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Foreword

Sundarbans is the largest delta in the world and shared between Bangladesh and
India on the coast of the Bay of Bengal. It is adjacent to the border of India’s
Sundarbans World Heritage site inscribed by UNESCO in 1987. It contains the
world’s largest mangrove forest and is possibly one of the most biologically pro-
ductive of all-natural ecoregion. It is located at the confluence between Ganges and
Brahmaputra and supports a wide range of flora and fauna including several species
threatened with extinction. The mangrove forest is divided as 66% under Bangladesh
and 34% under India. The delta has 0.1% of the global population with high
population density. It covers 133,010 ha area including 55% forest land and 45%
wetlands in the form of tidal rivers, creeks, canals and estuaries.

Being highly populous, the contiguous area, spread over the two countries, with
large number of soil- and water-related constraints, suffers seriously from the
productivity in agriculture and aquaculture being the two major professions threat-
ening the livelihood security of the inhabitants. The problems limiting the produc-
tivity and its sustainability, as well as damage to wealth and properties, tend to
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viii Foreword

become even more perilous because of climate change and frequent occurrence of
storms and cyclones, which appear to become still more acute in time to come. The
ecological balance of the area being essentially coastal is highly dynamic, sensitive
and fragile in nature. The problems being transboundary in nature with several
deteriorating factors, which are not only complementary in nature but also mutually
dependent between the countries, affect the ecological balance and livelihood
security of the populace. Although commendable progress in research has been
made in individual countries, the validity of most may not be tenable spatio-
temporally for the lack of a unified approach with both countries taken as a single
unit. No attempt has been made so far in this direction with full regards to ecology
and geopolitical sovereignty of both.

The book bearing the title The Sundarbans: A Disaster-Prone Eco-Region —
Increasing Livelihood Security with Dr. H.S. Sen, having 26 years of experience
of research and extension in Sundarbans, as the Editor, makes an attempt in the
direction through threadbare discussion based on significant inputs on diversified
areas received from experts in Bangladesh and India. I endorse such a publication
and wish him every success in his endeavour for better planning by scientists and
policy-makers of both countries.

Founder Chairman, Ex-Member of [ B N =
Parliament (Rajya Sabha), M. S. M. S. Swaminathan
Swaminathan Research Foundation,

Chidambaram, Tamil Nadu, India



Preface

The Ganges delta, popularly known as Sundarbans, is one of the largest river deltas
in the world. The rivers Ganges and Brahmaputra flow into the delta from the
northwest and the north. The delta is distributed over major parts of Bangladesh
and the southern part of West Bengal (India). At the extreme south, along the Bay of
Bengal, the delta is roughly 360 km wide. Its total area is ca. one million hectares,
roughly 55% of which is covered by forest, and it is distributed over both countries,
with 60% in Bangladesh and 40% in India. With increasing population pressures,
deteriorating hydrological conditions in the rivers and other anthropological factors,
along with the trend of seawater rise vis-a-vis global warming, the majority of the
area remains highly fragile and ecologically unsustainable. The productivity of
agriculture and aquaculture, the principal sources of income for the majority of the
population, is generally poor because of various constraints, which, along with
ecological vulnerability, are responsible for the abject poverty and uncertain liveli-
hood of the local inhabitants.

There is an urgent need to holistically assess the entire problem, which is
essentially of a transboundary nature, so much so that the problems and solutions
of the two countries are not only mutually dependent but also complementary;
accordingly, this book attempts to devise a future roadmap for higher and sustainable
productivity and improved livelihood status in this area. Obviously, any future steps
for improvement should be of mutual benefit to both countries, more specifically the
tide-dominated ecoregion. The latter acts as a sink for the entire river system, which
originates thousands of miles upstream in India. Unfortunately, to date, no such
attempt has been made in earnest, to the detriment of both countries. This being the
crux of the issue, the present book addresses it by means of a multipronged
approach.

The book encompasses analyses of various risk factors related to
geohydrological, climatic, natural, biodiversity, socioeconomic and anthropological
aspects of the Sundarbans ecoregion; further, it discusses strategies for disaster risk
management and sustainability in natural resource management including agricul-
ture, aquaculture and forestry for ecological sustenance, along with their impacts on
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X Preface

livelihood security, and, lastly, suggests future pathways for improved
socioeconomy using interventions in both farm and non-farm sectors and in a
transboundary mode cutting across political borders. The book includes several
chapters authored by eminent scientists and practitioners specializing in the respec-
tive areas in both countries. A chronological review of societal transformation and
related approaches to various livelihood patterns followed over the ages, with
subsequent chapters on modern-age professional practices in agriculture, land and
water management, sweet and brackish water aquaculture and mangrove ecosystem
management, is presented — and all of these aspects, along with non-farm activities
like transboundary ecotourism, together with their respective impacts on the eco-
nomic growth of the inhabitants and the improvement of their livelihood, are
discussed. The book places considerable emphasis on characterizing Sundarbans
in terms of its dynamic behaviour, on the one hand, including the continual changes
in several islands due to erosion and accretion in the riverbanks under changing
surface-water hydrology in rivers and tide-fed estuaries, and on suggesting estuary
management interventions in order to augment the freshwater supply, improve
drainage and reduce bank erosion. On the other hand, the book highlights the
challenges involved in combating future adversities in the ecoregion. Recent climate
change-induced disasters, along with the relief measures undertaken and their
impacts on biodiversity and livelihood, are discussed. In a departure from the
common trend, the book includes an inventory of algal dynamics and examines
their role as climate change proxies in a separate chapter. Further, it addresses the use
of remote sensing satellites as a state-of-the-art technology for disaster management
and monitoring ecological disturbances and landmass changes.

On the whole, I am forced to agree with what Dr. Uttam Kumar Mandal and his
associates determine in their chapter in this book, namely, that conditions in
Sundarbans are gradually becoming untenable due to climate change, the deterio-
rating hydrological balance of its rivers and streams, unscientific anthropological
interventions, etc. Climate change appears to be irreversible, making the whole
situation highly complex and adding to a host of previous constraints on the
ecoregion’s soils and waters, thereby further limiting the productivity of agriculture
and aquaculture. Nevertheless, the question before us remains, whether it is techni-
cally possible to achieve ‘improvements in farm productivity’ by addressing these
challenges. Alternatively, we may choose to content ourselves with ‘subsistence
farming’ and nonetheless ensure the local inhabitants’ livelihood security. The
solution in this direction, though difficult, is not impossible if a holistic approach
is pursued. In this regard, it is of utmost importance, as Prof. M.M.Q. Mirza and
associates urge, to integrate the climate change policies of the two countries, and
possibly Nepal also, all of which share the Ganges-Brahmaputra-Meghna (GBM)
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basin, under the aegis of the South Asian Association for Regional Cooperation
(SAARC), in order to address key concerns and vulnerabilities and discuss all related
issues jointly. I strongly endorse the view that Bangladesh and India should work
hand in hand to mitigate these miseries and find tangible solutions for improved and
sustainable livelihood. The book seeks an answer in this direction.

West Bengal, India H. S. Sen
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Chapter 1 ®)
The Sundarbans: A Flight into s
the Wilderness

H. S. Sen and Dipankar Ghorai

Abstract The Sundarbans is an agglomeration of about 200 islands, separated by
some 400 interconnected tidal rivers, creeks and canals spanning across two
neighbouring countries of India and Bangladesh. It is the habitat of world’s largest
contiguous mangrove forest and abode for the enigmatic Royal Bengal Tiger. The
area, over time, has been continuously truncated in size and at present it is approx-
imately three-fifths the size of what existed 200 years ago (about 16,700 km?), the
rest having been cleared and converted for agriculture and allied activities. Of the
present expanse of 10,217 km?, 4262 km?® (41.7%) is in India. About half of the area
in India (2320 kmz) is land mass. The rest 5955 km” (58.3%) is in Bangladesh. The
eco-region has huge ecological significance in terms of the deluge of ecological
services and functions for human welfare. But unbridled and naive anthropogenic
avarice is taking a heavy toll of Sundarbans’ resources in both the countries ripping
people of the region off their precious livelihoods. There is a need for concerted
efforts by all players transcending the international border for its ecological suste-
nance. A succinct overview of Sundarbans comprising of its structure, its historical
progression, its ecological and economic value, its challenges and livelihood of
people in it is chronicled in this introductory piece for the book.

Keywords Sundarbans - Livelihood - Community based tourism - Challenges -
Recurvature of storm - Ecological value
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1.1 Introduction

To subdue Nature, to bend its forces to our will, has been the acknowledged purpose of
Mankind since human life began, but the time has come for a revision of our conception of
the benefits and responsibilities of holding dominion over all other created things. (The
Royal Bank of Canada Monthly Letter, Vol 41, No. 4 (May 1960))

History asseverates that evolution of Homo habilis to Homo sapiens has been a
perpetual struggle of taming the untamed. First, it was struggle for existence, then it
became necessity in order to colonize, and finally, to this present day, to an
astounding avarice for exploitation — a tale of Nature accommodating Man changing
to Man exterminating Nature. The consequences may be gravely disconcerting, at
least the indications are so. All of World’s pristine, and thus far virgin, ecosystems,
or eco-regions, have been invaded to gain social and economic mileage mindlessly,
altogether ignoring their enormous ecological values — as a result of which many of
those are on the verge of extinction or endangered, to put mildly. It is time for Man to
reinstate the wilderness of the wild, lest they may go into oblivion.

THE SUNDARBANS, spanning over two neighbouring countries of India and
Bangladesh is one such example of endangered eco-region. Etymologically,
Sundarbans means “Beautiful Forest”. The name, SUNDARBANS, itself, conjures
images of a mystic forest, predators and hostile environments. Populated by both
animals and half-starved humans, Sundarbans is a place that has continued to be a
perpetual battle ground of nature and man. Danda (2007) portrays Sundarbans as a
microcosm for examining global dilemma for development, ecology, and competing
values. The dilemma arises out of constructing built capital for welfare for the 4.5
million people living in the region thereby compromising ecology.

The Sundarbans eco-region is part of the world’s largest delta, formed from the
sediments brought down by three great rivers, the Ganges, Brahmaputra and
Meghna. The eco-region is unique in the world and is uniquely fragile, too! The
eco-region is unique by virtue of its most extensive mangrove forest in the world
exposed to freshwater and seawater mix. Its uniqueness also pertains to being shelter
to one of the most enthralling and endangered creatures in the world — the Royal
Bengal Tiger and that the mangroves of Sundarbans acting as a natural buffer against
the coastal erosion and seawater ingress into one of the most densely populated
regions of the world. But the paragon of its uniqueness is, arguably, ascribed to the
incalculable loss of human and built capital which would have otherwise happened
had the Sundarbans mangrove not acted as a natural shield against the ever-
increasing tropical cyclones and storms in the Bay of Bengal and Indian Ocean
and arresting it from entering the mainland with their full throttle.

The Sundarbans is a conglomeration of about 200 islands, separated by some
400 interconnected tidal rivers, creeks and canals. The area, over time, has been
continuously reduced and at present it is approximately three-fifths the size of what
existed 200 years ago (about 16,700 kmz), the rest having been cleared and
converted to agriculture (Hussain and Acharya 1994). Of the present expanse of
10,217 km?, 4262 km? (41.7%) is in India. About half of the area in India (2320 kmz)
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is land mass. The rest 5955 ha (58.3%) is in Bangladesh. The landscape is one of
low-lying forested alluvial islands (56 in the Indian sector), mudbanks with sandy
beaches, and dunes along the coast (Hussain and Acharya 1994). The forest swamp
is extensively embanked and empoldered and is an essential buffer for inland areas
against the ravages of frequent cyclones from the Bay of Bengal. The nutrient-rich
waters also provide the most important nursery for shrimps and spawning grounds
for crustaceans and fish along the whole coast of eastern India.

Sundarbans features, as per classification of WWF, two distinct eco-regions —
‘Sundarbans freshwater swamp forest (IM 0162)’ and ‘Sundarbans mangroves
(IM 1406)’. The Sundarbans Freshwater Swamp Forests eco-region is nearly extinct.
Hundreds of years of habitation and exploitation by one of the world’s densest
human populations have exacted a heavy toll of this eco-region’s habitat and
biodiversity. Because, it sits in the vast, productive delta of the Ganges and Brah-
maputra rivers and their annual alluvial deposits make the eco-region exceptionally
productive. Therefore, most of the natural habitat has long been converted to
agriculture, making it almost impossible to even surmise the original composition
of the eco-region’s biodiversity (https://www.worldwildlife.org/eco-regions/
im0162). The Sundarbans Mangroves eco-region is the world’s largest mangrove
ecosystem. Named after the dominant mangrove species Heritiera fomes, locally
known as Sundari, this is the only mangrove eco-region that harbors the Indo-Pacific
region’s largest predator, the Royal Bengal Tiger. Unlike in other habitats, here
tigers live and swim among the mangrove islands, where they hunt scarce prey such
as chital deer (Cervus axis), barking deer (Muntiacus muntjak), wild pig (Sus scrofa),
and even macaques (Macaca mulatta). Quite frequently, the people who venture into
these impregnable forests to gather honey, to fish, and to cut mangrove trees to make
charcoal also fall victim to the tigers (https://www.worldwildlife.org/eco-regions/
im1406).

The Bangladeshi and Indian parts of the Sundarbans, while in fact adjacent parts
of the uninterrupted landscape, have been listed separately in the UNESCO World
Heritage List as Sundarbans and Sundarbans National Park, respectively.

Over the centuries, Sundarbans had been, and is being, continually morphed to
come to its present make up — physically as well as demographically. Physically
through the unceasing accretion — erosion process of its river system and demo-
graphically through incessant in- and out-migration of people of diverse ethnicity,
invasion of foreigners and colonial condign. Let us contemplate upon its history,
briefly.

1.2 Sundarbans: A Brief History over Time

The history of Sundarbans can be traced back to the ages of Puranas. Mythologi-
cally, the Sagar island of Sundarbans was said to be the abode of Sage Kapila who
incinerated 60,000 sons of King Sagar for some misdeed of theirs and it was Sagar’s
grandson, Bhagiratha, who placated Sage Kapila and brought the Ganges to earth to
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revive his ancestors. Historically, several travellers as well as historians like, Satish
Chandra Mitra, Kalidas Dutta have eloquently described Sundarbans in their
accounts of Bengal Allusion to the famous coastal trading town of
‘Chandraketugarh’ can be found in the accounts of ancient Greek and Roman writers
— dating back to the post-Gupta period, between fourth century BCE and sixth
century AD (Mandal 2016).

1.2.1 The Muslim Time

The Muslim period (1204—1574) saw the rise of Sundarbans as a humanized colony.
Following the Muslim invasion of Bengal in the twelfth century, from the early part
of thirteenth century, Sundarbans witnessed infiltration of large number of Muslims
rendering the area a Muslim dominated one. Unlike the native Hindus, whose
primary occupation was fishery, the Muslims were agriculturists and following
their suit the Hindus also took to agriculture as their primary livelihood with forest
making way for agricultural land. Agriculture flourished also due to the fact that,
unlike fishery produce, agricultural produce can be processed and stored for
future use.

Joao de Barros, the acclaimed Portuguese historian, was the first to map the
Sundarbans. Among the Muslim settlers, Khanja Ali was the most prominent, who
along with his followers reclaimed large part of mangrove forest to build a sizable
Muslim agricultural colony, although after his death the area relapsed into forests
(Mandal 2016).

1.2.2 The Time of Baro-Bhuyans (The Twelve Zamindars)

Afterwards, Maharaja Pratapaditya, the most prominent among the Baro Bhuyans of
Bengal, ruled the area from 1560 to 1611. He hired various tribal creeds to clear the
forests for agricultural purposes. Maharaja Pratapaditya restored to various devel-
opmental activities like building of roads, forts, township and temples with an eye
for holistic development of the area. Sadly, after his demise the forest crept back into
place giving shelter to various miscreants and local dacoits.

With passage of time, the region saw mass scale plundering by the Arakan
invaders along with Dutch and Portuguese traders. They continuously engaged
themselves in human trafficking to far off places like Goa, Cochin, Ceylon and
Batavia (now Jakarta in Indonesia) where they had established their colonies. This
ensued rapid decline in population of the Sundarbans. Francois Bernier, the famous
French traveller, has referred to these horrendous episodes of pillage and human
trafficking in his book — “Travel in the Mogul Empire” (Bernier 1914).
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1.2.3 The Colonial Times

Time went on. It was the colonial periods when Sundarbans started to revert back to
its past glorified self. Britishers acquired the proprietary rights over the area from the
Mougal Emperor during the later half of eighteenth century. Claude Russel, the then
Collector-General of 24 Parganas started to make way for agriculture, again, by
clearing the forests in 1770s. This was preceded by mapping of the area by the
Surveyor-General in 1764.

During 1780s, Tillman Henckell, the then Magistrate of Jessore, established
several government outposts in Sundarbans and set up number of salt manufacturing
units along the coasts. Then began the land distribution among the Talukdars which
was speeded up with the introduction of Permanent Settlement System in 1793.
Rapidly lush mangrove made room for agricultural land and that was when anthro-
pogenic doings, or rather ‘undoings’, started to take toll on natural balance of the
eco-region that continued several years afterwards and, with more apposite means of
livelihood being available, people began to pour in, thereby shifting the natural
equilibrium to irreversibility.

But, Nature retaliates — the fact was soon learnt by Viceroy Lord Canning in hard
way. Viewing the multitude of promise for colonization in the Sundarbans, Canning
started to build infrastructures, like roads, railway tracks; and even a port to support
Calcutta port by the river Matla in the 1860s. But within 5 years of its completion,
the entire port was annihilated in a super-cyclone and concomitant surge in Matla in
1867 (Mandal 2016).

Yet, the bigger damage was done. Sundarbans, by then, with its bountiful of
resources and plethora of opportunities, caught the eye of many and with passage of
time, during the late nineteenth century and early twentieth century, more influx of
people of all creed and cast took place and more forest solemnly made way for their
settlement.

1.2.4 The Time After Independence

The post-independence period encountered even greater in-migration into
Sundarbans, especially in the aftermath of 1952 famine and subsequent liberation
of Bangladesh in 1971. During this time the region also witnessed one of the most
horrific political oppressions in human history, known as the Marichjhanpi massa-
cre. Thousands of poor Bengali refugees, who came to India after Bangladesh
Liberation War in 1971 and were relocated in prison like camps of Orissa and
Madhya Pradesh, supported the Left Front in the state election as they promised to
give them land in West Bengal if they won.

So, after the Left Front came to power in 1977, they came to West Bengal. A large
portion among them settled in Marichjhanpi island of Sundarbans which was a
deforested, but unpopulated island at that time. However, the left front was not
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happy with the influx of refugees in Bengal anymore. In Marichjhanpi, after giving
several warnings to the new settlers to leave, the police surrounded the island, cut its
communication with outside world and destroyed the food stock, thus leaving people
to die of starvation and diseases. On 31st of January, 1979, police opened fire on the
settlers. Thousands were gunned down, forced to drown or beaten to death, women
and children were assaulted and killed. The few, who were still alive, were driven out
of the island and sent back to their old camps (Mandal 2016).

Thus, Sundarbans, although much impoverished, withstood the wrath of time
and, finally better sense prevailing, it was recognized as a Ramsar site of ecological
importance in May 21, 1992 seeing its huge ecological and positional importance.

Although much impoverished, the Sundarbans, in its rich ethnological backdrop,
still envisages gargantuan value — ecological, economic, human and socio-cultural
like all other coastal wetland and forests all over the world. Below is an annotation
that delves into pricing this most exquisite biome.

1.3 Sundarbans: Valuing the Invaluable

Ever since the field of ‘Ecological Economics’ took flight in the 1940s, there had
been deluge of works in this field to estimate the value of ecosystem services and
functions globally. The economic value of natural capital and ecosystem services is
accepted by mainstream environmental economics, but is emphasized as especially
important in ecological economics. Ecological economics basically work on follow-
ing methodologies,

* Allocation of resources

e Weak versus strong sustainability
* Energy accounting and balance

* Ecosystem services

¢ Cost shifting for externalities

* Ecological-economic modeling

A number of eminent ecological/environmental economists have evaluated var-
ious major ecosystems worldwide. Notable among these are Odum (1971), Westman
(1977), Ehrlich and Mooney (1983), de Groot (1987), Costanza (1997), and many
others. Ecological economists begin by estimating how to maintain a stable envi-
ronment before assessing the cost in dollar terms (Costanza et al. 1998). Ecological
economist Robert Costanza led an attempted valuation of the global ecosystem in
1997. Initially published in Nature, the article surmised the value of global ecosys-
tem services to $33 trillion with a range from $16 trillion to $54 trillion (in 1997,
total global GDP was $27 trillion) (Costanza et al. 1998). Half of the value went to
nutrient cycling. The open oceans, continental shelves, and estuaries had the highest
total value, and the highest per-hectare values went to estuaries, swamps/floodplains,
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and seagrass/algae beds. The work was criticized in many corners, but the critics
acknowledged the positive potential for economic valuation of the global ecosystem
(El Serafy 1998; Opschoor 1998, https://en.wikipedia.org/wiki/Ecological
_economics).

BUT!! And Yes, this is a capital ‘but’. The question remains — whether all the
‘Externalities’ or ‘Avoided cost (AC)’, as they prefer to call it, which is defined as
‘services those allow society to avoid cost that would have been incurred in absence
of these services’ (de Groot et al. 2002), can be taken into account while valuing
ecological services?

Mangrove ecosystems are recognized as providers of untold ecological services —
providing optimal breeding, feeding and nursery habitat for ecologically and eco-
nomically important fish and shell fishes (Verma et al. 2017), habitats for resident
and migratory birds, valuable source of fuel, fodder, timber and other natural
products, protect freshwater resources from intrusion of saltwater, protect coastal
lands from eroding winds and waves by stabilizing them (Prasetya 2006), etc. All
these services have been assessed for their economic benefits by large number of
researchers all over the world for different mangrove ecologies — many of them
amounting to billions of US$ per year for these intrinsic values (Sathirathai and
Barbier 2001; Rog et al. 2016). But, we surmise, the most important function of
mangroves is protection of human and built capital, or the ‘avoided cost’ as defined
earlier. For example, the post-independence period, once after 1947 and then after
1971, saw massive in-migration of people into Sundarbans and subsequent large-
scale deforestation of mangroves paving way for their habitat. Then came the Great
Cyclone Bhola in November 12, 1970 that ripped nearly 0.3 million people of their
lives. Again the 1991 tropical cyclone accounted for some 0.14 million human lives.
While the loss of built capital and the intrinsic resources were put to well over a
billion US$ in 200405 prices (Hossain et al. 2008), question remains can the loss of
human capital be estimated?

What presently is being done by the ecological economists, is to assess the
following three chief value parameters while evaluating one ecology,

1. Ecological value
2. Socio-cultural value, and
3. Economic value

Economic value, again, is measured in terms of,

. Direct market valuation,

. Indirect market valuation,

. Contingent valuation, and

. Group valuation (de Groot et al. 2002)

AW N —

We maintain that there should be one ‘Anthropogenic value’ parameter in
addition to the abovementioned. Exempli gratia, in Indian context, if somebody
tries to assess the economic value of the Himalayan eco-region, it is beyond human
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acumen to entwine all the ‘externalities’. The Himalayas had shaped the past, is
shaping the present, and will shape the livelihood of millions of Northern Indian
population, its river systems, and its monsoon wind control. Therefore, it entails that
for holistic ecological evaluation of the Himalayas, this ‘Anthropogenic value’ have
to be estimated, which is, unfortunately, beyond capabilities of man simply because
of the social capital of those billions of people, and is outside purview of monetary
estimation! Similarly, it is so in the present case — economic evaluation of
Sundarbans. Apart from its huge ecological significance being the world’s largest
contiguous mangrove and habitat of the endangered Royal Bengal tiger, its posi-
tional advantage in unfathomable. The Sundarbans mangrove protects some of the
world’s most populated cities and towns, namely Kolkata, Dacca and others, from
the ever-increasing wrath of tropical cyclones in the Indian ocean and Bay of Bengal
by attenuating the storm surges and buffering wind thrust of the cyclones. Had it not
been there, colossal loss of human and built capital would have occurred. While the
cost of built capital is possible to estimate, the cost of human capital or ‘Anthropo-
genic value’ is one ‘externality’ of ‘avoided cost’ that is beyond pricing. Therefore,
we prefer the Sundarbans ecology be called, ipso facto, ‘INVALUABLE'.

Although, there had been few attempts in the past to measure Sundarbans’s
ecological and economic value, it was essentially ‘intrinsic’, and not ‘holistic’. For
academic interest, we prefer to put here few lines regarding the ‘intrinsic value’ of
this all important eco-region worked out by two workers (Verma et al. 2017; Shams
Uddin 2011) to give the reader an idea of the stupendous ecological and economic
value it would have gathered had the ‘Anthropogenic value’ could have been
estimated by some means. Since there is no such literature available about the
intrinsic economic evaluation of Sundarbans eco-region as a whole transcending
the international boundary, Indian part and Bangladesh part will be dealt separately.

Very recently, one study (Verma et al. 2017) has extensively tried to price the
Sundarbans tiger reserve in the Indian part. As has been done in case of other
mangrove ecologies (Viswanathan et al. 2011; Rog et al. 2016), Verma et al.
(2017) evaluated for Sundarbans total of 25 ecological services and functions,
namely, employment generation, agriculture, fishing, fuelwood, fodder/grazing,
timber, non-wood forest produce (NWFP), gene-pool protection, carbon storage,
carbon sequestration, water provisioning, water purification, soil conservation/sed-
iment regulation, nutrient cycling/retention, biological control, moderation of
extreme events, pollination, nursery function, habitat/refugia, cultural heritage,
recreation, spiritual tourism, research and education, gas regulation and waste
assimilation. As per their estimation he stock benefits accrued to US$ 10,089 million
per year.

As for the Bangladesh part, Shams Uddin (2011) has similarly evaluated the
same. He categorized the services into three broad categories, namely provisioning
services (timber, fish, fuel wood, thatching materials, honey and wax, crab), cultural
services, and regulatory services. Total economic benefits for these services, as per
his estimates, stands at US$ 43 million per year.

These are the only two available studies that have tried to price the Sundarbans
eco-region in the light of its ecological services and functions in the two



1 The Sundarbans: A Flight into the Wilderness 13

neighbouring countries. Notable point from these two studies is the large variation in
the quantum of economic benefits derived. Although of the 10,000 km? area of the
Sundarbans eco-region, Bangladesh accounts for some 3/5th, yet economic benefits
derived for that part is abysmally low compared to Indian part (Shams Uddin 2011).

Other workers, who tried to value the mangrove ecologies over the world
(Santhirathai and Barbier 2001; Hussain and Badola 2010, etc.), have used different
metrics and valuing parameters resulting in wide variation in quantum values among
their works. Hamel and Bryant (2015) and Boithias et al. (2016) categorized such
uncertainties in assessment of ecological services. They maintain that varying
number of services under consideration, selection of valuation metrics, stakeholders
credibility and response, etc. are the root causes of the uncertainties in such kind of
studies. From these, it can be surmised that no single study should be adequately
well-versed in deriving even the ‘intrinsic value’ of Sundarbans, leaving alone the
‘Anthropogenic value’.

Then, there are stiff challenges, both anthropogenic and climatic, those are
gulping in the natural resource base of the ecosystem, thereby decreasing its intrinsic
value, slowly yet steadily. Unless stringent measures are adopted to combat the
human maleficence and to adapt to the climatic vagaries, the Sundarbans may not
live to see another day in 100 years from now. Let’s explore the challenges that the
ecosystem is facing.

1.4 Challenges Typical of the Ecosystem

Coastal ecosystems are inimitable in view of their frailty as compared to terrestrial
ecosystems, and yet in their indispensability in preserving the terrestrial ecosystems
being the first line of defence against hazards of oceanic origin. More often than not,
these are more precious in terms of their natural, built, human and social capitals
over land ecosystems; and yet more often than not these are subjected to ill
considerate, unbridled and indefatigable anthropogenic avarice for gaining entrée
to these capitals. The human malfeasance over and above enhancement in climate
change-induced degenerative — and often cataclysmic — marine influences in form of
tropical and extratropical cyclones, tsunamis, hurricanes, etc. are only adding to the
woes in so far as the stability of the coastal ecosystems — and their very existence as
well — is concerned (Ghorai and Sen 2015; Sen and Ghorai 2017).

Global climate change will alter temperature and precipitation regimes, oceanic
and atmospheric circulation, rate of rising sea level, and the frequency, intensity,
timing and distribution of hurricanes and tropical storms (Ghorai and Sen 2015;
Seneviratne et al. 2012), the magnitude of which and their subsequent impacts on
coastal wetlands will vary temporally and spatially. The ecological effects of tropical
storms and hurricanes indicate that storm frequency, intensity, and their variations
can alter coastal wetland hydrology, geomorphology, biotic structure, energetics,
and nutrient cycling (Mitchener et al. 1997). The more these storms eat out the
coastal wetlands, the more will be the exposure, and hence the vulnerability, to



14 H. S. Sen and D. Ghorai

future such occurrences (IPCC 2012). Tropical (occurring in tropical oceans) and
extratropical cyclones (occurring near the poles), in particular, pose a significant
threat to coastal populations and infrastructure, and marine interests such as shipping
and offshore activities. Added to these are tsunamis and earthquakes, besides giving
severe blows to particularly coastal wetlands time to time, take heavy toll of human
capital as well.

1.4.1 Sundarbans Mangroves and Climate Shift: Weathering
the Storms?

The mangrove ecology is extremely important for human and other biotic commu-
nities in multifarious ways. These include providing habitat that serves as reservoirs,
refuges, feeding grounds, and nursery grounds for many useful and unusual organ-
isms; feedstuff for many aquatic organisms and commercial species of shellfish,
shrimps, and fish of lagoons and the near-shore ecosystems such as seagrass beds
and coral reefs through partially decomposed leaf detritus (Sukardjo et al. 2013).
In addition to their biotic functions and their role as natural bio shield, mangroves,
being endowed with extensive rooting structures that slow water movement to trap
sediments, also absorb and dissipate the energy of the waves (Nguyen et al. 2013;
Takle et al. 2006), slowing their ingress inland. This is particularly important as high
waves or storm tides can take heavy toll of human, natural, and built capital along the
coastlines. Mangroves absorb water wave energy as a result of reversing and
unsteady flow of water around the vegetation. In other words, mangroves protect
the coast from wave erosion by dissipating wave energy through drag and inertial
forces (Mazda et al. 1997). Mazda et al. (1997) have experimentally proved this at
the muddy coast in Vietnam. The protective role of mangrove was proven by Badola
and Hussain (2005) in India’s Bhitarkanika mangroves where they found minimal
damage (US$33/ha), in the 1991 tropical cyclone, in the village, among the three
equidistant villages selected for the study, which has a protection of mangroves. In
the other two villages, the respective figures were US$ 44 per ha in the village that
did not have any protection and US$ 154 per ha in the village that had a dyke, but
failed. The high cost for the village that had a dyke is attributed to the swift currents
after the dyke breached. Similar attenuation of wave energy by mangroves in case of
tsunamis is also established (Vermaat and Thampanya 2006; Wolanski 2007).

1.4.2 Sundarbans Mangroves and Climate Shift: Withering
in?

A general trend of mangrove forests decline is being observed all over the world.
About 90% of the global mangroves are growing in developing countries and they
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are under the condition of critically endangered and nearing extinction in 26 coun-
tries (Kathiresan 2008). The world mangrove experts are of the opinion that the long-
term survival of mangroves is at great risk due to fragmentation of the habitats and
that the services offered by the mangroves may likely be totally lost within 100 years
(Valiela et al. 2001; Alongi 2002). In general, the anthropogenic stress on mangrove
is predominant, especially in the best developed mangroves that grow along humid
sheltered tropical coastlines, such as delta areas of Ganges-Brahmaputra, [rrawaddy
and Niger as well in the coastlines of the Malacca Straits, Borneo and Madagascar.
Some estimates put global loss rates annually at one million ha, with some regions in
dangers of complete collapse (Kathiresan and Bingham 2001). The rate of loss in the
recent past has reached alarmingly high rates. To cite two examples, the Philippines
lost 3155 km? of mangroves from 1968 to 1990 that was 70.4% of the initial stand, at
a rate of 143 km? per year or 39 ha per day (Kathiresan 2008).

Although climate change augmented relative sea level rise is posing the greatest
threat to the mangrove ecology, increased intensity and frequency of storms have the
potential to increase damage to mangroves through defoliation and tree mortality. In
addition to this, storms can alter mangrove sediment elevation through soil erosion
(Baldwin et al. 2001), soil deposition, peat collapse, and soil compression (Cahoon
et al. 2006). One study by US Geological survey (Doyle 1997) used hurricane and
mangrove simulation models, namely HURASIM and MANGRO, respectively, in
forecasting the fate of mangrove forests along the coasts of Florida which revealed
that occurrence of major storms every 30 years in twenty-first century may be the
most important factor controlling mangrove ecosystem dynamics and in case storms
become more intense over the next century, they may further alter the structure and
composition of the Florida mangrove landscape. Hurricane Georges passing over
Dominican Republic in 1998 afflicted 48% mortality in 4700 ha mangrove area
(Sherman and Fahey 2001). Many other have reported flagrant mortality rates of
different mangrove species owing to category 3 and 4 cyclones worldwide (Cebrian
et al. 2008; Smith et al. 2009; Kauffman and Cole 2010).

Besides man-made pressures, the mangroves are degraded by environmental
stress factors (Gilman et al. 2008; Giri et al. 2011). Cyclones, hurricanes and
tsunamis are the three major environmental factors that is taking a significant toll
on mangrove ecosystem all over the world (Gilman et al. 2008). Wind damage,
storm surge and sediment deposition are the tree primary mechanisms through which
cyclones and hurricanes impact mangroves (Smith et al. 2009). Very high winds rip
off and tumble stems defoliate trees and severely debilitate their delicate root
structure (Smith et al. 1994; Doyle et al. 1995). As a storm surge comes ashore
taller stems may be uprooted and knocked over, yet when covered by the surge,
shorter stems may be protected from the hurricane’s winds (Smith et al. 1994). Storm
surges carry suspended sediment that is deposited on the forest floor as the surge
recedes (Risi et al. 1995). Craighead and Gilbert (1962) and Ellison (1998) reported
that very fine sediments deposited from hurricane storm surges resulted in mangrove
mortality. The deposited materials interfere with root and soil gas exchange leading
to eventual death of the trees. The damage inflicted by each of these mechanisms
often varies according to species of mangrove (Woodroffe and Grime 1999).
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During the last two-and-a-half centuries, the Sundarbans mangrove ecosystem
has been affected by human impact, slow onset of climatic change and extreme
weather events (Ghosh et al. 2015). Protection of mangrove forests is extremely
complex and multiscalar because of the interaction of climatic threats, path-
dependent development regimes and environmental governance (Ghosh et al. 2015).

Over the past five decades, Sundarbans mangroves are frequently hit by cyclone
resulting in the complete destruction of mangrove vegetation in some places. Within
a very short period of time the Sundarbans mangrove forests have encountered five
major unusual cataclysmic events, i.e. cyclone in 1988 and 1991, the Asian tsunami
in 2004, cyclone Sidr in 2007, and cyclone Nargis in 2008. Haq (2010) have put the
damage due to cyclone Sidr in 2007 to one-third of the mangrove population in the
Bangladesh part of Sundarbans. These disturbances have caused massive amount of
damage to the standing vegetation of the Sundarbans mangrove forest and plantation
in coastal afforestation. The damage, in turn, leads towards uncertainty in typical
mangrove vegetation recovery (Azad and Matin 2012).

1.4.3 Challenges for Bangladesh Sundarbans: Recurvature?

The disproportionately high storm surges in Bangladesh coast is a matter of great
concern. One study by Murty and El-Sabh (1992) showed that Bangladesh accounts
for 40% of worlds total storm surges while rest of the world including Asia and other
continents accounts for 60%. Khan (1992) ascribed this to the following causes,

. The phenomenon of recurvature of tropical cyclones in the Bay of Bengal,
. Shallow continental shelf, especially in the eastern part of Bangladesh,

. High tidal range,

. Triangular shape at the head of the Bay of Bengal,

. Almost sea-level orography of the Bangladesh coastal land,

. High density of population and coastal defence system.

AN AW

Among these, the phenomenon of recurvature of tropical cyclones in the Bay of
Bengal is the single most cause of the disproportional large impact of storm surges
on the Bangladesh coast. Khan (1992) noted,

Extra-tropical cyclones, such as those that occur in Canada and Europe, generally travel
from west to east. On the other hand, tropical cyclones such as those that occur in the Bay of
Bengal, are expected to travel from east to west, as would be expected from considerations
of the general circulation of the atmosphere. However, in the Bay of Bengal, tropical
cyclones most often do not travel towards the west or northwest, but they turn towards the
north or even Northeast. This turning back, referred to as Recurvature is still not fully
understood. If the phenomenon of Recurvature does not happen, then Bangladesh would
rarely be affected by tropical cyclones and the storm surges that result from them.

In the light of the above, there should be increased emphasis on managing
mangroves of Bangladesh Sundarbans. Government of Bangladesh should enforce
stringent rules so as to protect the mangroves from any kind of anthropogenic
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malfeasance and, if need be, vast-scale mangrove plantation programme and relo-
cation of human establishment, away from the vulnerable areas like, Chittagong,
Cox Bazar etc., to more stable zones, as has been proposed by Sanchez-Triana et al.
(2014) for the Indian part, should be taken up in order to preserve these precious
ecosystem as well as human capitals.

These above-mentioned challenges are not only challenging the existence of the
Sundarbans, but they are challenging the livelihood of 4.5 million people and all
other creatures in it - the very right to live in under a wide spectrum of eco-services.
Starting, in terms of human, with agriculture to fishing, boatman, forest resource
collector, traders, and what not! Let us peek into the livelihood kaleidoscope of
Sundarbans people for a while.

1.5 Sundarbans: The Livelihood Kaleidoscope

Nature is the birth-giver to all living beings existing on earth. Though we are living
in an age of cyborgs, we cannot detach ourselves from the environment we live
in. Livelihood refers to the means and sources of living which we use in our
everyday life. There are multiple sources of livelihood in the Sundarbans, predom-
inantly in the agriculture, fishing and aquaculture, forestry, and tourism sectors.

1.5.1 Livelihood in the Indian Sundarbans
1.5.1.1 Agriculture

In Indian Sundarbans, agriculture is chiefly inhibited by excess of water in the
monsoon, and then lack of it in the dry periods! (Sen and Oosterbaan 1992). Nearly
60% of the total working population depends on agriculture as a primary occupation,
either as cultivators (23.6%) or as agricultural laborers (36.1%) (Sénchez-Triana
etal. 2014). More than 80% of total farmers in the region farm in marginal areas. The
average landholding among farmers is just 0.36 ha. More than 75% of the inhabited
portions of the Sundarbans are used for agriculture. The cropping pattern is largely a
single crop of rainfed paddy (aman) cultivated during the kharif season (rainy
season). During the rabi season (dry season), cropping is made difficult due to the
lack of irrigation facilities in the Sundarbans. Soil salinity limits crop productivity in
the region. An analysis of more than 10,000 soil samples taken from eight blocks of
the Sundarbans found that 32.4% of the samples had high salinity levels (Sanchez-
Triana et al. 2014). Besides, there are problems of drainage congestion particularly
during monsoon.
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1.5.1.2 Fisheries and Aquaculture

It was found that approximately 11% of households in the Sundarbans listed
‘fishing” as one of the family occupations (Sanchez-Triana et al. 2014). This
percentage goes up to 60-70% in areas with easy access to rivers. A separate
study found that the estimated total number of inland fisher families in South
24 Parganas and North 24 Parganas was 52,917 and 50,897, respectively (GoWB
2005). The main areas of traditional fishing are Sagar, Fraserganj, Bakkhali, and
Kalisthan islands. The significant inland fish landing regions in the Sundarbans
include Canning, Hariabhanga, and Gosaba (Chatterjee 2011).

1.5.1.3 Forestry

The Sundarbans ecosystem is the basis for many of the livelihood activities that have
traditionally formed the backbone of rural living, and a significant number of
households depend on the forest for their livelihood and sustenance through activ-
ities such as honey collection, fishing, and timber collection. Over 32,000 house-
holds in the Sundarbans have at least one member exploiting the forest regularly for
various purposes (Sanchez-Triana et al. 2014), such as collecting fuelwood, suste-
nance, cash income (from the sale of honey), medicinal requirements, and harvesting
timber for construction of houses and boats (Roy 2011). Forest dependence is largely
a result of low levels of education and skills, which prevents people from accessing
better-paying jobs, and the lack of alternative income-generating opportunities in the
region. Agriculture has low income-earning potential in the region, and conversion
of agricultural land into prawn farms has forced many to turn to the forest for
livelihood purposes. One study by Singh et al. (2010) shows that the contribution
of Non-Timber Forest Product (NTFPs) is quite high as it contributes almost 79%
(Rs. 80,000 per family) on an average to the annual income of the collector’s family.
Of course, not every family of the village goes for NTFP collection but nonetheless
their number is significant. The major NTFP that are being collected includes
firewood, prawn, fishes, crab, honey and bee wax.

1.5.1.4 Tourism

Forest-based tourism is regarded as an effective tool for sustainable conservation of
forest resources and its biodiversity. It plays both conservation and revenue earning
roles. Conservation roles are played in two ways: by keeping intact, and somewhere
by improving, the existing forest resources to attract the tourists and secondly by
involving the poor forest dwellers, who were removing trees and other non-timber
products for their livelihood, in different income generating activities within the
ecotourism area (Mazilu and Marinescu 2008).
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Although tourism in the Sundarbans has ample opportunities, still it remains an
option for very limited number of people in the Sundarbans. Guha and Ghosh (2007)
reported that only 8.2% of villagers in Pakhiralaya, a tourism hotspot in Indian
Sundarbans, participated in local tourism. Tourism development in the area is
rapidly expanding, both as a reaction to the success achieved by pioneer develop-
ments such as the Sundarbans Tiger Camp, and as a result of increased demand for
visiting the Sundarbans Tiger Reserve and the Sundarbans National Park. From
2003 to 2009, the number of tourists increased by roughly 101%, from 59,681 to
120,495 (Guha and Ghosh 2007). The majority of the visitors to the Tiger Reserve
and National Park are domestic, suggesting that the domestic market can provide a
solid base for gradual tourism development, allowing for eventual expansion into the
international market as the tourism product of the region improves. However,
domestic tourists are low-budget travelers and are not always aware of the ecological
sensitivity of the area (Guha and Ghosh 2007).

1.5.2 Livelihood in Bangladesh Sundarbans
1.5.2.1 Agriculture

People of Bangladesh Sundarbans thrive on all the above livelihood options, includ-
ing agriculture, in more or less commensurate with its area as Indian Sundarbans
(Mukul et al. 2010). Similar to the Indian part, rice is the principal crop of the region.
Agriculture in Bangladesh Sundarbans is also constrained by increased soil and
water salinity, chiefly attributable to the diversion of Ganges at Farakka water,
especially in the southwestern region (Khan 1993; Mirza 1998). One estimate
(Hannan 1980) had put the total loss of agricultural produce to nearly 0.64 million
tonnes in 1976 of which salinity alone accounts for some 21%. Anon (1993) reported
annual loos of US$ 675 million in agricultural sector as a consequence of Farakka
barrage. Apart from salinity; sedimentation, waterlogging, cyclone damage, accu-
mulation of toxic elements from allied agricultural activities and port discharge are
also adding to the woes in so far as agriculture is concerned (Mirza 1998).

1.5.2.2 Fisheries and Aquaculture

Apart from agriculture, of course, Bangladesh hugely thrives on mangrove forest
aquaculture and fisheries. In recent years, commercial polyculture with fresh, marine
and brackish water species is carried out on small scale (Azad et al. 2009). About
260 freshwater and 342 marine water fishes are found in this part of the Sundarbans
(Hussain and Acharya 1994). But the resource is declining alarmingly over the last
two decades affecting the estimated 3.5 million fishers, most of whom are penurious,
directly or indirectly (Hasan and Naser 2016). Hasan and Naser (2016) reported
steep decline in number of 79 freshwater and marine fishes in the area. This is
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endorsed to overfishing and mangrove habitat degradation (Islam and Haque 2004).
Also, natural calamities like earth quake, heavy downpour, storm and cyclone also
have a sizable impact on the fishery livelihood (Hasan and Naser 2016). Overall, the
fact that fishing in the Bangladesh Sundarbans is a subsistence livelihood has been
revealed by Alam and Basha (1995) who had put the average annual income of
fishers in the region to BDT 2442 in 1994 which was 70% lower than the per capita
annual income of Bangladesh.

Coastal aquaculture in Bangladesh consists mainly of two shrimp species
(Penaeus monodon and Macrobrachium rosenbergii). Currently, there are about
16,237 marine shrimp (P. monodon) farms covering 148,093 ha, and 36,109 fresh
water shrimp (M. rosenbergii) farms covering 17,638 ha coastal area. More than 0.7
million people are employed in the farmed shrimp sector and in 2005-2006 the
export value of shrimp was 403.5 million US$ (Azad et al. 2009). Although the
subsequent discussion is not strictly pertaining to the livelihood issue, we through a
short annotation to this effect is expedient keeping in sight the broader picture of
ecological sustenance of Sundarbans mangrove ecology.

1.5.2.3 Shrimp Farming Sustainability Concerns: What Reality
Counts? Putting the First Last?

Although shrimping is a much vaunted livelihood option (Kamp and Brand 1994;
Kendrick 1994) for people of Bangladesh Sundarbans, economically, and politically
as well — so much so that often Bangladesh policy makers are forced to remain
oblivious of its ill-effects on environment, and Sundarbans mangroves, in particular,
in this case, despite the fact that large scale unscientific shrimping is con to
environment sustainability had been indicated by various workers (Rosenberry
1993; Bundell and Maybin 1996; Be et al. 1999). Islam and Braden (2006) argued
that modern shrimp farming is clearly ecologically unsustainable because of its
operational requirements vastly exceeding the carrying capacity of surrounding
ecosystems.

The environmental and social impacts of shrimp farming include large-scale
degradation of mangroves, alteration of wetlands, land subsidence, salinization of
ground and surface water, pollution of agricultural lands and coastal waters by pond
effluents and sludge, introduction of exotic species or pathogens into coastal envi-
ronment, loss of wild larvae and subsequent loss of goods and services generated by
natural common property resources (Azad et al. 2009; Rahman et al. 2013).

Reportedly, more than one-third of mangrove across the world has been lost due
to un-relented fisheries, and mariculture alone accounts for more than half of that
(Azad et al. 2009). Shahid and Islam (2003) reported that about 10,000 ha of
mangrove in the southeastern part of Bangladesh has been lost, thanks to shrimping.

Increasing soil acidity pertaining to aquaculture is another problem that needs
counting. Aquaculture ponds in mangrove areas give rise to highly acidified soils as
a result of exposure to air. This result in high level of aluminum in a form that is
highly toxic to other aquatic life (Azad et al. 2009). If fact, many shrimping ventures
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were forced-closed due to this problem worldwide thereby putting livelihood of
connected people in jeopardy (Lin 1989).

Another concern is salinization of soil and aquifers. Primavera (1998) showed
that the use of large volumes of underground freshwater to generate brackish water
by adding heaps of salt from outside for shrimp culture led to the lowering of
groundwater levels, emptying of aquifers, land subsidence, and salinization of
adjacent land and waterways in Taiwan and other southeast Asian countries. The
discharge of saltwater from shrimp farms also causes salinization in adjoining rice
and other agricultural lands. In Bangladesh, Rahman et al. (2013) reported increase
in salinity of non-saline areas to the tune of 500% as a result of shrimping. They also
reported large scale defoliation of mangrove trees as a result of pumping back the
polluted and toxic water of the farms to the immediate mangrove surroundings for
stacking freshwater for the next cycle.

Lastly, rampant shrimping is associated with grave socioeconomic implications
as well. Lack of planning of coastal land use is the root-cause of the social problem.
Because of the high profitability, powerful urban residents, including political
leaders, relatives of bureaucrats, bankers and businessmen have caught hold of the
coastal lands through lease from Bangladesh government which was con to the 1989
land reforms act of Bangladesh, where it was mandated that these land should be
allocated to the penurious landless people of the region (Deb 1998). Loss of small
indigenous species (SIS) of fish is another concern related to rampant shrimping. It is
established that SIS of fish play an important role in nutrition and employment of
rural impecunious mass (Thilsted et al. 1997; Islam and Braden 2006). Shrimping
has ripped these people in penury, especially in the southeast region, as most of the
farms have been constructed in the beels resulting in reduction of spawning and
nursery grounds of SIS.

The above introspection entails that shrimping reality in Bangladesh Sundarbans
really counts and, therefore, is causa sine qua non that the men who matters must
prioritize the issues while chalking robust policy for maintaining the benignity and
sustainability of this pulchritude ecology.

1.5.2.4 Forestry

Alike India, Bangladesh Sundarbans mangrove forest resources provide ample
livelihood opportunities, although subsistence, to the penurious 2.5 million people
of the locale. For example, one study by Chowdhury and Ashrafi (2008) in the
Soranokhola upazilla revealed that 49% household depends on the forest resources
to varying degree. The same study also noted that 60% of the resource extractors
prefer agriculture and trade as alternate profession (Chowdhury and Ashrafi 2008).
According to daily need of people forest resources is divided into food (various types
of fishes, honey, crab, etc.), fuel wood (trees and tree parts) and shelter building
materials (Golpata, Goran, etc.) (Chowdhury and Ashrafi 2008). Getzner and Islam
(2013) calculated that 90% of share of cash income (600-800 Euro per year) comes
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from harvest and sale of forest produces and only 10% from other sources for about
200 sampled households in south western part of Sundarbans.

1.5.2.5 Tourism

There is vast scope of Community Based Tourism (CBT) opportunities in
Bangladesh, and especially, in the Sundarbans (Alauddin et al. 2014; Islam et al.
2013). CBT involves meaningful participation both by visitor and host to generate
economic and conservational benefits for the local community (Mazilu and
Marinescu 2008). Since 1966 the Sundarbans have been a wildlife sanctuary, and
it is estimated that there are now 400 Royal Bengal tigers and about 30,000 spotted
deer in the area. This is indeed a land for the sportsmen, the anglers and the
photographers with its abundance of game, big and small, crocodile, wild boar,
deer, pythons, wild-birds, and above all the Royal Bengal Tiger, cunning, ruthless
and yet majestic and graceful (Alam et al. 2009). But Human — Tiger Conflict (HTC)
remains a major reason for underdevelopment of tourism in the Bangladesh
Sundarbans. Inskip et al. (2013) were of the view that interactions between the
problems experienced by villagers, including HTC, result in a complex ‘risk web’
which detrimentally affects lives and livelihoods and ultimately perpetuates poverty
levels in the Sundarbans communities.

So, there goes, for the zealous readers of this book, a laconic apercu of
Sundarbans — its’ life and times. In one line it may be summarized that the wilderness
of the wild “Beautiful forest” should be ensured as “There is no prettiness to invite
the stranger in here” (Amitava Ghosh in Journey to the Sundarbans: The Beautiful
Forest of Mangroves) and in this tone we may sum up now.

1.6 Conclusions

NATURE speaks a language of her own and Man, being her creation, need to
interpret her properly and interact accordingly. But, sadly, man is no longer a
mere tenant in nature, he is transmuting it. From ab ovo of his existence with
increasing intensity, human society has been environing nature and made all kinds
of incursions into it.

At present the interaction between man and nature is determined by the fact that in
addition to the two factors of change in the biosphere that have been operating for
millions of years — the biogenetic and the abiogenetic — there has been added yet
another factor which is acquiring decisive significance — the technogenetic (https://
www.marxists.org/reference/archive/spirkin/works/dialectical-materialism/ch05-
s03.html). As a result, the previous dynamic balance between man and nature and
between nature and society, as a whole, has shown ominous signs of breaking down.
The problem of the so-called replaceable resources of the biosphere has become
particularly acute. It is getting more and more difficult to satisfy the needs of human
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beings and society even for such a substance, for example, as fresh water. The threat
of a global ecological crisis looms large over humanity like the sword of Damocles.

The above overture is not mere verbosity. It is prerequisite for an ardent reader to
grapple the quiddity of an ecology like The Sundarbans. It had been invaluable in the
past and it will remain irreplaceable in the future — unless Man’s overwhelming
avarice and Nature’s languid, yet unwavering, fury has other intentions.

Over the decades, there has been scads of literature on Sundarbans — its pro bono
quintessentially, its resources, its problems, its people and livelihood, its conflicts, its
policies, and so on and so forth. But, there has been no literature on Sundarbans that
transcended the international borders and simulacrum it as e pluribus unum. As such,
there is a great need for one compendium that would enumerate its worth as a single
system and address all the issues concerning it from multiple angles to safeguard the
environment and for the common good of billions of people in terms of livelihood
security in the two neighbouring countries.

This book is an attempt towards that end.

The book comprises of several chapters authored by renowned scientists special-
izing in the respective areas of both countries. It encompasses wide variety of areas
dealing on geo-hydrology, biodiversity, river and groundwater hydrology, climate,
E-flow of river network, salt water intrusion inland, and the government policies to
project upswing of E-flow and its possible impacts on soil, biodiversity and other
domains or enterprises. A chronological review of societal transformation and
related approaches towards various livelihood patterns followed over ages, with
subsequent chapters on modern-age professional practice of agriculture, land and
water management including flood and drainage congestion with suggestions on
possible relief measures, sweet and brackish water aquaculture, mangrove ecosystem
management — all these, along with non-farm activity like transboundary
eco-tourism, with impacts on economic growth of the inhabitants for improvement
of the livelihood are discussed. The book places considerable emphasis in charac-
terizing Sundarbans for its dynamic behaviour, on one hand, with continual modi-
fication of several islands due to erosion and accretion in the river banks under
changing surface water hydrology in rivers and tide-fed estuaries, thereby suggesting
engineering interventions on estuary management for augmenting freshwater sup-
ply, improved drainage and reduced bank erosion, and on the other hand, presenting
engineering challenges to mainstreaming of climate change to combat future adver-
sities in the eco-region. The climate change induced recent disaster events along with
relief measures undertaken and their impacts on biodiversity and livelihood in the
past have been discussed with emphasis. In a departure from the common trend, an
inventory of algal dynamics and their role as climate change proxies have been
presented in a separate chapter. Use of remote sensing satellites, as a state of the art
technology, for disaster management, ecological disturbance and landmass changes,
has been presented through an interesting discussion.

Sundarbans is gradually becoming inhospitable with time in view of climate
change, deteriorating hydrological balance of the rivers and creeks, unscientific
anthropological interventions, etc., all acting individually or through their
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interactions. Climate change, in particular, appears to be irreversible in nature,
making the whole situation very complex adding to a host of constraints in soils
and water normally experienced in the eco-region, thereby limiting the productivity
of agriculture and aquaculture. Adaptation strategy, however, has been suggested to
mitigate climate risks for the future in Sundarbans. Nevertheless, the issue before us
remains, whether or not, it is technically possible to look for ‘improvement in farm
productivity’ by tiding over the challenge with time. Alternatively, we may be
content with ‘subsistence farming’, and yet ensure livelihood security, means of
which have to be worked out in the lines suggested. The solution in this direction is,
though difficult, not impossible if a holistic approach, with both countries taken
together, is undertaken.
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Abstract The Sundarbans, spreading over 10,000 km? area, is one of the largest
productive deltas in the world, and is located in the Ganges-Brahmaputra-Meghna
river basin over parts of Bangladesh and India. The coastal mangrove wetland is
playing a potential role in balancing the ecology, community socio-economy, and
livelihoods of the community. It is a hotspot of mangrove biodiversity with 373 fau-
nal and 324 floral species. The ecosystem is dynamic, fragile and complex owing to
several climate-, soil-, and water- related stress factors. Climate change and several
anthropogenic interventions have transformed the natural landscape with significant
changes in the social matrix. The salinity intrusion of water is the most sensitive and
serious threat for mangrove ecosystem in the coastal region, more in Bangladesh.
Since the diversion of Ganges freshwater at Farakka Barrage in India since early
1975, salinity levels have increased drastically in the coastal region in Bangladesh.
The reduction of Ganges flow has made disastrous effects on agriculture, fisheries,
hydro-morphology, drinking water and mangrove coastal ecosystem. All these
factors, individually and collectively, pose serious threats to livelihood and food
security for the coastal community in Sundarbans, and what’s more, to the ecological
balance. E-flow assessment methodologies are discussed in this chapter with refer-
ence to attempts made in Bangladesh. It is believed that the present coastal mangrove
wetland ecosystem conservation and planning policy is inadequate. In this backdrop,
the article suggests in this introductory chapter thrust on future policies for better
management, monitoring and conservation of the Sundarbans in a transboundary
mode towards improved livelihood.
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2.1 Introduction

The coastal wetlands in Sundarbans, spreading over 10,000 km? area across
Bangladesh and India, are playing a potential role in ecological balance and local
socio-economic improvement. The coastal mangrove is the most dynamic and
potential eco-region in the world. The Sundarbans is the largest mangrove forest
in the world which has been declared as World Natural Heritage Site (WNHS) by
UNESCO in Bangladesh in 1997, and as World Heritage Site in 1987 in the Indian
counterpart of the mangrove forest. It is hotspot of biodiversity with 373 faunal and
324 floral species (Milliman et al. 1989; Khan 1993; Hughes et al. 1994; Gopal and
Wetzel 1995; Islam and Gnauck 2008). Over 3.5 million coastal people are directly
dependent on the Sundarbans heritage site goods and services (Islam and Gnauck
2008, 2009a, b; Islam et al. 2017).

The Sundarbans is the largest unique mangrove ecosystem of the world. The
significance of this unique ecosystem is greatly felt due to its unique biota and source
of multiple resource bases for the regional economy. The Sundarbans Reserve Forest
(SRF) in Bangladesh comprises of 6017 km? and in India it encompasses 4000 km?
area. Within the SRF, there are three wildlife sanctuaries located in the southern part
of Bangladesh. The SRF area is recognized as internationally important as the
Ramsar Site and as a repository for globally significant biodiversity and dynamic
sensitive ecosystem (Richards 1990). Moreover, it has a unique position not only for
forestry but also in terms of deltaic landscapes, eco-tourism, culture and heritage.
The natural beauty and the universal value of the forest property have given us
natural heritage. The importance of the site is its floristic composition,
economic uses.

However, it is a dynamic, fragile and complex ecosystem largely influenced by
different stress-related factors in the fields of soil, water and climate, further
interacting with each other. The anthropogenic interventions in the Sundarbans
have transformed natural landscapes through the process of fire, hunting, agriculture,
shrimp farming, along with climate change and industrial pollution (Hughes et al.
1994; Gopal and Wetzel 1995; Islam and Gnauck 2008). The present management
and conservation strategy is inadequate. Therefore, it is virtual and essential to
conserve Sundarbans World Natural Heritage in twenty-first century of interest to
both Bangladesh and India. In this backdrop, the article suggests thrust on future
policies for better management, monitoring, and conservation of the Sundarbans
towards improved livelihood and food security.

2.2 Ecosystem Concept

The ecosystem concept can apply from a micro level to the global scale, and energy
is playing a central role in an ecosystem. Energy flows one-way through an ecosys-
tem that is from sunlight to producer, through food chain, and ends up as heat
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dissipated in the atmosphere. In contrast, natural materials and mineral nutrients
either flow one-way or cycle within an ecosystem (Fujimoto 2000). On the other
hand, ecologists consider ecosystems to be the basic units of ecology and of the
earth’s surface. An ecosystem is thus a space where species interact with the physical
environment (MEA 2003).

The ecosystems can be defined as a relationship between biotic and abiotic
characteristics.

The meaning of ecosystem means the functions of biotic and abiotic factors, like

Ecosystem = f(biotic and abiotic characteristics) (2.1)
or, on the other hand,

Ecosystem = f (s, cl, a, pm, 0, MO, T, W, €, 6, + .ot veneeenneieanannn. )

where, ‘s’ is soil, ‘cl’ is climate, ‘a’ is air, ‘pm’ is parent material, ‘0’ is organism,
‘mo’ is microorganism, ‘r’ is relief of topography, ‘w’ is water, ‘e’ is energy, and ‘t’
is time, etc.

The equations (Egs. 2.1 and 2.2) represent the scientific expressions and under-
standing of the definition of ecosystem. In Eq. 2.2 the potential elements which
ensure the functions, like soil, climate, air, parent material, organism, microorgan-
ism, relief of topography, water, energy, or time are the potential factors that
characterize an ecosystem in a particular region, and the area, where Sundarbans,
the important natural heritage site, represents one such (Miah and Bari 2002). Over
and above, the Sundarbans ecosystem is characterized by a very dynamic and
complex environment due to the effect of tidal flooding and cyclones (Islam 2003;
Erdogan and Kuter 2010), besides various stress-related factors. This, as a conse-
quence, reflects on various species — their population and symbiotic relationships
creating an equilibrium at a given time — under continual drift over time.

2.3 Geographical Setting and Dynamics Changes

The Sundarbans stretches over 10,000 km? and located at the south-western extreme
of Bangladesh and south-east of the state of West Bengal in India (Hussain and
Acharya 1994). The area is situated in the Ganges trans-boundary catchment area,
and lies between latitude 21° 31’ N and 22° 30’ N and between longitudes 89° E and
90° 18’ E (Katebi 2001). Out of this approximately 70% are lands and 30% are water
bodies.

The Ganges-Brahmaputra and Meghna river systems and drainage basin is 1.76
million km? in area (Fig. 2.1) (Islam 2006). The Sundarbans stretches from the
Hoogly on the west in India to the Meghna, the estuary of the Ganges and
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Brahmaputra, on the east, located in Bangladesh. It covers the southern portions of
the districts, viz. South 24 Parganas in India, to Khulna and Barishal in Bangladesh
(Islam 2003). There is evidence to suggest that due to geomorphological processes
the Bengal Basin is tilting, diverting fresh water through the Ganges-Brahmaputra
river system to the east. It was thus only natural that the eastern part of Bengal was
marked by its greater agricultural produce and greater population growth compared
to the western part. This was made possible by the silt deposit because of the shift in
the river system (Islam and Gnauck 2008; Islam 2016).

The Indian part of the delta is thus being denied fresh water from upstream,
resulting in increased salinity (Islam and Gnauck 2008; Islam 2016). The entire
region is subject to violent storms, particularly during the monsoon months, as the
Bay of Bengal frequently sees the development of cyclonic depressions (Islam and
Gnauck 2008) making livelihood fragile and uncertain.

2.4 Characteristic Features

2.4.1 Coastal Geo-hydrology

The entire Sundarbans area, comprising of many islands, is deltaic active and
hydrologically dynamic. The coastal morphology is further characterized by differ-
ent features like, vast networks of rivers and channels, heavy water discharge
carrying sediment, strong tidal waves, cyclone and surges. The three divisions in
Bangladesh are (i) Eastern region, (ii) Central region, and (iii) Western region, and in
Indian part it is named as the south-eastern region. The central region runs east from
the Tetulia River to the big Feni River estuary, including the mouth of the combined
flows of the Ganges-Brahmaputra-Meghna (GBM) Rivers (Akter et al. 2010; Islam
et al. 2017). This is the reason that this region is characterized by heavy sediment
input, formation of new chars (sedimented raised bed), and river bank erosion, and
accretion. The western region covers the coastline westward from the Tetulia River
to the international boundary located at the Harinbhanga River (Fig. 2.1). This
region is mostly covered with dense mangrove forests having a reduced river bank
erosion. The rivers of the region are mostly stable; land accretion does not occur
massively (Jalal 1988). Figure 2.2 shows the Sundarbans mangrove wetlands and the
river system in the mangrove forest areas in both countries. The southeastern part of
the Sundarbans in West Bengal (India) starts from Harinbhanga river in the east to
Hoogly River in the west. In between, the Gosaba, Matla and Suparnakhali river
systems are playing a potential role to protect the coastal landscape and balance the
Sundarbans coastal deltaic ecosystem (Fig. 2.2). The central region in Bangladesh
has deltaic characteristics. The GBM rivers discharge at the rate of about 1.5 million
m® s~ during the peak period (Hasan and Mulamoottil 1994). The fluvial and tidal
landscapes and related features are created by four mighty rivers (Ganges — Brah-
maputra — Meghna and Hoogly river) in the Ganges coastal deltaic wetlands regions
between Bangladesh and India (Islam 2003; Islam and Gnauck 2007a, b). All the
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rivers have its origin in the Himalayas and carries an estimated annual sediment load
of 2.4 billion tons (Elahi et al. 1998) and having a profound effect on the floodplains.
Silt deposition in the forest poses a threat to the river flow but supports vigorous
growth of mangrove vegetation. The silt deposition causes a rise of the forest floor
but due to irregular flow of tidal water, mangrove regeneration does not take place
properly. Area is densely populated and plays important economical role — wood
production and agricultural cultivation with allied activities.

2.4.2 Groundwater Hydrology and Tidal Features

Ground water issue is a potential factor in hydrology studies where water is a
valuable natural resource to man and other living beings (Rahman and Ahsan
2001). Under natural conditions, freshwater flow toward the sea limits the landward
encroachment of seawater. The surface water disturbs the dynamic balance between
freshwater and seawater, which, in turn, allows seawater to intrude into the usable
parts of aquifers (Rahman 1988; Hossain 2001; Iftekhar 2006). Ground and surface
water quality is dominated by both natural and anthropogenic influences, where the
former is governed by the local climate, geology, etc., and the latter by the construc-
tion of dams and embankments, irrigation practices, indiscriminate disposal of
industrial effluents, etc. (Rahman and Ahsan 2001).

The amount of the Ganges water flow into Bangladesh is remarkably affected by
the amount of water drawn at the Farrakka Barrage in India since 1975. The Ganges
flow in 1962 was 3700 m® s ', whereas it was 364 m’ s~ ' in 2006 and 370 m® s~ " in
2010 (Goodbred and Kuehl 2000; Islam and Gnauck 2009a). The Ganges water
flows is also related to the condition of groundwater hydrology. The river water
flows and rainwater on the surface dominate and balance the groundwater condition
in the Sundarbans region, and the reduction in flow rate has resulted in increase in
high rate of saline seawater intrusion in the upstream areas. Such diversion of
upstream waters resulted in falling groundwater tables and greater salinity in down-
stream for Bangladesh especially in the Sundarbans region. Some portion, almost
16% of the flows of the Gorai River, meets the Haringhata-Baleswar estuary system
at Madhumati river and the other 85% flows to join the Passur Basin at Nabaganga
River. The last part of the Gorai River joins the sea as Baleswar River (Islam and
Gnauck 2008, 2009a, b; Islam et al. 2017).

Water salinity intrusion of the whole Sundarbans region is dependent on hydro-
logical condition and its changing behaviour. Water level inside the Sundarbans is
highly fresh and dependent on the upstream river inflows and on the tidal oscillation
at the coast (Siddigi 2001). Tides in the Bay of Bengal are semi-diurnal exhibiting
two high water and two low water levels per day. The variations in water level and
tidal amplitude experienced at the coast are also propagated inland during each tidal
cycle. It has been observed that the tidal range in the northern fringe of the
Sundarbans mangrove forest is higher than that in the southern bay. The lowest
record of tidal range was 2.74 m and the highest in the east is higher than that in the
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southern Bay, while the highest range was 5.12 m (Islam and Gnauck 2009a, b;
Islam et al. 2017).

The maximum inundation period during the spring tide is around 3—4 h, the
average velocity of micro-current varies from 10 to 20 cm s™'. Both siltation and
erosion occur at the end of monsoon. The maximum net siltation and erosion at the
end of monsoon were found to be around 50 and 19 mm, respectively (Islam et al.
2017). The hydrological changes in the Sundarbans region will pose a new threat for
the mangrove ecosystem, its goods and services. There is close correlation with
hydrological cycle and the mangrove ecosystem in any region of the mangrove world.

2.4.3 River Hydrology

The Bengal delta is the world’s largest delta comprising of 100,000 km? of riverine
flood plain and deltaic plain (Goodbred and Nicholls 2004). The high tide energy
results in tide dominated deltas, like the Meghna estuary, where distributaries with
linear river mouth bars are present (Miah 1989). Sediment deposition occurs only by
river flushing in the river-dominated delta, while in tide-dominated deltas, sediments
are reworked and redeposited (Goodbred and Nicholls 2004). Every year about
1 x 10" m? of freshwater is brought into the Meghna estuary by the three major
rivers the Ganges, the Jamuna and the upper Meghna (Nishat 2006). These rivers are
major source of water supply to the wetlands and make the balance of wetlands
ecosystems. The largest rivers in Asia are created from the Himalayas and Tibetan
pleatue (Jalal 1988). As a whole, the Bramaputra (Jamuna) river carries water
flowing at the rate of 60,000—-100,000 m> s~! and about 600 million tons of sediment
particles, major part of which are sand and clay in each year (Jalal 1988; FAP
24 1996; Islam and Gnauck 2008, 2009a, b; Islam et al. 2017). The reduction of the
Ganges freshwater in the upstream area is the root cause of salinity intrusion in the
south-western region which is affecting the Sundarbans coastal mangrove and saline
wetlands in both countries in Sundarbans (Nishat 2006).

2.5 Threats to the Ecosystem

2.5.1 Soils: Delineation of Problems and Risk Factors

The reduction of Ganges fresh water in the upstream area is the main reason of
salinity intrusion in the south-western part of Bangladesh and some part of south-
eastern West Bengal (India). Therefore, the result of increased salinity has damaged
vegetation, agricultural cropping systems, and changing the cultural landscapes in
the Sundarbans region. The impact of soil starts with the destruction of surface
organic matter and of soil fertility for mangrove plants production (Islam and
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Gnauck 2007a, 2009a). The changes alter basic soil characteristics related to aera-
tions, temperature, moisture and the organisms that live in the soil. Figure 2.3
demonstrates the soil and water salinity intrusion pattern in the Sundarbans and
surrounding areas where soil delineation impacts are very high in agricultural
cropping system and drinking water supply and management (Islam and Gnauck
2009a, b).

The core elements of ecosystem such as soil, water, vegetation and wildlife are
strongly affected due to fresh water shortage and human influences. Water scarcity
of the Ganges flow is challenge for coastal food security and mangrove wetland
ecosystem protection, and for further improvement of coastal saline environment.
Figures 2.3 and 2.4 are displaying the real scenarios of the Sundarbans mangrove
deltaic sensitive ecosystem.

There are many reasons for the mangrove degradation in the Sundarbans Deltaic
region. More sensitive and critical issues are human uses of mangroves, fishery
development, hyper-salinity, salt pans, salt ponds, and sediment deposition, like sea
sand from low lying sand dunes, sea beaches and sand bars, which are transported or
drifted into the forest areas by over-wash fan sediment deposition particularly by
storms and tidal waves (Wolanski et al. 2009).

2.5.2 Threats to Biodiversity

The delta front sand bodies with different shapes and sizes are unable to hold the surge
waters of advancing storm waves that can transport the bulk of sediment from seaward
face to inner of the delta plains (Farley et al. 2010). The sediment lobes submerge the
forests, wetlands surface, and tidal creeks at a steady rate with increased frequency of
storm events in the deltaic coast at present (Wolanski et al. 2009). Mangroves occur in
the waterlogged, salty soils of sheltered tropical, and subtropical shores. They are
subject to the twice-daily ebb and flow of tides, fortnightly spring, and neap tides, with
seasonal weather fluctuations. They stretch from the intertidal zone up to the high-tide
mark (GOB 2001; PDO-ICZMP 2005). These forests are comprised of 12 genera
comprising of about 60 species of salt tolerant trees. With their distinctive nest of stilt
and prop-like roots, mangroves can thrive in areas of soft, waterlogged, and oxygen-
poor soil by using aerial and even horizontal roots to gain a foothold (Islam et al.
2017). The roots also absorb oxygen from the air, while the tree leaves can excrete
excess salt. Most species typically have relatively widespread distributions, low
diversity floras, but overall alpha diversity is very high when terrestrial and aquatic
species are considered, very low beta diversity, and low eco-region endemism, while
some highly localized species exist with strong zonation along the gradients; showing
thereby several distinct mangrove habitat formations. Alterations of hydrography and
substrate have considerable impact, although restoration potential is high; mangroves
are susceptible to pollution due to particularly oil and other petroleum compounds; and
alteration of salinity levels can have dramatic impacts on mangroves. In Sundarbans a
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large number of mangrove seeds is regularly drifted into the unfavourable sandy
substrate after the events of storms, tidal waves, south-west monsoon brace, and HAT
(Highest Astronomical Tides) phase currents along the shores of the Bay of Bengal,
which is creating another type of threat for mangrove biodiversity (Islam 2016; Islam
et al. 2017). The habitats, biotops and ecosystem also serve as habitat for especially
four dominant tree species of the Sundarbans. But the existence of these and many
more native species is endangered (Islam et al. 2019). So the native species are
approximately decreasing significantly by the year 2100 due to sea level rise
(88 cm) in the Sundarbans area compared to the year 2001. Species Biswas found
23 invasive which belong to 18 families and 23 genera. These species are highly
invasive, six species are moderately invasive and the remaining are potentialy inva-
sive (Biswas et al. 2007; Islam et al. 2019).

2.5.3 Global Warming and Future Projection

Climate change and sea level rise, induced by global warming, also influence the
ecological stability of the coastal zone; and the situation becomes serious when the
climate change phenomenon is compounded with various natural and anthropogenic
factors, and, as a result, the natural resource base of the zone is on a declining trend.
This affects the productivity of agricultural and allied fields including fishery.
Failing ecosystem productivity further degrades the coastal deltaic ecology, and
quality of life of the local communities (Dasgupta 2001). As a result of global
warming, relative Sea-Level Rise (SLR) movement has an immediate and direct
effect on the coastal inter-tidal ecosystems, particularly on vegetation. A rise of
relative SLR decreases the influences of terrestrial processes and increases the
influence of coastal marine processes (Islam 2001). The world’s great deltas are
the most densely populated, and most vulnerable of coastal areas are threatened by
sea level rise (Broadus 1993). Global warming, sea level rise, and vulnerability of
coastal wetland ecosystems are factors that have to be considered to draw long-term
management strategy for dealing with the coastal mangrove wetland issue (Fedra
and Feoli 1999). The impacts of climate change in any given region depend on the
specific climatic changes that occur in that region. Local changes can differ sub-
stantially from the globally averaged climate change (Harvey 2000). In Bangladesh
it has been projected by IPCC (2007) that 3 mm per year sea level rise may occur
before 2030 and might cause 2500 km? land (2%) to be inundated. About 20% of the
net cultivable area of Bangladesh is located in the coastal and offshore island
(Fig. 2.5), which is under threat due to the above-mentioned causes.

A very recent study on the Ganges deltaic coastal area in Bangladesh by IPCC
report shows that the mean tidal level at Hiron Point is showing an increase of
4.0 mm per year which is higher than the global rate. Soils in this area are affected by
different degrees of salinity (Rahman 1988; IPCC 2007). About 203,000 hectare
very slightly, 492,000 hectare slightly, 461,000 hectare moderately, and 490,200
hectare strongly salt affected soils are assessed in south-western part of the coastal
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area (Fig. 2.5). The climate change impact issue is a new threat for the coastal area of
Bangladesh. In Sundarbans, sea level rise would further result in saline water
moving into the delta which would be the major threat for mangrove and coastal
wetland ecosystems (IECO 1980). It was projected in respect of different SLR that
for 10 cm rise 15% of the land in Sundarbans will be inundated and will affect 17%
of the population rendering them homeless. A detailed account of climate change
and probability of inundation of land has been projected in a separate chapter by
Danda and Rahman in this book.

The Fig. 2.5 shows that 3 m SLR would cause much worse scenario for
Bangladesh when almost one-third of land could be inundated by saline water.
The reduction rate of mangrove areas will be from 50% to 75% and would be
more harmful for coastal ecosystems in the estuaries (IPCC 2007). Besides, other
environmental problems will arise in the coastal belt such as, water pollution and
scarcity, soil degradation, deforestation, solid and hazardous wastes, loss of
bio-diversity, estuary landscape damage, and river bank erosion, all of which will
create a lot of new challenging problems for human livelihood in the coastal region.

2.6 E-flow of the Catchment River Network Including its
Water Quality

The flows of the world rivers are increasingly being modified through impound-
ments in dams and weirs, besides abstractions for agriculture and urban water
supply, drainage return flows, maintenance of flows for navigation, and structures
for flood control (MEA 2003). These interventions have caused significant alteration
of flow regimes mainly by reducing the total flow and affecting the variability and
seasonality of flows. It has been estimated that more than 60% of the world rivers are
fragmented by hydrological alterations. This has led to widespread degradation of
aquatic ecosystems by MEA or Millennium Ecosystem Assessment (2003). Avail-
able literatures have been reviewed for searching out available techniques for
assessing e-flow requirements. In the previous studies, the key information and
recommendations of different techniques under different environmental values
were described with their limitations, advantages and cost effectiveness. These
have been applied for e-flow assessment (EFA) in different river systems in
Bangladesh. This study assists to propose a best practice framework for the appli-
cation of techniques to EFA (Akter et al. 2010).

Akter (2010) stated based on the reports of Tharme (2000, 2003) that “there is no
specific guideline for assessing e-flow. However, several methods, approaches and
frameworks are being applied in different countries including Australia,
South Africa (SA), United Kingdom (UK) and United States of America (USA)
depending on their river function. Mainly it depends on stakeholders’ decision on the
desired character and health condition of a certain ecosystem”. In the most recent
review of international e-flows assessments, Akter (2010) recorded 207 different
EFA methodologies applied over 44 countries (Tharme 2000, 2003). Several
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Fig. 2.5 Climate change impacts in the coastal region of Bengal Delta and Sundarbans region.
(Source: Akter et al. 2010, open access)
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categorizations of these methodologies exist. Many EFA methods have been applied
in Australia and modified according to circumstances. Reviews can be found in 2009
(Tharme 2000, 2003; Akter 2010). Above researchers have set out these methods
under the headings of geomorphology and channel morphology, wetland and ripar-
ian vegetation, aquatic invertebrates, freshwater and estuarine fish, water dependent
wildlife, and water quality (Tharme 2000, 2003; Akter 2010).

2.6.1 Methodologies of Measurement of E-flow in Various
Countries

Developments in EFAs in South Africa have advanced dramatically during the past
decade (Akter 2010). Akter (2010) presented an overview of the historical and local
evolution of e-flow methodologies. Methodologies are considered the most appro-
priate for South African conditions, where there are some constraints. Those con-
straints are historical, hydrological, ecological with 11 geomorphological data on the
river systems of concern; limited finances; extreme time pressures with future water-
resource development projects; and limited manpower and expertise. Akter (2010)
stated, based on Tharme (1997), that a multi-scale approach to EFAs for
South Africa, comprising of a three-tier hierarchy of methodologies with profes-
sional judgment, is exercised at all levels. Akter (2010) recommends further
advancement of the Building Block Method (BBM) for its most effective use at
this level, for instance, by incorporating ecologically relevant hydrological indices
into the hydrological component and by biotope-level modeling. It is noteworthy
that Downstream Response to Imposed Flow Transformations, DRIFT, developed
subsequently, incorporates early elements of both these features (Tharme 2000,
2003). With rivers of high conservation priority, it would be appropriate to apply
elements of a suitable, internationally recognized habitat simulation methodology
within or in conjunction with a holistic methodology, like the BBM or DRIFT,
where the flow requirements of key, ecologically important or rare species need to be
addressed (Tharme 2000, 2003; Akter 2010). This would represent the final, most
resource-intensive level of the proposed hierarchy. Considerable effort would need
to be expended, however, in order to select the most appropriate techniques from the
wide range available, and to train and guide researchers in the development and
application of these techniques in a local context (Tharme 2000, 2003; Akter 2010).

Before Farakka Barrage construction (1934—-1975), the mean of yearly maximum,
minimum and mean flow were calculated as 73,000 m® s~', 1190 m® s~! and
11,692 m> s respectively; whereas, after Farakka Barrage construction
(1976-2005), those values were calculated as 77,438 m> s_l, 261 m> s7! and
11,195 m* s, respectively (Chowdhury and Haque 1990). The detail impact analyses
are discussed and given in Table 2.1.

The relative elevation of the coastal south-west region of Bangladesh and south-
east region of West Bengal of India have been widely reported by different studies to
assess the required E-flow in the regions and the same was validated through direct
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Table 2.1 Percentage of mean annual flow (MAF) in Ganges River (Akter 2010, p. 89, open access)

Percentage of MAF m’/s Pre-Farakka (1934-1975) Post-Farakka (1976-2005)
200% (flushing flow) 23,029 22,715
60-100% (optimum range) 6909-11,514 6815
60% (outstanding) 6909 6815
50% (excellent) 5757 5679
40% (good) 4606 4543
30% (fair and degrading) 3454 3407
10% (poor) 1151 1136

measurements (Akter 2010). On 25 May 2009, Cyclone Aila struck West Bengal in
India and south-west region of Bangladesh as a relatively weak category 1 storm,
causing embankment failures, tidal flooding and the displacement of over 100,000
inhabitants of the coastal regions, like Koyra, Shyamnagar and Dacope in Khulna
region (Akter 2010). A detailed account of the nature and extent of damage has been
presented by Paul and Chatterjee in a separate chapter in this book. At the Polder 32 in
Dacope in Khulna, Aila cyclone caused five major breaches of the embankments that
protected the island’s western margin despite a storm-surge height just 0.5 above the
spring high-tide level (Akter 2010). The exact mechanism of failure at these locations
remained unknown, while the other four of the five failures occurred at the mouths of
former tidal channels blocked by the embankments. All breach sites had experienced
~50-200 m of river bank erosion in the decade before the storm. In contrast, the
adjacent Sundarbans, ~100 cm higher, was inundated only during spring high tides
(~37% of all tides) to a mean depth of just 20 cm for 1.7 h day ' (Akter 2010). The
high rates of sedimentation following embankment breaches exemplify the efficiency
with which the Ganges—Brahmaputra fluvio-tidal system can disperse sediment to areas
of accommodation, particularly where land has been starved of sediment for extended
periods of time (Islam 2007a). To understand the origin of elevation offset between the
polder landscape and Sundarbans, it may be necessary to establish an account to work
out for differences among local, relative water levels, and the natural and human-altered
landscapes (Turner et al. 2001; Tress et al. 2005).

2.7 Government Policies to Upswing the E-flow
and Projected Impacts on Soil Properties, Crops
Growth, Fisheries, Forestry and Biodiversity

The salinity trends are higher in the Sathkhira, Khulna, Bagerhat, Borguna,
Jhalokhati, Potuakhali, Bhola and southern part of Noakhali districts in
Bangladesh. The trends are higher in the south-western region of Bangladesh and
comparatively less saline intrusion occurred in the eastern region of the coastal
region. These trends are also affecting the whole coastal urban ecosystems (Islam
2001, 2006; Akter et al. 2010). The available drinking water and its quality are not
enough to meet the demand of the urban citizens. The surface and groundwater in the
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coastal region is affected by high saline water intrusion. This is deteriorating the
quality of drinking water (Adel 2001). Due to the penetration of saline water the soil
is also becoming highly saline and soil fertility is getting low. Therefore, the urban
flora and fauna are also facing trouble to receive quality water for vegetation growth
and survival of fauna in the urban areas (Chowdhury and Haque 1990).

2.7.1 Water and Soil Salinity in the Wetlands

The wetland areas in the coastal region of Bangladesh are affected due to high rate of
water and soil salinity intrusion. In general, the annual pattern of salinity changes in
the Sundarbans region is also related with the changes of freshwater flow from
upstream rivers. The adverse effects of increased salinity on the ecosystem of the
Sundarbans mangrove wetlands are manifested in the drying of tops of Sundari
(Heritiera fomes) trees, retrogression of forest types, slow forest growth, and
reduced productivity of forest sites (DoF 2003). The peak soil salinity level was
found to be about 40.63 dS m~" in 2001 and 2002, and minimum soil salinity was
found to be about 7.81 dS m ' during the post-monsoon period of the same years,
when huge fresh water supply was available, which mean that fresh water flush out
high amount of salts in soil (IWM 2003). The salinity levels crossed the salinity
threshold value for the mangrove wetlands ecosystems in the coastal region. Some
mangrove species have dried and displaced due to high salinity penetration and
intrusion into the coastal area in Bangladesh.

The soil salinity in the southern part of the Sundarbans mangrove forest remains
less than 7.81 dSm™' during monsoon and starts to increase at a steady rate to
23.44 dS m~" during the dry season (IWM 2003). Salinity in the western part in not
reduced to low salinity range even during monsoon period; salinity increases at a
steady rate during the dry periods. Almost 265 km? area under Herifiera fomes type
of forest is affected moderately and 210 km? area was severely affected, which is one
of the main threats for a sustainable mangrove forest management and its ecosystems
(Islam and Gnauck 2008, 2009a, b).

The highest soil salinity levels measured were ECs 41.2 dS m ™' at Nilkamal, ECs
40 dS m~" at Mirgang, and ECs 24 dS m ™' at Munchiganj point in the north-western
Sundarbans mangrove coastal wetlands region. The increasing salinity levels are
major threats for both biotic and abiotic factors of mangrove wetland ecosystems in
the region (Islam and Gnauck 2009b).

The severity of salinity problem in the coastal wetlands increases with the
desiccation of the soil (Fig. 2.6).

The coastal region covers an area about 29,000 km? or about 20% of Bangladesh.
The coastal areas of the country cover more than 30% of the cultivable lands of the
country (Jabbar 1979). About 53% of the coastal areas are affected by salinity.
Salinity causes unfavorable environment and hydrological situation that restrict the
normal crop production throughout the year (Iftekhar 2006). Soil salinity, besides on
the soil surface, is a major concern for surface water in many coastal urban towns
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(Mohiuddin 2005). Based on a study of ESCAP (Economic and Social Council for
Asia and the Pacific) GOB (Government of Bangladesh) has referred six sets of
constraints for the development of a strategy for the coastal resource management in
Bangladesh (ESCAP 1988).

Policy making includes planning for coastal resources, integrated resource man-
agement, coastal wetlands and marine resources sustainability, local environmental
ecological perspective, and knowledge on coastal environment and its understanding
(Jalal 1988; Akter et al. 2010). The National Water Policy, 1999 (GOB 1999, 2001)
of Bangladesh also gives due importance on research and development of knowl-
edge and capacity building for sustainable management. In article 3 of the NWPo,
the objective was to develop a state of knowledge and capability that will enable the
country to design water resources management plans by itself with economic
efficiency, gender equity, social justice and environmental awareness (GOB 1999).
In the article 4.15, (GOB 1999) the following specific objectives were not ensured,
such as:

* Develop appropriate technologies

* Arrange awareness training and capacity building

* Develop and promote water management, and

* Educate skilled professionals for water resource management

The National Water Policy of Bangladesh provides a guideline framework for the
nation. The quality of coastal water resources is dependent on the supply of upstream
fresh water supply and its availability in the coastal region (Miah 1989). Sea level
rise and tidal inundation factors are also potential issues, therefore some coastal
issues such as coastal urban drinking water issue should be incorporated in the
NWPo in Bangladesh (Akter et al. 2010).

2.7.2 Degradation of Mangrove Ecosystem and Biodiversity

The salinity investigation results show that the south-west Bengal coastal regions
and, within this area, the Sundarbans Natural World Heritage site, is carrying the
highest rate of water salinity rise, which is unbalancing the coastal ecosystem and
general ecology (Jagtap 1985). According to salinity approximation, this high rate of
rise is harmful to rural and urban biodiversity as well as to the urban drinking water
(Brown 1997; Islam et al. 2017). The Fig. 2.3 demonstrates the water salinity
intrusion trends in the south and south-west region of the Ganges deltaic region,
which includes the entire Sundarbans mangroves.

Four major cities and 136 small towns are located in the coastal region, and a
major portion of the inhabitants are dependent on mangrove resources in the coastal
region. Most of the towns are affected through salinity intrusion and sea level rise
impacts in the region as Sundarbans mangroves are also affected due to high salinity
intrusion. Therefore, the investigation results of salinity modelling in the South and
South-west coastal deltaic regions, including the coastal rural and urban ecosystem
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goods and services, are under threat and the biodiversity is getting reduced (Costanza
1997; Deb 1997).

Especially, the coastal mangrove and agro-biodiversity loss is a common scenario
in the Ganges-Brahmaputra-Meghna Rivers deltaic region between Bangladesh and
India (Anwar 1988). The Fig. 2.2 demonstrates the scenarios of the coastal man-
grove forest and wetland region in the Sundarbans and its Sundarbans Natural World
Heritage Site in Bangladesh. The quality of mangrove forest as well as wetland water
and soil are rapidly degrading due to high saline water intrusion and anthropogenic
influences (Anwar 1988; Miah 2001; MOWR 2005).

The study also found that the mangrove reduction rate is about 45% in both
countries (Bangladesh — India). Deforestation is rising, and land cover is changing
due to shrimp farming, salt farming, agricultural land extension, and urbanization
extension and settlement development. These development processes adversely
affect coastal fish production and lead to a loss of agro-biodiversity and coastal
floodplain biodiversity, and of livelihood, which mean to negatively influence 3.5
million people, who are dependent on natural resources in the coastal region in
Bangladesh (Anon 1995; Primavera 1997; Wolanski et al. 2009). Almost the entire
mangrove forest needs freshwater supply from the upstream. In the Sundarbans
Ganges deltaic coastal region, the two potential rivers, such as the Passur-Mongla
and Chunar-Munchigannj cause high rate of salinity intrusion. The Fig. 2.3 shows
the high salinity intrusion trends in the coastal mangrove forest and wetland region.
The salinity model also demonstrates that the salinity trends are much higher in the
south-western region of the Sundarbans mangrove wetlands regions (Anwar 1988).
The salinity was 30.37 dS m~in 2003, whereas in 2010 the salinity was 38.32 dS m~!
in the Passur-Mongla river point (Joseph 2006).

The salinity penetration in the upstream areas of the coastal zone is one of the
main obstacles to maintenance of water quality for drinking, irrigation and fisheries
purposes (Grigg 1996; Islam and Gnauck 2009b) as well as for the mangrove
ecosystem and biodiversity, in general. Already the coastal mangrove and wetland
ecosystems have been recognized as a driving force for biodiversity conservation
and coastal urban socio-economic improvement (Nishat 2003; Ahmed and Falk
2008; Islam et al. 2017).

Also, in the Ganges-Brahmaputra rivers deltaic floodplain alone approximately
2.1 million ha of wetlands have been lost due to flood control, drainage, and
irrigation development (Khan et al. 1994; Goodbred and Nicholls 2004). Therefore,
coastal urban wetlands biodiversity is facing serious challenges from salinity intru-
sion, environmental changes and anthropogenic impacts (Sarker 1993; Sarker et al.
2003; Nair 2004; Ahmed and Falk 2008; Goodbred and Nicholls 2004).
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2.7.3 Degraded Mangrove Ecosystem and Threatened
Community Livelihoods

The benefits of mangrove forests serve as diverse habitat for many species, including
fish, birds, reptiles, amphibians, mollusks, crustaceans and many other invertebrates
(McGarigal and McComb 1999). Mangroves produce little leaf and detritus matter;
and the leaves of the mangrove trees are valuable sources of food for animals in
coastal waters (Helmer and Hespanhol 1997).

Mangrove is a rich source responsible to create fish diversity and satisfy the local
demand. Fishing is a very important issue and activity in the Sundarbans (DoF
2003). The fish production has been reduced since the land use and landscape have
been changed, which is not suitable for fish cultivation (Freemark et al. 1996; Daily
1997). At present the area is providing only shrimp and some marine fish species in
the offshore area. Up to 80% of global fish catches are directly or indirectly
dependent on mangrove wetlands (Fujimoto 2000). The Sundarbans mangrove
forest produced an average of 600 tons of nutrients per hectare to provide a great
source of natural food in the coastal offshore area (FAP 1996). It is a good service
and poles for fish traps. Fish, crustaceans and mollusks can be harvested from
mangroves. Aquaculture and commercial fishing also depend on mangroves for
juvenile and mature fish species.

Clearance of mangroves in the south-east causes a loss of coastal habitat, aquatic
resources, increased erosion, and vulnerability to natural disasters (Nishat 1988).
The coastal communities are coping with the threats under reduced resources. The
livelihood assets, such as physical asset, financial asset, human asset, natural asset,
economic asset, social asset, and cultural and heritage assets were interconnected for
maintenance of local coastal community livelihoods (Hossain and Lin 2002; MEA
2003). In general, mangrove vegetation acts as a barrier against damage due to
natural disaster. Coastal water resources have been supporting the livelihoods of the
poorer sections of society. In one instance, the Gorai River which was used to play a
potential role, by enormous opportunities for varies fisheries, aquatic resources, river
navigation, and mangrove forest goods and services (Miah 1989; EGIS 1997, 2000),
is now fully dead because of anthropogenic activities (Hidayati 2000; Miah et al.
2010). The salinity problem in soil, aggravated by the brackish water shrimp farming
introduced, increases beyond tolerable limits for agricultural crops and other vege-
tation (Adeel and Pomeray 2002; FAO 2007; Miah et al. 2010), thus affecting the
livelihood. The river water salinity shows that the upper limit (30-45 dS m ™' during
the peak period) is beyond the tolerable limits for crops and vegetation (Hossain and
Lin 2002; Miah and Bari 2002; Miah et al. 2010).

The most alarming threat to the Sundarbans is destruction of fauna and flora,
because 50,000 fisherman and local coastal communities are directly dependent on
the mangrove coastal natural resources. Encroachment into the mangrove forest
created multifarious impacts on both resources and livelihoods of the local inhabi-
tants. Diverse livelihood activities of the local inhabitants in its vicinity were nearly
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lost. Attempt is made on building of the remaining reserved forest resources (Miah
et al. 2010).

There are not enough initiatives or policies to protect mangrove ecosystems in the
south-east coast of Bangladesh. The unplanned policy has created crucial problems
on coastal ecosystems and threat for community livelihoods (Peine 1998; Richards
and Flint 1991). Especially the coastal indigenous people, who were totally depen-
dent on mangrove resources, are facing critical problem for their livelihoods from
natural hazards and cyclones. In Mexico, Nicaragua, Ecuador and Panama the
indigenous people in the coastal regions are asking for the protection of mangroves.
The demand of mangrove protection is getting popular in India, Sri Lanka, and other
parts in Asia Pacific zone too (UNEP 1995). There is an example that the Govern-
ment of India and Ecuador has banned the further cutting of mangroves for shrimp
farms, but in Ecuador, 127.5 km”of mangroves were still illegally cut even after the
ban. This type of illegal activities is continuing in many countries, even in
Bangladesh. Therefore, a common universal policy and guideline framework is
necessary to protect the mangrove forests which will secure the livelihoods of the
coastal community (Gopal and Chauhan 2006; Wolanski et al. 2009). Since 1996
afforestation programme is supported by the World Bank and Government of
Bangladesh. Several projects: Forest Resources Management Project (FRMP),
Sundarbans Biodiversity Conservation Project (SBCP), etc. are in progress. The
floral richness is one of the highest in the world mangroves and consists of no less
than 123 woody plant species (Dutta and Iftekhar 2004; Gopal and Chauhan 2006).
However, in spite of many programmes currently in progress to protect the man-
grove ecosystem and the rich biodiversity in Sundarbans across both countries it
does not appear to be adequate either to conserve the ecosystem, at the same time,
maintain the livelihood of the coastal community.

2.8 Conclusions

Factors damaging the ecology including the rich biodiversity of Sundarbans across
both countries, as well as, limitations in the various approaches currently underway
for arresting the damage and maintain the livelihood of the coastal community have
been discussed. It is amply clear that the issues and problems being trans-boundary
in nature are complimentary to each other. What’s more, the climate change phe-
nomenon, which is one of the hardest issues to be solved, making the sub-continent
increasingly disaster-prone, and complicated over time, is looming large over the
entire eco-region. Therefore, what probably is lacking is a holistic and integrated
approach covering both countries, wherever possible and necessary, since no
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individual effort will result in a lasting solution. Following are the immediate
suggestions of general nature.

Mangrove wetland ecosystems have historically been considered as wastelands
unworthy of consideration for conservation. As a result, wetlands have frequently
been altered or lost because of their ecological functions and values to society not
having been understood. Therefore, it should be introduced to the people as a
common property in view of its importance and community rights (Rahman and
Haque 2003; Rahman 1995; Islam 2007b).

Based on the present degraded environmental condition, the coastal zoning
approach should be included and that could improve land use planning, minimize
conflicts over land tenure, and identify appropriate areas for shrimp cultivation,
without destruction of mangrove wetlands and the ecology, and those areas need
to be protected. There is also need to improve information system to manage and
plan for future growth.

Improvement of the existing mangrove wetland resource related policies, strate-
gies and common conflicts in the areas, where rural communities are dependent
on the mangrove ecosystems services, should be understood.

Capacity building of environmental awareness and development of institutional
organizations at international level with legislation rights to regulate all activities
should be planned.

Ensure with short- and long-term strategies planned at the trans-boundary scale
for the Sundarbans wetlands eco-region to meet food security for improved
livelihood of the coastal community for both countries, and without damage to
the ecological balance, in the Ganges-Brahmaputra deltaic landscapes in
Bangladesh and West Bengal of India.

Both countries should show strong political commitments and wills for better
management and conservation of the mangrove forest wetlands. An integrated
wetland ecosystem management plan and policy guidelines should be developed,
based on the findings of several studies, and plan for future studies, if necessary,
to address more areas of genuine importance.
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Abstract Transformation of forests to agriculture is common but the scale of trans-
formation of the Sundarbans under British administration was such that it changed the
physical configuration of the region. Post-independence, despite the knowledge that
brackish river water is a serious constraint, rice cultivation has been persisted with.
Rising population and tidal waters, declining land and productivity, as well as more
intense storms are making the already non-conducive situation worse. Options for
resilient and sustainable development in the eco-region, therefore, have to be explored
beyond climate-sensitive primary production systems. In a biodiversity rich area with
a large population, finding resilient and sustainable development options involve
direct trade-off. Under such situations Portfolio Decision Analysis (PDA) framework
is useful in allocating management actions to pursue options that maximise natural
assets while minimising impact on human assets. Based on a hierarchy of objectives
and criteria, Multi Criteria Decision Analysis (MCDA) is a valuable tool to decide on
options ranging from elevation recovery of forested and inhabited islands, brackish
water culture fishery, and tourism, to rapid urbanization in safer locations and planned
retreat under 2 °C warming scenario, a very likely prospect at the turn of the century.
Given that the currently implemented policies are not strong enough to achieve the
pledges governments have made under the Paris Agreement, the article examines
tourism in some detail, including jointly managed trans-boundary tourism. Finally, the
article examines the challenges in realising the potential of jointly managed tourism in
Sundarbans and proposes ways of overcoming the challenges.
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3.1 Introduction

The Sundarbans eco-region formed by the Rivers Ganges, Meghna and Brahmaputra
is the tidally active lower part of the largest delta in the world consisting of a warren
of rivers, creeks, marshes and alluvial floodplain. Morphological zones of this lower
part of the delta are the Ganges tidal plain (West) between rivers Hugli and
Baleswar, the Ganges tidal plain (East) between rivers Baleswar and Tetulia, and
the Meghna deltaic plain stretching from river Tetulia until Chittagong coastal plain.
At the confluence of the delta and the Bay of Bengal, is the single largest mangrove
patch of the world spread across about 10,000 km? of which about 60% is in
Bangladesh and the rest in India. This mangrove patch is acknowledged worldwide
for its outstanding biodiversity, including the Bengal Tiger, and designated as World
Heritage Site in both the countries. This littoral mangrove forest besides serving as
the habitat for about 200 tigers, accounting for roughly 5% of the global population
in the wild, also imparts protection from storm surges caused by tropical cyclones by
attenuating the impact of cyclones that recur on sub-decadal time scales in the Bay of
Bengal.

For the purpose of this chapter, the Sundarbans eco-region encompasses the
Sundarbans Reserve Forest (SRF) of about 6000 km? (including 1397 km? of
Protected Area) and the Sundarbans Impact Zone (SIZ) in Bangladesh, and parts
of Barguna and Perojpur districts outside the SIZ with similar characteristics due to
the presence of tidal channels. The SIZ, as defined by the Bangladesh Forest
Department (BFD), is the inhabited area within 20 km of the SRF where most of
the Sundarbans resource users live. This covers an area of 3641 km? (Hussain 2014).
In India, the Sundarbans region, designated as Sundarbans Biosphere Reserve,
comprises of an area of about 9630 km? of which around 4260km? is under Reserve
Forests (including about 2300km? of Protected Area). In totality, the geographical
area of this region is about 19,271km? with 19% as Protected Area (3697km?) and
47% inhabited (9011km?), spread over parts of seven adjoining districts
(24-Parganas South and North, Satkhira, Khulna, Bagerhat, Perojpur and Barguna)
covering 40 sub-districts encompassing 327 village clusters known as Union
Parishad (UP) in Bangladesh and Gram Panchayat (GP) in India with a population
of over 7.2 million, largely dependent on agriculture, fisheries and the collection of
minor forest produce (WWF 2017) [insert See Fig. 3.1]. To put it in perspective, the
eco-region holds about 0.1% of the global population, 137 countries/territories have
population less than the Sundarbans, 67 countries/territories are smaller in size, and
only 29 nations and territories have a higher population density. The region,
therefore, is globally significant not only for the natural area and biodiversity, but
also for the number of people who inhabit.
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Officially, however, the eco-region is defined somewhat differently. The SIZ, for
example, is a 20 km band from the forest in Bangladesh that does not take into
account natural features of the inhabited area. On the Indian side, the inhabited part
of the eco-region is defined by the extent of forest in the 1830s. There have been
significant alterations since that time and 29% of the Gram Panchayats no longer
bear the defining characteristics of the eco-region — tidal channels — and could be
considered to be outside the eco-region. On the other hand, in Bangladesh, because
of the fixed distance from forest, UPs in Upazilas that have tidal channels have been
left out, for example, Amtali, Taltali, Baruguna, Patharghata and Bamna in Barguna
District, Mathbaria, Bhandaria and Indurkani (formerly Zianagar) in Perojpur Dis-
trict. For a list of UPs and GPs in the eco-region defined on the basis of presence of
tidal channels and embankments see Annex 1 of the WWF-India Discussion Paper
(WWEF 2017).

3.2 Transformation of the Sundarbans Eco-region

Transformation of forests to agriculture is a dominant theme in human history.
Currently about half the land on the planet is under agriculture and habitation
(Rockstrom and Klum 2015). This transformation was previously associated with
revenue maximization and progress but increasingly associated with local and global
concern. It is a story shared by many regions particularly the colonized world
including the Sundarbans, initially characterised by indiscriminate exploitation of
available resources, and human desire for transformation. Later, a new set of values
emerged from Europe in the form of scientific forestry and conservation that
challenged the notion of unrestricted conversion of forest to agricultural fields that
found expression in the actions of the likes of Richard Temple, Lieutenant Governor
of Bengal, who assumed office in 1874. Without Temple’s active support, the
world’s single largest mangrove patch might not have been the Sundarbans. ‘“Rec-
lamation is not wanted there [existing forest tracts]. In some places the substitution
of rice fields for jungle may be desirable. But in this particular case the ground
already bears produce which is more valuable to Bengal than rice” (Sarkar, 2010).
Temple’s policy resulted in the creation of reserved and protected forest in the
eco-region. Sundarbans eco-region today, is the result of two different forces, the
reclamation of forests to cropland, and the preservation of the forests for wood
products.

3.2.1 Expansion of the Frontier

Historically, the Sundarbans has been a frontier, more in the American sense than in
the European sense. According to the American definition, a frontier is described as
the border between the settled and unsettled, the “civilized” and the “wilderness”
(Turner 1962). The region presented the conditions which allowed a process of
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SUNDARBAN ECO-REGION

Fig. 3.1 Representational map of Sundarbans eco-region. (Source: WWF (2017) Discussion paper
https://www.wwfindia.org/about_wwf/policy_and_research/adaptation__programme_in_the_
sundarban.cfm)

continuous advance, both in physical and socio-political terms, and has been the
arena for transformation of land, religion and values.

Extension of the frontier into forested Sundarbans began prior to the rule of the
Muslim Indo-Turkish Sultans in Bengal from 1204 until 1575 (Townsend 1987).
Eaton notes: “.. .between the thirteenth and eighteenth centuries Muslim pioneers,
locally remembered as holymen, not only established the Islamic religion in much of
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BAY OF BENGAL

Fig. 3.1 (continued)

south and eastern Bengal, but also played important roles in the intensification of wet
rice agriculture, established new modes of property rights, and contributed to a
fundamental altering of a natural, forested ecosystem” (Eaton 1990). The Muslim
pioneers are believed to have either obtained land assignments from authorities in
control of forest tracts or were incorporated within the state when the clearing had
progressed to the extent where it was capable of generating revenue (ibid).

The reverence of the holymen continued into the Mughal period as the locals
continued converting the Sundarbans forest to wet rice. Even the Hindu Bengali
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castes living in the Sundarbans of that time prior to the Muslims, the Pods in the
west, and the Chandals (a lower order caste among the Hindus) in the east were
strongly influenced in their livelihoods by such figures, converting these fishing
castes to agricultural ones. In 1883, James Wise noted that the Muslims consider
fishing to be a lowly occupation because of its historical association with
non-Muslims and outcasts, who never became integrated into the Muslim society
around them. It was not only the Muslims that preferred the farmer to the fisher,
Hindu sentiments toward fishing and agriculture paralleled those of their Muslim
neighbours; farming was the chosen profession. The cultivator’s product, grain,
could be easily converted into cash, which the government could tax. As a result,
many of those who had previously depended upon fishing for their livelihoods
increasingly turned toward cultivation.

This preference for cultivation over fishing continued into the British period.
With a keen eye for profits, the British East India Company realized that the
Sundarbans, acquired in 1757 with the 24-Parganas, had to be cleared and settled.
Transformation of the Sundarbans was initiated under the Collector General Claude
Russell in 1770, and operationalized in 1783 by the Magistrate of Jessore, Tilman
Henckell (Sarkar 2010).

Confident that increase in revenue could be achieved by bringing uncultivated
land under cultivation and sending the produce to the markets of Kolkata (then
Calcutta), Henckell applied to Governor General Warren Hastings for granting
leases of forests lands directly to settler-cultivators (ryots) rent-free for the first
3 years, and at an increasing rate until the seventh year after which the full rate
would apply. Between April and October of 1785, Henckell made 144 grants
between the rivers Raimangal and Haringhata. Naturally available resources such
as timber, firewood, wax, and shell lime were meant to provide the means of
sustenance during the period of clearing (Pargiter 1934). To facilitate land reclama-
tion and to prevent zamindars, with estates abutting the forest from clandestinely
extending cultivation by clearing forests, three outposts were established. These
were at Henckellganj, Chandkhali, and Kachua. Henckellganj subsequently came to
be known as Hingalganj, now in North 24-Parganas District in India bordering
Bangladesh. Chandkhali and Kachua are in Bangladesh; in Paikgacha Upazila of
Khulna District, and in Kachua Upazila of Bagerhat District, respectively. Thus, the
British government and the Bengalese worked to push the frontier farther south.
However, by 1790, 119 grants had lapsed and the scheme was discontinued as profits
remained elusive. Sporadic attempts at reclamation continued as did the disputes
with adjoining landlords. This was the time when William Dampier and Alexander
Hodges were charged with the responsibility of surveying and demarcating all lands
brought under cultivation between Permanent Settlement of 1793 and 1828. The
Dampier-Hodges line separated the forest and settled lands. This line delineates the
Sundarbans Biosphere Reserve on the Indian side.

The first century of British colonial rule in lower Bengal had little impact on the
delta. Only 14% of the total area was cleared and cultivated (Hunter 1875). By 1870,
there was stagnation in land reclamation and Government’s attention was diverted
towards preservation of forests.
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During the last two decades of the nineteenth century, Bakerganj district, rather
than the 24-Parganas or Khulna district, was the area most favoured by settlers. After
1879, a stream of settlers poured into the fertile lands of Bakerganj. Here the
conditions for rice cultivation were generally more favourable than in neighbouring
districts. Land was higher and better drained. Embankments were required to prevent
salt water from flowing into the new fields but they needed only to be of modest
height. The waters in Bakerganj streams tended to be less saline, with direct access to
the main river. As a result, the district was over 90% occupied and reclaimed in
1904. In parts of the eastern Sundarbans, clearings and cultivation extended almost
to the sea face, whereas in the western Sundarbans, around this time, ryots (settler-
cultivators) were directly being granted land leases after repeated failure of capital-
ists on Sagar Island.

3.2.2 Legacy of Frontier Expansion

Although clearing of land for cultivation was not new to this part of the world, the
British appear to have carried it out at a scale that changed the face of the Sundarbans
by altering the physical and geographical configuration of the region. “During the
time of Pratapaditya [1561-1611 CE], forests were cleared from land where the
delta-building processes had reached some order of maturity...But, during the
British rule, even low-lying tracts were occupied . . .and circuit embankments were
constructed. . .. This is the basic difference between the interventions made during
these two regimes” (Chakraborty 2005).

As the frontier was being extended into the Sundarbans, deterioration of the
forests continued as there was little understanding of the ramifications that would
later develop as a result of such an active focus upon cultivation. Within the past
three hundred years, the two-horned rhinoceros (last recorded in 1870), the Indian
rhinoceros, the golden eagle, and the pink-headed duck, wild buffalo (last shot in
1890), all species indigenous to the Sundarbans, have disappeared (Mukherjee and
Tiwari 1984). However, the Sundarbans has the distinction of being the first
mangrove forest in the world where scientific management of resources was prac-
tised; a Forest Management Division was established in 1869, and the first manage-
ment plan was implemented in 1892. The forest was administered as a single
management unit until 1947, when India was partitioned. The Sundarbans today
comprises approximately of 10,000 km” of mangrove forest and intricate water
channels fringing the river deltas at the head of the Bay of Bengal. Although
remaining wetlands left untransformed are probably less than half of the area intact
in the late eighteenth century (Sengupta 1972), the Sundarbans is the only mangrove
tiger habitat in the world.
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3.3 Limitations of Past Approaches and Lessons not Learnt

Sundarbans with its physical features offered a tough proposition to human habita-
tion throughout the ages. Shifting rivers, cyclonic hazards and occasional flooding,
despite embankments, and exploits of animals, hindered efforts of clearing forests
for cultivation. The situation was clearly non-conducive to long-term settlements
leading to prosperity and the blossoming of civilization of a high order (Sarkar
2010). Despite the challenges, wet rice agriculture, essentially Aman paddy, sown in
May-June and harvested in December—January (almost coterminous with the pre-
and post-monsoon cyclone season) was promoted for socio-cultural and economic
reasons. For the population, fishing was a lowly occupation irrespective of religious
affiliation, and for the East India Company, both the cleared land and the grain was a
source of revenue. Timber and wood from the cleared land was a one-time source of
revenue as well, until the concept of sustainable harvest was put to practice in the
closing years of the nineteenth century.

Conditions for rice cultivation in Bakerganj District of that time were more
conducive than elsewhere as land was higher, better drained, and the surrounding
water less saline. In other places, low-lying tracts were occupied, and circuit
embankments were erected leading to siltation in tidal creeks and sediment starva-
tion inside the embankments (Rogers and Goodbred 2014) creating a gradient
difference that would not allow water to drain out of the islands until the lowest
level during low tide.

Distress of the subjugated population was of no concern to the Company or the
colonial administration barring a few exceptional officials, and distress was common
either due to breach in embankments or overtopping of embankments during
frequent cyclonic storms. The following example illustrates the distress in times of
calamity, the concern for revenue, and the thinking and conduct of exceptional
officials.

Sagar Island was leased out to Sagar Island Society, a joint stock company in
1819. The lease was revenue-free for the period 1820 through 1850. Within 10 years,
about 13,380 ha of land was cleared and brought under cultivation. A severe storm in
1833 forced discontinuation of agriculture. Concern for revenue prompted salt
manufacturing from 1835 until another storm in June 1842 forced commercial salt
production out of the island. Repeated storms either in June or in October at
sub-decadal frequency inflicted serious damage. The storm of October 1864
destroyed all of the 19,200 ha of agricultural land. This was followed by another
storm in November 1867. Severity of the calamity forced the investors out and drew
attention to the need for providing means of safety since it was clear that the
embankments already erected did not provide sufficient protection (Pargiter 1934).

Soon after assuming office of the Lieutenant Governor in 1874, Richard Temple
visited Sagar Island and directed for six revenue-free grants over half of the land that
was destroyed. Revenue-free grants incentivised creation and maintenance of pro-
tective works geared towards disaster management. Temple directed that in each of
the estates a place of refuge consisting of a tank and an embankment terraced inside
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surrounding it was to be constructed on a specified spot, shown on a plan attached to
the deed. The tank was to be of 200 by 150 feet with 16.5 feet high embankment with
crest 5 feet broad, and a slope of 3.5:1 outside and 2:1 inside. Embankment was to be
properly rammed and turfed. No habitation was to be allowed more than a mile from
the place of refuge unless its basement was raised 16.5 feet above ground, and good
bund road was to be constructed connecting the place of refuge with the habitations
on the estate. As cultivation extended beyond the prescribed distance, fresh protec-
tive works would have to be constructed (ibid.).

Despite the knowledge that “presence of salt in river water is and will remain a
serious constraint to efforts for a fuller and more intensive utilization of the land and
human resources of this region” (Sarkar 2010 p. 102), rice cultivation was persisted
with and the distress continued. With impacts of climate change becoming more
apparent in the eco-region, conditions would become even worse in the business-as-
usual scenario. Moreover, nowhere is Temple’s prescription of a place of refuge with
embanked tank evident.

In 1947, the rulers in the Indian subcontinent changed but the rules did not, much
of which still persist. The mind shift that could and should have occurred with
independence did not happen. Although in theory, the two nations were no longer
driven either by profit or by the need to repatriate revenue, the countries continued to
administer the eco-region with similar indifference of the disaffected administration
of the colonial past.

Agriculture in the tidally active lower part of the Bengal delta was and continued
to be conducted not primarily for the market but for subsistence, mostly through
unpaid family labour. This was borne by the fact that the Matla Port that became
operational in 1861-62 had to be abandoned in 1870-71 due to lack of traffic and
unfavourable weather. During its years of operation, the port received only 84 ships.
The railway line to Canning that became operational in 1863 had to be nationalised
after 5 years due to extensive losses, the first case in India of a railway being taken
over by the state. Although the accounting system of the Indian Railways at present
is organized to cater to government budget and control functions and not to shed
light on the cost of various activities and services making computation of the losses
on various activities difficult, it is common knowledge that all suburban railway lines
in India including the Sealdah to Canning line do not make money, yet the Indian
Railways at one time partly invested to extend the line across River Matla. Agricul-
ture and naturally available resources (minor forest produce) that was originally
meant to provide the means of sustenance during the period of clearing continued to
be a means of livelihood for a large section of the population.

Rising population and tidal waters, declining land productivity, as well as more
intense storms, is making the situation that was clearly non-conducive to long-term
settlements and prosperity even worse. Fuller and more intensive utilization of land
and human resources of this eco-region has over the past two and a quarter century
been constrained and will be further constrained by rapid relative sea level rise and
more intense cyclonic storms on a warmer planet. Options for resilient and sustain-
able development in the eco-region will have to be explored beyond climate-
sensitive primary production systems.
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3.4 Way Forward: Towards Sustainable and Resilient
Development in the Eco-region

Sustainable development requires managing many threats and risks, including
climate change. Because climate change is a growing threat to development, sus-
tainability will be more difficult to achieve for many locations, systems, and
populations unless development pathways are pursued that are resilient to effects
of climate change.

The links between sustainable development and climate adaptation and mitiga-
tion are cross-cutting and complex. First, the impacts of climate change, and
ill-designed responses to these impacts, may derail current sustainable development
policy and potentially offset already achieved gains. These impacts are expected to
affect sectors such as agriculture and fishery; threaten coastal zones; and pose critical
challenges to governance and political systems (World Bank 2010; Adger et al.
2011; IPCC 2012). Effects of climate change on key ecological resources and
systems can jeopardize sustainable development in systems closely dependent on
natural capital as in the Sundarbans owing to lower adaptive capacity (World Bank
2010; Lemos et al. 2013). Second, mitigation has the potential to keep these threats
at a moderate rather than extreme level, and adaptation will enhance the ability of
different systems to cope with the remaining impacts, therefore modulating negative
effects on sustainable development (IPCC 2007).

Third, many of the conditions that define vulnerability to climate impacts and the
ability to moderate and adapt to them are firmly rooted in development processes
(e.g., structural deficits and available assets and entitlements) (Brooks et al. 2005;
Lemos et al. 2013). Indeed, climate change will act as a threat multiplier and will
enhance poverty. Fourth, because several of the desirable characteristics of climate
responses and sustainable development may overlap (e.g., implementation of
no-regrets options, equitable distribution of resources, increased adaptive capacity
and livelihood capitals, functioning ecosystems and maintained biodiversity), sys-
tems that prioritize sustainable development may be better at designing and
implementing successful mitigation and adaptation (Forsyth 2007).

Finally, climate mitigation and adaptation, if planned and integrated well, have
the potential to create opportunities to foster sustainable development. Under the
threat of climate change, sustainable development depends on changes in social
awareness and values that lead to innovative actions and practices, including
increased attention to both disaster risk management and climate change adaptation
in anticipation of (and in response to) changes in climate extremes (IPCC 2012).
Enhancing resilience to response to climate change effects includes adopting good
development practices that are consonant with building sustainable livelihoods and,
in some cases, challenging current models of development (Boyd et al. 2008).
Challenging current thinking and models of development in the Sundarbans is
necessary to not only usher in sustainable development but also be future ready in
terms of dealing with impacts of climate change on natural and social systems.
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In the Sundarbans, the relationship between vulnerability to climate impacts and
development is very close and mutually dependent as low per capita income and
inequitable distribution of resources; inadequate or inappropriate education, health
care, and safety; and weak institutions and unequal power relations fundamentally
shape sensitivity, exposure, and adaptive capacity to climate impact. Here, reducing
risks that affect resource-dependent communities is necessary but insufficient way to
tackle the myriad problems associated with climate change impacts. Building the
capacity of individuals, communities, and governance systems to adapt to climate
impacts is both a function of dealing with developmental deficits (e.g., poverty
alleviation, reducing risks related to food insecurity, enabling/implementing public
health and mass education and literacy programmes) and of improving risk man-
agement (e.g., alert systems, disaster relief, crop insurance, seasonal climate fore-
casts, risk insurance) (Mirza 2003; Schipper and Pelling 2006; Warner et al. 2012).

3.4.1 Options for Resilient and Sustainable Development

The options for resilient and sustainable development will depend on either the time
horizon or on the future emission scenario. Given that there is no temporal certainty
about when temperature thresholds will be crossed it might be prudent to think of the
options in terms of scenarios defined by warming levels given that the average
temperature in the region is about a degree higher than pre-industrial times, and that
the world is locked in for an average decadal temperature rise of about 0.2 °C per
decade for the next two decades due to historical emissions irrespective of current
climate action and future pathway. Emitted carbon is expected to persist in the
atmosphere long enough to prolong temperature increases for thousands of years,
long after human beings stop burning fossil fuels or clearing forests.

A Climate Central research (Strauss et al. 2015) has translated global temperature
increases from carbon emissions into projections of locked-in long-term sea level
rise and puts these projections into context by assessing the current global population
living on land that could be submerged. The temperature scenarios that appear
logical at this point in time for the Sundarbans eco-region are 1.5 °C and 2 °C.
The anticipated inundation due to sea level rise beyond 2 °C appears so severe and
widespread that it might not be worthwhile trying to identify options for higher
global temperature rise. The image series on projected sea level rise in the eco-region
is derived from the sea level tools and analysis by Climate Central for different
Global Temperature Rise scenarios (Surging Seas Seeing Choices 2015) (Figs. 3.2,
3.3,3.4 and 3.5).

These figures are not meant to be used for planning but to inform public discourse
and policy dialogues about the future of the Sundarbans post 2100.

Resilient and sustainable development under climate change may be thought of as
preparing for, coping with, or adjusting to climate changes and their associated
impacts. To be able to do so, in a biodiversity rich area such as the Sundarbans, a
methodology needs to be identified that will allow selection of options keeping in
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mind direct trade-off between human activities and biodiversity conservation. The
Portfolio Decision Analysis (PDA) framework offers that opportunity (Convertino
and Valverde 2013). The approach is similar to optimising financial portfolios,
where natural resources and the built environment are considered natural and
human assets respectively, and allocation of management actions are either
optimised to maximise natural assets while minimising impact on human assets or
vice versa. Because the region in question is the Sundarbans, despite the large human
population, allocation of management actions is optimised to maximise natural
assets. It is accepted that this is a value judgement and that others might wish to
maximise human assets while minimising impact on natural assets.

The value of each asset varies over time as a function of climate conditions (sea
level rise in this case) and management actions. Venturing into the details of the
PDA framework is not intended here but the general steps are mentioned to serve as
reference while evaluating the options for resilient and sustainable development. In
general, the steps are: (1) identify natural and human assets of interest, (2) determine
vulnerabilities of and risks to assets, (3) identify potential management action,
(4) quantify the effectiveness value of management actions, (5) determine costs of
management actions, and (6) determine an optimal set of management actions given
costs and budget constraints. Steps 4 through 6 have been kept out of the ambit of
this chapter.

In the case of the Sundarbans, at the broadest level, the assets of interest are the
tiger habitat that makes this mangrove patch unique in the world, and the adjoining
human inhabited areas. For both the asset categories, vulnerability emanates mainly
from sea level rise and the risk is permanent inundation accentuated by the possi-
bility of more severe storms. Regarding protection from storm surges, Odd (1980)
mentioned that it would be impractical to build embankments high enough to contain
the waters from a peak surge occurring with spring tides. Instead, he proposed that
each polder should contain special low lengths of embankments, which could be
allowed to spill waters into the polders so that damage caused is reduced. In the
villages prone to storm surges on the Arakan coast of Burma, artificial earthen
mounds have already been constructed. Cyclones and storm surges, although not
preventable, can at least be made less harmful and the suffering they inflict can be
considerably diminished by timely action (Khalil 1992).

At 1.5 °C of warming Namkhana, Patharpratima, Hingulganj sub-districts
(blocks) in India and Shyamnagar, Koyra and Dacope sub-districts (upazilas) appear
to bear the brunt (WWF 2017). A detailed study would allow identification of
affected GPs and UPs, and thus identification and quantification of the population
at risk. Tiger habitat does not appear to be greatly affected at this stage so as to
necessitate management action.

Given that the afore-mentioned description of scenario is decades away and the
recorded rates of sea level rise is 18 mm per year at its highest, and elevation
recovery if permitted is higher by a factor of 10, elevation recovery in the
sub-districts may be possible through controlled embankment breaches. Controlled
breaching of embankments has been reported to restore elevation and relieve
environmental problems in some sites in Bangladesh but there has not been a
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detailed scientific study of this process. Post Aila, Polder 32 (Dacope) experienced
tidal flooding for 2 years resulting in a mean annual accretion rate of about 18 cm per
year. Of course, the sustained human suffering during the process of elevation
recovery will have to be addressed. Also, it has to be borne in mind that unless
drastic mitigation action is implemented globally, greater inundation is in store at
2 °C of warming towards the close of the century or after.

Multi Criteria Decision Analysis (MCDA) would be a valuable tool to decide
whether elevation recovery as opposed to brackish water culture fishery and tourism
is a better option, while building homes and public infrastructure on artificially
raised land or on stilts, based on a hierarchy of objectives and criteria, each weighted
or assigned a measure of relative importance, on the basis of value judgments and/or
technical relevance to stated goals (Andersen et al. 2004; Malczewski 2006). Should
culture fishery be the more optimal option, retraining the population and concerted
support all along the value chain would have to be provided. Also, mangrove
regeneration will have to be supported at strategic locations to serve as storm
surge barriers.

At 2 °C of warming not only the extent of inundation of inhabited areas is much
greater (apparently more in Bangladesh than in India), about half of the tiger habitat
on the Indian side and about a quarter on the Bangladesh side would no longer be
available for tigers. It may be possible to create large mounds from dredge material
in forested and no longer human inhabited areas for tigers to take refuge. The human
dimension acquires a much bigger scale in this temperature scenario and planned
retreat may be the most viable option. This of course raises questions regarding host
locations for the displaced population and their livelihoods. Rapid urbanization and
orienting to an urban way of life is possibly the way forward but it has to be carried
out in a manner that the well-being of the displaced is improved and that of the host
population is not compromised, at the least.

While anticipating the future and preparing for it is necessary, current develop-
ment deficit needs to be addressed as well. Service delivery is inadequate for the
population to be productive up to its potential and the economy small to support the
population. Productive potential can be enhanced through better hygiene and health
care delivery, and education. Water, sanitation and waste management are crucial for
improving public and personal hygiene. These as of now are non-existent and are
more of infrastructure requirements. Healthcare and education infrastructures exit
but need improvement. In both these sectors the human dimension is of greater
significance. The current socio-cultural ecosystem is unattractive for health and
education professionals to locate themselves in the Sundarbans and the required
ecosystem change is an intractable challenge as of now. The solution then lies in
application of technology for bridging the distance.

The main economic activity being rainfed paddy agriculture on degrading and
shrinking land, remittances play an important role although it is not enough to
transform well-being of the population. Agriculture output has to be and can be
doubled provided land can be put to use during dry winter months which is currently
constrained due to unavailability of irrigation. Rainwater harvesting has been pro-
moted by the government, but this route cannot meet the demand for all the
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agricultural land that remains fallow during winter months. Desalinisation of either
shallow subsurface water, provided it does not result in greater subsidence, or of
creek water, and efficient irrigation could be a set of option, but input costs would be
higher and therefore high value crops rather than paddy would have to be promoted.
Support for the entire value chain would have to be in place. This will expand the
economy but bearing in mind that the region has time between a few to several
decades before sea level overwhelms the place, it would then be worth investing in
human capital that will provide not only immediate benefits but also in the long run.
This has the added advantage of not only pulling people out of poverty but also
physically out of a very vulnerable region. The urban places suggested earlier for
hosting the displaced population could be the human capital building sites not only
for the people of the region but from afar to be financially viable. One of the typical
features of comprehensive development in Smart Cities identified by the Ministry of
Housing and Urban Affairs, Government of India is giving an identity to the city. For
the Sundarbans eco-region, identity of these new habitations could be based on
building human capital. In these habitations, homes and public infrastructure should
be built on artificially raised land to deal with periodic flooding with rising sea level
and more intense storms. Nearer to the coast, conserving and planting trees could
create a buffer against storm surges (Schiermeier 2014).

3.4.2 An Alternate Option: Tourism

Tourism in the Sundarbans eco-region is of three types: wildlife tourism, beach
tourism and religious tourism. Religious tourism is restricted to Sagar Island in the
west where during a particular Iunar position in the month of January almost half a
million Hindu pilgrims, mostly from North India, visit for a holy dip at the conflu-
ence of the Hugli River (revered as the holy Ganges) and the Bay of Bengal. For the
rest of the year, Sagar Island hosts insignificant number of religious tourists (visiting
the confluence and a shrine connected with the great epic behind the holy dip).
Further east, it is Dublar Char (Alor Kol) that receives a large number of Hindu
pilgrims around early November. For the period between October and February,
fishermen use the island for fish landing, processing and drying. Other religious
events in the Sundarbans do not attract visitors in any significant number.

Beach tourism as a standalone segment is not well developed except for Bakkhali
in the west. In the east, the various beaches such as Katka are associated with wildlife
viewing rather than conventional beach activities or water sports.

Wildlife tourism is the most developed in the Sundarbans and the segment
receives most visitors (overwhelmingly domestic) although it is unlike conventional
wildlife safari experience. The tiger is the main attraction despite being mostly
elusive, and despite the extraordinary richness of the natural area. The way wildlife
tourism is conducted in the Sundarbans allows participation of local communities by
way of providing boats and on-board services. Most private sector establishments
ranging from basic sleeping arrangement for the night to modest resort with modern
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amenities are on forest-fringe inhabited islands on the Indian side. Establishments
with basic arrangements are usually locally owned and managed, thus accruing
benefits locally but the establishments with better facilities are not locally owned
and seldom locally managed although it generates employment for the people in its
immediate vicinity. The basic establishments procure most of their supplies locally,
but the better ones are able to procure at most 70% of their supplies locally after
conscious efforts. In general, this figure would be lower and not all procurement
would be local produce.

Given the spate of seasonal migration from the Sundarbans region it is evident
that agriculture and fishery as means of livelihood under current circumstances do
not promise much in terms of attaining sustainable development goals in the region,
nor are the enabling physical conditions in a state to usher in large-scale economic
uplift of the people. Although tourism conducted responsibly has the potential to
offer market linked economic incentives for conserving bio-cultural diversity and
generating a source of revenue for local communities, as of now neither are the
benefits accruing to local communities large enough nor are the number of benefi-
ciaries significant in proportion to the population of forest fringe villages. This is
primarily because of low revenue from day trippers who constitute the bulk of
visitors to the Sundarbans. Overnight visitors, unless naturalists or novelists, spend
2-3 nights at the most, on board or on land-based facilities. For tourism to be
transformative, it has to be conducted responsibly on low volume-high value
model and take advantage of trans-boundary opportunities. Tourism circuits could
be developed in a way that the itinerary begins in Kolkata or Dhaka, covers areas of
tourist interest in these metropolitan areas and includes not only natural areas in the
Sundarbans but also religious and cultural sites. These will need far reaching
institutional changes discussed in a subsequent section.

3.4.2.1 Responsible/Sustainable/Eco-tourism

Tourism as an economic activity cuts across many sectors, levels and interests. These
range from the hotel industry to National Parks authorities, from tourism boards to
government departments, and from tour operators to conservation organisations, as
well as the host community. The various interests involved can be grouped into four
categories: the host population, tourist guests, tourism entrepreneurs/organisations,
and the natural environment. Tourism is a powerful economic force in the develop-
ment of both community-based and global markets. Despite its economic signifi-
cance, debate continues whether or not tourism truly benefits all entities. Tourism
can maximise positive returns to a community’s overall growth while minimising the
costs to the environment and culture, provided all parties or stakeholders interested
in or affected by this business within a particular market or community collectively
manage the sector and adhere to a commonly agreed Code of Conduct. However, the
relationship between tourism development, socioeconomic development and the
environment is circular and cumulative. While safeguarded environment and
improved infrastructure results in continued tourist arrivals resulting in relatively
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improved standards of living due to tourism earnings and better infrastructure, it also
places additional pressure on the environmental resources upon which the entire
system rests. Globally, the experience has been that initially there is snowballing in
economic terms and later of degradation of the environment jeopardising future
interests of tourist and host populations as well as those of tourism organisations,
unless sustainably managed.

Responsible tourism would amount to developing tourism in a way that it benefits
the local communities, strengthens the local economy, employs local workforce and,
wherever ecologically sustainable, uses local materials, local agricultural products
and traditional skills. Tourism activities should respect the ecological characteristics
and capacity of the local environment in which they take place. All efforts should be
made to respect traditional lifestyles and cultures. Also, mechanisms including
policies and legislation should be introduced to ensure the flow of benefits to local
communities. Government mandated limited benefit sharing is already in operation
in the eco-region. On the Bangladesh side, 76 forest-fringe villages are allocated
50% of gate receipts while on the Indian side, 46 forest-fringe villages receive 25%
of gate receipts.

Unfortunately, in majority of the works published under the banner of sustainable
tourism, much of the detail of sustainability remains hidden behind the rhetoric of
balance, or obscured by a variety of labels, such as ecotourism or alternative tourism,
which may amount to little more than an attempt to give the impression of environ-
mental stewardship. Therefore, to ensure true sustainability, it is vital that the local
population is involved in the management of their tourism resources and that the
local population benefits directly from the utilisation of these resources.

Central to sustainable tourism development then, is the issue of how to manage
the natural, built, and socio-cultural resources of host communities in order to meet
the fundamental criteria of promoting their economic well-being, preserving their
natural and socio-cultural capital, achieving intra- and inter-generational equity in
the distribution of costs and benefits, securing their self-sufficiency, and satisfying
the expectations of tourists.

3.4.2.2 Natural and Socio-cultural Capital

Sundarbans is known for its natural capital and multiple sites under the jurisdiction
of the respective Forest Directorate are open to tourists. There are at least 21 sites that
can be offered for beach tourism, mangrove tourism, nature and wildlife trails,
historical and archaeological tours, besides watch towers for viewing tigers
(Table 3.1).

There are at least two small interesting museums in the Sundarbans region
maintained privately. An archaeological museum is in Canning Town and a natural
history museum is in Mongla Town. Relics of earlier settlements going back several
centuries can be found in several places in the forests and inhabited places that are
not on tourist radar but are potential sites. Some of the more prominent ones are
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Table 3.1 Potential sites for jointly managed tourism in the Sundarbans

SL
No. | Site Location Attributes/what to expect
1 Jambudwip Namkhana Ecological succession. Formerly a fish landing and
Block drying site. Boat ride in open waters
2 Fraserganj and Namkhana Beach, fishing harbour, wind turbines
Bakkhali Block
3 Lothian WLS Namkhana Widest mangrove diversity in Indian Sundarbans
Block trails
4 Bhagabatpur Patarpratima | Crocodile project and mangrove interpretation centre
Block
5 Kalas Forest Patarpratima | Watch tower
Camp Block
6 Bonnie Forest Kultali Watch tower
Camp Block
7 Dabu Tourist Spot | Canning I Riverside tourist spot with possibility of historical
Block tour of port canning
8 Jharkhali Basanti Tiger Rescue Centre
Block
9 Sajnekhali Gosaba Mangrove interpretation Centre and River terrapin
Block breeding centre
10 | Sudhanyakhali Gosaba Watch tower
Block
11 | Dobanki Gosaba Canopy walk
Block
12 | Netidhopani Gosaba Watch tower and ancient temple
Block
13 | Burirdabri Hingalgunj Cage trail
Block
14 | Mandarbaria sea Shyamnagar | Wildlife trail
beach Upazila
15 | Dobeki Eco Park | Shyamnagar | Watch tower
Upazila
16 | Kolagachia Eco- | Shyamnagar | Forest trails
tourism Centre Upazila
17 | Nilkomol or Koyra Watch tower
Hiron Point Upazila
18 | Harbaria Ecotour- | Mongla Wooden watch tower
ism Centre Upazila
19 | Katka Observa- Sarankhola Watch tower
tion Tower Upazila
20 | Koromjol Eco- Dacope Crocodile breeding centre
tourism Centre Upazila
21 | Jamtala Sea Sarankhola Watch tower
Beach Upazila

Source: Authors
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Shat-Gambuj Mosque near Mongla, Shekher Bari Kali Temple south of Khulna on
River Sibasa, and Jatar Deul near Raidighi in Mathurapur Block II.

Socio-cultural events associated with religious figures and agrarian production
cycles are widespread in the region. As yet these are untapped tourism opportunities
barring a couple such as Ganges Sagar Mela in mid-January on Sagar Island and
Raas Mela on Dublar Char in early November.

3.4.2.3 Challenges in Realising the Potential of Jointly Managed
Tourism in the Sundarbans

Although ecotourism seeks to increase opportunities there are no automatic benefits
associated with ecotourism; success depends on good planning and management. In
the absence of good planning and management, opportunities remain unrealized and
benefits do not accrue, and unavoidable threats turn into cost. Multiple challenges
need to be overcome to not only realise the potential of jointly managed tourism in
the Sundarbans but also to make the operations sustainable in terms of the funda-
mental criteria of (a) economic well-being of the local population, (b) preserving
natural and socio-cultural capital, and (c) satisfying tourist expectations. These are
discussed below.

1. Visitor experience: Because of tigers in the Sundarbans the region got promoted
as a destination for tiger tourism which completely misses the point that this is a
unique tiger habitat with the most diverse mangrove vegetation anywhere in the
world where tiger sighting is a matter of chance more than anywhere else.
Unending boat ride is the predominant visitor experience in the Sundarbans
with short walks from the jetty to watch tower except at Kolagachia Ecotourism
Centre where tourists are permitted to walk inside the forest. From the boat, one
only sees the forest edge unlike terrestrial forest safaris where one is inside the
forest. Wild animals can be seen during low tide while during high tide, partially
submerged forest edges are visible with the rare exception of tiger swimming
across creeks. Narrow creeks are out of bound for tourist boats. For most visitors
this is an uninteresting visual after the first few hours, and inability to sight a tiger
results in disappointment. The challenge is to break the monotony by involving
tourists in diverse range of activities and introducing them to the rich floral and
faunal diversity.

2. Tourist accommodation: On the Indian side, land-based and on-board options are
available mostly ranging from basic to modest. On-board options are constrained
by space and supply of freshwater if visitors are in groups. The lay of the land is
such that while on land-based accommodation view of the natural area is cut off
due to very low elevation of the inhabited islands and circuit embankments, as
well as location of the facilities except at Sajnekhali but here too the view is away
from the forest.
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3. Institutional challenges:

(a) Competitive use of freshwater/groundwater is an area of concern that needs to
be resolved if tourism is to become a major driver of the economy. The
population of the Sundarbans region depends on groundwater for cooking
and drinking. As of now the same resource is used by tourist facilities mostly
for bathing and flushing toilets. This is ethically problematic and solutions for
cleansing have to be found to cater to tourists. Also, withdrawal of ground-
water irrespective of purpose in a sinking delta hastens sinking and alternative
freshwater sources need to be identified and promoted.

(b) Forest administration is not geared to facilitate tourism at scale either in terms
of capacity or in terms of infrastructure. Facilities need to be upgraded, trails
need to be identified, designed and managed in a way that it enhances tourist
experience, optimizes visitor circulation, as well as ensuring that the habitat is
not compromised.

(c) Border crossing: For trans-boundary tourism, border crossing needs to be
facilitated without losing sight of security issues and it necessitates novel
solutions for trans-border movement of tourists and tour operators. As of now
Hemnagar on the Indian side and Angtihara on Bangladesh side have immi-
gration and customs facilities but these are meant for freight vessel movement
under Protocol of Inland Water Transit & Trade (PIWTT).

(d) PIWTT: While the Protocol provides an opportunity, in its current form, it is
unlikely to be helpful for tourism for various reasons. The Protocol does not
allow trans-border movement of vessels that are popular with tourists (launch
and engine boat), vessels are allowed to travel along specified route with
specific port of call (Chalna for example), and specific sites for replenish-
ment. An evaluation of the utility of the modified PIWTT for tourism as
opposed to a subsidiary agreement or even a fresh protocol for trans-border
tourism would be useful.

3.4.2.4 Way Forward to Overcome the Challenges

1. Foremost is a marketing campaign to promote Sundarbans as a mangrove tourist
destination. This will not only inform potential tourists of the rich biodiversity but
also shape their expectations. Moreover, visitors’ experience can be enhanced
significantly by developing micro-circuits along the Protocol route and by incor-
porating sites of tourist interest in the metropolitan areas of Kolkata and Dhaka.
The micro-circuits should be designed in a manner that it provides a mix of
experiences and is not solely dependent on wildlife sighting. Historical sites,
pilgrimage sites, natural sites, and adventure sites would add to enriching the
visitor’s experience. At the forest fringe, there are 17 Gram Panchayats and
25 Union Parishads, parts of which could be developed for catering to tourists,
particularly those parts that are increasingly becoming unsuitable for conven-
tional livelihood activities such as paddy agriculture. These could be turned into
woods or wilderness zones, leisure zones, culture zones and adventure zones.
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Live mangrove interpretation centres could be developed and maintained through
direct tourist participation. Water adventure sports could also be promoted in
areas that are not only safe for tourists but also outside critical ecological areas
including tethered paragliding and ballooning. Jointly managed tourism in the
Sundarbans should not necessarily be long trips spread over several nights and
days but provide opportunity for trans-border short trips, even day trips.

. Overnight trips should be so managed that tourists do not spend two nights at the
same location. This will not only spread economic benefits more widely but also
eliminate the possibility of making the location uninteresting to tourists. For
example, a combination of land-based, on-board, and in cottages built on barges
either stationary or slow moving could be thought of. The land-based accommo-
dation should be meant for experiencing agrarian life and socio-cultural heritage,
and trips to mangrove and water adventure sites, on-board accommodation
should be meant for trips to distant watch towers to experience wildlife with
the possibility of experiencing the tranquillity of narrow creeks and otter fishing
on small country boats, whereas cottages on barges tethered close to forest should
be bereft of electric lighting and humming of equipment and meant for experienc-
ing the sight and sound of forest at night. All accommodations should meet high
hygiene standards and promote local cuisine made of local produce.

. Regulations need to be in place so that groundwater is not tapped for tourist
operations. Instead, technological solutions, such as atmospheric water generator
and brackish water desalinization must be mandated and incentivised. This has
the additional advantage of freshwater availability in times of calamity due to
high intensity weather events. Commercial scale solutions are already available
from Watergen and GAL Technologies among others.

. As of now the Forest Departments make their facilities for monitoring and
enforcement available to tourists. This need not be the case. Instead, the Forest
Departments should make sites available and stipulate norms such as daily
footfall and permitted infrastructure and activities that tourism entrepreneurs
can develop on a concessionaire model with defined obligations towards local
communities. These obligations could be in the form of building community
preparedness for disasters and providing emergency services to predefined adja-
cent communities.

. The passport is a globally accepted travel document, but governments routinely
accept various other documents as valid travel documents such as crew manifest
prepared by the freight vessel owner in case of PIWTT. To realise the transfor-
mative tourism potential of the Sundarbans the two countries need to think of
novel ways of facilitating trans-border movement of tourists. For example, a
group of Indian tourists from Kolkata wishing to make the trip only up to Hiron
Point now have to undertake a journey northward for land border crossing at
Petrapole/Benapole, and then travel south until Hiron Point and retrace the route.
Similarly, for Bangladeshi tourists from Khulna wishing to make the trip only up
to Sajnekhali have to avail the same land border crossing point. Subject to
political willingness this can be avoided by allowing tourists to travel with
accredited tour operators who prepare the tourist manifest based on normally
accepted identity and address proofs. The tour operator then files the requisite
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information regarding number and identity of tourists, destination, route and
electronically tagged vessel with the designated authority within a stipulated
time prior to departure for clearance. There is no harm done if the vessel crosses
international boundary so long credentials are verified at the pint of origin
(at departure and return) and destination (on arrival and before departure) by
designated state officials manning the points of origin and destination. For longer
trips culminating in Kolkata or Dhaka, it might be prudent to continue with the
normally accepted passport control and visa procedures.

6. The PIWTT was agreed upon with a view on transit and trade and using the same
protocol and route for tourism is unlikely to yield desired results. A separate
agreement might be better suited or modification of the Protocol to cater to the
needs of the tourism industry might serve the purpose. Either way, first and
foremost passenger vessels will have to be permitted and not restricted to barges.
Smaller, certified, electronically tagged and surveillance compliant passenger
vessels should be permitted. An electronic vessel monitoring system (VMS)
needs to be agreed upon and put in place so that passenger vessel movement is
unrestricted except for electronically fenced off zones.

7. Finally, a jointly managed Sundarbans tourism regulatory framework needs to be
agreed upon and implemented so that economic well-being of the local popula-
tion is served. Economic well-being needs to be defined so that benefits that
accrue are transformative and not incremental. Design and implementation of the
regulatory framework has to be such that natural and socio-cultural capital are
undiminished, and that tourist experience is uncompromised. The regulatory
framework has to be jointly developed not only by state parties but also tour
operators and investors, community representatives at appropriate level (Block/
Upazila or even Gram Panchayat/Union Parishad), and conservation organiza-
tions of the two countries.

Globally several examples of sustainable and trans-border tourism exist that can be
studied in detail so as to incorporate elements in design and implementation of
regulatory framework and practice of tourism. Some of the examples that showcase
one or more of the fundamental criteria of sustainable tourism are Galapagos Islands
(Ecuador), Kakadu National Park (Australia), Masai Mara (Kenya, Tanzania),
Wadden Sea World Heritage Site (Netherlands, Germany), Waterton Glacier Inter-
national Peace Park (USA, Canada), and the Great Limpopo Trans-frontier Park
(Mozambique, South Africa, Zimbabwe).

3.5 Conclusions

Review of societal transformation in the Sundarbans eco-region with intervention
from administration time-to-time in respect of use of various professional practices
over ages and lessons learnt therefrom showed interesting insights into their pros-
pects and sustainability in as far as livelihood security was concerned. Climate
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change has been and is likely to complicate the prospects in future threatening the
livelihood security. For instance, transformation of forests to agriculture was com-
mon, but in view of the knowledge that brackish river water was a serious constraint,
rice cultivation was persisted with since independence. Rising population and tidal
waters, declining land and productivity, as well as more intense storms made the
already non-conducive situation worse. It is strongly suggested, based on the lessons
learnt to explore newer development options for livelihood security, this time in
non-farm sector. Thus, although ecotourism with mangrove destinations, preferably
on transboundary mode, seeks to increase opportunities to a significant note, there
are no automatic benefits associated with ecotourism; and the success depends on
joint exercise desired on good planning and management.
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Mangrove forest under high-tide (Courtesy R. N. Mandal)






Chapter 4 )
Current Status of Mangrove Forests e
in the Trans-boundary Sundarbans

R. N. Mandal, Peter Saenger, Chandan Surabhi Das, and Abdul Aziz

Abstract Sundarbans is the largest single block of mangroves forest in the globe,
stretching over both India and Bangladesh. The entire land mass is situated in the
estuary of Ganges-Brahmaputra-Meghna (GBM) river systems that carry the world’s
largest sediment load to the Bay of Bengal. The present article reviews the environ-
mental characteristics and biological diversities of the Sundarbans in general and the
present status of mangroves in particular. Environmental factors such as hydrology,
topography, texture of substrata, salinity and their interactions cause to develop a
wide heterogeneity in the mangrove ecosystems that support to nurture a great
biodiversity. Mangrove diversity comprises a total of 45 species and 21 species
more considered as under-canopy vegetation. All these intertidal flora have made
the Sundarbans a unique habitat in which a diverse range of biota, including flora,
fauna and microorganisms have been part of this ecosystem that renders staggering
services to coastal inhabitants, which have been enumerated. Thus, the values of
mangroves are classified in view of a wide range of benefits harnessed out of
ecosystem services. The spatio-temporal changes highlight the rate of degradation
or loss of forests in last two decades. The tropic pathways of mangrove ecosystem
exhibit how leaf litter enriches the productivity of the Sundarbans forests. In this
perspective, the present article suggests that the joint efforts are required from both
India and Bangladesh to protect and preserve such incredible natural resources.
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4.1 Introduction

There are no borders here to divide fresh water from salt, river from sea. The tides reach as
far as three hundred kilometres inland and every day thousands of acres of forest disappear
underwater only to re-emerge hours later. (‘The Hungry Tide’ — by Amitav Ghosh (2004))

Sundarbans—the euphony has its genesis. The name is derived from the Bengali
vernacular ‘Sundari’/‘Sundri’ of a tree species, Heritiera fomes Buch Ham., a
dominant constituent of the Sundarbans mangrove forest (Prain 2003). Literally,
‘Sundari’ means beautiful. Folklore holds that the Sundarbans was initially coined as
‘Samudraban’. The Bengali words, ‘Samudra’ and ‘Ban’ mean sea and forest,
respectively, which indicate forest within the sea. Later, Samudraban is believed to
have been modified as ‘Sundarbans’ in the course of time. In the East India
Gazetteer, Walter Hamilton called it ‘Sunderbunds’ meaning the ‘Forest of the
‘Soondry’, now spelled ‘Sundri’ meaning beautiful (Aziz and Paul 2015). Folk
literatures also suggest that ‘Sundarbans’ was derived from two words such as
beautiful forest which means ‘Sundar’ and ‘Ban’ respectively (Naskar 2004);
because this inter-tidal forest along with a long stretch of water bodies is of a
spellbound beauty. People nurture the idea that the Sundarbans means mangroves
forest. UNESCO declared the Indian Sundarbans a ‘World Heritage’ site in 1987 and
the adjacent Bangladesh Sundarbans in 1997.

4.2 Etymology of Mangroves

The etymology of the English word ‘mangrove’ has been variously defined. The
Oxford dictionary mentions the word ‘mangrove’ as tropical trees growing in mud or
at the edge of rivers, which have roots rising above ground. The term ‘mangrove’,
considered to be the individual plant or tidal forest, refers to both ‘Mangrove plants’
and ‘Mangrove ecosystem’ (MacNae 1968). Chapman (1976) used the term ‘man-
grove’ for intertidal plants, and he termed the plant communities as intertidal forests,
mangrove ecosystems or ‘mangal’. The term ‘mangal’ was also commonly used in
French and in Portuguese to refer to both forest communities and to individual
plants. The Americans, the Spanish, and the Portuguese used the term ‘Mangle’ and
‘Mangue’ indicating trees and shrubs of the genus Rhizophora (Mepham and
Mepham 1984). Mangroves constitute intertidal plant communities growing in the
sheltered tropical and subtropical coastlines (Davis 1940; Aubreville 1964; MacNae
1968; Blasco 1975; Clough 1982; Saenger et al. 1983; Tomlinson 1986; Naskar and
Guha Bakshi 1987; Naskar and Mandal 1999; Mandal and Naskar 2008). They have
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been variously described as ‘coastal woodlands’, ‘mangals’, ‘tidal forests’ or ‘man-
grove forests’ (Saenger 2002). However, tidal limits vary in the different mangroves
habitats.

4.3 Genesis and Origin of the ‘Sundarbans’ Delta

Formation of the Bengal basin wherein the present-day Sundarbans mangrove forest
exists was initiated as early as 126 million years before present (BP) with the start of
Alpine Himalayan Orogeny (McDowell 1995). Considered as a primitive ‘Proto-
delta’, initial landmass building continued up to 49.5 million years BP. The proto-
delta experienced a strong regression of the sea and the coastline shifted southwards
attaining almost the present-day configuration. Consequently, an incomplete ‘Tran-
sitional-delta’ was formed during 49.5-10.5 million years BP. Later, the transition
delta reached the present shape of ‘Modern-delta’ some 10.5—4.5 million years BP
through rapid deposition (Sanyal 1999).

Active sedimentation began on the fan, and rates continued to increase over the
next several thousand years to ca. 15,000 year BP (Weber et al. 1997). A growing
stratigraphic and geochronologic data base from the Bengal basin through 50 bore-
holes and 71 radiocarbon dates helped explain the depth and timing of late Quater-
nary Ganges-Brahmaputra fluviodeltaic deposits (Japan International Cooperation
Agency 1976; Banerjee and Sen 1987; Master Plan Organization 1987; Umitsu
1993; Hait et al. 1996; Goodbred and Kuehl 2000). Development of the Ganges-
Brahmaputra delta began ca. 11,000 year BP. During early delta formation from
ca. 11,000-7000 year BP, river sediment flux was sufficient to counter the rapid
sea-level rise, thereby trapping most of the river’s discharge on the inner margin
(Goodbred and Kuehl 2000). The sediment flux led to 50 m vertical aggradations and
thus flooded the Bengal basin (Goodbred and Kuehl 2000). By the middle Holocene,
decelerating sea level rise facilitated subaerial delta progradation and development
of a subaqueous delta on the shelf (Kuehl et al. 1997). From ca. 7000 year BP sea
level rose very slowly and was virtually stable by 2000 ~ 3000 year BP (Pirazzoli
1996). The present age of Sundarbans mangroves can be dated as 3000 year
BP. During sixteenth to eighteenth Century the Bengal basin tilted eastward along
a ‘Hinge zone’ starting from Sagar to Malda and curving towards north of Dhaka,
resulting in a raise of the western part of the delta and dissociating ancient branches
of the Ganges from the present Indian Sundarbans (Sanyal 1983, 1999). This
alteration caused reduced freshwater flow which resulted in increasing salinity
(Chaudhuri and Choudhury 1994).

Importantly, the Ganges-Brahmaputra-Meghna (GBM) river systems carry the
world’s largest sediment load to the oceans (Coleman 1969; Milliman and Meade
1983; Milliman et al. 1995). Morgan and Mclntire (1959) mentioned that the Bengal
Basin tilted towards the eastern side due to Neotectonics movements between the
twelfth and fifteenth century AD. During the sixteenth century, the Ganges shifted its
course eastwards and joined the Brahmaputra (Deb 1956; Blasco 1975; Snedaker
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1991) and the combined river system (Ganges and Brahmaputra) tilted further
eastwards to merge into the river Meghna during the mid-eighteenth century (Wil-
liams 1919; Snedaker 1991). The tectonic activity that continued shifting eastwards
had great impact on the hydrology of the Sundarbans delta due to deposition of a
huge amount of sediment loads and changes of freshwater flows. In this natural
process, the western side (Indian part of the Sundarbans) was deprived of receiving a
substantial amount of freshwater as compared to freshwater amounts flowing in the
rivers of the Bangladesh part of the Sundarbans (Gopal and Chauhan 2006). Most of
the distributaries, which were earlier connected to the river Hooghly (lower stretch of
river Bhagirathi), are now severed due to large scale urbanization around the Kolkata
city (Mandal et al. 2009). In effect, their lower stretches are fed with strong tidal
saline water which is only diluted when rain falls during the monsoon (Cole and
Vaidyaraman 1966). Chakrabarti (1995) suggested that mangroves play the domi-
nant role as geomorphic agents in the evolution of such a tidal inundated landmass.
Nevertheless, the cumulative effect of all these factors has great influence on the
diverse form of vegetative structure of mangroves forest spread over the numerous
rivers mouth of the transboundary Sundarbans.

4.4 Geographical Identity

The trans-boundary Sundarbans lies between latitudes as 21°27'30"N and
22°30'30"N between longitudes 88°02'00”E and 89°53'13.93"E, stretching from
the Baleswar River of Bangladesh in the east to the Hooghly River of West Bengal in
the west (Fig. 4.1).The total area covers approximately 10,000 km?, of which about
two-third area falls in Bangladesh and one-third in West Bengal, India. Within
Bangladesh,the Sundarbans covers a geographical range between latitudes
21°38'10.18" and 22°29'51.65"N and longitudes 89°02'22.87"E-89°53'13.93'E
from Harinbhanga and Raimangal River in the west to Baleswar River in the east.
Within India, the Sundarbans covers a geographical range between latitudes
21°27'30"”N and 22°30/'30"”N and longitudes 88°02’'00”E and 89°51’ E from Hoo-
ghly river in the west to Harinbhanga and Raimangal Rivers in the east.

4.5 Physical Environment

4.5.1 Terrain Characteristics

The alluvium carried down from the Himalayas and the Chhotanagpur uplands built
the lower Ganges delta, where the Sundarbans mangrove forests are located. Previ-
ously it represented a sag or depression, which was ultimately filled in by thick layers
of sediments of late Pleistocene origin (Wadia 1973). Deposition and distribution of
the sediments were further aided by the tidal currents from the sea. So, the terrain



4 Current Status of Mangrove Forests in the Trans-boundary Sundarbans

99

[N\ s P X -

5 ; ') .

.

]
wyee BAY OF B ENGA L uge

i

Fig. 4.1 Map of the trans-boundary Sundarbans



100 R. N. Mandal et al.

condition of the Sundarbans has been influenced by strong tidal regimes that cause
transformation of entire land masses into a series of low elevated isolated deltas.
Based on Thom’s (1982) classification of coastal habitats, the Sundarbans can be
considered as ‘Deltaic mangroves habitat’ (Mandal and Naskar 2008) characterized
by a high tidal amplitude ranging between 5 and 8 m. The morphological nature of
the entire Sundarbans is more or less uniform with an average elevation of 5-8 m
from the mean sea level (Deb 1956). Based on tidal amplitude, velocity of water,
productivity of the soil and position of the estuaries, the lower Ganges delta can be
divided into three zones. These are: the seaward outer estuarine zone, the landward
inner estuarine zone, and the middle estuarine zone—the last-mentioned falls between
the first two regions. Based on surface configuration, the Sundarbans may be divided
into three major physiographic regions. These include the tidal flood plain of
Hooghly-Matla-Hariabhanga complex (3-5 m above msl); the Sundarbans man-
grove swamps (1-3 m above msl), and the estuarine and tidal river mouths (<1 m
above msl) (Das and Bandyopadhyay 2012).

The hydrological regime, including tidal fluctuation, range, salinity variation,
tidal ingression, inundation frequency, depth and duration has substantial influences
on the process of sedimentation (both accretion and elevation of land). The process
of accretion and erosion within the Sundarbans is highly complex due to the large
number of interconnecting waterways. Sediments of both river and tidal waters are
distributed on the forest floors, although net erosion occurs along the sea face that
facilitates new islands (locally called chars) emerging in places. Eventually, the
cumulative effect of all the factors governs the vegetation development and its
temporal changes in the Sundarbans mangroves forest. Thus, topography of the
Sundarbans has a complex drainage pattern made up of inter-connected rivers, cross
channels and estuaries, and is affected by heavy seasonal rainfall, inflow of fresh
water and sediments (IUCN 2014).

4.5.2 Climatic Characteristics
4.5.2.1 Seasons

The Sundarbans is subject to four distinct seasons (summer, monsoon, winter, and
spring) that changes sequentially, although six seasons (additionally, autumn and
late autumn) are climatic features of both Bangladesh and West Bengal. The
monsoon months from June to August cause heavy rains due to the influences of
South-West trade winds, with 75% of the annual precipitation occurring during this
period (JOEC 2002). During monsoon months, the temperature varies from 23 to
35 °C. The monsoon winds bring high rainfall and humidity characterized by
sultriness due to cloud cover. Transportation of sediment load increases in all the
rivers due to high water levels from heavy rainfall and the release of huge amounts of
water from the upper catchment areas. The dry season starts from November and
continues to February during which temperature varies between 18 and 25 °C.
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Winter months are followed by a short span of spring that covers 2 months such as
March and April. Summer months cover usually May and June during which
temperature reaches up to 42 °C, which are also known as pre-monsoon months.
The season is characterized by southerly winds, high temperatures, occasional
thunderstorms, cyclones and strong tidal surges and maximum evaporation from
water surface. Salinity of river water reaches maximum during this season.

4.5.2.2 Rainfall

Monsoon rains commence in early June and last for about 4 months at a stretch and
ultimately declining by the end of September, sometimes accompanied with the
post-monsoon storms known as Ashwiner Jhar. The average annual rainfall in
slightly higher in the Sundarbans region of Bangladesh compared to the Indian
part of Sundarbans. The annual rainfall ranges between 1500 and 2000 mm, with the
monthly average rainfall varies from 16 mm in December to 344 mm in July. It is
mono-modal with 83% falling between May and September. Erratic and scattered
showers occur between November and March. A considerable year-to-year variation
from this pattern is observed and in some abnormal years, it could be as low as
1240 mm (at Gosaba in 1972) or as high as 2720 mm (at Sagar in 1973). Throughout
the year, the relative humidity remains over 70%. The mean annual relative humidity
varies from 70% at Satkhira to 80% in Patuakhali (Banglapedia 2006).

4.5.2.3 Temperature

As the Sundarbans lies close to coasts, extreme climatic conditions are not seen in
the area. For about 6 months of the year, the typical monsoon conditions prevail with
high humidity and moderately warm day and night. Winter is cool but not very cold.
In a year, the range of average monthly maximum temperature varies from 34.6 °C
(April) to 27.6 °C (November) and the range of average monthly minimum temper-
ature varies from 24.1 °C (May—June) to 11.3°C (December).

4.5.2.4 Cyclonic Storms

In a typical year, showers in the Sundarbans are heralded by Nor’westers, com-
mencing from April. The Nor’westers, locally known as Kalbaishaki, is a short-lived
phenomenon with strong winds, rain and thunder accompanied by a sudden fall in
temperature. This is almost a regular phenomenon in the pre- monsoon season. On
the other hand, the Sundarbans, being situated in a tropical coastal area, is also
vulnerable to severe tropical cyclones and depressions. Tropical cyclones accompa-
nied by storm surges are very common in the Sundarbans areas. The Sundarbans
witnessed several monsoon and post-monsoon cyclones which crossed through the
areas. During the last 10 years, the cyclone Sidr and Aila were the most devastating
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among others. Sidr, which hit on the night of 15th November 2007 mainly in the
Bangladesh part of Sundarbans, claimed the lives of 3406 people, apart from
damaging huge amounts of resources. The velocity of the wind ranged from
220 to 240 km per hour. The similar intensity of cyclone, known as Aila, which
hit on 25th May 2009 mainly in the West Bengal part of Sundarbans, also caused
almost similar damage and brought sufferings to a substantial number of coastal
people. The effect of these cyclones caused massive damage to the Sundarbans in
terms of mangrove biodiversity loss and physical infrastructure required for man-
groves management.

4.5.3 Soil Characteristics

The soils of the Sundarbans were derived allochthones from deltaic floodplain
alluviums and autochthonously from tidal marsh materials consisting mainly of
organic matter (i.e., peat deposits). To a lesser extent, deposition of carbonates
from shell fragments of marine-estuarine organisms is also found (Naskar and
Guha Baksi 1987). In general, the soils of Sundarbans are deep and poorly drained.
The top horizon tends to be clayey, overlain by thin layers of fresh silt, delivered
annually by monsoon floods. Below it, alternating horizons of clay and sand are
generally present (Chaudhuri 1965). Most of the land derived from alluvial deposits
has little or no profile development (Chaudhuri and Choudhury 1994; Sarkar et al.
1999). Clay loam is the predominant soil type in the Sundarbans, though silty and
sandy loams also occur in many areas. Soil is grey in colour, finely textured and the
subsoil is stratified, compacted at greater depth. The tidal influence is very much
predominant on the development of soil texture. Regular tides deposit sand and clay
to make the land elevated to form a large-scale ‘chars’ (new silted area) that initially
remain denuded and later become flat areas covered with grass. Finer silts are
washed out into the Bay of Bengal, but mudfiats are formed on the leeward side of
the dunes where they are protected from wave action (Gopal and Chauhan 2006).The
process of delta building continues with newly silted land after its consolidation;
again another ‘char’ emerges as if it raises its head after its dip from the estuary,
when other lands here and there may disappear quickly due to erosion (Seidensticker
and Hai 1983).

The soil pH averages 8.0 (Christensen 1984). The coastal soils are usually
classified as saline, non-saline and alkali soils. Pure sands, which form sand
dunes, occur mainly along the coast and are prevalent in the western part of
Sundarbans. There is a distinct variation in soil profile. In the Indian part, the parent
deposits are either rich in calcium or magnesium, or these consist of half
decomposed organic matter. Alluvial soils along the coast show a white efflores-
cence of sodium chloride, as they are covered with salts crusts carried over by tidal
estuaries. In Bangladesh Sundarbans, the western part has been with hard soil mass
because of deposition of scanty amount of fresh sediments, whereas the eastern part
of the soil has been soft and fertile down to 15 cm layer due to an ample supply of
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fresh sediments (Siddigi 2001). Sodium content of soils ranges from 5.0 to 30 meq
per 100 g, with gradually lower value recorded in the eastern part. Magnesium varies
from 4.0 to 10.0 meq per 100 g. Chloride is a dominant anion varying from 5.0 to
23.0 meq/100 g. Potassium varies from 0.3 to 1.0 meq per 100 g. Organic carbon and
nitrogen are 0.62 and 0.05%, respectively. Organic matter ranges between 4% and
10% (Siddiqgi 2001).

4.54  Salinity

Salinity in the Sundarbans varies greatly with seasonal influence. It is highly
dependent on the salinities at the coast and the volumes of freshwater flowing
from upstream. Salinity gradually decreases from south to north, higher nearer the
coast and lower towards the inland side. On the other hand, salinity gradually
decreases from west to east, higher recorded from the Indian part of Sundarbans
and lower towards the Bangladesh part, a general scenario from polyhaline (>4 dSm™")
to oligohaline (<2 dSm ™" salinity) (Fig. 4.2). The main river Hooghly and its distrib-
utaries and tributaries which run over the India part of Sundarbans are severed
completely due to urbanization in and around Kolkata city, caused by tremendous
anthropogenic pressure. The reduced freshwater flow in the western parts of the
Sundarbans have caused increased salinity of the river waters and has made the rivers
shallower over the years. Water salinity in the western part of Sundarbans is diluted
only when heavy rainwater is mixed with tidal water during monsoon months (Mandal
et al. 2009). Consequently, over the last few decades, all rivers in the western part of
Sundarbans have been silted up. In the process, during ebb tides the receding water
level causes scouring of top soil and creates an innumerable number of small creeks,
which normally originate from the centre of the islands. The ebb tide eroding action is
stronger in some islands than others within the Sundarbans (Gopal and Chauhan 2006),
resulting in formation of degraded land. With time, deposition of sediments due to
strong tidal current from sea and river flow in the opposite direction forms muddy
substrata which are characterized with denuded flat land covered with salt crust,
unfavourable for vegetation.

On the other hand, freshwater flows are much higher from the Brahmaputra and
Meghna rivers on the Bangladesh side, particularly in the Baleshwar river in the
eastern side of the Sundarbans (Seidensticker and Hai 1983; Ahmed et al. 2011). The
substantial flow of freshwater from upstream restricts the ingression of saline water
to the forested land. Therefore, the forests near the coast remain moderately saline. In
addition, Bangladesh part receives extra benefit by flooding for nearly 4 months
every year that reduces the salinity level to a great extent. The freshwater that flows
from the rivers and the tidal ingress in the forest result in a varied gradient of salinity
with both spatial and temporal pattern. The reduced freshwater flows in the western
parts of the Sundarbans have resulted in an increased salinity of the river waters and
have made the rivers shallow over the years. Usually, the salinity is higher nearer to
the coast, while it is lower in the inland side of the forest. Similarly, the salinity
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Fig. 4.2 Scenario of salinity changes in the trans-boundary Sundarbans
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decreases from west to east, and part of the Sundarbans is oligohaline (<2 dSm™")
distinct in eastern side. There are also greatly seasonal variations of salinity, lower
salinity recorded during rainy months due to rain water that dilute salinity down to
much lower levels. Comparatively, higher salinity has been recorded in the winter
months due to ingression of tidal water due to strong tidal water caused by sea
waves. Effects of Farakka Barrage on salinity changes of Bangladesh part are
conspicuous. Salinity has increased in the Bangladesh part of Sundarbans after
construction of Farakka Barrage due to diversion of freshwater flow (Khan 1983).

4.6 Mangrove Vegetation

Mangroves are restricted in their distribution generally to the areas where mean air
temperatures of the coldest month are higher than 20 °C and where the seasonal
range does not exceed 10 °C (Walsh 1974, Chapman 1977). Considering their
distribution in relation to specific condition of climatic factors, air temperature in
particular, mangroves habitats are classified into four groups: (i) Warm humid areas,
(i1)) Sub-humid areas, (iii) Semi-arid areas, and (iv) Arid areas (Blasco 1984).
However, mangrove vegetation is found luxuriant in the areas when the following
environmental features become predominant controlling factors, which include
annual rainfall ranging between 1500 and 2500 mm, riverine input of freshwater
discharge is substantial and moderate temperature ranging between 20 and 35 °C. On
the contrary, aridity in the mangrove habitats restrict mangrove growth, resulting in
stunted growth and sparse vegetation of the mangrove trees. Aridity refers to the
values of ratio P/Etp, where P is the mean annual rainfall and Etp is the mean annual
potential evapotranspiration (Blasco1984).

4.6.1 Structure of Mangrove Vegetation

The features of geomorphology, hydrology, and climatic factors that together consti-
tute the ‘macro environment’ are distinct in the Sundarbans as compared to other
mangrove habitats in the Indian subcontinent. Key ecological factors that strongly
influence the biology of mangroves in the Sundarbans include freshwater carrying
major rivers, strong tidal amplitude exceeding >6 m height, strong cyclonic storm with
frequency within 1-4 years, moderate precipitation ranging from 1500 to 2000 mm,
and high demographic pressure (>800 population km?), with the value of P/Efp
being>0.75. The entire Sundarbans is intersected into a network of deltas covered with
dense mangroves (Blasco and Aizpuru 2002). Based on the height and density of
vegetation, they classified mangroves into 12 types in the world perspective. The
world’s most extensive mangroves forest in a single block exists in the Sundarbans,
spread over about 2000 km? in the Indian territory and about 3700 km? in Bangladesh
(Blasco and Aizpuru 2002). Practically, all mangrove types are found in the
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Table 4.1 Mangroves vegetation type and dominant species in the trans-boundary Sundarbans

Sl Type of distinct mangroves Dominant species in Sundarbans
No. vegetation Bangladesh India
1 Tall dense forests Heritiera fomes Avicennia officinalis
2 Low dense forest Ceriops spp. Ceriops spp.
3 Low dense forest at edge of Nypa fruticans -
mangroves
Open mangroves thickets - Phoenix paludosa
5 Scattered mangroves under shrubs | — Suaeda sp.
6 Abundant throughout area coverage | Excoecaria Excoecaria agallocha
agallocha
7 Vegetation at newly formed land Sonneratia apetala | Avicennia alba and
A. marina

Sundarbans (Table 4.1), though their types are distinct in different parts due to salinity
differences. Heritiera fomes, which prefers growing in freshwater dominated areas and
of which seed germination is quite optimal in less saline condition (<2 dSm™ ')
(Mandal et al. 2009), is common in the eastern part of the Bangladesh (Blasco and
Aizpuru 2002). On the other hand, the western part of Sundarbans characterized by
high salinity is covered with Avicennia spp. which are able to grow in highly saline
conditions. However, the assemblage of species varies from place to place, with
Excoecaria agallocha (gewa) abundant everywhere. Another species Ceriops
decandra (Griff.) Ding Hou which is also common in the Sundarbans forms ‘low
dense forests’. Nypa fruticans, a freshwater loving mangrove palm which forms
narrow fringes at the edge of the mangroves close to the principal water course, is
dominant in Bangladesh. Sonneratia apetala, which prefers growing in low saline
condition, is dominant as pioneer species in newly silted up coastal deposits in the
Indian part, adjacent to Bangladesh, whereas a different scenario exists in the western
part of Indian Sundarbans in which Avicennia spp. is dominant as a pioneer species
growing in newly silted up beds characterized by high salinity.

4.6.2 Vegetation Dynamics

The general process of habitat progression from instability through various sequen-
tial intermediate states to one of stability has long been recognised (Clements 1928).
This maturation process, often termed succession, is accompanied by the successive
occupation of a site by different plant associations reflecting pioneer, intermediate
and mature stages in relation to the prevailing conditions. In mangroves, the suc-
cession of plant associations is brought about by sediment changes with time,
predominantly sediment elevation and interstitial soil salinity, as a consequence of
which zonation has often been interpreted as the expression of plant succession.
The generalised successional sequences noted from the Sundarbans are as follows
(for more detail see Sect. 4.6.5): Grasses, such as Leersia and Porteresia, or
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succulents, such as Sesuvium, may initially colonise newly-deposited silty or sandy
sediments, respectively, and stabilise these surfaces, which is usually followed by
the pioneering mangroves such as Aegiceras corniculatum, Avicennia alba,
A. officinalis and Sonneratia apetala in monospecific stands or as multi-specific
associations. On riverbanks, the mangrove palm Nypa fruticans commonly forms a
narrow monospecific mangrove belt. With further elevation of the partially stabilised
sediment surface, the hydroperiod will change and interstitial salinities are generally
reduced, allowing additional mangrove species associations to develop. This may
include monospecific stands or, more usually, multi-specific associations of
Bruguiera spp., Ceriops decandra and Excoecaria agallocha. With further
elevational change and further reductions in soil salinities, additional species may
be found, often considered to be characteristic species of stable habitats, such as
Heritiera fomes, Rhizophora mucronata and, Xylocarpus granatum.

While some sequences of this scheme can be recognised in the Sundarbans
mangroves, the patterning of species is more complex and more obscure (Ellison
et al. 2000). Monospecific stands of some mangrove species do occur in the
Sundarbans, but mixed species stands are much more widespread. As Karim
(1994b) has warned: ‘there are many local variations in the succession and it must
not be assumed that all mangrove swamps pass through a typical sequence of
succession or that all types are necessarily present, even in extensive forests’.

Any of these common patterns or sequences, however, can be disrupted by
natural or man-made events such as floods and droughts, storms and tsunamis,
pollution or exploitative activities. The effects of these disruptive events depend to
a large extent on when they occur (which season), as natural regeneration will
depend on what propagules and of which species are available at any particular
time. In this sense, the disruptive events will add a large random component in terms
of what any natural dynamic sequence might be. More significantly, disruptive
events characteristically affect ecological turnover rates, which might involve
(a) altered rates of leaf shedding or new leaf formation, possibly leading to reduced
leaf longevity or increased deciduousness; (b) altered rates of litter turnover;
(c) increased rates of tree mortality, leading to die-back; and (d) changed recruitment
rates, generally resulting in reduced natural recruitment.

Through a review of four forest inventories of the Sundarbans mangroves of
Bangladesh between 1926 and 1997 (Iftekhar and Saenger 2008), the following
trends have been identified over that period:

* The diversity of forest types has been gradually reduced over time, but Heritiera
fomes and Excoecaria agallocha associations have maintained their dominance
over large portions of the Sundarbans, particularly in the north-eastern area.

* The coverage of forests dominated by Heritiera fomes, the most important species
of the Sundarbans, has declined at a rate of —0.27% per year over 1926 to 1997,
but has declined at —0.43% per year ™ in the recent period 1981 to 1997.

* The coverage of forests dominated by Excoecaria agallocha, the second most
important species of the Sundarbans, has declined at a rate of —0.23% per year but
has increased at 0.6% per year during 1981 to 1997.



108 R. N. Mandal et al.

* The coverage of forests dominated by Avicennia spp., Xylocarpus moluccensis,
Bruguiera gymnorhiza, Ceriops decandra and Sonneratia apetala, has increased
at a rate of 0.06% per year during 1926 to 1997, and has increased at 0.10% per
year more recently.

* QOverall, the mangrove forests have maintained a relatively constant tree density
over time, but the number of large trees with >15 cm dbh has declined at a rate of
—0.27% per year over 1926 to 1997, largely due to ongoing exploitation. The
number of trees with >30 cm dbh is low.

* Natural regeneration rates have been maintained over time, but the density of trees
with large diameters is decreasing, which is probably attributable to changes in
hydroedaphic conditions, particularly in relation to soil salinities, and timber
exploitation over approximately 120 years.

* Disease-related mortality, particularly of Heritiera fomes was observed as early as
the 1930s. At present, the volume of Top Dying disease-affected trees is around
215,000 m’.

Many of the trends identified above have been further enhanced by the recent
estimation of ecosystem carbon stock in the Sundarbans of Bangladesh (Rahman
et al. 2015a). The amount of carbon stored varied significantly among the diversity
of forest types and also within the different salinity zones. Forests dominated by
Heritiera fomes stored more ecosystem carbon than other vegetation types and the
freshwater (oligohaline) zone showed the highest ecosystem carbon stock followed
by moderate to strong salinity zones. As soil salinity was found to enhance below-
ground carbon stock, the strong saline zone was found to contain the highest
sediment carbon stock. The data also showed that the sediment carbon stock was
significant in both tall or short mangroves and that the plant attributes (mean tree
height and basal area) of the dominant mangrove species in each forest type could be
used as key indicators of ecosystem carbon stock.

While the ecosystem carbon stock from the Sundarbans of Bangladesh ranged
from 160-360 Mg Cha! (Rahman et al. 2015a), a similar study based on the Indian
Sundarbans (Donato et al. 2011) found a virtually identical range of 170-336 Mg
Cha™', suggesting that increasing soil salinities, that might have reduced above-
ground carbon stock in recent decades, has enhanced the below-ground carbon stock
by an equivalent amount. The ecosystem carbon stock of the Sundarbans mangroves
is low compared with estimates from other parts of the world, and the long-term
ongoing exploitation of above-ground carbon stock (timber) seems the most prob-
able explanation.

4.6.3 Mangrove Diversity

Considering the amount of floral diversity recorded in and around the Sundarbans by
different workers, it is difficult to reach a consensus on what should be the total
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number of mangroves in the trans-boundary Sundarbans. We prefer the terminology
‘Intertidal vegetation’ for accommodation of more numbers of flora growing in the
Sundarbans than mere mangroves, considered strictly a group of flora. Thus here, we
follow classification of mangroves of the Indian habitats (Mandal and Naskar 2008)
that categorized the intertidal flora into three groups such as (i) Major mangroves,
(i) Mangroves associates and (iii) Back ‘mangals’, based on exclusively morpho-
anatomical features. The study considered both morphological and anatomical
features of intertidal flora of such classification purposes. The flora exhibiting greater
degree of modifications of organs essential to any survival strategy in intertidal
habitats are considered to be major mangroves and those with less modified organs
considered to be mangroves associates. Back ‘mangals’ do not exhibit any modifi-
cation of organs, but are mere communities growing in the peripheral boundary of
intertidal zones. Though the study of morpho-anatomical features was restricted only
in the Indian mangroves, particularly in the Indian Sundarbans, such evaluation
seems to be effective to be applied across vegetation in the trans-boundary
Sundarbans.

We initially put the entire intertidal vegetation growing in the trans-boundary
Sundarbans into two groups based on life form, which are ‘Canopy vegetation’
comprising mainly shrubs and trees and ‘Under-canopy’ vegetation comprising
herbs, grass, creepers and hedges. A total of 45 species falls into canopy vegetation
category distributed in 32 genera and 21 families; of which 26 species belong to
major mangroves, 6 species to mangrove associates and 13 species to back
‘mangals’ (Table 4.2a). In under-canopy vegetation, a total of 21 species are
considered, which are distributed in 20 genera and 14 families (Table 4.2b).

In mangroves diversity, a few species which are mentioned by different workers
based on earlier records are not listed here because their existence is ambiguous. For
instance, Sonneratia alba, which is commonly found in Goa, along with other few
habitats of west coast of India, is not recorded in the trans-boundary Sundarbans
since the beginning of floral enumeration of mangroves, dating back to 1903 (Prain
2003). An important true mangrove such as Scyphiphora hydrophyllacea which has
been first reported from the Indian part of Sundarbans (Mandal et al. 1995) is not
reported from the Bangladesh Sundarbans (Rahman et al. 2015b). Flagelleria indica
is recorded from Bangladesh Sundarbans but is not found from the Indian part of
Sundarbans during many times of survey (Naskar and Mandal 1999; Mandal and
Naskar 2008). Only Heritiera fomes grows in the Sundarbans for which the name
‘Sundarbans’ is believed to have originated, but another species of genus Heritieria
fomes, H. littorea has recently been recorded (Encyclopaedia of Flora and Fauna of
Bangladesh 2007). Possibly, this is misidentification as Rahman et al. (2015b) did
not mention H. littorea in their recent taxonomic enumeration of plant diversity
recorded from the Bangladesh Sundarbans. In the trans-boundary Sundarbans,
diversity of mangroves is the same in India and Bangladesh, but their distribution
is conspicuously variable across the boundary primarily because of differing salinity
regimes.
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Table 4.3 Mangroves species association in the trans-boundary Sundarbans

Sundarbans

Species association Bangladesh West Bengal, India
1. Heritiera fomes Dominant Rare population
2. Excoecaria agallocha Dominant Mixed vegetation
3. Ceriops decandra Dominant Mixed vegetation
4. Sonneratia apetala Dominant Dominant

5. H. Fomes + E. Agallocha Dominant Not conspicuous
6. E. Agallocha + H. Fomes Dominant Not conspicuous
7. E. agallocha + C. decandra Dominant Conspicuous

8. C. Decandra + E. Agallocha Dominant Conspicuous

9. Avicennia spp. Not conspicuous Dominant

10. Phoenix paludosa Not conspicuous Dominant

11. Porteresia coarctata Not conspicuous Dominant

12. Mixed species Common Dominant

4.6.4 Species Association

‘Species association’ usually refers to how many species grow together in a given
area that is determined by respective species dominance among the referred vegeta-
tion. Single species association usually indicates as having 80-100% density of
population of particular species in a given area; presence of other species, if any,
seems to be irrelevant. When the concept of mixed species association arises, it refers
to the association of more than two species with almost equal share of the population
in the particular vegetation. We consider 12 types of mangroves association are
prevalent in the trans-boundary Sundarbans (Table 4.3) based on different studies
with times (Karim 1994b; Naskar and Mandal 1999; Blasco and Aizpuru 2002;
Mandal and Naskar 2008; Aziz and Paul 2015). However, a total of eight mangroves
association are distinct in the Bangladesh part, including four single species’ dom-
inance. S. apetala is common in the trans-boundary Sundarbans, but more dominant
in eastern side because of much flow of freshwater. Other species which are
prevalent on the eastern side are also present on the western side of trans-boundary
as a part of mixed vegetation. On the other hand, Avicennia spp., Phoenix paludosa
and Porteresia coarctata exhibit respective dominance in the Indian part of
Sundarbans. When salinity is considered to be the most influential factor to control
such distribution of species in distinct zonation a visible pattern of species associ-
ation is demarcated from west to east in the trans-boundary with the following trend:
Avicennia spp. — Avicennia marina + Sonneratia apetala — Ceriops
decandra + Excoecaria agallocha — E. agallocha + Heritiera fomes (Karim
1994b; Siddiqi 1994; Naskar and Mandal 1999; Aziz and Paul 2015).
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Trans-boundary Sundarbans

| Landward zone | | West Bengal, India Bangladesh
T 1T 1T
| Stable land Heritiera fomes Heritiera fomes C.decandra +
table lan Phoenix paludosa Phoenix paludosa + + E. agallocha
| + + Excoecaria Aglaia cuculata +
Excoecaria Excoecaria agallocha + Aglaia cuculata
agallocha agallocha Cynometra ramiflora +
Cynometra ramiflora
T T f T B
Ceriops C.decandra Ceriops decandra C.decandra+ §
Consolidated j decandra + + E. agallocha C.decandra +
land ) + Xylocarpus spp. Heritiera fomes + E. agallocha
Bruguiera spp. + + Heritiera fomes o
* Rhizophora spp. Excoecaria agallocha + Heritiera fomes
Rhizophora spp. Ly Avicenniaofficinalis . . *
. LY Avicennia spp.
L A. marina+
. . S. apetala
Avicennia alba + A. alba + + Nypa Nypa
Mudflat land A. marina Sonneratia apetala A. marina fruticans S. apetala Sfruticans S. apetala
L)
| Porteresia coarctata ” Porteresia coarctata | | Porteresia coarctata | | Phragmites karka | | Typha elephantina ‘
Seaward zone Polyhaline zone Polyhaline zone Polyhaline zone Mesohaline zone Oligohaline zone
y 'y Y 2

Fig. 4.3 Succession of mangroves from seaward to landward direction in the trans-boundary
Sundarbans

4.6.5 Species Succession with Salinity and Consolidation

The term ‘succession’ refers to the change in a pool of individual plants growing as
single stand or as communities forming complex structure on a land surface in a
given time. There are succession sequences in mangroves vegetation which may be
classified, based on geomorphic, structural and functional features of mangrove
environment (Karim 1994a). Species occur in various proportions and combinations.
All the mangroves successions are of some value in respect of particular zonation in
a finer scale, because most the vegetation shows features of heterogeneity (Karim
1994b). However, all these succession sequences are not considered at a broader
scale in a landscape scenario of Sundarbans. Here only the very distinctive succes-
sion primarily on the basis of salinity and consolidation in the trans-boundary
Sundarbans is discussed (Fig. 4.3). In mangroves habitats, different types of
microalgae start assembling and initiate proliferation in newly silted and loose soil
strata, followed by grass vegetation; both contribute to make the habitat rather more
consolidated mud.

In the polyhaline zone, there are three succession patterns prevalent across
political boundary from west to east direction. Porteresia coarctata, as a grass
species, first colonizes new silted up substrata, which indicates that this grass species
can tolerate high salinity, even long periods of submergence during tidal ingression.
In the western part of Sundarbans in West Bengal, with the rise of land elevation
Porteresia coarctata is replaced by pioneer tree mangroves such as Avicennia
marina and A. alba, recognized as high salt tolerant mangroves. When land becomes
consolidated, members of family Rhizophoraceae such as Rhizophora spp.,



116 R. N. Mandal et al.

Bruguiera spp. and Ceriops decandra are prominent. However, in consolidated beds
with slightly elevated land, Aegiceras corniculatum and Aegialitis rotundifolia
become more common in place of members of the Rhizophoraceae. In stable land
with high rise of land elevation, Excoecaria agallocha and Phoenix paludosa are
common among plant communities. Ceriops decandra forms scrubby thicket cov-
ering a large area, but in salt encrusted areas are covered with Suaeda maritima, a
high salt tolerating shrub forming scattered patches among the mangroves scrub
(Blasco and Aizpuru 2002).

In the far eastern of West Bengal Sundarbans, although it falls in the polyhaline
zone, salinity becomes slight lower than western part. Porteresia coarctata, as a
grass species is distinct as in western part, but is replaced by Sonneratia apetala as a
pioneer mangroves species with rise of land elevation. However, S. apetala is not as
much as distinct, rather it is seen growing with A. marina and A. alba as an
associated species in most of the area. When land is consolidated as well as elevated,
Xylocarpus spp. occur along with members of the Rhizophoraceae. Aegiceras
corniculatum and Aegialitis rotundifolia are also visible in plant communities. In
stable land with considerable land elevation, Excoecaria agallocha and Phoenix
paludosa are common among plant communities of the western part.

In the polyhaline zone of Bangladesh Sundarbans, Porteresia coarctata, as a
grass species is distinct and replaced by Sonneratia apetala with rise of land
elevation. However, S. apetala grows in association with A. marina. When land is
consolidated and elevated, Ceriops decandra, Excoecaria agallocha and Heritiera
fomes are common and visible after pioneer mangroves from seaward to landward
zonation. Members of the Rhizophoraceae, along with A. corniculatum,
A. rotundifolia and Xylocarpus are also common mangroves communities among
others. In stable land with more rise of land elevation, H. fomes is very common as
tall mangroves along with Excoecaria agallocha, which is available, but form
scattered vegetation.

In the mesohaline zone, Phragmites karka as a grass species appears in mudflat
land, which is associated with P. coarctata in some areas. This association of grass
species may be indicative of salinity transition in which lower salinity facilitates
P. karka while higher salinity enhances P. coarctata. Variation of salinity may be
one of the reasons to favour the growth of particular species, although the ecology is
not clearly understood. In consolidated land with elevation, Ceriops decandra,
Excoecaria agallocha and Heritiera fomes are common and visible, which are
seen in association with Aegiceras corniculatum, Aegialitis rotundifolia, Lumnitzera
racemosa and members of the Rhizophoraceae. In stable land with more rise of land
elevation, H. fomes is very common along with Excoecaria agallocha.

In the oligohaline zone, Phragmites karka and Typha spp. grow as pioneer
species in mudflat land, which indicates that salinity is much lower than that of
other zones. When land becomes consolidated, S. apetala grows as pioneer man-
grove, which is replaced by A. officinalis, and usually prefers growing at a lower
salinity as compared to other two members of genus Avicennia. In consolidated land
with elevation, like mesohaline zone Ceriops decandra, Excoecaria agallocha and
Heritiera fomes are common and visible, which are commonly in association with
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Aegiceras corniculatum, Aegialitis rotundifolia and Lumnitzera racemosa. In stable
land with greater land elevation, H. fomes is very common along with Excoecaria
agallocha and Aglaia cucullata, considered to be a mangroves associate.

In both mesohaline and oligohaline zones, mudflat areas are occupied by man-
grove palm, Nypa fruticans. The river banks or freshwater flowing channels are ideal
habitat for Nypa vegetation which is considered to be freshwater loving mangrove
palm. When freshwater flow is progressively reduced, Nypa vegetation gradually
disappears and mangroves grasses occupy such place as salinity increases.

4.6.6 Adaptation

The term ‘Adaptation’ refers to the modification of organs or of whole organism to
cope with existing environmental conditions. Both the morphological and anatom-
ical modifications are found in the leaf, stem, root (vegetative organs) and repro-
ductive organs of mangrove species. Mangroves have a wide range of modifications
essential to sustain them in estuarine habitats characterized with a wide range of
salinity, considered to be single determining factor of the mangroves environment.
Therefore, intake of salt and maintenance of water balance is the most important
physiological phenomenon mangroves adapt to survive in a coastal environment
(Saenger 2002). Excess salt needs to be removed from mangroves otherwise it
appears to be toxic in plant tissues. Therefore, mangroves require essentially to
cope with high salinity through removal of such excess salt for survival (Scholander
1968; Tomlinson 1986). All mangroves show some features of salt resistance that
may broadly include ‘salt exclusion’, ‘salt extrusion’ and ‘succulence’, mechanisms.

4.6.6.1 Mangroves’ Resistance to Excess Salt

Root systems of some mangroves (Rhizophora, Ceriops, Bruguiera, Sonneratia,
Excoecaria and Aegiceras) act as potential filter to exclude about 80-95% excess
salt during water uptake through effective filtration mechanism, known as ‘salt
exclusion’ (Popp et al. 1993). The remaining 5-20% salt entering into the roots
may be considered essential for survival of mangroves (Saenger 2002). Leaves of
some mangroves (Avicennia, Aegiceras, Aegialitis, Acanthus, Rhizophora and
Clerodendrum) exhibit a variety of salt glands as adaptive features to extrude
about 2.1-33% excess salt through a mechanism known as ‘salt extrusion’, with
variable rates as recorded from 12-24 hr (Popp 1995; Weiper 1995; Field et al.
1998). In other mechanism, some mangroves (Avicennia, Aegiceras, Acanthus,
Sonneratia, Lumnitzera, Scyphiphora, Conocarpus and Rhizophora) are able to
store excess salt in their leaves. This mechanism, known as ‘succulence’, is attrib-
uted to an increase of cell length in central mesophyll layers to adjust accumulated
salt through its dilution by increasing water content per leaf area volume (Saenger
2002; Saenger and West 2016).
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4.6.6.2 Mangroves’ Response to Water Conservation Due
to Xeromorphy

Water conservation is an adaptive response of mangroves and an essential strategy to
cope with the saline environment. There are some attributes of leaves which are
related to xeromorphy of mangroves (Saenger 1982; Tomlinson 1986; Naskar and
Mandal 1999; Saenger 2002; Mandal and Naskar 2008).

* Thick walled, often multi-layered epidermis on the upper leaf surface covered
with a thick, waxy, lamellar cuticle to reduce evaporative loss.

* A well-developed hypodermis acts as water storage, salt accumulation or osmo-
regulation, mesophyll protection through heat dissipation, and nutrients
conservation.

¢ Dense layer of various shaped hairs on the lower leaf surface perform to cover salt
glands and stomata to check the loss of water through these apertures.

* Distribution of cutinized and sclerenchyma cells throughout the leaf responds to
physiological dryness of saline environment, with provision of mechanical sup-
port against wilting and against the frequent occurrence of natural calamities
including strong wind and cyclone.

¢ Dominance of palisade mesophyll provides toughness and rigidity to the leaves
and reduces damage from wilting, with provision of water conservation.

e Sunken stomata beneath the level of epidermis in several mangroves facilitate
water storage in one hand, and check the evaporative loss of water on the other.

* More vessels per unit area with distinctly smaller pores in wood, with a larger
cross-sectional area, perform transport of sap from the root to other parts of the
plants (Panshin 1932; Janssonius 1950; Vliet and Van 1979; Naskar and Mandal
1999).

4.6.6.3 Root Systems and Adaptations

Muddy substrata of estuarine habitats exhibit anaerobic conditions due to scanty soil
porosity; this condition is aggravated when water logging persists. Mangroves
habitats are devoid of sufficient oxygen essential for physiological function of
underground and related organs. Soils of mangrove habitats are known as being
‘physiologically dry’. In addition, the location of estuarine ecosystems results in
natural stressors such as sea surges, high tidal flow, strong winds flow, soil erosion,
coastal storms, etc. To overcome such disturbances, mangroves develop a survival
strategy in their root system, referred to ‘halophytic adaptation’, with a variety of
modification in roots for the provision of both physiological and mechanical support.
In the field, there are two kinds of rooting patter distinct in mangroves:
(1) underground root system and (ii) aboveground root system.

Underground root systems exhibit a horizontally spreading cable root system just
beneath the soil surface (sometimes exposed above the ground), with descending
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roots known as anchor roots at certain intervals. In addition to tap roots, compara-
tively smaller fibrous like roots known as nutritive roots develop from anchor roots.

Aboveground root systems exhibit a wide range of diversity prevalent in most
mangroves species: Pneumatophores found in some mangroves (Avicennia alba,
A. marina, A. officinalis, Sonneratia alba, S. apetala, S. caseolaris, S. griffithii,
S. ovata, Xylocarpus granatum, X. moluccensis, Heritiera fomes) arise from cable
roots and ascend upward into the air against gravitation. However, upward roots
arising against gravitation in fibrous roots, are known as Pneumatothods in Phoenix
paludosa. Knee roots (Bruguiera spp.) develop from cable roots, rising upward
above the surface and again bending downward. Stilt roots (Rhizophora and Acan-
thus ilicifolius) develop around from trunk base at a certain height above the ground,
descending with numerous branches and penetrating into ground. Buttress roots
(Xylocarpus granatum and Heritiera spp.) develop from the trunk base like stilt
roots, but are a flattened, blade like structure. Aerial roots (Avicennia, Sonneratia
and Rhizophora) develop from branches or trunks, descending towards ground, but
not penetrating the substrata.

4.6.6.4 Reproductive Organs and Adaptation

Mangroves exhibit sexual reproduction. Fruits are the exclusively reproductive
organs bearing seeds which germinate into new propagules. Initially, development
of seed germination in mangroves is highly sensitive to high salinity and the
propagule may become withered, until the substrata become suitable. To avoid
such high salinity, seeds germinate without any dormant period to develop a
hypocotyl while fruits remain attached to the parent tree. This phenomenon is
referred as viviparous germination as seen in species of Rhizophora, Bruguiera,
Ceriops and Kandelia. Other form of germination is referred to cryptovivipary when
the seed germinates to develop a radicle which has restricted elongation and remains
hidden within fruit coat as seen in the species of Acanthus, Avicennia, Aegialitis,
Aegiceras and Nypa.

4.7 Spatio-temporal Changes of the Mangrove Forest
in the Trans-boundary Sundarbans

Sundarbans reserve forest (both in India and Bangladesh) is showing an insignificant
sign of degradation since last 20 years (Fig. 4.4a and b). Reliable estimates of aerial
extent of the Sundarbans forest are not available prior to 1870 (Iftekhar and Islam
2004). So, from the available record it may be stated that degradation started since
last 200 years or more. It has also been estimated that during 1873—1933 the forest
was reduced from 7500 km? to 6000 km? (Curtis 1933; Blasco 1977). Until then the
boundary of Bangladesh’s forest remained almost unchanged and its vegetation
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Fig. 44 (a and b) Changes of vegetation cover in the trans-boundary Sundarbans since last
20 years (1995-2015). (Pink colour shows degradation of the forest cover)

inventories show that the aerial extent of the tree coverage has been reduced by
0.04% per year during the period 1926/28-1995 (Iftekhar and Islam 2004). Com-
paratively in the Indian Sundarbans, reclamation started and forest cover has grad-
ually declined.

Over the past two decades, remote sensing techniques has played crucial role in
mapping and understanding changes in the aerial extent and spatio-temporal pattern
of mangrove forests related to natural disaster and anthropogenic forces (Heumann
2011). But, site-specific or micro-level studies are very rare for the Indian
Sundarbans, especially in the south-western parts, and among these few studies,
the majority deals with coastal geomorphic, sea level rise and shoreline changes
(Jayappa et al. 2006) only. Changes in vegetation dynamics are somehow neglected
in these micro/meso-level studies.

So, an attempt has been taken to calculate gross changes of areas of vegetation of
whole undivided Sundarbans by traditional NDVI methods to determine areas of
temporal forests loss as well as degradation. Two multi-temporal cloud-free satellite
images (Landsat 5 and 8) covering whole or parts of the Sundarbans were
downloaded from the freely available United States Geological Service (USGS)
(http://glovis.usgs.gov). The whole image processing procedure was conducted
using Arc GIS 10.1software. Individual band data stacking to produce false colour
composites (FCCs) was done for all three bands of MSS (bands 3, 4, 5 for TM and
bands 3, 4, 5 ETM+ image).

We analyzed multi-temporal satellite data of 1995 and 2015 using NDVI
approach. The number of pixel for vegetation in 1995 is shown: 7947403 pixels
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i.e., 715.26627 km? area and for 2015, 7859377 pixels i.e., 707.34393 km? area. The
net loss in last 20 years (1995-2015) is 88026 pixels i.e., 7.92234 km? area only
(30 x 30 m pixels). The rate (per year) of depletion of forest is, however, 0.396117
km? area (7.92234 km? per 20). So, it is quite clear that the areal extent of the
mangrove forest of the Sundarbans has not changed significantly in the last 20 years.
Almost similar type of study was done by Giri et al. (2007) where they found
approximately 1.2% of forest lost during last 25 years taking multi-temporal satellite
data from 1970s, 1990s, and 2000s using supervised classification approach. This
success story was generally due to the management and protection status of the
Sundarbans in both the countries particularly after 1990s, including the ban on clear
cutting and forest encroachment.

4.8 Sundarbans Floral Biodiversity

Diverse ecological conditions, including hydrology, topography, texture of sub-
strata, salinity and their interactions cause to develop a wide heterogeneity in the
mangrove ecosystems that support to nurture a great biodiversity. Though
Sundarbans is the house of the diverse biological organisms, it is famous for its
mangroves vegetation. Gopal and Junk (2000, 2001) suggested that all the organ-
isms, both flora and fauna, living in mangroves area might be considered as
mangrove organisms in such an important wetland. The present chapter has no
scope, however, to discuss the faunal diversity, so we restrict the discussion to floral
diversity only, although the economic services of the ecosystem have been enumer-
ated taking all components into consideration (see Sect. 4.10 in this chapter).

4.8.1 Algae

The algal diversity of the Sundarbans is poorly explored, but the habitats heteroge-
neity suggests that the Sundarbans may have a highly diverse algal flora comprising
of both benthic and planktonic communities ranging from the freshwater to marine
environments (Gopal and Chauhan 2006). Despite limitation due to
non-accessibility of the Sundarbans forest, some studies have been carried out by
Islam (1973) and Aziz et al. (2012) in the Bangladesh Sundarbans. Phytoplankton
communities consist of a total of 35 taxa (Aziz et al. 2012) including nano- and
picoplankton, and the number exceeds 50. Oocystis pussilla, a freshwater phyto-
plankton, was recorded as dominant under all salinity conditions. The presence of a
good number of Pennales members and some other freshwater species indicates a
strong influence of freshwater in the BSMF (Bangladesh Sundarbans mangroves
forest) or that they have adapted to varying salinity. A total of 35 benthic algae have
been recorded (Islam 1973). Most spectacular are species of Catenella, Caloglossa,
Bostrychia and Cladophorella growing on pneumatophores and on stems
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submerged during high tide; Enteromorpha intestinalis is found as a drifted form,
while others grow on muddy forest floor. Colpomenia sinuosa, though small in size,
was found growing on the margin of inundated forestland.

In the Indian part of Sundarbans, Chaudhuri and Choudhury (1994) recorded
several species of Centric diatoms, such as Coscinodiscus excentricus, C. radiates,
Ditylim brightwellii, and Rhizosolenia alata. Sen and Naskar (2003) recorded
80 species of algae (32 Cyanophyceae and 27 Chlorophyceae). These included
only 7 species of diatoms, whereas Banerjee and Santra (1999) listed 48 species of
diatoms from the Hooghly-Matla estuary alone. Diatoms and their characteristics
with particular reference to climate change phenomenon will be discussed in more
details in the next chapter. Naskar (2004) further listed 150 species including
15 species of Rhodophyceae and 2 species of Phaeophyceae. Mandal and Naskar
(1994), in a short period study, mentioned some species of Lyngbya, Oscillatoria
and Microcoleus as common organisms attached on the surface of pneumatophores
of mangroves, though their biological association is not explored. However, some
published reports provide few algal enumerations, which seem scattered and are
based on short-term surveys over small isolated areas (Pal et al. 1988; Santra et al.
1988, 1991). There are studies left which may look into association among man-
groves roots and an algal community whether it is specific and any mutualism occurs
through exchange of nutritional benefit.

4.8.2 Microorganisms

The diversity of microorganism is poorly understood in view of ecological perspec-
tive in the Sundarbans. Microorganisms play an important role in decomposition of
litter and thus release of nutrients which make the habitats productive. Even though,
no particular study on food comprising various levels of trophic system has been
undertaken. Nevertheless, some studies mention various microorganisms in the soils
and on decomposing litter, besides pathogens infesting mangrove leaves (Pal and
Purkayastha 1992).

4.8.3 Lichens

Santra (1998) reported 32 species of lichens from the Indian Sundarbans as a short-
term study, which is mainly a taxonomic enumeration, but the concern related to
ecological perspective in view of climate change and global warming is yet to be
explored. Lichens is considered to be an indicator organism in relation to the degree
of changing aerial pollution.



4 Current Status of Mangrove Forests in the Trans-boundary Sundarbans 123
4.8.4 Higher Plants Community

Higher plants communities of the Sundarbans forest have been explored since early
twentieth century (Prain 2003). Since then some attempts were made to enumerate
the list of species growing in mangroves areas of the Sundarbans, though much
emphasis has been given to the mangrove flora and its management. Recently, few
studies are worth mentioning: enumeration of floral account from Bangladesh
Sundarbans (Encyclopaedia of flora and fauna of Bangladesh 2007; Rahman et al.
2015b), enumeration of floral account from lower Gangetic plain (Naskar 1994) and
intertidal floral account from the Indian part of Sundarbans (Naskar and Mandal
1999). Chaffey et al. (1985) argued that there have been frequent explorations with
greater detailed study in the Indian Sundarbans as compared to the Bangladesh part.
However, a recent study conducted on taxonomic enumeration of higher plants of
Bangladesh Sundarbans by Rahman et al. (2015b) deserves credibility in view of
taxonomic study. There are some efforts in studying ecology of mangrove flora and
its succession, association and adaptation from the Bangladesh Sundarbans (Ismail
1990; Seidensticker et al. 1991; Hussain and Acharya 1994; Karim 1994b; Siddiqi
1994; IUCN-BD 2002a, b, c; Islam and Wahab 2005). Nevertheless, a collaborative
effort is essentially required to explore the Sundarbans in greater details.

4.9 Tropic Pathways in Mangroves Ecosystems

Mangrove ecosystems provide a trophic link right from microbial activities in litter
decomposition to nutrient release and thus provision of nutrition to autotrophs from
which successive energy flow occurs to higher organisms (Fig. 4.5) as classically
worked out by Odum and Heald (1972). Further, Twilley (1988) estimated the
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dynamics of mangrove litter, including productivity, decomposition, and export
influencing the coupling of mangroves to coastal ecosystems. The primary produc-
tivity of mangroves is mostly measured by means of the rate of litter fall (Brown and
Lugo 1982; Odum et al. 1982; Twilley et al. 1986; Saenger and Snedaker 1993;
Twilley and Day 1999). Litter productivity values for mangrove forests worldwide
range from about 2—16 tonha™' year ' and also decrease with increase in latitude
(Saenger and Snedaker 1993, Twilley and Day 1999). The estimates of carbon
export from mangrove ecosystems range from 1.86 to 401 g Cm ™2 year ' and the
average rate of carbon export is about 210 g Cm ™2 year ' (Twilley 1989). A high
amount of carbon export from mangroves may be associated with the more buoyant
mangrove leaf litter along with related climatic factors (Twilley 1988). The organic
matter released from mangroves to adjacent systems seems to vary according to the
environmental setting and geomorphology of the system (Nagelkerken et al. 2008)
and has been more important in riverine/estuarine systems than in lagoon or island
settings (Pineda 2003). The impact of mangrove invertebrates on litter dynamics,
based on different feeding experiments has been well documented and highlights the
role of faunal communities on nutrients release in such ecosystems (Lee 1998).

In the perspective of litter dynamics as per worldwide view, no substantial work
has been done from either part of the Sundarbans forest. There are some reports on
nutrients release from mangroves litter (Mitra et al. 2011), but they seem very low
and limited to a particular zone and thus do not have sufficient reliability to be
applicable across the trans-boundary Sundarbans, a vast area characterized with
variable and dynamic environmental settings.

4.10 Value of Mangroves

Mangroves vegetation has been considered to have immense values which usually
refer to a variety of benefits harnessed out of ecosystem services (Mandal et al.
2010). Nevertheless, there must be some accounts or a gross estimation by which
common people can understand the importance of mangroves vegetation. All these
benefits mangroves accrue to people, primarily the coastal inhabitants, as has been
reported by those working on mangroves ecosystems. Saenger (2002) highlighted
many facets of benefits that mangroves provide, categorized broadly into four
groups: (i) economic, products value; (ii) usefulness, ecosystem value; (iii) intrinsic,
natural value; and (iv) symbolic, cultural and mythical value (Fig. 4.6). These
benefits occur through ecosystem services by means of interaction between biotic
and abiotic components. The consequence of interaction generates goods and ser-
vices, including nutrients cycling, flow of energy and other materials, considered as
production of ecosystem functions. Use of goods and services manifests a variety of
purposes, seems to be almost region-specific and thereby are classified into three
groups (Fig. 4.6): (i) direct use: it refers to consumptive and non-consumptive uses
that involve into direct physical interaction with the mangroves and their services,
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(ii) indirect use: it refers to regulatory ecological function, leading to indirect
benefits, and (iii) symbolic use: it refers to existence and bequest values of man-
groves (Salem and Mercer 2012).

4.11 Conclusions

It is no wonder that the trans-boundary Sundarbans is of a global importance because
of its mangroves forest and rich biological diversity as well, which altogether has
made this coastal forest a unique eco-region. Its staggering ecosystem services,
including protection of coastal inhabitants from natural calamities, are still unac-
counted. A great many people, who are residing in this region across transboundary,
earn their substantial livelihood supports from the forest resources. Though tropical
mangroves forests are now among the most threatened habitats in the world;
evidently, there is no major degradation in the mangrove forest across the
transboundary Sundarbans since the last 20 years as shown through satellite imag-
ery. It indicates that mangroves forest degradation due to anthropogenic activities
has been checked to a great extent. Nevertheless, there is a growing concern of latent
degradation of mangroves vegetation across the transboundary Sundarbans due to
certain environmental causes such as (i) increased salinity, (ii) erosion of forest-
lands, and (iii) increased frequency of natural hazards. These issues are unlikely to
develop any sudden impact on mangroves vegetation covering large scale areas, but
their persistent effect may alter vegetation dynamics in long term. In this context,
Indian part needs to recreate environment using and managing sediment laden
freshwater of the feeder canal. Re-creation of the Bangladesh Sundarbans environ-
ment involves two steps- (i) dredging sand bars from the Ganges and distributaries
leading to the Sundarbans and allowing uniform sediment-laden freshwater flow
inside the Sundarbans for maintaining oligohaline environment, and (ii) uniform
deposition of sedimentation around forest-lands. Unfortunately, no joint effort
engaging experts from both the countries has been effective to protect mangroves
and its ecosystem until now. Either part of the transboundary Sundarbans has been
subject to individual effort to protect and promote the Sundarbans, but this means is
insufficient, since they are mutually dependent on each other, and therefore a united
effort is required. The difficulty to compile a biological resource inventory as a
unified unit in each taxonomic hierarchy across the transboundary Sundarbans has
been compounded. There are different enumerations of biological organisms in the
respective Sundarbans and so there are chances of more errors surfacing. In such
case ambiguity may occur when the Sundarbans — a united block of mangroves
forest covering both countries is considered. Until recently, global warming and sea
level rise has been predicted to cause adversity to the transboundary Sundarbans and
in such case joint effort is urgently needed to protect the Sundarbans by way of
plantation of climate resilient mangroves and the management practices. Sincerely, a
joint collaboration involving both countries is required, else the fate of the unique
eco-region across the trans-boundary Sundarbans may be at stake.
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Chapter 5 )
Dynamics of Algae in Sundarbans and their <@
Implications as Climate Change Proxies

Neera Sen Sarkar and Sanoyaz Sekh

Abstract The algae as a group does not include single taxa but is an agglomeration of
absolutely unrelated or distantly related groups of organisms. This confers them a
variety of morphology, structure, process, and characteristics unknown in any other
single group of organisms. Sundarbans spread across India and Bangladesh is report-
edly quite rich in terms of its algal flora, the presence of 762 species of algae has been
documented, and the present treatise has been prepared combining all available
literature that have documented algal species’ richness in Sundarbans. This includes
information regarding their presence in different zones of Sundarbans with notes on
the habitats they occupy. A spatial distribution model based on autocorrelation has
been generated for the algal species reported. The dynamics of the system and the
algae inhabiting this ecosystem are dependent on many different environmental vari-
ables; and a combined representation of a few such selected variables on a spatial
range across India and Bangladesh has been generated for the purpose, based on works
by different groups in the Sundarbans. This is accompanied by a discussion on the
efficacy of diatoms as palaco-ecological proxies and indicators of climate change.

Keywords Sundarbans - Estuarine algae diatoms - Spatio-temporal distribution -
Palaeo-ecological proxies - Climate change

5.1 Introduction

The biodiversity of Sundarbans is widely acclaimed. The exclusive and exquisite
floral components stand as tough contenders against the elusive and unique faunal
components, albeit complementing each other to create the world’s largest single
expanse of mangrove forests. Among the floral components, mangrove trees and
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shrubs, mangrove associates and the back mangroves with their interesting architec-
ture and adaptations are undoubtedly the prime attractants in this beautiful forest
stretching across India and Bangladesh, but equally important are the not so visible
but nevertheless ecologically important representatives of the major artificial group
‘algae’. The group is designated so, since the realization that the organisms grouped
as ‘algae’ occupy varied positions in the classification of life. The group’s tremen-
dous diversity is reflected in the existence of nine distinct lineages including the
Chlorophyta, Rhodophyta, Glaucophyta, Euglenophyta, Chlorarachniophyta,
Dinophyta, Cryptophyta, Heterokontophyta and Haptophyta, all of which together
constitute the algae. The retention of Cyanobacteria within the ‘algae’ by phycolo-
gists further adds another dimension to the teeming algal diversity.

Sundarbans, both in India and Bangladesh, have been extensively explored for its
algal flora. An assessment of the algal diversity reported from Sundarbans by various
workers in entirety of existing publications reveal 762 different species of algae; this
includes 232genera, 146 families and 81 orders belonging to 6 algal lineages
(Tables 5.1, 5.2, 5.3, 5.4, 5.5, and 5.6). This is based on available published
information in journals, books and reports and grey literature in institutional librar-
ies. In terms of number of taxa belonging to each lineage, Heterokontophyta
(majorly Bacillariophyceae) is represented by the highest number of taxa, followed
by taxa belonging to the lineage Chlorophyta (Fig. 5.1).

Recent times have seen significant additions to the species richness in terms of
green algae, euglenophytes and diatoms (Satpati et al. 2012, 2013; Satpati and Pal
2015,2016,2017; Aziz 2011; Aziz et al. 2012; Mukherjee et al. 2014; Manna et al.
2010; Samanta and Bhadury 2014; Bhattacharjee et al. 2013; Naha Biswas et al.
2013; Mandal et al. 2015a; Sekh et al. 2016). Recent studies in the Sundarbans
have also witnessed newer habitats being explored (Mandal et al. 2015a; Naskar
et al. 2013; Satpati et al. 2011), innovative approaches to biodiversity studies
(Samanta and Bhadury 2014, 2016; Choudhury et al. 2015; Mitra et al. 2014;
Dutta et al. 2016) and interpretations and implications of such studies on algae in
diverse ways (Akhand et al. 2012, 2017; Dutta et al. 2016; Mitra et al. 2012, 2014;
Sekh et al. 2016).

5.2 Dynamics of the Ecosystem

Dynamics of an ecosystem encompasses all the major driving forces that determine
the structure and function of the system and its biotic components. Sundarbans
represents a highly dynamic ecosystem in terms of parameters linked to its
geo-morphological, climatic, hydrological, and biological characters. An under-
standing of the dynamics of the ecosystem of Sundarbans thus emphasizes upon
the spatio-temporal variations of these parameters over the entire region. For the
purpose of this treatise, the entire stretch of Sundarbans in India and Bangladesh is
being considered. This includes the continuous stretch of mangroves in India and
Bangladesh along with the spillover areas lying in the western side of India and in
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Table 5.1 Richness of Chlorophyta taxa in Sundarbans of India and Bangladesh

Order Family Genus No. of species
Chaetophorales Chaetophoraceae Stigeoclonium 1
Uronemataceae Uronema 1
Chlamydomonadales Chlorococcaceae Chlorococcum 1
Chlorochytriaceae Phyllobium 1
Volvocaceae Volvox 1
Pandorina 1
Eudorina 1
Oedogoniales Oedogoniaceae Oedogonium 7
Oedocladium 1
Sphaeropleales Hydrodictyaceae Pediastrum 4
Microsporaceae Microspora 3
Radiococcaceae Radiococcus 1
Scenedesmaceae Scenedesmus 3
Selenastraceae Ankistrodesmus 1
Sphaeropleaceae Sphaeroplea 1
Chlorellales Chlorellaceae Chlorella 2
Dictyosphaerium 1
Franceia 1
Geminella 1
Oocystaceae Oocystis 1
Trebouxiophyceae Trebouxiophyceae Crucigenia 1
Desmidiales Closteriaceae Closterium 2
Desmidiaceae Cosmarium 4
Staurastrum 1
Triplastrum 2
Triploceras 1
Zygnematales Zygnemataceae Spirogyra 15
Temnogyra 1
Zygnema 2
Bryopsidales Bryopsidaceae Bryopsis 1
Caulerpaceae Caulerpa 12
Codiaceae Codium 4
Halimedaceae Halimeda 2
Udoteaceae Boodleopsis 1
Cladophorales Boodleaceae Boodlea 1
Phyllodictyon 1
Cladophoraceae Chaetomorpha 6
Cladophora 13
Cladophorella 2
Lola 3
Rhizoclonium 11
Pithophoraceae Pithophora 3
Siphonocladaceae Dictyosphaeria 1

(continued)
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Table 5.1 (continued)

Order Family Genus No. of species
Ulvales Ulvaceae Enteromorpha 6

Ulva 4
Dasycladales Polyphysaceae Acetabularia 1
Trentepohliales Trentepohliaceae Trentepohlia 4
Ulotrichales Ulotrichaceae Ulothrix 2
Charales Characeae Chara 2

Nitella 1
Orders - 15 Families — 32 Genera - 50 Species — 134

Source: In-house study based on literature review

the eastern side of Bangladesh with the entire area having been divided into 4 zones
(Fig. 5.2).

5.2.1 Ecosystem Dynamics Influencing Algae

The deltaic region of Sundarbans has proved to be one of the most dynamic estuarine
deltas in the world that is constantly being reshaped. The genesis of the ecosystem
can be expressed as a cumulative outcome of the combined effects of the deltaic
deposits of the Ganges-Brahmaputra-Meghna rivers, tidal deposits from the Bay of
Bengal, an overall southerly tectonic tilt, sediment compaction, change impacted
owing to coastal management, all and more of these augmented by innumerable
anthropogenic reasons (Bhattacharya 1999; Ericson et al. 2006; Syvitski 2008;
Brown and Nicholls 2015). The dynamic nature of the ecosystem provides excellent
examples of perceivable ecological processes. Significant importance of such pro-
cesses is highlighted in the formation of the delta followed by distinct succession
patterns of the mangrove flora, which is initiated by means of colonization of the first
formed ill consolidated soil by different algae and bacteria.

The geomorphic units that classify the entire Sundarbans include coastal alluvial
plains and alluvial plains, mangrove swamps, estuaries, river channels, creeks, salt
flats, beaches, mud flats and dune complex. The geo-morphological dynamics of the
area can be explained on the basis of impacts of sea-level rise, littoral current
patterns, and sediment influx in different rivers. The major rivers of the system
viz., Hugli, Muriganga, Saptamukhi, Thakuran, Matla, Bidya, Goasaba, Harinbari or
Herobhanga, Raimangal, Malancha, Arpangachia, Passur and Baleswar along with
several other smaller rivers, creeks, canals create a criss-cross network across the
entire deltaic region. The signature mangroves in the region flourish well owing to
their positional advantage in the meso-macrotidal area of the Bengal delta. The area
is also built in such a way as to receive abundant freshwater supply through river
discharges. Unfortunately, most of these freshwater connections have ceased to exist
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Table 5.2 Richness of Rhodophyta taxa in Sundarbans of India and Bangladesh

Order Family Genus Species #
Acrochaetiales Acrochaetiaceae Acrochaetium 6
Bonnemaisoniales Bonnemaisoniaceae Asparagopsis 1
Falkenbergia 1
Bangiales Bangiaceae Bangia 1
Porphyra 1
Ceramiales Ceramiaceae Antithamnion 1
Callithamnion 1
Centroceras 1
Ceramium 5
Crouania 1
Dasyaceae Heterosiphonia 1
Delesseriaceae Vanvoorstia 1
Caloglossa 2
Rhodomelaceae Acanthophora 1
Bostrychia 3
Herposiphonia 3
Laurencia 2
Lophocladia 1
Polysiphonia 3
Pterosiphonia 1
Sarcomeniaceae Cottoniella 1
Corallinales Corallinaceae Amphiroa 2
Jania 2
Lithothamniaceae Lithothamnion 1
Erythropeltales Erythrotrichiaceae Erythrotrichia 1
Erythropeltales Erythrotrichiaceae Erythrocladia 1
Gelidiales Gelidiaceae Gelidiella 3
Gelidium 2
Gigartinales Caulacanthaceae Catenella 3
Dumontiaceae Dudresnaya 1
Gigartinaceae Gigartina 1
Kallymeniaceae Callophyllis 2
Kallymenia 4
Solieriaceae Eucheuma 1
Sarconema 1
Cystocloniaceae Hypnea 5
Calliblepharis 1
Gracilariales Gracilariaceae Gracilaria 2
Halymeniales Halymeniaceae Halymenia 3
Hapalidiales Hapalidiaceae Melobesia 1
Messophyllum 1

(continued)
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Table 5.2 (continued)
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Order Family Genus Species #
Nemaliales Galaxauraceae Actinotrichia 1
Liagoraceae Liagora 3
Scinaiaceae Scinaia 2
Rhodymeniales Champiaceae Champia 1
Rhodymeniaceae Chrysymenia 3
Peyssonelliales Peyssonelliaceae Cthonoplastis 1
Peyssonellia 1
Goniotrichales Goniotrichaceae Goniotrichum 1
Orders - 15 Families — 28 Genera - 49 Species — 89
Source: In-house study based on literature review
Table 5.3 Richness of Euglenophyta taxa in Sundarbans of India and Bangladesh
Order Family Genus Species #
Euglenales Euglenaceae Euglena 11
Euglenaformis 1
Monomorphina 2
Trachelomonas 3
Phacaceae Lepocinclis 9
Phacus 19
Eutreptiales Astasiaceae Astasia 3
Orders -2 Families — 3 Genera — 7 Species — 48
Source: In-house study based on literature review
Table 5.4 Richness of Dinophyta taxa in Sundarbans of India and Bangladesh
Order Family Genus Species #
Dinophysiales Dinophysiaceae Dinophysis 1
Noctilucales Noctilucaceae Noctiluca 1
Gonyaulacales Ceratiaceae Ceratium 12
Cladopyxidaceae Cladopyxis 1
Pyrophacaceae Pyrophacus 1
Peridiniales Protoperidiniaceae Protoperidinium 13
Peridiniaceae Diplopsalis 1
Peridinium 4
Prorocentrales Prorocentraceae Prorocentrum 1
Orders - 5 Families — 8 Genera -9 Species — 35

Source: In-house study based on literature review

in recent times, especially in the mangrove forest stretches, where choking of the
upstream freshwater discharge of the distributaries of the Ganges is intensely
observed (Sen and Naskar 2003). According to Mandal and Naskar (2008) tidal
waters bring in nutrients into the ecosystem, thus increasing their availability, not
only to the mangroves that thrive in the region but also to the algae that inhabit such
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Table 5.5 Richness of Heterokontophyta taxa in Sundarbans of India and Bangladesh

Order | Family Genus Species #
Xanthophyceae (Yellow-green algae)
Vaucheriales Vaucheriaceae Vaucheria 5
Mischococcales Centritractaceae Centritractus 1
Orders -2 Families — 2 Genera - 2 Species — 6
Phaeophyceae (Brown algae)
Dictyotales Dictyotaceae Dictyopteris 2
Dictyota 7
Lobophora 1
Padina 9
Ectocarpales Actinetosporacea Feldmannia 4
Giffordia 5
Chordariaceae Mpyriactula 1
Ectocarpaceae Ectocarpus 2
Scytosiphonaceae Chnoospora 1
Colpomenia 2
Hydroclatharus 2
Petalonia 1
Rosenvingea 3
Sphacelariales Sphacelariaceae Sphacelaria 2
Laminarales Lessoniaceae Eisenia 1
Ishigeales Ishigeaceae Ishigae 1
Fucales Sargassaceae Sargassum 9
Orders - 6 Families - 9 Genera - 17 Species — 53
Bacillariophyceae (Diatoms)
Aulacoseirales Aulacoseriaceae Aulacoseira 1
Coscinodiscales Coscinodiscaceae Coscinodiscus 20
Hemidiscaceae Actinocyclus 4
Hemidiscus 3
Roperia 1
Corethrales Corethraceae Corethron 3
Melosirales Melosiraceae Melosira 7
Paraliaceae Paralia 1
Rhizosoleniales Probosciaceae Proboscia 2
Rhizosoleniaceae Guinardia 3
Rhizosolenia 10
Stephanopyxales Stephanopyxidaceae Stephanopyxis 2
Triceratiales Triceratiaceae Triceratium 3
Biddulphiales Bellerocheaceae Bellerochea 1
Biddulphiaceae Biddulphia 8
Eucampia 3
Chaetocerotales Chaetocerotaceae Bacteriastrum 5
Chaetoceros 24
Leptocylindraceae Leptocylindrus 2

(continued)
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Order Family Genus Species #
Eupodiscales Eupodiscaceae Odontella 2
Hemiaulales Hemiaulaceae Climacodium 1
Hemiaulus 3
Isthmiaceae Isthmia 1
Lithodesmiales Lithodesmiaceae Ditylum 3
Lithodesmium 1
Tropidoneis 3
Stephanodiscales Stephanodiscaceae Cyclotella 7
Thalassiosirales Thalassiosiraceae Coscinosira 1
Thalassiosira 17
Planktoniella 2
Lauderiaceae Lauderia 2
Skeletonemataceae Skeletonema 1
Schroderella 1
Toxariales Climacospheniaceae Climacosphenia 3
Bacillariales Bacillariaceae Bacillaria 2
Cylindrotheca 2
Giffenia 1
Nitzschia 18
Pseudonitzschia 4
Cocconeidales Cocconeidaceae Cocconeis 2
Cymbellales Anomoeoneidaceae Anomoeoneis 1
Cymbellaceae Cymbella 3
Okedenia 1
Gomphonemataceae Gomphonema 1
Eunotiales Eunoticeae Amphicampa 1
Eunotia 2
Fragilariales Fragilariaceae Fragilaria 2
Synedra 2
Licmophorales Licmophoraceae Licmophora 2
Mastogloiales Achnanthaceae Achnanthes 3
Naviculales Amphipleuraceae Amphiprora 2
Frustulia 1
Diploneidaceae Diploneis 4
Naviculaceae Navicula 23
Haslea 1
Pinnulariaceae Pinnularia 3
Pleurosigmataceae Gyrosigma 7
Pleurosigma 10
Stauroneidaceae Stauroneis 1
Rhaphoneidiales Rhaphoneidaceae Rhaphoneis 2
Rhopalodiales Rhopalodiaceae Epithemia 1

(continued)
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Table 5.5 (continued)

Order Family Genus Species #
Surirellales Entomoneidaceae Entomoneis 2
Surirellaceae Campylodiscus 2
Surirella 4
Tabellariales Tabellariaceae Asterionella 1
Diatoma 2
Thallasionematales Thallasionemataceae Thallasionema 1
Thalassiothrix 2
Lioloma 2
Thalassiophysales Catenulaceae Amphora 7
Orders - 29 Families - 45 Genera - 70 Species — 275

Source: In-house study based on literature review

areas. They further comment that earlier tidal water was considered as the only factor
that plays a major role in the regeneration and growth of mangroves, research down
the years have proven otherwise, and it has been observed that factors like rainfall,
atmospheric humidity and moderate temperatures play more significant roles in
sustaining this ecosystem.

The entire Sundarbans experiences tropical climate, with precipitation ranging
between 200 and 300 cm, atmospheric humidity between 60% and 90%, and
temperatures ranging between 19 and 35 °C, these have proven to be ideal for
mangrove growth (Blasco 1977; Naskar and Mandal 1999). Added to these is the
gentle slope of the low-lying coast, tidal water reaching up to about 110 km inland,
and monsoon wind influenced by annual rainfall of 1500-2000 mm (Rahman and
Asaduzzaman 2010), that has facilitated gregarious mangrove expansion in the
region (Spalding et al. 2010).Tides are an important determinant of the dynamics
of Sundarbans and are responsible for inundating the entire Sundarbans twice a day
with the tidal currents changing their direction every 6 h in a cycle. The maximum
tidal rise and fall is observed in the spring tides of March and April. Tidal inundation
contributes to the sustenance of the mangrove forests as transfer of mangrove seeds
and propagules are facilitated through this phenomenon of regular inundation.

Nevertheless, an unfortunate realization that holds good regardless of the geo-
graphical boundaries between India and Bangladesh is that the coastal regions of this
entire delta are among the most vulnerable regions in the world experiencing rapid
salinity intrusion and other climate change impacts (IPCC 2007). The rapid and
extreme climatic changes, compounded with anthropogenic pressures, are thought to
be the principal threats in the form of habitat alterations of the mangrove flora and
associated algae together with the faunal components. They also pose threat to
wetland dynamics and functions which ultimately affect the valuable ecosystem
services provided by this ecosystem. Thus, it becomes very essential to conduct
intense scientific study on climate change and associated environmental changes
with their multidimensional effect on eco-socio-economic conditions, influencing
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Table 5.6 Richness of Cyanobacterial taxa in Sundarbans of India and Bangladesh

Order Family Genus Species #
Chroococcales Aphanothecaceae Aphanothece 2
Cyanothrichaceae Johannesbaptistia 1
Microcystaceae Gloeocapsa 7
Microcystis 6
Stichosiphonaceae Stichosiphon 1
Nostocales Nostocaceae Anabaena 8
Anabaenopsis 1
Nostoc 4
Aphanizomenonaceae Raphidiopsis 2
Scytonemataceae Scytonema 3
Rivulariaceae Calothrix 4
Gloeotrichia 1
Hapalosiphonaceae Mastigocoleus 1
Pleurocapsales Dermocarpellaceae Dermocarpa 3
Xenococcaceae Xenococcus 3
Pseudanabaenales Schizotrichaceae Schizothrix 3
Oscillatoriales Gomontiellaceae Katagnymene 1
Oscillatoriaceae Lyngbya 14
Oscillatoria 18
Phormidium 8
Microcoleaceae Arthrospira 1
Hydrocoleum 2
Microcoleus 3
Trichodesmium 2
Spirulinales Spirulinaceae Spirulina 8
Synechococcales Chamaesiphonales Chamaesiphon 1
Leptolyngbyaceae Leptolyngbya 4
Planktolyngbya 1
Merismopediaceae Aphanocapsa 5
Merismopedia 4
Orders -7 Families — 19 Genera - 30 Species — 122

Source: In-house study based on literature review

coastal habitats, amenities, and health (Basu Neogi et al. 2017). In the same context,
rising temperature has pronounced effect on phenology, diversity, distribution and
dynamics of the communities (Walters et al. 2008). According to Mitra and his
associates (Mitra et al. 2009; Chatterjee et al. 2015) the rate of increasing surface
water temperature in the Sundarbans region (0.05 °C per year) is much higher than in
the Pacific (0.01-0.015 °C per year) and in the tropical Atlantic Ocean (0.01-0.02 °C
per year). However, some reports suggest that increased temperature has favoured
the growth of mangroves (Rahman and Asaduzzaman 2010) and sometimes the
phytoplankton (Manna et al. 2010).
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Orders Chlorophyta
Rhodophyta

Euglenophyta

Dinophyta

Heterokontophyta
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Rhodophyta
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Dinophyta
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Cyanophyta | | 123
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No. of taxa

Fig. 5.1 Estimates of different algal taxa in different available publications or reports from
Sundarbans of India and Bangladesh. (Source: In-house study)

Annual salinity of the Sundarbans region is greatly varied and can be correlated
with fresh water influx. During monsoon, fresh water flow is maximum due to high
precipitation in the order of 2000—-1600 mm (Rahman and Asaduzzaman 2010) and
the salinity remains low which gradually increases from post-monsoon period and
reaches the maximum during summer. Besides this monsoon driven salinity alter-
ation, there exist several forces which are known to change the salinity regimes.

Estimates and averages of selected water physico-chemical parameters viz., pH,
dissolved oxygen, temperature and salinity, which are known to greatly influence
algal diversity of all the four zones being considered here, show that the annual
variations of pH is between 7 and 9, dissolved oxygen between 3.85 and 10 mgl ™",
surface temperature between 20 and 34°C, and salinity between 2.5 and 30.5 dSm ™'
(Hoque et al. 1999; Manna et al. 2010; Bhattacharjee et al. 2013; Rahaman et al.
2013; Mukherjee et al. 2015; Bir et al. 2015; Sekh et al. 2016).Obviously, with
annual averages of the above physico-chemical variables taken into consideration,
Sundarbans behaves more like a single system in entirety, although, however, with
only considerable gradients observed in terms of dissolved oxygen and salinity. This
understanding pertains to the estuarine system within the entire deltaic mass of
mangrove land spread over India and Bangladesh. It is beyond the scope of this
chapter to discuss parameters other than the above that have synergies amongst them
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and dictate on the dynamics of this ecosystem and perpetually influence the dynam-
ics of all biota that inhabit this land including the algae.

5.2.2 Algal Dynamics

Studies on dynamics of algae have numerous perspectives and have been dealt and
defined world-wide on scales and patterns of various thrust areas and magnitude.
The common perspectives of studies on algal dynamics include diversity dynamics,
population dynamics, community dynamics, ecosystem dynamics, patch dynamics,
landscape dynamics, spatio-temporal dynamics, nutrient dynamics, and evolutionary
dynamics. The entire Sundarbans has documented representation of 6 algal lineages
out of the 9 reported lineages. These algae occupy different habitats and niches in the
ecosystem. These organisms are responsible for modifying the system, are vulner-
able towards the changes in the ecosystem, and are capable of indicating the
structures, processes, and health of the habitats they occupy. These along with
other characters of the algae inhabiting the Sundarbans contribute to defining their
dynamics. Algal dynamics in terms of diversity dynamics on a spatio-temporal scale
will be discussed further.

The distributional records of all the 762 algal species (Annex Table 1) reported
from the entire Sundarbans spread over India and Bangladesh indicate only 29 spe-
cies reported as having common distribution over the four zones and interestingly
23 species out of these are diatom species (Table 5.7, Fig. 5.3). About 258 species
are reported from zone 1,319 species from zone 2, 152 species from zone 3, and
307 species from zone 4 (Table 5.8). The algal taxa representation in this entire
stretch of Sundarbans includes 81 orders, 147 families, 235 genera, and 762 species.

Species distribution models are particularly useful in mapping such organism
distributions over spatial and/ temporal scales to develop an understanding of the
distributional gradients and also get an insight into ecological consequences or
inversely ecological influences over such organisms of interest. A Pearson correla-
tion test was conducted on the algae reported zone-wise, (Table 5.9) to find how the
zones correlate with each in terms of algal species assemblage reported at each site.
This was followed by a spatial representation of the 762 algal species using the
binary data for presence or absence of a species as reported in each of the four zones
following which autocorrelation has been generated (Fig. 5.4).

Zone 4 correlates well in terms of species assemblage with all the three other
zones. In fact, the strong negative correlation of zone 4 with zones 1 and 2 imply the
mounting differences in species assemblages in these three different zones. On the
other hand, zone 4 positively correlates with zone 3 suggesting similarities in species
assemblages in the two zones. Zones 1 and 2 correlate negatively with each other in
terms of their reported algal assemblages. The algal dynamics is further reflected in
the species distribution pattern in Fig. 5.4.

The distribution relates with space-lag distribution of the algal species as binary
data which is at random. The patterns of distribution based on autocorrelation are
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Table 5.7 Common species of algae reported from all the zones of Sundarbans in India and

Bangladesh
SI. |Zone
no Algal species Habitat 1 12 (3 |4
1 Chaetomorpha gracilis | Alongwith Ulva sp. on bricks, beaches, VIV
or marine
2 Rhizoclonium riparium | On pneumatophores in high saline areas v IV VY
3 Catenella nipae On barks of mangroves in upper littoral v |V |V
zones
4 Ceratium furca Marine phytoplankton vV IV VY
5 Ceratium tripos Marine phytoplankton vV |V VY
6 Coscinodiscus centralis | Estuarine phytoplankton vV |V VY
7 Coscinodiscus Planktonic from high saline river water v |V VY
eccentricus
8 Coscinodiscus gigas Planktonic from high saline river water v |V |V
9 Coscinodiscus Marine phytoplankton vV |V |V |/
Jonesianus
10 Coscinodiscus oculus- Marine phytoplankton vV IV VY
iridis
11 Coscinodiscus radiatus | Marine phytoplankton v |V |V
12 Rhizosolenia setigera Planktonic from high saline river water vV |V VY
13 Triceratium favus Marine phytoplankton vV |V |V |/
14 Biddulphia mobiliensis | Planktonic from high saline river water vV |V VY
15 Biddulphia sinensis Planktonic from high saline river water v |V VY
16 Bacteriastrum Planktonic from high saline river water vV |V VY
cosmosum
17 Bacteriastrum Marine phytoplankton vV |V |V |/
delicatulum
18 Planktoniella sol Estuarine phytoplankton vV IV VY
19 Skeletonema costatum Marine phytoplankton v |V |V Y
20 Nitzschia closterium Estuarine phytoplankton VErarars
21 Nitzschia sigma Estuarine phytoplankton v |V VY
22 Synedra ulna Estuary and brackish water VEraraci
23 Pleurosigma elongatum | Marine phytoplankton v |V
24 Pleurosigma normanii | Marine phytoplankton vV |V VY
25 Asterionella japonica Planktonic from high saline river water v |V VY
26 Thallasionema Marine phytoplankton v |V VY
nitzschioides
27 Thalassiothrix Marine phytoplankton v |V VY
[frauenfeldii
28 Thalassiothrix Marine phytoplankton VIV
longissima
29 Lyngbya confervoides Bottom biota of high saline brackishwater |v |V |V |V
fishery

Source: In-house study
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Fig. 5.3 Diatoms and Dinoflagellates of Sundarbans. Diatoms — 1. Amphora sp. (LM); 2. Amphora
(SEM); 3. Chaetoceros lorenzianus (LM); 4. Chaetoceros lorenzianus (SEM); 5. Chaetoceros
pseudocurvisetus (LM); 6. Planktoniella sol (LM); 7. Planktoniella sol (SEM); 8. Planktoniella
blanda (LM); 9. Planktoniella blanda (SEM); Dinoflagellates — 10. Ceratium furca (LM); 11.
Ceratium furca (SEM); 12. Protoperidinium sp. (LM); 13. Protoperidinium sp. (SEM). (Source:
In-house study)

reflective of the Pearson correlation coefficients, but the former gives a better insight
on the extent of differences in algal population distribution over the spatial expanse
of zone 1-4. Maximum correlation in species distributional trends in all the four
zones is observed near correlation 0 implying independence of species in terms of
their distribution over the spatial scale or in adjacent or near-adjacent zones of
observance. At low space-lag value high correlation is observed and distinctiveness
of species assemblages can be observed. At higher space-lag, species distribution
takes on negative correlativity and is overlapping in nature. To get a better under-
standing of algal dynamics in the four different zones, cluster analysis for Euclidean
distance and Bray-Curtis similarity of the four zones was performed (Fig. 5.5).

The cluster analysis performed yielded a single-link dendrogram in case of
Euclidean distance and a complete—link dendrogram in case of Bray-Curtis similar-
ity. This implies that in case of Euclidean distance the distance calculated between
two clusters is equal to the shortest distance from any member of one cluster to any
member of the other. Thus, according to our species assemblage data, only one
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Table 5.9 Pearson correlation coefficients of algal species assemblage in the four zones of
Sundarbans in India and Bangladesh

Zone 1 Zone 2 Zone 3
Zone 2 —0.179"
Zone 3 0.031 —0.023
Zone 4 —0.263"" —0.296"" 0.084""
“Significant at 0.01 level
Source: In-house study
—— Zone 1 == Zone 2 = Zone 3 —— Zone 4

Correlation

I I ] L}
100 200 300 400
Lag

Fig. 5.4 Autocorrelation based Spatial Distribution Model of the algae in the four zones of
Sundarbans in India and Bangladesh. (Source: In-house study)

clustering is considered significant, that gives high bootstrap value of 100 and is at
an Euclidean distance of ~24. This clustering separates zone 2 as a separate cluster
and zone 1, zone 3, and zone 4 as a separate cluster. In terms of the dendrogram
obtained for Bray-Curtis similarity, though all the bootstrap values for the clusters
are high, the Bray-Curtis similarity values are very low. Thus, only the clustering of
zone 3 and zone 4 is considered as significant.

As such, a clear gradient of species assemblage is not perceivable through the
different zones of Sundarbans, which agrees with the finding of non-existence of
such gradient in terms of physico-chemical parameters over the entire stretch as well.
Nevertheless, it has to be kept in mind that all works considered for these analyses
have been taken up at different times under different stretches, and by different
groups working on the Sundarbans in India and Bangladesh. So, the studies cannot
be claimed to be in sync with each other. Albeit such studies over the years have
yielded a plentitude of data, the focus or objectives of such studies have witnessed
tremendous variations, with some studies concentrating only on phytoplankton,
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Fig. 5.5 Cluster analysis of species assemblage-based data to determine extent of similarity
between the four zones in Sundarbans of India and Bangladesh. (a) Euclidean distance based on
Ward’s method; (b) Bray-Curtis similarity based on UPGMA. (Source: In-house study)

some others on benthic forms, and some on the macroalgal species of the forest
floors and littoral regions. This is also the cause of getting differences in our
expected behaviour of species richness in the four different zones. With maximum
studies having been undertaken in zone 2 and zone 4 in terms of phytoplankton
analysis as well as macropytic algae on forest floors, the results are indicative in
explaining such anomalies too.

5.2.3 Algae as Climate Change Proxies

Different organisms used for interpreting ecological or climatic history of an area
and for reconstructing the chronology of environmental changes that the area has
experienced are included in the broad category of palaeoecological proxies. These
organisms are also capable of serving as tools to make long-term predictions of
ecosystem stability and sustenance. Recent times have seen the prevalence of
diatoms as one of the most favoured proxy for reconstruction as well as predictions
of environment and climate, especially of Holocene period (Mandal et al. 2015b).
One noteworthy study belongs to Holocene palaeoclimate research on Lake Baikal
in southeast Siberia. This happens to be a strategic site in terms of its closeness to the
boundaries of Siberian high pressure and Asian monsoon weather zone, that is also
away from the oceanic influences. Many studies have attempted the use of diatom
assemblages of Lake Baikal to reconstruct Holocene climate variability in this region
(Bradbury et al. 1994; Mackay et al. 1998; Bangs et al. 2000). Subsequent studies
have established relationship between diatoms and environmental parameters in
closed-lake basin systems to Holocene climates from around the world e.g., North
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America (Cumming and Smol 1993; Wilson et al. 1994, 1996; Laird et al. 1998; Last
and Scheweyn 1985), Central America (Metcalfe 1995), Africa (Gasse et al. 1997),
Australia (Gell 1997), Europe (Reed 1998), Antarctica (Roberts and McMinn 1998),
and Greenland (Ryves et al. 2002). Many other studies have resorted to multivariate
approaches, while attempting to find climatic or environmental relationships between
diatoms in surface sediments of marine environment and environmental variables.
Such studies are predominantly on sea-surface temperatures. A study on the relation-
ships between environmental variables and diatom species executed off the north
Icelandic shelf suggests a distinct period of cooling since around 2200 cal yrs. BP up
to the present, which is coincident with neo-glacial cooling in other regions (Jiang
et al. 2002). A very conclusive study on marine diatom assemblage as evidenced for
Holocene climate variability relates to a multi-proxy study undertaken in the Ant-
arctic Peninsula that use multiple regression analysis of diatom data and environ-
mental variables of the sediments (Taylor and McMinn 2002).

Studies have been able to indicate that araphidinate diatoms increase substantially
with rising eutrophication accompanied by a decrease in centric diatom species
(Stockner 1971, 1972; Stockner and Benson 1967). The inverse relationship
between Fragilaria crotonensis and Melosira italica has been reported as a common
phenomenon in a vast majority of temperate lakes that have recently undergone
cultural eutrophication (Stockner 1971) rendering Fragilaria crotonensis as an
accepted and reliable character-form of eutrophic waters. A study on diatom
palaeoecology undertaken in the Everglades National Park puts forth interesting
observations that validate the efficiency of soil diatoms in inferring past ecological
history of areas under study (Cooper 1995; Pyle et al. 1998). The study also dwells
upon the interesting finding of the significance of Centric: Pennate (c:p) ratio as a
useful indicator of the relative availability of planktonic and benthic habitats (Coo-
per 1995). It also reveals an increase in the ratio over time. The factors attributed as
responsible for such increase in c:p ratio include increased nutrient concentration,
increased levels of suspended sediments, and increased depths of water column.
Interestingly, many such changes in diatom species abundance were found to be
preserved between 40 and 50 cm depths and many such trends even reversed
between 10 and 20 cm. This study on diatom assemblages conclusively points
towards an indication of increasing salinity trends in the Florida Bay.

A study by the authors’ group Mandal et al. (2015a) in the Indian Sundarbans on
sediment cores (~50 cm depth) from areas falling within zone 2, reports, for the first
time, presence of 15 species of diatoms from sediment samples. Only 4 species out
of these have previously been reported from the estuarine waters, namely Cyclotella
striata, Diploneis smithii, Coscinodiscus radiatus and Coscinodiscus wailesii. The
rest of the 11 species are first reports made not only from the sediments but also from
this system. The study highlights that three of the newly reported species of this
region, Aulacoseira granulata, Amphicampa eruca, and Epithemia turgida are
interestingly freshwater species. The presence of such indicator species in the
sediments of this saline environment is attributed to loss of freshwater conditions
and increasing salinity of this area.
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Mandal et al. (2015a) have also recorded the presence of Giffenia cocconeiformis
for the first time from Indian Sundarbans. This rare species is also interesting in
terms of deciphering changes in the ecosystem with diatom indicators. It has earlier
been reported as part of the marine and brackish diatom assemblages of Nanaura
mudflats in Japan (Park et al. 2012). The species has also been reported as a diatom
fossil species in marine mud facies in Holocene sediment samples of Dobadia,
Bangladesh (Rashid 2014), where the species is reported to co-occur with
Coscinodiscus radiatus and Cyclotella striata, and this holds similarity with the
diatom assemblages obtained by Mandal et al. (2015a). According to Rashid (2014),
pollen grains of mangrove Xylocarpus sp. and Lumnitzera racemosa are found
within these assemblages implying that the mud was deposited in an intertidal
mudflat though the collection site is in central Bangladesh (zone 3), bearing evidence
of coastal deposition in such mud facies. Incidentally, Rashid (2014), however,
attributed such depositions primarily to tectonic activity. The diatom assemblages
in the sediment profiles at the sampling sites considered by Mandal et al. (2015a) (the
authors’ group) also suggest the presence of a freshwater environment at some point
of time during the genesis of this deltaic region. This could only have been possible
with higher influx of freshwater during the said period. Thus, the indicator diatom
assemblages from zone 2 of Indian Sundarbans also substantiate the findings of
Morgan and Mclntire (1959), Naskar and Guha Bakshi (1987), Dasgupta et al.
(2012), which indicate a very slow tilting of the coast in the north-western part of
Sundarbans (within zone 2) owing to tectonic movements. Simultaneous subsidence
of the eastern part of Sundarbans (within zone 3) is also observed. Mandal et al.
(2015a) also report about the cumulative effect which is presently experienced in the
form of decreased freshwater influx in the western part of Sundarbans.

In another study by the authors’ group, investigation has been carried out on a
seasonal diatom genus — Planktoniella (Sekh et al. 2016). The study highlights the
fact that the organism dominant in phytoplankton samples throughout the year also
exert significant influence on the seasonal species, Planktoniella spp. In this case,
species like Coscinodiscus - C. argus and C. centralis are found to be dominant
during the period when both the species of Planktoniella are absent from the
phytoplankton samples. Although Protoperidinium pallidum as a bloom species in
the studied site did not exert any perceivable influence on the presence of
Planktoniella and both the species were found to be present in their usual limited
numbers in the samples. Similarly, species like Chaetoceros lorenzianus and
C. pseudocurvisetus dominant in phytoplankton samples were observed to promote
the presence of Planktoniella and exhibit strong positive correlation. Similar
accounts of co-existence of Planktoniella with numerous other phytoplankton
forms are found in the literature.

The study also shows that the genus has proven to be a good indicator of even
slight variations in temperature, turbidity, and DO in the estuarine system of Indian
Sundarbans acting as excellent response variables. The study could generate two
regression models for the two-different species of Planktoniella which included
temperature, turbidity, and DO as predictor variables.
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The regression equation generated for P. blanda with p value = 0.000:
P.blanda = —2.6—0.425Temp. — 0.00082 Turb. + 0.255DO
The regression equation generated for P. sol with p value = 0.000:
P.sol =294 —0.302Temp. — 0.00161Turb. — 0.682DO

In the context of associated climate change effects, the study showed that
temperature, turbidity, and DO can effectively serve as predictor variables for the
two species of Planktoniella as response variables. The equation in case of P. blanda
predicts that with each unit decrease in temperature, P. blanda counts can increase
by 0.425 considering the interaction with other predictor variables. Similarly, in case
of P. sol, a single unit decrease in temperature can increase P. sol count by 0.302 in
consistence with other predictor variables.

Findings of significant importance that address future climate change effects on
diatoms can be found worldwide. Boeff et al. (2016) have highlighted different
responses recorded in the sediments of three large lakes in northeast USA to climate-
driven changes using a diatom-based thermal stratification index and support the use
of diatoms as indicator species in reconstructing lake thermal stratification patterns
when paired with site-specific morphometric and ecological data. Barron et al.
(2013) report an extensive study related to response of diatoms and silicoflagellates
to climate change in the California Current in Santa Barbara Basin over about
250 years spanning over a period since 1748 through 2007. They studied diatoms
and silicoflagellate assemblages for the purpose of determining the timing and
impact of possible twentieth century warming on several different components of
the plankton. Their findings highlight the decline of Thalassionema nitzschioides
and Distephanus speculums, in the 1920s, with both the species being indicative of
cooler waters, these results prove to be consistent with the influence of twentieth
century warming on marine ecosystems. Interestingly, a cooling of surface waters
coincident with the one of the strongest La Nifia events of the twentieth century in
the late 1998 brought about a return to pre-1940 values of these cool water taxa.
Diatom response to recent climatic change in a high arctic lake was studied by
Michelluti et al. (2003). The study was conducted in Char Lake for studying
physical, chemical and biological variables. The water quality data did not reveal
much in terms of change but with the application of a diatom-based
palaeolimnological analysis revealed a subtle, yet distinct species assemblage shift
1987 onwards. Of interest to note is that the timing of this species shift corresponds
with recent climatic changes during 1988—1997 as documented by local meteoro-
logical data. Such findings reinstate the importance of paying increased attention to
algae, particularly diatom flora in our system of interest, i.e., Sundarbans, while
inferring climate change effects in the past, and also for the purpose of predicting
future climate dynamics and possible impacts of climate change on the system.
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5.3 Conclusions

Sundarbans, spread across India and Bangladesh, is reportedly quite rich in terms of
its algal flora with the presence of 762 species of algae. Their dynamics in the
ecosystem are dependent on many different environmental variables. It is important
to pay increased attention to algae, particularly diatom flora in Sundarbans, while
inferring climate change effects in the past, for the purpose of predicting future
climate dynamics, and also for possible impacts of climate change on the system.
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Wetland manual rice transplanting in progress (Courtesy D. Burman)
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Soil and Water Resources of Sundarbans Creck o

D. Burman, Manoranjan K. Mondal, Zahirul H. Khan, Asish K. Sutradhar,
and Farhana A. Kamal

Abstract The people of the Sundarbans, spread over India and Bangladesh, depend
mainly on agriculture, the productivity of which is low due to several constraints
related to soil and water resources. The soils of the Sundarbans region are generally
occupying deltaic geomorphic position and have developed on alluvium. The soils
are affected by salinity, while acid sulphate soils having pH <4 are also found in
patches in the region. Soils are generally low in available N and organic carbon, low
to high in available P, and high in available K. The soils are usually well-supplied
with micronutrients, except Zn. Acid sulphate soils are deficient in P, and very high
in water soluble Fe, Al, and Mn. Rivers are all tidally fed as these rivers have lost
their upstream connections with the Ganges due to heavy siltation and solid waste
disposal. This region experiences significant long-term variation in quality of river
water, such as the surface water temperature, salinity, pH, dissolved oxygen. The
salinity of river water increases gradually from post-monsoon to pre-monsoon period
and thereafter decreases to a lowest value in monsoon, and the cycle repeats
annually. The top saline water bearing aquifers are generally separated from the
underlying fresh water group of aquifers by a thick impermeable clay layer. The
arsenic contamination problem in groundwater has been reported in the Sundarbans.
In general, there is seasonal fluctuation of salinity in the groundwater too, salinity is
higher in dry season than in monsoon.
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6.1 Soils

The soils of the Sundarbans region are generally occupying deltaic geomorphic
position and have developed on alluvium and affected by salinity. The major
taxonomic groups of soil in the salt affected coastal region of Sundarbans are:
Typic Endoaquepts, Fluventic Endoaquepts, Aeric Endoaquepts, Sulfic
Endoaquepts, Fluvaquentic Endoaquepts, Vertic Endoaquepts, Typic Ustifluvents,
Typic Fluvaquents, and Sulfic Endoaquents. The soils have Hyperthermic tempera-
ture and Aquic moisture regime. The region is having a flat topography with
elevation of about 1-12 m from mean sea level (MSL). The soils are usually
heavy-textured and it varies from clay to silty loam. However, light textured soil,
i.e. sandy to sandy loam soils are also found at places. The soils of the mangrove
forest area are wetlands and are characteristically different from the those of the
cultivated soils. The major soil groups form management points of view are acid
sulphate soils and saline soils.

6.1.1 Acid Sulphate Soils
6.1.1.1 Formation and Distribution

Acid sulphate soils encountered in patches have pH below 4 that is directly or
indirectly caused by sulphuric acid formed by oxidation of pyrites(FeS,) (or other
oxidizable sulphidic materials) present in the soils. Under strongly oxidizing and
acidic condition in presence of metallic cations FeS,the soils may also be oxidized
forming jarosite (KFe3(SO,4),(OH)g) and free acid. Presence of jarosite mottles along
with low pH is the most characteristic feature of acid sulphate soils. However, there
are many acid soils visibly without jarosite mottles. The acid sulphates soils are
broadly grouped into two types, i.e. actual and potential acid sulphate
soils (Pons1973). Actual acid sulphate soils have a low pH (<4.0) and high amount
of sulphate, about 5 g kg~' water soluble sulphate (Ponnamperuma and Solvias
1982). Potential acid sulphate soils are poorly drained soils with high content of
pyrites. The pH of the soil may be neutral or slightly acidic in the field. Upon
drainage, the soil becomes strongly acidic, which directly affects the growth of
plants asa result of aluminum and iron toxicity, and indirectly decreases the avail-
ability of phosphorus and other nutrients.

In Sundarbans region in both India and Bangladesh, acid sulphate soils are found
in patches (Rahman et al. 1990; Bandyopadhyay and Maji 1995; Bandyopadhyay
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et al. 2003). These soils are locally known as ‘Koimuro’ or ‘Kosh’ soil in India and
Bangladesh, respectively. About 71, 000 ha of acid sulphate soils have been reported
from the coastal zone of Bangladesh (Rahman et al. 1990). These soils are very poor
to poorly drained with colour ranging from dark grey to grey. The texture is silty clay
loam to clay, and the soil pH is less than 4.

The strong acidity of soil is developed due to oxidation of pyrite (FeS,) and other
oxidizing sulphidic materials present in the soil. Zerosite mottle is generally found in
the soil profile. Potential acid sulphate soils in Bangladesh have no jarosite mottle.
However, jarosite mottles have been found within the profile at different depths in
actual acid sulphate soils. Soil reaction values (pH) in Indian Sundarbans varies
generally from 6.0 to 8.5, however, pH of acid sulphate soil in this area is less 4.5. A
thematic map sowing soil pH status of surface soils in North 24 Parganas and South
24 Parganas districts in Sundarbans in India is presented in Fig. 6.1 depicting acid
sulphate soils having pH <4.5.

6.1.1.2 Physicochemical Properties

Profile characteristics of a representative acid sulphate soil in North 24 Parganas
district in India are given in Table 6.1. The acid sulphate soils in Sundarbans areas
are widely variable in organic C content with high value at the surface because of
deposition of organic matter and it decreases with depth. In some areas, high organic
C at lower depth indicates early deposition of organic matter in the soil. The CEC
value ranges from 5 to 28 C mol kg ' or more. The variation in CEC values is related
to variation in organic matter and clay content in the soil. In general, exchangeable
Mg*concentrations is very high in the profile compared to Ca** concentration,
which suggests old marine deposits and Ca** largely leached from the exchangeable
complex. These soils are low to medium in available N content, poor in available P
content, and high in available K content. These soils contain very high quantity of
water soluble Fe, Al, and Mn. The pH of soil increases, while water soluble Al
decreases following submergence of soil. Due to high content of soluble Fe, Al and
Mn the soils show high P-fixation capacity and toxicity of Fe and Mn particularly
under waterlogged condition. High K status in the soil is due to presence of
K-containing illitic materials and K-containing salts, like KCl and K,SO,4. The
high S content in the soil is attributed to presence of sulphuric horizon within the
soil profile. These soils are generally poor in Zn and Cu contents.

6.1.2 Saline Soils
6.1.2.1 Formation and Distribution

Most of the Sundarbans areas in Indian and Bangladesh are affected by salinity. The
salinity development in the soils is primarily attributed to tidal flooding, frequent
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Fig. 6.2 Variation in soil salinity in different months of the year in Sundarbans. (Sources:
Bandyopadhyay et al. (2003), free access (1st graph) and SRDI (2003), Mondal et al. (2006), free
access (2nd graph))

inundation of saline water from sea or river coupled with drainage congestion during
monsoon (June to October), and upward capillary movement of saline water from
brackish groundwater located at shallow depths (usually around 1 m depth through-
out the year) during post-monsoon period. Soil salinity showed a large temporal and
spatial variation across the coastal zone (Bandyopadhyay et al. 2003; SRDI 2010). It
is highest in summer and lowest in monsoon season (Fig. 6.2). During monsoon, the
salinity levels in soils are within the safe limits due to leaching and washing of salt
through monsoon rains. After monsoon, the salinity starts increasing due to upward
capillary movement of salt following evaporation. In top soil, salinity (ECe) varies
from 0.5 to 50 dSm™" or more in Indian parts of Sundarbans, while in Bangladesh
part it is reported to vary from 0.3 to 70.0 dSm ™. The salt distributions in soils in the
Sundarbans region of India is presented in Fig. 6.3. The soil salinity increases from
northern to southern part and from west to east. The Ganges tidal floodplains,
i.e. Sundarbans constitute about 49% of the coastal areas in Bangladesh. Among
the four physiographic units (Ganges tidal floodplain, Lower Meghna estuarine
floodplain, Ganges river meander floodplain and Peat basin), the highest salt accu-
mulation is observed in the Ganges tidal floodplain in Bangladesh (SRDI 2000).
Electrical conductivity (ECe) of almost all the soils decreases with depth and then
increases again due to the influence of saline groundwater. The highest total soluble
salt concentrations (3122 mg 1™") are found under brackish water shrimp cultivation
due to flooding with high saline water for a considerable time in each year.

6.1.2.2 Profile Characteristics

Soils of the Sundarbans are mostly non-sodic. SAR varies from 1.54 to 1.66 in
Khulna region in Sundarbans in Bangladesh (Mondal et al. 2001). Salts are domi-
nated by CI™ and SO,4= of Na, Mg, Ca and K (SRDI 2000; Bandyopadhyay et al.
2003). In Bangladesh, for most of the saline soils the ionic preponderance decreases
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in the order of Na* > Ca** > Mg”* > K*. But in the soils under prolonged brackish
water shrimp cultivated areas, ionic preponderance decreases in the order of Na*
> Mg?* > Ca2* > K",

In general, saline soils in Indian Sundarbans are low in fertility status. They are
usually rich in available K and micronutrients (except Zn), low to medium in
available N, and are having variable available P status (Bandyopadhyay et al.
1985; Bandyopadhyay 1990; Maji and Bandyopadhyay 1991). The profile charac-
teristics of saline soils of Sundarbans in India are given in Table 6.2.

In Bangladesh part of Sundarbans, the dominant soil texture of the upper soil
layer (10-20 cm) is silty clay and silty clay loam (Table 6.3). Mondal et al. (2001)
reported similar soil texture at two sites in Dumuria upazila in Khulna district. The
subsoil texture is almost similar to topsoil, while sporadic clay is found in the
sub-layers in the region. In all cases, silt and clay fractions dominated over the
sand fraction. This is typical for the parent materials of delta soils because larger
particles, including most of the sand fraction, are deposited further upstream, and
many of the remaining fine particles (silt and clay particles) are deposited in the delta
area due to the back and forth movement of water in the tidal zone (Saleque et al.
2010). Fine textured delta soils are expected to be highly suitable for lowland rice
farming because of their high nutrient content and high water holding capacity.
However, the fine textures of delta deposits, especially when occurring in the
subsoil, indicate the possibility of poor internal drainage, retarded salt leaching
during the wet season, and considerable salt input with capillary rise during the
dry season (Panaullah 1993). But horizontal salt leaching or washing salts from the
topsoil by the tidal river water and rainfall in the deltas is a common phenomenon
suggesting desalinization of surface soil to cultivate rice in the aman (monsoon or
kharif) season in the Sundarbans region (Mondal et al. 2006).

6.1.2.2.1 Soil Nutrient Status

Organic matter (OM) status of coastal Ganges delta soils of Sundarbans region in
Bangladesh ranges from 1.7% to 3.8% (Table 6.3). Slightly higher organic matter
contents in the upper soil layers are found in Sundarbans than in other parts of the
coastal zone of Bangladesh, and this may be because of less intensive cropping in
case of the former (SRDI 2000). The high OM concentrations could also be
attributed to the prolonged submergence (June—December) and growth of natural
aquatic plants during the period when the soil remains flooded for long. In addition,
the fine texture of delta soils may also favour OM accumulation. Tidal sediments
often contain high OM concentrations (3.4% OM and 700 ppm soluble organic
carbon), thereby contributing to the observed high OM concentrations of these tidal
flooded delta soils that normally remain underwater for 4-5 months each year
(Saleque et al. 2010).

Total N contents of the topsoil in the coastal Ganges delta in Bangladesh vary
from 0.06% to 0.17% (Table 6.4), which is generally considered low to very low for
the crop production (SRDI 2000). Total N contents decrease with the depth. The
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Table 6.3 Physiochemical properties of the upper layer (~15 cm) of Sundarbans soils in
Bangladesh

CEC
Soil (meq100 g~* Organic CaCO3 | Bulk density
District Location texture soil) matter (%) (%) (gee™ l)
Khulna | Dumuria Silty clay | 18.4 3.82 3.5 1.37
Batiaghata Silty clay |26.4 2.22 0.5 1.33
Paikgacha Silty clay | 13.6 1.72
loam
Bagerhat | Mongla Silty clay |24.8 3.82 0.5 1.35
Morrelgonj | Silty 16.8 1.93 0
Caly
Satkhira | Kaligonj Silty clay |17.0 2.23 0
Satkhira Silty clay | 20.8 2.16 5.5
loam
Shyamnagar | Silty clay |17.6 3.40 0

Source: SRDI 2000, free access

poor N status of the delta soils is due to high rate of decomposition of OM,
inadequate application of N, and high loss due to volatilization and denitrification.

Available P (Olsen-P) in the coastal Ganges delta soils of Sundarbans region in
Bangladesh varies from 2.72 to 11.35 mg kg ™' (Table 6.4). Most soils in this region
suggest P deficiency. According to Fairhurst et al. (2007), P deficiency is highly
likely at Olsen P below 5 mg kg™ 'and probable at values ranging between 5 and
10 mg kg~'. SRDI (2000) mentioned that in some areas P was found well below the
critical level for most agricultural crops. Acute P deficiency was observed in
low-saline zone of the Sundarbans. Saleque et al. (2010) mentioned that tidal flooded
delta soils were replenished with P through tidal sediments, which contained con-
siderable amounts of total and available P (763 mgkg ' total P and 28 mg kg '
available P). Moreover, 8—14 mg kg 'P is generally adequate for moderate yield of
lowland rice and response to P application of lowland rice in delta soils is therefore
expected to be relatively low, especially in aman rice, because of tidal sediments.

The exchangeable K concentration in most of the coastal delta soils is relatively
high (Table 6.4) in Bangladesh. Higher exchangeable K content has been observed
in medium and high saline coastal zone of the region (0.15-7.2 mg g~ soil). In
non-saline delta areas, the exchangeable K concentrations vary from 0.02 to
0.07 mg g~ 'soil. Most of the soils in low saline coastal zone are found deficit in
potassium (Fairhurst et al. 2007) due to higher cropping intensity, inadequate
application of K, and limited tidal water inundation (SRDI 2000). Given the
observed concentrations of exchangeable K and the reported threshold values
(K deficiency is highly likely at exchangeable K below 0.15 mg g~ 'soil and probable
at values between 0.15 and 0.45 mg g~ soil), lowland rice in delta soils would rarely
respond to the application of K (Saleque et al. 2010). Moreover, considerable K
inputs from tidal sediments (SRDI 2000) can further contribute to the K nutrition of
rice crops in the Sundarbans area.
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Available S concentrations in the coastal Ganges delta soils of the Sundarbans
region in Bangladesh range from 16 to 514 mgkg ' (Table 6.4). Critical soil levels
for occurrence of S deficiency in rice are suggested as below 9 mg kg™ 'soil
(Fairhurst et al. 2007). The S content of the top soils of this region was found
medium to very high. Therefore, none of the soils in the Sundarbans region are
deficient in S for wetland rice, since considerable S inputs from the deposition of
tidal sediments could be expected.

SRDI (2000) reported appreciate amounts of micronutrients (Cu, Fe, B and Mn),
except for Zn, in almost all the coastal Ganges soil including Sundarbans region,
meaning thereby that there is no deficiency of Cu, Fe, B and Mn (Table 6.4).
Available Zn concentrations in almost all delta soils are below 2.0 mgkg ™' soil,
which is below the critical level suggested by Fairhurst et al. (2007). High pH values
and excessive wetness/waterlogging, as often experienced in these soils, further
enhance the limit for Zn availability for rice. Therefore, widespread Zn deficiency
and response to Zn application could be expected. However, there are also consid-
erable differences in tolerance to Zn deficiency amongst different rice varieties, and
only field tests with widely used varieties in the region may recommend the need for
Zn application (Saleque et al. 2010).

Saleque et al. (2010) investigated the relation between the soil fertility indicators
and established correlation matrices for saline and non-saline soils and for the
combined dataset (Table 6.5). All three matrices indicated that higher pH values
were related to lower OM concentrations and possibly related to a higher mineral-
ization rate at higher pH. They mentioned limited availability of the plant nutrients in
the poor soils of the Sundarbans region due to positive correlation among P, K, S and
Zn (except in non-saline soil). In non-saline soils, the soil pH was correlated
negatively with available K, S and Zn, suggesting better nutrient availability
occurred near neutral pH values.

Soil nutrient status for the Sundarbans region in India has been covered by
Sarangi and Islam in another chapter in this book.

6.2 Water
6.2.1 Surface Water
6.2.1.1 Rivers, Estuaries and Occurrences of Tides

Sundarbans, a tide-dominated wetland, is comprised of a complex network of
estuaries, tidal inlets, tidal creeks, and a large number of islands. Sundarbans is
influenced by several numbers of rivers in a criss-crossed way and the tidal river
system or estuaries. Most of the creeks act as the pathway for the to and fro
movement of tidal water and downstream flow of river systems. There are seven
most important rivers in the Indian Sundarbans, out of which two western sectors
rivers, viz. Hooghly and Muriganga are connected to the Himalayan glaciers through
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Table 6.5 Correlation matrix and coefficients for soil characteristics: pH, organic matter (OM) and
soil nutrients (Olsen P, exchangeable K, available S and Zn) in saline and non-saline delta soils of
the Ganges coastal zone of Bangladesh

oM Olsen P | Exchangeable K | Available S | Available Zn
Non-saline soil (n = 41)
pH -035" 061" | —045" -0.51" —0.39"
OM —0.44" 10.32" 0.18™ —0.04"
Olsen P —0.54™ —0.35" —0.24"
Exchangeable K 0.417" 0.24"
Available S 0.35"
Saline soil (n = 19)
pH —0.20™ | —0.31ns |0.09" —0.13™ 0.01"
OM —0.17" | —0.04™ —0.25" 0.01™
Olsen P 0.02™ 0.36™ 0.78""
Exchangeable K 0.36™ 0.32"
Available S 0.49"
Combined (saline and non-saline) soil (n = 60)
pH —0.38" | —0.01™ |0.18™ 0.02™ —0.03"
OM —0.22" | —-0.14™ —0.20" —0.20"
Olsen P 0.06™ 0.29" 0.66""
Exchangeable K 0.49™ 035"
Available S 043"

Source: Saleque et al. 2010, free access
" ™_ significant at p = 0.05%, 0.01%, respectively; ™- non-significant

the Ganges, and the five eastern sector rivers, viz. Saptamukhi, Thakuran, Matla,
Gosaba and Harinbhanga are all tidally-fed as these rivers have lost their upstream
connections with the Ganges due to heavy siltation and solid waste disposal from the
adjacent cities and towns (Chakrabarti 1998). During the fifteenth and sixteenth
centuries, Bidyadhari river was a flourishing branch of the Bhagirathi but now it is
almost in dying condition since the river bed is completely silted up and serves only
as a sewage and excess rainwater outlet from the city of Kolkata. The spatio-
temporal variations of the tidal water level were observed at different observation
stations, spread over more than 3600 km?> area, and covering seven estuaries, viz.
Saptamukhi, Thakuran, Matla, Bidya, Gomdi, Harinbhanga, and Raimangal in
Indian Sundarbans region (Chatterjee et al. 2013). The predominantly semi-diurnal
tides are observed to amplify northwards along each estuary, with the highest
amplification observed at Canning, situated about 98 km north of the sea-face on
the Matla. The first definite sign of decay of the tide was observed only at Sahebkhali
on the Raimangal, 108 km north of the sea-face. The degree and rates of amplifica-
tion of the tide over the various estuarine stretches were not uniform and followed a
complex pattern. A least-squares harmonic analysis of the data performed with eight
constituent bands showed that the amplitude of the semi-diurnal band was an order
of magnitude higher than that of the other bands and it doubled from mouth to head.
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The diurnal band showed no such amplification, but the amplitude of the 6-hourly
and 4-hourly bands increased head-ward by a factor of over 4.

There are five potential river estuaries, viz. Raimangal estuary, Malancha estuary,
Kunga estuary, Bangra estuary, and Baleswar estuary located in the southern
Sundarbans in Bangladesh (Fig. 6.4) and these are affected due to tidal inundation
and high salinity intrusion (Islam et al. 2011). The availability of freshwater in
Sundarbans is mainly dependent on upstream river water flows. The lower part of
Gorai (major tributaries of the Ganges), called Madhumati, carries fresh water to the
Baleswar river estuary in Sundarbans. Besides these, there are five other rivers, like
Kobadak, Kholpetua, Passur, Sibsa and Baleswar, which carry fresh water into the
Sundarbans estuaries. Kholpetua and Kabadak rivers receive fresh water mainly
from the local run-off, in addition to that from the Gorai inflows. Passur and Sibsa
rivers receive fresh water from Gorai offtake, while Baleswar is fed partially by
Gorai and also from right bank spill channels of the Ganges and Meghna rivers.

6.2.1.2 Water Quality: Seasonal Variations
6.2.1.2.1 Salinity and Other Physicochemical Properties

A study conducted by Mitra et al. (2009) indicated that Sundarbans in India
experienced significant long-term variation in water quality of river water, such as
the surface water temperature, salinity, pH, dissolved oxygen, and transparency over
a period of 27 years (1980-2007). The temperature in these waters has risen by
6.14% in the western sector (Hooghly and Muriganga), and by 6.12% in the eastern
sector (Saptamukhi, Thakuran, Matla, Gosaba and Harinbhanga) at the rate of
approximately 0.5 °C per decade, much higher than that observed globally as well
as for the Indian Ocean. The western rivers showed a significant and continuous
decrease in salinity (1.67 PSU/decade), whereas the eastern sector showed an
increase in salt (~6 PSU over 30 years) (Fig. 6.5). The trends are similar in both
pre-monsoon and monsoonal periods. The waters of the western rivers are fresher
now than in the 80s and 90s, probably, and primarily due to the increased amount of
melt water from the Gangotri Glacier. At the same time, salinity has increased on the
eastern sector, where the connections to the melt water sources have become extinct
due to heavy siltation of the Bidyadhari Channel.

Two decades of pre-monsoon data (1990-2012) showed a significant and con-
tinuous decrease in salinity in the western rivers (Muriganga, Saptamukhi, Jambu,
Lothian, Sagar, Prentice), and eastern rivers (Arbeshi, Jhilla, Harinbhanga,
Katuajhuri, Chamta, Chandkhali), whereas the central-eastern rivers (Thakuran,
Dhulibasani, Chulkathi, Goashaba, Matla, Pirkhali) showed an increase in salinity
(Banerjee 2013) in India (Fig. 6.6). The rivers in the western sectors of the Indian
Sundarbans (Hooghly and Muriganga), being continuations of the River Ganges,
receive the snow-melt water of the Himalayas, which might result in decrease in
water salinity level (~2.0 PSU/decade). The eastern region, which has shown a
decrease in salinity levels (1.71 PSU/decade), is due to the influx of the large
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Fig. 6.5 Salinity decreased during the last 30 years on the western (left) sector whereas it increased
on the eastern (right) sector of the Indian Sundarbans. Trends are similar in both pre-monsoon and

monsoonal periods. (Sources: Mitra et al. 2009, free access)

discharges of the Padma river from Bangladesh. The salinity has been increased (1.3
PSU over two decades and ~2.8 PSU/decade) in the central sector, where most of the
salinity increase (2.8 PSU/decade) happened during the last 13 years. This increase,
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Fig. 6.6 Trendline showing the increasing salinity in the central sector and decreasing salinity in
the western and eastern sectors of Indian Sundarbans. (Source: Banerjee 2013, free access)

on other hand, may be due to the clogging of the connections to the melt water
sources from Ganges on account of heavy siltation of the Bidyadhari Channel.

During 1980 and 2007, the waters in the western sector in India became gradually
warmer, fresher and lighter with lesser pH concentration (more absorbed CO,),
incurred more DO, and became less transparent, while its water quality has
increased. During the same three decades, the eastern waters became warmer, saltier,
denser and less transparent, whereas their water quality has deteriorated consider-
ably. The signals for pH and DO are complicated with a shifting from no-trend to
near-trend or significant trend behaviour in the mid-nineties.

Physicochemical parameters of surface water (0.5 m depth) studied during
November, 2008 to October, 2011in Jharkhali estuary, which is a part of Hoogly-
Matla estuary in India, surrounded by the mangrove forests, showed that temperature
of the estuary was lowest in post-monsoon in the month of January (21.5 °C) and
highest in pre-monsoon in the month of June (33.5 °C) (Table 6.6) (Chaudhuri et al.
2012). The pH of water was weakly alkaline and more or less constant throughout
the study period (8-8.15). The salinity of water increased gradually from post-
monsoon (17.3 PSU) to pre-monsoon period (24.5 PSU), and decreased to a lowest
value in monsoon (12.6 PSU). Highest salinity was observed in June (24.5 PSU) and
lowest in October (12.6 PSU). Moderate to high DO concentration (6.5-9.8 mg )
was observed throughout the year, highest in January (9.8 mg 17'), and lowest in
June (6.5 mg 1™'). Maximum aquatic turbidity was observed in monsoon in the
month of October (125 NTU), followed by post-monsoon in the month of November
(55 NTU) and pre-monsoon in the month of March (25 NTU), also evidenced by
SPM concentrations (248.4 mgmg 1", 172.1 mg1~' and 87.8 mg 1™ "), respectively.
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This observation was also reflected in Secchi disc indices (20.0 cm, 52.3 cm,
137.5 cm) and light attenuation co-efficient (0.078, 0.030, 0.011). Highest aquatic
turbidity and suspended load (SPM) concentration were evidenced in October
(125 NTU, 248.4 mg 17", and lowest in June (20 NTU, 57.5 mg 1) (Table 6.6).

Nutrient concentrations, i.e. total nitrogen (TN), ammonia nitrogen, total phos-
phate (TP), and silicate showed higher concentration in post-monsoon and monsoon
compared to those in pre-monsoon period. TN and ammonia-nitrogen were esti-
mated to be 34.14 pmol 17!, 2.06 pmol 1" 'in post-monsoon, 20.52 pmol 1~
1.24 pmol 17" in pre-monsoon, and 28.22 pmol 17!, 1.36 pmol 1"' in monsoon
(averaged), respectively. Highest TN and ammonia-nitrogen concentration were
observed in the month of February (36.25 pmol 1') and January (2.3 pmol 17 1),
respectively.

In another study in Jharkhali, India, Mitra et al. (2015) observed that DO value
decreased gradually over a period of three decades (1984-2015). The average values
of DO are 3.82 ppm during pre-monsoon, 4.56 ppm during monsoon, and 4.15 ppm
during post-monsoon. The data reflect the seasonal order of DO in the sequence,
monsoon > post-monsoon > pre-monsoon. A sharp rise in DO level during
pre-monsoon 2009 in the study site may be attributed to Aila, a super-cyclone that
passed across Sundarbans. The gradual decreased in DO values may be attributed to
high salinity in the central part Sundarbans in India due to complete blockage of
fresh water as a result of siltation of Bidyadhari channel since late fifteenth century.

Salinity is a major problem for agriculture as well as for drinking water in the high
saline Sundarbans areas of Bangladesh (Satkhira District). Salinity in the Ichhamoti
and Kakshiali rivers rises to about 30 dSm~! in the dry season, starts decreasing
from mid-June, and drops to below 10 dS m ™ 'in mid-July, but remains above 3 dS m
~! throughout the year (Fig. 6.7). In the medium saline Sundarbans region (Khulna
and Bagerhat districts), salinity starts to increase from December with the decrease in
upstream fresh water flow in the Rupsha, Kazibacha and Pussur river systems.

30

—o— Kakshiali

25 —a— Kazibacha

20

15

10

River water salinity (dS/m)

5

—1

0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 6.7 River water salinity in medium (Kazibacha river) and high (Kakshiali river) saline Ganges
coastal zone of Sundarbans region of Bangladesh in 2013. (Source: SRDI 2014, free access)
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Fig. 6.8 Simulation of the changes in river water salinity (2012 vs 2030) in the coastal Ganges
basin in Bangladesh. (Source: Khan et al. 2015a, b, co-author and open access)

Salinity varies seasonally and remains below 4 dS m 'from mid-June to
mid-February, reaches the peak value of 20-25 dSm™'in April/May (Mondal et al.
2006; Mondal et al. 2010; Khan et al. 2015a). Khan et al. (2015a,b) mentioned that
EC of the river water will increase further in the Sundarbans region even under
moderate climate change (scenario A1B) and with 22 cm sea level rise up to 2030
(Fig. 6.8).

Khan et al. (2015a) reported from field observations that the river water salinity of
the Kazibacha river in Khulna district started to increase from December and reached
the peak (~20 dS m ") in April/May, decreased rapidly in June, and remained below
4 dS m™'until mid-February (Mondal et al. 2010). But scarcity of fresh water is acute
in Satkhira district. The salinity in the river systems remains above 3 dS m'
throughout the year and the peak salinity reached up to about 26 dS m ™" in Kakshiali
river in 2013. Khan et al. (2015a) mentioned that the river water in the Satkhira area
was never suitable for agricultural crops; however, it is a valuable resource for
shrimp cultivation.

6.2.1.2.2 Hydrographic and Time Series Data Analysis: Effect of Cyclone
Aila

The hydrographic and time series data in June (pre-monsoon season) for 30 consec-
utive years (1984-2013) during high tide period in six selected stations in the
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western Indian Sundarbans (Chemaguri, Saptamukhi, Jambu Island, Lothian Island,
Harinbari, Prentice Island) exhibit acidification of estuarine water (Jana et al. 2014).
The pH has decreased within the range 0.24% to 1.44% over a period of 30 years in
the study area. The rate of decrease per decade varies from 0.007 to 0.048. The
significant reduction in levels of surface water pH can be attributed to factors like
seawater intrusion into the estuary from Bay of Bengal, sewage discharge (from
point and nonpoint sources), and photosynthetic activity by the mangrove vegetation
that exhibit variable biomass and area around the selected stations. However, sudden
rise of pH recorded during 2009 was the effect of Aila cyclone in the Sundarbans
region in 2009. This cyclone caused significant rise of surface water salinity and pH
in the estuaries of the Indian Sundarbans (Mitra et al. 2011).

6.2.2 Groundwater
6.2.2.1 Aquifer Zones and Soil Strata

The Sundarbans region is the most vulnerable area for groundwater use in respect of
quality and quantity. It is mostly used for drinking purpose, although sporadic
utilization for dry season cropping is also observed in Sundarbans region. In the
Indian part of Sundarbans, the top saline water bearing aquifers are generally
separated from the underlying fresh water group of aquifers by a thick impermeable
clay layer. The fresh groundwater occurs under confined condition, where piezo-
metric surfaces lie between 0.50 and 2.00 m below msl and hydraulic gradient tends
towards sea. There are three aquifer zones in the Indian Sundarbans (Fig. 6.9), the
first upper aquifer occurs within 60 m below ground level (bgl) which is mostly
saline. The second zone occurring between 70 and 160 m bgl is also saline. The third
aquifer zone, fresh in nature, occurs between 160 m and 400 m bgl. The saline water
aquifers at the top are separated from the underlying freshwater group of aquifers by
a thick clay layer varying in thickness from 4 m at Gangasagar to 120 m at Kultali;
the general thickness of the intervening clay blanket is between 20 and 50 m (Sinha
Ray 2010).

The salinity problem in Sundarbans aquifers of India is mostly due to the presence
of seawater (as connate water) with different degrees of salinity getting entrapped
during marine transgression or through deposition of sediments under marine depo-
sitional environment. Slow movement of groundwater in the area with a long
residence time in contact with a stationary coast-ward salt water body also causes
quality deterioration. The Sundarbans areas are prone to frequent cyclonic storms.
During the cyclonic storms, high tidal waves enter deep inland and also along the
tidal creeks, the influent seepage from which also deteriorates the quality of
groundwater.
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Fig. 6.9 Disposition of
sub-surface fresh/saline
aquifers from Diamond
Harbour in the northwest to
Gosaba in the east, is
depicted with the aid of
lithological and hydro-
chemical data from seven
bore holes as observed by
the Central Groundwater
Board, India. (Source: Sinha
Ray 2010, free access)

6.2.2.2 Aquifer Water Quality

The top saline/ brackish aquifer lies within the depth of 160 m bgl. The important
chemical types of groundwater are Ca-Mg-HCOj; type and Na-HCOj; type in North
24 Parganas and South 24 Parganas districts in Sundarbans, respectively. However,
Ca-Mg-Cl type of groundwater is also found in some isolated patches in the region.
In general, Cl content in South 24 Parganas is high (< 1000 mgl™") in upper aquifer
(20-150 m depth range) with specific conductance at high value (< 1500 dSm ™" at
25 °C). However, aquifers at deeper depth (115-350 m) in this district is relatively
fresh and CI content is within permissible limit. Owing to the sub-marine and
estuarine environment in which sediments are deposited and also owing to saline
water intrusion as a result of proximity to the sea and tidal influence, the CI content in
upper aquifer of South 24 Parganas district is at high level. The salinity in ground-
water in this district is also higher (< 3000 pS cm ™" at 25 °C). The iron content in
groundwater in Sundarbans areas is at high level (< 1.0 mgl™"). The arsenic
contamination problem in groundwater area has been reported in Sundarbans.
Arsenic content of groundwater has been found to be beyond permissible limit of
0.01 ppm in sporadic manner in Haroa block in North 24 Parganas district and
Joynagar-I and Magrahat II blocks in South 24 Parganas district of Sundarbans. The
status of groundwater in total 19 blocks of North 24 Parganas and South 24 Parganas
district of Sundarbans is given in Table 6.7.
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Fig. 6.10 Variation of rainfall and depth (below ground level) of the piezometric level in selected
STWs in Dumki village. (Source: Burman et al. 2015, in-house study by the senior author)

6.2.2.3 Groundwater Use for Irrigation

Scarcity of fresh surface water for irrigation during the post-monsoon period is the
main constraint on growing rabi (post-monsoon boro) rice and other crops in the
Sundarbans region. Therefore, there is increasing exploitation of groundwater
through shallow tube wells (STWs) in Indian Sundarbans region. A series of surveys
was conducted on the status of STWs in South 24 Parganas and North 24 Parganas
districts from 2000 to 2014 (Burman et al. 2015). The depth of STWs varied from
67 to 128 m below ground level (bgl). A study throughout 2003 showed variation of
piezometric level and salinity in groundwater with rainfall during the year, showing
drop in the salinity with rise of piezometric and increase of rainfall during monsoon
(June to October), and increase in salinity with the reverse trend in piezometric level
and rainfall during post-monsoon period (November to May) (Figs. 6.10 and 6.11).
The findings suggest that there is an urgent need to characterize the aquifers of the
region and to develop a plan for the sustainable use of groundwater for irrigation.
The tubewells in the Sundarbans area in Bangladesh were generally installed at
depths between 150 m and 350 m. In the Khulna region, Haskoning and Iwaco
(1981) found that the upper aquifer contains brackish to saline water and that the
fresh-saline groundwater interface lies at a depth between 200 and 300 m below
ground level. Saline pockets also occur in both shallow and deep aquifers due to the
presence of paleo-brackish water that was entrapped in small areas during rapid
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Fig. 6.11 Variation of rainfall and salinity of the groundwater in selected STWs in Dumki village.
(Source: Burman et al. 2015, in-house study by the senior author)

regressive events, the latter having occurred between 12,000 and 10,000 years after a
transgression period between 18,000 and 12,000 years ago (Acharyya et al. 1999).

Hasan et al. (2015) conducted study on the quality of groundwater in the medium
and high saline coastal zone of Sundarbans areas of southwest Bangladesh. They
collected water samples from 130 shallow hand tubewells (SHTW) and 115 deep
hand tubewells (DHTW). The SHTWs had screen depths varying from 35 to 120 m
and in the DHTW it varied from 150 to 340 m below the ground level. Quality of
groundwater was variable ranging from good to poor, meaning some aquifers of the
southwest coastal zone was suitable for drinking and some were saline for agricul-
tural development and drinking as well.

SRDI (2014) also analysed the suitability of groundwater collecting water sam-
ples from the HTWs across the coastal zone of the Ganges delta. The groundwater
salinity of Khulna area in the southwest coastal zone over the period 2009 to 2014
varied from 1.2 to 2.8 dS m ! (SRDI 2014).

Observations taken during February 2005 to December 2007 from wells installed
at about 50—60 m depth at Polder 30, Batiaghata upazila in Khulna district and Jetua-
Kanaidia sub-polder in Tala upazila in Satkhira district in Bangladesh indicated that
the phreatic levels at Batiaghata and Tala fluctuated seasonally (Fig. 6.12) (Mondal
et al. 2008). The groundwater level at Batiaghata remained at or above the ground
surface until November, whereas it remained near the soil surface until September at
Tala. The full recharge at both sites and no change in water level between years
suggests that there was no “mining” of the groundwater. The elevation of the
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study by second author and free access)

phreatic level of different STWs at Tala during the drawdown (in the first half of
April) and recharge (third week of August) periods is shown in Fig. 6.13.

Mean monthly EC of the groundwater varied between 2 and 5 dSm™' at
Batiaghata (Khulna district) and 1-2 dSm™' at Tala in Satkhira district in
Bangladesh (Fig. 6.14). In general, there was some seasonal fluctuation of EC, but
there was no clear annual increase in EC in the study period. Mondal et al. (2008)
argued that the relatively low EC at Batiaghata during November 2005 to May 2006



192 D. Burman et al.

6.0

—e— Batiaghata
5.0 —=— Tala

40 m TsT % ;E\{ _
3.0 \[ - y

Groundwater Salinity (dS/m)

2.0 1T T LT T

1.0 Ps =]

0.0 +— — — — — —
N S > 35 QO >2 O £ > 5 QQ 2~ £ > 35 aa >
S 8 32 o 06 8 32 00 o 8 T 32 o O
c == 0w Z c=23="wnzZ2c=23="n2z
(] © ©
) - )

Fig. 6.14 Mean monthly electrical conductivity (EC) of groundwater at Batiaghata and Tala
(vertical and capped bars indicate standard error of the means of 8-24 values per month). (Source:
Mondal et al. 2008, in-house study by second author and free access)

was unusual; since it is expected that EC would be higher in the dry season than in
the rainy season. In a separate study, Mondal et al. (2006) observed EC of ground-
water at Kismat Fultola village at Batiaghata varied from 3.5 to 12.7 dS m~'. Such
variation and level of salinity indicated non-suitability of groundwater for irrigation
development. But in two locations at Dumuria upazila in Khulna district, EC
remained within 2.0 dS m~' and SAR was 1.22 meaning thereby that the ground-
water at both sites was non-saline and non-sodic (Mondal 1997; Mondal et al. 2001),
and considered suitable for irrigation. SRDI (2000) reported variable SAR of
groundwater (0.3—4.2) collected from shallow and deep hand tubewells from differ-
ent locations of the southwest coastal zone of Bangladesh. Although there are
suitable aquifers found in the coastal region, utilization of groundwater is risky
owing to probability of salt-water intrusion in the coastal aquifers.

6.2.2.4 Change of Water Quality with Distance from River

The change of groundwater EC of the STWs with respect to the distance from the
nearest river bank at Tala during the drawdown period (April) is shown in Fig. 6.15.
Sixteen STWs (57% of STWs) had EC <1.0 dSm_l, irrespective of their distances
from the river. Four STWs had EC in between 3 and 5 dSm™'. The mean monthly
EC of these STWs was around 3 dSm™". Their EC gradually went up to 3—5 dSm ™'
as the dry season proceeded. Mondal et al. (2008), however, mentioned that it was
not possible to conclude that the salt contamination was caused by their proximity to
the river. There were other STWs which were nearer to the river for which EC
remained <1 dSm™". It was inferred by them that there was no definite change in the
mean elevation of the phreatic water level with distance from the river. This implied
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Fig. 6.15 Electrical conductivity (EC) of groundwater as a function of the distance from the
adjacent river at Jetua-Kanaidia sub-polder in Tala upazila, Bangladesh. (Source: Mondal et al.
2008, in-house study by second author and free access)

that there were no flows from the river to the inland or vice versa in either period,
suggesting there was no direct connection between the aquifer and the surrounding
river.

Mondal et al. (2008) further observed that the four contaminated STWs were in
places with relatively lower elevation than the surroundings. The contamination
might have been due to faulty construction of the wells, which might have allowed
vertical leakage, allowing salt water intrusion from the soil surface. The contamina-
tion would increase with the drawdown created by pumping groundwater. Faulty
construction of the STWs is not uncommon because the wells were often constructed
by local untrained personnel.

6.3 Conclusions

Scores of data are being generated on soil and water characteristics in both India and
Bangladesh. It is clear from the trend, which are spatio-temporally variable in nature,
that rivers and estuaries are tending to become principally tide-fed with time since
there appears to be lesser flow of water from the mighty Ganges in the upstream,
being common to both countries, due to siltation and poor solid waste management.
While, this is a matter of serious concern in so far as surface water hydrology and the
related soil characteristics, leaving aside the frequent occurrence of climatic hazard
and its influence in the eco-region, very little progress has been made on the
groundwater and its utilization having tremendous potential otherwise from the
point of view of its capacity along the coastal tract. It is indicative, though not
conclusive so far from the limited studies, contrary to the observations from other
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coastal ecosystems in the globe, that the groundwater in Sundarbans is possibly not
influenced by the adjoining rivers and the sea. In order of planning for exploitation of
the coastal groundwater, specific programme needs to be undertaken, preferably in
transboundary mode, to arrive at a definite conclusion and plan for the mode and
nature of its use for irrigation and domestic purposes without affecting the ecology of
the region.
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On-farm rainwater harvesting for improved water management (Courtesy S. K. Ambast)






Chapter 7 ®)
Managing Land and Water Resources ekl
in Sundarbans India for Enhancing
Agricultural Productivity

S. K. Ambast

Abstract Agriculture in Sundarbans is plagued with adverse land and water con-
ditions. The answer to the problem of improving agricultural production and pro-
ductivity in this region primarily lies with the tackling of problem of surface
drainage in the monsoon season and through water availability during post-monsoon
season. The various strategies suggested in this chapter from the points of view of
improved land and water management under the existing situations in India narrated
above include (i) rainwater management through storage in on-farm reservoir,
derelict channels, other canals, etc., (ii) channelization of the catchment and regu-
lated operation of the sluice gates, (iii) land management through levelling, bunding,
raising of crop beds, and (iii) improved crop planning against constraints due to
drainage congestion during monsoon as well as to limited irrigation water availabil-
ity during dry periods. Simulation studies using a soil water balance model for
rainfed lowland rice is used for estimating excess rainwater to design on-farm
reservoir (OFR) and to assess surface drainage improvement due to storage in
OFR. Weekly rainfall at 2 and 5 year-return periods are used to optimize the size
of OFR and to simulate surface drainage improvement, respectively. It is
recommended to convert 20% of the farm area into OFR to harvest excess rainwater,
and also to reduce surface waterlogging to the extent of 75%. Further, a simple linear
programming model is used to propose optimal land allocation for rabi (winter) crop
cultivation to increase the agricultural profit under various limitations of land and
water.

Keywords Sundarbans delta - Rainwater management - Crop planning - On-farm
reservoir - Optimal land and water allocation
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7.1 Introduction

Integrated natural resource management, watershed management or farming system
approach are the terms often used synonymously though their dimensions of area
vary from basin to farm scale (Fig. 7.1). The integrated natural resource management
is good for planning strategy, watershed management is good for programme
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Fig. 7.1 A framework of hydrological processes at different scales in Sundarbans. (Source:
Ambast 2007, In-house study)
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implementation, while farming system approach suits more to the beneficiaries. In
all these approaches, rainwater management forms the basis of improvement. How-
ever, looking to the small land holdings in Sundarbans, in particular, farming system
approach seems to be more appropriate. It is an integrated approach on rainwater
management dealing with on-farm storage of excess rainwater during monsoon
season and recycling the same for irrigation of crops during deficit periods in dry
season with the objective to introduce multi-cropping in the otherwise predomi-
nantly mono-cropped areas.

7.1.1 Strategies towards Enhancing Agricultural Productivity

The Sundarbans is one of the largest deltas in the world and is shared by India and
Bangladesh. The region is criss-crossed by innumerable tidal rivers and creeks
forming 54 islands. As per the present status in India, the region is predominantly
mono-cropped with more than 80% area under kharif (June—November) rice culti-
vation and about 62% of the area is low-lying (Anonymous 1988). The region is
more or less flat with undulations having an average ground level 1.2 m above the
mean sea level, whereas the average high tide level is 2.75 m above MSL. The area is
surrounded by protective earthen embankments provided with one-way sluice gates
for drainage of excess inland water and to prevent ingress of tidal water. The field
level drainage network is inadequate in the region (Ambast 1996). In the years of
high rainfall, it gets severely waterlogged or occasionally flooded during monsoon
due to impeded natural drainage. On the other hand, ground water quality, being
saline, and due to lack of assured means of water supply, kharif rice crop often
suffers under prolonged drought spells particularly in the later period of crop growth.
This compels the farmers to resort to prefer local low yielding (1-1.4 t ha™") tall
varieties. The practice of rainwater storage in an on-farm reservoir (OFR) is quite
common but their design is not based on scientific principles. Also, there is no
information available on the extent of surface drainage improvement due to rainwa-
ter storage in OFR. The use of stored water for second crop cultivation during rabi
(December—April) is not judiciously practised for the lack of recommendations on
crop selection and water allocation at different stages, and this often results in crop
failure or low net returns during rainfall deficit years.

The agricultural water management strategies in terms of rainwater management,
land management and improved weather-based crop planning are the possible
options to improve agricultural production and productivity in this region. Studies
were made for weather-based crop planning, land management through fish-cum-
paddy farming, and rainwater management through optimal design of OFR, simu-
lation of surface drainage improvement due to OFR, and supplemental irrigation
demand in Sundarbans delta region of West Bengal, India, which are discussed in the
subsequent text. Similar strategy can be planned for other parts of eastern coast in
India.
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7.2 Agricultural Land Drainage

Most of the coastal low-lying areas in Sundarbans are frequently inundated due to
ingress of seawater through tidal estuaries. These estuaries are slowly silting up due
to high silt load carried along with the river flows causing congested drainage system
leading to flooding of agricultural fields. It has been suggested that earthen embank-
ments, preferably brick-pitched, having side slope of 3:1 on the river side and 2:1 on
the country side, with 1 m free board above the high tidal level, are appropriate for
protection against flooding (Rao 1981). In order to facilitate quick removal of excess
rainwater and to stop the ingress of seawater into the low-lying areas, construction of
peripheral embankments with provision of one-way sluice gates, and construction of
drainage network will be necessary. In general, a three-tier system of surface
drainage, described below, is recommended for effective and economic view
(Gupta et al. 2006).

1. Rainwater is allowed to accumulate and remain in the fields till such time and
extent as will not be harmful to crop.

2. Excess water from the fields is led to the dugout ponds of sufficient capacity. The
stored water can be utilized subsequently during dry spells or for irrigating winter
season Crops.

3. Rainwater in excess of these two components of storage is taken out of the area to
the creeks/sea through appropriately located one-way sluice gates/structures.

7.3 Rainwater Management

A comprehensive work on rainwater management in Sundarbans delta, West Bengal
is presented by Ambast et al. (1998).

7.3.1 Analysis of Rainfall and Evaporation Data

Historical daily rainfall (1963-1992) and evaporation (1967-1992) data for Canning
(India), which is a representative block for Sundarbans delta, are collected and
analyzed. The region receives an average annual rainfall of 1768 mm ranging
from 1030 mm to 2462 mm with a coefficient of variation of 21.2%. Of that, 82%
rain occurs during June—October in monsoon season (Fig. 7.2). The average monthly
rainfall and evaporation are shown in Fig. 7.3. Weekly rainfall and evaporation data
are analyzed for different probability distributions, i.e. Normal, Log Normal,
Extreme value I and Log Pearson type III (Chow 1964). The Extreme value I
distribution is found suitable for the observed rainfall data, whereas Log-Pearson
type III is found closely fitting to the evaporation data, and therefore, used as input
parameter for further estimation. The weekly rainfall at 2 (50% probability) and
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5 year (20% probability)-return periods are given in Fig. 7.4. It is estimated that, on
an average, about 5-week drought (no water stands on surface) for rice crop may
occur during the season and about 3-week continuous drought may be expected
during the ripening stage, compared to none, during both vegetative and reproduc-
tive stages (Ambast et al. 1998).

7.3.2 Crop Planning

Crop planning involves selection of crops, varieties and planting schedules to suit
the land topo-sequences, and availability of water and its use. Since more than 80%
cultivated area in the region is medium to low-lying, scope of kharif crops, other than
rice, hardly exists in this region. Therefore, planning involves selection of rice
varieties and their planting schedules during kharif and crop diversification during
rabi. Probable rainfall and evaporation, as a measure of crop water demands, has
been made to develop a crop calendar for Sundarbans delta region for optimal
farming operations with the objectives of stabilizing production and minimizing
recurrent production losses due to uncertain weather (Ambast et al. 1996).

To determine the time of pre-sowing and sowing operations for kharif rice,
probability of onset of monsoon was assessed. The expected onset of monsoon is
from 24th week and the rainfall at all probability levels increases after 23rd week
onward (Fig. 7.5). It also indicates that there are seven chances out of ten of
receiving at least 50 mm rain during pre-monsoon period (19th—-23rd week). There-
fore, it is suggested to initiate off-season tillage practices from 19th week onwards.
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Since the area is generally saline in nature, it was recommended to allow the rain
during 19th-23rd week to flush/leach down the salts accumulated in the soil surface/
profile during the dry season.

7.3.2.1 Optimal Kharif Planting

In order to make the best use of the expected weekly rainfall potential and its
distribution at critical growth stages, sowing time of rice were adjusted for different
duration varieties keeping the problems prioritized under various farming situations
to stabilize the crop yield. The critical stages were worked out based on the growth
pattern of short, medium and long duration varieties (Tanaka 1976). The analysis
indicates that there are 50% chances of waterlogging in the early part of monsoon
and/or moisture stress in the later period of crop growth. Keeping the agronomic
requirements for potential rice production (Pandey 1976; Biswas et al. 1982), rainfall
(R) — potential evapotranspiration (PET) diagrams were prepared for optimal plant-
ing schedule of different duration varieties (Figs. 7.6, 7.7, 7.8).

The suitability of different duration rice varieties for different rainwater avail-
ability constraints and their optimal planting schedules for various farming situations
during kharif season for Sundarbans delta region are given in Table 7.1.

7.3.2.2 Optimal Rabi Planting

For rabi planting, planning is made by assessing the probability of pre-monsoon
showers at the time of crop harvest. It indicates that there are fair chances of
occurrence of rain of more than 60 mm at 5 year- return period after 16th week.
The problem area, in general, is having heavy textured soil and therefore, accumu-
lation of water of more than 60 mm damages the crop. Land preparation for rabi
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cultivation from 46th to 48th week, followed by sowing in 49th week and harvesting
of crop before the 16th week in the following period, is suggested. This leaves scope
for a third short duration summer crop (green manure or fodder) after the rabi
harvest.

Based on probable weekly water balance, planting schedule for kharif and rabi,
crop suitability, and their agronomic management practices, a crop calendar is
suggested for Sundarbans region (Fig. 7.9).
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Table 7.1 Duration and planting schedule for kharif rice in different farming situations

207

Farming Availability of irrigation Recommended
situation (OFR) duration Time of sowing
Upland Yes Short duration 26th week (26 Jun —
02 Jul)
No Short duration 26th week (26 Jun —
02 Jul)
Medium land Yes Short duration 30th week (23 Jul —
29 Jul)
No Medium duration 25th week (19 Jun —
25 Jun)
Low land Yes Medium duration 25th week (19 Jun —
25 Jun)
No Long duration 24th week (12 Jun —
18 Jun)

Week refers to meteorological week
Source: Ambast and Sen 1995a, In-house study

7.3.3 Optimizing On-Farm Reservoir (OFR)

7.3.3.1 Soil Water Balance Model

A soil water balance model based on physical parameters is used to estimate the
excess rainwater availability in lowland rice paddies (Ambast and Sen 1995c;
Ambast and Sen 1998). The schematic diagram for a typical rainfed rice lowland
system is shown in Fig. 7.10. The soil water balance equation to estimate the depth
of standing water in rainfed rice lowlands is expressed as follows:
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SDW,; = SDW,;_; + R; — ET; — DPL; + S]; (7.1)

where, i is the time index, week; SDW the depth of standing water at surface, mm; R
the rainfall, mm; ET the crop evapotranspiration, mm; DPL the deep percolation
loss, mm; SI the depth of supplemental irrigation, mm.

The following conditions are used to estimate the amount of excess rainwater in
rainfed rice lowlands:

— At the beginning of the computation, SDW,_; is set to zero.

— When SDW,,,;, < SDW; < SDW ..., SDW; becomes actual water depth for the
period.

— When SDW; > SDW,,..x, the amount SDW;-SDW ..., is diverted to the OFR and
SDW,; is set to SDW ..

— When SDW; < SDW i, the SI; (50 mm), if available in OFR is provided.

— When VOL > Vgggr, the SDW; becomes actual water depth up to the height of
field dyke (700 mm) and any excess rainwater beyond SDW; spills to drainage
system.

where, SDW i, is the minimum depth of standing water for optimal growth of rice,
mm; SDW .., the maximum depth of standing water for rice crop, mm; VOL the
volume of rainwater storage in OFR, m3; and Vgggr the volume of OFR, m>.

In Sundarbans region, the onset of monsoon occurs at 24th standard meteorolog-
ical week (SMW) (Ambast and Sen 1995b). It is assumed that the soil cracks may be
filled during pre-monsoon rains. The weekly rainfall values at 2 and 5 year-return
periods are taken as R from 24th week onward to design OFR and to assess surface
drainage improvement, respectively. As water availability is fairly good during
kharif season weekly ET values are estimated using the pan evaporation method
as proposed by Doorenbos and Pruitt (1977).

ET; = Kc; Kp Evp; (7.2)

where, Kc is the dimensionless crop coefficient value for rice (Table 7.2); Kp the
dimensionless pan coefficient value (0.8 valid for humid climate with moderate wind
velocity); and Evp; the open pan evaporation, mm.

The DPL (deep percolation loss) beyond the root zone occurs when soil moisture
exceeds field capacity. The equivalent depth of soil moisture at field capacity is
estimated by taking root zone depth for rice and percentage moisture content at field
capacity for silty clay loam soil (Michael 1978). A maximum of 14 mm weekly DPL
(subject to moisture availability) is taken on the basis of daily DPL (2 mm dfl)
measured in the farmer’s field under puddled rice condition by ponded basin method
(Rao and Dhruvanarayana 1979). A simple book keeping approach is used to
estimate the soil moisture storage in the root zone. As rice requires an optimal
submergence of 50 4 20 mm for potential production (Biswas et al. 1982), the
SDW,..x and SDW,,;, are taken as 100 mm and 0 mm (moisture at saturation),
respectively. SI is provided only when water equivalent to a SI is available in
the OFR.
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Table 7.2 Crop coefficient (Kc) values for rice
Percentage crop growth Kc Percentage crop growth Kc
0 1.00 55 1.21
5 1.02 60 1.22
10 1.03 65 1.22
15 1.05 70 1.22
20 1.07 75 1.21
25 1.09 75 1.19
30 1.11 80 1.16
35 1.13 85 1.10
40 1.16 90 1.03
45 1.18 95 0.96
50 1.20 100 0.86

Source: Michael 1978, In-house study

7.3.3.2 Design and Construction of OFR

The low cost of construction has made OFR increasingly popular in the Sundarbans
region. The design parameters are shape, size, depth, side slope, capacity and
location. The prevailing dugout trapezoidal OFR with and without bund are consid-
ered for optimization. The length-width ratio of OFR is taken 1:1 as it is having
minimum perimeter and therefore, attains maximum storage. As groundwater is at
shallow depth and saline in nature in this region, the depth of OFR is restricted to 3 m
on the basis of observed water quality in the OFR at the end of rabi season. The
standard side slope of 1:1 is taken for silty clay loam soil.

The following equations are used to optimize the size of an OFR:

RA = WA (S/100)

W= (A/Y)”

L=WY

LS:L—Z((ZZb Hb)+TWb+Wb)
W, =W —2((2Z, Hp) + TW, + Wy)
AL, = [Ly+ {Ly— (27, D)}]/2

AW, = [W,+{W, - (2Z, D)}]/2
Vorr = ALy AW, D

Where, RA is the surface area of OFR, mz; WA the farm area, mz; S the size of
OFR, % WA; W the width of OFR at surface, m; Y the ratio of length to width, mmfl;
L the length of OFR, m; L the length of submergence at surface of the OFR, m; Z;, the
side slope of the bund, mm ™ H,, the bund height, m; TW, the top width of bund, m;
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W, the width of berm, m; W, the width of submergence at surface of the OFR, m; AL,
the average (at surface and bottom of OFR) length of submergence, m; AW, average
width of submergence, m; Z, the side slope of OFR, mm ™' and Vopg the volume of
OFR, m’.

The rainwater storage in OFR is computed using the equations expressed as:

Rexc; = SDW; — SDW (7.11)

VOL; = Z {(Rexc;/1000) (WA — RA) + ((R;/1000) RA)} (7.12)

i=1

where, Rexc is the excess rainwater diverted from field to OFR, mm. The evapora-
tion and seepage losses from OFR are not considered during kharif season because
shallow water table (0.5—-1.5 m below surface) contributes water to OFR whereas,
losses take place on account of evaporation. However, these losses are considered to
compute available water storage in OFR for irrigation during rabi season due to
deeper water table (2-3 m).

7.3.3.3 Computation of the Programme: Comparison with Field Data
on Flood Water Depth

A flow chart for development of computer programme is given in Fig. 7.11. The
model is verified by comparing simulated and observed depth of standing water in
rice lowlands without OFR. The weekly rainfall and evaporation data for kharif 1994
are used for generation of simulated depth of standing water. Two fields; one at the
tail end (lowland) and the other at the head end (upland) in the catchment of sluice no
2 of East Mograhat Drainage Outfall Division in Sundarbans delta are selected. The
maximum depth of standing water in lowland and upland are 600 mm and 100 mm,
respectively beyond which excess water spilled out to the drain. The depths of
standing water are observed at different growth stages during kharif 1994. The
regression analyses indicated a good agreement (r* = 0.97 for lowland and 0.95
for upland) between simulated and observed values (Fig. 7.12) and therefore, may be
faithfully used to simulate excess rainwater availability in rice paddies.

For computation purpose the initial size of OFR is assigned the maximum area
(40% of farm area) which may be converted into OFR, whereas the location of OFR
is varied to allow runoff from 10% to100% of farm area. At the end of computation,
if storage in OFR is found less than its capacity, a decrement to the size of OFR is
provided for further computation. When OFR gets filled the size is considered as
optimal and the process is terminated.
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7.3.3.4 Hydrologic and Hydraulic Features of an OFR: Developing
a Nomograph

A nomograph is developed to determine the hydrologic and hydraulic features of
OFR in unit farm area (1 ha) for various combinations (Fig. 7.13). It represents three
type of curves, i.e. the design dimension curve, OFR capacity curves, and rainwater
availability curves. Since OFR is considered square in shape, the design dimension
curve represents the equal length and width of the selected size of OFR. The OFR
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capacity curves give the information of the total volume that can be stored in the
OFR of different sizes. The capacity curves are plotted for OFR with and without
bund for 2 and 3 m depths. The rainwater availability curves for different size of
OFR i.e. 10%, 20%, 30% and 40% of farm area are generated for construction of
OFR at different locations, i.e. 10%, 50% and 100% below farm area, which
contribute runoff from 10%, 50% and 100% farm area, respectively.

The basic steps to use the nomograph are (i) note the volume of a particular size of
OFR by projecting vertical line to OFR capacity curves and extending it towards
volume, (ii) note the location of OFR to meet the rainwater availability curve for that
particular size of OFR and for known deep percolation rate, and (iii) note the
dimension of OFR by projecting vertical line to design dimension curve. For
example, the dotted line in Fig. 7.13 represents an optimal 3 m deep OFR with
bund in 20% farm area in soils with percolation loss rate 2 mm d ' to be placed at
75% below the farm area. Similarly, the solid line represents an optimal size of 3 m
deep OFR without bund in 17% farm area for such soils and placed at 83% below the
farm area to meet rainwater to its designed capacity of 4268 m>. The length and
width of OFR in 20% area of a hectare should be 44.7 x 44.7 m. Therefore, it is
suggested to convert 20% or 17% of the farm area into OFR with or without bund,
respectively. However, for recommendation purposes, it is suggested to convert 20%
of the farm area into OFR. The design features of OFR for a unit farm area (1 ha) in
Sundarbans delta is shown in Fig. 7.14.

7.3.3.5 Surface Drainage Improvement

In low-lying areas of the region, the scope for cultivation of high yielding dwarf rice
varieties (HYV) is almost negligible due to surface waterlogging during kharif
season (Rao and Ambast 1996). The simulation study is made to assess the reduction
in weekly surface waterlogging by diverting excess rainwater into the OFR (with and

Fig. 7.14 Design a
dimension of on-farm I 44.70m ———|
reservoir for 1 ha area in B 40.70m |2|f;’ g 2'

l cloclo

Sundarbans delta. (Source:
Ambast and Sen 1995b,
In-house study)
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without bund) in 20% of farm area over low-lying area without OFR. The surface
water depth hydrographs are generated with probable weekly rainfall at 5 year-return
period (Fig. 7.15). It is estimated that in a lowland catchment with no drainage, the
water depth may reach as high as 0.63 m and therefore the cultivation of HY'V rice
crop is not possible under the existing condition. The water depth, in case of OFR
with bund, remains at required water depth for rice up to 33rd SMW till OFR gets
filled. However, the water depth increases to 0.35 m at panicle initiation and
flowering stages, which are critical to excess water and affect crop production
adversely. It is estimated that surface waterlogging during the season may reduce
to about 45% in case of OFR with bund. In case of OFR without bund, the depth of
water remains as required for a major growth period up to 37th SMW. The maximum
depth of water may reach to 0.18 m at the beginning of grain formation stage but for
a short period. Though, some reduction in crop yield may occur due to excess water
at this stage that may not be significant. In this case the reduction in surface
waterlogging is to the extent of 75%. Therefore, construction of OFR not only
provides water for irrigation but also improves surface drainage and thus, makes it
possible to grow HY'V of rice in lowlands of Sundarbans delta.
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Fig. 7.16 Simulation of supplemental irrigation requirement in kharif season. (Source: Ambast
et al. 1998, In-house study)

7.3.3.6 Supplemental Irrigation Demand

In order to assess the requirement of supplemental irrigation (SI) during kharif rice
and to formulate water availability constraint for optimal land allocation in rabi
season, simulation study was made. The preconditions for supplemental irrigation
(50 mm) are defined as (1) storage in the OFR should be more than one SI for
cultivated land, and (2) soil moisture in subsurface should reach below the saturation
level. On the basis of weekly values at 80% annual rainfall (no rainfall after 37th
week), it is estimated that at least one supplemental irrigation is needed at the time of
grain formation stage in two out of 10 years (Fig. 7.16). This will stabilize the crop
production against the weather uncertainty.

7.3.3.7 A Computer Software

Further, user-friendly computer software RAINSIM (Rainwater Simulation Model-
ling) was developed (Fig. 7.17).

7.3.4 Optimal Land and Water Allocation for Maximizing
Profit

Rainwater harvesting through OFR can make available only limited quantity of
water. To keep the economics of OFR in favourable range, it is imperative that water
is used judiciously for crops having high water productivity in terms of economic
returns. Linear programming formulations were normally used to arrive at the
optimal land and water allocation amongst different crop activities (Palanisami
1991). A simple linear programming model is used in the present case.
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Objective Function The objective function maximizes returns from the irrigated
area under different crops through OFR and cost of water stored in OFR (includes
cost of OFR and a penalty cost for making OFR area out of production during kharif
season). It is assumed that inputs other than land, water and labour are at fixed level.

Max NP =

n ((CiYi) —P;) Ai = CsS (7.13)
i=1

where, i is the index for crop; NP the net profit, Rs ha™ l; A the area under crop, ha; C
the unit sale cost of crop, Rs tonne™"; P the unit cost of crop production, Rsha™'; Y
the yield per unit area, tonne ha™!; Cs the unit cost of water in OFR, Rs m3 yearfl;

and S the total stored volume in OFR, m°.

Irrigation Requirement Constraint The sum of water demand of crops should not
exceed available water in OFR (Initial storage-Seepage-Evaporation) during the
period of growth.

n
D GIR; A;—(S—WL) <0 (7.14)
i=1

where, GIR is the gross irrigation requirement for crop, m* ha™'; WL the water
losses from OFR observed at the rate of 5 mm d ™' for 135 days, m>.

Land-Use Constraint The percentage acreage under different crops is limited to
80% of the total available area as 20% area is used for OFR.

> A -L<0 (7.15)
i=1

where, L is the total available land area, ha.

The acreage under chilli (A3), cotton (A4) and cucumber (AS5) are restricted to a
given value due to the risk of crop damage by heavy rainfall at the time of harvest.
Rice is the most demanding and safe crop against the weather uncertainty, and
therefore, a minimum acreage under rice (A1) crop is placed. The crop activities
and the limits placed on crop area are given in Table 7.3.

A(3) < Anax(3) (7.16)
A (4) < Apux(4) (7.17)
A (5) < Anux(5) (7.18)
A (1) > Amin(1) (7.19)
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Table 7.3 Crop activities and area constraints

Sr. No. Crop Maximum area (%) Minimum area (%)
1 Rice - 20

2 Wheat - -

3 Cotton 50 -

4 Chilli 50 -

5 Cucumber 20 -

6 Watermelon - -

7 Pumpkin - -

8 Ridgeguord - -

Source: Ambast et al. 1998, In-house study

where, A denotes the area under crop, An.x and A, denote the maximum and
minimum area under the crop, respectively.

Labour Constraint Most of the non-rice crops are labour intensive because irriga-
tion is often applied through pitcher, and the inter-culture operations also require
considerable labour. However, labour availability in the area is low. Therefore, a
constraint is placed on labour requirements.

> AlLr—La<0 (7.20)
i=1

where Lr is the labour requirement for unit area for crops, man-days ha™'; La the
total labour availability, man-days.

Two OFR (with bund — Case I and without bund — Case II) at Nikarighata village
in South 24 Parganas district of Sundarbans delta are selected for model application.
The hydraulic and storage features of OFR are given in Table 7.4. The storage in
OFR with and without bund is estimated as 1100 and 5225 m?, respectively. Taking
the surface area of OFR, crop duration and observed daily water losses into account,
seepage and evaporation losses are estimated to be 270 and 1355 m® for OFR with
and without bund, respectively. The water requirements of different crops are
estimated using pan evaporation method (Doorenbos and Pruitt 1977) and the
prevailing water application methods. On the basis of 2 years (93-94 and 94-95)
of experimentation in the farmer’s field, the input on labour, cost of cultivation
(includes pumping cost) and net profit per unit area for different crops are generated
(Ambast et al. 1998). The inputs on water use, labour requirement and net profit are
given in Table 7.5.

In the existing cropping pattern, rice crop is cultivated through OFR that causes
shortage of water or crop failure in rainfall deficit years. The optimal area allocation
to different crops is shown in Table 7.6. As per the allocation during rabi season in
the years of normal rainfall, rice should be grown only in 20% of area and the
remaining area should be allocated to non-rice crops in farms having OFR with
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Table 7.4 Specifications of OFR with and without bund at Nikarighata village, Sundarbans

Sr. No. Specifications With bund (Case 1) Without bund (Case II)
1 Size of OFR (m) 30.0 x 194 60.0 x 33.5

2 Area of OFR (m?) 582 2010

3 Submergence area (mz) 400 2010

4 Maximum depth (m) 3.00 2.75

5 Estimated volume (m3 ) 1100 5225

6 Net cultivated area (mz) 2325 7933

7 Estimated water losses (m?) 270 1355

Source: Ambast et al. 1998, In-house study

Table 7.5 Input use per hectare in Sundarbans

Water use Labour Net profit

Sr. No. Crop (ha cm) (Man-days) (Rs)

1 Rice 86 105 7280
2 Wheat 26 94 2910
3 Cotton 32 168 3275
4 Chilli 22 475 6550
5 Cucumber 30 294 4730
6 Watermelon 26 135 4000
7 Pumpkin 26 120 3275
8 Ridgeguord 26 135 2550

Source: Ambast et al. 1998, In-house study

bund. Under non-rice crops 50% area is allocated to chilli crop, whereas 15% area
allocated to each cucumber and watermelon. In case of OFR without bund, 40% and
60% area to rice and non-rice (chilli-50% and cucumber-10%) crops, respectively
showed an optimal allocation to maximize net profit. The increase in cost of
rainwater storage in OFR does not change water allocation, and therefore, indicated
the stability of the suggested crop allocation.

Effect of Deficit Rainfall on Crop Allocation In rainfall deficit years it is stipulated
that SI of 50 mm is to be provided during kharif season and thus, water availability