap from field surveys. UAV based imagery makes it possible to map mangrove cover with higher accuracy than satellite-based imagery since the latter has been found to overestimate mangrove cover in semi-arid dwarf mangroves in Mexico (Hsu et al., 2020). UAVs provide one of the best remote sensing options to rapidly acquire accurate monitoring data to evaluate progress and validate satellite data to support mangrove restoration and conservation initiatives for increased carbon sequestration.

UAVs offer the best option to monitor and assess mangrove ecosystems in GCC countries since mangrove extent are relatively small and are mostly discontinuous in their distribution. Because the operational costs of using UAVs reduces over time, its use becomes advantageous over satellite data and field surveys for long-term monitoring over small to large areas (Ewane et al., 2023b). Although the application of UAVs in mangrove monitoring and assessment is highly feasible in the GCC countries, their deployment does require in-depth knowledge of the regulations governing their use and required authorisations in the various GCC countries. In addition, the processing time for UAV imageries can be ten times greater than that of satellite images due to the larger data size of UAV images particularly when revisit times are very frequent (Ruwaimana et al., 2018).




4.4 UAV-based rules and regulations initiatives in the GCC countries

The rules and regulations for the use of UAVs are generally strict in the GCC countries, and differ in their requirements among the countries. In particular, the use of UAVs in most of the GCC countries (Bahrain, Oman, Saudi Arabia, Qatar and UAE) is subject to a prior acquisition of an authorization or permit. In Qatar, UAE and Oman, obtaining this permit can be quite challenging and time consuming (OZYRPAS, 2022; UAV Coach, 2023).

In the UAE, for instance, a two-step application process must be followed. Firstly, the operator (person or group) needs to register for, and obtain, a drone operator’s license which usually takes from one to three weeks. Secondly, an application for a permit to fly over a specific area is required in order to be able to capture images, and this permit is only valid for 14 days (General Civil Aviation Authority - GCAA of UAE, 2023). Even after gaining the permit, there may still be specific rules that surround the flight. These include awareness of safety measures such as - not flying UAVs in the vicinity of people, airports, or governmental facilities, - flying UAVs only in daylight and good weather - and limiting flight height to a maximum of 120 meters, among other practices (General Civil Aviation Authority - GCAA of UAE, 2023; UAV Systems International, 2023). These restrictions and time delays also apply for research-related flight permits.

Similarly in Bahrain, the UAV type needs to be specified based on its weight in order to register at Bahrain Civil Aviation Affairs (BCAA) where the submission should take place prior to its importation by the owner or the intended owner (Ministry of Transportation and Telecommunication, 2023). The user/owner may be requested to prove a certain level of skills and proficiency to the authority to fly UAVs.

In Saudi Arabia, the government has launched an awareness and outreach initiative to facilitate the registration and issuing of licenses to operate UAVs. The initiative will also promote the issuance of operating licenses to practitioners by the General Authority of Civil Aviation (GACA) as a fundamental prerequisite for their activities. This is part of the country’s efforts to develop a more efficient and organized drone operation in line with Saudi Arabia’s Vision 2030 (Drone Laws, 2022). The application and status tracking is fully online via the governmental website (https://eaviation.gaca.gov.sa/uas/login.xvw).

In Kuwait, the user only needs a permit if the UAV is being used for commercial purposes (Markert, 2020; UAV Systems International, 2023), and it must also have insurance and registration (Markert, 2020). Once the permit is obtained, there are restrictions regarding proximity to crowds or airports and only daylight flights are allowed (Markert, 2020; UAV Systems International, 2023).




4.5 Importance of mangroves

The reviewed studies implicitly and explicitly evaluated and documented five important mangrove ecosystem services, which included habitat for fish and fauna species, carbon storage and sequestration, coastal protection, provision of livelihood opportunities, and water purification and filtration closely related to nutrient cycling (Figure 10). Based on the reviewed remote sensing studies, mangroves in the GCC countries filter and trap sediments that further improve anchorage to their roots (Butler et al., 2020), and sequester and store high quantities of carbon in soil and trees (Alwhibi, 2017; Butler et al., 2020; Aljenaid et al., 2022; Blanco-Sacristán et al., 2022). They filter pollutants and purify water (Al-Naimi et al., 2016; Alwhibi, 2017; Alsumaiti et al., 2019), and help protect coastal shorelines from tsunamis, tropical cyclones, storm surges, erosion and flooding (Elmahdy and Mohamed, 2013; Al-Ali et al., 2015; Alwhibi, 2017; Milani, 2018; Subraelu et al., 2022). In addition, mangrove ecosystems provide habitats for diverse fisheries and fauna species (Alwhibi, 2017; Milani, 2018; Mateos-Molina et al., 2020; Elmahdy and Ali, 2022). Mangrove ecosystems are important recreation areas for tourists (Alsumaiti, 2017). Their leaves, stems and roots are important medicinal resources and fodder for domestic animals (Alwhibi, 2017). Lastly, mangrove trees also offer livelihood benefits to some communities such as seafood, fuelwood, timber and wood for housing materials (Al-Ali et al., 2015; Alsumaiti, 2017; Alwhibi, 2017).




Figure 10 | Important ecosystem services of mangroves in the GCC countries identified in the reviewed papers.



Mangrove carbon stocks and sequestration capacity was estimated using remote sensing data in previous studies. For example, an average above-ground carbon sequestration of 6.3 Mg C/m2 was estimated using NDVI derived from above ground biomass using Landsat OLI imagery. Higher above ground and below ground biomass and carbon stocks were reported in landward than seaward areas (Al-Nadabi and Sulaiman, 2021). Mangrove forests of about 328 ha and 48 ha were estimated to store up to 34,932 Mg C ha−1 and 5,112 Mg C ha−1 of carbon, respectively, in 1967 and 2020, with the decrease due to land reclamation associated with coastal development. This was estimated using multi-sensor high resolution satellite images from Worldview-3, Worldview-2, IKONOS, and QuickBird, coupled with true-color orthorectified aerial photographs, and GIS-based spatial analysis of mangroves in Bahrain from 1967 to 2020 (Aljenaid et al., 2022). Using the Carbon Sequestration Storage Model in the InVEST software program, above ground biomass estimated using NDVI from moderate resolution Landsat TM, ETM and OLI stored a total carbon stock of 3,772,968 Mg C along 13,500 km2 of the Jazan biome coastline in Saudi Arabia partly covered by mangroves in 2021 (Abd El-Hamid et al., 2022a).




4.6 Major threats to mangroves

Mangrove forest ecosystems in the GCC countries are concurrently stressed by the combination of five natural and anthropogenic threats/pressures, which include coastal industrial and infrastructural development, pollution, climate change, erosion and flooding, and unsustainable extraction of timber/wood (Figure 11). Mangrove loss associated with rapid urban development activities such as development of crude oil refinery and petroleum industries, road and housing, seaports and harbors infrastructures are by far the primary threats to mangrove forest ecosystems in all GCC countries (Al-Khayat and Balakrishnan, 2014; Arshad et al., 2020; Abd El-Hamid et al., 2022b). The loss in mangrove cover reduces its carbon stock and sequestration and storage capacity due to a reduction in above ground biomass and loss of sediments (Al-Nadabi and Sulaiman, 2021; Aljenaid et al., 2022; Abd El-Hamid et al., 2022a).




Figure 11 | Major threats to mangroves in the GCC countries identified in the reviewed papers.



Pollution due to oil spills from pipeline leakage and heavy metal are threatening mangrove ecosystem health and species survival in the GCC (Aljamali et al., 2014; Al-Khayat and Balakrishnan, 2014; Al-Ali et al., 2015; Warren et al., 2016). Mangrove ecosystems are also threatened by climate change-driven sea level rise and associated flash flooding and inundation risks and coastal shoreline erosion (Aljamali et al., 2014; Hereher, 2016; Alsumaiti, 2017; Subraelu et al., 2022). Sea-level rise driven flooding and inundation is expected to submerge and destroy mangrove trees and modify the supply of propagules as mangroves reach a maximum of 6 m tall (Al-Khayat and Balakrishnan, 2014; Al-Awadhi et al., 2020). Climate change driven rising temperatures and excessive evaporation causes droughts and hypersalinity in mangrove lagoons. Uncontrolled cattle grazing by camels and wood exploitation are also important threats to mangroves in Saudi Arabia (Alwhibi, 2017).




4.7 Some examples of hotspots of mangrove loss in the GCC countries

Spatial and temporal changes that characterize loss and gain in mangrove forest cover in the GCC countries are provided in Figure 1 and specific locations of high mangrove cover loss and gain are provided in Supplementary Tables 2, 3. In Bahrain hotspots of mangrove loss were detected mainly in Tubli bay in the northeast region at locations in Ras Tubli, Ras Sanad and Sitra Island, where mangrove cover decreased from 170.78 ha to 4.17 ha, 96.75 ha to 33.90 ha and 60.47 ha to 9.93 ha, respectively, from 1967 to 2020. In total, mangrove cover decreased from 328 ha to 48 ha in the three locations from 1967 to 2020, with these changes derived from aerial photographs and multi-sensor satellite imagery (Aljenaid et al., 2022).

In Qatar hotspots of mangrove loss were detected in six locations, including planted mangrove areas at Al Mafjar and Fuwairit in the north, natural mangrove areas at Al Thakira and Al Khor, and planted mangroves at Simaisma in the east, and planted mangroves at Zekreet in the west using Landsat imagery. Zekreet is the main hotspot of declining and stunted plantations of A.marina with just 1.11 ha remaining, with losses caused by climate change-driven rising seawater temperature, hyper salinity and lowered dissolved oxygen while Al Thakira (65.2%) and Al Khor (38.8%) coast boost luxuriant stands of natural mangroves (Al-Khayat and Balakrishnan, 2014).

In Saudi Arabia hotspots of mangrove loss were originally detected at locations in the Tarut Bay in the eastern province (Almahasheer, 2018) and along the Jazan shoreline in the Red Sea (Abd El-Hamid et al., 2022b) of Saudi Arabia. Mangroves in these areas were exposed to many environmental and human pressures such as urban encroachment, pollutants, and land reclamation (Almahasheer, 2018).

In the UAE hotspots of mangrove loss were detected in locations in Umm AnNar and Mosaffah, Khor Ra’s al-Khaimah mangal and Khor Kalba communities due to urban development in the coastal shoreline of Abu Dhabi (Almahasheer, 2018). Mangroves decreased slightly at locations in Khor Kalba natural reserve, RAK natural reserve, Umm Al Quwain estuarine, Ajman-Hammriah and Ras Al Khor in Dubai, from 1990 to 2019, especially in the RAK and Umm Al Quwain areas facing the Arabian Gulf (Elmahdy et al., 2020).

Kuwait does not have any natural mangrove forests (FAO, 2005), while planted mangrove areas of about 0.58 km2 were detected at 29° N in 2017 (Almahasheer, 2018; Guo et al., 2021). It is thought that mangroves in Kuwait were completely destroyed during the Kuwait war. There is increasing afforestation of mangroves from nursery reared propagules of A. marina that were successfully transplanted in the artificial islands of Sabah Al-Ahmad Sea City of Kuwait (Loughland et al., 2020).




4.8 Ongoing mangrove conservation initiatives

Most governments in the GCC countries have implemented coastal environmental management and planning initiatives that include mangrove protection and restoration (Milani, 2018). Restoration of A. marina along the coast of Al-Sharifa Island, Al-lith Red Sea in Saudi Arabia was carried out in the mid-2000s, and these mangrove saplings had a 39% survival rate (Chithambaran, 2019). Mangrove conservation has been studied in Oman (Al-Afifi, 2018). Since 2000, Oman has partnered with the government of Japan to work on conservation and restoration of mangroves, planting saplings in 7 of the 11 governorates (UNEP, 2018). In 2022, “the Environment Authority of Oman launched an action plan to plant 1,500,000 mangrove seeds in Khor Ghawi in the Wilayat of Al Jazir and the Wetland Reserve in the Wilayat of Mahout in the Al Wusta Governorate during the months of July and August of 2022, as part of the national initiative to plant 10 million trees (EA, 2022).” Also, in the UAE, 12% of the country’s marine and coastal areas are designated as protected areas, and the government is continuing to expand marine protected areas to conserve important habitats such as that of mangroves (Lamine et al., 2020). Recent efforts are underway in the UAE to restore marine ecosystems, and the Aquaculture and Marine Studies (AMSC) has planted 5,026 hectares of A. marina in Abu Dhabi Emirate (Yosef et al., 2022). Research is underway in the UAE to utilize treated sewage effluent as a water-source to enhance the growth of mangrove seedlings in nurseries (Erftemeijer et al., 2021). This research was linked to the growing evidence that treated sewage enhances mangrove growth due to the lower salinity and the high nutrient concentration of this media (Burt et al., 2021).

There are a few current and ongoing conservation initiatives in the GCC region. Saudi Arabia plans to plant over 300 million mangrove trees by 2030 (Al-Sinan et al., 2023). The UAE has prioritized the importance of mangrove conservation and preservation, citing it as a defining and important characteristic of their ecosystems during public events. On July 26th, 2022, the UAE Pavilion celebrated “International Day for Conservation of Mangrove Ecosystems” at the Floriade expo 2022 by highlighting mangroves in their exhibition (Ismail and Alghoul, 2022). An alliance between the UAE and Indonesia was announced at United Nations Climate Change Conference or Conference of the Parties (COP27) of the UNFCCC in 2022 in Egypt, in which the two nations plan to accelerate mangrove restoration and support mangrove conservation globally (Ministry of Climate Change and Environment, 2022; The National, 2022). Also in 2020, 1,000 mangrove saplings were planted in the Al Wusta governorate of Oman (Oman Observer, 2020; Times News Service, 2022).

Overall, there is a lack of literature on community-based mangrove conservation and restoration initiatives in the GCC countries. The increases in mangrove cover that have occurred post-2000, for example, in UAE and Qatar are attributable to government efforts toward promoting mangrove plantation reforestation and afforestation projects for improved and sustainable coastal environmental management and planning. This played a significant role in increasing mangrove cover over this century, compared to pre-2000 records when much of the loss in mangrove extent generally occurred (Almahasheer et al., 2016; Alsumaiti, 2017; Almahasheer, 2018; Bunting et al., 2022).

Kuwait engaged in the planting of A. marina in the artificial islands of Sabah Al- Ahmad Sea City along the southern coast of Kuwait over the last two decades and reports suggest that the germination of the nursery reared propagules and transplantation of the mangrove seedlings was successful during 2006-2008. A decade after transplantation, successful seed production and self-germination indicated establishment of a sustainable A. marina population, which enhances biodiversity and offers valuable ecosystem goods and services (Loughland et al., 2020).




4.9 Mangrove conservation in relation to United Nations Sustainable Development Goals (UN SDGs)

Mangrove forests in the GCC countries, though comparatively smaller in spatial extent and shorter in height (mostly less than 6 meters tall), provide a range of environmental, social and economic benefits in the form of ecosystem services (Figure 10). For example, mangrove ecosystems foster rich biodiversity and nurturing flora and fauna of diverse microorganisms indispensable for basic chemical and biological processes. These benefits, including carbon sequestration, water purification, nutrient cycling, erosion and flooding control are critical to enhancing the region’s effort toward achieving progress with several of the UN Sustainable Development Goals (SDGs), particularly related to climate action (SDG 13), life below water (SDG 14) and life on land (SDG15). Considering that the GCC countries are among the highest carbon emitters per capita from oil and gas industries and the mangrove cover has generally declined over the past three decades, expanding mangrove conservation and restoration initiatives is very important for the well-being of the environment and society.

Mangrove restoration can be enhanced with the use of specifically designed UAVs through direct seeding to expand mangrove cover as recently demonstrated in the UAE (Mohan et al., 2021; ADNOC Uses Innovative Drone Technology to Plant Mangroves, 2023). Mangroves will play a key role (as the only evergreen forest and the most important carbon sink in this arid region) in achieving the recent climate change mitigation initiative in the UAE (Net Zero 2050 and COP-28) (ADNOC Uses Innovative Drone Technology to Plant Mangroves, 2023). Such mangrove restoration initiatives are invaluable for the GCC countries to increase mangrove carbon sequestration for climate change mitigation, and storm, flooding, erosion, and marine habitat and biodiversity protection. This is important for achieving sustainable development and sustainability in coastal environmental management in the region.




4.10 Existing research gaps

This review of remote sensing-based studies enabled the identification of considerable research, management and policy gaps on remote sensing-based mangrove data collection, use and interpretation, and data management and availability to the public. In particular, these largely focus on the use and integration of LiDAR and UAV data, and the application of emerging classification approaches that rely on machine learning and artificial intelligence.

	There is a need to explore further the integration of multiple remote sensing data sources with different resolutions and scales. This should include the integration of high-resolution long-term data from satellite sources and large scale LiDAR and UAV data that is frequently acquired. Adoption of this data fusion approach will improve accuracy and efficiency for long-term area-based monitoring of mangrove forests over large spatial scales and tree-level characteristics over small spatial scales.

	Similarly, generation of more remotely sensed data from LiDAR and UAVs and development of new applications that can use small-scale data from this platform and data source is required. These data should be compiled into a user-friendly interface that incorporates rigorous quality assurance and quality control protocols that support automation and standardization.

	Tree-level data acquisition is almost non-existent due to the minimal usage of UAVs and LiDAR data. Thus, enhanced LiDAR and UAV applications could facilitate the detection and measurement of individual tree-level growth characteristics and conditions. These acquisition techniques can provide useful data on tree stress allowing mortality to be identified and be associated with the various threats to mangrove ecosystems in the GCC countries for upscaling and validation of satellite-derived data.

	Standard protocols for data measurement, reporting, analysis, validation, etc. are required for comparison and quality assessment purposes. Thus, increased accessibility to high-resolution satellite, LiDAR and UAV data at lower cost using standardized methodologies that produce comparable results for different periods of time and locations is needed. Results from these analyses should be freely available to the public.

	Baseline estimation of mangrove cover change needs to be robust and different kinds of machine learning algorithms should be explored and compared to locate the best option. This application would capitalize on the high level of detail that can be extracted from fine-resolution images and 3D point clouds.

	Long-term data monitoring and collection should be prioritized, and more attention is especially needed for newly planted sites.

	Remote sensing-based studies that can estimate mangrove forest greenness and moisture content using different combinations of vegetation indices obtained from multispectral or hyperspectral imagery would be invaluable to accurately detect and classify mangrove forest.

	The need for hardware/software for processing data can be mitigated by using platforms such as GEE or similar data cube platforms such as Digital Earth Australia that provide remotely sensed data. The GEE platform offers opportunities for coding, neural networks, deep learning, and machine learning that would help to improve data and geographic accuracy and streamline predictions within mangrove ecosystems.






4.11 Recommendations for future research

	GCC-wide LiDAR and UAV data collection campaigns are recommended for the provision of long-term data for estimating mangrove forests and tree-level characteristics and valuation of mangrove ecosystem services in real time for inclusion in various models to improve model reliability. Analysis of such data could be used to guide coastal planning and development policy reforms and practices, which support sustainable mangrove management and protection.

	In particular, GCC countries such as Kuwait, Bahrain and Oman with limited studies and spatial data and discrepancy in mangrove cover and distribution results would benefit immensely from the use of advanced UAV and LiDAR remote sensing technologies to gather high resolution data to provide validation options for moderate and high resolution satellite data. This will help bridge the observed regional gap in remote sensing-based mangrove assessment studies between the other GCC countries such as Saudi Arabia, UAE and Qatar.

	The moderate and high resolution remote sensing data for large and small spatial scales should be combined with machine learning algorithms to increase the accuracy and efficiency of detecting and classifying mangrove cover. Very high spatial resolution images such as QuickBird (0.6 m) and WorldView (0.3 m) or 1-m resolution DEM derived from Airborne Laser Scanning (ALS) LIDAR data integrated with machine learning approaches and validated with fieldwork are recommended for future studies to map and monitor changes in mangroves (Elmahdy and Ali, 2022). Results show that non-parametric models such as random forest provided high predictive accuracy in detecting and classifying mangrove forests in the GCC countries as has been shown previously (Elmahdy et al., 2020). Deep learning using Capsules-Unet method performed more accurately and efficiently in processing detailed information on mangrove cover change and extracting tiny features over 25 years than using the U-net method (Guo et al., 2021). The Object-based eCognition with contextual editing was more accurate and efficient than the Object-based: eCognition no contextual editing, Pixel-based ISODATA and Object-based ENVI FX in their ability to detect and classify mangrove habitats (Butler et al., 2020).

	A recommended mapping protocol is to fuse moderate to high spatial resolution time series datasets and preprocess and train models from these datasets using ensemble advanced machine learning techniques in GEE (Pham et al., 2019; Elmahdy et al., 2020). GEE provides a better web platform to model mangrove cover change and carbon stock and sequestration for global, regional and national studies using multi-temporal and multi-sensor medium and high resolution satellite imageries (Blanco-Sacristán et al., 2022). This approach could provide benchmark datasets to guide current and future mangrove afforestation and conservation initiatives as part of each GCC country’s net zero CO2 emission inventory and climate change mitigation efforts (Aljenaid et al., 2022).

	Very high spatial resolution images such as QuickBird (0.6 m) and WorldView (0.3 m) or 1-m resolution DEM derived from Airborne Laser Scanning (ALS) LIDAR data integrated with deep learning approaches and validated with fieldwork are recommended for future studies to map and monitor changes in mangroves (Elmahdy and Ali, 2022).

	Remote sensing-based mangrove forest carbon stocks estimation should integrate field measurements since model estimates can be significantly different from those obtained using comprehensive field inventories (Bukoski et al., 2020).

	In general, studies of mangroves, combining very high resolution remote sensing data with machine learning and deep learning techniques is likely to greatly advance our ability to map mangrove area, identify species and quantify biomass and carbon stocks.






4.12 Potential opportunities and policy implications

As technology advances, there are increasing opportunities for the use of UAVs for mangrove monitoring and assessment over small areas in GCC countries. The often small and dispersed distribution of mangroves is well suited to the use of terrestrial LiDAR and UAV remote sensing technologies. These emerging remote sensing technologies provide opportunities for the acquisition of high-resolution forest-level and tree-level data at small spatial scales that are often needed for the validation and upscaling of satellite data over larger spatial scales (Ewane et al., 2023b). There are also opportunities for training and evaluation of remote sensing tools and integration of machine learning algorithms to improve on the accuracy of assessment of mangrove distribution and cover and specific characteristics.

There are great opportunities for the expansion of mangrove regeneration and restoration initiatives. Government efforts to promote improved coastal environmental management and planning through expanding mangrove plantations have been laudable. This serves as part of the growing movement toward using nature-based solutions and ecological engineering approaches to respond to looming climate change challenges for coastal communities (Burt and Bartholomew, 2019; Pittman et al., 2022). These efforts can be further enhanced by involving local community stakeholders in mangrove conservation and restoration initiatives for increased success as a nature-based solution to climate change mitigation efforts in the GCC countries. There are also opportunities for involving local experts through participatory mapping exercises and the integration of local ecological knowledge to support secondary ground-truthing and post-classification improvement and accuracy assessment of mangrove data in the GCC region (Mateos-Molina et al., 2020).

Mangrove forest conservation and restoration provide viable opportunities for carbon offset programs for the industries contributing to GHG emissions in the GCC countries through compliance and/or voluntary carbon markets. Governments in the GCC countries have the opportunity to develop well-structured mechanisms and legal frameworks for compliance and voluntary carbon markets for companies in individual countries and the region. Expansion of remote sensing-based studies that estimate biomass and blue carbon for integration into carbon markets for mangrove forests ecosystem is invaluable. This nature-based carbon offset credits initiative in the compliance and voluntary carbon markets may encourage more oil and gas companies to fund mangrove restoration programmes as a nature-based solution to climate change in the GCC countries. Predictive models are useful in designing national and regional scale policy programs and strategies for mangrove forest biomass carbon estimation and monitoring, but less so at local scales.

There are opportunities to develop Mangrove Monitoring, Evaluation, and Reporting (MMER) programs and to establish an open-source benchmark mangrove distribution, cover and forest characteristics dataset for individual GCC countries, as part of a national forest inventory. These initiatives would support mangrove conservation and climate change mitigation efforts by the government, international organizations, and oil and petrochemical industries. It will also foster the movement toward using ecosystem-based approaches to coastal management that are growing in the GCC region (Fanning et al., 2021; Mateos-Molina et al., 2021).

There are opportunities for understanding the impact of climate change and environmental variables on mangrove cover and distribution. This can be achieved by automating mangrove forest monitoring using integrated high-resolution data with machine learning techniques (Alsumaiti et al., 2019; Elmahdy et al., 2020; Guo et al., 2021). This will improve on mangrove classification, biomass estimation and carbon sequestration accuracy assessment under different climate change scenarios. There are opportunities for the use of UAVs and LiDAR technologies to help support research on afforestation and reforestation best practices, including aspects such as seedling density, substrate slope and inundation and related parameters in order to enhance the growth and survivorship of seedlings in future planting efforts. Also, development of a novel mangrove-soil-climate nexus approach to improve our understanding of the interconnections and factors influencing the growth of mangroves in the region would be invaluable.





5 Conclusions

Mangrove species A. marina and R. mucronata are the two most resilient evergreen forests along the coastlines of the GCC countries that provide critical ecosystem services crucial to the environment and human-well-being. Remote sensing tools can be used to monitor and measure a wide range of mangrove forest characteristics at different spatial and temporal scales that allow for a more detailed and better understanding of mangrove ecosystems. Based on a systematic literature review, the largest expanse of mangrove forests was reported in Saudi Arabia, followed by the UAE, Qatar, Oman, Bahrain and Kuwait, respectively, with this area mainly estimated from satellite images. Mangrove cover in the GCC countries, from 1996 to 2020, decreased in Saudi Arabia, Bahrain, Oman and Kuwait, remained relatively stable in the UAE but increased appreciably in Qatar. However, reported changes in area varied highly between studies due to the lack of a standardization methodology, differences in satellite imagery resolutions and classification approaches used in different studies. Mangrove ecosystems in the GCC countries are threatened by climate change, but more so by progressive anthropogenic land use change stressors. GCC countries such as UAE and Qatar are investing tremendously toward expanding mangrove plantations through various large scale reforestation and afforestation projects.

The overall paucity of studies that used remotely sensed data in the GCC countries, particularly in Kuwait, Bahrain, Oman, and Qatar highlights the urgent need for more research in this area. In particular, the lack of LiDAR and UAV data and the relative complexities around flying UAVs in the GCC countries explains why only a few mangrove forest tree-level characteristics were measured in the reviewed remote sensing studies. Studies should capitalize on recent developments that use high-resolution remote sensing data at different spatial scales and in real-time for the sustainable management of the mangrove forests. The reforestation and conservation of mangrove forests should be prioritized to sustain key mangrove ecosystem services. Community involvement should also be encouraged to increase local awareness of mangrove conservation and support global UN Sustainable Development Goals related to climate change actions, life below water, and life on land.
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