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Abstract

:

The Indian Sundarbans, together with Bangladesh, comprise the largest mangrove forest in the world. Reclamation of the mangroves in this region ceased in the 1930s. However, they are still subject to adverse environmental influences, such as sediment starvation due to migration of the main river channels in the Ganges–Brahmaputra delta over the last few centuries, cyclone landfall, wave action from the Bay of Bengal—changing hydrology due to upstream water diversion—and the pervasive effects of relative sea-level rise. This study builds on earlier work to assess changes from 2000 to 2020 in mangrove extent, genus composition, and mangrove ‘health’ indicators, using various vegetation indices derived from Landsat and MODIS satellite imagery by performing maximum likelihood supervised classification. We show that about 110 km2 of mangroves disappeared within the reserve forest due to erosion, and 81 km2 were gained within the inhabited part of Sundarbans Biosphere Reserve (SBR) through plantation and regeneration. The gains are all outside the contiguous mangroves. However, they partially compensate for the losses of the contiguous mangroves in terms of carbon. Genus composition, analyzed by amalgamating data from published literature and ground-truthing surveys, shows change towards more salt-tolerant genus accompanied by a reduction in the prevalence of freshwater-loving Heiritiera, Nypa, and Sonneratia assemblages. Health indicators, such as the enhanced vegetation index (EVI) and normalized differential vegetation index (NDVI), show a monotonic trend of deterioration over the last two decades, which is more pronounced in the sea-facing parts of the mangrove forests. An increase in salinity, a temperature rise, and rainfall reduction in the pre-monsoon and the post-monsoon periods appear to have led to such degradation. Collectively, these results show a decline in mangrove area and health, which poses an existential threat to the Indian Sundarbans in the long term, especially under scenarios of climate change and sea-level rise. Given its unique values, the policy process should acknowledge and address these threats.
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1. Introduction


Mangrove forests are amongst the most productive ecosystems on earth and encompass 136,000 km2 of the sub-tropical and tropical coastal zones [1,2]. Mangroves provide a wide range of ecosystem services [3,4], are vital habitats for terrestrial and marine species [5], and exchange sediment and nutrients with other coastal and estuarine ecosystems [6,7]. From a hazard management perspective, mangroves are also highly valued for their role in attenuating the damaging effects of extreme waves and storm surge water levels [8,9,10]. More recently, mangroves have been shown to act as a globally significant sink for carbon [11,12], to the extent that their conservation and restoration have become important in the context of the global effort to mitigate the impact of climate change [13].



Despite their importance, reclamation (especially for aquaculture), urban development, and coastal landfill have been major aspects driving mangrove loss in the 20th century [14,15]. Up to 35% of the remaining mangrove has been lost over the last 50 years [16]. More recent changes in mangrove forest areas have been mapped at high resolution using remotely sensed data [1], and the current rate of global loss has been estimated at between 0.3 and 0.7% yr−1 [17]. Between 2000 and 2016, land-use change accounted for over 60% of mangrove loss [18], although the rate of direct anthropogenic loss appears to be declining, partly due to an increasing emphasis on mangrove conservation.



In addition to direct anthropogenically driven degradation and loss, mangroves are also sensitive to climate variability and change. Shoreline erosion has accounted for approximately 27% of mangrove loss globally since 2000 [18], with extreme weather events accounting for 11% of the loss. The effects of both climate warming and sea-level rise are already evident through the expansion of mangrove at the expense of saltmarsh [15]. This may offset erosional losses and may enhance terrestrial carbon storage on account of the high belowground carbon storage in mangrove forests [19], although any acceleration in the rate of mangrove loss will counter this effect.



In addition to the mapping of changes in mangrove forest areas [17,18], remotely sensed data have been used in conjunction with ground observations to derive higher-level metrics that can provide a more complete picture of overall mangrove ecosystem health. Mangroves exhibit a high degree of ecological stability and resilience to external perturbations [20], but they are also sensitive to changes in tidal inundation, salinity, and soil chemistry [21]. Although there is no single definition of ‘mangrove health’, relevant measures include tree height [22,23], aboveground biomass and carbon [24,25], and degree of mangrove fragmentation [26]. Discrimination of biophysical parameters using remote sensing data remains challenging, since the spectral responses of mangroves are confounded with background reflectance from a ground surface that varies in sediment type, moisture content, and salinity [27].



Optical remote sensing studies have used characteristics of the vegetation canopy to derive surrogate indices that correlate with more fundamental properties of interest, such as biomass [21]. Most vegetation indices are based on spectral responses in visible, red and near-infrared (NIR) regions of the electromagnetic spectrum [28]. The normalized difference vegetation index (NDVI) has been widely used as a proxy of vegetation productivity and, by implication, overall mangrove forest health [29]. NDVI tends to saturate at high canopy densities [30] and alternatives include the enhanced vegetation index (EVI), which compensates for soil background and atmospheric effects and performs better for denser vegetation cover [31]; the green normalized vegetation index (gNDVI) [32]; and the normalized difference water index (NDWI) [33]. Other supporting measures and derived data products used in regional-scale assessments of mangrove health include percent tree cover (PTC), leaf area index (LAI), and net primary productivity (NPP) [34].



Studies on the identification of stressors and their effects on mangrove health are comparatively limited and recent. This is particularly the case for the globally significant Sundarbans region, where changes in the mangrove forest extent and health appear to be significant. Rahman et al. [35] identified a range of anthropogenic and natural factors for mangrove degradation in the Bangladesh Sundarbans. Paul et al. [36] analyzed drivers of mangrove degradation in the southwestern part of Indian Sundarbans, identifying seven major factors: human uses of mangroves, fishery development, hypersalinity, sediment deposition, storm effects, land erosion, and problems with mangrove regeneration. Despite the obvious potential of multi-spectral remote sensing to provide insights into the health of the mangrove forests, previous applications of remote sensing to the Sundarbans mangroves have mostly focused on detecting land cover changes, feature characterization, and mapping [37,38,39,40,41,42,43].



This paper assesses the changes in both the quantity (extent) and quality (or health) of the mangroves in the Indian Sundarbans mangrove forest from 2000 to 2020, using remotely sensed data. It builds on and extends earlier studies, especially concerning the analysis of various proxy indicators of mangrove health. Within this overall aim, the specific objectives are as follows:




	(1)

	
To detect changes in mangrove forest area, genus composition, and indicators of health across the Indian Sundarbans at various temporal and spatial scales, using Landsat and MODIS satellite imagery.




	(2)

	
To assess the possible drivers of the observed mangrove dynamics, including legacy drivers (e.g., decline in sediment supply and river flow), contemporary progressive drivers (e.g., relative sea-level rise), and shocks (e.g., cyclone landfall).









The analysis presented in this paper supports evidence-based management of the Indian Sundarbans and may be suitable for application elsewhere. It also provides a methodological contribution to the evaluation of changes in mangrove health and how these relate to changes in a range of possible drivers, including climate change and sea-level rise.




2. Materials and Methods


2.1. The Sundarban Biosphere Reserve, India


The Sundarbans (spatial extent: 21°32′ to 22°40′N and 88°05′ to 89°51′E) covers an area of approximately 10,000 km2. A proportion of 62% lies within Bangladesh and 38% lies in India [44], and it comprises the largest contiguous mangrove forest on earth. The depositional environment has evolved with the formation and evolution of the Ganges–Brahmaputra River delta over the last 11,000 years [45]. It consists of a network of mudflats and islands, separated by channels, and created by accumulated sediment loads that these rivers carry from their Himalayan headwaters. The Indian Sundarbans mangrove located within the Sundarbans Biosphere Reserve (SBR) was defined by UNESCO in 1989 under the Man and Biosphere (MAB) Program. The SBR islands occupy 19 community development blocks (Figure 1) across the South 24 Parganas and North 24 Parganas districts. The SBR is divided into core, buffer, and transition zones (Figure 1). In the core area, no human activities are permitted. The buffer zone remains uninhabited but fishing and other activities are permitted. The transition zone is densely settled and includes intensive agricultural land use and other economic activities.



The main estuaries in the SBR are funnel-shaped and orientated from north to south with wide mouths. These are interconnected by a complex network of east-to-west flowing channels. The tidal amplitude is between 3.5 m and 4 m, with seasonal variation between 1 and 6 m and a strong lunar 18.6-year nodal cycle [46]. The region is characterized by a tropical climate with a dry season between November and April and a wet monsoonal period over the rest of the year. The total annual amount of precipitation is between 1500 and 2000 mm. Landfall of tropical cyclones and the associated surges originating in the Bay of Bengal are recurring hazards, causing severe flooding and wind damage [47]. Seasonal mean minimum and maximum temperature vary from 12 °C to 24 °C and 25 °C to 35 °C, respectively [48].



The Sundarbans mangroves belong floristically to the Indo-Andaman mangrove province within the species-rich Indo-West Pacific group [49]. Twenty-four true mangrove taxa, belonging to nine different families, are found within the Indian Sundarbans [50]. Several species are endemic, such as Aegialitis rotundifolia, Heritiera fomes, Sonneratia apetala, and S. griffithii. There is a zonation within the mangroves, both from land to sea and from east to west. Tectonic uplift in the north and west and subsidence by sediment compaction and human activities in the east, in combination with varying freshwater inputs, create different salinity zones: hyposaline in the eastern and western part, where the Hugli and Ganges deliver monsoon run-off, and hypersaline in the central part, where the ground is higher and freshwater input from rivers is minimal [51]. Avicennia marina, A. alba, and Bruguiera cylindrica grow in the lower coastal areas while B. gymnorhiza, Ceriops decandra, and Rhizophora mucronata are more common upstream. The least salt-tolerant taxa, found in riverine environments and more common to the east, are the eponymous Sundari-tree (Heritiera fomes), Xylocarpus granatum, and Sonneratia caseolaris [52].




2.2. Mangrove Extent


An initial classification of the mangrove’s extent, based on the principal land cover types, was performed using winter season (December–February) Landsat TM images (30 m resolution) for the years 2000, 2005, and 2010, and Landsat 8 OLI images for the years 2015 and 2020 (downloaded from https://earthexplorer.usgs.gov/ accessed on 21 January 2021). For Landsat TM images, bands 1–band 7 were used (excluding band 6), whereas for Landsat 8 OLI images, band 2–band 7 were used. Four land use/landcover (LULC) classes were used to distinguish between mangrove and the adjoining areas within the Sundarbans Biosphere Reserve (SBR): river, mangrove, mudflat, and saline blanks. The paths/rows are 138/44 and 138/45 for the two scenes covering the SBR. Radiometric calibration and atmospheric correction were performed to reduce atmospheric and scattering effects. Atmospheric correction was performed by the Fast Line-of-sight Atmospheric Analysis of Hypercubes (FLAASH) tool in ENVI. Maximum likelihood supervised classification [28] was performed on the five Landsat images. Two hundred training samples were selected, based on field knowledge and a high-resolution Google Earth image. GPS points and geotagged photographs were taken during several field visits during the study period.




2.3. Mangrove Community Classification


Mangrove community classification, to the level of the dominant genus, was undertaken using Landsat 5 data for 2000 and Landsat 8 OLI data for 2020. Radiometric calibration and atmospheric correction were performed using the FLAASH algorithm in ENVI. FLAASH incorporates the MODTRAN4 radiation transfer code to calculate the radiance at the detector from the reflectance at the surface [53]. Two Landsat 8 OLI scenes were mosaicked, and a subset was made for genus classification using the mangrove class taken from the classified image defined above. A maximum likelihood supervised classification (MLC) method was used for mangrove genus classification. The MLC algorithm computes the weighted distance or likelihood of an unknown measurement vector that belongs to one of the known classes, based on the Bayesian equation [54,55]. Training points for the classification were determined from field observations, prior knowledge of authors, and relevant literature [27,54,55,56,57,58,59]. Validation was performed for the year 2000 using 115 field sampling points, provided by the West Bengal Forest Department and WWF. An overall classification accuracy of 79% was achieved with a kappa value of 0.74. A comparable accuracy assessment using 150 points of field observation during 2018–2020 achieved 77% overall accuracy with a kappa value of 0.72. Giri et al. [54] and Ghosh et al. [55] used multispectral data to map the mangroves up to genus and species level, respectively. Lately, Hati et al. [59] compared the outcomes of mangrove species assemblage mapping with a very high spectral resolution (5 nanometer) AVIRIS-NG airborne data and multispectral data. They observed accuracy levels of 87% and 76%, respectively.




2.4. Mangrove Health Indicators


Both MODIS (250 m resolution) and Landsat TM (30 m resolution) data were used to derive proxy indicators of mangrove health. MODIS was used for its higher temporal resolution (16 days and throughout the year) and Landsat for its better spatial resolution. For a year-long coverage of higher data frequency, the Terra MODIS Vegetation Indices Version 6 (MOD13Q1) product [60,61] was used to monitor the health indicators. This provides two primary vegetation index (VI) layers, normalized difference vegetation index (NDVI) and enhanced vegetation index (EVI). These data are generated at a 250 m resolution with a temporal granularity of 16 days. MOD13Q1 data from 2000 to 2020 were downloaded and extracted and VI layers were further filtered, with the help of the Pixel Reliability layer, provided in the MODIS product, to retain only the best quality pixels. Due to the unavailability of year-round multispectral data, only the winter season, when the health of the mangroves appears to be at its best, was used. Landsat TM, ETM+, and OLI data for the years 2000–2020 were radiometrically corrected in ENVI software using the FLAASH atmospheric correction tool. Cloud masking was also performed, using a quality assessment (QA) band provided by USGS in each Landsat product. The winter seasonal average was generated from the NDVI and EVI [30,62] raster data. The significance of time trends in the various image-derived indices was computed using the Mann–Kendall method [63].




2.5. Meteorological Data


Gridded daily maximum and minimum temperature and rainfall were obtained from Indian Meteorological Department for the period 2000–2020 (http://www.imdpune.gov.in/Clim_Pred_LRF_New/Grided_Data_Download.html accessed on 25 January 2021). The spatial resolutions of the gridded temperature and rainfall data are 0.25 degrees and 1.0 degrees, respectively.




2.6. Relation of Vegetation Health Indicators to Climate Variability


Climate data were resampled to the 250 m spatial resolution of MODIS data for further analysis. The time series of the filtered VI dataset, as well as the resampled climatic variables, were constructed by averaging the 16-day and daily datasets at monthly and subsequently seasonal intervals (December–January–February: winter; March–April–May: summer; June–July–August: monsoon; September–October–November: post-monsoon), for further trend analysis and linear modeling. We performed a pixel-based time-series trend analysis—the non-parametric monotonic trend (Mann–Kendall statistics) [63]—to detect increases and decreases in the vegetation health indicators. The time-series relationships between VI and climatic variables (maximum and minimum temperatures and rainfall) were analyzed through multiple regression at different time lags. A total of 4 different time lags were used, namely lag-0, lag-1, lag-2, and lag-3, which correspond to the same month, previous month, 2 months prior, and 3 months prior, respectively.




2.7. Relation of Vegetation Health Indicators to Cyclone Impact


2.7.1. Canopy Density


Landsat OLI images from before and after Cyclone Bulbul (2019) and the particularly intense Cyclone Amphan (2020) were used for measuring the forest canopy density (FCD) change. The FCD serves as a vital parameter for the characterization of mangrove conditions. This model includes bio-spectral modeling and analysis using data derived from four indices, viz. advanced vegetation index (AVI), bare soil index (BI), shadow index (SI) or scaled shadow index (SSI), and thermal index (TI) [44,64]. The percentage canopy density in each pixel was calculated by this method, and this forest canopy measure is valuable for cyclone damage assessment and evaluation of changing forest health over time.




2.7.2. EVI


EVI was calculated on atmospherically corrected Landsat OLI images pre- and post-Cyclones Bulbul and Amphan, using Equation (1) [31], as follows:


EVI = 2.5 × ((Band 5 − Band 4)/(Band 5 + 6 × Band 4 − 7.5 × Band 2 + 1))



(1)




where −1 < EVI < 1. The pre-cyclone and post-cyclone raster values were differenced, and the difference image was classified based on positive (health gain) and negative (health decline) values.






3. Results and Analysis


3.1. Change in Mangrove Forest Area


Analysis of the multi-temporal Landsat data from 2000 to 2020 showed significant erosion in the core and buffer areas (Figure 2) of the mangrove forest, accompanied by an increase in the transition area within human habitation. Around 110 km2 of mangroves were lost and 81 km2 gained in the SBR, corresponding to average losses and gains of 5.5 km2/year and 4.1 km2/year, respectively. The core area of the mangrove forest lost 58 km2 (2.9 km2/year), the buffer area lost 52 km2 (2.6 km2/year), while 81 km2 (4.1 km2/year) were gained in the transition area outside the contiguous mangrove area (Table 1). The rate of mangrove change was not uniform over time; the maximum loss rate was observed from 2000 to 2005 with losses of 4.5 km2/year in the core area and 3.4 km2/year in the buffer area, while maximum accretion was observed from 2015 to 2020 (7.7 km2/year).



Shoreline changes on nine ocean-facing islands, where the erosion is concentrated, were analyzed in detail (Figure 2 and Table 2). Land loss between 2000 and 2020 ranged from 1.3 km2 in Jammudwip to 11.6 km2 on Dalhousi Island. There was a net total loss of 49 km2 from these sea-facing islands, all of which (except Jammudwip Island) provide tiger habitats.




3.2. Changes in Mangrove Community Composition


Mangrove community composition maps were generated at the genus level for the years 2000 and 2020 (Figure 3). The results (summarized in Table 3) reveal an increase in salt-tolerant mangrove genera and a slight decline in the low salinity-loving genera. The largest increase in extent was for Ceriops sp.-dominated assemblage (4.2%), followed by Avicennia sp. (1.8%), Excoecaria sp. (1.4%), and Phoenix sp.-dominated assemblage (0.4%). Declines in area were observed from mixed mangrove class (5.7%), followed by Sonneratia-Heritiera sp. assemblages (1.5%) and Aegialitis sp. dominated assemblage (0.6%). The increase in Avicennia sp. assemblages can be attributed to the plantation along the riverbank and colonization of newly emerged Char/mudflat in transition areas.




3.3. Change in Mangrove Health Indicators


Monotonic trends were computed for both Landsat and MODIS image sequences from 2000–2020. Due to the lack of cloud-free Landsat images, we conducted the MK test in the winter season only, whereas the monthly trend of NDVI–EVI was computed from MODIS data. The monotonic trend for the winter season shows a continuous decrease in EVI and NDVI values for both Landsat and MODIS, which indicates a progressive decline in the health of the mangrove forest. The Mann–Kendall trend test indicates that in the winter season Landsat analysis, 23% of NDVI pixels and 40% of EVI pixels showed a negative trend. However, 73% of NDVI pixels and 81% of EVI pixels showed a negative trend in the monthly MODIS analysis. Looking at the spatial distribution of the MK trend, a large decline on the sea-facing islands and in the central, eastern, and northeastern parts of the mangrove forest is apparent from the negative trend in NDVI and EVI. However, positive NDVI and EVI MK trends in western and some northern island margins were noted (Figure 4).



The existence of any relationships between EVI as a proxy for mangrove health and rainfall and the maximum air temperature was investigated through a correlation performed at four time monthly lags (lag-0 = same month, lag-1 = previous month, etc.). The adjusted R2 was high for lag-0 and lag-1 (adjusted R2 = 0.5–0.7) but declined for lag-2 and lag-3.




3.4. Drivers of Change


A range of drivers potentially influences the observed changes in the mangrove area, community structure, composition, and health. As summarised in Table 4, these include progressive legacy drivers due to a continued response to changes that have already happened, progressive contemporary drivers due to active ongoing changes, and shocks due to extreme events.



3.4.1. Sediment Supply


Due to the easterly tilt of the basin by block faulting, in the early 16th century, the main flow of the river Ganges shifted eastward [74], leaving the southerly flowing distributaries, such as Bhagirathi–Hugli on the west and Ichamati on the east of the Indian Sundarbans, dry outside the monsoon months. The most recent and largest intervention in the sediment and the freshwater dispersal system has been the building of the Farakka dam in 1975, which impounded 87 million m3 of water and sediments [75]. The dam not only initiated sedimentation upstream of the barrage but also considerably reduced (by approximately 31% [76]) the sediment supply downstream of the Hugli and its distributaries [77]. The lack of fresh water in the forest and sediment supply to the delta front contributes to other influences on mangrove health at a regional scale, being the major driver of increasing salinity (see below), and erosion of seaward facing shorelines against a background of sea-level rise.




3.4.2. Salinization


The increase in salinity in the estuaries of the Sundarbans is regarded as an environmental stressor, affecting the health of the mangroves and their services. Disconnection in the 20th century of major freshwater distributaries, such as Adi Ganga, Matla, Jamuna, Bidydhari, or Ichamati, from their freshwater sources, led to increased salinity ingress in the estuarine channels. Eleven such major disconnections, both natural and anthropogenic, have been identified from the field and remote sensing studies [78]. While the rising salinity level in the River Hugli, a major freshwater supplier to the megacity of Kolkata, was arrested and reversed after the freshwater supply was restored through the feeder canal at the Farakka dam, the salinity level in the Saptamukhi–Matla–Thakuran estuary or the Ichamati–Raimangal estuary, encompassing the Sundarban mangrove forest, has continued to increase over the last few decades.



Synthesizing observations of salinity in the Hugli–Saptamukhi–Matla–Thakuran–Raimangal estuaries, Mitra et al. [79] observed an acute scarcity of freshwater from the limited data around the core area of the Sundarbans. Salinity now remains as high as 13 ppt even during the monsoon, rising to 21 ppt in the post-monsoon period and up to 28 ppt in the pre-monsoon lean periods [80]. The literature indicates that the mangrove trees are at present subject to salt stress, which is manifested by stunted growth, reduced physiological functioning, and degradation of forest cover in several places. The freshwater-loving mangrove species (such as Heritiera fomes, Nypa fruiticans, Xylocarpus sp., and Sonneratia caseolaris) are widely diminishing and being replaced by more salt-tolerant species (Ceriops sp., Avicennia sp., and Excoecaria agallocha). This transition is also resulting in a net loss of species biodiversity.



Mitra et al. [79] reviewed published water salinity data within seven zones in the Sundarban Biosphere reserve area (Figure 5A). Figure 5B shows that, in the sea-facing SWS and SES zones that host the core and buffer areas of the Biosphere reserve, MODIS-derived mangrove health indicators show a significant deterioration over the period 2000–2020. In these zones, the salinity was observed to be 27–28 ppt during the pre-monsoon period and 17–21 ppt during the post-monsoon period, with an increasing trend in the last 30 years. In the NES zone along the Bangladesh border, despite high mean salinity, the health deterioration of the mangroves is moderate, due to the intermittent freshwater flow from the river Ichhamati. Similarly, healthy mangroves occur in the western part of Sundarbans due to some freshwater influx from the Hugli estuary through the Saptamukhi river. Declining mangrove cover and changing genus composition (which are considered to indicate degradation of mangrove health), due to increasing salinity, were observed by Chowdhury et al. [69] in the Indian Sundarbans. Rahman [45] studied the decline of some of the mangrove species (i.e., Heritiera fomes, Nypa fruticans, Phoenix paludosa), due to increasing salinity in the Bangladesh Sundarbans.




3.4.3. Relative Sea-Level Rise


Given its location on a major delta, the Sundarbans is exposed to both absolute sea-level rise and subsidence [80]. Tide gauge records in the northern Bay of Bengal show strong interannual variability in mean sea level associated with El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) influences, as well as variation river flow [81]. The longest and most complete of the Indian records is for Diamond Harbor on the Hugli estuary, which shows a linear trend of 3.75 mm/year for the period 1948–2020 (Figure 6). The tidal range here is approximately 5 m and the record also contains some variation at the scale of the 18.6-year nodal cycle. The sea-level rise trend at Diamond Harbor is broadly consistent with a trend in absolute sea-level of 3.11 ± 0.44 mm/year in the northern Bay of Bengal for the period 1993–2010, determined from analysis of satellite altimetry data by Ghosh et al. [82]; however, this can be assumed to include a contribution from subsidence as well. Subsidence is known to be significant but spatially variable across the delta [81,82]. Reliable data are sparse, but most estimates for the western part of the delta (including the Sundarbans) are around 2.5 to 4 mm/year [83,84,85], and this needs to be added to estimated (or projected future) change in absolute mean sea level in the region to evaluate the likely impact on the delta and its ecosystems. These impacts can be expected to include an increased tendency towards shoreline erosion (especially on ocean-facing islands in the delta), increased inundation, and more extensive influence of marine salinity.



Sea-level rise is widely associated with an increased tendency towards erosion along unprotected shorelines [85]. This hypothesis was investigated through an empirical analysis of shoreline changes, along with the ocean-facing islands of the Sundarbans, in comparison with trends in sea level for a slightly extended period from 1990 to 2020. Analyses of this kind are usually complicated by the strong interannual variability in sea level and also in erosion, which is driven by individual storm events that occur in conjunction with sea-level change. The results (Figure 7) show that significant erosion and land loss are occurring and that the rate of land loss exhibits a close correspondence with short-term fluctuations in mean sea level. The high rates of erosion can be attributed not only to the effect of storms but also to lower sediment availability within the Indian Sundarbans, compared with those in the neighboring Bangladesh (Table 4) [85].




3.4.4. Changes in Air Temperature


Temperature is well established as a factor controlling the distribution of mangroves, with low temperatures being important in defining their latitudinal limits [86]; although, this is not an issue in the Sundarbans. Extreme high temperatures can also affect the survival and growth of mangrove seedlings [87]. Trends in seasonal air temperature over Sundarbans are shown in Figure 8. This analysis reveals upward trends in maximum air temperature in Summer (March, April, and May), monsoon (June, July, and August), and post-monsoon (September, October, and November). It is notable that high sea surface temperatures (SST) were recorded during the consecutive El Nino years of 2005, 2009–10, and 2015, which is reflected in the air temperature series presented here. Although the physiological mechanisms that cause reduced growth and mortality are still not fully understood [86], likely impacts of higher maximum temperatures include desiccation and adverse effects on plant metabolism during germination and propagation time (from July to September). Experimental work (e.g., [88]) has shown that even small changes in temperature extremes can have a significant effect on the health of mangrove seedlings, and in the Sundarbans, that could impact not only the health and functioning of the mangrove community but also the overall health of the wider ecosystem.



A partial correlation between mangrove EVI and maximum temperature shows a stronger negative response at lag-0 (30 days), implying that EVI is decreasing, with increasing maximum air temperature. It should be emphasized here that the literature on temperature effects on mangroves [87,88] suggests that these mainly involve the viability and health of seedlings; whereas, EVI is more representative of the health of the established mangrove canopy. Therefore, the present findings presumably reflect short-term stress experienced by the established mangrove forest, rather than providing evidence that climate change is limiting mangroves at the replacement or colonization stage.




3.4.5. Changes in Rainfall


A proportion of 70–80% of annual rainfall in the Sundarbans occurs during the summer monsoon (southwest monsoon), resulting in higher river discharge in the Hugli (range 2952 to 11,897 m3 s−1) and often in the Ichamati, which is found to decline steadily during non-monsoonal months (varying from 900 to 1500 m3 s−1) [89]. Rainfall variability is a major driver of temporal and spatial variation in salinity in the delta, and any changes in the river flow regime could have significant implications for the health of the mangrove forest and forest-dependent livelihoods. The present analysis indicates that, over the last two decades, there has been a decline in summer and post-monsoon rainfall, while monsoon rainfall has remained nearly constant, followed by a slight increase in winter rainfall (Figure 8). Reduced rainfall, both in the summer and the post-monsoon season, is likely to have a negative influence on the health of the mangroves by reinforcing an increase in salinity, as already discussed.



The partial correlation between EVI and rainfall was strongly negative at lag-0 and lag-1, with a weaker positive correlation observed at lag-2 and lag-3 (Figure 9). This implies that rainfall has no immediate effect on plant health but may affect the health of the mangrove with a longer response interval (2/3 months). However, a strong correlation (R2 = 0.7) observed between the combined effect of rising temperature and rainfall variability (especially reduced rain in the pre-monsoon and post-monsoon) with the declining trend of EVI or mangrove health indicates that, along with other drivers, such as increasing salinity and sea level, a changing climatic pattern might have a significant contribution to the degradation of mangrove health.




3.4.6. Short-Term Degradation Due to Cyclones


In addition to progressive trends in sea level and climate variables, frequent cyclones and associated coastal flooding by storm surges are the major natural hazards in the delta. The Bay of Bengal experiences 7% of the major cyclones of the world [90]. Over the last 120 years, there has been a 26% increase in the number of very severe cyclonic storms over the northern Bay of Bengal [91] and increases in both frequency and intensity have been observed for the last two decades in particular [92,93,94].



In the early years of the 21st century, a sharp rise of SST has been associated with seven such cyclonic storms in the northern Bay of Bengal, including Mala (in 2006), Sadr (in 2007), Bijli (in 2009), and Aila (in 2009)—four storms in less than four years, which impacted large areas in the Sundarbans. In the last decade (2011–20), the delta has suffered the impacts of Roanu (2016), Titli (2018), Fani (2019), Bulbul (2019), and Amphan (2020). The Sundarbans narrowly escaped the devastating Phalin (2013) and Hudhud (2014) cyclones. The present study assessed the damages to the mangrove forests in Sundarbans during the severe cyclonic storm Bulbul and very severe cyclone storm Amphan, which occurred less than six months apart. Avoiding the seasonal variability of mangrove plant phenology, we analyzed the Landsat 8 and Sentinel-2 satellite data to assess the changes in the pre-cyclone and post-cyclone mangrove forest canopy density (FCD). Advanced vegetation index, bareness index, shadow index, and thermal index were computed and compared. It was observed (see Figure 10) that FCD decreased considerably in the 80–100% FCD classes after Cyclone Bulbul on 9 November 2019 and Amphan on 20 May 2020. Detailed analysis shows that 780 km2 changed from very high (80–100%) to high canopy density (60–80%) and a small fraction converted from high to moderate canopy density (40–60%) between 2018 and 2019 (pre-Bulbul and post-Bulbul). In comparison, 261 km2 changed from very high to high canopy density and 142 km2 from high to moderate canopy density between 2019 and 2020 (pre-Amphan and post-Amphan).



As shown in Figure 11, enhanced vegetation index (EVI), derived from Landsat 8 data, also indicated a considerable reduction in mangrove health along the tracks of the consecutive cyclones. Proportions of 14.6% (303.6 km2) and 45.8% (950.7 km2) of the area suffered high and low loss, respectively, after Cyclone Bulbul. The changes were broadly similar with 14% (287 km2) high loss and 51% (1064 km2) low loss after Cyclone Amphan. The combined effect over the whole period spanning both cyclones was 13.3% (277 km2) high loss and 57.4% (1190 km2) low loss. Cyclones cause severe damage to the mangrove canopy with limited recovery between severe storms occurring in close succession. These findings imply that the observed increased frequency of high-intensity cyclones in the Bay of Bengal is having adverse consequences on mangrove health [95,96].






4. Discussion


The present study has shown that about 110 km2 mangrove forest area was lost during the period 2000–2020. Critically analyzing the spatial distribution of land loss, we observed that the majority of the loss of mangroves took place in the core region of the National Park and tiger reserve. However, in the fringe area outside the contiguous forest, a gain of 81 km2 of mangroves occurred. This opens up a new question of whether the forest area loss and subsequent habitat and blue carbon services can be compensated by mangrove plantation and regeneration. To estimate the loss of blue carbon over the last two decades, we used the estimate of Ray et al. [97], that the average aboveground and belowground biomass in the Indian Sundarbans is 39.93 ± 14.05 t C ha−1 and 9.61 ± 3.37 t C ha−1, respectively. Assuming this estimate holds for the lost mangrove cover, an estimated 0.29 × 106 t C and 0.072 × 106 t C have been lost from the aboveground and the belowground stores, respectively. A total of 0.36 × 106 t C is estimated to have been lost due to the loss of just the mangrove floral stand. A portion of the mangrove soil will have been lost due to erosion, with a further loss of the carbon trapped in the sediments. The spatial variability of soil sediment carbon is high and is harder to estimate than the species-specific carbon stock. However, these figures provide at least a first order estimate of the carbon storage that needs to be replaced through plantation and regeneration schemes.



The analysis presented here includes the first attempt to relate observations of mangrove health degradation with rising maximum air temperature and declining post-monsoon rainfall in the Indian Sundarbans region. In addition, the impact of repeated cyclones (2 out of 4 in 24 months that took place at intervals of 6 months) has been analyzed to demonstrate the consequences of more frequent high-intensity cyclones. The mangroves, as observed after cyclone Sidr in Bangladesh, took 6–7 years to recover from the damage. Temperature rise, a decline of post-monsoon rainfall, and a higher frequency of cyclonic incidence in this part of the delta have adversely impacted the health of the mangroves in Sundarbans.



While the impact of high soil and estuarine salinity seems to have promoted stunted growth, lower above-ground biomass and health degradation, and near absence of freshwater-loving species like Heritiera, Nypa, or Sonneratia from the Indian Sundarbans, in the absence of time series data of soil salinity, any specific correlation of rising soil salinity with the health degradation of mangroves is not possible. However, lower health mangroves were observed in saline sea-facing situations, while healthier mangroves are observed in the buffer region where some freshwater input occurs from the river Hugli on the west or river Ichamati on the eastern fringe. This requires further investigation.



The present research highlights two important aspects of mangrove degradation within the Sundarbans region of the Ganges–Brahmaputra delta. The first is the high rate of relative sea-level rise in the absence of adequate sediment supply to the delta causing significant loss of mangrove area over the last two decades. The second is the decline in health of the existing mangroves due to reduced freshwater supply, the rise of salinity (which is also enhanced buy sea-level rise), and the combined effect of rainfall instability and temperature rise. Both these sets of drivers have led to significant loss of tiger habitat and blue carbon stock. This degradation and loss are expected to continue and likely accelerate with rising sea levels. This observation warrants the immediate attention of planners and policymakers, who need to change to ecosystem-based management and restoration of this global heritage site. One positive finding that emerges from this study, however, is the growth of fringe mangroves around the inhabited islands in the inner estuaries, thanks to plantation and restoration efforts by government agencies, NGOs, and local communities. Extensive regeneration of mangroves with an appropriate salinity tolerance is an immediate option where space is available, even on mudflats around islands within mangrove forest areas of the outer estuary. This can be further supported by the installation of submerged oyster reefs or breakwater to arrest erosion and offshore silt loss, which has apparently been successful in Kutubdia island in Bangladesh on the eastern delta. However, as a long-term ecosystem regeneration strategy to improve the health of the mangroves, action to combat the rise of salinity and nutrient deficiency is a prerequisite, particularly when facing climate change. Earlier research [98] indicated that provisioning of around 500 m3 s−1 of freshwater through the restoration of moribund river channels and intra-basinal water transfer is a feasible option. However, this may require a transboundary management approach in collaboration with Bangladesh.




5. Conclusions


This analysis shows that the Sundarbans mangroves are experiencing a slow decline in terms of both area and key health indicators. Shoreline erosion on the ocean-facing islands has been the dominant mechanism of areal loss over the period 2000–2020. Changes in the composition of the mangrove forest community are also evident, with a shift towards more salt-tolerant species occurring in response to decreased freshwater influx from precipitation and river flow, in conjunction with increasingly estuarine conditions as a result of sea-level rise. The persistent decline of mangrove health indicators in the major part of the forest associated with salinity stress, and possibly also trends in maximum air temperature and rainfall variability, are another concern. Major cyclones are also shown to cause extensive damage along their tracks and recovery can be limited when severe storms occur in close succession. Although the net losses remain small in percentage terms, there is potential for a more significant and sustained decline, given the expectation of an acceleration in the rate of sea-level rise and a reduction in frequency (and therefore increased ‘clustering’) of extreme cyclone events. Further work, including continued systematic monitoring, is required to fully assess the implications for the future sustainability of the vital Sundarbans ecosystem.
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Figure 1. Location of the Sundarbans, including the Indian Sundarbans in the western part of the Ganges–Brahmaputra delta. The Dampier–Hodges line represents the extent of the mangrove forest as mapped in 1830. The core, buffer, and transition areas within the Sundarbans Biosphere Reserve are marked. 
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Figure 2. Mangrove area loss/gain in the sea-facing islands (numbers 1 to 9). 
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Figure 3. Distribution of dominant mangrove communities of the Indian Sundarbans in 2000 and 2020. 
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Figure 4. Trends in vegetation indices in terms of improving health and declining health from 2000 to 2020 using the Mann–Kendall test on EVI and NDVI, derived from Landsat and Modis data ((a)—Landsat NDVI MK test; (b)—Landsat EVI MK test; (c)—MODIS NDVI MK test; (d)—MODIS EVI MK test). 
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Figure 5. Comparison between salinity zones and mangrove health (MODIS EVI MK test). (A) the inset map showing the different salinity zones in SBR and (B) the spatial variability of EVI MK. 






Figure 5. Comparison between salinity zones and mangrove health (MODIS EVI MK test). (A) the inset map showing the different salinity zones in SBR and (B) the spatial variability of EVI MK.



[image: Remotesensing 13 04957 g005]







[image: Remotesensing 13 04957 g006 550] 





Figure 6. Mean sea-level rise at Diamond Harbor. MTL stands for mean tide level (source: Permanent Service for Mean Sea Level (https://www.psmsl.org/data/obtaining/stations/417.php accessed on 21 January 2021) and Kolkata Port Trust). 
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Figure 7. Relationship between sea-level rise and loss of mangrove island area due to erosion. MTL stands for mean tide level. 
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Figure 8. Annual rainfall, maximum temperature and minimum temperature variability in (a) summer, (b) monsoon, (c) post-monsoon, and (d) winter season during 2000–2020 in the SBR. 
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Figure 9. Adjusted R square (a–d), partial R EVI-rainfall (e–h), and EVI-maximum temperature (i–l). 
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Figure 10. Change in the forest canopy density (FCD) of the mangroves after cyclones Bulbul (2019) and Amphan (2020). 
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Figure 11. Change in the enhanced vegetation index (EVI) of the mangroves after two consecutive cyclones in 2019 and 2020. 
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Table 1. The Indian Sundarbans mangrove forest area over time. Numbers in parenthesis show average annual change over the proceeding five years, with negative indicating loss and positive indicating gain.
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	Year
	Core Area

(km2)
	Buffer Area

(km2)
	Transition Area

(km2)
	Total Area

(km2)





	2000
	903.2
	1084.7
	86.2
	2074.1



	2005
	880.9 (−4.5)
	1067.6 (−3.4)
	100.3 (+2.8)
	2048.8



	2010
	869.9(−2.2)
	1053.2(−2.9)
	109.5 (+1.8)
	2032.6



	2015
	855.9 (−2.8)
	1046.6 (−1.3)
	128.7 (+3.8)
	2031.2



	2020
	845.2 (−2.2)
	1032.9 (−2.7)
	167.4 (+7.7)
	2045.4



	2000–2020 (% change)
	−6.42%
	−4.78%
	+94.20%
	−1.38%
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Table 2. Changes in mangrove forest area on nine islands facing the Bay of Bengal (see Figure 2 for location).
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Island

	
2000 (km2)

	
2005 (km2)

	
2010 (km2)

	
2015 (km2)

	
2020 (km2)

	
2000 to 2020




	
(km2)

	
(km2/yr)






	
1

	
Jammudwip

	
3.9

	
3.8

	
3.7

	
3.4

	
2.6

	
−1.3

	
−0.1




	
2

	
Dhanchi

	
32.1

	
31.0

	
30.2

	
29.4

	
28.0

	
−4.1

	
−0.2




	
3

	
Bulcherry

	
22.1

	
20.4

	
19.0

	
18.2

	
17.2

	
−4.9

	
−0.2




	
4

	
Chulkati

	
38.5

	
37.5

	
35.2

	
34.9

	
32.9

	
−5.6

	
−0.3




	
5

	
Dalhousi

	
63.0

	
60.9

	
56.7

	
55.4

	
51.4

	
−11.6

	
−0.6




	
6

	
Bhangaduni

	
30.0

	
27.2

	
23.7

	
21.5

	
19.1

	
−10.9

	
−0.5




	
7

	
Mechua

	
18.3

	
17.6

	
16.6

	
16.2

	
15.7

	
−2.6

	
−0.1




	
8

	
Chamta

	
37.0

	
36.3

	
35.4

	
35.1

	
34.0

	
−3.0

	
−0.1




	
9

	
Baghmara

	
58.2

	
57.4

	
55.3

	
55.0

	
53.6

	
−4.7

	
−0.2
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Table 3. Area (and percentage area) of principal mangrove genera in 2000 and 2020.
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Mangrove Genus

	
Area (km2)

	
% Area




	
2000

	
2020

	
2000

	
2020






	
Aegialitis sp.

	
159.4

	
144.3

	
7.7

	
7.1




	
Avicennia sp.

	
425.9

	
456.5

	
20.5

	
22.3




	
Ceriops sp.

	
459.3

	
537.4

	
22.1

	
26.3




	
Excoecaria sp.

	
253.0

	
278.2

	
12.2

	
13.6




	
Phoenix sp.

	
60.1

	
67.8

	
2.9

	
3.3




	
Excoecaria & Ceriops sp.

	
536.6

	
427.7

	
25.9

	
20.9




	
Sonneratia & Heritiera sp.

	
109.2

	
78.9

	
5.3

	
3.9




	
Mixed Mangrove

	
70.9

	
54.5

	
3.4

	
2.7
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Table 4. Drivers of change for mangroves in the Indian Sundarbans. Driver types: L—legacy; C—contemporary; S—shock.
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	Driver

(and Type)
	Cause
	Scale and Duration
	Potential Impact on the Mangroves
	Strength of Evidence
	Sources





	Declining sediment supply

(L)
	Avulsion of river courses eastward with a consequent reduction in freshwater flow and sediment supply to the SBR
	Regional, Centuries
	Reduced resilience of mangrove to relative sea-level rise and increased coastal erosion
	High based on greater losses in the Indian Sundarbans versus the Bangladesh Sundarbans
	[65,66]



	Salinization

(L, C)
	Avulsion of river courses eastward with a consequent reduction in freshwater inflow to the SBR, and increasing marine influence due to sea-level rise
	Regional, Centuries
	Salinity stress, loss/decline of low salinity mangroves, stunted growth and mangrove health deterioration,
	High, based on an observed shift in mangrove community composition towards more salt-tolerant varieties
	[65,67]



	Relative sea-level rise

(L, C)
	Climate-induced sea-level rise and deltaic subsidence
	Global and regional, decadal and longer
	Loss of mangroves due to erosion and inundation
	High based on tide gauge measurements across the region
	[68,69]



	Temperature rise

(C)
	Continuing warming of land and Sea
	Global and regional, decadal and longer
	Stress on mangrove germination and propagation, with potential adverse impacts on ecosystem functions
	Hypothesized globally; insufficient observations in south Asia to confirm a causal relationship with mangrove health/loss
	[70]



	Change in rainfall

(C)
	Seasonal rainfall change and variability including in the monsoon
	Regional, decadal and longer
	Stress on germination and propagation, and potential for stress on established mangrove forest
	Hypothesized globally; insufficient observations in south Asia to confirm a causal relationship with mangrove health/loss
	[71]



	Cyclones and Storm surges

(S)
	High wind speeds and extreme water levels
	Local, Days to years
	Abrupt loss of mangrove canopy cover, reduced leaf area, death along river margins due to storm/surge thrust
	High, based on studies of past cyclones in the Sundarbans and also the remote sensing analysis presented in this paper
	[72,73]
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