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Abstract

:

Covering approximately 10,000 km2 the Sundarbans in the Northern Bay of Bengal is the largest contiguous mangrove forest on earth. Mangroves forests are highly productive and diverse ecosystems, providing a wide range of direct ecosystem services for resident populations. In addition, mangroves function as a buffer against frequently occurring cyclones; helping to protect local settlements including the two most populous cities of the world, Kolkata and Dhaka, against their worst effects. While large tracts of the Indian Sundarbans were cleared, drained and reclaimed for cultivation during the British colonial era, the remaining parts have been under various protection regimes since the 1970s, primarily to protect the remaining population of Bengal tigers (Panthera tigris ssp. tigris). In view of the importance of such forests, now severely threatened worldwide, we trace the areal change that the Indian Sundarbans have undergone over the last two-and-a-half centuries. We apply a multi-temporal and multi-scale approach based on historical maps and remote sensing data to detect changes in mangrove cover. While the mangroves’ areal extent has not changed much in the recent past, forest health and structure have. These changes result from direct human interference, upstream development, extreme weather events and the slow onset of climate change effects. Moreover, we consider the role of different management strategies affecting mangrove conservation and their intersection with local livelihoods.
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1. Introduction


Mangroves are diverse and highly productive ecological communities [1,2], which provide important ecosystem functions [3,4]. Located at the land-sea interface, they protect coastal areas against natural hazards such as cyclones and tsunamis [5,6,7,8]; they retain terrestrial sediment and recycle nutrients, thus supporting clear offshore waters, which in turn favors the photosynthetic activity of phytoplankton as well as growth and robustness of coral reefs, seagrass beds and reef fish communities [9]; they serve as an important habitat, nursery and refuge, providing food for countless organisms including humans [4]. These ecosystems are also vital carbon sinks, either storing carbon temporarily within organic peat soils, or as dissolved organic carbon in ocean sediments at greater depths, offsetting climatic-active greenhouse gasses for longer periods [10]. Because of these collective ecosystem services, mangroves are also of great economic value [11,12,13,14,15,16,17]. However, owing to both anthropogenic and climatic factors, mangroves the world over are severely threatened, and, with current global annual loss rates of 1%–2%, no such forests may be left by the end of the 21st century, if the current trend continues [18,19,20].



The aim of this paper is to document changes in the areal extent of the Indian Sundarbans during the last two-and-a-half centuries and to analyze how direct human impacts, developments upstream, slow onset climatic change and extreme weather events have affected the health and structure of this ecosystem. This also includes an in-depth analysis of the effects of local to federal level management strategies [21], underscoring how conservation aligns with development, climate change adaptation, local livelihoods, and the values and meanings that local people attach to the challenge of managing such a complex system. Thus, we aim to provide a better understanding of how policies may be designed, employing instruments such as REDD+ (Reducing Emissions from Deforestation and Forest Degradation) and the CDM (Clean Development Mechanism) that have emerged out of the climate governance debate. This requires a reconfiguration of development paradigms and an internalization of anthropogenic and climatic drivers of change and their cumulative impacts on the socio-ecological system.




2. Study Area


The Sundarbans are situated on the delta created by the Ganges, Brahmaputra and Meghna rivers in the Bay of Bengal. It consists of a network of mudflats and islands created by accumulated sediment loads that these rivers carry from their Himalayan headwaters separated by anastomotic channels and tidal waterways (Figure 1). Tidal amplitude within the estuaries is between 3.5 and 4 m, with seasonal variation between 1 and 6 m [22]. The Sundarbans, found within 21°32′ to 22°40′N and 88°05′ to 89°51′E, covers an area of approximately 10,000 km2, of which 62% lies within Bangladesh and 38% in India [23], and forms the largest contiguous mangrove forest on earth. 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 (Figure 1). The total annual amount of precipitation is between 1500 and 2000 mm. During the monsoon season, tropical cyclones and smaller tidal events regularly hit the area, causing severe flooding and wind damage [24]. Seasonal mean minimum and maximum temperatures vary from 12°C to 24°C and 25°C to 35°C, respectively [25].
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Figure 1. Overview of the Indian Sundarbans. The mangrove forests appear dark green, the surrounding agricultural land is yellowish brown. Settlements appear purple. The Dampier-Hodges-Line marks the boundary of tidal influence and roughly marks the former extent of mangrove forests. Insets show location of the Sundarbans and a climatic diagram of Kolkata representing the climatic conditions of the Sundarbans. 
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The Sundarban mangroves belong floristically to the Indo-Andaman mangrove province within the species-rich Indo-West Pacific group [26]. According to [27], 24 true mangrove taxa belonging to nine different families are found within the Indian Sundarbans. Several species are endemic such as Aegialitis rotundifolia, Heritiera fomes, Sonneratia apetala or S. griffithii. There is kind of a zonation within the Sundarban mangroves, both from land to sea and from east to west. Tectonic uplift in the west and subsidence by sediment compaction and human activities in the east [28,29,30] in combination with varying freshwater inputs, create different salinity zones—hyposaline in the eastern and western part, where huge rivers deliver meltwater from the Himalayas, and hypersaline in the central part, where the ground is higher and freshwater input from the Matla, Bidyadhari or Harinbhanga rivers is much smaller (in part also because water is retained by dams for diversion). Avicennia marina, A. alba and Bruguiera cylindrica grow in the lower coastal sections 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, Excoecaria agallocha and Sonneratia caseolaris [23,31].



Besides the high number of mangrove tree species, accounting for one third of the global total, high biodiversity in the Sundarbans is also represented by other organismic groups with more than 200 additional plant species, more than 400 species of fish, over 300 species of birds, 35 species of reptiles, 42 species of mammals, as well as countless benthic invertebrates, bacteria, fungi, etc. [24,32]. While most animals are mangrove visitors rather than mangrove residents, there are a few exceptions, even so not always by choice. To this group belongs the iconic, top predator, the Bengal tiger (Panthera tigris ssp. tigris) which was eliminated from alternative habitats by man [2]. And even its adopted home has decreased over the past centuries, when large tracts were cleared, drained and reclaimed for agricultural purposes.



The surroundings of the Sundarban mangroves—both in India and Bangladesh—are some of the most densely populated areas in the world. More than half of the population is impoverished on the Indian side and depend heavily on the goods and services that the forests provide [33,34,35]. According to the classification of [36] provisioning, supporting, cultural, and regulatory services can be distinguished. Mangrove trees are used for timber and construction material (e.g. for houses, boats, traps) as well as for fuel and charcoal production. Apiculture is widespread within the Sundarban mangrove forests and provides honey and wax. Around 2000 people are engaged in beekeeping in the Indian Sundarbans, producing approximately 90% of the total natural honey production in India [23]. In addition, mangrove plants provide tannins for leather production and a wide array of medicinal uses. Whilst crabs, molluscs, shrimps and fish are caught in the ocean and the brackish waters surrounding the mangrove forests, the mangrove proper is the most important source for shrimp larvae supplying the aquacultures. In addition, the mangroves are the nursery ground for many commercially important fish species. Indirect (regulatory) benefits of mangroves for coastal population include erosion control as well as protection from tropical storms and tsunamis. For instance, the relatively low numbers of victims in the Sundarbans area following the 2004 tsunami are related to the buffering capacity of the forests [37]. Furthermore, in May 2009, much of the momentum of cyclone Aila was absorbed by the mangroves, saving the city of Kolkata and other urban sprawls in close vicinity.




3. Data and Methods


A multi-temporal and multi-scale approach, based on historical maps and remote sensing data, was used to detect changes in the mangrove-covered area over a span of over 200 years. Conventional satellite data such as Landsat allowed monitoring land cover changes from the 1970s [38]. Corona images from the early U.S. military reconnaissance survey widened the time span for detecting changes back to the 1960s [39]. Further, two historical maps from the 18th and 19th century were used to delineate the northern boundary of mangrove-covered areas during the British colonial time (Table 1).





[image: Table] 





Table 1. Historical maps and satellite data employed in this study
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Maps

	
Year

	
Reference

	
Scale






	
Rennel’s Map

	
1776

	
[49]

	
60 Geogr. Miles to 1 Degree




	
Hunter’s Map

	
1873

	
[50]

	
16 Miles to 1 Inch




	
Sensor Type *

	
Acquired Data

	
ID

	
Spatial Resolution [m × m²]

	
Spectral Resolution




	
Corona KH

	
1968/02/06

	
DS1045-2196DA128

	
2

	
pan




	
DS1045-2196DA129




	
DS1045-2196DA130




	
DS1045-2196DA131




	
Landsat 5 TM

	
1989/01/19

	
LT41380451989019AAA02

	
30

	
VIS, IR




	
Landsat 7 ETM

	
2001/01/04

	
LE71380452001004SGS00

	
30

	
VIS, IR




	
Landsat 7 ETM

	
2002/04/13

	
LE71380452002103SGS00

	
30

	
pan




	
LE71380442002103SGS00




	
Landsat 8 OLI

	
2014/03/05

	
LC81380452014064LGN00

	
30

	
VIS, IR








* all satellite images were downloaded from http://earthexplorer.usgs.gov/.







Both small-scale maps were georeferenced and the mapped mangrove-covered areas were digitized on screen. The Corona images were co-registered to an orthorectified and mosaicked Landsat ETM scene from 2002 as base image. Two images—covering an area of 20 km × 70 km—of each Corona strip were georeferenced by using more than 100 Ground Control Points within ENVI 5.2. On the panchromatic Corona images the boundary of the mangrove-covered areas were digitized on screen in a geographical information system (GIS) and converted to a raster dataset with a spatial resolution of 30 m × 30 m within ArcGIS 10.1.



All Landsat imageries (processing Level 1T) show a high coherence with a shift of less than 1 pixel, so an additional co-registration was not necessary. Several approaches were developed to map mangrove-covered areas on multi-spectral remote sensing data automatically [22,40,41,42,43,44]. According to [40,45] the most accurate combination of sensor and image processing method is Landsat data and principal component analysis (PCA), using band ratios, if discrimination between mangrove and non-mangrove covered areas is required over a large area. Following this approach, we calculated five normalized difference indices (for vegetation, water and non-vegetated areas) for the calibrated reflectance bands of Landsat data (ENVI 5.2). The indices including the reflectance bands were used as input to a PCA and an unsupervised classification (ISODATA) was performed on a dataset consisting of the first four principal components. The 12 statistical classes were merged to three land cover classes: mangrove, non-mangrove and water. For the change detection analyses, we calculated the differences between the raster dataset derived from the Corona images in 1968, Landsat data from 1989 and 2014. Owing to the manually digitized boundary of the mangrove-covered areas on Corona images, we analyzed only the land loss and land gain between 1968 and 1989. The classified datasets from 1989 and 2014 enabled change detection analyses of mangrove-covered areas as well as land loss and gain.



The remote sensing findings were complemented by socio-economic data and information on management strategies. To understand drivers behind socio-economic constraints, livelihood choices and the nature of socio-ecological interaction, focus group discussions were conducted in three villages from western to eastern Sundarbans between April and September 2014. Expert interviews with forest administrative staff, non-governmental organization (NGO) workers, and international conservation agencies were conducted to understand management protocols, their values, and their perceptions of how social dynamics influence the stability and health of the socio-ecological system.




4. Historical Overview of the Sunderbans’ Development


Before the 19th century, Indian Sundarbans were very sparsely settled [46], with only scattered human settlements dating back to the 8th century. A theory of depopulation of the Sundarbans in the middle ages is prominent. Several reasons have been forwarded, and range from earthquakes that led to a sudden subsidence of the land [47], attacks carried out by Portuguese and Arakans [48,49], and a hostile environment [50,51]. The depopulation theory is also found in the state accounts and literature describing the Sundarbans:


“…the area was depopulated for all practical purposes. The forest reclaimed the previously inhabited area and when the British East India Company set up their headquarters at Calcutta in 1757, it was at the edge of the forest”



[52]







However, irrespective of debates on the timing of first settlements, permanent human habitation was enabled through the clearing of the forest in low-lying tracts and through the construction of circuit embankments while the delta was still in a state of immaturity [53], a process that started in the late 19th century and continued through to the 20th century. Nevertheless, there is some uncertainty on the nature of settlements and the history of pre-colonial, indigenous reclamation of the region for settlement and cultivation. It is also unclear whether the farming practices were carried out by those who lived in the Sundarbans or whether it was limited to areas connected to the “mainland” that ran up to the fringes of the present city of Kolkata, which was located at the margin of the alluvial plain. The settlement certainly was sparse with “few or no villages” and a few houses were scattered along the rice fields [54]. This account is often contested as a Western fascination [55]. However, it might be an indication that the population was migratory in nature, using the land only seasonally for cultivation.



In 1771, British collector general Clod Russell initiated a plan to divide the Sundarbans into plots and to lease them out to prospective landlords for timber extraction and the collection of revenues. These lease-holding landowners encouraged poor farming communities from other parts of Bengal as well as from neighboring states to come and settle in the Sundarbans. These people were put to work clearing the forests and developing the land [54]. This exercise began in 1781, initiated by Tillman Henkel, the then magistrate of the Jessore district, currently in Bangladesh. Rennell’s map [49] from 1776 (Figure 2 top left) shows the extension of the mangrove forest just before this forest clearing. According to this map, the mangrove forests extended up to Kolkata at the end of the 18th century. One hundred years later, in 1873 [50], the northern border of the mangrove forest shifted by about 10–20 km at most to the southeast (see Figure 2 top right).
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Figure 2. Mangrove extent and cover at various dates between the 18th and 21st century. For data used see Table 1, for change statistics see Table 2. 
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Table 2. Change statistics of mangrove extent and cover for the last two-and-a-half centuries.
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Year of Observation

	
Mangrove Forest [km2]

	
Area Change in %




	
relating to previous observation

	
per decade






	
1776

	
6588

	

	




	
1873

	
6068

	
−7.9

	
−0.8




	
1968

	
2307

	
−62.0

	
−6.5




	
1989

	
1983

	
−14.0

	
−6.7




	
2001

	
1926

	
−2.9

	
−2.4




	
2014

	
1852

	
−3.8

	
−3.0








Note: due to arguable mapping accuracy of the two historical maps, the figures for these early time slices should be deemed only as rough approximations.







Settlement in the Sundarbans mainly comprised of migrant populations from the adjoining districts of Midnapur, and also from central India, predominantly the marginalized and tribal populations who came in search of work and land and who were initially brought in by the British to construct the embankments [56,57]. As early as 1875/76, the British government set aside all unleased mangrove areas under protection and conservation [58], which after the country’s independence was only promulgated in 1972 when the country formulated its wildlife and forest protection legislations [57]. This legal protection presumably supports the present-day extent of the mangrove forests. However, [59] (p. 131) believe that “economic reasons such as high land use conversion costs (due to tidal, saline environment and the presence of the Royal Bengal Tiger […]) have become more important in preventing large-scale destruction of the mangroves than administrative regulations. Moreover very clear demarcation of forest boundaries along rivers and the Bay of Bengal have also contributed to the protection of the forest.”




5. Post-Colonial Policies: Legislative Protection and Community Participation


The human population in the Sundarbans increased rapidly in the post-colonial era, especially following the partition of India and Bangladesh. The violent incident of Marichjhapi where over 100 people lost their lives, bears testimony to the mass migration from Bangladesh into Sundarbans, and symbolizes the power struggles between the government and residents of Sundarbans over forest rights [60]. After independence, the population of Indian Sundarbans grew from 1.15 million in 1951 to 4.44 million in 2011 (Figure 3), which led to a growing demand for its resources. Between 1873 and 1968 the mangrove-covered area decreased by about half on account of conversion of forest to agricultural land and settlements (Table 2). The mangrove forest boundary shifted further to the south and the mangroves were cleared between the Hooghly River and the Matla River. The satellite images from 1968 show only small strips of remaining mangroves (Figure 2 middle left).



Since the 1970s, the Indian Sundarban mangroves have been protected under various legal measures which were established primarily to protect and help increase the threatened tiger population. In 1984 a (subordinate) protection of the forests came into law with the establishment of the 1330 km2 Sundarbans National Park, designated as a UNESCO World Heritage Site in 1987, and a biosphere reserve in 2001, where no human interference is permitted. In addition there are less strictly administered wildlife sanctuaries namely, Sajnekhali (362 km2), Lothian (38 km2) and Haliday (6 km2) and the Sundarbans Reserve Forest, where limited human use is allowed. In total, the protected forest covers an area of about 4260 km2. Additionally, the government of India established a National Mangrove Committee within the Ministry of Environment and Forests in 1979, with the mandate to manage, protect, and re-afforest the areas. Consequently, despite the high population density, the areal extent of the Indian Sundarban mangrove forest remained more or less stable since the 1960s (Figure 2, Table 2, see also [22,23,41,59]).
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Figure 3. Human population growth in the Indian Sundarbans between 1951 and 2011. 
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Up until the 1990s the Indian Sundarbans were managed exclusively by the state, and the community was excluded from using it, leading to frequent protests by the local population who claimed use rights [61]. Development support has been neglected, with inadequate power [61] and transportation [57] infrastructure and poor health and education services. Land holding per capita has been small, despite the efforts of government land redistribution programs taking place between 1980 and 1990 [62], whilst the fragmentation of farm plots in subsequent generations has contributed to the marginalization of a large percentage of the population.



With the declaration of the Sundarbans as a World Heritage Site in 1987, the primary objective was given to biodiversity conservation [21], with the Sundarbans also having prestige value for the country. In 2001, the human element was recognized to a degree when the Sundarbans Biosphere Reserve was set up under the Man and the Biosphere Programme (MAB), but the forest department’s initiatives towards alternative livelihoods had not yet been formalized [63]. The forest department attempted to introduce some livelihood alternatives in the late 1990s, such as piggeries and mushroom cultivation [63], as well as the managed collection and selling of non-timber forest products (NTFP). The programs were organized through the Joint Forest Management Committees (JFMCs) at the village level and through the Forest Protection Councils (FPCs), but did not yield the desired livelihood outcomes. Household respondents identified the failure of these initiatives as owing to a misalignment with their cultural preferences, as well as because of poor marketing structures and inequitable benefit sharing mechanisms between and amongst the state and the locals. Many respondents claimed that these activities were implemented in a top-down manner, highlighting bureaucratic intransigence [61,64]. Other than by excessive local exploitation and natural hazards, the main underlying reason threatening the future of the Sundarbans is inadequate state governance, as evidenced by disconnected development plans, weak and ineffective enforcement apparatus, poor coordination between the various government agencies, and an unwillingness to include local people in management decisions.



The remote sensing analyses in Figure 4, apart from net land loss, do not reveal any marked change in the forest’s extent since the 1960s. While deforestation has not been significant, the forest department has almost always been blamed for overemphasizing protection through FPCs and JFMCs [64]. Many respondents rely on non-timber forest produce, crab, prawn seedlings and fish for their livelihoods, but experience capital losses as forest patrols confiscate their boats or fishing nets, critical to their livelihood. While the forest officers claim to be carrying out their duties and “protecting the forest,” the dwellers describe it as an excessive and arbitrary use of power. The low human interference in the forests are differently explained—forest officials describe their efforts as evidence of their efficiency in protecting the forest, whilst people living around the forest cite the increasing risk to life from human-wildlife encounters and the availability of alternatives such as federal income guarantee schemes, in reducing their dependence on forest. However, frictions and conflicts between forest guards and forest dwellers are much too common, according to the accounts of both sides.



The degree of protection varies greatly across forests, as a result creating some confusion for people who access the forest for their livelihoods. While no human activity is allowed in the Sundarbans National Park, limited access to wildlife sanctuaries is allowed whilst reserve forests offer greater access to the people. Much like any other forest in the country, human-wildlife conflicts and illegal extraction in the protected areas have been all too common [65], further serving to alienate local people from taking an active role in the conservation [66] of this commons.



There are several overlapping institutional arrangements and competencies governing the Sundarbans. While the Project Tiger is federally managed, the national park and the wildlife sanctuaries are under the forest departments of the state of West Bengal, who have varying degrees of control in different parts. Additionally, the secretariat of the biosphere reserve, which is the custodian of the entire 9630 km2 of the Indian Sundarbans, is headed by a director.



The complex interactions between elements of conservation, livelihood security and physical protection of people, coupled with the threat of climatic hazards, calls for additional resources if socially just and equitable benefits are to be accrued from the Sundarbans. Financial proceeds from global mechanisms such as REDD+ and CDM [63], can offer sufficient financial resources by virtue of the Sundarban mangrove’s ability to capture carbon at faster rates than tropical forests [10]. However, a REDD+ for the Sundarbans might be vulnerable to a free-rider problem as much as the other REDD+ initiatives have elsewhere. This is why a polycentric approach [67] might be better suited for the Sundarbans as it proposes the development of methods for assessing the benefits and costs of particular strategies.
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Figure 4. Change detection analyses indicating areas of land loss and land gain between 1968 and 2014 based on Corona and Landsat data; for changes in mangrove extent and cover only the Landsat data were employed; for change statistics see Table 3. 
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6. Internal Mangrove Dynamics—Climate Change and Human Impacts


While the total mangrove area did not change significantly over the last few centuries, change detection analyses clearly show natural internal mangrove dynamics with small-scale land loss and gain by erosion and accretion of sediments within the tidal channels. Along the Hooghly River channel new islands have developed on the western side, whereas more land has eroded on the east. Ghoramara Island lost almost half of its area between 1968 and 2014 (Figure 4). There is a high turnover rate of aggradation and erosion, which was more or less balanced in the past [65]. Today, however, erosion rates are much higher than aggradation, which is most likely the result of artificial sediment traps upstream by dams and barrages in particular areas (e.g. the Farakka Barrage) and higher discharge through water diversion in other parts of the drainage basin [41,65]. Another concern is the higher amount of meltwater from Himalayan glaciers, which increases erosion along the estuaries and thus delivers a higher amount of sediments [65,68,69]. Change detection analysis (Figure 4) shows that the new sedimentary deposits along small tidal channels are colonized within a couple of years by light demanding pioneer plant communities which are later replaced by different successional communities due to land rise and modified inundation and salinity conditions [70]. Due to hydrological modifications, with altered flooding and soil salinity conditions, floristic changes can be assumed, which in turn influence the entire food chain within the Sundarban mangrove forests. Furthermore, the increased runoff from the Himalayas reduces soil salinity, and, owing to higher erosion, high siltation causes lower transparency and thus lowers photosynthetic activity of the phytoplankton with adverse consequences on food chains and oxygen production [65,69,71].
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Table 3. Change statistics for land loss/gain and mangrove area between 1968 and 2014.







Table 3. Change statistics for land loss/gain and mangrove area between 1968 and 2014.







	
Differences Between Observations




	

	
1968–1989 [km²]

	
1968–2014 [km²]

	
1989–2001 [km²]

	
2001–2014 [km²]

	
1989–2014 [km²]




	
Corona and Landsat

	
Landsat






	
Total Land Loss

	
136

	
299

	
74

	
263

	
213




	
Total Land Gain

	
163

	
270

	
219

	
60

	
159




	
No-Mangroves

	
123

	
163

	
204

	
55

	
107




	
Mangroves

	
40

	
107

	
15

	
5

	
52




	
Mangrove Change

	

	

	

	

	




	
Increase

	
54

	

	
235

	
137

	
240




	
decrease

	
475

	

	
154

	
220

	
262









Large-scale changes in mangrove structure as well as coastline are caused by occasional cyclonic disturbances. On 25 May 2009, a tropical cyclone (Aila) hit the Sundarbans in India and Bangladesh with a wind speed of 110 km/hr. Over 8000 people were registered missing and about a million were rendered homeless in the two countries. Approximately 300 people were killed in Sagar Island (for location see Figure 1) alone in the Indian Sundarbans [72]. Impacts on mangrove forests range from defoliation, removal of twigs due to wind throw and breakage of delicate root structures which differed according to the severity of the storm. In the classification (Figure 2 middle right) the passage of one severe tropical cyclone in November 1988 is evident; where low normalized vegetation index values represent reduced ground cover (see also [22]). Mangrove forests generally possess a high resilience to natural disturbances such as tropical storms and tsunamis. According to [22] recovery time in storm disturbed mangrove forests of the Sundarbans is around 25 years. However, following a sequence of recent severe disturbing events, with several cyclones in a row (1988, 1991, Sidr in 2007, Nardis in 2008 and Aila in 2009) and the Asian tsunami of 2004, there is concern that the mangroves’ regeneration ability has been weakened. On the Bay of Bengal along the Sundarbans the occurrences of cyclones increased by 26% between 1881 and 2001 [73]. A projection modelling predicts a further increase in the frequency of cyclones, particularly in the late monsoon season [74], as well as a higher intensity of storms in the months of May and June between 2070 and 2100 [75] with the possible outcomes for mangrove structure and vitality being already observable. Thus, the planting of mangrove propagules in large gaps constitutes an important measure for substantial mangrove management if the invasion of non-mangrove taxa and ecosystem conversion is to be avoided [76].



Apart from large cyclones such as Aila, tidal bores and high tides—though a comparatively slow onset is equally destructive—have already started to play havoc on the ecosystem. A tidal bore on 13–15 July 2014 displaced over 50,000 people (recorded by author). Furthermore, over 10,000 dwelling units were completely destroyed and 5000 more were partly damaged. Paddy fields across villages were inundated, at least 15 villages were completely destroyed and intrusion of saline sea water ruined the prospects of agriculture for the next one year or so, whilst sweet-water ponds were contaminated (unpubl. data from the government of West Bengal, department of Panchayat and rural development). These low intensity but relatively high frequency hazards are usually triggered by weather events and the interaction of these events with the local ecosystems.



The increasing intensity of the everyday disasters such as tidal bores has been explained by [74] who points to a further escalation of tidal flows and volumes in the Sundarbans compared to the rest of the eastern coast of India. This is significant as it directly translates into greater destructive abilities of higher sea levels and cyclones but also from otherwise innocuous high tides and regular tidal events throughout the year. The environmental changes under such conditions are expected to be rapid and incremental as has been the case of Sagar [77,78] and Jambudwip [79], one of the fast-eroding islands.



The other important and critical change is sea level rise, owing to global warming, anthropogenic drivers, and land subsidence [65], which eventually affects the mangrove forest and vulnerable, coastal communities. The cumulative effect of this, described as relative mean sea level (RMSL), has risen between 3.14 mm/year [80] and almost 5 mm/year [81] in the Sundarbans, which are much higher than global averages, and threaten to inundate close to a billion people [82].



Sea level rise is a major driver for recent land loss along the coastline [83], which has serious effects on the health of the forests in the Sundarbans. The change detection analyses in Figure 4 shows that the coastline retreat varies, with a maximum of about 2.8 km between 1968 and 2014 for the southern islands. The archipelago has lost 284 km2 in the past 50 years, whereas accretion has been only 84 km2 [84]. According to [77,85] the rate of land loss has increased during the first decade of the 21st century from 2.85 km2 per year to 5.5 km2. In some cases, such as Jambudwip Island, the total area lost has been over 50% ([79], Figure 4). Sagar Island has shrunk by 15%, and three other islands, Lohachahara, Suparibhanga and Bedford, have completely disappeared, whilst Ghoramara Island has been eroded significantly, displacing scores of people [86].



With RMSL getting higher, land area above water surface will be significantly reduced and the inundated land may no longer support mangroves when the sea level is too high. The low salinity areas will be considerably reduced, causing changes in the abundance patterns of species and the floristic composition in general, with decreases of less salt-tolerant taxa including the economically important tree species Heritiera fomes [35]. Cumulative effects of changing weather patterns, tectonic shifts and subsidence have changed the salinity dynamics of the region [65]. Not only has the reduced freshwater supply led to higher river water salinity, but also the aquatic subsystem has significantly altered, resulting in a sharp decline in the commercially important fish in the central tracts [87] of the Sundarbans.



The two most serious anthropogenic impacts on the forest are wastewater pollution from large cities and industry, and a reduction in freshwater supply owing to the construction of upstream embankments for diversion of irrigation water. The most prominent example is the Farakka Barrage, constructed in 1975, which has altered the regional hydrological balance, and has contributed a great deal to differences in freshwater distribution, and to the increased salinization of the soils. Two resultant effects of increased pollution and soil salinization on the Sundarban mangroves is the recent observation of a decrease in canopy closure (see Figure 4), and the prevalence of a top dying disease affecting the formerly dominant and economically most important tree species Heritiera fomes [88,89]. Such degradation may have strong negative knock-on effects on the different interrelated components of the Sundarbans’ biodiversity [90].



Besides the effects on the vegetation, human action also affects faunal communities, in particular of fishes [65]. High levels of pollution, sediment load, and salinity trigger negative effects on the faunal reproduction and growth, as well disturbing composition and distribution patterns. In the central, more saline, part of the Indian Sundarbans, opportunistic trash fish have increased significantly, while the abundance of commercially important taxa has decreased. In addition, low water quality may also cause a reduction of commercially important fish larvae due to the negative impacts on the quality of their nursery grounds within the forests. Such qualitative and quantitative losses in ecosystem services will have an influence on the Sundarbans as a living environment for human beings, and may result in shifts in profession and/or out-migration of people [35].



Coastal squeeze under rising sea levels [69] may also severely impact the mangrove forest and tiger population. The predicted reduction of habitat by the end of the century may leave less than 20 breeding individuals in the whole of the Sundarbans, which is way below threshold for species maintenance, meaning the tiger will become extinct [91], as two other iconic rhino species have previously: Rhinoceros sondiacus, and R. unicornis [92].



Indiscriminate construction of circuit embankments [53] to make islands habitable since the British administration, have, over 200 years, altered natural geomorphological processes of delta formation. In many cases the creek beds have risen higher than the low-lying reclaimed areas, turning those areas into vast stretches of permanent marshes that “seals off the possibility of these tracts ever naturally maturing into lands habitable by humans” [93] (p. 93). The cumulative impact of altering the geomorphology, and the construction of embankments has led to submergence of large tracts of land in the sea-facing islands, including for those which are non-embanked, and has also led to coastal retro-gradation of more than 10 km in some cases, such as Sagar Island ([94], see also Figure 4). This subsidence of the land can be attributed to the autocompaction of the silt layers as well as to the effects of storm surges that lead to a retreat of the coastline [94,95].



Collapse of these embankments are widespread, though their frequency depends on the type of construction and its interaction with (changing) tidal pressures, cyclonic storms, rising sea level and various tidal events. Every time there is a major breach, human pressure on the ecosystem intensifies; affected households turn to water-based livelihood activities and became directly dependent on the riparian commons [57]. Apart from exposing populations to inundation and destruction of assets, these breaches also lead to an increase in soil salinity, ruining prospects for agriculture, whilst also affecting the floral and faunal diversity of the ecosystem [63].




7. Conclusions


Mangroves are diverse and highly productive ecological communities at the land-sea interface. The Sundarban mangrove forests are the largest in the world. They provide a wide range of important ecosystem services, including: the provision of food and water for millions of its inhabitants; protection against the worst effects of natural hazards, such as with cyclones and tsunamis; the ability to act as a giant long-term carbon sink; the retention of terrestrial sediments; and as a habitat for many species, including for the rare and protected Royal Bengal tiger. The importance of the Sundarbans therefore extends from the local to the global, where different stakeholder objectives attempt to decide its future. During the last two-and-a-half centuries, the Sundarban mangrove ecosystem has been affected by human impact, slow onset climatic change and extreme weather events. Human activities in the inhabited part of the Indian Sundarbans have a greater incremental impact on mangrove forests, salinity increase, relative mean sea level rise and land loss than previously assumed. Protection of mangrove forests is extremely complex and multiscalar because of the interaction of climatic threats, path-dependent development regimes and environmental governance. Enforcement of legal protection is intricately connected to power struggles and by no means a universal virtue [64]. Direct human pressure on these strictly protected forests comes from the extraction of goods and enlarging arable land [58].



While mangroves inherently possess a high resilience to natural disturbances such as tropical storms or tsunamis, the effects of anthropogenic degradation is often irreversible. This is why it is important to reconfigure development plans by including local requirements and to approach the problem through a multiscalar and polycentric manner, instead of looking at conservation and climate change adaptation separately. More effective conservation elicits adaptation co-benefits and vice versa, for example bio-embankments and beach nourishment, which have provided effective protection against coastal erosion along the Netherlands coasts [96,97]. In the Sundarbans, this calls for an interdisciplinary collaboration between natural and social scientists to develop policies addressing conservation and climate change adaptation. The West Bengal government recently announced a number of development measures for the Sundarbans including ecotourism infrastructure [98]. Such developments, if realized, might irreversibly jeopardize the ecosystem, without first addressing the core problems, i.e. industrial pollution, upstream diversion schemes, forest clearing, and, importantly, local livelihood needs.
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