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Abstract
In this paper we conduct exploratory simulations of the possible evolution of the Indian Sundarbans mangroves to 2100 under a range of future sea-level rise (SLR) scenarios, considering the effects of both inundation and shoreline erosion. The Sea Level Affecting Marshes Model (SLAMM) is used to simulate habitat transitions due to inundation and these outputs are combined with an empirical model of SLR-driven shoreline erosion. A set of plausible climate-induced SLR scenarios are considered, together with delta subsidence and constrained vertical sediment accretion. Significant mangrove decline is found in all cases: the greater the rise in sea level the greater the losses. By the end of the century, the Indian Sundarbans mangroves could lose between 42 % and 80 % of their current area if current management is continued. Managed realignment could offset these losses but at the expense of productive land and the migration of the human population.
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1. Introduction
[bookmark: _Hlk99378274]Mangroves are one of the most productive ecosystems on Earth (Sriyanie, 2008; Carugati et al., 2018) and provide vital ecosystem services, including raw materials and food, protection against coastal erosion and storm surge inundation, water puriﬁcation, maintenance of ﬁsheries, carbon sequestration, and tourism/recreation (Barbier et al., 2011). All coastal ecosystems are potentially vulnerable to sustained sea-level rise (SLR) (Nicholls and Cazenave, 2010), and this may be exacerbated by other aspects of climate change and human-induced stresses.  In the case of  mangroves, SLR can drive loss by submergence, where vertical sedimentation is insufficient to maintain surface elevations (Woodroffe et al., 2016; Saintilian et al., 2020), as well as by increased rates of shoreline erosion and retreat (Wu et al. 2015). Spencer et al. (2016) projected the loss of up to 78% of the world's coastal wetlands by 2100 under a high (1.1 m) SLR scenario, although Schuerch et al. (2018) noted that such losses might be significantly reduced or even avoided where accommodation space allows landward migration. Alongi (2008) projected that 10 to 15% of mangrove forest will be lost by 2100 due to climate-driven SLR. Regionally, Gilman et al. (2006) predicted a 13% decline of mangrove forest in the Pacific islands by 2100. Loss of mangroves degrades all the associated ecosystem services identified above, with multiple adverse impacts. Of particular importance is the loss of natural protection against storm surges (Menéndez et al., 2020).
All these vulnerabilities are evident in the Sundarbans, which covers about 10,000 km2, and is the world’s largest contiguous mangrove forest (Sarker et al., 2016). Stretching between India and Bangladesh, the Sundarbans is rich in biodiversity and is the main habitat of the critically endangered Royal Bengal Tiger. Most SLR impact assessments to date have considered the Bangladesh Sundarbans and have projected quite varied outcomes. Huq et al. (1995) estimated that the Bangladesh Sundarbans would be completely inundated and lost under a 1.0 m SLR, while Loucks et al. (2010) predicted that most parts would be inundated for a SLR of 0.28 m using 2000 as a base year. Mukul et al. (2019) predicted that the entire Bangladesh Sundarbans will be submerged by 2070 due to the combined effect of climate change and sea-level rise. In contrast to these rather pessimistic findings, Lovelock et al. (2015) argued that the Sundarbans mangroves could survive a much more rapid SLR scenario (1.48 m by 2100). Similarly, Payo et al. (2016) projected only around 10% loss in the mangrove area of Bangladesh Sundarbans by 2100 under the same 1.48 m SLR scenario. Given the local, regional and global importance of the Sundarbans, these contrasting results demonstrate a need for further analyses to better understand likely future changes and their management implications.
In the past few years, various models have been developed to quantify the impacts of SLR on coastal habitats and thereby support better management of these environments. For example, there have been extensive bespoke modelling efforts in the Mississippi delta (Costanza et al., 1990; Reyes et al., 2000; White et al., 2019), although these approaches are difficult to transfer to other locations due to their high data requirements. More generalised models have also been developed that, although limited in their ability to represent many of the underlying geomorphological and ecological processes in detail, are useful for exploratory analyses. Of these, the Sea Level Affecting Marshes Model (SLAMM) has found wide application in varied wetland environments around the world (e.g. Akumu et al., 2011; Li et al., 2015; Payo et al., 2016; Tabak et al., 2016; Cole Eckberg et al., 2017; Prado et al., 2019). SLAMM simulates the dominant factors influencing coastal wetland habitat type at broad spatial and temporal scales (Craft et al., 2009; McLeod et al., 2010; Clough et al., 2016) and the habitat transitions that occur in response to SLR. SLAMM has already been used in the Sundarbans of Bangladesh (Payo et al., 2016), based upon the assumption of static inundation and a constant rate of shoreline erosion. Their results suggested that erosion is the dominant driver of land loss for low rates of SLR (up to 0.5 m/century), with inundation becoming the dominant process under mid- to high-range SLR scenarios (more than 0.5 m/century). However, they did not include the effects of increased vertical sediment accretion as sea level rises, and their use of a constant shoreline erosion rate in SLAMM neglects the non-linear land loss under time-varying SLR that is known to be an important process in this region (Samanta et al., 2021). No such modelling has yet been undertaken for the Indian Sundarbans, and it is clear that some refinement of the basic SLAMM model is needed if the simulated changes in mangrove location and extent are to be plausible.
The aim of this study is to simulate indicative habitat transitions in the Indian Sundarbans, including mangrove loss and migration, under a range of 21st century climate change scenarios. This aim is delivered through the implementation of a novel hybrid model that combines SLAMM simulation of inundation-driven habitat change with an empirical model of SLR-driven shoreline erosion. A series of exploratory simulations are performed using the RCP2.6, RCP4.5, and RCP8.5 climate change scenarios for global SLR, with additional consideration of geological subsidence in the delta region and a constraint on the ability of the mangroves to accrete vertically. The hybrid SLAMM model is also used to illustrate the potential implications of a major managed realignment to allow inland northwards mangrove migration, including its effects on human activities.

2. Study Area

The Indian Sundarbans was declared as the Sundarban Biosphere Reserve (SBR) in 1989 under the United Nations Educational Scientific and Cultural Organization (UNESCO) Man and Biosphere (MAB) Reserve Programme. The Indian SBR (21° 32ʹ N–22° 40ʹ N and 88° 05ʹ N–89° 51′ E) covers an area of 9,630 km2 (https://en.unesco.org/biosphere/aspac/sunderban), including more than 4,200 km2 of protected mangrove forests (including creek, estuary and forest) in 2020 of which approximately 1,880 km2 is actual forest cover (Samanta et al. 2021). Mangroves extend across the border into the Bangladesh Sundarbans, collectively forming the largest contiguous mangrove forest on earth. The Sundarbans evolved with the formation and evolution of the Ganges–Brahmaputra River delta over the Holocene (Stanley and Hait, 2000; Allison et al., 2003) and comprise numerous low islands and mudflats separated by anastomosing fluvial and tidal channels. The SBR can be divided into core, buffer, and transition zones (Figure 1). In the core area, no human activities are permitted. The buffer zone is uninhabited, but fishing and related activities are permitted. Both comprise continuous mangroves. In contrast, the transition zone is densely populated with intensive agricultural land use and other economic activities (Marcinko et al., 2021). There are more than 1000 villages in 19 Community Development Blocks (CDBs) within the South 24 Parganas (13 Blocks) and the North 24 Parganas (6 blocks) districts of West Bengal, and a total population of 4.4 million (Census, 2011; Table S2 in Supplementary Materials). The rapidly expanding adjacent megacity of Kolkata exerts a significant influence on the demographic and economic trends of the SBR. 
The main estuaries in the SBR are funnel-shaped and orientated north to south. They are interconnected by a complex network of east-to-west channels. The tidal range is between 3.5 and 4 m, with a strong lunar 18.6-year nodal cycle (Pitchaikani, 2020). Tide gauges show an upward trend in relative sea level, which includes the effect of long-term geological subsidence of the delta plain (Hazra et al., 2002; Brown and Nicholls, 2015). Much of the transition zone of the SBR lies below normal tidal levels and is protected from regular flooding by dikes and polders. Landfall of tropical cyclones and the associated surges originating in the Bay of Bengal are recurring hazards, causing wind damage and floods, especially when dikes fail (Ali et al., 2020). 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. Annual precipitation is between 1500 and 2000 mm. Seasonal mean minimum and maximum temperatures vary from 12°C to 24°C and 25°C to 35°C, respectively (Padhy et al., 2020).
The Sundarban mangroves belong floristically to the Indo-Andaman mangrove province within the species-rich Indo-West Pacific group (Ghosh et al., 2015). Twenty-four true mangrove taxa from nine different families are present (Barik and Chowdhury, 2014). There is a land to sea and east to west zonation within the Sundarbans mangroves across India and Bangladesh. This reflects variation in relative SLR, salinity and sediment input. Relative SLR varies due to tectonic uplift in the west and subsidence in the east. There is more monsoonal freshwater and sediment input to the eastern and western parts, resulting in more saline conditions in the central part (where the ground is also higher) (Barik et al., 2018; Rahman et al., 2022). Historically, there has been significant encroachment and reclamation into the mangroves for human use, especially agriculture. Although the Indian Sundarbans mangroves are now protected from direct human destruction, mangrove area declined by 110 km2 (5.5 km2 year-1) from 2000 to 2020, reflecting both erosion and submergence (Samanta et al., 2021). Similar losses have been seen in the Bangladesh Sundarbans (Giri et al., 2007).  
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Figure 1. Location map showing the Indian Sundarbans and the three management zones. The Dampier-Hodges line was mapped in 1829-1830 and still marks the approximate landward limit of mangrove and estuarine tidal influence.

3. Methods
3.1 SLAMM overview
SLAMM version 6.7 (Warren Pinnacle Consulting, 2016) was chosen on account of its simplicity and minimal data requirements, while acknowledging its limited physical basis. SLAMM was first developed in the mid-1980s to simulate coastal habitat transitions and associated land loss due to SLR at broad spatial scales. It is essentially a kinematic model that neglects any constraint imposed by a sediment budget and simply considers the balance between inundation and vertical accretion in each cell of a raster digital elevation model (DEM). A decision tree allows transitions to occur between habitat types, for example, if the elevation of a cell declines below a minimum required elevation for the existing habitat in that cell. Vertical accretion can be specified as a constant rate, or as a non-linear function of the cell elevation within the tidal frame (Clough et al., 2010, Li et al., 2015). Selected DEM cells can be masked to represent dry land or land that is protected from inundation by dikes. Land loss due to erosion can also be simulated for both fetch-limited and open coastal situations using algorithms of varying sophistication, depending on the availability of bathymetric and wind climate data and observational erosion data for calibration.
The principal model inputs are a DEM of suitable accuracy and spatial resolution and a set of similarly dimensioned raster layers describing the topographic slope, land cover and wetland habitat class. Wetland habitats are defined using the US National Wetlands Inventory (NWI) classification, which is developed for North America and requires some adjustment for application in the Sundarbans region (see below). SLAMM also requires specification of the vertical tidal frame in terms of a Great Diurnal Tide Range (GDTR), and parameter values for the selected accretion and erosion sub-models.

3.2 Raster input layers
3.2.1 DEM and slope
A DEM with high vertical accuracy and spatial resolution is required to achieve meaningful results in SLAMM. Lidar data are not presently available for the Sundarbans, and therefore, a range of satellite-derived DEM products (SRTM (Farr et al., 2007), TanDEM (Rizzoli et al., 2017), CoastalDEM (Kulp and Strauss, 2018) were evaluated. These were compared to a ground surveyed DEM constructed from point-based elevation data (2276 points) acquired on Mousuni Island, West Bengal, using a micro-optic theodolite on a 100 x 100 m grid. Elevations were referenced to a Survey of India permanent benchmark at the former Collectorate building in the centre part of the island and GPS was used to determine the point locations. For comparison with the satellite-derived products, the surveyed DEM was interpolated to a resolution of 90 x 90 m using inverse distance weighting.  CoastalDEM showed the best agreement to the survey elevation data (Figure 2) and was selected for the SLAMM analysis. The spatial resolution of CoastalDEM is 3 arc seconds (~90 m) and its vertical uncertainty is estimated as < 1 m. Figure 3a,b shows the resulting DEM and a derived topographic slope raster layer generated using the slope tool in ArcGIS 10.5.
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Figure 2.  Comparison between ground surveyed elevations and the CoastalDEM, SRTM and TanDEM products at Mousuni Island: a) map showing location of survey transect; b) comparison of surveyed and DEM product elevations along transect A-A`
3.2.2 Wetland habitat layer
A land use/land cover (LULC) map was generated (Figure 3d) using Landsat-TM data from 2001. The US NWI classification is embedded within the SLAMM 6.7 program code and this is not directly applicable to the range of habitats found in the Sundarbans. Accordingly, LULC classes were adjusted to use the nearest NWI classes. For example, the ‘urban settlement’ class was assigned to ‘developed dry land’, rural settlement-crop and-barren land was assigned to undeveloped dry land, Aquaculture was assigned to transitional salt marsh, saline blank to regularly flooded marsh, water bodies to inland open water, and river and creek was represented by estuarine open water.  
3.2.3 Subsidence layer
Stanley and Hait (2000) estimated a maximum subsidence of 5.0 mm yr-1 in the Indian Sundarbans based on geological evidence. Brown and Nicholls (2015) conducted a more systematic review of land subsidence rates across the Ganges–Brahmaputra–Meghna delta, using 205 data points derived using a range of methods and timescales. The Sundarbans showed the lowest mean (2.8 mm yr-1) and median (2.0 mm yr-1) rates of net subsidence compared with other land uses in the delta. Payo et al. (2016) used a net subsidence rate of 2.5 mm yr-1 in their SLAMM simulations of the Bangladesh Sundarbans and made the reasonable assumption that subsidence is linear over short geological (decadal to centennial) timescales. In the present study we similarly use a uniform subsidence rate of 2.5 mm yr-1 for the entire SBR and assume that this is constant to 2100. 
3.2.4 Flood defence (dike) layer
The location of dikes and polders are key to understand where mangroves can or cannot exist. A flood defence (dike) layer (Figure 3c) was generated by on-screen digitization in Google Earth. The resulting KML file was converted to a raster of the same dimensions as all the other inputs. An arbitrary crest elevation of 5 m was assigned to all dike pixels to ensure that protected areas remained dry for all the SLR scenarios considered. 
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Figure 3. Principal input layers used in SLAMM simulations: a) elevation based on Coastal DEM product; b) topographic slope; c) dikes; and d) land use/land cover.
  
3.3 Model parameters
Tidal range varies at multiple time scales (including fortnightly spring-neap, seasonal, interannual and 18.6-year nodal tide variation) and spatially along and between the estuarine distributaries. SLAMM does not accommodate time-variation in the tidal range and tide gauges are too limited to define the spatial variation. Based on analysis of the available tidal records, a time- and space-average Great Diurnal Tidal Range (GDTR) of 3.5 m was therefore used in all simulations.
Vertical sediment accretion is an important process and there is a general consensus that tidal marshes and mangroves have some resilience to SLR such that increased inundation is at least partially compensated for by enhanced accretion (French, 2006; Woodroffe et al., 2016). Accretion, measured by sediment deposition above a surface (or near-surface marker), does not translate directly into elevation gain since it is subject to various shallow subsidence/expansion processes (Cahoon and Lynch, 1997; Krauss et al, 2014). SLAMM does not resolve this level of detail and the term accretion is used here to refer to the net elevation change resulting from sedimentation. Sediment supply to the delta from the Ganges and Brahmaputra rivers has been very large throughout the Holocene (Raff et al., 2023), although eastwards switching of the main river channels in the mid- to late-Holocene has drastically reduced direct sediment input to the western Bangladesh and Indian Sundarbans (Allison et al., 2003). Contemporary sedimentation within the Bangladesh Sundarbans has been investigated in more detail (e.g. Rogers et al., 2013), but insufficient data exist to define an empirical accretion model for the Indian Sundarban mangroves. The sparse data that do exist come mainly from multi-decadal sediment cores. Banajee et al (2012) obtained accretion rates of 3.0 to 4.8 mm yr-1 from 210Pb-dated cores at three Sundarbans mangrove sites. These rates are broadly consistent with 14C based accretion of 2.0 to 5.0 mm yr-1 estimated by Stanley and Hait (2000). The implication is that over the last few centuries at least, sediment supply to this part of the delta plain was sufficient for mangrove elevations to keep pace with relative SLR that was probably dominated by delta subsidence and a slow eustatic rise.  
Given that higher sedimentation rates are generally localised around estuary channel margins and interior rates tend to be lower, it is reasonable to use the lower end of reported ranges (i.e. around 3.0 mm yr-1) as a regional average. Modelling has demonstrated that wetland response to SLR is likely to be constrained by sediment supply (French, 2006; Kirwan et al 2010), and a global analysis by Saintilian et al. (2020) indicates that mangroves may be unable sustain their elevations when SLR exceeds about 6 mm yr-1. In the present study, we use a baseline mangrove accretion rate of 3.0 mm yr-1, which is consistent with the present evidence that mangrove elevations are currently not quite keeping pace with relative SLR (Samanta et al., 2021). We also simulate a higher rate of 6.0 mm yr-1 to approximate the upper threshold of Saintilian et al. (2020) in the sediment-limited context of the Indian Sundarbans.

3.4 Data-driven modelling of coastal land loss due to erosion
The SLAMM 6.7 routines for fetch and depth limited wind wave erosion require too much data for application to the Sundarbans estuaries, and its prediction of open coast shoreline erosion routine based on the Bruun (1962) model in which retreat is fixed at 100 x SLR is too generic. Accordingly, a separate data-driven model was devised to predict shoreline retreat as a function of SLR. This uses the earlier results of Samanta et al. (2021), who analysed shoreline changes along the open coast and larger estuary mouth regions in relation to mean sea level variations for a series of 5-year time epochs between 1990 and 2020.  Their results showed that, in the low-lying delta plain environment of the Sundarbans, SLR appears to drive much more rapid shoreline retreat (up to five times the standard Bruun approximation). By the end of 21st century, present retreat rates of up to about 38 m yr-1 are projected to increase to as much as 180 m yr-1.

3.5 SLR scenarios
Three realistic non-linear climate-induced SLR scenarios based on IPCC (2019) (Table 1) were adopted from Nicholls et al. (2021). The high end of the likely ranges for RCP2.6 (low), RCP4.5 (moderate) and RCP8.5 (high) emission scenarios are used, giving a eustatic SLR of 0.59 m, 0.72 m and 1.1 m by 2100. 
Table 1:  Climate-induced eustatic SLR scenarios used in this study (derived from Nicholls et al., 2021).
	
	RCP2.6 (m)
	RCP4.5 (m)
	RCP8.5 (m)

	1995
	0.00
	0.00
	0.00

	2025
	0.15
	0.15
	0.15

	2055
	0.32
	0.35
	0.38

	2085
	0.50
	0.59
	0.82

	2100
	0.59
	0.72
	1.10



3.5 Management scenarios
Simulations were performed for two management scenarios - ‘Continued Protection’ and ‘Managed Realignment’. Table 2 summarises all of the model runs.
In the Continued Protection scenario, it is assumed that all existing protective dikes are maintained (with any implied increases in crest elevation). This restricts the ability of mangroves to migrate inland over the inhabited areas within the Biosphere Reserve.
Under the ‘Managed Realignment’ scenario, it is assumed that all the existing protective dikes are removed, thereby creating additional accommodation space for the migration of mangrove inland. This would clearly affect presently inhabited areas, necessitating a relocation of people and activities. 

Table 2 Summary of the model runs and the scenario assumptions. Constant subsidence of 2.5 mm yr-1 is assumed in all runs.
	Run ID
	SLR forcing scenario
	Mangrove accretion rate (mm yr-1)
	Land loss due to erosion
	Management scenario

	1
	RCP2.6
	3
	included
	Continued Protection

	2
	RCP4.5
	3
	included
	Continued Protection

	3
	RCP8.5
	3
	included
	Continued Protection

	4
	RCP2.6
	6
	included
	Continued Protection

	5
	RCP4.5
	6
	included
	Continued Protection

	6
	RCP8.5
	6
	included
	Continued Protection

	7
	RCP2.6
	3
	included
	Realignment

	8
	RCP4.5
	3
	included
	Realignment

	9
	RCP8.5
	3
	included
	Realignment

	10
	RCP2.6
	6
	included
	Realignment

	11
	RCP4.5
	6
	included
	Realignment

	12
	RCP8.5
	6
	included
	Realignment



4. Results
4.1 Continued Protection scenarios
Simulated changes in habitat and land cover types for the baseline vertical mangrove accretion rate (3 mm yr-1) and the assumption of continued maintenance of all existing defences are visualised in Figure 4. Little change in mangrove extent is evident in 2030, but losses become more apparent by 2050 and quite significant by 2100 as relative SLR outpaces accretion by an increasing margin, especially under RCP8.5. From Table 3, it is clear that there are some gains due to migration of mangrove but that these are always exceeded by losses such that the overall change in mangrove area is always negative. The overall net mangrove loss by 2100 ranges from about 35% under RCP2.5 to nearly 60% under RCP8.5.
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Figure 4 Simulated mangrove area changes due to the net effect of accretion and erosion for RCP2.6 (Run 1), RCP4.5 (Run 2) and RCP8.5 (Run 3) SLR scenarios using a baseline vertical mangrove accretion rate of 3 mm yr-1 and assuming the Continued Protection scenario. 

The higher mangrove accretion rate scenario acknowledges the fact that mangroves have some resilience to SLR, provided that there is sufficient sediment supply to sustain the maintenance of their elevation at a similar level within the tidal frame. Thus, when the rate of accretion is increased to 6 mm yr-1, the mangrove loss is significantly reduced (by nearly 50%) in the short-term at least under all RCP scenarios (Figure 5). Under RCP4.5 and RCP8.5, however, SLR still exceeds the capacity of accretion to maintain mangrove elevation and there is still a net loss of between 20 and 37% by 2100, respectively (Table 3). 
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Figure 5. Simulated mangrove loss gains for RCP2.6 (Run 4), RCP4.5 (Run 5) and RCP8.5 (Run 6) scenarios, for a vertical mangrove accretion rate of 6 mm yr-1 to represent a plausible threshold for mangrove response to SLR, and assuming the Continued Protection scenario.

Table 3: Summary of changes in mangrove area for the combined SLAMM and empirical shoreline erosion model simulations for the various SLR, accretion and management scenarios.
	Baseline vertical mangrove accretion 3 mm  yr-1

	Continued Protection
	Run 1  RCP2.6
	
	Run 2  RCP4.5
	
	Run 3  RCP8.5

	 
	Gain (ha)
	%
	Loss (ha)
	%
	 
	Gain (ha)
	%
	Loss (ha)
	%
	 
	Gain (ha)
	%
	Loss (ha)
	%

	2030
	1755
	1
	21616
	10
	2030
	1801
	1
	22195
	11
	2030
	1842
	1
	22759
	11

	2050
	4534
	2
	38876
	18
	2050
	5240
	2
	42202
	20
	2050
	5754
	3
	45708
	22

	2100
	15340
	7
	87823
	42
	2100
	20220
	10
	109010
	52
	2100
	44651
	21
	168421
	80

	Higher vertical mangrove accretion 6  mm yr-1

	Continued Protection
	Run 4  RCP2.6
	
	Run 5  RCP4.5
	
	Run 6  RCP8.5

	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%

	2030
	1756
	1
	12624
	6
	2030
	1801
	1
	13078
	6
	2030
	1843
	1
	13666
	6

	2050
	4549
	2
	22047
	10
	2050
	5343
	3
	24524
	12
	2050
	6019
	3
	27236
	13

	2100
	18291
	9
	45808
	22
	2100
	20487
	10
	62942
	30
	2100
	44081
	21
	122401
	58

	Baseline vertical mangrove accretion 3 mm yr-1

	Managed Realignment
	Run 7  RCP2.6
	
	Run 8  RCP4.5
	
	Run 9  RCP8.5

	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%

	2030
	19360
	9
	21640
	10
	2030
	19858
	9
	22215
	11
	2030
	20398
	10
	22782
	11

	2050
	37683
	18
	38909
	18
	2050
	39785
	19
	42239
	20
	2050
	40804
	19
	45749
	22

	2100
	54329
	26
	87992
	42
	2100
	66752
	32
	109294
	52
	2100
	113855
	54
	168782
	80

	Higher vertical mangrove accretion 6  mm yr-1

	Managed Realignment
	Run 10  RCP2.6
	
	Run 11  RCP4.5
	
	Run 12  RCP8.5

	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%
	 
	Gain
	%
	Loss
	%

	2030
	19359
	9
	12624
	6
	2030
	19855
	9
	13080
	6
	2030
	20397
	10
	13669
	6

	2050
	37693
	18
	22058
	10
	2050
	40819
	19
	24535
	12
	2050
	43921
	21
	27251
	13

	2100
	85063
	40
	45831
	22
	2100
	71729
	34
	63030
	30
	2100
	111149
	53
	122707
	58




4.2 Managed realignment scenarios
Under the baseline 3 mm yr-1 mangrove vertical accretion scenario, similarly extensive losses are projected in the outlying coastal areas, but there is significant migration and expansion of mangrove inland (Figure 6). Up to 2030, gains effectively match losses, such that net change in mangrove area is negligible. Beyond 2050, losses start to exceed the gain through migration as extensive coastal mangrove areas cannot keep pace with SLR. Under the highest RCP8.5 SLR scenario, the mangroves effectively regain their historic limit, as approximated by the 1829-1830 Dampier Hodges line, with a net area loss of about 27% by 2100 (Table 3). 
If mangrove accretion is increased to 6 mm yr-1 gains in area generally exceed losses. There is thus a net increase in area at all time epochs except under the RCP8.5 SLR scenario, in which a net decline in area of around 5% occurs by 2100. The change maps indicate that some areas of new mangrove forest gained by 2030 are subsequently lost by 2050 or 2100 under the RCP4.5 or RCP8.5 SLR scenarios.
These managed realignment scenarios would have significant implications for existing land-use, including a significant loss of productive land, and human occupancy within the Transition Zone (Figure 1). The implied migration would be of the order of several million people in the most extreme case. There are thus considerable socio-political barriers to the implementation of such a policy at this large scale.

4.3 Summary
The time variation in projected net gain or loss in mangrove area is summarised in Figure 8 for all 12 scenarios (Table 2). Most scenarios give rise to a net loss of mangrove by 2100. This could approach 60% of the current area under the most pessimistic combination of high SLR (i.e. RCP8.5), constrained ability of inland migration due to maintenance of all current defensive alignments, limited mangrove resilience (low vertical accretion close to present rate). Given a sufficient supply of sediment to maximise vertical accretion up to the historic limit of around 6 mm yr-1 suggested for this region (Saintilian et al., 2020), then losses are greatly reduced, but still remain significant (in the range 10 to 30% by 2100). Managed realignment has the effect of delaying the onset of significant loss by allowing migration inland, and if a more resilient sedimentary response is assumed then the mangrove area can actually increase. Even then, however, a net loss in mangrove area starts to become apparent by 2100 under RCP8.5 as the high rate of SLR outpaces the ability of mangroves to persist in the extensive outlying delta region.
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Figure 6 Simulated mangrove loss / gain for RCP2.6 (Run 7), RCP4.5 (Run 8) and RCP8.5 (Run 9) SLR scenarios using a baseline vertical mangrove accretion rate of 3 mm yr-1 and assuming the Managed Realignment scenario (inland migration of mangroves allowed).
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Figure 7 Simulated mangrove loss / gain for RCP2.6 (Run 10), RCP4.5 (Run 11) and RCP8.5 (Run 12) SLR scenarios using a baseline vertical accretion rate of 6 mm yr-1 and assuming the Managed Realignment scenario (inland migration of mangroves allowed).
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Figure 8. Summary of the projected net change in mangrove area relative to the 2000 baseline, under all of the 12 modelled SLR, mangrove accretion and management scenario combinations (Table 2). 

5. Discussion
This analysis shows the benefits of model-based simulations to explore possible future pathways for the evolution of mangrove forest cover in the Indian Sundarbans. Current concerns about the implications of human-induced climate for the future of the Sundarbans have often been often framed in terms of sea-level rise. However, as recognised conceptually and in our exploratory model, there are important non-climate factors that also determine the future trajectories of the Sundarbans and a systemic understanding is required in terms of relative sea-level rise (including deltaic subsidence), sediment availability (which is linked to both climate change and river basin management; Raff et al 2023), and the availability of accommodation space (linked to coastal defence policy).  The simulations presented here provide useful insights into the relative importance of these drivers of changing mangrove area and the role of science-based management. 
The model assesses the area of mangroves in the Indian Sundarbans as the main indicator. Based on observations, mangrove area has slowly declined over the last few decades (Samanta et al., 2021), and the model results suggest that this trend will continue and likely accelerate due to a combination of erosion and inundation if no new accommodation space is provided. Under most of the scenarios modelled here, there is a net decline mangrove area, with greater losses associated with higher rates of sea-level rise, lower accretion and the maintenance of the current flood defences. In the worst case, projected losses exceed 50% of the mangroves by 2100, such that the viability of the Indian Sundarbans as a habitat is called into question and its designation as a World Heritage Site could be threatened. 
Large-scale managed realignment of the existing flood defences has the potential to create new accommodation space and greatly reduce the loss of mangroves and possibly even lead to an expansion in overall mangrove area under the most favourable scenarios. However, the societal consequences of this policy are significant as land-use transitions will mean that large numbers of  people will need to be relocated. A summary of the changes in land use is provided in Table S1 (Supplementary Materials). The changes are similar between the two different mangrove accretion scenarios, despite the very different outcomes in terms of mangrove area presented in the preceding section; this is because a given land use can ultimately transition either to mangrove or to open water depending on the accretion scenario. Depending on the climate scenario, between 14 and 28 % of agricultural and rural land use and 13 to 34% of the area currently used for aquaculture are projected to be lost by 2100. Population projections and simulated numbers of people to be relocated, based on the predicted land-use changes, are summarised in Table S2 (Supplementary Materials). Realistic projections of future population extend only to 2050, but even at this point, nearly 650,000 people are affected. These projections represent a minimum, based on the cumulative cell transitions within the SLAMM simulations. In reality, the viability of isolated land-use units would be questionable and the likely relocation of population required would be larger. A more complete de-population of the affected area would also be more consistent with the maintenance of the current World Heritage status of the Sundarbans. 
It is important to place these findings within the context of the strong regional demographic pressure from Kolkata, which had a population of 11 million in 1990, 14.7 million in 2018 and has a projected population of 17.6 million by 2030 (UN DESA, 2018). As a result, there is a strong conflict between rising sea levels in the Sundarbans and increasing land values and human needs to the north. Implementation of managed realignment as a general policy across the region would likely be politically difficult to implement, at least in the next few decades. As a result, continued and potentially accelerated decline of the Sundarbans and its mangroves appears to be the most likely scenario for the future in the absence of any other radical interventions in the system (cf. Sanchez-Arcilla et al., 2022). 
In policy terms, strong support for climate mitigation (to reduce sea-level rise), better understanding and enhancement of sediment supply and accretion (to understand and promote vertical resilience) and promotion of managed realignment where possible (to increase accommodation space) should all be encouraged. These measures need to be combined with more systematic monitoring of mangrove change and improved understanding of the processes driving these changes. 
In the short-term at least, direct intervention to reduce loss of mangrove due to shoreline erosion (e.g. Chowdhury et al., 2019) could buy time in which to implement the more challenging management responses referred to above. It is unrealistic to hold the present shorelines over the whole of the 21st century. The effect of halting shoreline erosion completely was simulated by de-activating the erosion sub-model. This showed that, with no erosion, between 95 and 125 km2 of mangrove loss (equivalent to 4.5% to 6.0% of the initial baseline area) could be avoided by 2050 depending on the climate and accretion scenario used (for full inundation-only simulation results see Table S3 in Supplementary Materials). Erosion accounts for a larger proportion of small absolute mangrove area losses in 2030 but diminishes in importance in later time epochs and under higher SLR scenarios. Enhanced mangrove accretion reduces losses due to inundation, such that the relative importance of shoreline erosion increases (see Table S4 in Supplementary Materials). In situ protection against inundation might also be considered to sustain the mangroves, but is more questionable as a feasible response. For example, the building of defences around marshes in the Mississippi delta actually accelerated their losses due to a combination of reductions in sediment input and water logging (Boesch et al., 1994). The currently preferred policy is to increase freshwater and sediment fluxes to enhance marsh resilience (Day et al., 2007; 2019) and it can be argued that the same broad approaches are appropriate for the Sundarbans (cf. Rahman et al., 2022). Various studies have noted that the sediment fluxes from the Ganges-Brahmaputra rivers are declining (Rahman et al., 2018; Dunn et al., 2019) and that this is likely to continue under the influence of planned damming and diversion schemes (Higgins et al., 2018). While these sediment fluxes do not feed directly into the Indian Sundarbans, their decline will diminish regional sediment availability within the northern Bay of Bengal as a whole, which is clearly detrimental to the achievement of the higher vertical mangrove accretion rates modelled in the present study. A mass-balance analysis presented by Raff et al (2023) highlights the inherent robustness of the whole sediment system given the very large potential fluvial supply that might actually be enhanced with changing monsoon precipitation. On the other hand, their analysis also shows that large sediment deficits emerge at higher rates of SLR and in scenarios that continue to envisage large-scale river damming and diversion (e.g. Dunn et al., 2018). This is broadly consistent with our imposition of a constraint to vertical sediment accretion, which leads to significant simulated losses in mangrove area end of the 21st century. It must be emphasised that SLAMM is a purely kinematic model, based on the net effect of various influences on the elevation of a given habitat cell, and that it does include any direct computation of sediment mass balance; better models directly constrained by sediment supply are needed to properly integrate understanding of mangrove and delta dynamics. 
Given that sediment supply is clearly a major factor determining mangrove resilience, other interventions at the coast may be of limited effectiveness. Measures to “protect” or “adapt” the mangroves in situ remain largely experimental in nature and any extension of their use would need to be carefully tested and monitored in terms of their costs, benefits and effectiveness (cf. Sanchez-Arcilla et al., 2022).
Based on the results here, a decline in mangrove area remains likely with long-term adverse consequences for the ecosystem services and biodiversity supported by the SBR. More understanding of the determinants of the viability of the mangroves as a habitat would be useful to fully evaluate the implications of the current decline and the existence of any key tipping points. In particular, is not clear when the critical habitat requirements for indicator species such as the Bengal Tiger will fail to be met and what management targets are desirable. 
Taking these issues forward in science-based management is constrained by the limited range of calibrated models and the data on which these depend. Modelling of coastal wetland ecosystem dynamics is crucially dependent upon the availability of sufficiently accurate topographic data. Satellite DEMs are still the only source of topographic data for this region and we have evaluated the best available products in this paper. More accurate DEMs would better constrain the outputs from the kind of model that we have employed and are essential to allow the development of better, more physically-based models. Hence, a key goal should be high-resolution airborne Lidar coverage of the entire Sundarbans region, supported by routine change analysis building on Samanta et al (2021). Limited field observations restrict the parameterisation of the mangrove accretion model. Another priority should be field investigations at enough locations to develop accretion models that are constrained not only by inundation regime but also by sediment supply (Lovelock et al., 2015; ). All of this implies further development of the systems approach that has been utilised in this analysis, including a detailed exploration of the sediment budget and its controlling factors. The efforts in this regard for coastal restoration of the Mississippi delta (Day et al 2019) provide a useful model that might be adapted to the Sundarbans.

6. Conclusions
This paper has presented new exploratory simulations of possible changes in the area of mangrove forest within the Indian Sundarbans up to the year 2100. The widely used Sea Level Affecting Marshes Model (SLAMM) has been coupled with a separate empirical shoreline erosion model to simulate a range of sea-level rise (combining climate change and geological subsidence), mangrove accretion and management scenarios. Not unexpectedly, sea-level rise emerges as a strong driver of mangrove loss, although mangroves have greater resilience if sediment supply is assumed to be sufficient to allow vertical accretion at the maximum rate of 6 mm yr-1 inferred from previous studies. The natural migration of mangrove inland is checked by the widespread flood defences that are currently in place, such that all scenarios project net overall loss of between 10 and 60 % by 2100. 
System-wide managed realignment of current flood defences would allow migration of mangroves, although only the less pessimistic sea-level rise and higher mangrove vertical accretion scenarios give rise to a net gain in mangrove until the end of the century. Moreover, such a management response would necessitate significant re-location of human population and associated economic activities and would undoubtedly prove politically challenging to implement in practise. 
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