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New Moore isle no more, expert
blames warming
TNN Mar 25, 2010, 01.31am IST

KOLKATA: The New Moore island near the Bay of Bengal is being swallowed by the rising sea,
making it one of the earliest instances of a patch of territory ceasing to exist because of global
warming.

New Moore Island, also known as Purbasha island, is at the confluence of Ichhamati and Rai
Mangal rivers near the Bay of Bengal. But it remains almost perpetually submerged, peeping
out only in the event of a very low tide. The startling fact about its submergence emerged from
satellite images in 2009. These were studied by a team led by Sugato Hazra, director of
Jadavpur University's school of oceanography studies. ''There's no trace of the island anymore.
After studying satellite images, I reconfirmed this from fishermen,'' Hazra said on Tuesday.

Ads by Google

Nuclear Power is Cleaner
Nuclear power is clean. Virtually no CO2 emissions at San Onofre
songscommunity.com/clean

Windows Server 2012
Cloud-Grade Innovation Inside Your Datacenter. Learn More!
microsoft.com/ws2012

Till the early 1980s, New Moore Island was claimed by both India and Bangladesh. Dhaka
called it South Talpatti island. With the 3-km long and 3.5-km wide island disappearing, an
irritant in Indo-Bangladeshi ties may have gone.

Although many environmentalists are yet to endorse the view that global warming is pushing
up sea levels, rising temperatures are definitely responsible for the phenomenon, said Hazra.
''Nobody lives on the island now. Coastal erosion and rising temperature in the Bay of Bengal
between 2000 and 2009 led to the Purbasha island getting submerged. Temperature in the
region has been rising at an annual rate of 0.4 degree celsius,'' he said.

Four super cyclones — Aila, Cedar, Bijli and Nargis — hit the southern parts of the Sunderbans
between 2007 and 2009. In 1996, Lohachara Island, too, in the Hooghly estuary had
disappeared under water. ''It had 4,000 inhabitants then. They were all compelled to relocate,''
said Hazra. Lohachara later resurfaced. But no studies were conducted to prove the island
submerged due to global warming and a consequent rise in sea levels.

According to Hazra, the islands of Ghoramara in the Hooghly estuary and Jambudeep near
the Bay of Bengal, too, are slowly sinking. Ghoramara is inhabited. On islands like Bulcheri,
Bhangaduani and Dalhousie facing threat from the rising sea, the tigers risk getting wiped out.
Besides, there are other inhabited islands which face erosion, flooding due to storms and rising
salinity of water,'' said Hazra, who conducted the research along with Anirban Mukherjee and
Anirban Akhand of the university's school of oceanography studies.
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Oil blocks 'giveaway' to Brunei 
Thursday, May 06, 2010 - 10:31
yeap [1]

PETALING JAYA: Democratic Action Party (DAP) adviser Lim Kit Siang has called on 
former prime minister Tun Abdullah Ahmad Badawi to explain the ‘release’ of oil producing 
offshore areas in South China Sea as claimed by former premier Tun Dr Mahathir 
Mohamad in his blog yesterday. 

Lim told The Malay Mail this morning that Pak Lah must clarify Dr Mahathir’s claims. 

“As a matter of grace and national interest, Pak Lah must respond. We have to establish 
the facts of the matter first. 

“If what Dr M says is true, issues like this should never be hidden. Pak Lah must speak. If 
not, people would be jumping to conclusions,” he told The Paper That Cares.

Yesterday, Dr Mahathir in his blog www.chedet.com [2], claimed that Abdullah, during the 
latter’s tenure as PM, had agreed to surrender two blocks of oil producing offshore areas 
in the South China Sea — Block L and Block M — to Brunei in return for Limbang in 
Sarawak.

He had written that Block L and Block M had been claimed by Malaysia based on 
historical facts. The two blocks were awarded to Petronas Carigali Sdn Bhd in 2003 and 
entered into a production sharing contract with Murphy Oil Corporation to start drilling. 

It was estimated that the reserves amounted to almost 1 billion barrels. 

“Abdullah has caused Malaysia to lose at least US100 billion dollars (about RM320 billion) 
of Malaysia’s oil in this agreement,” Dr Mahathir wrote. 

He had claimed that when Abdullah negotiated with Sultan of Brunei Sultan Hassanal 
Bolkiah, no Petronas representatives were present but only foreign office staff and the
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foreign affairs adviser to the PM were present. 

Dr Mahathir has called for Wisma Putra to explain why it did not stop Abdullah. A Wisma 
Putra spokesman said they are still investigating the matter. 

Abdullah says Cabinet approved boundary pact with 
Brunei
KUALA LUMPUR: (Bernama) -- Tun Abdullah Ahmad Badawi said he signed a land and 
sea boundary agreement with Brunei in March 2009 in which two overlapping offshore 
exploration fields came under Brunei after it was approved by the Malaysian Cabinet a 
month earlier. 

In a statement on Friday, the former prime minister confirmed that Block L and Block M 
concessions now belonged to Brunei but the agreement provided that Malaysia would be 
allowed to participate in joint development of oil and gas on a commercial basis in the two 
areas for a period of 40 years. 

"The financial and operational modalities for giving effect to this arrangement will be 
further discussed by the two sides. This means that in so far as the oil and gas resources 
are concerned, the agreement is not a loss for Malaysia," said Abdullah who had visited 
Bandar Seri Begawan for a two-day working visit on March 15 and 16 last year before he 
stepped down as prime minister two weeks later on April 3. 

Abdullah was responding to questions raised by his predecessor, Tun Dr Mahathir 
Mohamad, who said Abdullah had surrendered the two blocks in negotiations with the 
Sultan of Brunei in exchange for Limbang which straddles the Sarawak-Brunei border. 

Dr Mahathir said the loss of the two blocks cost Malaysia at least US$100 billion dollars 
(RM320 billion) from an estimated reserves of almost one billion barrels of oil. 

Dr Mahathir also said Brunei had disclaimed that it had agreed to give up Limbang and 
Abdullah had made no mention of the two blocks when he announced that he had settled 
the Limbang claim. 

Last week, United States-based Murphy Oil Corp said Malaysia's Petroliam Nasional Bhd 
(Petronas) had terminated the production sharing contracts for Blocks L and M as they 
"are no longer a part of Malaysia". 

Abdullah, revealing details of the agreement for the first time, said he had signed the 
Exchange of Letters with the Sultan of Brunei on March 16 last year in specific steps to 
finally establish a permanent land and sea boundary between the two countries. 

"In my capacity as the Prime Minister of Malaysia, I signed the Exchange of Letters with 
the Sultan of Brunei after the Malaysian Cabinet approved the deal on 11 February 2009," 
he said. 

The two sides agreed to undertake a joint survey to demarcate the land boundary in two
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ways.

Firstly, the joint survey would confirm the ground boundary in five sectors which had 
already been established by previous agreements in 1920, 1931, 1933 (two separate 
agreements) and 1939. 

Secondly, in the sectors where there were no agreements yet, the joint survey shall 
determine the land boundary on the basis of the watershed principle. 

"When the entire land boundary demarcation exercise is completed, there will be 
established a final and permanent boundary between Sarawak on the Malaysian side and 
Brunei on the other side. 

"When this is accomplished, there will no longer be any land boundary dispute between 
Brunei and Malaysia as a whole. This long standing issue, which had existed in the past 
as an irritant in the relations between Malaysia and Brunei, will be settled without any 
disadvantage for Malaysia," Abdullah said. 

On the maritime area, he said the two countries agreed to establish a final and permanent 
sea boundary. 

"This agreement serves to settle certain overlapping claims which existed in the past 
which included the area of the concession blocks known before as Block L and Block M. 

"Sovereign rights to the resources in this area now belongs to Brunei. 

However, for this area the agreement includes a commercial arrangement under which 
Malaysia will be allowed to participate, on a commercial basis, to jointly develop the oil 
and gas resources in this area for a period of 40 years," he said. 

Details of this would be further discussed and thus, in so far as oil and gas resources, the 
agreement was not a loss for Malaysia, he added. 

Petronas invited by Brunei to develop Block L and M 
KUALA LUMPUR: The national oil corporation, Petronas, said today it has been invited 
by Brunei to develop two offshore exploration areas formerly designated as Blocks L and 
M on a commercial arrangement basis. 

In a statement, Petronas said it had set up a team and had begun negotiations with Brunei 
to work out the terms for the development of the two areas now known as Blocks CA1 and 
CA2. 

"Both parties are committed to arriving at a mutually beneficial arrangement as soon as 
possible," Petronas said. 

In the four-paragraph statement, the national oil company said the arrangement was made 
following the Exchange of Letters between Malaysia and Brunei on March 16, last year.
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"This Exchange of Letters was a culmination of a long-standing issue between the two 
countries to arrive at a mutually beneficial arrangement, which allowed Petronas to enter 
into new production sharing contracts for both blocks," it said. 

It also said that following the Exchange of Letters, the production sharing contracts 
covering Blocks L and M, which were awarded in 2003 to Petronas Carigali Sdn Bhd and 
Murphy Sabah Oil Co Ltd, were formally terminated on April 7 this year as these blocks 
were no longer a part of Malaysia. 

Blocks L and M were redesignated as Blocks CA1 and CA2 respectively, it said. 

Former prime minister Tun Dr Mahathir Mohamad, in a blog posting on Thursday, had 
questioned why the two blocks were no longer belonged to Malaysia and said that the loss 
could cost Malaysia at least US$100 million (RM320 million). 

Dr Mahathir claimed that his successor Tun Abdullah Ahmad Badawi had surrendered the 
two blocks in exchange for Limbang. 

Abdullah, who signed the Exchange of Letters, clarified that the land and sea agreement 
with Brunei was approved by the Malaysian cabinet and that Malaysia would be allowed to 
participate in joint development of oil and gas on commercial basis in the two areas for a 
period of 40 years. 

MORE: Oil blocks deals - Govt must explain, says Tian Chua [3]

MORE: Parliament: Oil blocks handover would not be discussed [4]

1
Status: 1
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ABSTRACT

The reclamation of Sagar island from the Sundarban mangrove wetlands of the western Ganga
Brahmaputra delta was initiated in 1811.  At present the island is almost wholly settled.  The
major natural environmental hazards (NEH) that affect the island are tropical cyclones, coastal
erosion, tidal ingression and dunal encroachment.  Human adjustments to these problems include
acceptance, technological control, relocation, regulation and emergency measures. Seven different
agencies manage the existing NEH-prevention projects of the island, often with little coordination.
Important schemes managed by these agencies include coastal and interior embankments, mangrove
plantations, storm refuges, resettlement projects and vegetation wind-breaks.  Their efficiency
ranges from excellent to very poor.  Since a large outlay is inconceivable, the island’s hazard
prevention projects should mobilise existing resources in a more rational and coordinated manner.
The long-term solution to the problems, however, lies in an accelerated socio-economic
development of the region.

NATURAL ENVIRONMENTAL HAZARDS AND THEIR
MANAGEMENT: A CASE STUDY OF

SAGAR ISLAND, INDIA

Sunando Bandyopadhyay
Department of Geography & Environment Management, Vidyasagar

University, West Bengal 721102, India

Singapore Journal of Tropical Geography, 18(1), 1997, 20-45
! Copyright 1997 Department of Geography, National University of Singapore, and Blackwell Publishers Ltd

INTRODUCTION

An environmental hazard is generally defined
as an extreme and uncommon physical event
that inflicts some kind of damage on humans
and their physical surroundings.  A natural
environmental hazard (NEH) is distinguished
from a human environmental disturbance by
the fact that while humans are fully responsible
for generating the latter, they usually have no
control over the origin of the former (Burton,
1989).  However, the effect of an NEH can
often be exacerbated by human activities that
modify the physical setting of an area.  Humans
may also expose themselves to an NEH,
knowingly or unknowingly, by simply
occupying a hazard-prone region. Over the

years, two distinct schools of thought in NEH
research have emerged.  The deterministic
behavioural hazard paradigm, developed from
the classical works of Gilbert White (1936;
1974) constitutes the dominant view (Smith,
1992:42).  This focuses on the physical nature
of the NEH events, human responses and
mitigation aspects.  The more recent
socio-centric structural hazard paradigm,
reflected in the works of O’Keefe et al.  (1976),
Susman et al. (1983) and Drabek (1989), in
contrast, emphasises the effects of
socio-economic and political parameters on
NEH.  It argues that in the poorer regions of
the world like India, underdevelopment - in

SUNANDO.PM6 5/13/97, 10:24 AM2

Annex BR7



turn leading to marginalisation and lack of
resources - may literally force the choice of
locating in an NEH-prone area.  An NEH,
therefore, cannot always be seen as a purely
natural event.  The geomorphic components
of the NEH (for example, coastal erosion) often
tend to be more pervasive and dispersed in
nature rather than rare and extreme occurrences
(Gares et al., 1994).  Considering these views,
a working definition of an NEH may be a
natural event which is harmful to humans and
cannot be considered by them to be part of the
normal state or condition of the environment;
its potential for harm varies with the physical
parameters of the event as well as the
socio-economic conditions and political
situation of the place of its impact.

In 1781, while describing the Sundarban
mangrove wetlands of the lower Ganga
Brahmaputra delta, Rennell (1788: 259)
observed that “this tract ...  is so completely
enveloped in woods, and infested with tygers
(sic) that if any attempts have ever been made
to clear it ...  they have hitherto miscarried”.
A new phase of reclamation, however, was
soon to follow and, a couple of centuries later,
some 5,366 km2 (about 56 per cent) of the
former tidal wetlands were converted to rice
farms in the Indian districts of South and North
24-Parganas, West Bengal State (Mandal,
1992).1 This reclaimed area now constitutes
one of the most NEH-prone and least
developed regions of the country.

The present work, using Sagar island
(213.83 km2; 21o37'-57’N, 88o02'-11’E) (Plate
1) as a representative of the sea-board sections
of this region, is a comprehensive study of the
nature and management of the NEHs that affect
it.  While natural hazards research is now
developing an emphatic bias towards the social

sciences (Gares et al., 1994), this paper is
written mainly from the standpoint of physical
geography and mostly within the framework
of the original natural hazards paradigm.
However, it does acknowledge the significance
of the human system as an important influence
on NEHs.

RECLAMATION OF SAGAR
ISLAND

Causes and consequences
Although a number of archaeological
evidences indicating former human
inhabitation were reported from Sagar
(Princep, 1831; Anon, 1859; Haldar, 1983),
the island was completely covered with
mangroves in 1811 when a project of clearing
the area was conceptualised by the British
colonial State government (Chapman, 1869;
Pargiter, 1934:115). The usual reclamation
procedures in Sagar island, like everywhere
else in the Sundarban, was to embank the
coastline and the major tidal channels with
mud, completely blocking the smaller tidal
creeks (to prevent flooding by the highest high
tides) and subsequent deforestation (see
Westland (1874:106-10) for a graphic
description of this arduous labour-intensive
process). One major problem associated with
this practice is that, by keeping out sediment-
laden tidal water, the reclaimed region remains
forever lower than the highest high tide and/
or storm surge levels and therefore prone to
NEHs like tidal ingression and flooding due
to breaching or overtopping of the low-tech
earthen embankments.

Prevention of tidal spilling also throws a
macro-tidal resonant estuary like the Hugli out
of morphological equilibrium by reducing its
inter-tidal area and thereby increasing its mean
depth.  The estuary then tries to restore the
equilibrium by actively eroding its embanked
channel-margins and by increasing rates of
in-channel sedimentation, both to decrease its
mean depth (Pethick, 1994).  These conditions

1 The  total area of the  existing  Sundarban  mangroves,
still the largest in the world (Collins et al., 1991:95), is
7,180 km2 (Richards, 1990).  Of this, some 4,264 km2

form the Indian sector (Mandal, 1992) and the rest is in
the Bangladeshi districts of Khulna, Satkshira and
Bagerhat.
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are now being replicated in the Hugli, requiring
enormous dredging operations to keep its
navigational channels open and constant repair
or reconstruction of the damaged marginal
embankments (Bandyopadhyay, 1997).  Apart
from this, some other probable contributors to
the problem of coastal erosion include the
decrease in sediment input from the Hugli due
to abandonment of the western Ganga-
Brahmaputra delta caused by a Late Holocene
eastward tilt (Morgan & McIntire, 1959);
sediment sinks at the Swatch of No Ground
submarine canyon (Kuehl et al., 1989) and at
the post-independence (1947) river valley
projects (Bandyopadhyay & Bandyopadhyay,
1996); and subsidence of the coastal delta (Das
& Bhattacharya, 1994).

Despite Chapman’s (1869:7) observation
that “Sagar island is more valuable ... as a
break-water to save the main land from the full

destructive force of storm waves than a
precarious field for agriculture” and
Addams-Williums’ (1918:159) suggestion that
heavy embankments “should be avoided in
Sundarban until the height of the land is a
sufficient protection against the highest tides”,
the island gradually became almost wholly
deforested and settled (Figure 1).  As traced in
detail by Ascoli (1921:76-79), Pargiter
(1934:115-18) and Lahiri (1936:118-20), the
reclamation activity was slow at the beginning
and gathered sufficient momentum only from
the later half of the 19th century.  This was
achieved mainly due to different policies of
the colonial State government, reflecting the
general contemporary attitude towards
mangrove wetlands that simply considered
them as wastelands waiting to be reclaimed
for agriculture and fuel (Richards, 1990).
Other contributory factors include the lack of
alternative opportunities elsewhere and

Plate 1.  Western part of the coastal Ganga Brahmaputra delta showing the position of Sagar
island at the mouth of the Hugli estuary.  The light grey tint of the tidal islands indicates the

extent of the Sundarban mangroves (Landsat-1 MSS FCC, 21 February 1973).

22                                                    Bandyopadhyay
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perceived high ratios of reserve to potential
loss by the settling peasant farmers.  At present,
Sagar’s population of 149,222 represents a

density of 698 persons/km2 and is naturally
growing by four per cent every year (1991
estimates).  The pressure it causes on the

Figure 1.  Changes in area, forest cover and population size of Sagar island, India.
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carrying capacity of the island is further
aggravated by a diminishing island area
(Figure 2).

Management possibilities
The suggestions for improving the elevation
of the prematurely reclaimed part of the Indian
Sundarban are mostly based on opening of the
reclaimed areas to the sediment-laden tidal spill
in a phased manner until they are sufficiently
accreted to rise over the highest high tide level

(Bose et al., 1957; Gupta, 1957; Dutt, 1966;
Ray, 1966; Mukherjee, 1969, 1976).  Although
Brammer (1990) described indigenous
applications of similar methods in a very
isolated example from Bangladesh, little can
be predicted of the practical applicability of
the schemes. Temporary free spilling may take
decades to raise the level of the land above the
highest high tides.  On the other hand,
permanent opening of the marginally
reclaimed areas is required to restore the

Source: Refer to Figure 1.

Figure 2.  Evolution of Sagar island: 1851-55 to 1992.
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disturbed estuarine equilibrium (Pethick,
1994).  According to Maddrell (1993), regional
removal of the embankments did show marked
improvement in depths of the previously silted
tidal channels in southeastern Bangladesh.
Moreover, due to the high population pressure
of the region, any such plan would obviously
have to address the immense problem of
relocation.  But, among the different proposals,
only that of Mukherjee’s (1976) considered the
resident population as a part of the plan.

NATURAL ENVIRONMENTAL
HAZARDS AFFECTING SAGAR
ISLAND

The NEHs that affect the resident population
of Sagar island are identified and described in
Table 1, mostly on the basis of qualitative
parameters of the events emphasised by Burton
et al. (1974).  The types and levels of human
adjustments to these hazards are listed in Table
2.

The hazard calendar
The rhythm of the seasons, reflected in the
typical yearly cycles of wind, precipitation and
tidal regimes, has a major influence on the
hazard calendar of the island.  The highest
pre-monsoon wind velocities (southerly and
southwesterly: 27-30 km/h) are observed
during the dry months of April and May,
which, together with the hottest period of the
year (30°C), bring about dunal encroachment
in the agricultural areas.  The high velocity
winds (southwesterly: 20-25 km/h) continue
all through the rainy monsoon season
(June-September) when, becoming moist with
precipitation, the sand movement stops.
However, a significant rise in the local sea
level, together with wind-beaten waves and
tropical cyclones, result in an increase in the
intensity of coastal erosion and tidal ingression.
From October onwards, the winds start to
reverse their direction and speed (northerly:
11-12 km/h), the wave climate also changes
and depositional processes take over the
beaches (Bandyopadhyay et al., 1993).

However, marked deviation from this pattern
can often be caused by tropical cyclones,
especially the severe ones, landfalling in May,
October and November (Figure 3).  Generally,
the late post-monsoon period (December-
January) is most suitable for construction and
repair of various management-related
structures.

Tropical cyclones
The destructive action of a tropical cyclone is
mostly felt on the right of its track (northern
hemisphere) and on the shores that face an
advancing system perpendicularly (Coch,
1994).  It is an adverse combination of factors
like lowest pressure attained by a storm, local
sea level and tidal conditions at the time of its
landfall that determines the surge level at a
particular locality (Flather & Khandker, 1993).
Thus, while the storm frequency diagrams
(Figure 3) and recurrence intervals (Table 1)
do provide an approximate guide for frequency
of the events, they do not necessarily mean
recurrence of similar levels of destruction.
This was well borne out on 16 May 1995 when
even a low-magnitude system (maximum wind
speed at Sagar: 66 km/h) caused most
widespread damage to the coastal areas of the
Indian Sundarban in the last five years simply
because its landfall coincided with the spring
tides.  Three of the most destructive tropical
storms that ever affected Sagar island occurred
on 21 May 1833 (nearly 7,000 people died), 5
October 1864 (4,137 people killed) and 17
October 1942.  While materials providing
some new information on the extent of damage
or level of storm surge abound on the first two
events (Martin, 1836:84, 151; Chapman, 1869;
Hunter, 1875:259-60; Blanford, 1877; Beadle,
1903; O’Malley, 1914:135; Pargiter,
1934:116), hardly any authentic literature
exists on the 1942 event although it is still fresh
in the memory of the elderly islanders who
remember hundreds perishing in the storm
surge and the famine that ensued (Figure 1).
Adverse socio-political conditions often
suppress NEH reporting (Smith, 1992:34) as
in the case of the 1942 Bengal event (Mitra,
1991:110-13).
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TABLE 2.  LEVEL OF ADJUSTMENTS TO THE NATURAL ENVIRONMENTAL
HAZARDS, SAGAR ISLAND

ADJUSTMENT TYPES LEVEL OF EXPLANATION/REMARKS
(after Burton, 1989) IMPORTANCE

(5-point scale: A-E)1

Acceptance A Some of the greatest losses in human terms, such as
destruction of homesteads or farmlands by coastal
erosion are regular yearly occurrences and are almost
stoically accepted as part of life.

Technological control B Present in the form of low-tech embankments and recent
mangrove regeneration programmes.  Individual
structures are very basic but are quite extensive and need
recurring maintenance.

Regulation D Mainly exists on paper.  For example, law even prohibits
presence of grazing animals over embankments
(Harrison, 1909).  Regulations such as these should be
implemented  if some of the management schemes are to
survive anthropogenic pressure.

Relocation C Present in the form of three resettlement colonies.
Relocating the coastal people out of Sagar may soon
become an important issue in event of a greenhouse
warming-induced accelerated rise in the sea level.

Emergency measures D Present in the form of 13 storm refuges, all but one of
which have become degraded due to disuse and neglect.

1A = emphatic presence; E = emphatic absence.

Earthquakes
Although it is widely believed that an
earthquake and a simultaneous oceanic surge
(tsunami) killed some 300,000 people in the
area around the Hugli estuary on 2 October
1737 (Dunbar et al., 1992:175), its authenticity
has long been questioned (Anon., 1859).
Another report, unconfirmed by any other
source, made an earthquake responsible for
subsidence and transgression of a part of the
southern Sagar in 1897 (Dutt, 1950). Despite
the absence of any destructive earthquake in
the area for years, threats from earthquakes and
tsunamis cannot be ruled out in view of the
recent reviews by Maddrell (1993) and Nandy
(1994).  Its comparative risks (measured as

probability times amount of loss), however,
must be rated quite low.

Coastal erosion
The evolution of Sagar island since the
mid-nineteenth century clearly shows
predominance of erosion that was unevenly
distributed over space although it has
progressed more or less steadily through time
(Figure 2).  Overall, its area decreased by 25
per cent between 1851-55 (284.55 km2) and
1992 (213.83 km2). One important fact
revealed from the 140-year chronological
study is that coastal erosion of the island took
place irrespective of its forested or deforested
reaches.  During the latter half of this interval
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(that is, the last 70 years), all except two of the
27 coastal mouzas2 were affected by erosion
and nine lost more than 25 per cent of their
original extension (Figure 4).  The mouzas
particularly affected were: Bishalakshipur

(area eroded: 96.1 per cent), Sagar (67.0 per
cent), Muriganga (60.9 per cent),
Ramkrishnapur (57.1 per cent) and Shikarpur
(55.7 per cent).  The northeastern river-board
mouzas were the main corridor through which
peopling of the island progressed and were
major population centres right from its early
reclamation years.  Erosion of these mouzas

Source : IMD (1979) (data up to 1970) & India Meteorological Department (post-1970 data).

Figure 3.  Tropical cyclones passing through 100 km of Sagar island, 1891-1995.  (There is
no recorded occurrence of cyclones in this locality from January to April).

2 A mouza, comprising one to a few villages, is the small-
est administrative-cum-revenue unit of the Indian union.
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Sources: DCO-WBC (1992:50); refer to Figure 1.

Figure 4.  ‘Mouza’-wise distribution of coastal erosion (1922-23 to 1992) and population
density (1991) of Sagar island.
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increased the concentration of this population
even more (Figure 4).

Tidal ingression
In Sagar, nearly all coastal embankments are
double and compartmented.  Any breach in
them results in intrusion of salt water into the
compartmented area (measuring between 2.5
and 10 ha), rendering agriculture difficult if
not impossible.  Breaches are quite common
along the erosion-affected coast of the island
(Figure 5) and, on an average, amounted to
one for every 10.2 km of  the outer
embankment per year during 1990-95.

Sand encroachment
The NEH caused by the landward migration
of the coastal dunes does cause extreme
difficulty for the residents of southern hamlets
of the island who even need to hoist fine fishing
nets to prevent wind-blown sands from
entering their houses.  However, its effect is
localised and cannot be compared, for
example, to the damage caused by tidal
flooding.

EVALUATION OF THE
PRESENT HAZARD
MANAGEMENT SCHEMES

As many as seven different loosely coordinated
organisations are involved in the management
of NEHs on the island (Table 3).  Although
the local residents (selected by local
panchayets3) form the labour force required
to implement and maintain the different
management projects, as in other
underdeveloped areas, they have little role to
play in priority selection or decision-making
affairs.  Generally they also do not have any
clear perception of the efficiency of the
projects being undertaken or the agencies

responsible for their implementation
(Bandyopadhyay, forthcoming).

The coastal embankments
Earthen structures: About 80 per cent of the
existing 71.5 km of marginal embankments of
the island are earthen (Figure 5) and require
constant maintenance.  These 2.4 m high
dykes, with a water-face gradient of 1:2, are
clearly inadequate for the sustained
high-energy waves of the erosive monsoons,
let alone the cyclonic surges.  Traces of old
and abandoned marginal embankments are
ubiquitous sights.  At the end of the monsoons,
damage is inflicted on practically the entire
stretch of the mud embankments all around
the island.  By digging pits in front of the
damaged sections of the embankment and by
dumping the dug-up material onto them, these
walls are commonly repaired only when the
monsoons of the subsequent year approach.
Emergency protection is generally provided by
makeshift bamboo palisades driven into the
dykes and occasional sand bag piles (Plates 2
& 3).  Many less-damaged stretches of the
embankments are often left unmended due to
a shortage of funds and time.  Priority is also
given to repairs in certain areas based on socio-
political considerations.

Brick-lined structures: In contrast to the
earthen embankments, the brick-lined ones
have proven to be much better in checking
marginal erosion in the eastern and western
river banks and beach-bank transitional areas
of the island (Plate 4).  However, in the eroding
stretches of the southern coastline, these
embankments too are easily penetrated by the
breaking sea waves which wash away the
earthfill supporting the cemented brick-lining
and cause the entire structure to collapse.

In Sagar, it requires approximately Rs
2,200 (US$62.90)4 to build a metre of
brick-lined embankment if local kilns are used.
By comparison, earthen embankments are3 Panchayets are the lowest tier of democratically elected

bodies of the Indian union and consist of a number of
mouzas, that have administrative and judicial power.
Sagar has nine independently elected panchayets, com-
prising 43 mouzas in all. 4 Based on the early 1996 exchange rate.
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Figure 5.  Locations of major hazard affected parts and management projects, Sagar
island.
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Plate 2.  An eroding stretch of the marginal earthen embankment (foreground) in
Bankimnagar ‘mouza’ of southeastern Sagar.  The bamboo palisades are placed to

temporarily reinforce the structure during the monsoons.  Mangrove patches
(background), however, offer a better and more permanent solution.

Plate 3.  Repair of a damaged sea-facing section of the earthen marginal embankment,
Shibpur ‘mouza’ of southern Sagar, by replacing the eroded materials with chunks of

clay dug from the intertidal mudflat.
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cheaper at Rs 252 (US$7.20) per metre
(1995-96 prices).  However, the former are
unquestionably more durable and
cost-effective in the long run if properly
constructed, but they require specialised
maintenance skills not available locally.  Even
emergency repairs may take considerable time
due to procedural formalities and red tape.
Corrupt practices among the non-resident
contractors responsible for the brick paving
often lead to faulty construction.

The storm refuges
Earthen structures: Following the extremely
destructive cyclonic storm of 1864, the State
government made it mandatory in 1871 for the

landlords5 of the island (called “grantees”) to
construct storm refuges for the settling peasant
farmers according to certain pre-laid
specifications (Figure 6).

Conceptualised by R.B. Chapman, the then
Divisional Commissioner of Sundarban, these
earthern structures were meant to supply fresh
uncontaminated drinking water and shelter on
its embankments in an eventuality of total
inundation of the island by a storm surge
(Chapman, 1869; Pargiter, 1934:118).  Some
enterprising grantees also constructed bell-
towers on the refuges to disseminate
emergency warnings.  Excellent examples of
the purposeful use of indigenous technology
and raw materials, these refuges were last used
during the 1942 cyclone. Since then, no major
flooding has taken place and the shelters,
falling into disuse, have completely been

Plate 4.  Brick paving over earthen embankments in exposed sections of the coast, e.g. in the
Kachuberiya ‘mouza’ of northern Sagar, can successfully prevent seasonal erosion

in most cases but, once damaged, their repair may take a considerable time.

5 The landlordship or zamindari system was abolished
from West Bengal in 1962.  The peasants now pay taxes
directly to the State government.
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modified or damaged by the villagers.
Consequently, if a storm surge-induced
inundation does take place now, only a few of

these refuges would be able to provide safe
drinking water, as originally planned.  The fact
that no highly destructive tropical cyclone has

Figure 6.  Plan and section of a typical late nineteenth-century earthen storm refuge of
Sagar island.
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lashed Sagar island since 1942 simply
increases the probability of such an event in
the near future.

Brick-built structures: Apart from the
earthen structures, two storm shelters, built by
brick and mortar in the early twentieth century,
are also in existence on the island at
Bishalakshi Bazar (Shibpur mouza) and at
Kamalpur (Kamalpur mouza). The former is
still in perfect working condition with a wide
staircase and spacious living spaces.  Shelters
like these saved numerous lives in Bangladesh
during the disastrous cyclone of 29-30 April
1991 (Cobb, 1993).

Afforestation
Unlike coastal embankments and storm
refuges, afforestation projects for protection
from the NEHs were initiated in Sagar only in
the last few years.  A majority of these projects
were undertaken under the Social Forestry
Programme of the Sundarban Development
Board (MED-SDB, 1992), an organisation
under the State government.

Strip plantation: Strip plantation means
planting of trees (mainly Acacia nilotica and
Eucalyptus hybrid) on the sides of the roads,
canals and embankments.  The scheme,
however, had little influence in controlling
NEHs like shifting sands.

Farm forestry: In this programme, certain
seedlings are distributed (about 1,800 per ha)
free of cost among the village communities to
raise “social forests” in their own lands or on
coastal dune belts.  The mature trees are sold
as timber.  The five Casuarina equisetifolia
green belts that were created in the southern
Sagar under this scheme emerged as excellent
wind breaks, halting sand movement altogether
(Plate 5).  However, one important drawback
of Casuarina equisetifolia is that these tall
trees, unlike surface-hugging dune herbs and
sedges (the growth of which they inhibit),
cannot withstand strong winds if planted on
sands and are easily uprooted during cyclonic
storms (Chakrabarti, 1995).  Experience from

Sagar island shows that, in regions sheltered
from a high degree of anthropogenic pressure
and grazing activity, growth of natural dune
colonisers like Ipomoea pes-carpae, Launaea
sarmentosa, Cyperus exaltatus and Opuntia
dillenii stabilise coastal dunes quite
satisfactorily.  In other parts, human
intervention notably reduce their effectiveness
- one bald patch often acting as a nucleus of a
blowout.

As was proved during the 1864 cyclone in
the Medinipur coast, west of the Hugli estuary
(Gastrell, 1868:28), dunes work as efficient
natural barriers against storm surges.
Therefore, it probably makes more sense if the
landward migration of dune belts that keep
pace with the retrograding coastline are left
undisturbed.  In Sagar, a Casuarina
equisetifolia farm forest contributed
significantly to the complete obliteration of a
dune belt in the retrograding southeastern
(Shibpur) coast by checking its landward
movement altogether.  The coastal areas
affected by sand encroachment (Figure 5),
however, have been stable for the last two
decades.

Mangrove regeneration: Ranwell
(1979:515) observed that “at the individual site
level management strategies tend to be
conservative and frequently do not take
account of known trends such as the rate of
silting in estuaries”.  In view of this, it should
be noted that, as stated earlier, the role of
mangroves in preventing past coastal erosion
of Sagar was insignificant. Therefore, while
mangroves may slow the pace of coastal
erosion, they are not capable of stopping it
altogether.

To protect against storm wave erosion,
mangrove cover along the coasts of Sagar
began to be re-established from 1985.  The
most frequently used plants were Avicennia sp.
and Excoecaria agallocha.  It was observed
that, in general, mangroves prospered only in
the regions close to the tidal inlets where they
were sheltered from erosive storm waves and
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Plate 5.  An example of gradual encroachment of coastal dunes on agricultural areas
(Dhabtat ‘mouza’) and use of ‘Casuarina equisetifolia’ farm forests to successfully

stabilise them.
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aided by suitable sediment character and a
wide inter-tidal area that distributed the
anthropogenic pressure evenly.  It must be
emphasised here that pressure from human
activities along almost all of the 65 km coastal
stretch of Sagar is enormous.  The inter-tidal
marshes (mainly Proteresia coarctata) are
routinely grazed by the cattle or exploited for
fodder.  In addition, the high population growth
rate and continuous loss of marginal farmlands
forced a large number of islanders into dragnet
fishing, especially prawn-seed collection.  The
lucrative Southeast Asian market has provided
a major boost to the prawn farms of West
Bengal in recent years and, in the present
situation, it is almost impossible to isolate a
large area from anthropogenic manipulation,
to plant vulnerable mangrove seedlings (or to
scatter mangrove seeds from air) and to expect
that they would grow satisfactorily.  Since
1985, the area with successful regeneration of
coastal mangroves is only about 25 to 30 per
cent of the total area covered in Sagar (611
ha).  However, even this should be rated as a
significant achievement in view of almost
complete failure in a 300 ha aerial seeding
programme attempted on the island’s
southwestern tidal flat in 1991 (Figure 5).

Resettlement projects
Fresh reclamation of still-available intertidal
flats along the small intra-island creeks is the
only way in which relatively less NEH-prone
new land can be generated in the island at the
cost of almost certain deterioration of the
creeks concerned.  Although such projects
should never be undertaken along the coastal
areas (where there is always a probablity of
erosion), this was exactly where the
Beguyakhali resettlement colony (10 houses),
one of the recently launched (1994-95)
subsidised resettlement projects, was located
(Figure 5). Among others, the Jibantala-
Kamalpur scheme, housing 100 families from
the neighbouring Ghoramara island in 30.4 ha
of freshly reclaimed intertidal flat, is by far
the largest project of its kind in the Indian part
of reclaimed Sundarban.  It was implemented
under a Central government-funded housing

scheme at the cost of Rs 14,700 (US$420) for
each of the one-room (12 m2) cyclone-resistant
houses.

CONCLUSIONS AND
RECOMMENDATIONS

It is well known that while costly and elaborate
management projects may become a necessity
to protect fairly developed coastal cities or
towns, affording similar levels of protection
to an overwhelmingly rural and agricultural
area is simply not a practical proposition.
Therefore, it seems that a practical approach
to the management problems of Sagar as well
as the rest of the region would be to mobilise
the existing resources in a more rational
framework rather than hope for costly high
technology defences in the foreseeable future.

NEH research and NEH-related holistic
management planning for the reclaimed coastal
wetlands are largely in their infancy in India.
Even when certain management proposals
were developed for the Indian Sundarban
(Maitra, 1968; Pramanik & Sinha, 1972; Bose
et al., 1989; Paul, 1991), they mostly remained
unimplemented, if not unnoticed.  Conversely,
with liberal assistance from donor countries,
significant strides in this direction have been
made in neighbouring Bangladesh since the
1960s (see Bari Talukdar, 1993; Brammer,
1993a; and Hodgson & Whaites, 1993, for
reviews).  Because both these countries share
the physical and economic conditions as well
as the NEH-related problems of the reclaimed
Sundarban, increased interaction and feedback
both at government and non-government level
would probably be helpful in reducing
NEH-related problems in the Indian
Sundarban.  One important aspect of the
problem is the absence of a central
NEH-managing body in West Bengal, which
greatly affects decision-making.

Table 4 shows the recommendations that
can be made for the area under review for
implementation within a time frame of 25
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TABLE 4.  GUIDELINES FOR AMELIORATING MANAGEMENT OF NATURAL
ENVIRONMENTAL HAZARDS IN SAGAR ISLAND

1. Form an apex NEH-managing body at the Government level with participation from related managing
agencies and research organisations.  Empower it to finalise all management policies and priorities.

2. Renovate the existing storm refuges and/or construct new ones on a priority basis - their location and
capacity depending upon the contemporary population size and distribution (Figure 4).  Provide the shelters
with tube-wells on their upper stories/surfaces and use them as public utility buildings to ensure regular
maintenance.  For fail-proof coordination during actual events, practise trial storm warning dissemination
and evacuation drills at appropriate intervals.

3. Ensure that all rural houses constructed in future follow an adequately cyclone-resistant design and that the
already existing thatch or tile-roofed mud houses gradually get converted.  Savings in maintenance cost
alone should prove economical in the long run even if no cyclone strikes in the near future.

4. Convert the existing earthen marginal embankments along the river banks to brick-paved ones where they
are not (or cannot, by regeneration, be) protected by mangrove buffers, and design differently the embank
ments bordering the sea-facing erosive sections (southeastern and southwestern corners of the island).
Meanwhile, ensure timely unreluctant maintenance of the existing earthen embankments.

5. Give mangrove replantation due importance.  Where the intertidal area is critically narrow for this purpose,
consider possibility of wetland restoration by opening 100-150 m wide coast-adjacent reclaimed areas,
already compartmented by interior embankments, running parallel to the marginal ones.

6. Reclaim only the already-deforested tidal flats along the interior creeks for the resettlement projects after
carefully judging the benefits against the potential adverse consequences.  Never undertake fresh reclamation
along the coasts.

7. Use the farm forests as the last line of defence at the back of the dunes to check sand encroachment and
promote natural dune colonisers on the dunes itself.  In a given farm forest, ensure coexistence of trees of at
least two generations so that the entire protective cover is never destroyed when they are cut down for
timber.  However, in the eroding stretches of the coastline, allow landward migration of dunes to keep pace
with the coastal retrogradation.

8. Reduce anthropogenic manipulation by proper environmental education/restrictions and search for
alternative arrangement of fodder if the management schemes involving vegetation are to succeed fully.

years.  One of the principal components of
management planning for the next 25 years
should concern regulation of the ever
increasing anthropogenic pressure on the
fragile tidal flat and dune ecosystems of the
island which is critically important for
dampening storm surges and marginal erosion.
Table 5 lists the management strategy options
for these areas.  These should also be applicable
to any other reclaimed locality of the Indian
Sundarban where the human-environment
relationship operates at a similar level.

Looking beyond 25 years from now, it

seems that the overall eroding trend of the
island (Figure 2) and human-induced global
greenhouse warming, resulting in future
marine transgression (Milliman et al., 1989;
Broadus, 1993) and increased storm magnitude
and frequency,  may one day call for a gradual
abandonment of the island6.  As seen before,
the reclamation and peopling of Sagar were
initiated by certain government policies.  While

6 It must, however be emphasised that any accelerated
rise in sea level could not be detected from the
Ganga-Brahmaputra delta as yet (Brammer, 1990;
1993b).
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this may have brought temporary relief by
absorbing extra population for some years, in
the future, it may cause a far-reaching problem
involving relocation of thousands of families
into the already overcrowded interiors.  The
only plausible long term solution to this
probably lies in a balanced socio-economic
development of the entire Sundarban region.
As suggested by O’Keefe et al. (1976) and
Warrick and Rahman (1992), this alone can
provide the most permanent solution to the
future NEH-related problems of the region by
cutting birth rates, elevating the standard of
living and rationalising resource allocation,
thereby reducing vulnerability to the NEHs to
a great extent.
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Abstract

Mangrove forests in many parts of the world are declining at an alarming ratedpossibly even more rapidly than inland tropical forests. The
rate and causes of such changes are not known. The forests themselves are dynamic in nature and are undergoing constant changes due to both
natural and anthropogenic forces. Our research objective was to monitor deforestation and degradation arising from both natural and anthropo-
genic forces. We analyzed multi-temporal satellite data from 1970s, 1990s, and 2000s using supervised classification approach. Our spatio-
temporal analysis shows that despite having the highest population density in the world in its periphery, areal extent of the mangrove forest
of the Sundarbans has not changed significantly (approximately 1.2%) in the last w25 years. The forest is however constantly changing due
to erosion, aggradation, deforestation and mangrove rehabilitation programs. The net forest area increased by 1.4% from the 1970s to 1990
and decreased by 2.5% from 1990 to 2000. The change is insignificant in the context of classification errors and the dynamic nature of mangrove
forests. This is an excellent example of the co-existence of humans with terrestrial and aquatic plant and animal life. The strong commitment of
governments under various protection measures such as forest reserves, wildlife sanctuaries, national parks, and international designations, is
believed to be responsible for keeping this forest relatively intact (at least in terms of area). While the measured net loss of mangrove forest
is not that high, the change matrix shows that turnover due to erosion, aggradation, reforestation and deforestation was much greater than
net change. The forest is under threat from natural and anthropogenic forces leading to forest degradation, primarily due to top-dying disease
and over-exploitation of forest resources.
� 2007 Elsevier Ltd. All rights reserved.

Keywords: mangroves; mapping; monitoring; remote sensing; Sundarbans; South Asia

1. Introduction

Mangrove forests, found in the inter-tidal zone in the
tropics and subtropics, play an important role in stabilizing
shorelines and in helping reduce the devastating impact of

natural disasters such as tsunamis, and hurricanes. They also
provide important ecological and societal goods and services
including breeding and nursing grounds for marine and pelagic
species, food, medicine, fuel, and building materials for local
communities. These forests, however, are declining at an
alarming rate, perhaps even more rapidly than inland tropical
forests, and much of what remains is in degraded condition
(Wilkie and Fortune, 2003). The rate and causes of such
changes are not fully known. And, the remaining mangrove
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forests are under immense pressure from clear cutting, en-
croachment, hydrological alterations, chemical spills, and cli-
mate change (Blasco et al., 2001; McKee, 2005).

The Sundarbans offers coastal protection to millions of
people in Bangladesh and India. The forests lie in a zone of
cyclonic storms and tidal bores that originate in the Bay of
Bengal and periodically devastate coastal areas. At the begin-
ning of the colonial era (1757e1947) in India, the Sundarbans
mangrove forest occupied approximately twice its current ex-
tent (Islam et al., 1997). Currently, the Sundarbans covers ap-
proximately 10,000 km2, 40% of which is in India and the rest
is in Bangladesh (WCMC, 2005).

Periodic forest inventories have been taken, recording the
volume and condition of the timber resources of the Sundar-
bans at intervals of approximately 15 to 20 years. Through
the 1900s inventories and management plans became more so-
phisticated and accurate, but remained focused on maximizing
timber yield (Chaudhuri and Choudhury, 1994). However, in
Bangladesh, for example, it has been 20 years since the De-
partment for International Development of United Kingdom
(formerly, Overseas Development Administration) conducted
the last detailed inventory (Chaffey et al., 1985). Availability
to up-to-date information on the status and conditions of this
important ecosystem is critical for managing mangrove re-
sources in a sustainable manner.

Remote sensing could play an important and effective role
in the assessment and monitoring of mangrove forest cover
dynamics. While remote-sensing data analysis does not
replace field inventory, it provides supplementary information
quickly and efficiently. The use of remotely sensed data offers
many advantages including synoptic coverage, availability of
low-cost or free satellite data, availability of historical satellite
data, and repeated coverage. In addition, recent advances in
the hardware and software used for processing a large volume
of satellite data has helped increase the usefulness of remotely
sensed data. Moreover, it is extremely difficult to get into vast
swamps of mangrove forests, and conducting field inventory is
time consuming and costly. A number of studies conducted in
the Sundarbans have begun to develop and apply remote-sens-
ing techniques mainly for mapping purposes (Islam et al.,
1997; Dwivedi et al., 1999; Blasco et al., 2001; Nayak et al.,
2001). These studies were conducted either in Bangladeshi
or Indian parts of the Sundarbans at different times; thus,
they lacked a holistic view of the whole Sundarbans mangrove
forests. Monitoring of this important ecosystem in terms of
both deforestation and forest degradation was urgently needed.

In this paper, we examine deforestation and degradation of
the Sundarbans using multi-temporal Landsat data. More im-
portantly, we investigate the dynamic nature of mangrove for-
ests considering both net change and ‘‘turnover’’. We measure
the extent and condition of the Sundarbans at three intervals
between the 1970s and 2000s, using data from the newly com-
piled GeoCover data set. GeoCover is a collection of Landsat
imagery from three decadal intervals: the 1970s, 1990s, and
2000s. Our specific objectives are to assess the current extent
of the remaining forest, to measure change in the extent of the
forest from the 1970s to 1990s, from 1990s to 2000s, and from

the 1970s to 2000s, to identify localized areas of intensive
change, and to identify changes in patterns of canopy density.

2. Study area

The Sundarbans mangrove spans the border between Ban-
gladesh and India, extending from the Hooghly River in India
to the Baleswar River in Bangladesh (Fig. 1). The forest lies
on the delta of the Ganges, Brahmaputra, and Meghna Rivers
on the Bay of Bengal. The area is intersected by a complex
network of tidal waterways or channels, mudflats, and man-
grove forests.

The Sundarbans support an exceptional biodiversity with
a wide range of flora and fauna including more than 27 man-
grove species, 40 species of mammals, 35 species of reptiles,
and 260 bird species. Wildlife species found in the area in-
clude the man-eating Royal Bengal tiger, the Indian python,
sharks, crocodiles, spotted deer, macaque monkey and wild
boar. The forests are characterized two main tree species Sun-
dri, and Gewa. Other species that make up the forest assem-
blage include Avicenia, Xylocarpus, Sonneratia, Bruguiera,
Rhizophora and Nypa palm. The area experiences exceptional
ecological processes such as monsoonal rains, flooding, delta
formation, tidal influence and mangrove colonization. Rainfall
in the area is as high as 2800 mm, mostly during the monsoon
season lasting from June to October. Storms, cyclones and
tidal surges are quite common throughout Sundarbans.

The forest is also a center for economic activities, such as
the extraction of timber and fuel wood, fishing and collection
honey and other forest products. Within the Sundarbans, there
are three wildlife sanctuaries and one national park covering
27% of the area; all of these are listed as a World Heritage
Site by the United Nations Educational, Scientific, and Cul-
tural Organization (UNESCO). Over 2.5 million people live
in villages surrounding the Sundarbans and depend for much
of their subsistence on products from mangrove forests. The
forest provides a livelihood for some 300,000 people, working
seasonally as wood-cutters, palm collectors, fisherman, and
honey hunters. Population density in the vicinity of Sundar-
bans is among the highest in the world.

3. Data and methodology

We used the recently compiled GeoCover data set, avail-
able freely through the Global Land Cover Facility (GLCF)
(http://glcf.umd.edu) and the U.S. Geological Survey
(USGS) Center for Earth Resources Observation and Science
(EROS) (http://eros.usgs.gov). GeoCover is a collection of
Landsat data that provides near global coverage with generally
cloud-free images, collected for three eras: (1) the 1975 edi-
tion, with imagery collected from 1973 to 1983, (2) the
1990s edition, with imagery collected from 1989 to 1993,
and (3) the 2000s edition, with imagery collected between
1997 and 2000s (referred to hereafter as the 1970s, 1990s,
and 2000s data, respectively). Detailed description of Geo-
Cover data can be found at: http://zulu.ssc.nasa.gov/mrsid/.
A complete list of the Multi-spectral Scanner (MSS),
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Thematic Mapper (TM), and Enhanced Thematic Mapper Plus
(ETMþ) data used in this study is listed in Table 1. Despite our
effort to acquire MSS data of the same month, we were not
able to acquire it. Instead, data acquired within the period of
three months were used. Because two Landsat MSS and
ETMþ scenes do not cover the entire area of Sundarbans, third
scene was used to fill a small gap. The images are orthorecti-
fied and projected with an RMS error of less than 50 m (m) for
the TM (1990s era) and ETM (2000s era) and to less than
100 m for the MSS (1970s era) (Tucker et al., 2004).

The use of multi-temporal satellite data at a large scale
using MSS, TM and ETMþ possesses a number of challenges
including geometric correction error, noise arising from atmo-
spheric effect, errors arising from changing illumination
geometry, and instrument errors (Homer et al., 2004). Such
errors can introduce biases in mangrove forest classification
and change analyses.

Because the Sundarbans fall across two Universal Trans-
verse Mercator (UTM) zones, each scene was reprojected to
polyconic projection using 46 ground control points (GCP)
distributed evenly throughout the study area. Re-projection
was performed using cubic convolution re-sampling technique
which provides superior spatial accuracy compared to nearest
neighbor re-sampling technique (Park and Schowengerdt,
1982). GCPs were collected from 1:50,000 topographic
maps. With additional GCPs, it was possible to decrease the
root mean square (RMS) error to �1/2 pixel. Additionally,

the resolution of Landsat MSS data was re-sampled to 30 m
to make it consistent with Landsat TM and ETMþ data.
This re-sampling, however, did not improve the spatial details
of MSS data. Thermal band (band 6) was not used for both TM
and ETMþ.

To reduce the noise due to influence of the atmospheric and
illumination geometry, we used the techniques developed for
the National Land Cover Database of the United States
(Homer et al., 2004). Each image was normalized for variation
in solar angle and Earth-sun distance by converting the digital
number values to the top of the atmosphere reflectance (Chander
and Markham, 2003). Considering the relative uncertainty of
algorithms currently available, atmospheric correction was
not performed. Only first-order normalization conversion to
at-satellite reflectance was performed. This conversion algo-
rithm is ‘‘physically based, automated, and does not introduce
significant errors to the data’’ (Huang et al., 2002). Finally,
mosaics were created for each decade with no further radio-
metric normalization. An example of the mosaic that was
prepared is presented in Fig. 2.

Training samples were collected from these mosaics.
Selecting training samples from these cloud-free mosaics
was straightforward due to the very distinctive signature of
mangrove forest. High contrast with open water in the south
and croplands in the north helped in selecting the training
data successfully. Same training samples with slight modifica-
tions in each mosaic (addition and removal of few training
samples) were used for the classification of all three date
images. Four major classes were delineated: Mangrove,
Non-mangrove, Flooded, Barren lands, and Water bodies
(Table 2). A supervised Maximum Likelihood Classification
(MLC) method was used for the classification.

For change detection, we used post-classification tech-
niques. This approach may have three sources of uncertainty:
(1) semantic differences in class definitions between maps,
(2) positional errors, and (3) classification errors. To minimize
the semantic differences in class definitions, we used the same
number of classes for all three dates. To minimize positional
errors, additional GCPs were selected and RMS was reduced

Fig. 1. Location map of the study area.

Table 1

Landsat scenes used to create mosaics

Mosaic Satellite Date Path and Row

MSS Landsat 2 Jan. 3, 1977 p147r45

Landsat 2 Feb. 9, 1977 p148r44

Landsat 2 Dec. 5, 1977 p148r45

TM Landsat 4 Jan. 12, 1989 p137r45

Landsat 5 Jan. 3, 1989 p138r45

ETMþ Landsat 7 Nov. 26, 2000 p137r45

Landsat 7 Nov. 17, 2000 p138r44

Landsat 7 Nov. 17, 2000 p138r45
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to �1/2 pixel. Post classification editing using secondary data
was used to minimize classification errors. However, there
might still be errors associated with positional errors and clas-
sification errors. Civco et al. (2002) compared the results of for
four land use and land cover change detection techniques: tra-
ditional post-classification cross-tabulation, cross-correlation
analysis, neural networks, knowledge based expert system,
and image segmentation and object-oriented classification.
They concluded that each method assessed in the study has ad-
vantages and disadvantages and none of the method was able
to solve the change detection problem. For example, change
detection accuracy of all the methods was quire low.

A post-classification change matrix function was applied
between 1970se2000s, 1970se1990s, and 1990se2000s
classification results. These change layers contained numerous
areas of false alarms along and parallel to the many small
streams of the Sundarbans. Much of this was caused by minor
georeferencing errors in the data. Manual editing using sec-
ondary data was performed to remove those false alarms.
Once the change areas were identified, further analysis was
performed to examine net gain and loss due to deforestation,
erosion, and aggradation. Changes observed in these analyses
were compared to previous inventories (Chaffey, 1985) and
other change detection studies (Islam et al., 1997) and were
shared with local forestry experts for interpretation as to the
validity and cause of these changes.

A second process was applied to the mosaic images to cre-
ate a surface related to canopy closure. The normalized differ-
ence vegetation index (NDVI) has been shown to correlate

very well with mangrove canopy closure: r ¼ 0.91 (Jensen
et al., 1991) using SPOT XS data. For our study, NDVI was
calculated for each mosaic. A simple model explained by Gut-
man and Ignatov (1998) was used to scale NDVI to the green
vegetation fraction per pixel. They used NDVIo (bare soil) and
NDVI (dense vegetation) to estimate the green vegetation frac-
tion from National Oceanic and Atmospheric Administration/
Advanced Very High Resolution Radiometer (NOAA/
AVHRR) data for use in numerical weather prediction models.
We estimated NDVImin (0.2) and NDVImax (0.7) for open and
closed mangrove forest. This estimation is based on our own
analysis and findings from earlier studies. The NDVI range
was then used to compute percent canopy closure from 0%
to100%, where 0% corresponds to NDVImin and 100% corre-
sponds to NDVImax. Because of variation in season of collec-
tion, atmospheric conditions, tidal inundation, and the
availability of only one pair of images for each era, calculation
of absolute values for canopy closure were not expected to be
reliable. However, within individual scenes, relative patterns
of canopy closure were assumed valid.

Finally, confusion matrix was prepared using the training
points collected from QuickBird images (8 scenes acquired
in 2005 and available freely from http://glcf.umiacs.
umd.edu/data/quickbird/sundarbans.shtml), aerial photographs
(collected from national mapping agencies acquired in various
dates), and mangrove forest classification maps (collected
from forest departments of India and Bangladesh). Altogether
322 random sample points were used to compute overall accu-
racy and tau coefficient. Calculation of tau coefficient is nec-
essary because the overall accuracy fails to take into account
the correct allocation of pixels by chance.

4. Results

4.1. Forest cover change

From the 1970s to 2000s, mangrove forest in the Sundar-
bans decreased by 1.2%. The rate of change, however, was
not uniform from the 1970s to 1990s and from 1990s to
2000s. From the 1970s to 1990s, mangrove forest area actually

Fig. 2. Three sets of Landsat images from 1975e1977, 1989, and 2000 were used to create mosaics corresponding to the three decadal intervals of the study.

Table 2

Class definitions

Classes Supervised classification class definitions

Mangrove Areas covered by both closed and open mangrove forests

Non-mangrove Areas covered by croplands and other land uses

Flooded Barren lands inundated at the time of image acquisition

Barren lands Areas devoid of vegetation; e.g., sand dunes, sediments,

or exposed soil

Water bodies Areas of open water with no emergent vegetation;

e.g., channels and waterways
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increased by 1.4%, and from 1990s to 2000s, the area
decreased by 2.5%. These changes are non-significant in the
context of errors associated with classification and the
dynamic nature of mangrove ecosystems. In other words, these
changes are well within the error margin. For example,
because of the fluctuation of tide, selected areas in flooded
areas, barren lands, and water bodies could easily be misclas-
sified from one class to another. Areal extents of major land
cover types for three time periods area presented in Table 3.
Small changes less than 3 � 3 pixels were not detected from
this study as this was the minimum mapping unit used. This
is expected to minimize the errors arising from miss-
registration of satellite imageries.

While the measured net loss of mangrove forest is not that
high, the change matrix (Table 4) shows that turnover was
much greater than net change. For example, 7% of the 1970s-
era mangrove forest had changed to non-mangrove, Flooded,
water bodies, or barren lands by 2000. The largest category of
mangrove forest changewas loss to Flooded (4.6%). The change
matrix also revealed that during the same period approximately
37% of flooded areas, 21% of barren lands, 8.3% of non-
mangrove, and 2.2% of water bodies were converted to forests.
Similar patterns of change were observed from the 1970s to
1990s and from 1990s to 2000s (Table 4).

In all three classifications, 93e95% of mangrove forests,
93e96% of water bodies, and 69e79% of non-mangrove areas
did not change. During the same period, the turnover for
flooded areas and barren lands was, however, quite high,
only 30e35% of flooded and 15e50% of barren lands remain
unchanged. The large change between flooded and barren
lands may possibly be due to variation in tidal inundation at
the time of satellite data acquisition.

Non-mangrove areas are found in the outer periphery of the
western and eastern parts of the Sundarbans (Fig. 3aec). Ma-
jor change areas were concentrated either in the outer periph-
ery or near the shoreline (Fig. 3d), caused by anthropogenic
and natural forces, respectively.

The high turnover between mangrove and non-mangrove is
due primarily to encroachment, erosion, aggradation, and
mangrove rehabilitation programs. The rate of erosion is high-
est at the southern edges of Mayadwip, Bulcherry Island, and
Bhangaduni Island. For example, Bhangaduni Island lost one-
fourth of its land area (25.1%) and just less than one-fourth of
its mangrove area to erosion between the 1970s and 2000s.
The majority of this loss in this island occurred between
1989 and 2000s, which is evident from the following illustra-
tions (Fig. 4).

Due to aggradation, land continues to be made afresh in the
Sundarbans, offsetting a large part of the loss to erosion. This
process has increased the land and mangrove forest areas.
Once the new land is formed, such lands are typically colo-
nized by a sequence of plant communities, culminating in
the establishment of mangrove forests. Examples of aggrada-
tion can be seen in Fig. 5.

Between 1970s and 1990s, mangrove forest gained from
aggradation (2925 ha) nearly equals mangrove forest lost to
erosion (3157 ha). From the 1990s to 2000s, however, the
rate of erosion claimed seven times as much mangrove forest
(4151 ha) as aggradation created (592 ha). Erosion was con-
centrated along the banks of major river channels and at the
land-water interface with the Bay of Bengal. Approximately
half of the mangrove forested land lost was at the extreme
southern edge of the Sundarbans where almost no compensat-
ing aggradation took place.

While the most dramatic and indisputable areas of change
were found along the major waterways and at the southern
boundary with the Bay of Bengal, some inland areas showed
evidence of change as well. For example, in Bangladesh forest
compartment 30, the change matrix (Table 4) shows an area of
mangrove forest lost partly to the flooded class and partly to
barren lands. This finding is consistent with comparison of
maps from Chaffey et al. (1985) and high-resolution Quick-
Bird remote-sensing images from 2002.

On the India side of the Sundarbans, the most dramatic area
of change is located approximately 14 km east of Kisoripur. In
the 1970s image, 1085 ha of mangrove forest, interspersed
with open flooded areas, extended approximately 4 km inland
from the Matla/Bidya River. By 1990s, the classification
shows that 13.27% of the mangrove forest had been lost,
and the boundary between development and mangroves had
receded approximately 1 km to the east. By 2000s (ETMþ),

Table 3

Areal estimates of major land cover types

Class/Area (ha) 1970s 1990s 2000s

Mangrove 588,696.5 596,842.8 581,642.2

Non-mangrove 10,376.8 10,785.4 9,359.5

Flooded 73,190.9 55,622.4 66,564.5

Barren lands 2,921.0 11,651.7 6,366.9

Water bodies 270,664.8 270,947.7 281,916.9

Total 945,850.0 945,850.0 945,850.0

Table 4

Percent land cover changes from the 1970s to 2000s, from the 1970s to 1990s,

and from 1990s to 2000s

Mangrove Non-Mangrove Flooded Water bodies Barren

1970e2000

Mangrove 92.9 0.1 4.6 2.0 0.4

Non-mangrove 8.3 69.2 22.0 0.5 0.0

Flooded 37.5 2.3 35.4 22.3 2.5

Water bodies 2.2 0.0 3.7 93.5 0.5

Barren lands 21.4 0.0 29.1 22.6 26.8

1970e1990

Mangrove 95.4 0.1 3.1 0.9 0.6

Non-mangrove 4.1 78.6 17.1 0.1 0.0

Flooded 41.5 3.0 30.4 18.0 7.1

Water bodies 1.5 0.0 4.6 93.2 0.6

Barren lands 15.2 0.0 22.5 10.2 52.1

1990e2000

Mangrove 93.1 0.1 5.1 1.3 0.4

Non-mangrove 7.3 66.6 25.0 1.1 0.0

Flooded 35.8 2.9 35.5 23.4 2.4

Water bodies 0.9 0.0 3.3 95.5 0.3

Barren lands 25.8 0.0 40.5 18.8 15.0
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only 7.57% of the original 1085 ha of tree cover remained in
a ring of mangrove at the shoreline. The evidence of develop-
ment is apparent with the building of diked areas and canals as
the forest was removed. This area falls outside of the managed
forest reserves and contrasts sharply with the mangrove
forested areas to the south and east, which remained generally
unchanged during the same period.

Again, the net mangrove loss over the whole of the Sundar-
bans is about 1% as the numerous areas of loss are counter-
balanced by areas of gain. Most of this gain is found in areas
where new land formed through deposition has become vege-
tated. One of the exceptions is an area of afforestation located
in the Jilla forest block on the northern forest boundary of the
India side. This area of approximately 400 ha was completely
degraded in 1975, but had been re-vegetated by 1989 and
was generally indistinguishable from surrounding forested
areas in a remote-sensing image by 2000s.

4.2. Accuracy assessment

Three confusion matrices were created to compute overall
accuracy, users’ accuracy, producers’ accuracy, and tau coeffi-
cient. We assumed that the ground or reference data used in

the study accurately represent the ground reality. The ground
data may however represent another classification by the inter-
preter which may contain error, and moreover, such ground
data did not correspond with the date of satellite data
classified.

Overall accuracy of 86%, 85%, and 79% were achieved for
2000s, 1990s, and 1970s classification with the Tau coefficient
of 0.85, 0.83, and 0.76, respectively. The tau coefficient for the
year 2000, for example, indicates that our classification sys-
tems produce a map on which 85% more pixels were classified
correctly than would be expected by random assignment. This
means that for this classification, we were correct 85% of the
time. Confusion arose in discriminating flooded and water
bodies, and non-mangrove and barren lands classes. Mangrove
class was relatively well classified.

4.3. Comparison of percent canopy closure

The canopy closure layers derived from NDVI measure-
ments for the three mosaics show changing patterns of forest
condition in the Sundarbans. The pattern of healthy upper-
story vegetation is different in the different era classification
results. Therefore, the least healthy areas in 2000s are different

Fig. 3. Classification maps of (a) MSS, (b) TM, and (c) ETMþ data, and (d) change maps from the 1970s to 2000s.
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from the least healthy areas of 1990s. Furthermore, the pattern
of relatively unhealthy vegetation in 2000s corresponds to
areas of reported top dying. As explained above, the lack of
multiple images for each era, the different seasons of acquisi-
tion for images of different eras, and variation in the degree of
tidal inundation in the various images prevents comparison of
absolute values derived from each of the canopy closure
layers. While the absolute values for canopy closure that the
model is designed to generate are not reliable, patterns of rel-
ative canopy closure are confirmed as generally valid. Visual
confirmation of the validity of the canopy closure layer comes
from two sourcesdthe 1985 (1983 data) Chaffey et al. inven-
tory maps and QuickBird high-resolution remote-sensing
images from 2002. The Chaffey et al. (1985) maps from
1983 aerial photography, while compiled approximately
6 years later, support the validity of the 1970s-era canopy clo-
sure layer. The 1983 maps show roughly two-thirds of this
area as having canopy closure above 70% and little or none
of this area to be below 30% canopy coverage. These areas
correspond well to the high and low canopy closure areas in
the 1970s-era canopy closure layer. The largest change in

the pattern of canopy closure is between the TM and ETMþ

eras, when a large corridor of reduced canopy closure appears
between the Bal and Sibsa Rivers (Fig. 6). This corresponds to
forest compartments that have high rates of top dying (Canon-
izado and Hossain, 1998, in Iftekhar and Islam, 2004).

5. Discussion

Despite having one of the highest population densities in
the world in its immediate vicinity, mangrove forest areas of
the Sundarbans have not changed significantly from the
1970s to 2000s. Our multi-temporal analysis of Landsat data
revealed that the decrease in forest area from the 1970s to
2000s was 1.2% of the total mangrove area. The decrease in
area was higher (2.5%) from 1990s to 2000s, and forest area
increased by 1.4% from the 1970s to 1990s. Measurement of
change on the order of 1e2% has to be taken in the context
of variability in the area measurements of this study and the
studies reported in the literature. Mangrove forest areas esti-
mated in Bangladesh and India vary considerably depending
on the source data, methods, definition of mangrove forest,

Landsat MSS Image 1975 Landsat TM Image 1989 Landsat ETM+ Image 2000

0 1 2 Kilometers0.5

Fig. 5. Example of aggradation in which the extent of mangrove forest areas represented by red has increased from 1970s to 2000s.

Fig. 4. Erosion claimed 25% of the land area and 24% of the mangrove forest of Bhangaduni Island between 1970s and 2000s.

97C. Giri et al. / Estuarine, Coastal and Shelf Science 73 (2007) 91e100

Annex BR9



and the boundaries used. An estimate of the entire Sundarbans
was not available. Our study estimated a total of
653,000 � 9795 ha. This estimate includes mangrove, flooded,
and barren classes. Including water bodies, the total area of the
Sundarbans is 945,850 ha (Table 3).

Our estimates of mangrove on the Bangladesh side are
within 4% of the published estimates. In addition, our rate
of change for the Bangladesh side is consistent with the differ-
ence in change between the Chaffey et al. (1985) inventory
(1983 data) and the estimates of Revilla et al. in 1998 (1996
data) (reported in Iftekhar and Islam, 2004), equaling 1.4%
loss in area from 1983 to 1996 for Bangladesh.

On the India side, however, both of our estimates of for-
ested area are roughly 20% lower than those of either Banerjee
(1964) (from Blasco, 1975) or Naskar et al. (2004). These fig-
ures were found in secondary sources with no explanation of
the methods or definitions. A calculation of the entire land
area, forested or not, within our delineated Sundarbans study
area matches quite well with these figures. Based on this
fact, it is assumed that these estimates (Banerjee, 1964; Naskar
et al., 2004) were for all land area within a boundary delineat-
ing the Indian Sundarbans. Therefore, these two estimates do
not provide a good basis for comparison on the India side.

The apparent acceleration of erosion relative to accretion of
new land during the second decade of the study seems to sug-
gest that upstream hydrological changes, most notably the
building of the Farakka barrage in India, have disrupted the
balance of land creation and land loss that existed prior to hu-
man alteration of the local hydrology. While this may be the
case, the geomorphology of this area is extremely dynamic.
Large areas of erosion have been recorded for more than a cen-
tury (Mitra, 1914), and large new islands are currently forming
at the mouth of the Baleshwar River and elsewhere (Hoque,
pers. commun.). Ongoing study over a more extended period
of time would likely be needed to separate any anthropogenic

influence from the background of dynamic change that is nat-
ural in this environment.

This study suggests that some of the mangrove forest is be-
ing lost within the Sundarbans boundaries. While this is not
sustainable over the long term, it is a relatively modest rate
of loss considering the intense population density in the area
surrounding the Sundarbans (Fig. 2). Under various protec-
tions from forest reserves, wildlife sanctuaries, national parks,
and international designations, the area of the Sundarbans
mangrove forest seems to be holding relatively stable. Unfor-
tunately, this only tells part of the story.

The consensus in the literature regarding the Sundarbans is
that increasing salinity, over-harvesting of timber, and other
human influences are degrading the condition of the Sundar-
bans mangroves (Iftekhar and Islam, 2004). The detailed in-
ventories of forest in 1959 and as reported by Chaffey et al.
(1985) show a dramatic decline in the density of desirable
lumber species between their respective inventories (Islam
et al., 1997). The Sundri tree (Heritiera fomes) is generally be-
lieved to be the namesake of the Sundarbans (Iftekhar and
Islam, 2004) and is also the most commercially valuable spe-
cies in the Sundarbans, contributing more than 60% of the for-
est’s merchantable timber (Rahman et al., 1990). Average
stand density of Sundri has declined by 95% since Curtis’s in-
ventory, which was taken between 1926 and 1928 (Iftekhar
and Islam, 2004), presumably due to over-harvesting, both le-
gal and illegal. In addition, since around the 1970s, the Sundri
trees have been increasingly affected by a phenomenon com-
monly called ‘‘top dying disease’’ (Rahman, 1990). Our study
found a pattern of reduced canopy closure coinciding with the
Bangladesh forest compartments that had the greatest occur-
rence of top dying (Canonizado and Hossain in Iftekhar and
Islam, 2004). Further validation is needed to confirm this rela-
tionship. If relative canopy closure were demonstrated to pro-
vide a good indication of Sundri top dying, this would provide

Fig. 6. Change in the pattern of canopy closure from 1989 to 2000 corresponds to areas of the greatest occurrence of Sundri top dying.
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an extremely valuable tool for understanding and managing
this devastating phenomenon.

6. Conclusions

Our measure of extent for the Sundarbans mangrove forest
shows little change in net area (approximately 1% loss) in the
last 25 years. This finding is consistent with other recent
remote-sensing studies at the local level (Islam et al., 1997;
Dwivedi et al., 1999; Blasco et al., 2001; Nayak et al.,
2001). This small change was generally expected based on
the management and protection status of the Sundarbans, in-
cluding the ban on clear cutting and forest encroachment.
The relative stability of the forest’s extent hides an equally
significant change in the condition of the forest. The forest is
undergoing constant change due to erosion, aggradation, defor-
estation, reforestation/afforestation, and forest degradation.
Selective timber harvest, both legal and illegal, and more dif-
fuse environmental pressures such as decreased freshwater
flow, decreased sediment supply, water contamination, and dis-
ease have degraded the forest’s condition. These pressures have
led to decreased canopy closure in several areas of the forest.
The patterns of changing canopy closure have been captured
in remote-sensing data from the past 25 years. Correlation of
NDVI data with canopy closure (Jensen et al., 1991) is gener-
ally borne out by our study. However, we conclude that this
measure is not robust enough to transcend variation in the three
data formats, slight variations in seasonal phenology, and lim-
ited samples from each epoch to provide reliable measure of
absolute canopy closure. Nevertheless, the relative canopy
closure within the mosaicked image for each decade was found
to relate quite well to areas of degraded forest. With adequate
validation and calibration, canopy closure layers, even ones
derived from single date images as were the ones in this study,
may provide valuable information about patterns of change in
the forest’s density and condition.

Early recognition of the value of the Sundarbans mangrove
forest led to adoption of management practices designed for
maximum sustainable yield of a limited number of timber spe-
cies. This has been a crucial factor in preserving what remains
of the Sundarbans. Recent emphasis on managing the entire
ecosystem (Iftekhar and Islam, 2004) may be able to sustain
this valuable resource well into the future. To do this, reliable
and frequent measures of several dimensions of the forest’s
health will be required. Continued development and use of re-
mote-sensing technology for this application could provide
valuable and spatially explicit information about deforestation
and degradation as well as a means of linking smaller-scale
studies to a holistic appraisal of the state of the mangrove for-
ests of the Sundarbans.
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Study of the Morphology of the South Talpatti Landmass, Mandarbaria Island and 
Bhangaduni Island in the Northern Bay of Bengal using Remote Sensing and GIS 

Techniques 

 
1.  Introduction: South Talpatti landmass is a coastal feature situated in the Bay of Bengal at 

the South-West corner of the international border between Bangladesh and India. It is a disputed 

landmass concerning its ownership by Bangladesh and India. The exact morphological status of 

the South Talpatti is not known because of the dispute that constraints to carry out conventional 

survey. There is concern in Bangladesh about the exact morphological status of the South 

Talpatti. Primary analysis of satellite images depicts that morphological status of the 

Mandarbaria Island and Bhangaduni Island needs to be studied to reveal the morphological 

evolution of the South Talpatti landmass. Hence, Bangladesh Space Research and Remote 

Sensing Organization (SPARRSO) undertook a study to determine the morphological status of 

the islands/landmass. This report presents the results of the study been carried out by SPARRSO 

in this context.  

 

Remote Sensing (RS) techniques have been used in this study to generate base information on 

the morphological status of South Talpatti landmass.  Remote Sensing data has world-wide 

acceptance and, thus, results obtained from this study have the same level of acceptance. In order 

to retain the acceptability of the findings of this study, standard RS techniques have been used.    

 
 
2. Objectives of the study 
 

i. To study the morphological change of the South Talpatti landmass, Mandarbaria Island 

and Bhangaduni Island in time domain. 
 

ii. To reveal the status of the South Talpatti landmass as coastal features. 

 

3. Study Area 
 
The study area includes the South Talpatti landmass and its surroundings. Figure 1 shows the 

study area on MSS (Multi-Spectral Scanner) image of Landsat satellite. The year of the image is 

1973 and the position of the South Talpatti landmass (the center of gravity of the polygon 

delineating the surface of the South Talpatti over water) in this year is 89 08 40.41 E and 21 35 

58.31 N. The South Talpatti landmass is situated on the east of the international border between 
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Bangladesh and India running through the middle of the main channel of the border river. The 

other two Bangladeshi rivers- Raimangal and Jamuna also flow through the Raimangal estuary 

east of the South Talpatti. Mandarbaria Island is situated in Bangladesh at about 8 km north-east 

of the South Talpatti landmass and Bhangaduni Island is situated in India at about 24.5 km west 

of the South Talpatti landmass. 

 

    Figure 1.  Landsat MSS image of 1973 showing the position of the South Talpatti landmass,  
                    Mandarbaria Island and Bhangaduni Island. 
 
 
3.   Data Used 
 

The base information needed for the study are the extent and geographic positions of the South 

Talpatti landmass in the years under study. Satellite based time series data have been used to 

generate base information. In order to study the morphological changes for wider time frame, 

satellite images have been used starting from its inception of operational use in early seventies. 

Table 1 gives the information on the satellite images used for the study.  A total of 17 satellite 

images have been used for the study.  

Annex BR11



 5 

Table 1.  Satellite images used for the study 

 
Sl. No. Date of Image Satellite/Sensor Bands Resolution, m 

1 21-02-1973 Landsat MSS 4, 5, 6, 7 80 

2 05-12-1975 Landsat MSS 4, 5, 6, 7 80 

3 10-01-1976 Landsat MSS 4, 5, 6, 7 80 

4 21-01-1979 Landsat MSS 4, 5, 6, 7 80 

5 21-02-1980 Landsat MSS 4, 5, 6, 7 80 

6 17-11-1980 Landsat MSS 4, 5, 6, 7 80 

7 27-12-1981 Landsat MSS 4, 5, 6, 7 80 

8 13-03-1985 Landsat MSS 4, 5, 6, 7 80 

9 03-01-1989 Landsat MSS 4, 5, 6, 7 80 

10 14-01-1990 Landsat TM 3, 4, 5 30 

11 14-11-1990 Landsat TM 3, 4, 5 30 

12 18-02-1997 Landsat TM 3, 4, 5 30 

13 17-11-2000 Landsat TM 3, 4, 5 30 

14 04-11-2004 Landsat TM 3, 4, 5 30 

15 07-01-2005 Landsat TM 3, 4, 5 30 

16 11-12-2005 SPOT Pan 05 

17 11-02-2006 Landsat TM 3, 4, 5 30 

 

Tidal heights at the South Talpatti landmass at the time of acquisition of the images have been 

estimated using the Co-Tidal Chart taking “Hiron Point” measuring station as reference. 

 

4. Methodology  
 

Remote sensing and GIS techniques have been used for generation of digital data layers required 

for the study. The following are the main methodological steps used in the study: 

i) Geo-referencing of the images based on a reference TM image (1997). MSS images have 

been re-sampled to the pixel dimension of TM images (30 m).    

ii) Enhancement of the images to clearly identify the existence and extent of the South 

Talpatti landmass. 
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iii) Generation of spatial database of the South Talpatti and its surroundings through on-

screen digitization of the images and vector layer management.  

iv) Tabulation of the areas of South Talpatti in different years along with the tidal heights at 

South Talpatti at the time of acquisition of images. 

v) Generation of vector layer composite of all the years. This composite layer was used to 

prepare gross existing area of the South Talpatti during the study period and to detect 

changes of the coastal areas near the South Talpatti.  

 

5. Product Generated         

i. Composite of images to present time-series morphological evolution of the South Talpatti 

landmass (Figures 2-4). 

ii. Image map presenting the movement of the top surface (visible over water) of South 

Talpatti landmass in different years (Figure 5). 

iii. Image map to present the track of movement of the top surface (visible over water) of 

South Talpatti landmass during the study period (Figure 6). 

iv. Tabulation of the area of South Talpatti landmass seen over water along with the Tidal 

heights to analyse the status of it as coastal feature (Table 2). 

v. Image map showing the erosion in the coastal area near the South Talpatti (Figure 7). 

vi. Image map showing the erosion in the Mandarbaria and Bhangaduni islands (Figures 8 and 

9). 

 

6.  Analysis  
 

South Talpatti landmass is seen to be visible up to 1990 at best on satellite images (Figures 2-4). 

The shapes of the top surface of South Talpatti (over water) are seen different in different years. 

From table 2 it is seen that, for similar conditions of tidal heights in different years, like 1975 

and 1981, 1980 (February) and 1985, and 1980 (November) and 1990 (January), there is no 

consistency of area-tidal height relationship of South Talpatti. This indicates the morphological 

instability of South Talpatti landmass as coastal feature.  
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Figure 2.  Extent of South Talpatti on Landsat satellite images in '73, '75, '76, '79 and '80 along 

with the tidal heights at South Talpatti at the time of acquisition of images. 
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Figure 3.  Extent of South Talpatti on Landsat satellite images in '81, '85, '89, '90 and '97 along 

with the tidal heights at South Talpatti at the time of acquisition of images. 
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Figure 4.  Extent of South Talpatti on Landsat satellite images in 2000, '04, '05 and '06 along 

with the tidal heights at South Talpatti at the time of acquisition of images. 
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Figure 5. Movement of the top surface (visible over water) of South Talpatti landmass in 

different years. Only six years are shown for simplicity of presentation.   

Annex BR11



 11 

 

 

 
Figure 6.  Track of movement of the top surface (visible over water) of South Talpatti landmass 

during the study period. For simplicity of presentation, tracks for all the years are not shown.   
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Table 2.  Areas of South Talpatti estimated from images along with tidal heights 

 
SL. 
No. 

Date of 
Image 

Image 
Acquisition 
time, BST 

Area of 
South 

Talpatti, 
Sq. Km  

Tidal 
Height at 

South 
Talpatti, 

m * 

Nearest HW or LW  
at South Talpatti, 

TIME, 
BST 

Height, 
m  

Tidal 
Conditio

n 1 21-02-1973 0930 1.295 - - - - 

2 05-12-1975 0930 1.068 1.84 1138 2.29 HW 

3 10-01-1976 0930 3.127 0.77 1008 0.70 LW 

4 21-01-1979 0930 0.792 0.61 0838 0.62 LW 

5 21-02-1980 0930 1.235 0.48 0842 0.44 LW 

6 17-11-1980 0930 0.774 1.27 0435 2.20 HW 

7 27-12-1981 0930 0.171 1.80 1038 2.02 HW 

8 13-03-1985 0930 0.512 0.44 0840 0.35 LW 

9 03-01-1989 0930 0.636 1.18 1238 0.79 LW 

10 14-01-1990 0930 0.054 1.23 1208 2.02 HW 

11 14-11-1990 0930 0.013 2.08 0808 2.29 HW 

12 18-02-1997 0930 00 1.45 0838 1.49 HW 

13 17-11-2000 0930 00 1.05 0812 0.87 LW 

14 04-11-2004 0930 00 1.33 0823 1.25 LW 

15 07-01-2005 0930 00 1.23 0652 1.63 HW 

16 11-12-2005 0930 00 1.37 0548 2.24 HW 

17 11-02-2006 0930 00 1.63 0952 1.69 HW 

 
  

Note:   

*  Tidal heights have been estimated at image acquisition time from the Co-Tidal Chart of 

Bangladesh Navy using Hiron Point as reference station. 

 
Table 2 shows that in 2000, 2004, 2005 and  2006 the tidal heights at South Talpatti were lower 

than that in 1975, 1981 and 1990 (November), but South Talpatti was not visible in 2000, 2004, 

2005 and  2006 though it was visible in 1975, 1981 and 1990. In 2000, the tidal height at South 

Talpatty at the time of acquisition of images (9.30 BST) was 1.05 m (low tide condition), but 

South Talpatti was not visible on Landsat TM image with 30m spatial resolution. SPOT 
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panchromatic image of 11 November, 2005 (tidal height at South Talpatty was 1.37 m) with 05 

m resolution was used to identify the existence of micro structures of the South Talpatti 

landmass. No such structure was found. This analysis indicates that South Talpatti has been on a 

course of top surface erosion.   

 

Figure 5 shows that the top surface of the South Talpatti has been on a course of movement. 

Figure 6 shows the track of the movement. Starting from 1973, it moved towards north direction 

up to 1985, and then moved back towards south-east direction up to 1990. After 1990, South 

Talpatti is not visible till now on the satellite images used for the study.  

 

Multi-temporal comparison of satellite images reveals that the coastal area near the South 

Talpatti has been on a course of erosion since (or before) 1975. Figure 7 shows the extent of 

erosion. Figure 8 and 9 show details of the erosion in the Mandarbaria (in Bangladesh) and 

Figure 7. Extent of erosion in the coastal area near the South Talpatti landmass. 
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Bhangaduni (in India) islands respectively. Table 3 presents the quantitative information on the 

erosion in the Mandarbaria and Bhangaduni islands. It is seen from figures 7, 8 and 9 and table 3 

that the coastal area near the South Talpatti has been eroding significantly during the last five 

decades. With respect to the land area in 1975, the Mandarbaria and Bhangaduni islands lost 

about 22 % and 29 % of their land areas respectively in 2005. Highest erosion occurred in the 

Mandarbaria island between 1975-2005 is about 1.25 Km. The same for the Bhangaduni island is 

about 1.75 Km. Both these island are thickly wooded which indicates that there has been existing  

strong erosional force in the area. This erosional force is the cause of the morphological 

instability of the South Talpatti which was basically a tiny fragile landmass comparing to the 

Mandarbaria and Bhangaduni islands.   

 

 
                Figure 9. Satellite image map showing details of the erosion in the Bhangaduni island 

Figure 8. Satellite image map showing details of the erosion in the Mandarbaria island 
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Table 3. Statistics on the erosion in the Mandarbaria and Bhangaduni islands. 
 

Island 
Area in 
1975, 

Hectare 

Area in 
2005, 

Hectare 

Loss of area due to 
erosion Highest erosion, 

Km Area, 
Hectare 

% of the area 
in 1975 

Mandarbaria 3786 2962 824 21.76 1.25 

Bhangaduni 4128 2912 1216 29.46 1.75 

 

 

7. Conclusion 
 

From the above analysis, it is evident that presently South Talpatti landmass is not an island and 

at best is a morphologically instable Low Tide Elevation. 
 

Annex BR11





Annex BR12

C. Loucks et al., “Sea level rise and tigers: predicted impacts to Bangladesh’s Sundarbans mangroves”, Climate 
Change, Vol. 98, No. 1 (2010)





Climatic Change (2010) 98:291–298
DOI 10.1007/s10584-009-9761-5

LETTER

Sea level rise and tigers: predicted impacts
to Bangladesh’s Sundarbans mangroves
A letter

Colby Loucks · Shannon Barber-Meyer ·
Md. Abdullah Abraham Hossain · Adam Barlow ·
Ruhul Mohaiman Chowdhury

Received: 18 August 2009 / Accepted: 5 November 2009 / Published online: 10 December 2009
© Springer Science + Business Media B.V. 2009

Abstract The Sundarbans mangrove ecosystem, shared by India and Bangladesh,
is recognized as a global priority for biodiversity conservation. Sea level rise, due
to climate change, threatens the long term persistence of the Sundarbans forests
and its biodiversity. Among the forests’ biota is the only tiger (Panthera tigris)
population in the world adapted for life in mangrove forests. Prior predictions on the
impacts of sea level rise on the Sundarbans have been hampered by coarse elevation
data in this low-lying region, where every centimeter counts. Using high resolution
elevation data, we estimate that with a 28 cm rise above 2000 sea levels, remaining
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tiger habitat in Bangladesh’s Sundarbans would decline by 96% and the number of
breeding individuals would be reduced to less than 20. Assuming current sea level
rise predictions and local conditions do not change, a 28 cm sea level rise is likely
to occur in the next 50–90 years. If actions to both limit green house gas emissions
and increase resilience of the Sundarbans are not initiated soon, the tigers of the
Sundarbans may join the Arctic’s polar bears (Ursus maritimus) as early victims of
climate change-induced habitat loss.

1 Introduction

Tigers occupy only 7% of their historic Asian range, and only about 4,000 are
estimated to be living in the wild (Dinerstein et al. 2007). In Bangladesh, they are
confined to the Sundarbans, a globally important mangroves ecosystem that extends
into India and represents the last stronghold of tigers adapted to living in mangrove
forests (Dinerstein et al. 2007; Gopal and Chauhan 2006; IUCN 2008; Sanderson
et al. 2006). The mean elevation for most of the Sundarbans is less than one meter
above sea level (Canonizado and Hossain 1998). Consequently, sea level rise (SLR)
poses the single greatest climate change threat to the viability the Sundarbans forests
(Field 1995).

Globally, sea level has increased by 1.8 ± 0.5 mm year−1 from 1961 to 2003, but
3.1 ± 0.7 mm year−1 from 1993 to 2003 (Bindoff et al. 2007). SLR is also related to a
number of regional processes that may contribute to sea level changes different from
the global average. These include geological processes (e.g., geological subsidence),
drainage and withdrawal of water, oil and gas (Ko and Day 2004; Morton et al.
2002) and sedimentation (Broadus 1993). Using tidal gauge records, researchers at
the SAARC Meteorology Research Centre (SMRC) in Dhaka, Bangladesh found an
increasing east–west trend of 4 mm–7.8 mm year−1 rise in sea levelfor the Sundarbans
from 1977 to 1998 (Alam 2003; SMRC 2003), which is greater than the average global
SLR estimate during the same period.

Global and regional projections of the future rate of SLR also vary. Bindoff et al.
(2007) predict that sea level will rise by 4 mm year−1, with estimates of global SLR
ranging between 0.22 and 0.42 ± 0.15 m by the mid 2090s. However, more recent
global projections suggest that the rate of SLR is greater than previously thought
and that sea levels are likely to rise in excess of one meter by 2100 (Hansen 2007;
Pfeffer et al. 2008; Rahmstorf 2007). Regionally, estimates range from 0.3 to 0.5 m
by 2050 (Government of Bangladesh 1993, 2005) and 0.3–1.0 m by 2100 (Agrawala
et al. 2003; Government of Bangladesh 2005).

Most predictions on the impacts of sea level rise on the Sundarbans have used
relatively coarse (>1 m vertical accuracy) elevation data (Dasgupta et al. 2007;
Sarwar 2005; World Bank 2000). Using scale-appropriate elevation data, our study
assesses the potential impact of SLR on Bangladesh’s Sundarbans tiger population.
We find that the Sundarbans, and its biodiversity, may be vulnerable to much lower
increases in sea level than previously thought.

2 Materials and methods

We use a new sub-meter digital elevation model (DEM), with eight estimates of
SLR to predict effects on tiger habitat and population size. To create our continuous
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DEM we imported 80,584 GPS elevation points—measured in mm above sea level—
into a GIS. The point data was initially collected by FINNMAP, a Finnish consulting
firm, in 1991 for the Government of Bangladesh. We used a radial basis interpolation
function which forces the elevation surface to go through each input elevation point.
We used 4 mm year−1 as a conservative estimate of annual SLR upon which to
predict potential impacts to tiger habitat and assumed 10 km2 as the minimum habitat
patch size and 5 km as the maximum dispersal distance. For each of the eight SLR
time steps we identified year 2000 land area that would fall below the rising elevation
of the sea. To assess the potential range of tiger population for each time step, we
combined three classes of relative tiger abundance (Barlow et al. 2008) with two
sets of three potential female tiger home range sizes, based on local telemetry of
females (n = 2) and a literature review of home range sizes in other habitats. We
derived two estimates of total breeding female population, which we merged with
two estimates of male:female sex ratios to derive four estimates of total adult tiger
populations at each SLR time step (see Supplementary Information for additional
details on methods).

3 Results

Both tiger habitat (Table 1, Fig. 1) and tiger populations (Fig. 2) in the Bangladeshi
Sundarbans will likely reach a critical threshold at SLR between 24 and 28 cm
above the year 2000 baseline; beyond 28 cm Sundarbans tiger populations are
unlikely to remain viable. Prior research on tiger population viability has shown
that the ability of a population to persist as the number of breeding individuals
goes from 50 to 25 declines in a non-linear manner, given stochastic, demographic,
genetic, and environmental events (Chapron et al. 2008; Kenny et al. 1995). At a
28 cm rise in sea level, total estimated remaining habitat is 3.8% of the baseline,
fragmented into five patches, and all models estimate total adult tiger populations
at less than 20 (range = 5–19; Fig. 2b). Furthermore, the current protected area
system—encompassing approximately 900 km2 (22%) of the year 2000 land area

Table 1 Remaining tiger habitat associated with increasing sea levels

Sea level High tiger Medium tiger Low tiger Total tiger
rise (cm) abundance abundance abundance habitat
(baseline habitat habitat habitat (km2)
is year 2000) (km2) (km2) (km2)

0 574 1,445 2,155 4,175
4 574 1,442 2,153 4,169
8 551 1,352 2,117 4,021
12 527 1,229 1,941 3,697
16 458 1,011 1,477 2,946
20 309 622 840 1,771
24 142 236 296 674
28 37 74 48 159

Total tiger habitat is separated into high, medium and low relative tiger abundance categories
(Barlow et al. 2008)

Annex BR12



294 Climatic Change (2010) 98:291–298

c

b

d

a e

f

g

h

Fig. 1 Predicted tiger habitat loss in the Bangladeshi Sundarbans under increasing sea levels. Sea
level is shown for eight elevations (year 2000 is baseline). The land area that lies above the predicted
sea level is shown in green. SLR impacts are only shown for the Sundarbans, and not the surrounding
land area
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Fig. 2 Adult tiger population
estimates with associated
increasing sea levels. a Female
breeding tiger population,
showing mean, minimum and
maximum estimates; b Total
adult resident tiger population
showing mean, minimum and
maximum estimates. Red line
indicates level at which the
ability of a population to
persist declines in a non-linear
manner (Kenny et al. 1995)

and classified as a UNESCO World Heritage Site—is rendered largely ineffective
in protecting tiger habitat at sea levels greater than 28 cm (Fig. 1).

4 Discussion

How much time do these tigers have? Using a conservative rate of 4 cm per decade
increase, which is consistent with the 4th IPCC report on sea level rise (Bindoff et al.
2007) and local tidal gauge records (SMRC 2003), we predict the Sundarbans will
realize a 28 cm increase in sea level around 2070. Using high and low SLR estimates
from IPCC model projections bounds this prediction to between 2060 and 2100
(Bindoff et al. 2007). The protected area system, which is located on the seaward
side of the Sundarbans, loses habitat at generally the same rate as the rest of the
Sundarbans (Fig. 1). While there is wide variation in predictions of sea level rise, we
structured our analysis to focus on the height in which a rise in sea level would greatly
reduce tiger persistence beyond 50 years, not the year in which it is likely to happen.
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The benefit of this approach is that our findings can be revised if sea level rises faster
or slower than predicted.

Like any prediction of the future, ours must be interpreted with caution. We did
not assess the Indian portion of the Sundarbans because of data limitations. It may be
possible that together the Indian and Bangladesh portions of the Sundarbans could
continue to act as a single meta-population, increasing the number of total breeding
individuals and extending the viability of the populations beyond the predictions
presented here. Furthermore, we did not incorporate potential effects of geological
processes, drainage, withdrawal of water, and sedimentation; factors which may
reduce or increase the level of permanent inundation. There is also some evidence
to suggest that the Bangladesh coast, including the Sundarbans, is currently growing
in land mass through sediment accretion (Inman 2009). We were unable to ascertain
whether the mangroves would be able to adapt to the pace of changing bio-physical
conditions, including rising seas. Lastly, our study assumes that once the sea level
rises above the land in the Sundarbans that this will no longer be potential habitat.
There may likely be a time lag from inundation to non-use of the area by tigers or
their prey.

The Sundarbans and its biodiversity is critical to the survival of millions of
Bangladeshis (and Indians) who share the coast and benefit from the ecosystem
services (e.g. protection from cyclones, food and building supplies, fisheries, and
carbon cycling) (Alley et al. 2007; Biswas et al. 2008; Iftekhar and Islam 2004)
the Sundarbans provide (Agrawala et al. 2003; Islam and Haque 2004). As such,
strategies to conserve the Sundarbans must begin as soon as possible (Government of
Bangladesh 2008). Potential adaptation activities to conserve tigers need to focus on
conserving both their mangrove refuge and the prey on which they depend. Globally,
action should include limits on carbon emissions to slow climatic change. Regionally,
potential adaptation activities should focus on better coordination among neigh-
boring countries to identify mechanisms that would increase sediment delivery and
freshwater flows to the coastal region to support agriculture and replenishment of
land (Agrawala et al. 2003; Government of Bangladesh 2008). Locally, management
activities that conserve habitat or limit threats include building dykes, developing
and planting mangroves that can adapt to the rising seas and changing salinity, and
limiting poaching or retaliatory killing of tigers and their prey.

Mangrove ecosystems have a natural resiliency that enables them to succeed in
the dynamic interface between land and sea (McLeod and Salm 2006). However,
due to a number of natural and anthropogenic factors, the Sundarbans may not
be able to keep up with the current rate of sea level rise, which is predicted to
increase (Rahmstorf 2007). While tigers are a highly adaptable species, thriving in
the snows of Russia to the tropical forests of Indonesia, the Sundarbans ecosystem
has become an isolated refuge, boxed in by humans and the sea. Although there is
considerable uncertainty regarding the degree of future habitat loss due to SLR, it
is still imperative to act now to mitigate the potential habitat loss. If we fail to act
globally, regionally, and locally to conserve the Sundarbans, our collective inaction
may result in the tiger joining the polar bear (Ursus maritimus) as early victims of
climate-change induced habitat loss.
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Abstract Sagar Island, situated in the east coast of
India and one of the biggest deltas in Sundarban
group, faces coastal erosion and degradation of
coastal vegetation and various natural hazards.
Erosion is mainly due to clay mining, wave ac-
tivities, and the impact of river and tidal currents
of Muri Ganga and Hugly Rivers. Further, the
coastal zone of Sagar Island faces increasingly
severe problems of rapidly growing human pop-
ulation, deteriorating environmental quality, and
loss of critical habitats. Sagar Island has been
victimized several times by tropical cyclones and
influenced daily by tidal fluctuations. The island
needs immediate attention on the coastal zone in
order to protect the shoreline and ecosystem. The
capability of satellite remote sensing to provide
synoptic, repetitive, and multispectral data has
proved to be very useful in the inventory and
monitoring of critical coastal issues. Sagar Island
and its environs are subjected to both natural and
anthropogenic activities that continuously modify
the region.

Keywords Critical coastal issues · Sagar Island ·
India

G. Gopinath (B)
Center for Water Resources Development and
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Introduction

Coastal zone refers to a broad geographic area in
which terrestrial and marine factors are mixed to
produce unique landforms and ecological systems.
It is a zone where marine influence can be seen
in landward areas and terrestrial influence on the
sea. Estuaries, creeks, river discharges, and human
activities directly influence the coastal ecosystems.
Continuous physical interaction between the land,
the sea, and the atmosphere makes the coastal
zone an area of dynamic processes. Various land-
forms, shoreline configuration, ecology, and envi-
ronmental conditions of this zone are constantly
changing as a result of natural and anthropogenic
activities. Coastal zones usually have much bio-
logical diversity and are often quite rich in living
resources. Coastal habitats, especially wetlands,
mangroves, salt marshes/pans, and sea grasses, are
rapidly being devastated under pressure of urban-
ization, industrialization, and recreation. These
influences create unique association of plants and
animals, which are normally not found in upland
or purely marine environment. Some coastal areas
and coastal waters are also vast reservoirs of non-
living mineral resources, including oil and gas.
Thus, coastal areas and coastal waters are bio-
logically and ecologically important and also have
great economic potential.

India has a coastline of 7,516 km and
nearly 250 million people live within a distance

Annex BR13



556 Environ Monit Assess (2010) 160:555–561

of 50 km from the coast (Thanikachalam and
Ramachandran 2002). The coastal zone is char-
acterized by a variety of coastal ecosystems like
mangroves, lagoons, coral reefs, sea grass, salt
marsh, estuary, creek, etc. Coastal ecosystems
are important for millions of people around the
world as they provide subsistence. In the state
of Tamil Nadu (east coast of India), between
the year 1988 and 1998, 25.56 km2 of coral reefs
and 2.16 km2 of seaweeds were lost in Gulf
of Mannar (Thanikachalam and Ramachandran
2002, 2003). Between the year 1986 and 1993,
a 0.36-km2 area of mangrove in Pichavaram
was lost and nearly 2,500 km2 of the man-
grove were lost in entire India between 1986
and 1994 (Krishnamoorthy 1995). Apart from

the anthropogenic activities, natural causes also
play an important role in coastal environment
changes. In the Gulf of Mannar coast, between
the year 1969 and 1998, 4.34 and 23.49 km2

of mainland coast and 4.16 and 3.31 km2 of
island coast were eroded and accreted due to
the combined action of anthropogenic and nat-
ural agents (Thanikachalam and Ramachandran
2003). Availability of repetitive, synoptic, and
multispectral data from various satellite platforms
have helped to generate information on varied
aspects of the coastal and marine environment
(Nayak 2002). Studies on rapid erosion of coast
of Sagar Island and its environs were carried out
by various authors (Dinesh Kumar et al. 2007;
Gopinath and Seralathan 2005; Bandopadhyay
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2000; Das 2000). There is an inevitable need to
monitor and manage the coastal zones regularly,
properly, and optimally. In the present study,
an investigation has been carried out on critical
coastal issues of Sagar Island, India.

Study area

Sagar Island, the largest island of the Sundar-
bans deltaic complex, was selected for the present
study. The island is situated in the estuarine en-
vironment of Hugli River. It is bounded by Hugli
River in the north and west, Muri Ganga River
in the east, and Bay of Bengal in the south. Hugli
and Muri Ganga Rivers control the sedimentation
of this island. The landmass of this island extends
from 21◦ 37� 21�� to 21◦ 52� 28�� N and 88◦ 2� 17��

to 88◦ 10� 25�� (Fig. 1). The length of the island is
30 km in the north–south direction and has a max-
imum width of 12 km. The island is accessible by
the “ferry” service across the Muri Ganga River.
The island is affected several times by the tropical
cyclones and influenced daily by tidal fluctuations.
Global as well as regional changes in climate may
induce substantial change in its physical, chemical,
and social environment.

Materials and methods

As part of data collection, field survey was
conducted along the coastal zone of Sagar Is-
land. Landuse/landcover data, namely mangrove
forests, casuarina plantations, agricultural fields,
and sandy beaches, have been demarcated on the
basis of field truth. The type, intensity, and condi-
tion of coastal vegetation were noted on the basis
of field observations and the information gathered
from the local people. At some of the places where
coastal erosion is severe, the condition of coastal
vegetation, especially the mangroves, is critical.
But artificial cultivation of mangrove at a small
scale is also noticed in a few places.

Multidated (1996, 1998, and 1999) satellite data
of IRS-1C LISS III (both digital and geo-coded
FCC) of the study area were collected from
NRSA, Hyderabad. Geocoded data was used in
the field to obtain ground control points and dig-

Table 1 List of parameters retrieved from satellite data

Field data Parameters retrieved

Erosion rate Erosion rate during 1967 to 1996
1996 to 1999

Landuse and Supervised classes: sandy beaches,
landcover agricultural fields, land

vegetation, casuarina, mangrove
Sediment Sediment distribution on coastal

distribution waters

ital data was processed in the laboratory using
digital techniques. Linear Imaging Self Scanning
(LISS) III Camera, one of the three sensors on
IRS-1C, provides multispectral data in four bands:
two in visible (0.52–0.59 and 0.62–0.68 µm), one
in infrared (0.77–0.86 µm), and one in short wave
infrared (1.55–1.70 µm) regions of the electro-
magnetic spectrum. The selected data represent
the periods immediately after monsoon (October
1999) and post-monsoon (December 1996 and
1998).

Analysis and interpretation of satellite data was
done by digital image processing. The abovemen-
tioned satellite images were rectified with refer-
ence to Survey of India topomap nos. 79 C/1 and
79 C/2 and field ground control points. An area
of interest, i.e., Sagar Island, was selected as a
subset from rectified images. An image analysis
carried out for 1996 and 1999 satellite data and
georectified topomap of 1967 revealed the erosion
rate of the island. Various parameters retrieved
from satellite data are shown in Table 1.

Critical coastal issues—discussions

The major critical environmental issues of the is-
land are coastal erosion, degradation of mangrove
forests, demographic aspects, and natural hazards.

Coastal erosion

Analysis of satellite data reveal that coastal ero-
sion is increasing at a faster rate since 1996 es-
pecially along the east coast of the Island when
compared to that during the period between 1967
and 1996. The study reveals that the total land-
cover in Sagar Island shows a decreasing trend
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from 223.4 to 202.6 km2 during 1996 to 1999
(Gopinath and Seralathan 2005). The analysis
of multitemporal satellite data shows that the
whole island is eroding at a faster rate (Gopinath
and Seralathan 2005). Another best example for
coastal erosion on western part is the presence
of remains of an old light house and a new one
shown in Fig. 1. The Kapil Muni original temple
(southern part of the island) was devoured by
the sea during British rule. A new one had to be
built several kilometers inland, but now the sea
is closing in on that as well. Coastal erosion is
controlled by various parameters like nature of
beach sediment, beach morphology, tidal currents,
wave activities, etc. It is observed from the field
that, in most of the eroding sites, the nature of
the sediment is mostly silt and clay. Usually sandy
beaches get eroded faster than muddy beaches,
but in the study area some of the muddy beaches
along the Muri Ganga (eastern side) are severely
eroding. It can be attributed to the deposition of
sediment in the estuary in the form of shoals and
tidal flats which in turn cause the intensity of water
flow to be more towards the island. In addition
to this, wave and tidal current activities also con-
tribute to erosion of this side up to a certain ex-
tent. In the southern part of the island, prominent
sandy beaches are identified with more than half
kilometer in width (Fig. 2). Basically, this island
is a tide-dominated deltaic island. The tidal range
varies from 5 to 6 m and the island is 6.5 m above

sea level (Mukherjee 1983). The coastal processes
such as erosion, deposition, sediment transport as
well as wave and current activities continuously
modify the shoreline and in turn bring changes in
coastal ecosystems of the island, which frequently
hits the island.

The major causes of coastal erosion in Sagar
Island are listed below:

1. Severe bank erosion is observed on either
sides of the northern tip of the island and in
the southeastern part of the island. This is
due to high flood velocity and the meandering
nature of river course.

2. Erosion is also due to extensive clay mining
from the banks of Muri Ganga for brick work.

3. Severe erosion near Beguakhali (southwest-
ern) has been observed for a long time. The
old light house is now about 100 m offshore of
the island. Similarly, the south eastern part of
the island has been experiencing erosion. The
wave erosion is the main reason.

4. Sagar Island has been affected several times
by tropical cyclones.

5. The sea level rise in this part has been esti-
mated as 2.6 mm per year (Baksi et al. 2001).

Degradation of mangrove

Another major issue of the island is degrada-
tion of mangrove forests which have an adverse

Fig. 2 Prominent sandy
beaches with ripple marks
on the southwestern part
of the Sagar Island
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impact on marine bio-resource productivity,
which is directly related with the socioeconomic
status of the coastal community. Mangroves are
the main resources of the nutrients of coastal
waters. But they are being destroyed by natural
phenomenon and anthropogenic activities. Man-
groves protect the island from severe erosion, but
the rate of erosion has been increased in different
parts of the island. This is mainly due to deforesta-
tion of mangrove forests.

There are a total of 17 genera and 69 species
of mangrove plants identified in Sundarban. The
total area of mangroves in India is estimated to be
6,750 km2, which constitute 8% of the total Indian
coastline. There are 48 plant species belonging
to the mangrove vegetation in India alone. Out
of 6,750 km2, Sundarban has the largest area of
4,200 km2.

The coastal habitat of Sagar Island, especially
mangroves and wetlands, are being degraded.
Mangroves in India have suffered from various bi-
otic problems such as reclamation, deforestation,
and pollution. The abiotic problems like extreme
climates resulting in cyclones and floods also pose
a danger to mangroves. Mangroves have been
declared as ecologically sensitive areas under the
Environment Protection Act, 1986. All exploita-
tion and developmental activities in these areas
have been banned by the Government of India.
Disposal of wastes from the adjoining industries
and also carrying of wastes by pipelines through
the mangrove areas have also been prohibited. A
statewide committee has been formed for effec-
tive management of the mangrove ecosystem.

The total area of mangrove forest on 1996
(Table 2) was 0.9 km2. The mangrove area is
increased in the year 1998 due to some artificial
plantation. The total area of mangrove in that year

Table 2 Changes in landuse and landcover in Sagar Island
during 1996–1999

Classes Area, km2

1996 1998 1999

Casuarina 6.5 7.4 7.2
Mangrove 0.9 2.1 1.3
Sandy beach 2.3 1.2 1.2
Land vegetation 79.4 64.68 75.9
Agriculture fields 134.3 130.4 118.6
Total 223.4 205.78 202.6

was 2.1 km2. In the year 1999, mangrove forest
decreased to 1.3 km2 due to human interference
and other natural activities. So an immediate step
should be taken for the conservation of this man-
grove ecosystem.

Population growth

Another major problem of the island is overpop-
ulation. As the population is increasing, the pres-
sure on the island is increasing in all fronts like
space to live, resources, pollution, and environ-
mental degradation. The population of the island
in the year 1864 was 1,488, i.e., 5.2 persons per
square kilometer. On 1991 census, the population
is 149,222 which is 100.2 times more than the 1864
census. On 2001, it is estimated to be 185,301
(Baksi et al. 2001). Since the availability of natural
resources is limited by the rate of processes of
the earth system and their renewal, it is clear that
the quality of the life cannot be sustained at a
safe level of dynamic equilibrium unless resource
expenditure is restricted. More than 60% of the
world’s population lives in a belt within about
60 km of coastal zone, with around two-thirds
of the world’s cities with a population of over
1.6 million people.

The coastal environment issues are highly com-
plex due to multifarious use of the coastal zone
like settlement, waste disposal, aquaculture, fish-
ing, and recreation. As land becomes more and
more crowded and terrestrial resources get used
up, greater attention is now being paid to the
development of the sea as a natural source of bio-
resources supply. For the professional scientist,
naturalist, and the public at large, the sea is an
infinite source of pleasure, study, and inspiration.

Cyclone, flooding, and sediment distribution
pattern

Sagar Island is victimized several times by tropical
cyclones and influenced daily by the tidal fluctua-
tion that continuously modifies the region. Major
hazards such as cyclones, flooding, and discharge
of huge sediments modify the morphology of the
island.

Tropical cyclone constitutes one of the most de-
structive natural disasters that affect Sagar Island.
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Cyclone affects the island with strong wind, heavy
rainfall, and flooding, so beach erosion takes place
more and the shoreline changes critically. This
suggests that mangrove afforestation should be
taken up in cyclone-prone areas to protect the life
and property in coastal regions. Generally, remote
sensing data are used for tracking, monitoring,
and forecasting of cyclones, assessment of dam-
age, and preventive measures. INSAT data are
regularly utilized to monitor the track of cyclones
and forecasting their crossing point on land. IRS
1C/1D data are used to assess the damage caused
by cyclones. IRS WiFS data are utilized to delin-
eate area under thrust. LISS data is found to be
more suitable to assess damage caused to agricul-
tural and horticultural areas. PAN data provides
structural damage caused to large buildings.

The important aspect of damage assessment is
to provide input within 2–3 days of the event. It
is necessary to use radar data in such cases. The
most disastrous cyclone affected Sagar Island on
4th October, 1864.

The influence of Hugli and Muri Ganga Rivers
on the coastal stretches of the island is the major
cause of degradation/change of morphology and

Fig. 3 Sediment distribution pattern of Hugli and Muri
Ganga river (IRS 1C LISS III, band 3)

ecosystem. It is very clear from the satellite data
that these two rivers discharge large amounts of
sediment towards the Bay of Bengal (Fig. 3). Fur-
ther, it is observed that the eastern part of the
island is characterized by a high percentage of
erosion due to nature of river banks and flooding
effect from Muri Ganga River.

Conclusion

The coastal regulation zone (CRZ) of Sagar Is-
land itself is a critical area due to the erosion
process, sea level rise, degradation of mangrove
forest, and concentration of people, with the lack
of adequate waste disposal and other various fac-
tors. As the population of the island increases
rapidly, people are migrating towards the CRZ.
Ultimately, they depend upon the coastal resource
and cut down mangrove trees for building their
homes, making of boats, fuel purpose, etc. As the
coastal zone is ecologically sensitive, all human
activity which adversely impacts the coastal envi-
ronment should be restricted.
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The Sundarbans is the world's largest remaining single block of mangrove forest, covering approximately
1 million ha (~10,000 km2) of the Ganges–Brahmaputra delta along the coastal areas of India and Bangladesh.
Sea level rise and alteration of water flows of the Himalayan headwaters are among the major disturbances
threatening these coastal areas. But very few studies exist on the dynamics or current status of the Sundarbans
coastline. We used Landsat images spanning from 1973 to 2010, and an algorithm that we developed, to
consistently estimate the spatiotemporal dynamics of erosion and accretion for four different time intervals
and the whole study period. Our results show that the direction and extent of erosion and accretion rates
varied throughout the different periods. Erosion was the highest in the 1973–1979 interval, with
23.2 km2 year−1 of land loss. However, that rate substantially declined in the following periods, reaching a
rate of 7–10 km2 year−1. Accretion showed a rate of 10 km2 year−1 between 1973 and 1989, but substantially
declined to ~4 km2 year−1 between 1989 and 2010. Accretion rate has declined in the recent years but
erosion rate has remained relatively high. As a result the delta front has undergone a net erosion of ~170 km2

of coastal land in the 37 years of our study period. These numbers are significantly higher than the previously
reported rates and magnitudes of erosion in this area. The methods and maps developed in this study may be
helpful in management planning of this vulnerable coastline.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The coastal area of the Bengal delta was formed within the large
Bengal basin during the last 11,000 years, and it extends offshore in
the Bay of Bengal as a clinoform (Kuehl et al., 2005; Mikhailov &
Dotsenko, 2007). The delta was built by the hydrologic discharge of
the Ganges–Brahmaputra (GB) river system. The GB discharge is
second only to that of the Amazon River in magnitude, and is driven
largely by the southwest monsoon rains, with maximum discharge
happening from May–June to November (Coleman, 1969). High
volumes of discharge of these two rivers traditionally carried
extremely large sediment loads (~109 t year−1) from different parts
of the Himalayas and the upper parts of the Bengal delta (Goodbred &
Kuehl, 2000). Coastal areas of this delta are home to the world's
largest continuous patch of mangrove forest, the Sundarbans (Iftekhar
& Saenger, 2008), covering approximately 1 million ha, ~60% of which
is in Bangladesh and the rest in India (Fig. 1). Radiocarbon and clay
mineral evidence suggests that the lower delta plains of the
Sundarbans were originally formed by sediments deposited by the
Ganges River (Allison & Kepple 2001; Heroy et al., 2003).

Mangrove forests provide critical ecosystem services, fulfill
important socio-economic and environmental functions, and support
coastal livelihoods. Among other services, these forests provide: 1) a
large variety of wood and non-wood forest products; 2) coastal
protection against the effects of wind, waves and extreme weather
events such as cyclones and tsunamis; 3) habitats for a rich biological
diversity — including a number of endangered mammals, reptiles,
amphibians and birds; 4) protection and provision of nutrients and
energy that sustain coral reefs, sea grass ecosystems and 5) habitat,
spawning grounds and nutrients for a variety of fish and shellfish,
including three-quarters of all commercially fished species in the
tropics (FAO, 2007). Their unique root systems create a great deal of
physical roughness, thus capturing and storing vast quantities of
sediment from upland and oceanic origin. But the extent and diversity
of these forests are declining globally at a rapid rate and much of the
remaining forests are in degraded condition (Duke et al., 2007). And
yet, despite the value and vulnerability of the mangroves of Bengal
delta, very little data exist on the spatiotemporal dynamics of these
mangrove lands and the impacts of anthropogenic and natural
disturbances on this ecosystem. In fact recent reviews could find no
published reports of ecosystem service loss of mangroves due to land-
use or climate change (Bouillon et al., 2008; Laffoley & Grimsditch,
2009).

Land dynamics of any delta coastline is mainly controlled by three
major factors, namely 1) compaction and tectonic subsidence,

Remote Sensing of Environment 115 (2011) 3121–3128

⁎ Corresponding author. Tel.: +1 812 855 5760; fax: +1 812 855 1661.
E-mail address: farahman@indiana.edu (A.F. Rahman).

0034-4257/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.rse.2011.06.019

Contents lists available at ScienceDirect

Remote Sensing of Environment

j ourna l homepage: www.e lsev ie r.com/ locate / rse

Annex BR14



2) relative sea level rise (SLR) and wave action, and 3) sediment
supply from the rivers (Syvitski & Saito, 2007). Studies have shown
that the coastal areas of the Bengal delta are undergoing a mean
annual land subsidence of 15–50 mm (Mikhailov & Dotsenko, 2007;
Stanley & Hait, 2000). A recent study of global deltas (Syvitski et al.,
2009) showed that the entire Bengal delta is sinking at a “perilous”
rate due to sediment compaction from the removal of oil, gas and
water from the inland delta's underlying sediments, the trapping of
sediment in upstream reservoirs, floodplain engineering, and rising
sea level. Also, the Northern Indian Ocean, which includes the Bay of
Bengal, is experiencing a relatively high rate of SLR compared to other
oceans globally (Han et al., 2010; Unnikrishnan & Shankar, 2007).
Based on global sea level data and modeling, Eriscson et al. (2006)
have estimated that the SLR of the Bay of Bengal is the world's highest,
at N10 mm year−1. Other studies have confirmed this trend, but with
rates ranging from 4.0 mm year−1 in the western zone to
7.8 mm year−1 in the eastern zone (Alam & Ahmed, 2010; SMRC,
2003). In addition to the SLR, strong winds from the southwest and
the associated waves flow onto the Bay from June to September (the
southwest monsoon season), whereas weaker northeast winds and
waves prevail during December–February (Unger et al., 2003).

The GB river system, and ultimately the Bengal delta, has
undergone some drastic changes in the last century (Mikhailov &
Dotsenko, 2007). Construction of dikes and polders along the upland
river banks has changed the sedimentation process of the rivers. Large
scale dike building in most rivers in the Bengal basin has been
initiated in the 1960s. The most recent and one of the most significant
anthropogenic disturbances of the Ganges occurred in 1975 when
India completed a dam on the river in Farakka, West Bengal,
approximately 16.5 km west of the western border of Bangladesh
(Fig. 1). This dam diverted approximately 1133 m3/s of water through
the Hooghly River inside India, which caused a significant reduction of
the flow of water and sediment to the Sundarbans coast of the Bengal
delta (Mirza, 1998).

Using digitized survey maps from 1792, 1840, 1904 and 1908, and
a Landsat image from 1984, Allison (1998) found that the shoreline
and the shallow offshore areas at the western edge of the Bengal delta
front are in a net erosional state at a rate of about 1.9 km2 year−1,
with a coastline retreat of as much as 3–4 km in some areas of the
western edge since 1792 (approximately 21 m year−1). Allison
(1998) attributed this retreat to the fact that the eroded area is
composed of inactive deltaic digitate shoal complexes that receive

Fig. 1. Location of our study site, the Sundarbans coastline of the Bengal delta, the Ganges–Brahmaputra Rivers, and the Farakka dam are shown here. The green area is the remaining
patch of the mangroves, which does not have any dikes along the coastline. The inset shows the area used in this study.
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minimal modern GB sediment. Contrarily, another study (Allison &
Kepple, 2001) suggested that the delta may still be undergoing
accretion at a rate of 7 km2 year−1 along the river mouth regions.
Using Landsat images from 1973, 1977, 1989 and 2000 to monitor the
mangrove dynamics of the Sundarbans, Giri et al. (2007) found that
the forested area has not changed significantly throughout the
25 years of their study. However, they also found that erosion has
claimed almost 38 km2 of land along the major river channels and the
extreme southern edge of the Sundarbans during their study period.
These papers (Allison, 1998; Allison & Kepple, 2001; Giri et al., 2007)
are among the relatively small number of studies of this densely
populated and vulnerable delta that have reported the overall land
accretion and erosion along the Sundarbans coastline. But none of the
studies to date have reported any details of spatiotemporal patterns of
land dynamics along the entire coastline of the Bengal delta.

Under global climate change and the related SLR, exploring
spatiotemporal dynamics of the changing coastline and the drivers
of those changes is essential to understand how the delta front is
responding to the natural and anthropogenic changes, and to assess
the vulnerability of coastal areas. In this study we used a time series of
Landsat images from 1973 to 2010 to systematically explore the
spatiotemporal trends of land dynamics along the Sundarbans
coastline. By ‘land dynamics’ we refer to either erosion or accretion
of land. Also, results from published studies on Bay of Bengal surface
currents, SLR, sediment flow and land subsidence were used to deduct
probable cause–effect relationships of the trends in coastal land
dynamics.

2. Study site

Our study site was the Sundarbans coastline of the Bengal delta in
Bangladesh and India (Fig. 1). The linear length of the Sundarbans
coastline is ~180 km from the western to the eastern edge. Due to
local subsidence, and to save the land from being inundated,
embankments have been erected along most of the coastal areas of
the Bengal delta, except in the Sundarbans coastline. Anthropogenic
activities, such as fishing, logging and other types of resource
harvesting, occur inside the mangrove forest, and the rivers and
their subsidiaries flowing through the mangroves are highly affected
by the human intervention/engineering works upstream (dams, flow
diversion). But embankments have not been erected along the
coastlines of the Sundarbans in Bangladesh and India. Hence, unlike
the adjacent non-mangrove coastlines of the Bengal delta, the land
dynamics of the Sundarbans coastline is not artificially restricted or
controlled, constituting a natural setting for studying the impacts of
SLR and anthropogenic upstream disturbances on the delta front.
Therefore, this study was focused on the Sundarbans coastline and the
immediate river mouths that are affected by surface current actions of
the Bay of Bengal (as per Allison, 1998). Smaller river banks in the
inland areas of the Sundarbans were not included in this study (Fig. 1,
inset).

3. Data and methods

3.1. Landsat images

Cloud cover is a consistent problem in all tropical regions,
including the Bengal delta. Because the aim of this study was to
delineate the changing coastlines, images needed to be totally
cloudless, at least over the coastlines of interest. That restricted the
number of images that could be used in this study. Images from 1973,
1979, 1989, 2000 and 2010 suited the cloud-free criteria. These
images were downloaded from the United States Geological Survey
(USGS) EarthExplorer web site where archived satellite image data
are available (http://edcsns17.cr.usgs.gov/EarthExplorer/). Images
from 1973 were the earliest available from Landsat for that region.

The 1973 and 1979 images were from the Landsat Multi Spectral
Scanner (MSS). The rest of the images were from Landsat Thematic
Mapper (TM, 4 and 5) and Enhanced TM (ETM+). Two adjacent
Landsat images (path 148 and 147, row 45 for Landsat MSS; path 138
and 137, row 45 for TM and ETM+) are needed to cover the entire
Sundarbans coastline of Bangladesh and India. Details of the images
used in this study are given in Table 1. All images except one were
from thewinter seasonwhenmost of the cloud-free days occur in that
region. The exceptionwas one image fromMay 1979, which is the end
of summer season in that region.

For detecting land dynamics images have to be georeferenced. The
two 2010 images were georeferenced first. USGS supplies recent
Landsat images with basic georeferencing and a 2008 GIS vector map
of the Sundarbans (source: Bangladesh Forest Department) was used to
further georeference the 2010 image. The final georeferenced image
product had b±0.5 pixel rootmean squared error (RMSE). Since the two
adjacent images covering the Bangladeshi and Indian parts of the
Sundarbans fall in two different Universal Transverse Mercator (UTM)
zones (46 N and 45 N respectively), the images were reprojected to
Lambert Azimuthal Equal-area projection. This projection preserves the
area of individual polygons while simultaneously maintaining a true
sense of direction from the center (White et al., 1992). Due to the equal-
area property, this projection is useful for statistical analysis of land
change. Nearest-neighbor resamplingwas used tomaintain the spectral
integrity of the image. This georeferenced 2010 image was used as the
reference for rectifying all other images. For consistence, all imageswere
resampled to a spatial resolution of 30 m. Resampling the 60 m MSS
pixels to 30 m neither improved nor degraded the spatial resolution of
the MSS images, whereas resampling the 30 m TM pixels to match the
60 m MSS pixels would have degraded spatial resolution of the TM
images. We performed uncertainty analyses for both 30 m and 60m
pixels (Section 3.3).

Since the goal of the image interpretation steps was to distinguish
between land and water in each image, combination of the green, red,
and near-infrared bands of the images were used to create false-color
images (Nayak & Bahuguna, 2001). All vegetated areas in these false-
color images showed different hues of red; bare soils were colored in
shades of brown; and mudflats or sandy beaches were colored in
shades of white. Water bodies were either in shades of blue or black,
since water absorbs infrared radiation. Some muddy water showed a
brownish hue, but from the morphological structure of the river
mouths and the bay, it could be clearly identified as water and not soil.
Normalized difference vegetation index (NDVI) images were also
created using the red (R) and near-infrared (IR) bands to verify the
land–water boundary, since the NDVI values of water are negative and
those of dry terrestrial surface are positive. NDVI values show this
characteristic (negative for water and positive for terrestrial surfaces)
irrespective of whether radiance or reflectance values of R and NIR are
used in its calculation.

We used these NDVI and false color images to classify land and
water. But the classification alone was not sufficient in delineating the

Table 1
Information about the Landsat images used in this study.

Year Satellite Date Cloud
cover

Pixel size
(m)

Path/
row

1973 Landsat MSS 1 02/21/1973 and
02/02/1973

0% 60 148/45
147/45

1979 Landsat MSS 3 04/02/1979 and
02/26/1979

b10% 60 147/45
148/45

1989 Landsat TM 4 01/19/1989 and
01/1/2/1989

0% 30 138/45
137/45

2000 Landsat 7
ETM+

11/17/2000 and
02/28/2000

0% 30 138/45
137/45

2010 Landsat TM 5 01/21/2010 and
01/30/2010

0% 30 138/45
137/45
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land area of each delta finger. Each individual delta finger is also
internally crisscrossed by small waterways that drain into the large
rivers. These internal waterways are commonly narrower than a 30 m
pixel and were not the focus of this study. So, in addition to the image
classification we also used ArcMap software (ESRI Inc, Redlands, CA,
USA) to connect the land pixels in the junction of these waterways
and large rivers. Basically, two coastal land pixels, opposite to each
other, in the junction of these waterways and rivers were connected
in a straight line, in order to form a continuous coastline for each delta
finger. The intertidal mudflats were excluded from this study. Binary
images of land and no-land (or water) were the resulting products.

3.2. Detecting coastline dynamics

Graphical routines were developed with the Matlab software
(version 7.10.0, MathWorks Inc., Natick, MA, USA) to estimate
coastline dynamics from the digitized binary images. Rates and

azimuthal directions of erosion and accretionwere determined for the
intervals 1973–1979, 1979–1989, 1989–2000, 2000–2010, and the
whole study period 1973–2010. For any given interval, the ‘baseline’
image was the image of the later year when determining erosion, and
that of the earlier year when determining accretion. Perpendicular
distances (described next) between the coastline pixels of the paired
images were then estimated. For this process, it was critical to
determine the position and the orientation of each coastline pixels in
the baseline image. The Matlab function “bwboundaries” (Image
Processing Toolbox, version 7.0) was used to delineate the perimeters
of coastal pixels in each image. This function traces the exterior
boundaries of each individual ‘object’ in a binary image (i.e., the land
areas adjacent to water and completely separated from other land
areas), resulting in a collection of continuous pixel coordinates. These
‘objects’ in our study were essentially the individual ‘fingers’ of the
delta and the detached islands of the study area in the Bay of Bengal.
An advantage of using this function was that the pixel coordinates for

Fig. 2. Rates in coastline area change (km2 year−1) as estimated using the paired images 1973–1979, 1979–1989, 1989–2000, 2000–2010, and 1973–2010. Erosion (thick black
lines), accretion (gray lines) and resulting net difference (thin black lines) are aggregated in bins of 10° of azimuthal direction. The azimuthal direction assumes opposite meanings
when describing the erosion and accretion processes. For example, erosion in the south azimuthal direction means that the land loss proceeded from south towards north; but
accretion in the south azimuthal direction means that the land gain proceeded from north towards south.
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each object were determined and organized in a clock-wise direction,
where the ‘beginning point’ was always the leftmost pixel of the
topmost line of each object. This beginning point was considered to
have its perpendicular direction pointed towards north. The perpen-
dicular direction of each following pixel in the clock-wise direction
was calculated by drawing a line segment that was centered on that
pixel and delimited by two terminal points located three pixels apart
on each side of that pixel. This procedure occasionally produced
unrealistic line segments where the coastline took a sudden change of
direction. To correct this ‘sudden change’ problem the line segments
of all pixels were further smoothed using a moving average filter with
a window-size equivalent to the 5% of the total number of coastline
pixels in each object. The perpendicular direction of land loss or gain,
in relation to any specific coastline pixel of the ‘baseline’ image, was
the azimuthal direction of erosion or accretion respectively.

In order to calculate the extent and direction of erosion or
accretion, a recursive algorithmwas implemented that extended each
coastal pixel in the baseline image by a single pixel along its
perpendicular azimuthal direction across the other image. This
process was repeated until a non-land pixel was encountered. The
lengths of these trajectories, multiplied with the area occupied by
each pixel (i.e. 900 m2) provided an estimate of the areas of erosion or
accretion in each direction. The direction and area of erosion and
accretion were estimated for each coastal pixel of the baseline images
for all intervals. The algorithms developed and implemented in the
Matlab software for estimating land dynamics were in some aspects
similar to the Digital Shoreline Analysis System (DSAS) of the United
States Geological Survey (USGS) that has been in use since the mid-
1990s (Himmelstoss, 2009). But our method provided the azimuthal
distribution of the land dynamics that was needed for this study,
which the DSAS software does not provide.

3.3. Uncertainty analysis

The method described in the previous section provided the area
and associated azimuthal directions of net erosion and accretion for
each interval of the study, which were divided by the numbers of
years in each interval to obtain the annual rates. Erosion and accretion
rates were then grouped into bins of azimuthal directions of 10°
intervals, where 355°–5° corresponded to North, 85°–95° to East, etc.
Statistical analyses were performed separately for each bin and
interval. Uncertainty in the rates of accretion and erosion was
estimated by numerical propagation of the error associated with the
calculation process. Two main independent sources of uncertainty
were identified: 1) the uncertainty caused by the georeferencing
process, which we assume affecting only the position of the first and
last point of each erosion/accretion trajectory (and therefore also the
direction), and, 2) the uncertainty associated with the digitizing
process of mixed pixels along the coastline, which we assumed
affecting only the area of the first and last pixels of the erosion/
accretion trajectory. A mixed pixel along the coastline occurred when
the targeted surface area represented in a pixel was composed of both
soil and water. For the georeferencing process, the error was assumed
to be normally distributed with the mean equal to 0 and standard

deviation equal to the RMSE resulting from the georeferencing
procedure (±0.5 pixel, i.e. 15 m or 30 m depending on the year).
For the digitizing process, the error was assumed to be uniformly
distributed, with a range between 0 m and 900 m2 (or 3600 m2 in the
case of 1973 and 1979).

Propagation of the error was estimated for each pair of images of
any interval using Monte Carlo simulations with 1000 repetitions. For
each repetition, the position of each coastal pixel and the distance of
the trajectory were ‘perturbed’ by a value randomly generated from
the above described distributions. The rates and azimuthal direction
of land erosion or accretion were estimated as described in the
previous section. The propagated uncertainty was assumed normally
distributed, and the associated standard deviation and 95% confidence
interval were estimated from the 1000 ‘samples’ of each synthetic
dataset.

4. Results and discussion

The annual rates of erosion and accretion, and their differences, in
all azimuthal directions at different time intervals are shown in Fig. 2
and Table 2. Erosion and accretion rates varied throughout the
different periods. Erosion was the highest in the 1973–1979 interval
with 23.2 km2 year−1 of land loss. However, erosion substantially
declined in the following periods, reaching rates between 7 and
10 km2 year−1. When summed using the four individual intervals, the
total land loss due to erosionwas 415 km2. Accretion rate in the 1973–
1979 period was similar to that in the 1979–1989 period
(~10 km2 year−1), but the rate substantially declined in the 1989–
2000 and 2000–2010 periods (~4 km2 year−1). Again, when summed
using the four individual intervals, the total land gained by accretion
was 245 km2. Three out of four periods resulted in a net land loss due
to erosion (between 60 and 80 km2), with only 1979–1989 showing a
net gain in land (about 40 km2).

The land dynamics was also estimated using the 1973–2010 image
pair as ameasure of the net total erosion and accretion occurred in the
Sundarbans coastline in the 37 years of this study. There was quite a
large difference between these ‘37-years’ values and the ones
estimated using the four intervals. Total erosion and accretion during
the four intervals were almost two and three-fold, respectively, in
comparison to the accretion and erosion resulted from the 1973–2010
image pair. This indicates that both the accretion and erosion
processes were highly dynamic during the 37 years of this study,
and several areas of the Sundarbans delta underwent both erosion
and accretion, although during different times, as shown in Fig. 2. The
total land change was about −170 km2, indicating that the overall
loss of land was the dominant process for the period of study. In
general, both accretion and erosion rates were very low or negligible
in the north-west to north-east directions. Accretion occurred mainly
along the west and east directions (Fig. 2). Erosion showed a more
uniform distribution in its directionality, but higher rates could be
observed across the south to west directions, in particular in the
periods after 1979.

Spatial distributions of accretion and erosion for all intervals are
shown in Fig. 3. During the 1973–1979 interval most of the accretion

Table 2
Accretion and erosion rates in the Sundarbans coastline estimated for each sub-period and for the entire period of our study. Standard error is shown for the total accretion and
erosion rates.

Period Accretion (km2 year−1) Total accretion (km2) Erosion (km2 year−1) Total erosion (km2) Difference (km2)

1973–1979 9.5 56.8±1.0 23.2 139.4±1.3 −82.6
1979–1989 11 110.8±0.8 6.9 68.7±0.8 42.1
1989–2000 4.2 45.7±0.3 10.2 112.9±0.5 −67.2
2000–2010 3.1 31.2±0.3 9.4 93.5±0.4 −62.3
Total 6.6 244.5±1.3 11.2 414.5±1.6 −170.0
1973–2010 2.4 89.0±0.5 7.2 264.6±0.9 −175.6
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occurred in the eastern section of the Sundarbans, but erosion was
prevalent in all areas (Fig. 3a). During the 1979–1989 interval
accretion occurred in almost all areas, but not in the southern
edges. In the southern edges the prevalent process was erosion,
except for some areas in the eastern section of the study area (Fig. 3b).
During the 1989–2000 and 2000–2010 intervals, most of the land gain
occurred in the eastern and western sections of the Sundarbans,
whereas the middle section primarily underwent erosion (Fig. 3c–d).

The rates of linear coastal erosion (m year−1) in all azimuthal
directions for the study period (1973–2010) are shown in Fig. 4. These

distances are grouped into bins, as described in Section 3.3. We found
that the distribution of distances in each bin were positively skewed
(inset, Fig. 4) and could be best described using a log-normal
distribution. The median distance, and 25, 75, and 95 percentile
distances of these log-normal distributions for each bin and time
period are shown in Fig. 4. The median value of erosion was
~6 m year−1 for the south, 3 m year−1 for east and west azimuthal
directions, and negligible for north.

The retreat of Sundarbans coastline was expected under SLR, since
there are no dikes or other anthropogenic structures to protect these

Fig. 3. Changes in coastline area as estimated using the Landsat images of 1973, 1979, 1989, 2000, and 2010. Red and green areas describe erosion and accretion, respectively.
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coastlines. The advent of the Farakka dam in 1975 caused a significant
anthropogenic disturbance in the flow of discharge and sediment of
the Ganges to the Sundarbans coast (Mirza, 1998). Measurements at
the Hardinge Bridge on the Ganges inside Bangladesh indicated that
the discharge of the Ganges decreased more than 30% between 1974
and 1979 (Tanzeema & Faisal, 2001). This decrease of discharge must
also have decreased the sediment supply, since the sediment content
of the Ganges is proportional to its discharge (Islam et al., 1999). The
relatively high rate of erosion along the Sundarbans coastline during
the 1973–1979 interval (Fig. 3a) may have been due to this abrupt
disturbance on sediment flow. It is pertinent to mention here that the
26 December 2004 Sumatra Tsunami had a minimal impact on our
study area, with b1 m of tsunami height reaching the Sundarbans
coastline (see Fig. 1 of Titov et al., 2005).

A noticeable feature of the land dynamics of the Sundarbans
coastline is that the rate of accretion has been declining in all
successive periods (Fig. 2a–d). This trend of declining accretion may
be due to the fact that the delta as a whole is sediment-deprived due
to dams and other anthropogenic disturbances upland (Syvitski et al.,
2009). Contrary to the decreasing rate of accretion, the rate of erosion
remained relatively stable after the 1973–1979 interval (Fig. 2a–d).
Except for the northern directions (N, NE NW), which are mainly
landward directions, erosion was occurring in all other directions,
potentially indicating the steady impacts of SLR in the Bay of Bengal.
Probable causes of the azimuthal difference in the rate of erosion may
also be a combination of surface wave and tidal actions. Surface waves
of the Bay of Bengal are predominantly from the southwest direction,
whereas the tidal action is from the south (Poterma et al., 1999). The
East India Coastal Current (EICC) flows northward along the Bay of
Bengal during the rainy seasons of March–September, and in the
opposite direction during the dry seasons, October to January
(Shankar et al., 1996). So, the combined force of waves and tide is
stronger on the south azimuthal direction than on other directions.

In total, the Sundarbans coastline lost ~170 km2 of land during the
37 years of the study period (or approximately 4.6 km2 year−1). This
estimate is much higher than what was reported by previous studies
(38 km2 in Giri et al., 2007; 1.9 km2 year−1 in Allison, 1998). The
median value of total linear land loss was more than 220 m in the
southern (seaward) direction during the 37 years of this study. But

the linear loss was not evenly distributed throughout the whole
coastline, either in the south or any other azimuthal direction. As can
be seen from the inset in Fig. 4, the distribution of the land loss
(distance) was positively skewed, probably due to the local effects
such as sediment composition and compaction (Allison, 1998) and
wave action (Shankar et al., 1996). The skew in the distribution of
linear distances was more pronounced in the south (seaward)
direction and less in all other directions (Fig. 4). The 75 percentile
distance of land loss in the south was ~20 m year−1, approximately
equal to what Allison (1998) reported for only thewestern edge of the
delta. Allison (1998) used a composite of digitized survey maps of the
British Navy from 1792 to 1908 and compared that with a Landsat
image of 1984 to derive the linear distance of land loss in 76-year
interval. Our study shows that not just thewestern edge but rather the
entire Sundarbans coastline has been retreating at a similar rate in
37 years, indicating an enhanced rate of erosion in recent years.

The results of this study can potentially be used in conservation
management of the Sundarbans. The Indian portion of the Sundarbans
core area, now a National Park, is designated a wilderness zone under
the West Bengal Amendment of the Indian Forest Act (1988).
Maintenance of environmental stability, preservation of the remain-
ing natural forests, increase in forest cover through afforestation and
social forestry programs, and enhanced productivity of forests to meet
essential national needs are among the mangrove-management
related main features of this Forest Act (Iftekhar, 2008). Bangladesh
portion of the Sundarbans forest, officially called the Sundarbans
Reserved Forest (SRF), has a history of scientific management and is
managed for commercial timber production by the Forest Department
(FD) of the Ministry of Environment and Forests (MoEF). Coastal
afforestation, creation of wildlife sanctuaries and controlled timber
extraction are among themajor steps that are currently being taken in
the SRF (Iftekhar & Islam, 2004). The land-gain areas along the
Sundarbans coastlines can be targeted for enhanced afforestationwith
appropriate salt-tolerantmangrove species. The land-loss areas can be
targeted for selective dike building (with proper consideration of
down-current erosion) to prevent further loss of land.

5. Conclusions

Our study highlights the complexities involved in the spatiotem-
poral dynamics of the retreating Sundarbans coastline of the Bengal
delta. Cloud-free Landsat images were used for coastline delineation,
and algorithms were developed to derive distances and areas of land
dynamics in a consistent fashion for the whole coastline for every
interval. Even though coastal retreat is a ‘natural’ global process in the
general context of SLR, this study explored the effects of SLR and
decreased discharge and sediment flow of the contributing river to the
coastline. The Bengal delta was built by the GB discharge, so accretion
was the dominant process for thousands of years. Even though some
previous reports from sampling studies have indicated that the Bengal
delta is still undergoing accretion (Allison & Kepple, 2001) other
recent modeling studies have indicated that the delta is sinking due to
sediment compaction (Syvitski et al., 2009). Results of this study are
the first to demonstrate that the entire non-diked portion of the
Bengal delta's Sundarbans coastline is currently in a net erosional
state. The spatial and temporal characteristics of the retreat were
characterized using a time series of satellite images, thus reducing
uncertainties that are inherent withmodeling and sampling studies of
spatially continuous processes such as coastal dynamics. The
spatiotemporal analyses of this study may help future studies to
reveal the local/global nature and causes of the spatial variations in
erosion and accretion that have been reported here. It is our
anticipation that the results of this study would be applicable in the
management planning of the Sundarbans—the largest single patch of
the remaining mangrove forests in the world.

Fig. 4. Erosion rates (m year−1) of the Sundarbans coastline estimated using 1973 and
2010 Landsat images. The erosion rates are disaggregated in bins of 10° of azimuthal
direction. Bottom and top edges of boxes are the 25 and 75 percentile, respectively.
Thick solid lines inside the boxes are themedian. Vertical lines outside the boxes are the
5 and 95 percentile. The inset shows the distribution of erosion rates along the south
direction (i.e. between 180° and 190°). For each bin, the distribution of the erosion rates
was found highly skewed and best described as a log-normal distribution. The dashed
line is the median of the distribution.
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Geological Survey of India, “Endangered Sundarbans” (available at <http://www.portal.gsi.gov.in/portal/
page?_pageid=127,723790&_dad=portal&_schema=PORTAL&linkId=1216>)
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Sea level rise & Global warming: A serious concern of modern mankind and its environs specially in coast-bound countries is the rising
sea level accentuated by global worming. India is amongst 27 countries that are most vulnerable to sea level rise caused by global
warming. One meter rise of sea level is expected to inundate about 1000 sq km area of the Sundarban deltas. Nearly half of the 102
Sundarban islands in India spreading over 9.5 sq km area are uninhabited due to an abnormal rise in the sea level and massive erosion
in the last four decades. About a fifth of the southern part of this delta complex, the heart of the Tiger Reserve, is already
submerged. At the current rate of erosion a loss of 15% of farmlands and >250 sq km of the National Park in the next two decades is
expected. Agricultural yield too has been falling because of rising salinity of the water and soil. The Sagar Island is being submerged
by the rising sea. The Bedford and Lohachara islands are vanishing and have already displaced thousand of climatic refugees who
reclaimed mangrove forest following ruthless deforestation. Growing list of rare and highly endangered floral and faunal species of
Sundarbans is attributable to these effects. A 2007 report by UNESCO, "Case Studies on Climate Change and World Heritage" has
stated that an anthropogenic 45-cm rise in sea level (likely by the end of the 21st Century, according to the Intergovernmental Panel
on Climate Change), combined with other forms of anthropogenic stress on the Sundarbans, could lead to the destruction of 75% of
the Sundarbans mangroves. 
 
 

Evidence of ecospace shortage for endobenthic bivalves & gastropods riding over the mangrove trees, Bakkhali creeks
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Exposed mangrove roots as sign of beach erosion and retreating mangrove line, Bakkhali
 
 

Eroding older dunes along the Bakkhali beach
Exposed older mudflat in the intertidal beach as evidence of

coastal erosion at Frazergunj
 
 

Biogenic mud volcanoes produced by mud-loving Uca as sign of

unstable beach, Bakkhali

Exposed palaeo-woodground in the Bakkhali beach as hard

evidence of rising sea
 
 

Growing human population and cross-border migration

Growing livestock population

Conflicts over ecospace gain - Growing shortage of wildlife ecospace in Sundarbans is due to spread in anthropological
activities. During the last 15 years 111 persons (male 83, female 28) became victims of animal attacks, viz, tiger (82%), crocodile
(10.8%) and shark (7.2%) of which 73.9% died. About 94.5% cases the conflict took place in and around the Sundarban Reserve
Forest during livelihood activities.
Encroachment of land and water

Grazing deep in to wildlife habitats- As the mangrove forest of Sundarbans Tiger Reserve is bounded all through its periphery
by streams and creeks, there is no problem of cattle grazing within the reserve.
Poaching of fauna and flora

Extinct Species: Hog deer (Axis porcinus), water buffalo (Bubalus bubalis) , swamp deer (Cervus duvauceli) , Javan rhinoceros
(Rhinoceros sondaicus) , single horned rhinoceros (Rhinoceros unicornis) and the mugger crocodile (Crocodylus palustris) have become
extinct in the Sundarbans at the beginning of the last century 
 

Endangered Species: Two amphibians, 14 reptiles, 25 aves and five mammals are presently endangered. The endangered species that
lives within the Sundarbans are Royal Bengal Tiger, estuarine crocodile, river terrapin (Batagur baska), olive ridley turtle, Gangetic
dolphin, ground turtle, hawks bill turtle and King crab (Horse shoe).Two amphibians, 14 reptiles, 25 aves and five mammals are
presently endangered. The endangered species that lives within the Sundarbans are Royal Bengal Tiger, estuarine crocodile, river
terrapin (Batagur baska), olive ridley turtle, Gangetic dolphin, ground turtle, hawks bill turtle and King crab (Horse shoe). 
 
 

Sundarban Eco-development in progress:

1. Excavation of rain water irrigation channel to increase agricultural production.
2. Provision of pisciculture ponds in the buffer area managed by village co-operative for prawns and sweet water fish.
3. Provision of Solar lights in the villages
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4. Provision of smokeless chullahs and alternative fuel to save wood consumption.
5. Raising mangrove plantations on the periphery to meet local fuel wood demand.
6. Provision of medical care facilities to the villagers and wildlife.

Cyclone Aila hits Sunderbans: Formed on 23 May 2009; Highest winds 120km/hr; Lowest pressure 968hPa(mbar); fatalities- 330 total,
>8202 missing; damage >$40.7 million; areas affected- India & Bangladesh including Sundarbans; this region housing 265 of the
endangered Bengal Tiger was inundated with 2.4 m of water and dozens of tiger were feared dead along with deer and crocodiles.
Large mangrove trees in hundreds were uprooted. 
 

Origin and course of cyclone Aila across the Sundarbans
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