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Chapter 1. General Introduction

1.1 Motivation

Beyond the local, national and regional importance, the Sundarbans mangrove of
Bangladesh’s south-west coastal region holds Outstanding Universal Value for which it is
declared as a World Heritage Site. However, this ecosystem is potentially threatened by
climate change and other anthropogenic impacts (e.g., exploitation, land-use change and
pollution). Temperatures are gradually increasing due to the increased greenhouse gas
concentrations. This results in the thermal expansion of ocean water and melting of mountain
glaciers. Both are contributing to sea-level rise. The combination of climate-change induced
sea-level rise and a lower fresh-water flow from upstream rivers due to infrastructural
developments results in salt water intrusion and consequently salinity increase. All these
climate-change induced problems and anthropogenic impacts negatively affect fresh water
resources needed for diverse coastal ecosystems and coastal communities. For instance,
although salinity is one of the essential physical factors needed for ecological development of
the Sundarbans mangrove (Tomlinson 1986), it also limits the growth and development of the
mangrove vegetation when salinity concentrations become too high (Nandy et al. 2007). How
this globally important and irreplaceable ecosystem can be affected by all these environmental

changes, is important for conservation efforts.

Moreover, direct influences of sea-level rise on freshwater sources come principally from
seawater intrusion into surface waters and coastal aquifers with further encroachment into
estuaries and coastal river systems (Hay and Mimura 2005). The resulting lack of drinking
water sources and changes in land quality for food production affect adjacent coastal
communities. Hence, millions of coastal people are looking for options to cope with the
increased salinity threats, the lack of fresh water sources and also their livelihood loss.
Therefore, to assess the impacts of salinization on different coastal systems for target-oriented
adaptation planning is now imperative. This PhD project, therefore, aims to evaluate the
impacts of salinity increase on the Sundarbans mangrove at different scales (mangrove
vegetation and wildlife habitat) and for the adjacent coastal communities by identifying

target-oriented measures to adapt to the climate-change impacts, particularly salinity increase.
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To achieve this aim, I have integrated and applied multidisciplinary research methods. My
research outcomes can potentially contribute to cope with and enhance resilience to
salinization in south-west coastal region of Bangladesh. This also supports the Bangladesh
Climate Change Strategy and Action Plan 2008 and helps to achieve UN Sustainable
Development Goals (particularly SDG13 on climate action and SDG15 on life on land). In the
following sections, I introduce in details the bio-physical context of the research, its

knowledge gaps and approaches to fill these gaps.

1.2 Background and problem statement

1.2.1 Climate Change and Bangladesh

Bangladesh is rated as one of the world’s most vulnerable countries to climate change (Kreft
et al. 2015). The country lies in the dynamic delta of three large river basins: the Ganges
(Padma), the Brahmaputra (Jamuna) and the Meghna. It’s physical geography is characterized
by two distinctive features: the Bay of Bengal on the southern side and the Hindu Kush
Himalaya region on the north. Besides, large parts of the country are less than 3m above mean
sea level (Rashid 1991) and its climate is governed by the monsoon (Singh 2001). Sitting at
the head of Bay of Bengal and directed by the monsoon dominated climate, the country is
subsequently affected by climate-change induced sea-level rise and large scale inter-annual
climate variability. However, the country is also extremely vulnerable to climate change not
only due to its geographic location and altitude but also because of its high population density
(~1140 people per km?), poor infrastructure, high poverty levels, absence of technological
provisions and high dependency on natural resources (NAPA 2009). Considering the climate-
change induced risks, Bangladesh’s Department of Environment (DoE) estimated potential
future sea-level rise, which is 0.3m to 1.5m for 2050 (DoE 1993). A rise in sea level of more
than 1.0 m would inundate 10% of the country, result in sea water intrusion more inland and

consequently, salinity increase in the coastal regions (Barua et al. 2010).
1.2.2 South-west coastal region of Bangladesh and climate change impacts

Bangladesh’s south-west coastal region is potentially vulnerable to climate change and its
impacts (i.e., sea-level rise, salt water intrusion, inundation and salinity increase), mostly due
to its environmental setting (Figure 1.1). This region is exposed to the sea and also connects

the upstream and downstream Ganges basin. This exposed coastal region lies about 1.5m
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above mean sea-level and this makes it vulnerable to sea-level rise and salinity increase
(Chowdhury 2009). In addition, river flow and rainfall play an important role in maintaining
the fresh water flow through the region and in determining the region’s salinity levels (IWM
2014). However, during dry season, the flow in the Gorai River, a distributary of the Ganges
and a major source of fresh water flow for this region, is being reduced due to the construction
of Farakka Barrage on the upstream of Ganges river basin in India. This has resulted in a large
increase in salinity of the area in addition to climate-change induced sea-level rise. Recent
research has shown that salt-water intrusion increased up to 15km north of the coast due to
sea-level rise. Currently salt-water intrudes up to 160km inland in the dry season due to
reduced upstream river flows (SRDI 2010). This salt intrusion has large impacts on both
ecological and socio-economic systems which provide essential social, economic and
ecosystem services for the region. Hence, its highly diverse ecosystems, like the world’s
largest single tract of mangroves (the Sundarbans), wetlands (vast network of rivers of the
Ganges-Brahmaputra tidal plains) and inlands (mostly crop-agriculture) have already started
to be severely affected by this salinization (Rabbani et al. 2013, Rasel et al. 2013, Sarker et al.
2016). In addition, this salinization leads to extreme drinking water scarcity for about 6.2
million people in this region (Abedin et al. 2014). Moreover, people in this region mostly
depend on agriculture, fishery and resources extraction from the mangroves. However, all
these activities are highly sensitive to climate change, and subsequent increases in sea-level
rise, salinity and decreased fresh water flows from upstream particularly during the dry season

(World Bank 2014).
1.2.3 Salinity increase and the Sundarbans mangrove

The Sundarbans is the largest contiguous mangrove forest in the world spreading over the
south western part of Bangladesh (~6,000km”) and the West Bengal State in India
(~4,000km?) (BBS 2001). This unique ecosystem provides vital breeding and nursery grounds
for diverse marine resources, serves as a natural defence to cyclones and tidal surges, supports
the livelihood of about 3.5 million coastal people and most importantly harbours the last
remaining habitat of many globally endangered species of flora, such as Sundri (Heritiera
fomes), and fauna, such as Royal Bengal Tiger (Panthera tigris) and Ganges river dolphin
(Platanista gangetica) (Gain 2002). It is declared as a Ramsar Site under the Ramsar
Convention in 1992 and World Heritage Site by UNESCO in 1997 for its outstanding
ecological importance, universal value, biological diversity and ecosystem services (Sanyal

1999).
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The Sundarbans has a balanced growth of flora and fauna in association with the fresh water
flow from the Ganges basin and the salty sea water of the Bay of Bengal. However, its
balance is now affected by climate change which results in further sea water intrusion and
increasing salinity. A recent study on the Indian side of the Sundarbans showed that due to
gradual increase in salinity, the fresh water loving Heritiera fomes disappeared and the area
now is covered by shrubs and saline tolerant grasses (Chaudhury and Choudhury 1994). The
long-term slow increase in salinity adversely influences the Sundarbans ecosystems. These
influences are, for example, noticeable in the top dying and root rot diseases of H. fomes,
retrogression of forest types, slow forest growth and reduced productivity of forest sites
(MPO, 1986). If these noticed impacts continue, new species may invade the area of H. fomes
and ultimately vegetation composition and regular succession patterns will change after a
certain period of time. In particular because salinity determines to a large extent the

dominating vegetation type (Ahmed et al. 1999).

These observed changes have already started to affect wildlife habitat in this mangrove.
Wildlife is losing their habitat due to changes in vegetation composition (Gitay et al. 2002).
Because each species of flora and fauna has a particular environmental envelope to sustain. If
one of those components changes, the total system could collapse. Loucks et al. (2010)
estimated that habitat for the Bengal tiger (Panthera tigris tigris) in the Bangladesh’s
Sundarbans would decline by 96% and the number of breeding individuals would reduce to
less than 20 with a 28cm rise above 2000 sea levels. WWF (2010) mentioned if actions to
increase resilience of the Sundarbans are not initiated soon, Panthera tigris tigris of the
Sundarbans may join the Arctic’s polar bears (Ursus maritimus) as early victims of climate
change-induced habitat loss. Barlow (2009) also mentioned the Bangladesh Sundarbans as the
highest levels of human-tiger conflict sufferer in the world. The increase in salinity of the area

is likely another threat.
1.2.4 Salinity increase and the coastal communities

Most of the people in this region still depend on resource extraction from the Sundarbans and
crop-agriculture for their livelihoods and both activities are highly sensitive to climate change
and its impacts (Danda 2007). Disruption of natural regeneration and top dying in H. fomes
are hampering the production of the Sundarbans resources and services. This is affecting the
local communities of the area (i.e., the bouali - wood and thatch cutters; mouali - honey

extractors, jellay - fish and crab harvesters). Besides, extensive shrimp farming has created a
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direct conflict with crop agriculture. Shrimp farming has not only damaged agriculture but
also agro-forestry, fisheries, livestock and physical infrastructures (Nowreen et al. 2014). In
addition, salinization leads to extreme drinking water scarcity for about 6.2 million people in
this region (Abedin et al., 2014). A saline environment has always been part of Bangladesh’s
south-west part and local people have been living with salt for the last three decades.
However, the recent excessive salinization and its unfavourable impacts have forced people
to already take mostly small scale adaptation measures, like cultivating salt tolerant crops,
raising the plinth of the houses and tube-wells, afforestation and rain-water harvesting.
However, to obtain greater benefits (i.e., food security, biodiversity conservation,
environmental protection and sustainable livelihood), large scale adaptation planning is

probably needed.

1.3 Knowledge gaps and research focus

An increasing number of recent studies has focused on salinity increase and its impacts.
However, the above review indicates that the knowledge gaps for south-west coastal region of
Bangladesh in relation with salinity increase and its impacts still exist. The first knowledge
gap relates to the varying causes of salinization across the studied region. Several studies
focused on climate change as the key grounds for salinity increase (Mahmuduzzaman et al.
2014; Mondal et al. 2013; Singh 2001). Others focused on the infrastructural developments
(Moly et al. 2015; Mirza 1997) and a few highlighted important socio-economic processes
(Nowreen et al. 2014; Deb 1998). However, local, regional and global drivers and their
variations and interactions should be assessed to improve our understanding of the impact of
environmental changes and the consequences for large scale adaptation planning. As there is
substantial spatial variation in the impacts of different drivers at their rate of change (Singh et
al. 2010). Even in Bangladesh’s coastal area, significant spatial variations is observed (Khan
et al. 2000). Hence, the salinization processes and their relationships across the south west

coastal region of Bangladesh needs to be comprehensible and well-defined.

The second knowledge gap relates to the integrated climate-change impact study focusing on
the relationship and dependency of different ecosystems components. For instance, if salinity
increase triggers the Sundarbans mangrove vegetation to change, this will also distress the
wildlife habitat in this mangrove and adjacent coastal communities who are dependent on

resource extraction form the forest. In addition, although salinity is a key bio-physical
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component of the Sundarbans and it clearly has increased over the last decades (Hoque et al.
20006), to what extent this change can affect mangrove vegetation and wild habitats of the
mangrove forest is poorly known. The Sundarbans is already regarded as the least studied
forest in this line (Biswas & Choudhury 2007). This knowledge gap makes forest
management difficult to amend for long-term conservation. Therefore, impacts of salinity

increase on different components of coastal ecosystems are essential to study.

The final knowledge gap relates to the target oriented large scale adaptation planning process.
Policy makers often struggle where, when and which different measures need to be
implemented due to highly uncertain future salt intrusion rates for unknowns in future climate
change (Dessai and Sluijs 2008) and infrastructural developments. Recent excessive
salinization and its unfavourable impacts have forced people to already take small scale
adaptation measures, like cultivating salt tolerant crops, raising the plinth of the houses and
tube-wells, afforestation and rain-water harvesting. However, to obtain greater benefits (i.e.,
food security, biodiversity conservation, environmental protection and sustainable livelihood),

target oriented large scale adaptation planning is now needed.

Considering the above mentioned contexts, this study focuses on identifying the intermingling
causes of salinity increase and their relationships, to evaluate the impacts of salinity
intensification on different components of coastal ecosystems focusing the relationship and
dependency with one another and subsequently developing adaptation pathways to cope with

and to enhance resilience to salinization.

1.4 Research objectives and questions

My study, therefore, focuses on addressing the following three-fold objectives:

Objective 1:  To improve the understanding of the salinization processes across the south-
west coastal region of Bangladesh;

Objective 2:  To identify how different components of coastal ecosystems (particularly the
Sundarbans mangrove vegetation, Royal Bengal tiger habitat and coastal
people) are affected by salinization; and

Objective 3: To develop adaptation pathways for the mostly affected coastal systems to cope

with and to enhance resilience to salinization.
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These objectives were addressed through stepwise methods using a multidisciplinary research
framework combining both qualitative and quantitative approaches. At the first step, the
related hydro-climatic variables (i.e., temperature, precipitation, fresh water flow, tidal water
level) to salinity increase were analysed to evaluate the likely relationships of these variables
with salinity increase. Secondly, ecological status of the Sundarbans mangrove vegetation
(i.e., composition, regeneration, canopy cover and density) along the salinity gradient was
surveyed to reveal the possible changes in mangrove vegetation for further changes in salinity
levels. In the third step, quality tiger-habitat requirements (i.e., fresh water accessibility,
suitable vegetative cover and prey species availability) were assessed to identify the potential
aspects of the Sundarbans tiger habitat degradation due to salinity increase. In the last step, we
evaluated local people’s perception and key informants observation on salinity increase and
its processes mainly to develop the driver-pressure-state-impact-response (DPSIR) framework
for salinization in south-west coastal region by integrating both the socio-economic and
hydro-climatic variables of salinization. We also developed adaptation pathways for south-
west coastal region of Bangladesh to cope with and to enhance resilience to salinization
considering both top down and bottom up perceptions and observations. Each of these steps is
accompanied by a corresponding research question:
Question 1: Is salinity increase in south-west coast of Bangladesh driven by climate change
only or also by other environmental or socio-economic changes ? (Chapter 2
and Chapter 5)
Question 2: How is salinity increase affecting the Sundarbans mangrove vegetation?
(Chapter 3)
Question 3:  How is salinity increase distressing the Sundarbans’ tiger habitat? (Chapter 4)
Question 4:  What are potential adaptation pathways to cope with and enhance resilience to

salinization? (Chapter 5)

1.5 Thesis outline and methodological design

This thesis is structured into six different chapters where the objectives and research questions
are addressed in four scientific papers from Chapters 2 to 5 following a general introduction in
Chapter 1. Chapter 2 represents the hydro-climatic variables of salinity increase and their
relationships. Chapter 3 focusses on impacts of these salinization processes on the Sundarbans
mangrove vegetation and demonstrates robust findings on ecological status of mangrove

vegetation along the salinity gradients — suggesting increasing salinity threats for the
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mangrove vegetation under diverse environmental changes. Chapter 4 explores the impacts of
salinization and its range of processes on Bengal tiger’s mangrove habitat for drinking water
sources, prey availability and suitable vegetative cover to perform different physiological
activities. Chapter 5 focusses on socio-economic processes of salinization and target oriented
potential measures for the mostly affected coastal systems to cope with salinization. The
study’s methodology is designed to address the objectives and research questions. An

overview of the methodological design and corresponding chapters is shown in Figure 1.2.

To address the first research question, we investigated observed time series data of five hydro-
climatic variables (i.e., temperature, precipitation, tidal water-level, freshwater discharge and
salinity) and the potential cause-effect relationship among them using different statistical
analysis, and extreme climatic indices (Chapter 2). In addition, we surveyed local people and

experts to get their perceptions on salinity increase and its processes (Chapter 5).

For the second research question, a vegetation survey was carried out along major salinity
transects running from land to sea following standard quadrat method to evaluate different
vegetative cover using various quantitative structural indices (i.e., importance value index,

species richness, diversity index, evenness and species equitability index) (Chapter 3).

To address the third research question, we analysed five different information sources (i.e.,
literature review, field observations and analysis of hydro-climatic variables, focussed group
discussions with local communities and interviews with experts) to enrich the knowledge

platform on how tiger habitat relates to and is affected changing salinity levels (Chapter 4).

For the very last research question, we combined different approaches (i.e., household
surveys, key informant interviews, DPSIR framework, multi-criteria analysis and an
adaptation pathway approach based on adaptation turning point) to study the causes and

impacts of, and to develop adaptation pathways to cope with salinization.

Finally, the main findings of four scientific papers are synthesized and discussed in Chapter 6,
along with the study’s relevance to national action plans and policies and its scientific
contributions to better understand salinization and adaptation planning. The chapter also
presents overall recommendations and reflects on strengths and limitations. It provides robust
evidence for increasing salinity impacts on different coastal systems and suggests ways to
cope with and enhance their resilience to salinization for the studied region. Finally, an

outlook for further research on this topic is presented.
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Chapter 2. Recent Environmental Changes in South-West

Coastal Region of Bangladesh

Abstract

Local environmental changes vary spatially because of various contributing local factors.
Changes across the south-west coast of Bangladesh are investigated through different hydro-
climatic variables i.e., temperature, precipitation, tidal water-level, fresh-water discharge and
salinity to assess the extent of hydro-climatic signals and correlation of these variables. The
novelty of the research is to coherently evaluate all these interacting variables to detect the
potential cause-effect relationship among them and to understand the bio-physical
environmental changes across this coastal region. This region has warmed significantly
(»=0.01) for both maximum (0.03°C yr'l) and minimum temperatures (0.02°C yr'l) from 1981
to 2010. Changes in precipitation pattern indicate at significant seasonal shift from pre-
monsoon (p<0.01) particularly in April (-3.9mm yr'') to post-monsoon (p<0.05) particularly
in October (+5.2mm yr'). Increasing temperature and decreasing rainfall trends are
significantly correlated (r=-0.844""). Sea-level is rising at 11.9mm yr' at Hiron point
(»<0.01). Fresh-water discharge through Gorai river to the south-west coastal river network
after the Farakka barrage construction in 1975 is almost halved (i.e., 41%) during August-
September-October. The river’s water salinity significantly increased by 0.5ppt on average
over the last nine years, particularly in dry and pre-monsoon seasons. Increasing salinity has a
significant correlation with rising temperatures, simple daily intensity index of precipitation,
reduced upstream flow and sea-level rise. These results indicate that salinity increase across

the south-west coast of Bangladesh is driven by a range of processes.
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Local environmental changes

2.1 Introduction

Coastal ecosystems, such as mangroves, coastal wetlands and coastal inlands, are among the
most productive ecosystems in the world. Simultaneously, these coastal systems are also
highly vulnerable to climate change including sea-level rise, salt-water intrusion, reduced
river flows and increased extreme weather events (e.g. cyclones (Walther et al. 2002; Wong et
al. 2014). Coastal regions are estimated to annually provide over US$ 33,268x10° worth of
ecosystem services (e.g. food, timber, raw materials, habitats, ecotourism and many more) per
year (Martinez et al.2007). Climate change is becoming evidently one of the dominant drivers

of change in these vulnerable ecosystems (Nicholls et al. 2007).

Bangladesh is one of the most climate change affected countries in the world (Kreft et al.
2015). The country lies on the delta of three large river basins, the Ganges, the Brahmaputra
and the Meghna, and is affected by sea-level rise and large scale inter-annual climate
variability. Its climate is governed by the monsoon (Singh 2001). Bangladesh’s combination
of high population densities and poverty rates make the country very vulnerable to climate
change. Still large parts of its population depend on natural resources and agriculture for their
livelihoods and both activities are highly sensitive to climate change (Rahman et al. 2012). Its
natural and agricultural systems are already affected by salt-water intrusion, extreme events
and reduced dry season water availability (Rahman and Rahman 2015). For example, one
third of the country’s cultivable lands are covered by the coastal areas which are less than 3 m

above mean sea-level (Shaw et al. 2013).

Especially Bangladesh’s south-west coastal region is potentially vulnerable to climate change,
mostly for its environmental setting. This region connects the upstream Ganges basin to its
downstream. The river flow and rainfall play an important role in maintaining the fresh water
flow through the region and in determining the region’s salinity levels (IWM 2014). In
addition, the region includes the Sundarbans, which is an important UNESCO world heritage
ecosystem. These unique mangrove ecosystems provide vital breeding and nursery grounds
for different marine species, serves as a natural defence to cyclones and tidal surges, supports
the livelihood of many people and, most importantly, houses the last remaining habitats of
many endangered species. People in this region mostly depend on agriculture, fishery and
resources extraction from the mangroves. However, all these activities are highly sensitive to
climate change, and subsequent increases in sea-level rise, salinity and decreased fresh water

flows from upstream (mainly during the dry season) (World Bank 2014).
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Local environmental changes

Over the last decades, climate already significantly changed. For example, mean sea-level
increased by 3.2mm from 1993 to 2010 (Carton et al. 2005), the average global mean
temperature has increased by about 0.8°C (Hansen et al. 2010) and global precipitation
patterns are changing (Trenberth 2011). However, substantial spatial variation occurs in their
rate (Singh et al. 2010). Even in Bangladesh’s coastal area, significant spatial variations is
observed (Khan et al. 2000). Therefore, local, regional and global variations and their

interactions should be distinguished.

The Intergovernmental Panel on Climate Change (IPCC) in its fourth assessment report
observed evidences of climate change in these low lying coastal regions. The evidences
included increased temperatures, rainfall variability, inconsistent upstream river discharge and
rising sea-levels (Parry, 2007). Although fifth assessment report additionally mentioned
increasing ocean acidity (Wong et al. 2014). These changes will ultimately increase salinity
(Passeri et al. 2015) and this most likely affects biodiversity by degrading habitats (Sarker et
al. 2016) and livelihoods of many coastal people, leading to economic losses and poorer living
and health conditions (Huq et al. 2015). These impacts are already being felt across
Bangladesh’s south-west coast (Karim and Mimura 2008; Ali 1999; Mirza 1998).

This study analyses recent environmental changes in Bangladesh’s south-west coastal region.
Previous studies have investigated temperature scenarios (e.g. Rahman et. al 2012; Islam
2009), variability and trends of rainfall (Ahasan et al. 2010; Hossain et al. 2014 ), sea-level
rise (Bhuiyan and Dutta 2012; Brammer 2014; Pethick and Orford 2013), seasonal changes in
water salinity (Hussain et al. 2013; Islam and Gnauck 2011) and reduced fresh water flow
from upstream to the coastal river network (Mondal et al. 2013). Most of these studies only
focussed on specific locations and individual aspects of regional environmental change. No
study thus far evaluated all these factors consistently and integrally to understand the recent
regional environmental changes. Additionally, the Bangladesh Government is planning and
implementing climate-change adaptation strategies in this region. This requires an improved
understanding of recent changes and also allows to better validate different environmental

change models and scenarios.

Therefore, this study aims to investigate observational evidences of climate change and
climate-change induced problems along Bangladesh’s south-west coast. Its specific
objectives are to analyse to what extent local hydro-climatic variables (i.e., sea-level,

temperature, rainfall, altered riverine flows and salinization intensity in the region’s rivers)
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have changed. This paper also analyses the potential cause-effect relationships among these

variables.

2.2 Methods

2.2.1 Data and quality check

The 30 years record of observed daily temperature (°C) and rainfall (mm) data of nine
meteorological stations for the period 1981 to 2010 for the south-west coast were collected
from the Bangladesh Meteorological Department. Each station represents one district.
Extreme tidal gauge data (monthly maxima and minima) at Hiron Point for the same time
period was obtained from Bangladesh Inland Water Transport Authority (BIWTA). Hiron
Point is located at the mouth of the Passur estuary on a natural tidal channel within the
Sundarbans mangrove forest. BIWTA measures self-recording pressure gauges for the Tidal
Water Level (TWL) using the Model MUNRO, U.K in meter. TWL data are converted into
mm to use in this study. Daily fresh water discharge (cumec) from the Ganges through Gorai
river at Gorai Railway Bridge to the south-west coastal river network for the period 1964 to
2010 was collected from Bangladesh Water Development Board (BWDB). It was collected
for the time period more than 30 years to analyse the fresh water discharge trend before and
after Farakka barrage construction. Water salinity (EC) data for the month of November to
June from 2000 to 2008 of 12 different stations located in 7 rivers of 3 coastal districts
(Khulna, Bagerhat and Satkhira) were also collected from BWDB for both high tide (HT) and
low tide (LT) condition. The salinity data before 2000 was not available except for Khulna,
however, those data were too irregular to be used for this study. BWDB does not collect
salinity data for the month July to October. During monsoon and post monsoon, salinity levels
generally remain low. Salinity data was converted into parts per thousand (ppt) as this unit is
mostly used in different study. If any missing data for any day of a year was found for a
particular station from the above mentioned data set, a simple average method was applied.
However, the missing data was less than 2%. The locations of different stations are shown in
Figure 2.1. Meta data of these locations is available in supplementary information A (Table

Al).
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Figure 2.1. Location of different stations in South-West coastal region of Bangladesh

2.2.2 Analysis

All the data are processed to obtain monthly, seasonal and annual average values. Seasonal
and monthly variations are analysed as temperature and rainfall pattern, discharge flow, sea-
level rise and salinity varies significantly across the months of four seasons in Bangladesh

(Mirza and Hossain 2004; Bhuiyan and Dutta 2012). The average of each of the selected
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parameters over the stations is considered as the south-west coast average. For our seasonal
analysis, four distinct climatic seasons of Brammer (2002) are considered: monsoon (June—
July—August-September: hereafter written as JJAS), post-monsoon (October—-November: ON),
winter/dry season (December—January—February: DJF) and pre-monsoon (March—April-May:
MAM). The decadal variations are also studied as climate change and climate change induced
problems were observed principally after the 1990s (IPCC 2001). For the analysis of decadal
variation, all the datasets were divided into three decades: 1981 to 1990, 1991 to 2000 and
2001 to 2010. Anomalies of temperature and rainfall was also explored from average value (as
reference value) of each of the parameters over 30 years’ time period to see the deviation
since 1980. A positive anomaly value indicates that the observed value was greater than the
average value from 1981 to 2010, while a negative anomaly indicates that the observed value
was less than the average value. In addition, different extreme temperature and precipitation
indicators were also analysed (see Table 2.1 for details) because extreme indices provide
insight into local conditions (Zhang et al. 2011). Only the discharge data is divided into pre
(1964-1975) and post-Farakka (1976-2010) periods as low discharge was observed after the
1975 due to the construction of Farakka barrage (Mirza 1998). Effective Sea-level rise (SLR)
is calculated from the Extreme TWL data following Pethick and Orford 2013. Because
Effective SLR varies from eustatic SLR due to the constituent processes like subsidence (Sb),
tidal amplitude (TA) and fresh water base level flow (FwQ) reduction. Also Mean SLR trend
was calculated from the observed TWL data during high and low tides. Bivariate (Pearson)
correlation with 0.05 and 0.01 significance level and simple linear regression model using
least squares method with 95% confidence intervals were done for all the statistical analysis
(using IBM SPSS 22) of the monthly, seasonal and decadal variation of the all selected
variables, and extreme climatic indices for trend analysis and correlation among the variables.
Regression coefficients determined the rate of changes. Confidence limits (upper bound and
lower bound) for each of the regression coefficients were also calculated. The significance of
the trend correlation coefficients has been tested using the parametric Student’s two-tailed t-
test. Finally the cause effect linkage among the variables were tested using the yearly and
monthly linear regression correlations among the variables. In this case, covariance was
calculated to measures the degree to which two variables are linearly associated. Different
likelihood terminology used in this study for different analysis based on probability levels for
each regression is given in in supplementary information A (Table A2) and level of
correlation based on correlation co-efficient values in Table A3. Results of the statistical

analysis of all the variables are summarized in Table A4 of supplementary information A.

16



Local environmental changes

Table 2.1. The Extreme Temperature and Precipitation Indices Used in this study

1D Indicator Name Indicator Definition Unit
Indices of temperature extremes
TXx Hottest Day Monthly maximum value of daily max temperature °c
TNn Coldest Night Monthly minimum value of daily min temperature °c
DTR Diurnal temperature range Monthly mean difference between daily max and min °c
temperature
SU Summer days Annual count when daily maximum temperature >25°C days
(absolute threshold)
TR Tropical nights Annual count when daily minimum temperature >20°C days
ETR Extreme temperature range  Difference between hottest day and coldest night °c
Indices of precipitation extremes
Rxlday = Max lday precipitation Monthly maximum 1day precipitation mm
amount (absolute extreme)
SDDII Simple daily intensity The ratio of annual total precipitation to the number of mm/day
index wet days (> 1 mm)
R10mm  Number of heavy Annual count when precipitation >10mm days
precipitation days (absolute
threshold)
PRCTOT Annual total wet day Annual total precipitation from days >Imm mm
precipitation
Adopted from Peterson et al. 2001
2.3 Results

2.3.1 Maximum and minimum temperature anomalies and extreme indices

Most of the high anomalies of maximum temperatures are found in the last decade from 2000
to 2010 (Figure 2.2a). Minimum temperature anomalies are found positive from 1987
onwards and the positive trend was constantly increasing from 2002 to 2010 (Figure 2.2b).
Departure of maximum temperature from the reference value (30 years average) is
significantly increasing at the rate of 0.03°C yr' (p<0.001; R?=0.376) and minimum
temperature at 0.02°C yr' (p=0.001; R*=0.341) for the period 1981 to 2010.

Monthly trends of maximum (Figure 2.2¢) and minimum temperature (Figure 2.2d) from 1981
to 2010 show an increase for all months of the year. The increase was mostly in the months of
March, April and May i.e. the pre-monsoon season. It is noticeable for both maximum and
minimum temperature. However, statistical analysis shows that the trend of maximum
temperature particularly in April (p=0.047; R*=0.133) and May (p=0.001; R*=0.308) is
significantly increasing for last 30 years. Minimum temperature trends are not significant for

most of the months. Only for April the P value was slightly above 0.05 (p=0.052; R*=0.129).
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Diurnal temperature range (Figure 2.3a) is likely to increase, however, the increasing trend is
not statistically significant (p=0.105; R*=0.091). The number of summer days (Figure 2.3b)
has not increased (p=0.766; R’=0.003), however, tropical nights (p=0.036; R?=0.148) have
increased (Figure 2.3c). Increasing trend of extreme temperature range (Figure 2.3d) is
virtually certain (p=0.002; R*=0.283) at 0.07° C yr'. Thus extreme temperature indices reveal
the annual increase of daily minimum temperature more than 20° C and intensification in

difference between hottest day and coldest night.

2.3.2 Changes in precipitation pattern and extreme indices

Precipitation anomalies (Figure 2.4a) and daily precipitation trend (Figure 2.4b) show the
variability and decreasing state. Negative precipitation anomalies are seen since 1982,
however, it was more frequent from 1992 and from 2008 it was constant. Departure of
precipitation from the reference value is likely to decrease at -6.6 mm yr'1 (p =0.231; R? =
0.051) and daily precipitation at 0.02 mm day™ (p=0.235; R*=0.050) for the period 1981 to
2010. Hence, precipitation is likely less than before in south-west coast of Bangladesh,

however, it is not statistically significant.

Decadal variation in monthly precipitation is noticeable for all the months. Two years moving
average trends for last three decades show that pre-monsoon season precipitation mostly in
April and May is constantly decreasing while monsoon precipitation mostly in July and
September and post-monsoon precipitation mostly in October is increasing (Figure 2.4c).
However, statistical analysis shows that decreasing trend of precipitation only in April is
virtually certain at -3.9 mm yr' (p=0.002; R?=0.298) and increasing trend in October is
extremely likely at +5.2 mm yr' (p=0.023; R?=0.171). It indicates the seasonal shift in

precipitation from pre-monsoon to post monsoon.

Annual total wet day precipitation (Figure 2.5a) and number of heavy precipitation days
(Figure 2.5c) is likely to decrease, however, statistically these extreme indices are not
significant. Decreasing trend of Simple Daily Intensity Index (Figure 2.5b) at 0.3 mm is
virtually certain (p=0.000; R*=0.357). Increasing trend of maximum lday precipitation
(Figure 2.5d) is extremely unlikely (p=0.963; R*=0.000). Accordingly extreme precipitation
indices signifies the declining ratio of annual total precipitation to the number of wet days

more than or equal to Imm.
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Figure 2.3. Extreme Temperature Indices
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2.3.3 Sea-level Rise at Hiron point in the south-west coast of Bangladesh

TWL maxima is rising at 5.3 mm yr' (p=0.003; R*=0.271) and minima have reduced at 4.5
mm yr' (p=0.041; R?=0.140). Increasing trend of TWL maxima (Figure 2.6a) and decreasing
trend of TWL minima (Figure 2.6b) indicate intensifying the tidal range which will affect
Effective SLR. Considering TA, eustatic sea-level and subsidence, calculated Effective SLR
has become 11.9 mm yr'1 (Table AS in Supplementary information A).

Rise in TWL maxima for last decade (2001-2010) is very precise across the months (Figure
2.6¢). Particularly in the months January, February, May, September and December, it is
rising constantly for last three decades. However, the rise in January (p=0.008; R*=0.228),
February (p=0.008; R?>=0.225) and May (p=0.009; R?=0.221) is statistically significant. On
the other hand, TWL minima in January (p=0.025; R?=0.166), July (p=0.016; R>=0.191) and
September (p=0.039; R?=0.144) have declined over last three decades, in August it is virtually
certain (p=0.008; R*=0.228) and for rest of the months variability is seen (Figure 2.6d). TWL

maxima is observed highest in August while TWL minima in July.

2.3.4 Fresh water discharge through Gorai to the south-western river network

Pre-Farakka mean annual flow is very unlikely to decrease (Figure 2.7a) whereas decreasing
annual trend of post Farakka flow at 11.43 m’ sec’ day'] is virtually certain (Figure 2.7D).
And monthly variation in the post Farakka period for last three decades shows the increasing
trend (from December to July) mainly in dry season and pre-monsoon (Figure 2.7¢) and
decreasing trend (from August to November) mainly in monsoon and post monsoon season
(Figure 2.7d). However, merely the increasing trend in January is statistically significant (p =
0.032; R? = 0.153) and it is likely to increase at 5.30 m® sec’ day'. On the other hand,
decreasing trends of fresh water flow in August and September are virtually certain at 44.86
m’ sec” day” (p=0.014; R>=0.198) and 93.15 m’ sec” day™ (p=0.00; R?=0.440) respectively.
Also in October the discharge is extremely likely to decrease at 32.431 m’ sec’' day’

(p=0.049; R*=0.132).
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2.3.5 Changes in river water salinity and monthly variation

River water salinity of all twelve stations of Khulna, Bagerhat and Satkhira during HT and LT
has been showing increasing trends since 2000 (Figure 2.8) which are statistically significant.
In Bagerhat, water salinity increase in SW105 station of the Gorai river is virtually certain
during both HT at and LT at 0.1ppt yr’' and other stations are extremely likely to increase
from to 0.3ppt to 0.5ppt yr''. In Khulna, salinity increase in SW28 station of Bhadra river, in
SW243 station of Rupsa-Pasur river and in SW258 station of Sibsa river are virtually certain
at 0.4ppt yr'', 0.3ppt yr'" and 0.9ppt yr' respectively in HT condition and at 0.5ppt yr™', 0.5ppt
yr'' and 0.9ppt yr' respectively in LT condition. Other two stations (SW241 in Rupsa-Pasur
and SW259 in Sibsa river) salinity are extremely likely to increase at 0.6ppt yr' in LT and at
0.4ppt yr’' and 0.5ppt yr' in HT condition respectively. In Satkhira, salinity of all the rivers
are extremely likely to increase during both HT and LT situation at 0.2 ppt yr'' for Betna
(SW23), at 0.2ppt yr'' and at 0.3ppt yr for Betna (SW24) and at 0.5ppt yr’ for Stakhira khal
(SW254.5) respectively. The result depicts higher river water salinity in Khulna region than
Satkhira and Bagerhat in both high and low tide situation and salinity increase rate is

comparatively very high after 2005.

Monthly variation in river water salinity for three different districts show high salinity level
mainly during MAM (pre-monsoon) in both high and low tide situation (Figure 2.9). During
low tide, salinity increase in November, March, April, May and June are virtually certain.
Salinity in December, January, February, March and April are extremely likely to increase.
Highest salinity is observed in June at 1ppt yr”' during high tide and at 0.8ppt yr' during low
tide followed by May at 0.7ppt yr' and 0.6ppt yr' respectively. The result reveals increasing

salinity across the dry season (DJF) as well as pre-monsoon (MAM).
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2.3.6 Possible cause-effect relationships among the selected variables

Trends per annum of the key parameters used in this study is exhibited in Table 2.2.
Maximum (p=0.000; R*=0.376) and minimum temperature (p=0.001; R?*=0.341) are
significantly increasing across the south-west coastal region of Bangladesh. Precipitation is
likely to decrease (p=0.231; R*=0.051). Salinity is virtually certain to increase during high
tide (»p=0.004; R?=0.724) and low tide (p=0.003; R?=0.740). And fresh water discharge
through Gorai to the south-west coastal river network is significantly reducing (p=0.003;

R?=0.243).

Correlations among statistically significant yearly trends of the variables reveal that salinity
increase during both high tide and low tide has moderately high correlation with minimum
temperature increase (r= +0.600" and r= +0.572") and TWL rise (r= +0.608" and r=
+0.599**); and moderate correlation with maximum temperature increase (= +0.562"" and r=
+0.519"), SDII (r= -0.411" and r= -0.362") and reduced fresh water discharge (r= -0.408" and
= —0.437*). On the other hand, ETR is moderately correlation with SDII (1= —0.420*) as well
as with reduced fresh water discharge (r=-0.426"). Also SDII has moderate correlation with
tidal water level (minima) (r= +0.490"). In addition, reduced fresh water discharge is
moderately correlated with maximum temperature increase(r= -0.409"). All these correlations
are statistically significant at 0.01 level (") and at 0.05 level (). For detail of the statistical
analysis on the correlation among statistically significant yearly trends of the variables, see

supplementary information A (TableA4-f).

Correlations among statistically significant monthly trends of the variables (supplementary
information A: TableA4-g) disclose that salinity increase in April during both high and low
tide has a moderate correlation with precipitation decrease in April (= -0.408"; r= -0.484"")
and low correlation during low tide with maximum temperature increase in April (r=
+0.373"). Also salinity increasing trend in May is moderately correlated during high tide and
low tide with the increasing trend of maximum temperature(r= +0.464""; 1= +0.504**). In
addition, trend of salinity increase in January and February during high tide and in May
during high tide as well as low tide are significantly correlated with tidal water level rise
(maxima) and reduced fresh water discharge (supplementary information A: TableA4-g).
Besides, precipitation decrease in April has a very high correlation with increasing
temperature in this particular month (r= -0.844""). Rising tidal water level in May is also

moderately correlated with maximum temperature increase in May (1= +0.463*).
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Table 2.2. Trends of different hydro-climatic variables used in this study

Parameters Trend Time Series Years
Maximum temperature +0.03 °C yr! 1981-2010 30
Minimum temperature +0.02°C yr'! 1981-2010 30
Precipitation -6.559 mm yr' 1981-2010 30
Effective Sea-level rise +10.3 mm yr' 1981-2010 30
Mean Sea-level rise +0.4 mm yr’' 1981-2010 30
Salinity (high tide) +0.4 ppt yr’! 2000-2008 9
Salinity (low tide) +0.5 ppt yr’! 2000-2008 9
Fresh water discharge (Post Farakka) — -4187.5 cumec yr' 1976-2010 35

Developed cause effect relationships based on the statistically significant correlations among
the parameters discussed above disclose that fact that salinity increase is the effect of different
interacting causes like less precipitation, temperature increase, reduced fresh water discharge
and TWL rise (Figure 2.10). Less precipitation and reduced fresh water discharge is
significantly correlated with increasing temperature and vice versa. TWL rise is not found to
be correlated with these variables except maximum temperature increase. However,

correlation of salinity with all the selected hydro-climatic variables is statistically significant.

@00 D causes

Less
@ Effect Precipitation

Temperature Salinity Tidal Water
Increase Intensification Level Rise

Reduced
Fresh Water
Discharge

‘~’ Negative direction of the
relationship
‘0’ No Significant Correlation

Correlation is significant at 0.01 level

‘+’ Positive direction of the relationship

Figure 2.10. Cause-effect relationships diagram among the selected parameters

(For the statistical analysis see TableA4-f and TableA4-g of the supplementary information A)
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2.4 Discussion

The economy of south-west Bangladesh is highly dependent on natural resources and large
parts of the population depend on agriculture and fisheries for their livelihoods. This region,
however, is highly vulnerable to environmental changes. Our analyses show that over the last
decades there have been significant changes in different hydro-climatic variables. The most
important changes we observed are a reduction in rainfall during the pre-monsoon and dry
season, increasing precipitation during the late and post-monsoon season, reduced fresh water
discharge from upstream river particularly in August-September-October, increases in tidal
water levels and salinity intensification. Several of these changes show significant correlation
suggesting different relations between the environmental changes, we observed. In particular,
the increasing salt intrusion during the dry season is probably caused by a combination of sea-

level rise, reduced flow of upstream rivers and a later onset of the monsoon.

The changes’ extent in different hydro-climatic variables and cause-effect relation among the
variables are crucial to advance the understanding of environmental changes in this region.
Our results disclose the fact that salt intensification results from a combination of different
climate signals (i.e., getting warmer, seasonal precipitation shifts, SLR) and hydrological
changes (i.e., insufficient upstream discharge). Also different causes of salinity increase are
inter-related with one another. For example, increasing temperatures alter precipitation
patterns, rise the TWL and reduce discharge rates. This study reveals that environmental
changes in Bangladesh’s south-west coastal region are governed by a complex interacting

alterations in different hydro-climatic variables.

Detailed analysis of the observed temperature data from 1981 to 2010 clearly show extensive
trends in maximum and minimum temperature anomalies and extreme indices (particularly
ETR and SU) with stronger trends in the last decade. These are consistent with warming over
the whole 30 years period. The current mean decadal temperature increase of 0.25°C along the
south west coast is substantially higher than the global average increase of 0.12°C per decade
(IPCC 2014). The ETR significantly shows more hottest summer days and fewer coldest
winter nights. These also signifies the increasing trend of both maximum and minimum
temperature anomalies. Monthly variation showed significant warming in pre-monsoon
season particularly for maximum temperatures in April and May and minimum temperatures
in April. However, temperatures and their extremes show significant warming in all seasons

but most in the colder months (Donat et al. 2013). This variation reveals that local or regional
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changes are very heterogeneous. We have also found significant correlation among rapid
warming of the south west coast with precipitation, TWL, salinity and fresh water discharge
to the coastal river network. These relationships reveal that increase in temperature drives

other environmental changes in this region.

Our analyses of the changes in rainfall over the last 30 years show that total precipitation has
slightly reduced. More important, however, are the reductions in rainfall during the dry season
and pre-monsoon period. This potentially increases the water stress in the region during the
end of the dry season. A later onset of the monsoon also potentially facilitates the salt
intrusion during the April -May period. While in the pre-monsoon period the rainfall is
reducing and during the post monsoon period the rainfall is increasing. This indicates that the
monsoon period is shifting to later in the year. An analysis by Hasan et al. (2013) shows that
also for future climate projections the monsoon is shifting to later in the year, especially,
increased rainfall during the post monsoon season. Significant decreases in precipitation,
particularly in April, and increases, mostly in July and October, confirm the increasing
precipitation trends during the monsoon and post-monsoon seasons and the seasonal
precipitation shift from pre-monsoon to post monsoon. This significantly correlates with
increasing maximum temperatures in April. Simple daily intensity index shows significant
decrease while daily precipitation trend was not statistically significant which indicate the
increase in the number of wet days (>1mm). SDDI is also found significantly correlated with
ETR and salinity increase. These correlations among monthly variations and extreme indices
indicate temperature increase as an actor for seasonal change in precipitation over the south-
west coast of Bangladesh. Because temperature increase affect atmospheric moisture through
a more active hydrological cycle, leading to increases in water holding capacity throughout
the atmosphere at a rate of about 7% per °C (IPCC 2007). Thus rising temperature results in
changes in precipitation patterns. Global extreme precipitation indices showed more areas
with significant increasing trends than areas with decreasing trends (Donat et al. 2013).
Furthermore, long-term observed trend of precipitation for Bangladesh reported in Islam and
Uyeda (2007) showed increasing trends. However, we have found that decreasing trend of
precipitation in the particular months for south-west coastal region of Bangladesh is much
higher than the increasing trends of other months for last three decades. It accordingly appears
that changes in precipitation in a coastal region of Bangladesh differ from the changes in the
country as a whole and the rate of the changes depend on the maximum temperature and ETR

of this region.
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Significant increase in TWL maxima and decrease in TWL minima indicate that the
increasing trend of the tidal range is likely to result into higher Effective SLR. Our data shows
an increase in Effective SLR of 11.9 mm yr' while Mean SLR is only increasing by 0.4 mm
yr''. However, global Effective SLR rates range from 0.5 to 12.5 mm yr' (Ericson et al.
2006) with Mean SLR from 2.8 to 3.6 mm yr' (Meehl et al. 2007). This inconsistency
between Mean SLR and Effective SLR is mostly the result of tidal range amplification.
Although Effective SLR is the response of different processes like subsidence, tidal
amplitude, fresh water discharge and eustatic sea-level changes (Pethick and Orford 2013),
the dominant process responsible for Effective SLR at south-west coast is probably due to the
amplification of tidal range. This process alone accounts for almost 50% of the increase in
Effective SLR along the south-west coast. Probable causes of rapid increase in tidal range at
south-west coast are constricted rivers and channels by unplanned polders and embankments
in a densely populated coastal zone, and deepened rivers and channels by dredging (IWM
2014). Spencer et al. (2016) also mentioned varying assumption about coastal dikes and
polders in relation to SLR as infrastructures limit lateral accommodation space and cause
coastal squeeze. We have also found monthly variation of sea-level along the south-west coast
with absolute maxima during August and minima during March. This variation may be for the
southern oscillation phenomenon (Singh et al. 2010) and monsoon induced TWL increase
(Singh 2001). On the other hand, we have found significant positive correlation between
decreasing trend of SDDI and TWL (minima) which indicate that increased evaporation rate
due to increase in both maximum and minimum temperature and ETR may lower the sea-
level during low tide. In addition, increasing trend of TWL (maxima) is found to be
significantly correlated with salinity increase during both high and low tide situation which
clearly indicate that SLR is one of the causes of salinity intrusion in south-west coast of
Bangladesh. Because significant rise in sea-level particularly in January, February and May
reveals that it is not monsoon induced sea-level rise. Rather it is part of eustatic SLR
associated with other factors like tidal amplitude and subsidence. In addition to temperature
increase and changes in precipitation pattern, SLR is also accountable for intensification of

salinity in south-west coastal region of Bangladesh.

The Gorai river is the main source of freshwater flow into south-west Bangladesh. The flow
of the Gorai river started to reduce since 1964. The construction of Farakka barrage on the
Ganges River in 1975 to divert the water to Bhagirathi-Hooghly River in India is one of the

main reasons for further drastic reduction after 1975 (Mirza 1997). Monthly variation shows
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significant increase of discharge in January mostly during the last decade (2001-2010). It is
possibly related to the significant increasing trend of rainfall in post-monsoon and dry season
in India (Jain and Kumar 2012). Mirza (1998) reported the reduction in flow mostly during
dry season (DJF) till 1992. Nonetheless, the dry season (DJF) except December and pre-
monsoon (MAM) flow is below the threshold value of minimum environmental flow.
Estimated environmental flow at Gorai is 233 cumec (Moly et al 2015). On the other hand,
constant and significant reduction in discharge mostly in August and September for last three
decades (from 1981 to 2010) may perhaps has a relation with significant increase in
temperature and less rainfall during monsoon over all regions in India (Jain and Kumar 2012).
However, still the monsoon (JJAS) except June and post-monsoon (ON) flow except
November is above the environmental flow. Mean monthly decadal flow for four different
seasons compared to the environmental flow reveals that insufficient discharge through Gorai
to the south-west coastal region remains from November to June. High salinity level during
this period also indicate that reduced and insufficient discharge is also responsible for

intensification of salinity in south-west coastal region of Bangladesh.

In average, river water salinity increasing rate in south-west coastal region of Bangladesh is
calculated 0.5 ppt per year which varies from 0.1 to 0.9 ppt. In general, the station closest to
the coast showed the highest increase in salinity. Salinity level were particularly high during
the later dry season and pre-monsoon period. The highest salt concentrations were observed
during the months April and May. However, salinity standard for drinking water quality
ranges from 0.6 to 1 ppt (DeZuane 1997) and tipping point of new salt tolerant variety of rice
is 6.4 ppt (Islam 2015). After 2005, almost all the stations show river water salinity above the
drinking water standard and near to the tipping point of salt tolerant rice variety. However,
river water salinity from 2007 remains above the tipping point of salt tolerant rice variety.
Seasonal variation reveals from November to June, salinity level remains above the drinking
water standard in all three districts of south-west coastal region during both high tide and low
tide. Salinity level particularly in April and May crosses the tipping point of salt tolerant rice
variety mostly in Khulna region. Salinity level remains very high for April and May for all
three districts. However, Hussain et al. (2013) predicted maximum increase of salinity during
monsoon (JJAS) followed by winter (DJF). It might be for not to consider all the hydro-
climatic variables as we have discovered that salinity increase is significantly correlated with
the other hydro-climatic variables selected for this study i.e. temperature increase, changes in

precipitation, TWL rise and reduced fresh water discharge from the Ganges basin through
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Gorai river to the south-west coastal river network. Increase in both maximum and minimum
temperature and ETR may cause more water to evaporate into the atmosphere leading to
reduce fresh water discharge and consequently to a rise in salinity levels in addition to sea-
level rise due to the expansion of sea water resulting from global warming. Moreover, back
salt water effect due to high SLR at south-west coast and less fresh water flow from upstream
rivers to coastal river network will further accelerate the salinity intensification process. These
relationships reveal that salinity increase is not only the effect of one or two causes rather the
result of a range of processes (i.e., warming temperatures, changes in precipitation, TWL rise

and reduced fresh water discharge of the Gorai river).

Different other studies have also indicated through observational or modelling approaches that
increases in sea-level rise (Bhuiyan and Dutta 2012), lower fresh water discharge
(Mahmuduzzaman et al. 2014) and sea surface temperature and precipitation (Singh 2001) are
causing increased salt water intrusion. Also cyclones, and increased shrimp farming are
mentioned as possible causes for increased salt water intrusion (Khan et al. 2000; Deb 1998).
Unfortunately, these studies only considered one variable of salinity increase. Hence, our
study is innovative by establishing relationships among several hydro-climatic variables of
salinity increase. It is likely that the rapid increase in salt intrusion during April-May is caused
by a combination of reduced upstream river flows, increased high tides and lower rainfall
during the dry season and pre monsoon period. Especially the lower upstream flow and
reduced rainfall are observed during the March, April, May period explain that salt intrusion

problems are accumulating during these months.

Though salinity data was available for only nine years, this relatively short period data clearly
shows significant increasing trends for all stations. Moreover, these trends have already
crossed the threshold for the drinking water standard and salt tolerant rice varieties.
Consequently, current trends of river water salinity are likely to intensify the regional drinking
water crisis, reduce agricultural productivity and increase food scarcity. In addition, more than
half of the coastal people who depend on the natural resources only are likely to become
vulnerable. Because rich and biodiverse low saline mangroves, such as Sundarbans of south-
west Bangladesh, can only tolerate up to 15 ppt salinity (Hossain et al. unpublished
manuscript). As these natural resources are exposed to increasing salinity levels, they become

less productive. Our previous study showed substantial changes in mangrove resources along
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the salinity gradient (Hossain et al. unpublished manuscript) Thus, rapid salinity increases

substantially threaten people’s livelihoods as well.

Several of the trends we are observing in the selected hydro-climatic variables are likely to
continue in the future. First of all, sea-level rise is most likely to continue, however, by how
much will depend on future rate of global warming and the stability of the Greenland and
Antarctic ice sheets (Wong et al. 2014). Still all projections show an increase in sea-level. The
future trends in rainfall are less clear for Bangladesh. Most climate models indicate an overall
increase in rainfall for Bangladesh. However, the climate models are especially consistent in
their projected increase in monsoon rainfall (Menon et al. 2013). The trends of the dry season
are less clear. Most studies on climate change impacts on future precipitation in Bangladesh
have focussed on extreme precipitation (Shahid 2011). However, our analyses shows that
there is a need to also investigate future trends in dry season and pre-monsoon season rainfall.
Zaman et al. (2016) showed that future climate change could reduce Ganges flows into
Bangladesh during the months of April and May and thus, will further exacerbate salt water
intrusion during these months. Our historic analyses in combination with these future
assessment indicate that salinization will become a more and more serious problem in the
coastal region of south-west Bangladesh. It is important to acknowledge that these problems
originate from a range of different processes such as rising temperatures, reduced dry season
rainfall, sea-level rise and lower upstream flows. Future plans to adapt land and water

management need to take these range of processes into account.

2.5 Conclusions

The study provides clear current trends of climatic signals and hydrological variables and
determined the relationship among major processes to understand the bio-physical
environment changes across the south-west coast of Bangladesh. Temperature increase,
changes in precipitation patterns, TWL rise and reduced fresh water discharge have
substantial contribution to instant salinity increase in south-west coastal region of Bangladesh.
The relationships among these hydro-climatic variables in a complex and dynamic coastal
system is quite complicated. However, we could identify the relationships among the selected
variables as we evaluated coherently all these interactive variables in one platform. This is
how, this piece of research has become novel to find out the potential cause-effect relationship

among the hydro-climatic variables. It reveals that intensification in salinity is due to a range
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of process of different hydro-climatic variables. This improved understanding of recent
changes in and the relationships among the environmental variables will help decision makers
to better adapt to future changes and scientists to better validate different environmental
change models and scenarios. We have also discussed possible implications of recent bio-
physical changes in the environment due to interacting hydro-climatic variables on the south
west coastal region of Bangladesh. It reveals that intensification in salinity, due to a range of
process of different hydro-climatic variables, is not only an extensive threat for agriculture,

livestock, poultry, fisheries and forestry but also for human health and livelihood.
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Chapter 3. Ecological Status of Mangrove Vegetation
along Salinity Gradients in the Sundarbans World

Heritage Ecosystem

Abstract

Gradual salinity increase due to climate change induced sea-level rise and reduced dry season
freshwater flows from upstream has become a big threat for the mangroves in the Sundarbans
world heritage ecosystem. How this salinity increase affects the Sundarbans mangrove is
poorly understood for inadequate scientific knowledge on the relationship of mangrove
vegetation with salinity gradient. Understanding, the relations between salinity gradient and
vegetation composition, forest structure, diversity, canopy cover, regeneration status, carbon
content are important to better manage and protect this globally important ecosystem under a
changing environment. In this study, for the first time, we make the relationship of
Sundarbans mangroves’ ecological status with salinity gradient from various aspects. Salinity
is very likely to increase in all three ecological zones. Importance value index reveals that the
globally endangered species, H. fomes is now suppressed by wide range of salt tolerant E.
agallocha. and C. decandra. However, average aboveground carbon content of H. fomes is
found higher (i.e., 136 Mg/ha) than E. agallocha (i.e., 62 Mg/ha) and C. decandra (i.e., 19
Mg/ha). Vegetation composition show that H. fomes prefers the low saline habitat whereas
Exoecaria agallocha prefers moderate saline and Cariops decandra high saline habitat.
Species richness and diversity of the mangroves also decline with increased salt
concentrations. Mangrove ecosystem condition demonstrates the sensitivity of canopy cover
and regeneration to high salt concentrations. All these results indicate the likelihood of
reduced biodiversity and declined carbon-stock in the Sundarbans mangrove in near future

due to further changes in salinity gradient.
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3.1 Introduction

The Sundarbans is the largest contiguous mangrove forest in the world spreading over the
south western part of Bangladesh (6,017 km?) and the West Bengal State in India (4,000 km?).
This unique ecosystem provides vital breeding and nursery grounds for diverse marine
resources, serves as a natural defence to cyclones and tidal surges, supports the livelihood of
about 3.5 million coastal people and most importantly harbours the last remaining habitat of
many globally endangered species of flora eg. Sundri (Heritiera fomes), and fauna eg. Royal
Bengal Tiger (Panthera tigris) and Ganges river dolphin (Platanista gangetica). It is declared
as a World Heritage Site in 1997 by UNESCO and designated as a Ramsar site under the
Ramsar Convention in 1992 because of its outstanding ecological importance, universal value,

biological diversity and ecosystem services (Sanyal 1999).

The Sundarbans’ mangrove ecosystem is associated with the fresh water flow from the
Ganges basin and the salty sea water from the Bay of Bengal. The resulting balanced salinity
gradient is now being threatened by climate change induced sea level rise and low fresh water
flow from upstream due to the diversion by the Farakka barrage on the Ganges river basin in
India. Sea level rise along the Bangladesh coast is 5.93 mm yr”' which is substantially higher
than the global average (i.e., 1.0-2.0 mm yr' ) (Karim and Mimura 2008). In addition,
Ganges’ fresh water flow into the Sundarbans is reduced from 3700 m’s™ to 364 m’s™ since
1975 (Wahid et. al 2007). As a result, the Sundarbans is indicated as one of the most
vulnerable mangrove ecosystems as well as climate change hot spots on the globe (Mitra et al.
2009). The already observed signs (for example, top dying of H. fomes, slow forest growth,
reduction in number of Royal Bengal Tiger) of degrading and declining forest cover
demonstrate that the Sundarbans is stressed by the impacts of climate change (i.e., sea level
rise) as well as other environmental changes (i.e., low freshwater flow). Both are contributing

to change the salinity gradients of mangroves in the Sundarbans world heritage ecosystem.

Salinity plays an important role in development of mangrove forest and phytosociological
structure  of mangrove forests (Twilley and Chen 1998). The salinity gradient in the
Sundarbans mangrove forest differentiate three different salinity zones that determine forest
distribution (Curtis 1933). Iftekhar (1999) regarded changes in salinity as a major disturbance
in the Sundarbans. This disturbance alters species composition (Ameen 1999) or triggers other
species to become dominant (IUCN 2003). Although salinity clearly has increased in the

Sundarbans over the last decades (Hoque et al. 2006), to what extent this change can affect
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the vegetation of the mangrove forest is poorly known. In addition, we have very limited
knowledge on ecological status of Sundarbans mangrove (i.e., forest structure, vegetation
composition, bio-diversity, canopy cover, regeneration status and carbon content) along
salinity gradient to understand the impacts of change in the salinity concentrations. This
knowledge gap makes it difficult to adjust forest management to take these changes into
account. Hence, we aim to generate spatially explicit baseline information on ecological status
of Sundarbans mangrove along salinity gradient and to improve the understanding on how salt
concentrations affect ecosystem functioning. This understanding is needed to conserve the
globally threatened mangrove ecosystem in a future changing environment. We hypothesize
that the change in salinity gradient favours a shift in mangrove composition towards more salt

tolerant species with reduced carbon-stock and biodiversity.

3.2 Material and Methods

3.2.1 Study area

The Sundarbans Mangrove Forest Reserve is located in the south-western part of Bangladesh
between 21°30' N to 22°30' N Latitudes and 89°00' E to 89°55' E Longitudes (Figure 3.1). It
is the single largest tract of mangrove forest in the world (Chaudhuri and Naithani 1985). The
Sundarbans covers about 0.6 million hectares of which two-thirds is forest. The remainder are
water bodies (Rahman 1998; Runkel and Ahmed 1997; Katebi 2001). The Sundarbans is an
over 4000 years old deltaic swamp (Ali 1998) between 0.9 to 2.1 m above mean sea level
(Karim 1994). The area is formed by the deposition of silt from the Brahmaputra and Ganges
rivers (Bandyopadhya 1968; Alim 1984; Gopal and Chauhan 2006). The forest is
characterized by three different ecological salinity zones. These are the oligohaline zone (i.e.
almost fresh or less saline water), the mesohaline zone (moderately saline) and the polyhaline
zone (salt water or strongly saline). These zones are respectively located in the north-east
corner, the central and the south-eastern part, and the southern and western part of the
Sundarbans (Chaffey et al. 1985). The dominant species of oligohaline zone is H. fomes, the
mesohaline zone is Exoecaria agallocha and the polyhaline zone is Cariops decandra
(Hussain and Karim 1994). H. fomes is already declared endangered globally and critically
endangered regionally (Kathiresan et al. 2010). According to [UCN-Bangladesh (2001), the
Sundarbans supports more than 300 plant species, 120 fish species, 35 reptile species, 300
bird species and 32 mammal species. The Sundarbans is also important for the national

economy (i.e. 41% of forest revenue).
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Figure 3.1. Location of Sundarbans Mangrove Forest in Bangladesh (IUCN-Bangladesh
2001)

3.2.2 Data Collection

A vegetation survey was carried out along major salinity Transects during December 2013
and January 2014. Three Transects were selected running from land to sea to cover different
type of vegetation and salinity gradients following English et al. 1997. The three Transects are
approximately 25km apart from each other and have been selected to represent the three main
ecological salinity zones (Figure 3.2). In total 55 quadrats, each 10mx10m, were sampled at
approximately Skm distance along each Transect by combining a stratified and systematic

sampling approach.

Quantitative vegetation data (i.e. no. of trees, diameter at breast height (dbh, at 1.37m or 4.5ft
above ground), canopy cover, regeneration status and top-dying affected trees) had been
collected using the standard quadrat method (Clarke 2009; Cintron and Novelli 1984;
Kathiresan and Khan 2010). The quadrat size was determined on the basis of species area
curves (Misra 1968). Quadrats were taken about 10m to 15m inland from the shore for each
vegetation site, following Chen and Twilley (1999). Plants were identified in the field using
the Reddy’s (2008) “Field Identification Guide for Indian Mangroves” and Tomlinson’s
(1986) “Botany of Mangroves”. Only true mangrove tree species, which are found exclusively

in the mangrove habitat and do not extend into terrestrial communities (FAO 2007,
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Tomlinson 1986), within each plot were identified. Trees with a dbh > 5cm within each plot
were counted and measured. At each observation point, mangrove condition as indicated by
canopy cover and recruitment was recorded on a scale from no human or natural impact (1) to
sever impact (5) (Table 3.1) (Ellison 2012). Water samples were also collected from the
nearest water body at the observation point. Here salinity was estimated by a hand held
electrical conductivity (EC) meter with a measuring range from 0.01 to 19.90 deci Siemens
per meter (dS/m). Carbon content of the dominant species from each saline zone was
collected from USAID’s IPAC project. They prepared protocols for measuring and reporting
carbon stocks in mangrove Forests with special reference to carbon assessment for
Sundarbans Reserve Forest of Bangladesh (Donato, Kauffman and Stidham 2009) and

measured the carbon content of the mangroves in 2010.
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Figure 3.2. Transects and location of sampling plots in three different salinity zones

3.2.3 Data Analysis
Various quantitative structural indices, such as density, frequency and basal area (Curtis and

MclIntoch 1951; Shukla and Chandal 1993), the relative frequency (RF), relative density (RD)
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and relative dominance (RDo) (Mueller-Dombois and Ellenberg 1974; Rasingam and
Parthasarathy 2009) and the importance value index for each species were calculated using
the standard methodology of Curtis (1959) to reveal the relative contribution of each true
mangrove species to the mangrove vegetation structure (Bambang and Ati 2006). Species
composition along the salinity gradient was identified based on the abundance of each tree
species found in one plot. The first three dominant species was stated from high to low
abundance as vegetation composition in a plot. Importance values for tree species was
calculated on a 300 scale (i.e. RF, RD and RDo) and for non-timber species on a 200 scale
(i.e. RF and RDo) according to Kent and Coker (1992). To assess the species diversity in each
salinity zone, different diversity indices were analysed. The three selected indices were
species richness (S) (Whittaker 1976), Shannon-Weiner’s diversity index (/) (Shannon and
Weaver 1949) and Simpson’s diversity index (D) (Simpson 1949). The Pearson Correlation
and simple linear regression analysis were used (IBM SPSS Statistics 22.0) to evaluate the
relationship between salinity gradient and distance from North to South as well as from East
to West. Density of the three main dominant species along the salinity gradients was also
analysed. Besides carbon content (Mg/ha) of the dominant species (i.e., H. fomes, E.
agallocha and C. decandra) from each saline zone (i.e., low, mid and high) was also

compared in terms of varying carbon content with different salt concentrations.

Table 3.1. Ranking Condition of the Plots based on the Sensitivity factors

» Sensitivity factors
Rank  Condition

Canopy Cover (%) Regeneration
1 No or slight impact 76 —100 All species producing seedlings
2 Moderate impact 51-175 Most species producing seedlings
3 Rather high impact 31-50 Some species producing seedlings
4 High impact 11-30 Just a few seedlings
5 Severe impact 1-10 No seedlings

3.3 Results

(Adopted from Ellison 2012)

3.3.1 Salinity increase across the Sundarbans
Measured salinity of the collected water samples in all three ecological zones of Sundarbans

mangrove show the evidence of salinity increase compared with the previous studies (Table
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3.2). It reveals not only the upper range (i.e., sea side) increase in salinity level but the lower
range (i.e., inland side) as well. Moreover, salinity increasing rate in three ecological zones
also indicate that the low saline zone (oligohaline) is gradually getting replaced by the
moderate saline zone (mesohaline) and the moderate saline zone by the high saline zone

(polyhaline).

Table 3.2. Salinity increase in three different ecological zones of Sundarbans mangrove

Salinity Range (EC)

Oligohaline zone Mesohaline zone Polyhaline zone Source

0to2 2to4 >4 Siddiqi, 2001

0to5 S5to 15 >15 Hoque et al. 2006

1to17 5 to >20 >16 Measured salinity in 2014

3.3.2 Vegetation Structure of Sundarbans Mangrove

True mangroves recorded from three different salinity zones of the Sundarbans Mangrove
Forest in this study are listed in Table 3.3. The identified twelve true mangrove species belong
to seven different families. Among the identified species, ten are tree species and two are
palm species. All the species were found in Transect 1 and only four of these species are
oligohaline to relatively fresh water species. Rest of them are moderate to high salt tolerant
species. The seven common species in all transects, are Avicennia officinalis, C. decandra, E.
agallocha, Somneratia apetala, Xylocarpus mekongensis, Nypa fruticans and Phoenix
padulosa. All these common species of the Transects are moderate to saline water tolerant
species except N. fruticans. Hence salinity preference of the identified species indicate that
the Sundarbans mangrove is now covered mostly by moderate to salt tolerant species rather

than the relatively fresh and/or oligohaline species.

The quantitative structure of the vegetation shows that E. agallocha has the highest
importance value index followed by C. decandra and H. fomes (Figure 3.3). The three most
dominant species in Transects 1 and 2 were E. agallocha, H. fomes and S. apetala while in
Transect 3, the dominant species were E. agallocha, C. decandra and S. apetala. However, H.
fomes was absent in the salt water zone of Transect 3. The results show that E. agallocha,
which is the moderate saline water tolerant species, has become the dominant species in all

three salinity zones of Sundarbans and suppressed the abundance of Sundri (H. fomes).
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Figure 3.3. Dominance Curve for the true mangrove species in three ecological salinity zones

3.3.3 Salinity gradient and Composition of Sundarbans Mangrove

The salinity concentration significantly increases from north to south (Figure 3.4). The
salinity of the three different transects differs significantly (For the results of statistical
analysis see Appendix A and B). Salinity was highest (>15) in the southern and western parts
of Sundarbans (45% of the sample plots) and lowest (<5) in the north eastern part (28% of the
sample plots). Central part was moderate saline ranging from 5 to 15 (28% of the sample
plots). Vegetation composition shows very sharp change with the increasing salinity gradient.
H. fomes is found to be the dominant species in 17% of the plots along the salinity gradient
from 0.9 to 4.7, E. agallocha in 28% of the plots along the salinity gradient from 2.2 to 19.9
and C. decandra in 33% of the plots along the salinity gradient from 14.5 to >20.

3.3.4 Vegetation Density along Salinity Gradients

Density of three most dominant mangrove species of Sundarbans differ along salinity
gradients and with distance from land to sea (Figure 3.5). However, our statistical analysis
does not indicate a significant relation between salinity gradient and density of the tree
species. The number of H. fomes trees per hectare (dbh > 5cm) is comparatively high in the
Transect 1 (100 to 5900 trees per ha) within the salinity range from 0.9 to 17.3 compared to
Transect 2 (100 to 1700 trees per ha) having salinity from 5.3 to 15.0. The highest density in
Transect 1 was found at 1.9 and in Transect 2 at 9.8. So, salinity and density varied inversely

for H. fomes.

The percentage of top dying affected trees are noticeable along the salinity gradients in
Transect 1 (Figure 3.6). Affected H. Fomes by top dying was found high at 3.6 along Transect

1 in the oligohaline zone and at 14.5 along Transect 2 in the mesohaline zone. On the other
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hand, the highest density of E. agallocha in Transect 1 is 5600 trees per ha at 0.9, in Transect
2 is 5200 trees per ha at 11.2 and in Transect 3 4100 trees per ha at 17.1. This indicates that
this species is distributed at wide range of salinity concentration. Density of C. decandra was
high in all Transects at salinity concentration higher than 10. Results show that that true

mangrove species vary in their response to the salinity gradients from west to east, south to

north and vice versa.

Plots along Transect 1 Transect 2 Transect 3
Transects Vegetation Salinity Vegetation Salinity Vegetation
Composition* Composition* Composition*
Hf+Ea+Pp 519, Ea+Sa+Hf SiO=is Ea+Cd+Nf
Hf+Ea+Ao 54 Cd+Ea+Hf 16.7 Sa+Cd
Hf+Ea+Ao 5.5 Sa+Ea+Hf 7 Ea+Cd
Hf+Pp+Ea 92 Bg+Xm+Ao 18.9 Ea+Cd
Hf+Ea+Ao 9.8 Ea+Xm+Bg 19.3 Ea+Cd
Ea+Hf+Sa 10.7 Xm+Nf+Hf 19.5 Ea+Cd
Pp+Hf+Ea 1.2 Sa+Ao+Hf 19.9 Ea+Cd
£ Cd+Ao+Sa ik} Ea+Sa >20 Ao+Sa
2 Hf+Ea+Pp 1.5 Ea+Pp >20 cd
= Hf+Pp+Cd 12,0 Ea+Pp >20 cd
g Hf+Ea+Cd 13.0 Ea+Xm >20 Cd
Cd+Ea+Hf 14.5 Cd+Ea > 20 Cd
P Hf+Ea+Bg 15.0 Sat+Ao >20 Cd
Sc+Sa+Nf 16.3 Cd+Ea > 20 Cd
Nf+Sa+Rm 17.0 Cd+Ea - =
Cd+Ea+Hf 18.7 Cd+Ea - -
Ea+Sa >20 Ao+Sa - -
Ea+Xm >20 Sa+Cd - -
Cd+Sa >20 Cd+Sa - =
[Potzs | e i y _ g
Cd+Ea - = - 5
Sa+Ea = - = >

*Based on the abundance of a species in a plot
Hf=H. fomes; Ea=E. agallocha; Pp=P. padulosa ; Ao=A. officinalis; Cd=C. decandra; Bg=B. gymnorhyza; Ei= E. indica; Nf=N.
fruticans; Rm=R. mucronata, Sa=S. apetala;, Sc=S. caseolaris; Xm=X. mekongensis

Figure 3.4. Vegetation composition along salinity gradients
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Figure 3.5. Density of three most dominant mangrove species along the salinity gradients

100 e Transect 1 o Transect 2
80 - ©

8 L]

5 60 1 -

2

T 40 -

R
20 A ° °© o ° .

0lo’ a0 . -
0 5 10 15 20
Salinity

Figure 3.6. Percentage of H. fomes affected by top dying along the salinity gradients

3.3.5 Vegetation Diversity in three different salinity zones from east to west
The lowest diversity, evenness and richness was found along Transect 3 (Table 3.4), which

probably is due to the high level of salinity of the area and dominance of a few saline
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mangrove species like E. agallocha, C. decandra and S. apetala. This indicates that this zone
is disturbed either due to natural or anthropogenic impacts. Highest diversity and richness was
found along Transect 1 followed by Transect 2. This likely is due to their low salinity levels
compared to Transect 3. However, the species equitability index is high along the moderate
saline water zone and this indicates that the species are uniformly distributed across the
habitat of this zone and each species has a relatively narrow niche. Different indices show that
mangroves in the low saline zone is biodiverse and has a narrow ecological niche for each

species.

Table 3.4. Diversity Indices for three different salinity zones of Sundarbans Mangrove Forest

Transect 1 Transect 2 Transect 3
Indices

(South East) (South Central) (South West)
Species Richness (S) 12 10 7
Shannon-Wiener’s Diversity Index (H) 1.675 1.607 0.965
Shannon's equitability (£y) 0.674 0.698 0.496
Simpson’s Diversity Index (D) 4.350 3.930 2.270
Simpson’s Equitability (£p) 0.363 0.393 0.324

3.3.6 Mangrove ecosystem condition in three different salinity zones

Relevant biological parameters that are most likely affected by increasing salinity, are
considered as the most sensitive factors for the impact assessment. These factors were canopy
cover and regeneration status of the mangrove. Along Transect 1, 73% of the sample plots has
more than 75% canopy cover (Figure 3.7) and in 32% of the plots all species are producing
seedlings (Figure 3.8). This low saline zone transect has a fairly continuous canopy of trees
but possibly some gaps and regrowth with isolated damage to trees or sapling. However,
canopy cover and regeneration rates of plots along Transects 2 and 3 are much lower. In most
of the areas of the moderate saline zone, tree canopy cover ranges between 51 and 75% and
most of the species are producing seedlings. In the salt water zone canopy cover ranges from
31 to 50% and only some species are producing seedlings. Plots along Transect 2 in the
moderate saline water zone showed broken canopy of trees with lower regrowth and
recruitment areas. Also some trees were cut and stripped. However, the impact was highest in
the salt water zone with uneven tree canopies. The majority of the area did not show regrowth
with bare mud. Summarizing the result indicate that the salinity gradient affects canopy cover

and regeneration status of mangrove.
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3.3.7 Carbon content of three most dominant mangrove species in three different salinity
zones

Average above ground carbon content of H. fomes, the low saline loving species, is higher
than the rest two species in low and moderate saline zone (Figure 3.9). On the other hand, C.
decandra, high salt tolerant species contains the lowest carbon. However, the moderate saline
tolerant species, E. agallocha contains higher carbon in the moderate saline zone than the high
saline. Also, H. fomes contains higher carbon in the low saline zone than the moderate saline

zone.

3.4 Discussion

Salinity is one of the essential physical factors needed for ecological development of
mangrove forests (Tomlinson 1986). However, if salinity concentrations become too high it
also limits the growth and development of the mangrove vegetation. Too high salt
concentrations can result in large scale vegetation loss and negatively affect biodiversity
(Nandy et al. 2007). Our results show that the current salinity gradients from north to south
and east to west of the Sundarbans have a large impact on the vegetation composition and
diversity of the mangrove forest. Our results also indicate that different species are adapted to
different salt concentrations. H. fomes prefers the low saline environment and seems to be
adapted to a relatively narrow range of salt concentrations (i.e., 1 to 12 EC). E. agallocha
prefers the moderate to high saline environment and occurs over a relatively large range of
salt concentrations (i.e., 5 to 20 EC). C. decandra prefers the high saline environment (15 to
>20 EC). The salinity preference of the mangrove species and sharp changes in the
composition of the vegetation along the salinity gradient indicate that salt concentrations
have a large influence on the vegetation of the Sundarbans mangrove forest. Sarker et al.

(2016) also reported declining abundance of H. fomes with increased salt concentrations.

Hassan and Razzaque (1983) showed that a major part of the Sundarbans had become
mesohaline. Twenty years later salinity has radically increased and IWM (2003) showed that
major parts of the mangrove had become polyhaline and movement of the polyhaline zone to
the mesohaline zone. Also our data shows an increase in the salt water zone within the
Sundarbans mangrove from South-West to North-East direction. As salinity data was only

collected once, our data by itself cannot confirm an increase in salinity. However, a
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comparison with previous studies (Hoque et al. 2006; Siddique 2001) clearly shows

substantial increase in salinity in the Sundarbans mangrove forest.

Vegetation structure of the forest from east to west reveals that a major part of the Sundarbans
mangrove forest is currently covered by a wide range of salt tolerant species such as E.
agallocha and high salt tolerant species such as C. decandra. On the other hand, H. fomes, the
globally endangered and regionally critically endangered species, is now absent in large parts
of the Bangladesh part of the Sundarbans. However, Nazrul-Islam (2003) reported that
number of H. fomes was lowest only in high saline zone. As H. fomes is a less salt tolerant
species and therefore, is likely to be outcompeted by more salt tolerant species in high saline
condition. Also on the Indian side of the Sundarbans gradual increases in salinity caused H.
fomes to disappear, while the area now is covered mostly by shrubs and saline tolerant grasses

(Chaudhury and Choudhury 1994).

In addition, top dying affected H. fomes trees are found in the low and moderate saline zone.
Top dying was especially severe in plots of mesohaline zone where up to 70% of the trees
were affected by top dying. It may be due to direction of increasing salt concentration which
is observed from south-west to north-east direction. Troup (1921) first reported about sporadic
occurrence of top dying of H. fomes in the Sundarbans and Curtis (1993) reported severe top
dying. According to Rahman (1995), increased salinity and reduced fresh water discharge are
the possible causes of top dying. High salinity levels in the root zones affect the rate of
photosynthesis (Ball 1998) and results in the plant dying from the top. Consequently, true
mangroves with narrow ecological ranges such as H. fomes can be used as indicator species to
identify any disturbance in the environment. In case of the Sundarbans, the top dying and
shrinking area of the low saline environment are probably caused by the salt intrusion which
has occurred over the last decades. Sharp negative response of H. fomes to high level of salt
concentrations indicate that further salinity increase could make this globally endangered and

regionally critically endangered species to become extinct in near future.

Especially during the dry season saltwater intrusion has increased in the Sundarbans over the
last decades (Mirza 1998; Smith et al. 2009; Huq et al. 1996). This is mainly due to a
combination of sea level rise and reduced freshwater flow from upstream rivers. Dry season
flows have reduced due to a combination of increased water extraction and diversion. It is
likely that this increase in salinity is causing changes in vegetation and could be one of the

drivers of the top dying of H. fomes. This increasing salinity is probably having a negative
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impact on the biodiversity of the Sundarbans as well. Because species composition, density,
quantitative structure and diversity of the forest as well as canopy cover and regeneration
status show declining status with high salt concentrations. At high saline conditions mangrove
species use more energy to maintain their water balance and ion concentration; this reduces
the growth and re-production rates (Clough 1984). For example, high salinity reduces the
biomass in Bruguiera gymnorrhiza (Naidoo 1990) and causes denaturing of terminal buds in
Rhizophora mangle seedlings (Koch and Snedaker 1997). Another study by Hossain et al.

(2014) reported no germination of H. fomes seeds from moderate to high salt concentrations.

Diversity of vegetation in three different salinity zones show that the low saline zone of
Sundarbans mangrove is much richer in biodiversity compared to the high salinity zones and
diversity reduces with increasing salt concentrations. Salt concentrations also affect
regeneration, survival, abundance, distribution and canopy cover of the mangrove. The plots
with higher salt concentrations showed lower regeneration and more uneven canopy cover
compared to plots in the low saline environment. Rich biodiversity and ecosystem conditions
in the low saline zone may be related to its accessibility to fresh water supply from the
upstream rivers. To protect the rich biodiversity in the low saline zone of the Sundarbans
sufficient fresh water supply from the upstream rivers through Gorai channel is essential.
However, this freshwater supply is continuously decreasing due to riverbed sedimentation,
upstream developments and increased water extraction (Wahid et al. 2007). If salinity
continues to increase, species adapted to the low saline environment are likely to be replaced
by more salt tolerant species. A case study from Jharkhali island of India also revealed that
increased salt concentrations were probably responsible for a reduction in biodiversity while
salt resistant Avicennia spp., Phoenix padulosa and Derris trifoliata invaded the area

(Chowdhury and Maiti 2013).

Without major interventions, salt water intrusion is likely to continue in the future (Zaman et
al. 2016). Sea-level is likely to continue to rise and also dry season upstream water extractions
are likely to increase which will result in lower dry season river flows. Fresh water influx
during dry season is currently below the ecological flow (i.e., 234 cumec) to balance the
river-water salinity (Moly et al. 2015) and below the minimum required flow (i.e., 194 cumec)
to maintain the oligohaline (i.e., low saline) zone of the mangrove (Aziz and Paul 2015). This
could result in further biodiversity loss. Also carbon contents of three dominant species of

three salinity zones show the likely relationship between carbon storage of mangrove species
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and salt concentration. High salt tolerant species like C. decandra can store less carbon than
the moderate like E. agallocha and less salt tolerant species like H. fomes. Also the carbon
content of H. fomes varied along the salinity gradient from east to west. Carbon content of H.
fomes was higher in the low saline zone than the moderate saline zone. Since importance
value index indicates that H. fomes has started to be suppressed already by the salt tolerant

species, carbon sink of the Sundarbans mangrove is also likely to decline.

Although salinity of the Sundarbans mangrove has increased during the last decades, still it is
not considered as a significant concern in the Integrated Resources Management Plans of the
Sundarbans (2010-2020) for biodiversity conservation and sustainable management in any of
its ten strategic and mutually interlinked programs. Biswas and Choudhury (2007) reviewed
the past 34 years of forest management practices in Bangladesh and found Sundarbans as the
least studied forest in Bangladesh. In this line, our study is a valuable first step to relate
ecological status (i.e., composition, density, diversity, canopy cover, regeneration and carbon
content) of Sundarbans mangrove with salinity gradient and to improve the understanding on
how salt concentrations affect mangrove ecosystem functioning in this world heritage site.
These explicit findings suggest to take necessary initiatives to increase fresh water influx in
the Sundarbans mangrove as a conservation strategy for this globally important ecosystems.
Since Sundarbans mangrove has developed on a river dominated delta, sufficient amount of
freshwater influx is needed to maintain its balanced saline environment, and consequently its

healthy ecosystems.

3.5 Conclusions

This study gives the novel insight of ecological status of Sundarbans mangrove from different
aspects like vegetation composition, structure, density, diversity, canopy cover, regeneration
status and carbon content along salinity gradient for the first time to fill in the knowledge gap
of relation of Sundarbans mangrove vegetation with salinity concentrations. We have found
significant relation of mangrove vegetation with salinity and discussed what is likely to
happen if present salinity gradient level gradually changes for future sea level rise and
reduced upstream freshwater flow. It shows that further changes in salinity gradient will
favour a shift in mangrove composition towards more salt tolerant species. However, the
possibility of inland migration by the low saline zone mangrove species probably are inhibited

by human settlements and infrastructure, high population pressures, shrimp farming,
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agriculture and rapid urbanization. Therefore, the biodiverse low saline zone of the mangrove
forest is threatened by future developments in particular possible increases in salt water
intrusion. We, hence, recommend to consider salinity as an important factor for future
management strategy to protect the biodiversity of the Sundarbans world heritage ecosystem
and also to safeguard the globally endangered and regionally critically endangered species
(i.e., H. fomes) for conserving the rich carbon sink of this irreplaceable ecosystem. Most
importantly, this spatially explicit information on Sundarbans’ mangrove habitat preference
for balanced salt concentrations indicates to take required actions for maintaining the

ecological flow of the inter-connected upstream rivers, particularly during dry season.
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Chapter 4. Salinity increase and habitat degradation of
Royal Bengal Tiger in the Sundarbans Mangrove of

Bangladesh

Abstract

Climate change induced sea-level rise and reduced upstream fresh water influx have started to
imbalance the saline environment in the Bangladesh’s Sundarbans mangroves.
Simultaneously, a downward trend of the Royal Bengal Tiger population is observed in these
mangroves. We, therefore, hypothesize that the gradual salinity increase degrades tiger habitat
and this ensues its drastic population reduction. This study aims to explore how increasing
salinity affects three key aspects of tiger habitat requirements: availability of fresh drinking
water, sufficient prey population and diverse vegetative cover. Previous studies and
observations on tiger population and their habitats are too limited to directly relate salinity
increase to habitat degradation. Hence, we have combined and analysed five different
information sources (i.e. literature, hydro-climatic data, focus group discussions with local
communities, expert interviews and field observations). Local communities and experts
opined about prey depletion and frequent intensive cyclones as the key ecological attributes
for the population reduction. However, hydro-climatic data, literature and field observations
indicate that habitat degradation is triggered by bio-physical and environmental changes. Lack
of fresh water availability during dry season, increasing temperature during summer, changes
in rainfall pattern and sea-level rise are contributing to change the salt concentrations and,
consequently to change the vegetation pattern, which probably contribute to the tiger’s habitat
degradation and its principal prey depletion. Also tiger incidences (i.e., stray, injured and
dead) are potentially related to reduced fresh water influx and salinity increase, particularly in
May. Salinity increase and its range of processes, therefore, are likely the key factors in
degrading tiger and its prey habitats. Hence, measures to maintain the ecological flow of fresh
water influx to balance the mangrove’s saline environment and adaptive mangrove landscape

management are necessary to conserve the Bengal tigers in the Sundarbans.

The manuscript corresponding to this chapter is currently under preparation for journal

submission.
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4.1 Introduction

The Sundarbans mangroves spread over the south western part of Bangladesh (~6000 km®)
and the West Bengal State in India (~4000 km?) and represent the last remaining mangrove
habitat for Royal Bengal tiger, Panthera tigris tigris (Linnaeus 1758), in the world. All
world’s tiger population have declined by 70% in the last 30 years (Grooten, Almond &
McLellan 2012). This downward trend categorized the Bengal tiger as globally endangered
(Chundawat, Khan & Mallon 2011). To reverse this current downward trend, protecting their
habitats is identified as potentially the best conservation strategy (Walston et al., 2010).
Otherwise, conservation efforts likely collapse blowing time and money (Aziz, Barlow,

Greenwood & Islam 2013).

Predominantly Bengal tigers were endemic in different parts of Bangladesh, such as the
Chittagong Hill Tracts, the Brahmaputra river basin and the Sundarbans mangroves
(Wikramanayake et al. 2011). However, currently only 106 Bengal tigers are found in the
Sundarbans mangroves (Dey et al. 2015). Hence, the Bengal tiger is categorized as ‘Critically
Endangered’ (IUCN-Bangladesh 2000). Still the Bangladesh’s Sundarbans mangrove signifies
one of the two largest tiger populations globally (Khan 2012). Wild-life sanctuaries of
Bangladesh’s Sundarbans are declared as a World Heritage Site by UNESCO (Sanyal 1999)
and designated as a Level-I Tiger Conservation Unit because of its outstanding ecological

potential for the long-term conservation of this unique species (Wikramanayake 1999).

Several studies mentioned poaching of the Royal Bengal tiger and its main prey (i.e. spotted
deer) as the main reason for the drastic population reductions in the Sundarbans (Khan 2004;
Mohsanin et al. 2013; Aziz et al. 2013). A few studies focussed on the tiger’s habitat
preferences and its main prey species (e.g. Khan & Chivers 2007; Reza, Feeroz & Islam
2002). Other studies focused on human-tiger conflicts and human consumption of tiger prey
(e.g. Azad, Hashem & Hossain 2005; Khan 2010; Neumann-Denzau & Denzau 2010;
Mohsanin et al. 2013). Since salinity is a key bio-physical component of the Sundarbans,
changes in salinity level will also affect tiger population and their habitats. This probably has

been overlooked.

The Sundarbans mangrove of Bangladesh is formed at the transient zone of the Bengal delta
where tidal water from the Bay of Bengal and fresh water flow from the Ganges-
Brahmaputtra-Meghna river basin converge (Figure 4.1a). Hence balanced saline environment

is one of the key habitat requirements for stable growth of flora and living condition of fauna
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in the Sundarbans. However, this balanced saline environment is stressed from both sides
(i.e., Bay of Bengal and Ganges-Brahmaputtra-Meghna river basin) by sea level rise and
reduced fresh water influx correspondingly, resulting rapid salinity increase (Gopal &
Chauhan 2006; Smith et al. 2009; Loucks et al. 2010). The Bangladesh Tiger Action Plan
(BTAP 2009-2017) identified salinity increase to affect tiger and its prey distribution (Ahmad
et al. 2009) and the BTAP research agenda (2009-2017) highlighted the urgency to research
this (Barlow et al. 2011).
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Figure 4.1. Problem statement and hypothesis for Royal Bengal Tiger population reduction in
the Sundarbans Mangrove of Bangladesh (SMB)

A good quality habitat of the Royal Bengal tiger consists of sufficient prey population for
food, certain types of vegetation for stalking, resting, breeding, ambush, feeding, defaecation
and interaction, and availability of fresh water to drink (Khan & Chivers 2007). When good
quality habitat is less than half of the total habitat, tigers no longer breed successfully and
gradually disappear from an area (Smith, Ahern & McDougal 1998). However, current
management practices to ensure suitable tiger habitat ignore the knowledge of how tiger’s
habitat in the Sundarbans is stressed by the hydro-climatic and salinity changes in this
ecosystem. Considering the global, regional and national importance of Bangladesh’s
Sundarbans as the last remaining mangrove habitat for tigers, examining possible impacts of

hydro-climatic and salinity changes is important to identify the priority issues for tiger habitat
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management and accordingly long term conservation. Identifying how bio-physical and
environmental changes (i.e., climate change, sea level rise, hydrological changes and their
impacts, such as fresh water influx during the dry season) are affecting the quality habitat of

Bengal tiger is needed.

We hypothesize that gradual salinity increase, due to hydro-climatic and environmental
changes, has become an additional threat for good quality habitat of tiger ensuing drastic
population reduction (Figure 4.1b). We, therefore, aim to examine the potential impacts of
salinity increase on tiger’s habitat. Our study provides new insights for long term tiger-habitat

conservation due to bio-physical changes in the mangroves.

Our previous studies on coastal environmental change and ecological status of Sundarbans
mangrove (Hossain et al. unpublished manuscripts) showed significant changes in the hydro-
climatic variables resulting in salinity increase and also in shifting mangrove vegetation along
salinity gradients. Since tigers are at the top predators in the mangrove ecosystem, any bio-
physical changes are most likely to affect different components and species of the ecosystem,
on which quality tiger habitat depends. To address the lack of knowledge on how tiger habitat
relates to changing salinity, we analysed five different information sources (i.e., literature
review, field observations and analysis of hydro-climatic variables, focussed group

discussions with local communities and interviews with experts).

4.2 Materials and Methods

The literature review was based on all publications in the ISI-Web of Science and we
searched with the following keywords. Additionally, we searched local and regional

documents.

The observed data set of hydro-climatic variables, that we developed to assess the total
environmental change in south-west coastal region of Bangladesh (Hossain et al. unpublished
manuscripts), was used. We used tidal water level, fresh water flow, salinity, temperature and
precipitation data to identify the trends of these hydro-climatic variables and also correlate
these trends with the Tigers’ quality-habitat requirements (i.e., prey population, vegetative

cover and availability of fresh water).

We did ten focussed group discussions (FGDs) in total consisting of six or seven persons

using a pre-selected discussion format following a systematic sampling. FGDs, which are a
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standard method, provides a greater understanding of the attitudes, behaviour, opinions or
perceptions of participants (Hennink 2007). Six FGDs had been conducted in the nearest
upazillas (sub-district) of the Sundarbans (i.e., Koira, Shyamnagar and Sharankhola). These
FGDs consisted of different local community members, like fishermen, fuelwood collectors,
honey, thatching material, crab and shrimp fry harvesters. These people frequently visit the
forest to support their livelihoods. Group meetings with local communities are important to
learn about local conditions and resource use (Lynam et al. 2007.). The other four FGDs were
conducted within the Sundarbans mangroves with field-level forest staffs, who have practical
experiences on conserving habitats at different patrol posts (i.e., Kokilmoni, Nilkomol, Dublar
char, Alorkul and Katka). During the FGDs, we discussed particularly the likely causes,
ecological attributes and observed indicators of tiger population reduction and prospective

conservation strategies to address those.

Furthermore, we interviewed ten experts on these topics to cross check the observations of
local communities and field staffs. In addition, potential impacts of observed changes in the

hydro-climatic variables on tigers and their habitat were also discussed.

Finally, we visited three wild-life sanctuaries (i.e., Sundarbans east in the low saline zone,
Sundarbans West in the high saline zone and Sundarbans south in moderate saline zone) for
field observations on tiger and its prey habitats (Figure 4.2). Because field observations
prevent from being misled by community and professional myths (Paulhus & Vazire 2007)

and often provide more valid information than other research methods (Walsham 2006).

All information gathered from these different methods were analysed to determine the most

likely relationship between salinity increase and habitat degradation of the Royal Bengal tiger.

56



Royal Bengal Tiger’s habitat degradation

Figure 4.2. Sundarbans Mangrove of Bangladesh and its wildlife sanctuaries

4.3 Results
4.3.1 Information on tiger and its population

Information on tiger population trends in the Sundarbans mangrove of Bangladesh are listed
in Table 4.1, principle prey-species density in Table 4.2, tiger density and human-tiger
conflicts in three different saline zones in Table 4.3 and frequency of human-tiger conflict in
the high saline zone in Table 4.4. Tiger population and its prey species density are remarkably
at decreasing state. Tiger density is found highest in the low saline zone, however, human-

tiger conflict incidents are found highest in high saline zone, percentage of which is growing.
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Table 4.1. Royal Bengal Tiger population trend from 1975 to 2014

Year  Tiger population Methods used Source

2014 106 Camera Trap Dey et al. 2015
2009 400 Pug mark and radio-telemetry ~ GTRP 2012
2004 200 Camera trap Khan 2012
1992 359 Khal survey and Home range Tamang 1993
1982 430 Khal survey and Home range Salter 1984
1975 350 Pug mark Hendrichs 1975

Table 4.2. Prey species density of Royal Bengal Tiger in the Sundarbans mangrove

Density (individuals/km?)

Year Spotted deer Wild boar Rhesus macaque Source

(Axis axis) (Sus scrofa)  (Macaca mulatta)
2005 124 0.4 4.5 Khan 2012
2000 704 7.9 15.8 Reza et al. 2002
1985 132 0.0 17.1 Khan & Ahsan 1986
1975 20.0 5.0 10.0 Hendrichs 1975

Table 4.3: Density of tiger and human-tiger conflicts incidents in the Sundarbans mangrove

Tiger density/100km™
(Adopted from Dey et al. incidents (Adopted from

Saline zones Forest Range

Human-tiger conflict

2015) Barlow et al. 2011)
Oligohaline (less saline) zone Sarankhola 3.70 3
Mesohaline (moderately saline) zone Khulna 1.08 9
Polyhaline (high saline) zone Satkhira 2.70 67

Table 4.4: Human-tiger conflict in the Polyhaline (high saline) zone of Satkhira Forest Range (SFR)

Period Percentage (%) of casualties in SFR  Source

1971-1983 354 Siddiqi & Choudhury 1987
1984-2000  45.0 Reza et al. 2002

2001-2005  86.6 Neumann-Denzau & Denzau 2010
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4.3.2 Bio-physical changes, salinity increase and likely impacts on tiger and its habitat

The identified biophysical changes that contribute to salinity increase from the observed data
set, show increased average air temperatures, decreased total annual precipitation, reduced
upstream freshwater influx and tidal water-level rise (Figure 3.3). Besides, increase in sea-
surface temperatures, erosion and accretion have also been identified in previous studies.
Since the erosion rate is higher than the accretion rate, tiger’s mangrove habitat loss is
expected. In addition, tidal water-level rise also contributes to habitat loss. Such habitat loss
probably reduces breeding individuals. Reduced fresh water influx in association with tidal
water-level rise contributes to salt-water intrusion and thus salinity increase. Both the upper
and lower salinity bounds in all three salinity zones across the Sundarbans are increasing very
rapidly. Salinity increase is degrading tiger habitat by creating a drinking water crisis inside
the mangroves. Besides vegetation is already affected by the observed salinity increase. Also
changes in precipitation and temperature affect the mangroves’ plant physiology and

regeneration. All these changes are likely to affect tiger’s prey population and its habitat.
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Figure 4.3. Bio-physical changes, salinity increase and likely impacts on RBT habitat in Sundarbans
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4.3.3 Key ecological attributes along with the causes and indicators of reduced tiger

population

The observed hydro-climatic data and the literature review show that habitat degradation,
salinity increase and sea-level rise are the key ecological attributes for the drastic reduction of
tiger population in the Sundarbans mangrove (Table 4.5). The review also shows that the
dominant cause of habitat degradation is salt-water intrusion through reduced upstream fresh
water influx and sea-level rise. Trends in indicators, such as increased abundance of salt
tolerant species, invasion of top dying disease, human-tiger conflicts, habitat loss, temperature
and sea level rise, support these attributes and dominant causes. On the other hand, local
communities and experts believe that prey depletion through poaching and more frequent
intensive cyclones with increased surge height are the key ecological attributes for tiger
population reduction. Increasing number of forest robbers, local people’s consumption of
tiger’s prey and consecutive intensive cyclones in 2007, 2008 and 2009 support the attributes
and causes mentioned by the local communities and experts. Most of the experts and FGDs,
therefore, recommend effective legal enforcement to control prey depletion and enhanced
coastal afforestation programmes to reduce the cyclone damages. Literature and observations
suggest that periodic (re)-excavation of silted rivers can maintain the ecological flow of the
rivers during the dry season and this helps to reduce habitat degradation in the whole

mangrove landscape.
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4.3.4 Relationship among tiger incidences, reduced fresh-water discharge and salinity

increase

Fresh-water influx from January to May ranges from 47-120 cumec, while from June to
December, it remains from 227 to 4153 cumec (Figure 4.4a). Tiger incidences (i.e., stray,
injured and dead) are found highest in May. This indicates a possible relationship with
reduced fresh-water influx. At the same time, the peak period of south-western river-water
salinity (i.e., 4 to 6ppt) occurs during in the period March to June. This possibly also relates

with the highest tiger incidences in May (Figure 4.4b).
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Figure 4.4. Relationship among monthly tiger incidence, fresh water discharge (cumec) and

salinity (ppt)

4.3.5 Changes in the ecological systems of Royal Bengal Tiger habitat in the Sundarbans

Ecological systems (including drinking water sources, prey, vegetation) of tiger habitats are
degrading in the Sundarbans of Bangladesh (Figure 4.5). Low freshwater influx during the
period from January to May and highest river-water salinity during the period from March to
May likely contribute to this drinking water crisis. Tiger’s principle prey most probably
decline due to frequent and intensive cyclones with high tidal surges, changes in climate (i.e.,
increasing temperatures and decreasing precipitation trends during pre-monsoon season) and
less available fodder. Also changes in vegetation due to climate change, reduced freshwater
influx and salinity increase possibly affect tiger and its prey habitats for different activities,
like resting, breeding, stalking, ambush, scratch, drinking, feeding, defaecation and

movement.
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Fresh water influx below the ecological flow during January-May
Highest river water salinity during March-May
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Figure 4.5. Changes in the ecological systems of Royal Bengal Tiger habitat in the

Sundarbans

4.4 Discussion

The Royal Bengal tiger population has already decreased in the Sundarbans mangrove of
Bangladesh (Tamang 1993; Khan 2012; Dey et al. 2015). In this study, we revealed the likely
causes of this downward trend in Sundarbans tigers. Initially five different information
sources that covered different aspects (i.e., ecological attributes, dominant cause, observed
indicators) disclose the possible relationships between habitat degradation and salinity
increase for the decreased tiger population. Four of the five identified ecological attributes are
directly related to climate change and its impacts (i.e., sea-level rise, reduced upstream flow
and salinity increase). Observed hydro-climatic trends also support these attributes. Salinity
increase contributes to biodiversity decline, reduced forest-cover, increased abundance of salt
tolerant species, changed vegetation composition and invasions of diseases like top dying
(Rahman & Asaduzzaman 2010; Hossain et al. 2014). Sea-level rise contributes to direct loss
of vegetative cover (Loucks et al. 2010). Climate change disturbs plant physiology, phenology
and reduces vegetation (Sarker et al. 2016). Fresh water influx during the dry season is
currently below the normal ecological flow (i.e., 234 cumec) necessary to balance the river-
water salinity (Moly, Mirza, Rahman & Saadat 2015) and below the minimum required flow
(i.e., 194 cumec) to maintain the oligohaline (i.e., low saline) zones of the mangroves (Aziz &

Paul 2015). So salinity increase and its range of processes (i.e., climate change, sea-level rise
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and reduced fresh water influx) are most likely degrading mangrove vegetation in the

Sundarbans.

Our study also recognizes that degraded vegetative cover likely affects both the tiger and its
prey habitats. Because tigers prefer the comparatively low saline zone mangrove woodlands to
patrol their territories, to hunt and feed, and to scratch soft barked trees to mark their territory
and sharpen their claws (Khan & Chivers 2007; Linkie et al. 2003; Kotwal & Mishra 1995;
Johnsingh 1983). This zone probably also has more available prey, drinking water sources and
suitable vegetative cover for the tigers. Besides, the tigers also use grasslands to take rest and
sea beaches to interact and mate (Khan & Chivers 2007). So, a diverse and heterogeneous

landscape is needed for different activities of the Sundarbans tigers.

In addition, they also need sufficiently available drinking water as a tertiary carnivore
(Sunquist & Sunquist 2002). Reza, Feeroz & Islam (2001) recorded most of their tiger trails
from the fresh water-hole area in the Sundarbans during March to July. However, salinity
increase and its consequent range of processes are degrading tiger habitat by creating a severe
drinking water crisis inside the mangroves particularly during the dry season. This finding is
supported by the observed hydro-climatic data. The results show how the lowest fresh water
influx during January-May and the consequent highest salinity levels are related to the highest

tiger incidences in May.

Besides, the highest number of human-tiger conflicts are observed in the polyhaline (i.e., high
saline) zone, particularly in dry season (Reza et al. 2002), though tiger density is lowest in this
zone (Dey at al. 2015). These conflicts are increasing in this zone (Barlow et al. 2011) despite
the downward tiger population trend in the Sundarbans and the relatively low tiger density in
the polyhaline zone. Several studies mentioned the frequency of human intruders that are
responsible for these conflicts. However, mangrove intruders frequencies are comparatively
higher in the oligohaline zone than in the polyhaline zone (Azad et al. 2005; Neumann-
Denzau & Denzau 2010), while the conflicts are highest in the polyhaline zone. This thus
indicates that the lack of fresh water sources due to low fresh water influx and high salinity
during that period, is responsible for the increasing number of conflicts. Some of the experts
suspected that the physiology of the Sundarbans tiger is affected by the salinity increase.
Although no scientific evidence exists, as a result, hypertonicity probably creates
aggressiveness. Another interesting reason for the increasing number of human-tiger conflicts

can be migratory or transient tigers (Barlow et al 2009). As the polyhaline zone of the
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Bangladesh Sundarbans is geographically attached to the Indian part of the Sundarbans, the
possibility of having migratory tigers here exists. Since migratory tigers do not have
established territories, they may face problems to perform their different activities, in
searching their prey and in approaching fresh water sources (Neumann-Denzau & Denzau
2010). However, this is never studied in detail. Hence, the tiger densities and the increasing
number of human-tiger conflicts in the polyhaline zone are unlikely due to lack of fresh water

sources only, but also to the unavailability of proper wooded habitat and insufficient prey.

The tiger’s prey also need proper wooded habitat for food, drinking water and shade
(Duckworth et al. 2015). For example, spotted deer need fallen fruits, leaf litter and grasses
while the wild boars need roots and tuber as fodder. The feeding habits of the tiger’s prey also
indicate that these species need different vegetative cover for forage. In addition, spotted deer
needs shade and fresh water, particularly in summer (Duckworth et al. 2015). Also, their
browsing behaviour during early morning and late evening (field observations) indicate the
susceptibility to day-time high temperatures, for which they prefer shaded vegetative cover.
So, climatic signals like air-temperature increase during summer and late onset of monsoon
along the south-west coast of Bangladesh (Hossain et al. unpublished manuscript) will also
create stress on physiological activities of spotted deer. Our literature review reinforces the
already declining trend of tiger’s prey species in the Sundarbans. Further degradation of
vegetative cover, lack of fresh water sources and climate-change signals will affect tiger’s

prey population to further decrease.

However, our FGDs with forest staffs and local communities who are dependent on
Sundarbans for their livelihood, and the expert interviews identified poaching as the dominant
cause of tiger’s prey depletion. The perspectives of their perception were increasing local deer
meat consumption rate and increased number of illegal intruders in the forests. Khan (2010)
and Mohsanin et al. (2013) also identified human consumption of tiger prey as a major cause
for tiger’s prey depletion in the Sundarbans. However, these findings are related to only
spotted deer. Other prey species (i.e., wild boar and rhesus monkey) are also declining. Hence,
poaching can be a threat for deer population in the Sundarbans, but degraded vegetative cover
and lack of fresh water sources are largely affecting all prey species. We also observed
abundant spotted deer mostly in the oligohaline zone, considerable presence of rhesus monkey
in the mesohaline (moderate saline) zone and a few wild boar in the polyhaline zone during
our field visits. Differences in tiger’s prey availability across the three different salinity zones
are probably for the differences in vegetation composition along the salinity gradients and
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consequently availability of different foods for different prey species. The oligohaline zone is
highly biodiverse and, has sufficient forage and fresh water sources for tiger’s prey species.
This thus confirms the availability of sufficient food for tiger. On the other hand, the
polyhaline zone is less diverse in vegetation, has insufficient forage and freshwater sources
for tiger’s prey species and, therefore, supports comparatively a small number of tiger’s prey
population. Also we observed the abundance of deer population around the Keora (Sonneratia
apetala) forest stands, where they feed on Keora leaves and litter. However, Keora is a
moderate saline (6-15ppt) tolerant species and seed viability of this species is very low (less
than three months; Kathiresan et al. 2010). Therefore, this mangrove species is vulnerable to
salinity increase. For instance, in the Indian Pichavaram and Muthupet mangroves, the
reintroduction of Keora failed because of high salinity (Rahman & Asaduzzaman 2010). Thus,
degradation of mangrove vegetation and lack of fresh water sources due to increasing salinity
surely affect tiger and its prey habitats. Hence, habitat degradation is very likely to be the

major cause for Royal Bengal tiger population reduction.

Most of the experts suggested to ensure effective law enforcement to protect the existing
spotted deer population. Also local communities suggested the same but focused more on
controlling the illegal intruders. Both thus suggest to control prey poaching. On the other
hand, Khan & Chivers (2007) recommended to manage the entire Sundarbans mangrove
landscape to conserve the tigers. This differs from previous conservation efforts taken by
Bangladesh Forest Department, which focussed mainly on tiger and its prey poaching, and
reducing human-tiger conflicts. However, only controlling poaching, human-tiger conflict
and/or mangrove landscape management, without addressing the bio-physical environmental
changes like sea-level rise and reduced fresh water influx, will not reduce the downward tiger
population trend. Our analysis clearly shows that changes in hydro-climatic variables and
relationships of these changes with the availability of fresh drinking water sources and with
diverse vegetative covers across the Sundarbans are not only distressing the tiger population
but all its prey species as well. Therefore, initiatives to control and adapt to sea-level rise, and
to ensure the required regional flow of upstream fresh water to the river network connected to

the Sundarbans are urgently needed.

Since freshwater water influx plays a substantial role in determining the diverse vegetative
covers and drinking water availability for tiger and its prey species, measures like (re)-
excavation of silted rivers and development of upstream reservoir or barrage to maintain
ecological flow of sediment laden fresh water from upstream rivers during the dry season
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need to be considered as well. Measures to increase sediment laden freshwater influx will not
only reduce salinity but erosion as well. Thus, these measures will also help to restrict
changes in vegetation. Proper vegetative cover will give space to perform various activities of
tiger self-sufficiently and will also provide enough forage and shade for tiger’s prey species to
sustain healthy prey population for the Sundarbans tigers. In addition, a sufficient amount of
sediment laden fresh water influx throughout the year will also help in land-reclamation. This
will slow or even reduce tiger’s mangrove habitat loss due to climate-change induced sea-
level rise. Therefore, ensuring a sufficient amount of fresh water influx is needed to conserve

the last remaining mangrove habitats for the Sundarbans tigers.

Conversely, sea-level rise is a global issue, which cannot be halted nationally, regionally or
locally. Therefore, international initiatives are also crucial to mitigate further sea-level rise to

conserve one of the world’s most important tiger habitats in the Sundarbans.

A very limited and scattered data on tiger and its prey occurrences and habitats did not allow
to statistically correlate the discussed hydro-climatic variables and bio-physical changes to
the tiger habitat requirements in the Sundarbans. However, five different information layers
helped us to explore the most likely relations of tiger’s habitat degradation from three
different aspects (i.e., fresh water sources for drinking, principle prey for food and vegetative
cover for performing different activities) with salinity increase and its range of processes (i.e.,
climate change signals, sea-level rise, reduced fresh water influx). Though the relationships
are not statistically tested, they seem robust and are the valuable first step to improve

measures to halt the decline to the Sundarbans tiger population.

4.5 Conclusions

The Royal Bengal tiger habitats in the Sundarbans of Bangladesh are influenced by a number
of macro-level hydro-climatic changes. Salinity increase, which is mainly caused by climate
change, sea-level rise and reduced fresh water influx, most likely degrades all the mangrove
vegetation and tiger habitats, prey population and fresh drinking water sources. This
degradation reduces the quality of the tiger habitats. However, previous conservation efforts
did not focus on habitat degradation. Diversity of mangrove vegetation and availability of
freshwater are required for both Bengal tiger and its prey habitats. Therefore, sufficient
amount of fresh water influx need to be ensured all year round to maintain the diverse

vegetative cover and also to increase the number of fresh drinking water sources inside the
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forests for all species. The downward trend of the tiger and its prey population are likely more
associated with bio-physical changes in the environment than to, for example, poaching. We
have discussed many evidences. However, hardly any of these changes are considered for
tiger conservation. This can explain why previous conservation efforts were less successful.
Hence, actions need to be taken to reduce current rapid salinity increase along the Sundarbans
coast, in addition to controlling poaching, reducing human-tiger conflicts and managing

landscapes for a better conservation of tigers, their prey species and their habitats.
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Chapter 5. Adaptation pathways to cope with salinization

in south-west coastal region of Bangladesh

Abstract

Salinization in coastal regions of Bangladesh challenges sustainable development of different
sectors like agriculture, forestry, fisheries, livestock and health. Particularly its south-west
region largely risks increased salinity due to its geographical location and environmental
settings. This study analyses the causes of salinity increase, their cascading impacts on
different coastal systems and their livelihood implications, and assesses potential coping
measures through innovative adaptation pathways for the mostly affected coastal systems.
These pathways integrate bottom-up and top-down perceptions in adaptation planning through
a driver-pressure-state-impact-response framework, multi-criteria analysis and adaptation
turning point approaches. We surveyed 200 households and interviewed 20 key informants.
We observed that household-level respondents’ perceptions are more closely related to socio-
economic aspects than to the bio-physical environmental aspects and focus on issue based
action. However, the key informants focus more on the bio-physical changes and the large-
scale measures. The developed framework shows that salinity increase is an interconnected
process of climatic-social-ecological-economic systems in the coastal environment. It also
shows that responses already taken (i.e., polders and shrimp farming) to cope with salinization
have later become pressures (i.e. riverbed siltation, waterlogging and intensive salinization)
on the systems. In total, we identified six interconnected causes of salinity increase and
twenty four potential measures to address them. Also we distinguished three coastal systems
(i.e., crop-agriculture, drinking water sources and the Sundarbans mangrove) mostly affected
by salinity increase. Finally we proposed sixteen adaptation pathways for these coastal
systems based on the multi-criteria analysis and adaptation turning points of the potential

measures.
Re-submitted as:

Hossain P R, Ludwig F and Leemans R. Adaptation pathways to cope with salinization in
south-west coastal region of Bangladesh. The manuscript corresponding to this chapter is re-

submitted to the Ecology and Society Journal after addressing the positive review comments.
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5.1 Introduction

Climate change impacts such as sea level rise, more frequent natural disasters and sea water
intrusion are considered as the major causes for salinity increase in the world’s deltaic regions
(Nicholls and Cazenave 2010). For instance, several studies found that the Mekong delta
(Renaud et al. 2015), the Nile delta (El Barmelgy and Rasheed 2016) and the Ganges tidal
floodplain (Rahman and Rahman 2015) face increasing salinity problems. As part of Ganges
delta, Bangladesh is experiencing similar problems, particularly in its south-west region
(Khanom 2016). This exposed coastal region lies about 1.5 meters above mean sea-level and
this makes it vulnerable to sea-level rise, inundation and salt-water intrusion (Chowdhury

2009).

Recent research has shown that salt intrusion rapidly increases in the region. From 2000 to
2009, salt-water intrusion increased up to 15 km north of the coast due to sea-level rise, and
currently in the dry season, salt-water intrudes up to 160km inland due to reduced upstream
river flows (SRDI 2010). This salt intrusion has large impacts on both ecological and socio-
economic systems which provide essential social, economic and ecosystem services. Hence,
its highly diverse ecosystems, like the world’s largest single tract of mangroves (the
Sundarbans), wetlands (vast network of rivers of the Ganges-Brahmaputra tidal plains) and
inlands (mostly crop-agriculture) have already started to be severely affected by this
salinization (Rabbani et al. 2013, Rasel et al. 2013, Sarker et al. 2016). In addition, this
salinization leads to extreme drinking water scarcity for about 6.2 million people (Abedin et

al., 2014).

The general causes and impacts of increasing salinity at large regional scale are broadly
recognized (e.g. Khan et al. 2011, Mahmuduzzaman et al. 2014). However, understanding
local socio-economic and bio-physical conditions is often too incomplete to identify the
intermingling causes of the salinity increase and its cascading impacts on different coastal
systems for integrated and sustainable adaptation planning (Nandy et al. 2013). For instance,
extensive shrimp farming in the south-west coast of Bangladesh has created a direct conflict
with crop agriculture. Shrimp farming has not only damaged agriculture but also agro-
forestry, fisheries, livestock and physical infrastructures (Nowreenet al. 2014). Most coastal
development interventions have largely focussed on structural protection measures like dams,
embankments, polders through top-down approaches and have largely ignored the complex

and dynamic social, ecological and economic systems in the region (Ayers et al. 2014).
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Therefore, adaptation approaches are unlikely to be effective if not all parts of the
environment (i.e., bio-physical and socio-economic) are taken into account while identifying
potential measures (Fussel 2007). In addition to the infrastructural developments both
upstream (the Farakka barrage) and downstream (polders and embankments), climate change
and sea-level rise exacerbate the salinity increase. Climate change increased the frequency
and severity of hydro-climatic extremes, such as cyclones, tidal surges and floods (Penning-

Rowsell et al. 2013).

Although salt intrusion clearly has increased over the last decade, future salt intrusion rates
are highly uncertain due to unknowns in future climate change (Dessai and Sluijs 2008) and
upstream developments. As a result, policy makers often struggle where, when and which
different measures need to be implemented. To deal with such uncertain futures, adaptation
pathways based on adaptation turning points have been developed (Wise et al. 2014). Such
adaptation pathways support decision making under uncertain future conditions (Haasnoot et
al. 2014). It has been mainly used in the developed countries to identify potential flood
defence measures in the Netherlands (Haasnoot et al. 2013) and robust options for coastal
natural resource management in Australia (Bosomworth et al. 2015). However, the approach

is relatively new in developing countries, such as Bangladesh.

A saline environment has always been part of Bangladesh’s south-west part and local people
have been living with salt for the last three decades. However, the recent excessive
salinization and its unfavourable impacts have forced people to already take small scale
adaptation measures, like salt tolerant crops, raising the plinth of the houses and tube-wells,
afforestation and rain-water harvesting. However, large scale initiatives are not yet
considered. Hence, to obtain greater benefits (i.e., food security, biodiversity conservation,
environmental protection and sustainable livelihood), large scale adaptation planning is now
needed. In this context, Bangladesh Climate Change Strategy and Action Plan (BCCSAP
2009) was prepared. Implementing this action plan fundamentally requires to better identify
the causes of salinity increase and characterize its impacts because local adaptation is highly
context dependent. Therefore, individual communities and ecosystems may require different

adaptation plans based on varying causes and impacts of salinization (Hugq et al. 2015).

In the context of BCCSAP 2009 and the problems policy makers have with implementing
timely adaptation measures under changing climatic and socio-economic conditions, this

study aims to develop adaptation pathways to cope with salinization in Bangladesh’s south-
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west coastal region. To develop the adaptation pathways, we studied the interconnected
causes of salinity increase, the social and natural systems affected by salinity increase and
how they are affected. We also identified potential adaptation measures along with their
contribution and adaptation turning points to address the identified causes and mostly affected

coastal systems.

5.2 Methods

This study focusses on three districts (Figure 5.1A) of Bangladesh’s south-west coast (i.e.,
Khulna, Bagerhat and Satkhira), in terms, people of these three districts are severely affected
by salinity increase. In our previous studies, we looked into the bio-physical changes in the
coastal environments and the Sundarbans mangrove, and we found significant changes over
the forest and hydro-climatic variables due to climate change, climate-change induced
problems and reduced upstream river flow (Hossain et al. unpublished manuscripts). Hence,
we selected these three districts to study the causes and impacts of, and adaptation pathways
to cope with salinization through household surveys, key informant interviews, driver-
pressure-state-impact-response (DPSIR) framework, multi-criteria analysis and adaptation

pathway approach based on adaptation turning point (Table 5.1).
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Figure 5.1. Study area
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As part of our bottom up approach, 200 households through simple random sampling from 10
selected upazilas (sub-units of district) based on nearness to the coast (Figure 5.1B) of 3
above-mentioned districts were surveyed during December 2015 and January 2016 with a
structured questionnaire. This questionnaire focussed to gather information on respondents’
socio-economic status along with their views on salinization, affected livelihoods and coastal
systems, ways of being affected, and finally to have their opinion on potential (i.e., short-
medium-long term) measures that consider their own perceived risks along with their turning

points and contributions.

Table 5.1. Approaches used in this study along with their specific purpose

Approaches used Description Purpose

Local people’s opinion on a
structured questionnaire
Observation of the knowledgeable
Key informant interview persons on a structured To get top down perceptions
questionnaire
Integration of the information on
DPSIR framework driving forces-pressure-state-
impact-response
Analysis of a measure under
different criteria i.e., effectiveness,  To identify the suitable adaptation
side effects, cost, feasibility and measures
uncertainty
A situation (for this study salinity)

Household level survey To get bottom up perceptions

To make socio-ecological-
economic connections

Multi-criteria analysis

Adaptation turning point (ATP)  where a measure’s threshold is To develop adaptation pathway
reached
A set of measures that can be To develop large scale adaptation
Adaptation Pathway implemented gradually depending

on the ATP plan

The households survey resulted in too little information on mid and long term adaptation
measures and potential adaptation turning points. To fill this gap, 20 key informants from
different government and non-government organizations; universities and research institutes
(Figure 5.2) were interviewed from July to August 2017 for getting top-down perceptions on
the same issues. Key informants were selected from water, agriculture, forestry, fisheries,
environment and planning sector by systematic sampling based on their research and work

experience.

The DPSIR framework (Smeets and Weterings 1999) was used to integrate the information of
local people’s perceptions and key informants’ opinion to determine connections among the

climatic, social, ecological and economic systems (Pinto ez al. 2013).

73



Adaptation Pathways

Bangladesh Water Development Board, Water Resource and
Planning Organization, Bangladesh Forest Department,
Department of Agriculture Extension,

Arannyak Foundation, Concern worldwide, GIZ, Community
Development Centre, World Fish Bangladesh, [UCN
Bangladesh, BRAC, USAID Bangladesh

Khulna University, Khulna University of Engineering and
Technology, United International University, Bangladesh
Agriculture University

Bangladesh Agriculture Research Institute, Institute of disaster
management and vulnerabilities studies

Figure 5.2. Categories of key Informants from different organizations and Institutes

The assessment of potential adaptation measures identified by two different levels of
respondents was done using a multi-criteria analysis (Phi 2011). Measures were with regard to
five different criteria: effectiveness, side effects, cost, feasibility and uncertainty which can be
scored from being very negative (---) to being very positive (+++). The criteria and their
ranges were described to the respondents (Table 5.2) in local language to score the measures.
Each positive score is assumed to be valued by +1 and each negative score by -1 to rank them

for identifying suitable measures.

Table 5.2. Description with score card for the selected criteria of multi-criteria analysis

Range

Criteria Description - — Score
Effectivencss Ability of a system to cope with the nghly Not effective
consequences effective
. Secoqdary effccts' both p051t1\(e and Positive Negative
Side effects negative ones which are not directly
. effect effect
related to the primary purpose -
. s . Each positive score
Comprise of construction/implementation .
. . . is assumed to be
Cost cost, maintenance cost and transaction No cost High cost
costs valued by +1 and
Looks at the barriers that can potentially cach negative score
. by -1 to rank them
hamper the adaptation process. As for . o
S : . . for identifying the
o example, limited technical capacity, Highly . .
Feasibility . . . Not feasible  suitable measures
economic strength, socio-cultural feasible
acceptance and potential conflicts with
current legal settings
Performance of a measure under a wide No Highly

Uncertainty ~ range of changes in climatic and socio-

. o, uncertainty uncertain
economic conditions

74



Adaptation Pathways

Finally, the adaptation pathway maps for the mostly affected coastal systems were developed
considering the top-down and bottom-up perceptions on the affected systems, dominant cause
of salinity increase in that particular system and suitable measures along with the adaptation
turning points for each of the potential measures under which a measure is no longer
sustainable. It is a very new approach for Bangladesh, but, likely helps to develop an

adaptation plan to cope with and enhance resilience to salinization (Reeder and Ranger 2011).

5.3 Results

5.3.1 Demographic and socio-economic status of the household level respondents

Most of the respondents of the survey are male, on average 35 years old and illiterate (Table
5.3). We found nine different professions among the respondents. Agriculture is the dominant
profession followed by shrimp farmers and people dependent on other services derived from

Sundarbans.

Table 5.3. Demographic and socio-economic status of the household level respondents

Category Characteristic Percentage (%)
Khulna Bagerhat  Satkhira
Gender Male 62 70 83
Female 38 30 17
Age 21-30 22 7.5 15
31-40 32 39 45
41-50 30 26 18
51-60 13 16 10
61-70 3 11 7
71-80 0 0 5
Education  Illiterate 38 48 55
Primary 33 31 20
Secondary 23 18 15
Higher Secondary 2 4 2
Graduate 2 0 7
Post graduate 2 0 2
Profession  Agri-crop farmer 22 19 38
Shrimp farmer 14 14 13
Fish farmer 0 13 0
Businessman 5 11 0
Daily labour 10 13 13
Sundarbans dependent 17 15 18
Homestead agro-forestry 13 11 12
Crab farmer 10 3 0
Livestock and poultry farmer 9 3 5
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5.3.2 Dominant cause of salinity increase

Household respondents identified nine causes for the observed salinization (Figure 5.3A). In
Satkhira, people perceive extensive shrimp farming as its main cause followed by siltation
and polders. Also in Khulna, people identified extensive shrimp farming as the main cause
followed by polders and waterlogging. However, in Bagerhat most respondents perceive that
tidal water-level rise is the main cause behind salinity increase, followed by polders, water
logging and reduced upstream flow. Key informants, however, explain salinization by a
combination of different processes (Figure 5.3B). They identified reduced upstream flow as
the dominant cause in combination with polders and water logging, and closely followed by

extensive shrimp farming and siltation.
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Figure 5.3. Perceived causes of salinity increase by different categories of respondents
5.3.3 Coastal systems affected by salinity increase

Household respondents identified seven coastal systems that are affected by salinity increase
(Figure 5.4A). Almost half of the people in Satkhira, Khulna and Bagerhat and most key
informants (Figure 5.4B) think that crops are affected most. Experts identified similar
vulnerabilities but eliminated aquaculture. Also most articulated crop-agriculture. However,
experts also indicate Sundarbans mangrove is the second most affected coastal system while

the household respondents highlighted drinking water sources and health.
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Figure 5.4. Coastal systems mostly affected by salinity increase in south-west region
5.3.4 Coastal communities affected by salinity increase

Household respondents identified five different communities that are affected by salinity
increase (Figure 5.5A). Crop farmers are most severely affected coastal communities followed
by Sundarbans dependent communities. On the other hand, experts identified only three
communities that are affected by salinization (Figure 5.5B). More than half of the experts
indicated the Sundarbans dependent people as the most affected communities followed by

landless agri-labourers and crop farmers.
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Figure 5.5. Coastal communities mostly affected by salinity increase
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5.3.5 Ways of being affected

Both respondents identified similar effects on different coastal systems (Table 5.4). Crop
agriculture is affected by degrading of soil quality. This results in less production and profit,
land use changes (mostly shifts from crop agriculture to shrimp farming), which causes loss of
agri-lands and uncertainties ensuing from changes in agriculture pattern and food insecurity.
The extent of homestead tree coverage is reduced gradually for lower productivity and in
some cases no production at all. Local fish species are also threatened. The livestock and
poultry sector are suffering from the fodder crisis, which contribute to increasing rearing cost.
Sundarbans mangrove habitats degraded and this results in reduced forest growth and
biodiversity, changes in vegetation, invasion of the undesirable top-dying disease, production
of less forest resources (i.e., lack of heathy trees, reduction in number of wild animals and
decreasing fish species). Changes in or loss of livelihoods triggers unemployment and
outmigration. Salinization of surface and ground water sources is creating a drinking water
crisis. This generates different diseases and health problems like skin diseases, diarrhoea,
digestion problems, and increase infant’s diseases (i.e., anaemia, jaundice) and pregnancy

complications (i.e., high blood pressure and eclampsia).

Table 5.4. Observed effects of salinity increase

Systems affected

Ways of being_affected

Household level respondents
(local people)

Key informants
(Experts/resource persons)

Crop-agriculture

Reduced soil fertility;

Less production and profit

Land use change (mostly crop agriculture to
shrimp)

Loss of agri-lands

Degradation of soil quality
Less production

Uncertainty

Change in agriculture pattern
Food insecurity

Homestead agro-forestry

No or less production

No or less production
Reduction in homestead tree coverage

Livelihood

Livelihood loss /change

Livelihood change
Unemployment
Migration

Aquaculture

Threatened local fresh water fish species

Sundarbans mangrove

Lack of healthy trees;

Thin forest/Reduced forest cover;

Less forest resources (both timber and non-
timber);

Reduction in number of wild animals;

Less amount of fish;

Vegetation change

Reduced tree growth

Invasion of top dying

Reduced stock density

Reduced biodiversity

Habitat degradation

Decreasing trend of fish resources

Drinking water sources and
health

Drinking water crisis;

Skin diseases;

Diarrhoea and Digestion problems;
New born babies with different types of
difficulties;

Pregnancy problems

Salinization of open and ground water
sources;

Pregnancy time high blood pressure;
Eclampsia

Livestock and poultry

Increased cost of rearing livestock and poultry;

Fodder crisis

Fodder crisis
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5.3.6 DPSIR framework for salinity increase

The developed DPSIR framework (Figure 5.6) shows salinization drivers are not only related
to bio-physical changes in coastal environments but also with socio-economic circumstances.
Most of the identified pressures are man-made and not environmental. Ecological, social and
economic state of different coastal systems, mostly crop agriculture, wetlands and Sundarbans
mangrove, are threatened due to salinity increase. Threatened states of the these systems are
creating conflicts among ecosystem, human health and socio-economic functions which
eventually lead towards small and large scale measures, action plans and policy responses.
However, the responses are inadequate to address the identified pressures of salinity increase.
Rather one of the responses i.e., polders has become the pressure for salinity increase

initiating sedimentation on the river bed and water logging.

Driving forces (D) | <:j Responses (R)

+ Climate change and climate + Small scale adaptationi.e., Salt tolerant
change induced problems i.e., rice, Integrated farming, Crop
SLR, changes in rainy season diversification, Saline resistant horticulture,
and frequent natural disasters; Rainwater harvesting and Crab fattening

* Population growth, illiteracy rate + Large scale adaptationi.e., Polders, Gorai
and poverty; river restoration project (phase 11) 2013

* Upstream developments; < Action plan and policies i.e., NAPA 2005,

* Land tenure system; BCCSAP 2009 and National shrimp policy
* Lack of integration among socio- 2014.

economic-ecological systems

Ay U g

DPSIR for
salinity
increase

« Tidal waterlevel rise; * Pressurized crop-agriculture « Food insecurity

* Unplanned infrastructural systems  Drinking water crisis
development i.e., polders, dams * Lack of fresh water sources « Diseases
and embankments; $ * Health problems :> * Unemployment

+ Reduced upstream flow; » Threatened Sundarbans mangrove « Migration

+ Extensive shrimp farming; » Livelihood loss/change « Fodder crisis

+ Siltation and Water logging » Native aquaculture at risk * Reduced biodiversity

Jeopardized livestock and poultry

Figure 5.6. Interaction between society and coastal systems

5.3.7 Potential measures to address the identified salinization drivers and pressures

along with their contribution and multi-criteria analysis

Local people identified five short-term and two mid-term measures to address salinization
drivers and pressures. These measures should contribute to halt salinization of new lands, to
maintain the natural flow of the tidal rivers, to connect the rivers with their flood plains and to

extend fresh water sources (Table 5.5). However, they did not identify any long-term
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measure. A multi-criteria analysis of these measures shows that local government’s initiative
to stop on purpose ingression of salt water is the most effective short-term measure and land
zoning is identified as the most suitable mid-term measure (Supplementary information to the
Chapter 5 Table C1). On the other hand, key informants identified in total 18 potential
measures to cope with salinization (Table 5). Among the identified measures, planned shrimp
farming is the most suitable short-term measure followed by tidal river management (TRM)
as the mid-term measure and long term coastal land use zoning ((Supplementary information

to the Chapter 5 Table C2).

5.3.8 Adaptation pathways to cope with salinization for the mostly affected coastal

systems

Key informants identified 31 possible ways at different adaptation turning points from 7 to
20ppt for the mostly affected coastal systems ((Supplementary information to the Chapter 5
Table C3). Among these, 16 measures had been filtered through multi-criteria analysis as the
suitable measures. These are visualized in the adaptation pathway map (Figure 5.7). For crop-
agriculture, most suitable measures include crop diversification, adaptive agriculture, alternate
cropping, arable field management. A combined approach of crop diversification, arable field
management and alternate cropping is expected to sustain salinity levels till 12ppt. Saline
resistant horticulture is expected to sustain salinity levels till 15ppt. However, for long term
adaptation planning (i.e., salinity level up to 20ppt), land zoning is the most suitable measure
to promote agriculture, to improve farmers’ socio-economic conditions and resolve the
conflicts between crop and shrimp farming. For drinking water sources, the adaption pathway
map shows six measures at different turning points. Among them rainwater harvesting, pond
sand filter, pond excavation and managed acquirer recharge (MAR) are identified as the most
suitable measures to be implemented in salinity ranges from 7 to 20ppt. For Sundarbans,
public awareness combined with strengthening the Bangladesh Forest Department, ban
catching fish during dry season and cannel (re)-excavation are potential measures to deal with
salinity levels from 10 to 12ppt. Periodic or scheduled (re)-excavation to mainly restore the
Gorai river is the next adaptive measure for salinity levels between 12 to 15ppt. However, if
salinity levels cross 15ppt, TRM and a Ganges Barrage are suitable measures. These
adaptation measures are expected to assist in sediment management and ensure ecological

flow for the downstream rivers during the lean period with salinity levels beyond 17ppt.
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Figure 5.7. Adaptation pathway map for the mostly affected coastal systems
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5.4 Discussion

This study identifies six major interconnected climatic-social-ecological-economic issues
responsible for salinity increases in the south-west of Bangladesh. Salinization problems
started from the 1960s, when polders were introduced to defend this region against flood and
tidal surges and to maintain a saline free zone for agri-cultural activities. Later on the polders
contributed to reducing floodplain storage which caused river beds’ sedimentation and serious
water logging (WARPO 2001). This process was enhanced with the development of a barrage
in 1975 on the Ganges River at Farakka. This resulted reduced upstream flow (Mirza 1998).
Therefore, the river flow declined substantially during the dry season and this further
accelerated large changes in the hydrology and induced sedimentation in the Gorai river (the
only offtake of the Ganges for the south-western rivers). As a result, salt water started to
intrude further inland (Rahman et al. 2000) and accelerated salinization. To cope with
increasing salinity, shrimp farming was introduced during the 1980s (Swapan and Gavin
2011). The farming expanded gradually from water logged lands to the privately owned
inlands and recently also on government owned fallow lands (i.e., the Khash lands). These
trends resulted in intensive salinization. In addition, climate change induced sea and tidal-
water level rise intensified salinization through stronger salt-water intrusion. Currently, tidal-
water level is rising at increasing rates (i.e., 10 to 12cm per decade) due to land subsidence

(Bhuiyan and Dutta 2012).

To better connect these climatic-societal-economic-ecological driver and pressures, and their
implications on different coastal systems, we utilized DPSIR framework. It shows that the
construction of polders across the south-west coast of Bangladesh has not improved coping
with salinization but augmented the process which in turn introduced shrimp farming. When
polders were constructed, different climatic and biophysical changes in the coastal
environment were ignored before implementing the structural solution. This resulted in
unexpected negative consequences of polder development and consequently stimulated
shrimp farming. Expansion of shrimp farming further accelerated the natural process of
salinization induced by climate change. Thus salinization in Bangladesh’s south-west region
is not influenced by only climate change but also by ecological, societal and economic
processes. However, until now how the different processes driving salinization are connected,
is poorly acknowledged (Zaman et al. 2016). As a result of earlier adaptation measures, such
as polders, development and shrimp farming have become a major salinization pressure. In

particular, cropping systems are affected by extensive shrimp farming and water-logging
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while the Sundarbans mangrove by reduced upstream flows and tidal water level rise. Our
DPSIR framework can be used for future adaptation planning to avoid the continuation of

mal-adaptation.

Salinity is likely to increase in the future but by how much is uncertain. Salinity increase is
affecting basic needs of coastal people (i.e., drinking water sources and livelihood dependent
on mostly crop-agriculture and Sundarbans mangrove). Hence, our adaptation pathways
clearly show which measures can be implemented to cope with different levels of salinity.
Some of the current measures are suitable, if salt intensification remains limited. For example,
rainwater harvesting is a traditional measure to supply drinking water. However, uncertainties
associated with this practice are the changed rainfall pattern, storage facilities and future salt
concentrations. Other suitable measures (i.e., pond excavation and pond sand filter) are related
to surface water sources. However, these sources are exposed rises in tidal water-levels,
floods, cyclones and tidal surges. Therefore, these measures are probably unsustainable in the
long run. Hence, mechanisms to recharge ground water resources need to be adopted to ensure
long term safe drinking water supply. Managed aquifer recharge likely is the most suitable
measure to ensure availability and quality of drinking water sources. In addition, such
recharge also serves to control salt-water intrusion, prevent land subsidence and sustain other
coastal systems’ functioning. However, aquifer conditions must be suitable and water sources
need to be ensured. This measure is successfully implemented for coastal urban areas in

Australia (Dillon et al. 2009).

Artificial water logging conditions for shrimp farming are also accelerating the salinization of
fresh water resources through seepage and natural bleaching. Most of the khash lands leased
to shrimp farmers are located in the inland part of the coastal zone, which is topographically
and hydrologically unsuitable for shrimp farming. Shrimp farmers transport salt water through
narrow channels from the rivers and development of earthen embankments on the rivers.
Leasing the Khash lands for shrimp farming is thus increasing transport of saline water from
the rivers to more inlands. So as a short-term measure, local people suggested to limit leasing
the khash lands to the shrimp farmers. Also better planned and regulated shrimp farming can
be a suitable measure to reduce the conflict with crop-agriculture. In the long term, changed
leasing systems and better planning may not be able to resist extensive shrimp farming.
Therefore, improved regulations that follows natural salinity gradients, and coastal land use

zone planning are needed. Improved coastal zone management should clearly outline the
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space for the conflicting sectors such as fresh water resources, shrimp, agriculture and

forestry.

Land zoning was also identified as the most suitable long-term measure by experts to
strengthen crop-agriculture. Other potential measures such as crop diversification, adaptive
agriculture, alternate cropping, arable field management are currently implemented locally to
adapt to moderate salt water intrusion. However, these adaptive agriculture measures will not
be sufficient if the main pressure on the whole agriculture system (i.e., shrimp farming) is not
addressed (Swapan and Gavin 2011); and at high levels of future salt intrusion, crop systems
will continue to disappear. Hence, coastal land zoning that considers the natural salinity
gradients and local land suitability in terms of hydro-climatic variables and socio-economic
conditions for different land uses is likely the most suitable adaptation measure to promote

both crop-agriculture and shrimp farming.

Local people suggested to use khash lands for storing fresh water during the monsoon to deal
with reduced upstream flow, instead of using the increasingly saline water for shrimp farming.
This is probably a suitable measure for fresh water sources and agriculture during the dry
season. However, the continuously increasing land demand by the increasing population
challenges the implementation of this measure Therefore, key informants want to actively
negotiate the transboundary process of water sharing as a more suitable immediate measure.
However, previous records do show little progress in these negotiations (Morton 2011). So
water sharing is probably a poor option due to a highly uncertain outcome. Other options, like
upstream water management strategies for the dry season and, administrative unit wide
assessments on water demand, water budgets and water allocation plans, can be developed but
are currently too immature for implementation. Main uncertainties involve population growth
and land demand, flash floods during monsoons and upstream agricultural water demand
during the dry seasons. The Ganges barrage is the most suitable long-term measure to increase
fresh water flow into the south-west, and therefore, increase freshwater resources availability
and reduce salinization in the Sundarbans. Reduced upstream flow is the major cause for
salinity increase in the Sundarbans mangrove (Bhuiyan and Dutta 2012) and a Ganges barrage
could probably solve this. However, such barrage is very costly and also has several negative
impacts. For instance, it will submerge a large area. This will make people’s livelihoods

vulnerable if proper replacements are not arranged.

85



Adaptation Pathways

Moreover, the adaptation pathways also prescribed a range of measures to ensure long term
adaptation of the Sundarbans mangrove forest to future climate change. To improve the
sustainable use and management of the forest, improved awareness raising and training of
forest department staff is needed. However, to save the forest ensuring increased freshwater
flow into the system is necessary to reduce salinity increase. Periodic (re)-excavation to
restore the Gorai river can potentially increase the freshwater inflow. However, continuous
(re)-excavation may not be an economically viable measure in the long-term sustainability.
Therefore, large scale tidal river management is proposed to ensure the connection of the
rivers to the flood plain and to restore the natural process of land formation through
sedimentation. This will in turn reduce river bed siltation, water logging and the effects of
tidal water-level rise on the Sundarbans mangrove. This measure will not only protect the
Sundarbans against salinization but also stimulate crop-agriculture and fresh water sources.
Such management is actually periodically cutting and closing polders, developed by local
people to reduce drainage congestion induced by the polders (Hossain et al. 2015). It is
successfully implemented locally in the Hari river basin in the southern part of Jessore district
for land reclamation (Paul et al. 2013). Shampa and Paramnik (2012) also suggested this
socially acceptable and low cost eco-technique to mitigate water-logging problems in the
Kobadak river basin area of Satkhira district. Also the multi-criteria analysis shows that the
measure is highly effective and feasible because it has low cost and positive side effects. The
only challenge of this measure is the large scale implementation and identification of the
proper flood plains (locally called beels) for the tidal water inflow. Although it is a people
oriented approach, a good coordination among local stakeholders, government and non-
government entities is needed to overcome the challenges of large scale implementation and

long term sustainability.

The methodology adopted in this study to develop adaptation pathways is a combination of
different approaches with each approach having its own purpose. During our literature review,
we identified that previous adaptive measures in the south-west coast of Bangladesh pressured
the system afterward. The main reason behind this is probably the top-down decision-making
approach (Fraser et al. 2006). Therefore, to fill this knowledge gap we surveyed local people
to study their perception complemented with the key informant interviews. This part of our
study is robust. It integrates both top-down and bottom-up observations. In addition, our
previous study on environmental changes in the Bangladesh’s south-west coast revealed that

salinity increase comprises a range of processes (Hossain et al. unpublished manuscript). So,
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to provide a comprehensive understanding of these salinization processes to connect the
climatic-societal-economic-ecological systems (Pirrone et al. 2005), we applied a DPSIR
framework. This is another robust part of our study as it facilitates adaptation planning.
Qualitative (i.e., multi-criteria analysis) and quantitative (i.e., adaptation turning points)
assessment to identify the potential adaptation measures and develop the adaptation pathway
consequently, were based entirely on the perception and observation of the key informants
and local people. Hence, the adaptation turning points prescribed for each of the measures
may not be precise as we did not test the measures. However, it indicated a salinity range
when shifting or adding another measure is necessary. the adaptation turning points can be
improved through multiple climate model projections and calculation uncertainties ranges to
develop more robust adaptation pathways (c.f. Tanaka et al. 2015). However, when using
models the number of measures which can be tested, are often limited. The developed
adaptation pathways in our study included a large set of measures, which can be implemented
at different salinity levels. This study, therefore, is a valuable first step in merging the top
down and bottom up perceptions, in developing the DPSIR framework for salinity increase

and adaptation pathways to cope with salinization.

5.5 Conclusions

The south-west coastal region of Bangladesh consists of complex interacting dynamic
ecological and social systems. Hence, adaptation planning to cope with salinization is a
complex endeavour for this region. The identified salinization pressures and impacts result
from a series of systemic interactions in coastal environments. These are affecting the socio-
ecological-economic systems (i.e., crop-agriculture, drinking water sources and Sundarbans
mangrove). Hence, adaptation to recent and future changes to improve livelihoods of local
people is necessary, which is recognised from the DPSIR framework. Already several
measures have been adopted for crop-agriculture and drinking water sources, but, no measures
have been taken for Sundarbans mangrove. The already adopted measures need upscaling to
adopt to future salinization. This study also reveals that if the societal value of the coastal
environment that supports life and livelihood of many coastal communities, is ignored during
adaptation planning, salinization likely gives rise to severe ecological, economic and social
problems and conflicts. Our adaptation pathways consider the societal values and top-down
perceptions, which prescribe land zoning, managed aquifer recharge and tidal river

management, both which are expected to sustain at high salinity concentrations for crop-
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agriculture, fresh water sources and the Sundarbans mangrove. The combined measures will
be able to obtain greater long-term benefits for the studied region. Also the developed
pathways will assist policy makers to identify a series of options that could be implemented

under changing climate and complex social system.
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Chapter 6. Synthesis

6.1 Introduction

The general causes and impacts of increasing salinity at global and larger regional scales are
broadly recognized (Khan et al. 2011; Mahmuduzzaman et al. 2014). However, local bio-
physical and socio-economic conditions and their connections to salinization are often
overlooked for integrated and sustainable adaptation planning (Nandy et al. 2013). Identifying
the intermingling causes of salinity increase and its cascading impacts on different local
coastal systems is therefore poorly understood. This PhD thesis aims first to better understand
the salinity increase and its processes across the south-west coast of Bangladesh, then to
evaluate the impacts of increasing salinity on this region’s ecosystems (i.e., the Sundarbans
mangrove vegetation, Royal Bengal tiger habitat and coastal people) and, finally, to identify
target-oriented measures to develop adaptation pathways to cope with and to enhance
resilience to salinization. These aims were justified and four research questions were defined
(Chapter 1) and addressed (Chapters 2-5).

In Chapter 2, I investigated local environmental changes through different hydro-climatic
variables (i.e., temperature, precipitation, tidal water-level, freshwater discharge and salinity)
and the potential cause-effect relationship among them. In Chapter 3, I explored the
relationship of the Sundarbans mangroves’ ecological status (i.e., vegetation composition,
forest structure, diversity, canopy cover, regeneration status and carbon content) with the
salinity gradient. In Chapter 4, I identified the likely impacts of salinity increase on quality
tiger habitat requirements in the Sundarbans mangrove (i.e., availability of freshwater,
sufficient prey population and diverse vegetative cover). In Chapter 5, I and my collaborators
evaluated local people’s perception (bottom-up approach) and expert’s observation (top-down
approach) on salinization, its impacts on coastal communities and different coastal systems,
and potential measures to address its processes. Finally, adaptation pathways for the mostly
affected coastal systems (i.e., drinking water sources, crop agriculture and the Sundarbans
mangrove) were developed. These integrated the bottom up and top down perceptions,
observations and recommendations to cope with salinization in Bangladesh’s south-west
coastal region. The key research questions, principal results and major conclusions from each
part of the study are summarized in Table 6.1. In this Chapter, I will synthesize the main
findings (Section 6.2) and their relevance to national action plans and policies (Section 6.3),

and my new scientific insights and contributions to salinization and adaptation planning
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(Section 6.4), and provide overall recommendations (Section 6.5) for the studied region to
enhance resilience to salinity increase and its processes. Finally, I provide the research’s
strengths and limitations (Section 6.6), discuss future outlook (Section 6.7) and summarize

overall conclusions (Section 6.8).
6.2 Synthesis of the main findings

In this section, I have focused on synthesis of major findings from Chapters 2 to 5. I start with
different bio-physical and socio-economic processes of salinity increase and potential
measures to address them (Section 6.2.1). Then, I discuss the impacts of salinity increase and
its processes on the Sundarbans mangrove vegetation, Royal Bengal Tiger habitat and coastal
people (Section 6.2.2). Finally, I reflect on possible ways of adaptation to cope with and
enhance resilience to salinization (Section 6.2.3). Also, I have summarized all these main
findings in Figure 6.1. It shows the major processes of salinization along with potential
measure to address those. The figure also demonstrates the impacts of salinization on
Sundarbans mangrove vegetation, Royal Bengal tiger’s mangrove habitat and coastal
communities together with prospective large scale adaptation options to cope with and

enhance resilience to salinization.
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6.2.1 Bio-physical and socio-economic processes that increase salinity, and potential

measures to address them

Climate change, sea-level rise (SLR) and reduced freshwater influx are the major bio-physical
processes involved in rapid salinity increases across Bangladesh’s south-west coastal region
(Chapter 2). Salinity intensification is significantly correlated with the changes of all the
selected hydro-climatic variables. Results show that increasing salinity of coastal wetlands is
not driven by only climate change (i.e., temperature rise and late onset of monsoons) or
climate-change induced global concerns, like SLR, but also by other regional environmental
changes (i.e., reduced freshwater influx). In addition to these hydro-climatic variables, the
local socio-economic processes, like unplanned and massive shrimp farming and
infrastructural development (i.e., polders) are contributing to inland salinity increase in this
region (Chapter 5). These socio-economic processes also contributed to other bio-physical
complications, like reducing floodplain storage, river beds’ siltation and serious water
logging. Furthermore, reduced fresh water influx during half of the year (dry season and pre-
monsoon) further accelerated large changes in the hydrology and induced sedimentation in the
Gorai riverbed (the only offtake of the Ganges for the south-western rivers). As a result, back
salt-water effect due to SLR started to accelerate salinization of the coastal wetlands and
inlands as well. In particular, the extensive salinization during the dry season is likely caused
by a combination of sea level rise, reduced flow of upstream rivers and a later onset of the
monsoon. All these results indicate that salinization across the south-west coast of Bangladesh
is driven by a range of interconnected bio-physical and socio-economic processes. Since
several of these observed trends likely continue in the future due to further climate change and
anthropogenic modifications to the hydrological cycle. Also the extent and severity of wetland
and inland salinization are most likely to further increase. We, therefore, identified potential
coping measures by integrating bottom-up (household surveys) and top-down perceptions
(key-informants interviews) through a driver-pressure-state-impact-response (DPSIR)
framework and multi-criteria analysis (Chapter 5). Since unplanned and massive shrimp
farming is a locally initiated socio-economic process that increases inland salinization,
household respondents recommended to stop on-purpose ingression of salt water and land
zoning by local government’s initiatives as the most suitable measures to reduce its extent.
Conversely, experts suggested planned and regulated shrimp farming as the most suitable
short-term measure, followed by tidal river management as the mid-term measure and long-

term coastal land-use zoning to adapt to inland salinization caused by unplanned shrimp

92



Synthesis

practices. To address unplanned infrastructural development and waterlogging, both types of
respondents proposed operational sluice gates and functional management of the existing

polders.

On the other hand, reduced fresh water influx is mostly caused by a regional disputes between
India and Bangladesh. Hence, experts suggest to actively negotiate the transboundary water
sharing, although previous records show little progress in these negotiations. Besides,
upstream water-budget and allocation plans can be a potential measure to ensure sufficient
fresh water supply to the downstream areas. However, these are currently too immature to
implement due to the many associated uncertainties, like population growth and land demand,
flash floods during monsoons and upstream agricultural water demand during the dry seasons.
The development of a Ganges barrage in Bangladesh could potentially increase the freshwater
flows in the Southwest and the Sundarbans particularly during the dry season. Such a barrage,
however, is very costly and has several other negative impacts. For instance, it submerges a
large area and this makes people’s livelihoods vulnerable if proper replacements are not

arranged.

Climate change and SLR are global issues, which cannot be halted nationally, regionally or
locally by, for example, protecting riverbanks or by strengthening and heightening the
existing embankments. Therefore, international initiatives are also crucial to mitigate further
changes in the climate system and thus SLR, to address salinization of coastal wetlands.
Nonetheless, experts suggested planned infrastructural developments and integrated long-term

delta plans to adopt to climate change and its impacts.
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6.2.2 Impacts of salinity increase on the Sundarbans mangrove vegetation, Royal Bengal

Tiger habitat and coastal people

Salinity (both the upper or sea side and lower or land side limit) is very likely to increase
across the Sundarbans due to a range of processes (particularly climate change, SLR and
reduced freshwater influx). All the selected variables of mangrove vegetation (i.e., species
composition, density, richness, diversity, canopy cover, regeneration and carbon content)
decline with increased salt concentrations (Chapter 3). Less diverse and wide range of salt
tolerant mangroves like Exoecaria agallocha and Cariops decandra, have already started to
dominate over the highly diverse but less salt tolerant mangroves like Heritiera fomes. As H.
fomes is a less salt tolerant species and, therefore, is likely to be outcompeted by more salt
tolerant species in high saline conditions. Also most of the top dying affected H. fomes trees
are found in the plots of mesohaline zone. This may be due to direction of increasing salt
concentrations, which is observed from south-west (Polyhaline zone) to north-east direction
(mesohaline zone). Besides, the carbon content of H. fomes was lowest in the mesohaline
zone. H. fomes is already declared as a ‘globally endangered’ and ‘regionally critically
endangered’ species, due to decreasing trend of its current populations. Results also reveal
sharp negative responses of H. fomes to high level of salt concentrations. Such response
indicates that further salinity increase can possibly further narrow down the ecological range
of this threatened species, intensify the severity of the top dying disease and reduce this
species to extinction soon. Moreover, differences in vegetation in three different salinity zones
articulate that diversity reduces with increased salt concentrations. In addition, the plots with
higher salt concentrations showed lower regeneration and more uneven canopy cover
compared to plots in the low saline environment. Also carbon contents of three dominant
species of three salinity zones show the likely relationship between carbon storage of
mangrove species and salt concentration. High salt tolerant species, like C. decandra, can
store less carbon than the moderate and less salt tolerant species like E. agallocha and H.
fomes respectively. Since the importance-value index indicates that H. fomes has started to be
suppressed already by the salt tolerant species, the carbon sink of the Sundarbans mangrove
will also likely decline. All these results reveal the likelihood of reduced biodiversity and
declined carbon-stocks in the Sundarbans mangrove in the near future due to further changes

in salt concentrations.
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Simultaneously, a downward trend of the Royal Bengal Tiger population and its prey species
(i.e., spotted deer, wild boar and rhesus macaque) density is observed in these mangroves
(Dey et al. 2015). Tiger density is found highest in the low saline zone but human-tiger
conflict incidents are highest in high saline zone. Both local communities and experts
contemplate that prey depletion and frequent intensive cyclones mainly cause the population
reduction. Conversely, my hydro-climatic data, literature review and field observations
indicate that climate change and its impacts like sea-level rise and salinity increase are
contributing to degrade the quality tiger and its prey habitat requirements (i.e., drinking water
sources, prey population and vegetative cover) in the Sundarbans (Chapter 4). Tiger
incidences (i.e., stray, injured and dead) are potentially related to reduced fresh water influx
and salinity increase, particularly in May. This indicates drinking water scarcity for the tigers
in the mangroves. Changes in mangrove vegetation due to increasing salinity (Chapter 3)
possibly affect key activities of the tiger, such as resting, breeding, stalking, ambush, scratch,
drinking, feeding, defaecation and movement. In addition, salt induced vegetation changes
affect prey habitat. As tigers prefer the comparatively low saline zone mangrove woodlands
probably for availability of prey, drinking water sources and suitable vegetative cover to
perform their necessary activities. Also tiger’s principle prey (i.e., spotted deer) needs fallen
fruits, leaf litter and grasses as fodder. All these are accessible mainly in the low saline
mangroves. Besides, spotted deer drink fresh water frequently and need shade, particularly in
summer. Thus, climatic signals, like rising air-temperatures during summer and late onset of
monsoon, will all create stress on physiological activities of spotted deer. Hence, further
changes in climate, fresh water availability and vegetative cover will affect not only the

Bengal tigers, but also their prey habitat to degrade.

Salinization is also affecting coastal communities by affecting different coastal systems (e.g.,
drinking water sources, crop agriculture and the Sundarbans mangrove), which are related to
basic needs of local people (e.g., drinking water, health and livelihood). Crop farmers and the
Sundarbans dependent communities are identified as the most affected communities. How
salinization is affecting these communities and different coastal systems was also discussed
(Chapter 5). Crop agriculture is mostly affected by soil quality degradation due to salinity
increase and land-use changes (mostly shifts from crop agriculture to shrimp farming). These
result in lower production and profits, loss of agricultural lands, food insecurity and
uncertainties due to the shifts in agriculture patterns by salinization. Also the Sundarbans

mangrove habitats are degrading and this results in reduced forest growth and biodiversity,
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changes in vegetation composition and invasion of the undesirable top-dying disease. These
result in lower production rates of the key forest resources, such as heathy trees and number of
wild animals, and decreasing trends of non-timber forest resources, such as fish and honey.
Therefore, changes in or loss of livelihoods of the peoples dependent on the natural resources
triggers unemployment and outmigration. In addition, salinization of surface and ground
water sources is creating drinking water crisis (Abedin et al. 2014). This generates different
diseases and health problems like skin diseases, diarrhoea, digestion problems, and increase

infant’s diseases and pregnancy complications (Khan et al. 2011).

6.2.3 Adaptation pathways for the mostly affected coastal systems to cope with

salinization in Bangladesh’s south-west coastal region

Most of the household respondents and also key informants articulated crop agriculture
followed by the Sundarbans mangrove and fresh water sources as the most affected coastal
systems by salinity increase. The results reveal that household-level respondents’ perceptions
are more closely related to socio-economic aspects than to the bio-physical environmental
aspects and focus on issue-based action. However, the key informants focus more on the bio-
physical changes and the large-scale measures. The DPSIR framework shows that responses
already taken (i.e., polders and shrimp farming) to cope with salinization, have later become

systemic pressures (i.e., riverbed siltation, waterlogging and intensive salinization).

Social perceptions and experts’ observations were integrated in adaptation planning through a
qualitative (i.e., multi-criteria analysis) and quantitative (i.e., adaptation turning point
approaches) assessment and, proposed sixteen adaptation options for the identified mostly
affected coastal systems (Chapter 5). For crop agriculture, most suitable measures include
adaptive agriculture, crop diversification, alternate cropping and arable field management. A
combined approach of adaptive agriculture, crop diversification/alternate cropping and arable
field management is expected to sustain salinity levels at approximately 12ppt. Saline
resistant horticulture is expected to sustain salinity levels at approximately 15ppt. However,
for long-term adaptation planning (i.e., salinity level >15ppt), land zoning is likely the most
suitable measure to promote agriculture, to improve farmers’ socio-economic conditions and

to resolve the conflicts between crop and shrimp farming.

For drinking water sources, managed aquifer recharge is the most likely long-term suitable
measure to ensure availability and quality of drinking water. Such recharge also serves to
control salt-water intrusion, prevent land subsidence and sustain other coastal systems’
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functioning (Dillon et al. 2009). However, aquifer conditions must be suitable and water
sources need to be ensured. Also rainwater harvesting, pond-sand filter and pond excavation
are identified as potential measures. These measures are already adopted but can be threatened
by changing rainfall patterns, tidal water-level rise, floods, cyclones and tidal surges.
Therefore, these measures can be unsustainable in the long term. Hence, mechanisms to
recharge ground water resources need to be adopted to ensure long-term safe drinking water
supply.

For the Sundarbans, improved awareness combined with providing the forest department
officials with the necessary enhanced ecological trainings is needed to improve the sustainable
use and management of the forests. However, ensuring increased freshwater flow into the
system is necessary to save the forests by reducing salinity increase and its impacts on
vegetation and the Royal Bengal tiger and its prey habitats. Hence, periodic (re)-excavation to
restore the Gorai river can potentially increase the freshwater inflow. However, continuous
(re)-excavation may not be a long-term economically viable measure. Therefore, tidal river
management and an upstream barrage (i.e., Ganges Barrage) are proposed to ensure the
connection of the rivers to the flood plain, to restore the natural process of land formation
through sedimentation and to increase fresh water flow to the downstream rivers. Such river
management will reduce river bed siltation, water logging and the effects of tidal water-level
rise on the Sundarbans mangrove, while the barrage will ensure fresh water flow for the
Sundarbans during the dry period. However, more in-depth assessments are needed to
construct an upstream barrage as it has several negative environmental and socio-economic
impacts. For instance, it will submerge a large area which will make people’s livelihoods
vulnerable if proper replacements are not arranged. Nonetheless, tidal river management
seems the most suitable measure, which will not only protect the Sundarbans against

salinization but also stimulate crop agriculture and enhance fresh water sources.
6.3 Relevance of the study to national action plans and policies

A saline environment has always been part of Bangladesh’s south-west region. However, the
recent excessive salinization and its unfavourable impacts on natural systems force the
government to prepare different strategies and action plans, such as the Bangladesh Climate
Change Strategy and Action Plan (BCCSAP; 2009), the Integrated Resource Management
Plan for the Sundarbans (IRMP; 2010-2020), the Bangladesh Tiger Action Plan (BTAP;
2009-2017) and the National Shrimp Policy 2014. These action plans and policies are

98



Synthesis

principally aimed to eradicate poverty and achieve economic and social well-being through
adaptation. Local adaptation, however, is highly context dependent (Haque et al. 2015).
Implementing these action plans and policies, therefore, fundamentally requires to better
identify the interconnected processes of the salinization and characterize its cascading
impacts. In this line, the outcomes of this study are very much related to the goals of the
recent action plans and policies (Table 6.2). The analysis on five different hydro-climatic
variables, their cause-effect relationship and impacts of these changes on the Sundarbans
mangrove vegetation, the Sundarbans tigers’ habitat and coastal people helps decision makers

to achieve the goals of the recent action plans and policies mentioned above.

Most of the previous coastal development interventions (like dams, embankments and
polders) have been taken through top-down approaches (Ayers et al. 2014) and have largely
ignored the complex and dynamic social, ecological and economic systems in this region. As
a result, structural developments could not improve the situation to cope with salinization,
rather augmented the process which in turn introduced shrimp farming. Extensive shrimp
farming in the south-west coast of Bangladesh has created a direct conflict with crop
agriculture later on. However, until now how the different processes driving salinization are
connected, is poorly acknowledged. In this line, our developed DPSIR framework for salinity
increase that integrates the top-down and bottom-up approaches, can be used as a basis for
future adaptation planning. This framework will help to avoid the continuation of mal-
adaptation and, consequently, to achieve the adaptation goals of these timely and problem-

oriented action plans and policies.

In particular, this study is highly relevant to BCCSAP’s priority areas for research on climate
change and coastal ecosystems. Although salinity across the south west coastal region is
increasing gradually, future salt intrusion rates are highly uncertain due to unknowns in future
climate change and upstream developments. As a result, policy makers often struggle where,
when and which different measures need to be implemented. To deal with such uncertain
future, adaptation pathways based on adaptation turning points that are developed in this
study, will be able to support decision making under uncertain future conditions. In the
context of BCCSAP-2009 and the problems policy makers have with implementing timely
adaptation measures under changing climatic and socio-economic conditions, this study
assesses and improves the understanding of recent changes in and the relationships among the

environmental variables and impacts of these environmental changes on key coastal systems.
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Based on these assessments, three different adaptation pathways were developed to cope with
salinization in Bangladesh’s south-west coastal region. Thus, the outcomes of this research
will assist policy makers to better adapt to future changes in salinization under changing

climate and complex social system.
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6.4 Scientific contributions to the insights of salinization and adaptation

planning

6.4.1 Multidisciplinary research approach

The south-west coastal region of Bangladesh is located at the transient zone of the Bengal
delta where tidal water from the Bay of Bengal and fresh water flow from the Ganges-
Brahmaputtra-Meghna river basin converge. Hence, this region is stressed from both sides by
climate-change impacts (e.g., sea level rise) and regional hydrological changes (e.g., reduced
fresh water influx). This results in rapid salinity increase (Gopal and Chauhan 2006; Smith et
al. 2009; Loucks et al. 2010). Adequate understanding of these interconnected regional
processes of salinization and effective and timely adaptation planning for the mostly affected
key coastal systems (particularly the Sundarbans mangrove, crop agriculture and fresh water
sources) are highly challenging research topics due to not only local, regional and global
drivers and pressures, but also uncertainties associated with the salinization processes.
Adaptation in such complex and dynamic ecosystems requires knowledge, research
frameworks and approaches that integrate and thus effectively utilize different scientific
disciplines, like climatology, ecology, hydrology, coastal management and adaptation science.
Our interdisciplinary research advances the knowledge to understand the interconnected
processes of salinization and cascading salinization impacts on different coastal inland

systems, and to demonstrate several scientific approaches for developing adaptation pathways.
6.4.2 Scientific basis for climate-change adaptation planning

Adaptation process requires four different sequential steps: identification of the causes of the
problem, then assessment of the impacts, selection of adaptation options for specific impacts
and finally evaluation of the identified options to make definite choices (Ludwig and Swart
2010). All these steps were comprehensively performed to develop adaptation pathways for
the south-west coastal region of Bangladesh. Foremost, the interconnected causes of coastal
wetlands and inland salinization and mostly affected systems (Chapters 2 and 5) were
identified to better connect the climatic-societal-economic-ecological driver and pressures and
their implications on different coastal systems. Also the impacts of salinization on three key
components (mangrove vegetation: Chapter 3; tiger habitat: Chapter 4; and coastal people:
Chapter 5) of the selected most affected coastal systems were studied to better identify the
function oriented coping measures. Based on these impacts studies, potential local measures
for the root causes of salinization and large scale measures for the key coastal systems were
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proposed to cope with and to enhance resilience to salinization (Chapter 5). Thus, this study
provides the scientific basis for climate-change adaptation planning for conservation and

sustainability of the identified most affected coastal systems.

6.4.3 Impact study focussing the relationship and dependency of ecosystems components

with one another

The methodology adopted in this pioneering climate-change impact study on an ecosystem
focusses on the relationship and dependency of the ecosystem’s components with one another.
First, hydro-climatic variables were analysed to understand the recent environmental changes
in this region and the cause-effect relationship among the selected variables. In addition, local
people and related professionals were interviewed to capture the socio-economic variables
associated with salinization. Then, a DPSIR framework was applied to provide a
comprehensive understanding of salinization and the range of interconnected hydro-climatic
and socio-economic processes. This improved understanding of recent changes in and the
relationships among the hydro-climatic and socio-economic variables will help decision
makers to better adapt to future changes and scientists to better validate different
environmental change models and scenarios. Besides, forest-plot conditions were studied
following three transects in three different ecological zones along the salinity gradients for the
climate-change impact study on the Sundarbans mangrove vegetation. As the least studied
forest type in Bangladesh (Biswas & Choudhury 2007), such knowledge is urgently needed to
conserve the globally threatened mangrove ecosystem in a changing environment. Also five
different information sources (i.e., literature, field observations and hydro-climatic analyses,
focussed group discussions with local communities and key-informants interviews) were
analysed to address the lack of knowledge on how tiger habitat relates to changing salt
concentrations. Thus, this study provides new insights for long-term tiger-habitat conservation

due to bio-physical changes in the environment.

Overall, this is the first integrated climate-change impact study that addresses the range of
interconnected hydro-climatic and socio-economic processes of salinization across the south-
west coastal region and assesses the impacts of these processes on the ecosystems in terms of
relationship among ecological status of mangrove vegetation, habitat for the Sundarbans tiger
and its prey, and the livelihoods of local people. Besides, adaptation pathways developed in
this study integrate both top-down and bottom-up perceptions and observations (based on
multi-criteria analysis and adaptation turning points) and can support decision making under
uncertain future salinity conditions due to unknowns in future climate change and upstream
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developments. Moreover, the study’s results and methodological framework can contribute to
cross-sectoral impact studies that address the linkages between climate change and other
coastal systems (like crop agriculture, livestock and poultry, aquatic ecosystems, homestead
agro-forestry, fresh water sources and human health, energy and industry) and thus,

harmonize adaptation planning.

6.5 Recommendations

6.5.1 Consider the range of identified interconnected salinization processes for future

decision making

My study improves the required understanding of salinization processes by providing
enriched knowledge on salinization impacts on the Sundarbans mangrove vegetation,
mangrove habitat for royal Bengal tigers and coastal communities. It focusses on the
relationship and dependency of the ecosystems’ components with one another, and for
effective large-scale adaption planning. My results reveal that salinity intensification across
the south-west coast of Bangladesh is driven by a range of hydro-climatic variables (i.e.,
rising temperatures, late onset of monsoon, SLR and reduced freshwater influx particularly
during dry season), socio-economic changes (from crop agriculture to shrimp farming) and
infrastructural developments, both upstream (e.g., the Farakka barrage) and downstream (e.g.,
polders). Thereby, challenges to conserve the Sundarbans mangrove and its outstanding
universal value, to sustainably accommodate coastal people and their livelihoods and to adapt
these ecosystems as a whole are exceedingly growing. Hence, future plans to adapt to coastal
inlands and wetlands management need to consider the range of interconnected processes for

sustainable development in this region.

6.5.2 Consider salinity increase as the main driving force for the Sundarbans mangrove-

habitat degradation

Our study enriches the knowledge how salt concentrations in the Sundarbans mangrove is
changing and affecting ecosystem functioning in this world-heritage site. Our results show
that reduced fresh water influx, climate change (i.e., increasing temperatures during summer
and late onset of monsoon) and SLR are particularly contributing to change the salt
concentrations in the Sundarbans mangrove and, consequently, to change the vegetation
pattern. This likely contributes to the tiger’s habitat degradation and its principal prey

depletion. Also further changes in salinity gradient will favour a shift in mangrove
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composition towards more salt tolerant species with reduced biodiversity and reduced carbon
storage. These changes are most likely to affect different coastal communities (like fisherman,
golpata-thatching material harvester and honey harvester), who depend on the natural
resources for their livelihoods. Salinity increase, therefore, was recommend to consider as an
important challenge for future management strategies to protect this irreplaceable ecosystem
through which other coastal systems (wetlands and inlands) and resources (aquatic resources

both marine and fresh water) are governed by.
6.5.3 Take initiatives at national-level for large-scale integrated adaptation planning

Dominant causes of salinization across the south-west coastal region are climate-change
induced sea-level-rise (global), reduced fresh water influx (regional) and land-use change
along with unplanned infrastructural development (local). These issues also result in other
complications like back-water effects, river-bed siltation and water-logging, which also
contribute to accelerate the salinization processes. All these processes are affecting key
coastal systems like the Sundarbans mangrove, crop agriculture, fresh water sources and
human health. In addition, these systems are interlinked with one another. A single measure,
therefore, is incapable to deal with neither these interconnected salinization processes nor the
interlinked affected coastal systems. Combined measures, then, are vital for adaptation
planning with proper coordination among different sectors and across different scales. Since
climate change and SLR are global issues, national level measures are often insufficient to
address these problems. Issues, such as reduced fresh water influx, can be addressed
regionally, while unplanned land-use changes and infrastructural developments can be fixed
through local and national level initiatives. Hence, taking necessary effective initiatives was
suggested for maintaining the ecological flow of the transboundary upstream rivers in
combination with local level periodic (re)-excavation of the silted rivers, planned coastal land
zoning to regulate land-use changes and tidal river management to reduce back-water effects,
river bed siltation and water-logging. In this line, large-scale integrated national-level
adaptation planning is crucial to address the above mentioned interconnected salinization

processes and to cope with the changes in these dynamic and complex coastal systems.
6.6 Reflections on strengths and limitations of the study

Several earlier studies (e.g., Bhuiyan and Dutta 2012; Khan et al. 2011; Haque 2006; Mirza

1998) looked at salinity increase and its impacts on coastal ecosystems in this region.
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However, hardly any of those looked at the range of interconnected hydro-climatic and socio-
economic processes and the cause-effect relationships of those processes. Also impacts of
salinity increase and its range of processes on the ecosystems’ key components in terms of
relationship with one another were overlooked. Hence, our study is a valuable first step to
integrate these aspects in one platform, to get an overview of how the whole coastal systems
are interconnected and affected by salinization, though it has some limitations as well.
Meanwhile individual approaches were sufficiently discussed in the previous chapters (i.e.,
Chapters 2 to 5). Therefore, this section provides an analytical reflection on the overarching

research framework employed in this thesis.

Cause-effect relationships among several hydro-climatic variables and DPSIR framework to
integrate socio-economic variables of salinity increase established in this study are innovative.
The relationships disclose the fact that salt intensification results from a combination of
different climate signals (i.e., rising temperatures, late onset of monsoon and SLR),
hydrological changes (i.e., insufficient upstream discharge particularly during dry season and
pre-monsoon: January to May) and also socio-economic shifts (i.e., extensive shrimp practice
and infrastructural developments). However, statistical analysis (linear regression
correlations) to explore the cause-effect relationship among the hydro-climatic variables was
too simple due to the arbitrary time-series data. As observed hydro-climatic data was collected
from different concerned departments (as for example, climate data from BMD, sea-level data
from BIWTA, salinity and discharge data from BWDB), the time-series data for all collected
variables differed in quality and coverage. In particular, the salinity data was available only
for the period 2000-2008, while other hydro-climatic data (temperature, rainfall, discharge.
tidal water level) were available for the period 1981-2010. Besides, all the hydro-climatic
variables are probably not directly related to increasing salinity, but indirectly affect salinity
increase. For example, temperature is contributing to the thermal expansion of ocean water
and the melting of mountain glaciers. Both are contributing to sea-level rise and they likely
directly increase salinity. Thus the likely relationships among the hydro-climatic variables
were identified. Besides socio-economic variables of salinity increase were identified from the
households surveys and key informants interviews. Both hydro-climatic and socio-economic
variables were included in the developed DPSIR framework. This is the study’s most robust
part as it integrates all variables associated with salinization on the same podium to provide a
comprehensive understanding of its range of processes. Different other studies have also

indicated through observational or modelling approaches that increases in sea-level rise
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(Bhuiyan and Dutta 2012), lower fresh water discharge (Mahmuduzzaman et al. 2014) and
sea-surface temperature and precipitation (Singh 2001) are causing increased salt water
intrusion. Also cyclones and increased shrimp farming are mentioned as possible causes for
increased salt water intrusion (Khan et al. 2000; Deb 1998). Unfortunately, these studies only
considered one variable of salinity increase. Hence, our study is innovative by establishing
relationships among several hydro-climatic and socio-economic variables of salinity increase

in one platform.

Also this study is a valuable first step to relate ecological status (i.e., composition, density,
diversity, canopy cover, regeneration and carbon content) of the Sundarbans mangrove with
salinity gradients and to improve the understanding on how salt concentrations affect
mangrove ecosystem functioning in this world heritage site, in particular relating mangrove
vegetation with habitat for the royal Bengal tiger and its prey. However, salinity and
vegetation data were collected only once because of restricted time and funding. Hence, our
data by itself cannot confirm salinity increase in the Sundarbans’ wetlands and these data are
thus inept to reveal the particular changes in mangrove vegetation and correspondingly
Bengal tiger and its prey habitat due to the changes in salinity levels. Also a very limited and
scattered data on tiger and its prey occurrences and habitats did not allow to statistically
correlate the discussed hydro-climatic variables and bio-physical changes to the tiger habitat
requirements in the Sundarbans. However, ecological status of mangrove vegetation along
salinity gradients reveal how mangroves are governed by salt concentrations and thus implies
likely changes in mangrove vegetation due to further salinization. Besides our wide-ranging
findings on the changes in hydro-climatic variables, field observations, local people’s
perception and concerned expert’s insights presumably assist us to predict the most likely
further changes in mangrove habitat for Bengal tiger and its prey due to salinity increase and,

they seem robust.

Furthermore, household surveys followed by key-informant interviews represents a new
approach to integrate both top-down and bottom-up observations and perceptions on
salinization, its impacts and potential measures in adaptation planning. Because previous
adaptive measures in the south-west coast of Bangladesh stressed the system probably by the
top-down decision-making approach (Fraser et al. 2006). Most coastal development
interventions have largely focussed on structural protection measures (e.g., dams,
embankments and polders) through top-down approaches and have largely ignored the
complex and dynamic social, ecological and economic systems in the region (Ayers et al.
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2014). As a result, extensive shrimp farming in the south-west coast of Bangladesh has
created a direct conflict with crop agriculture. This conflict largely affects the socio-economic
status of local inhabitants. In addition, massive polderization results more ecological
complications like riverbed siltation and water logging. Therefore, integrating top down and
bottom up perceptions and observations before implementing large scale structural measures
is crucial for sustainability of socio-economic-ecological systems. Considering these gaps in
decision making process, top-down and bottom-up observations and perceptions are merged

in adaptation planning.

In addition, both qualitative (i.e., multi-criteria analysis) and quantitative (i.e., adaptation
turning points) assessment of the identified potential adaptive measures were applied to
develop an adaptation pathway that shifted a salinity range to another domain, if needed.
Since future salt intrusion rates are highly uncertain due to unknowns in future climate change
(Dessai and Sluijs 2008) and upstream developments, policy makers often struggle where,
when and which measures need to be implemented. To deal with such uncertain futures,
developed adaptation pathways can support decision making to cope with salinization.
However, potential adaptive measures and their turning points prescribed may not be precise
as these were not tested and validated through projecting future salinity changes and
estimating the uncertainties associated with salinization. Hence, multi-criteria analysis,
possible contributions and suitable conditions along with pros and cons of each measure are
considered in developing the pathway. Also a salinity range, when shifting or adding another
measure is necessary, is indicated based on the tipping points of each potential measures.
Thus the pathway developed in this study is novel as a valuable first step to provide a large set
of target oriented potential measures having a salinity range for shifting or adding another

measure under uncertain future conditions.

6.7 Future outlook

This thesis focussed on climate-change impacts, particularly salinity increase, on three key
components (i.e., the Sundarbans mangrove vegetation, the Sundarbans tiger habitat and
coastal communities) of coastal ecosystems in south-west coast of Bangladesh followed by
target oriented potential measures to cope with salinization. This multidisciplinary research
increases the understanding of salinization processes, salinity impacts on the Sundarbans
mangrove and coastal inland ecosystem functioning, and large scale adaptation planning

under changing climate and complex social systems. However, limitations of our study
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discussed in Section 6.6 indicate scope to further improve this knowledge platform. Several

points for improvement and other research directions, in this regard, are discussed here:

= Improving the data set (both spatial and temporal) to more precisely analyse the associated

variables of salinization;

e

Using high resolution satellite images to identify the particular changes in mangrove

vegetation and consequently tiger habitat degradation;

Developing a model which includes all the identified variables to predict the consequences
of future salinization scenarios; and

== Testing the developed adaptation pathways based on these future salinization scenarios.

Although the focus of this thesis has been limited to increasing salinity impacts, its research
framework and methodology adopted potentially address the impacts of other coastal changes
(like infrastructural developments and land-use change) that are likely to affect the natural
coastal ecosystems (i.e., the Sundarbans mangrove, marine wetlands and inland ecosystems)
only, but also the communities who are dependent on these ecosystems for their life (e.g.,
food and water) and livelihoods (e.g., timber and non-timber forest resources, fishing, aquatic
resources, crop production). Hence, the next step can be, for instance, to explore the impacts
of infrastructural developments and land-use changes on these diverse coastal ecosystems and

its major components.

Besides, different hydro-climatic and socio-economic variables of salinization were
investigated to better understand its processes. However, other biophysical complications, like
riverbed sedimentation and waterlogging, that were stimulated by these hydro-climatic and
socio-economic processes, were not examined. While riverbed siltation and waterlogging due
to reduced fresh water influx and massive polder development, also contribute to enhance
salinization in this region, they affect a large extent and their impacts need to be explores
further. In this line, future studies that consider these complications will hopefully develop

more comprehensive scenarios for adaptation planning in the studied region.

Furthermore, only one parameter of water (i.e., salinity) was analysed to look at its impacts on
different components of mangrove and inland ecosystems. However, other parameters of
water quality (e.g., temperature and nutrients) for these ecosystems’ components need to be

considered as well. Since the studied region is densely populated with extensive human
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activities, water quality indicators for different ecosystems need to be examined to get more

transparent image whether water salinity is the foremost concern or not.

6.8 Conclusions of the PhD thesis

This study provides an improved understanding of recent changes in and relationships among
the identified hydro-climatic and socio-economic variables of salinization. This results in
novel insights of the ecological status of the Sundarbans mangrove vegetation along the
salinity gradient and the degradation of quality-tiger habitat in these mangroves due to salinity
increase that is caused by a range of processes (Figure 6.2). Also possible implications of
recent environmental changes due to interacting hydro-climatic and socio-economic variables
on different interlinked socio-ecological-economic systems (i.e., crop agriculture, drinking
water sources and the Sundarbans mangrove) were discussed and target-oriented adaptation

pathways were developed considering both societal values and top-down perceptions.

Global climate change, regional hydrological modifications and local socio-economic shifts
are the major processes associated with rapid salinization across the south-west coastal region
of Bangladesh (Chapters 2 and 5). Salinity increase and its range of processes are not only
contributing to reduce world’s largest and last remaining tract of mangrove’s (i.e.,
Sundarbans) biodiversity and its carbon stocks (Chapter 3), but also degrade quality tiger-
habitat requirements (through, for example, availability of fresh drinking water, sufficient
prey population and diverse vegetative cover) in these mangroves (Chapter 4). Furthermore,
intensification in salinity across the south-west coast of Bangladesh has become an extensive
threat for human health and livelihoods (i.e., crop agriculture, livestock, poultry, fisheries and
forestry). Further changes in salinity and its range of processes will make future efforts to
protect and manage these diverse ecosystems more intricate for related different stressors.
Hence, target oriented adaptation planning is needed. We, hence, identified potential measures
for the dominant causes of salinization and developed adaptation pathways for the mostly

affected coastal systems mentioned earlier (Chapter 5).

My findings on ecological status of the Sundarbans mangrove vegetation indicate that further
changes in the salinity gradient will favour a shift in mangrove composition towards more salt
tolerant species. Therefore, the rich biodiversity and carbon-stocks of the low saline zone
mangroves are threatened by climate change and its impacts, in particular by possible

increases in salt water intrusion. Also, quality tiger and its prey habitat requirements in these
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mangroves are stressed by salinity increase resulting from a number of macro-level hydro-
climatic changes particularly rising summer temperatures, late onset of monsoon and reduced
dry season fresh water influx. However, previous conservation efforts neither focused on
mangrove’s biodiversity loss nor habitat degradation of Bengal tigers. Hence, I consider
salinity as an important factor for developing future management strategies to protect the
biodiversity and rich carbon sink of the Sundarbans world-heritage ecosystem and also to
safeguard the globally endangered and regionally critically endangered plants (e.g., H. fomes)
and wildlife (e.g., Panthera tigris) of this irreplaceable ecosystem. Most importantly, my
spatially explicit information on the Sundarbans’ mangrove habitat shows the need for
balanced salt concentrations and broad information sources on Bengal tigers’ habitat
degradation. Salinity increases indicate that sufficient amounts of fresh water influx are
needed to ensure an all-year-round diverse vegetative cover and to also ensure the availability

of fresh drinking water sources inside the forests for all species.

Adaptation planning to cope with salinization is a challenging endeavour for the complex,
interacting and dynamic ecological and social systems of this region. The identified
salinization pressures and impacts on the socio-ecological-economic systems that result from
several systemic interactions in coastal environments, highlight the need of target-oriented
large-scale adaptation planning. Already several measures, which have been adopted for crop
agriculture and drinking water sources, need upscaling to cope with future salinization.
However, no measures have yet been taken for the Sundarbans mangrove. Several potential
measures for each of the most affected coastal systems were identified. These measures
consider both the societal value (bottom-up approach) and experts’ observations (top-down
approach), and have a salinity range to quickly shift, if the situation demands. This caters for
greater long-term benefits of the studied region and also assists policy makers to better plan

for adaption under continuously changing climate and complex social systems.
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Table A2. Likelihood terminology used in this study based on Probability

Likelihood Probability (%) P value
Virtually certain >99 <0.01
Extremely likely >95 <0.05
Very likely >90 <0.1
Likely >66 <0.34
More likely than not >50 <0.5
About as likely as not 33to 50 0.67t0 0.5
Unlikely <33 >0.67
Very unlikely <10 >0.9
Extremely unlikely <5 >0.95
Exceptionally unlikely <1 >0.99

Adopted from Houghton 1996, McCarthy 2001 and Solomon 2007

Table A3. Correlation Status based on Correlation Co-efficient

Correlation Status

Correlation Co-efficient (r)

No correlation

Low correlation

Moderate correlation
Moderately high correlation
High Correlation

<0.19
0.20-0.39
0.40 - 0.59
0.60-0.79
>0.80

Adopted from Zhu 2016
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Table AS. Effective SLR at Hiron Point in South-West Coast of Bangladesh

Trend (mm yr)

Mean Mean Tidal Tidal Eustatic sea Subsidence Fresh Water Effective
TWL_Max TWL_Min Range  Amplitude lel\llel (Eu) (Sb) Flow (FwQ) SLR
(Observed) (Observed) (TR) (TA) (Predicted)
+53 -45 +9.8 +4.9 +2° +5 0 +11.9

TR = TWL_Max - TWL Min
TA =% of TR

Eu=2; Sb=5; FwQ = 0 *(4dopted from Pethick and Orford 2013)

Effective SLR = TA +Eu+ Sb+ FwQ
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Supplementary Information B. To the Chapter 3

Table B1. Correlation of salinity from north to south

Variables Pearson Correlation Sig. (2-tailed)
Salinity and Distance along Transect 1 0.886 .000
Salinity and Distance along Transect 2 0.943 .000
Salinity and Distance along Transect 3 0.929 " .000

" Correlation is significant at the 0.01 level

Table B2. Correlation of salinity from east to west

Variables Pearson Correlation Sig. (2-tailed)
Salinity along Transect 1 and 2 0.895 " .000
Salinity along Transect 2 and 3 0.844 " .000
Salinity along Transect 3 and 1 0.930 .000

* Correlation is significant at the 0.01 level
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Supplementary Information C. To the Chapter 5

Table C1. Multi-criteria analysis of the potential measures recommended by the household

level respondents to address the perceived causes of salinity increase

Criteria
Sl Potential measures Side Score
No. Effectiveness Cost  Feasibility ~Uncertainty
effects
1 Limit shrimp farming practice - +++ =+ + + 11
) Local goyemm;nt s initiative to prevent on e e T " 12
purpose ingression of salt water
3 Qutlaw building unnecessary dams on the m e 4 n 11
rivers
4 Operational sluice gates of the existing - St . — n 7
polders
5 (Re)-Excavation of the silted rivers +++ +++ - -+ - 6
6 Riverbank protection ++ ++ - +++ - 5
7 Government initiative to change the leasing T et o+ i 10

system and the use of Khash lands

“For description with score card for the selected criteria please see Table 1
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Table C2. Multi-criteria analysis of potential set of measures recommended by the key

informants to address the observed causes of salinity increase

Criteria
SL Potential measures Side Score
No. Effectiveness Cost  Feasibility ~Uncertainty
effects
1. Planned shrimp farming practice +++ +++ +H+ +++ 14

2 Functional management of the
existing polders
4. Periodic/scheduled (re)-excavation -+ -+ - ++ - 5
5 Short  Strengthen and heighten the existing
term embankments
Reduce dependency on ground water
extraction for upstream irrigation
To be active in transboundary
negotiation process on water sharing

+++ +++ - ++ - 6

++ ++ - + -

+ o+ - + - 2

+ - + + - 3

8. Designing land management practice ~ ++ +++ - ++ - 5

Planned infrastructural development

in water resource management

TRM along with sediment

management practice

. Administrative unit wise assessment
Mid- .

1. term on demand of water for different - e . - . 5

category enforcement of Water Act

2013 on priority basis;

Develop upstream water

+H+ ++ — +++ - 5

++ o+ o+ ++ 14

12. 4+ - + - 3
management strategy for dry season

13. Er}forcemer}t of Water Act 2013 on - i __ N N 5
priority basis

14. Land use zoning +H+ ++ + +++ + 11

15. Integrated management of different - - __ - ) 3
systems

16.  Long Contmupus monitoring on river flow et e N . ) 5

term and sedimentation rate

17. Delta plan/Integrated long term plan e N i 4 8
for the coast

18. Water budget and allocation plan ++ ++ - ++ + 6

19. Ganges barrage R s — -+ + 7

“For description with score card for the selected criteria please see Table 1
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Summary

The Sundarbans mangrove ecosystems of Bangladesh’s south-west coastal region, which
together are signified as globally significant UNESCO world heritage site and Ramsar
wetlands, simultaneously provide essential social, economic and ecosystem services for the
region, contribute to the national GDP and hold outstanding universal value. However, these
ecosystems are extremely vulnerable to climate change and its impacts mostly due to the
region’s environmental setting. This region is exposed to the Bay of Bengal and also connects
the upstream and downstream Ganges basin. Therefore, climate change, sea-level rise and dry
season low fresh water influx from upstream rivers result large increase in salinity of this
region. This salinization has enormous impacts on the region’s unique mangrove ecosystems,
wetland resources and inland socio-economic activities. Moreover, this salinization leads to
extreme drinking water scarcity for millions of people in the region. The resulting lack of
drinking water sources, changes in land quality for food production and declining mangrove
resources affect adjacent coastal communities life and livelihood. In consequence, people are
looking for potential measures to adapt. Hence, assessing the impacts of salinization on

different coastal systems for target oriented adaptation planning is now imperative.

My PhD thesis, therefore, aims to evaluate the impacts of salinity increase on the Sundarbans
mangrove ecosystems at different scales (i.e., mangrove vegetation and Royal Bengal Tiger
habitat) and on the adjacent coastal communities for identifying target oriented measures to
adapt to the climate-change impacts particularly salinity increase. To achieve this aim, I have
used a multidisciplinary research framework where both qualitative and quantitative
approaches were combined. First, I have analysed hydro-climatic and socio-economic
variables of salinity increase to better understand the varying causes of salinization processes
and also their cause-effect relationships. Salinity intensification is significantly correlated
with the changes of all the selected hydro-climatic variables (temperature, rainfall, tidal water
level, fresh water flow). Results show that increasing salinity of coastal wetlands is not driven
by only climate change (i.e., temperature rise and late onset of monsoons) or climate-change
induced impacts, like sea-level rise, but also by other regional environmental changes (e.g.,
reduced freshwater influx) (Chapter 2). In addition to these hydro-climatic variables, the local
socio-economic processes, like unplanned and massive shrimp farming, and infrastructural

development (e.g., polders) are contributing to inland salinity increase in this region (Chapter
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5). Hence, salinization across the south-west coast of Bangladesh is driven by a range of

interconnected bio-physical and socio-economic processes.

Secondly, the ecological status of the Sundarbans mangrove vegetation along the salinity
gradients was surveyed following major salinity transects to relate mangrove vegetation with
and salinity gradients. All the selected aspects of mangrove vegetation (i.e., species
composition, density, richness, diversity, canopy cover, regeneration and carbon content)
decline with increased salt concentrations (Chapter 3). Less diverse and wide range of salt
tolerant mangrove species, like Exoecaria agallocha and Cariops decandra, have already
started to dominate over the highly diverse but less salt tolerant mangrove species, like
Heritiera fomes. Also most of the top dying affected H. fomes trees are found in the plots of
mesohaline zone. Besides, the carbon content of H. fomes was lowest in the mesohaline zone.
All these results reveal sharp negative responses of H. fomes to high level of salt
concentrations. Such responses indicate that further salinity increase can possibly further
narrow down the ecological range of this ‘globally endangered’ and ‘regionally critically
endangered’ species, intensify the severity of the top dying disease and soon drive this species
to extinction. Moreover, different biodiversity indices articulate that diversity reduces with
increased salt concentrations. In addition, the plots with higher salt concentrations showed
lower regeneration and more uneven canopy cover compared to plots in low saline
environments. All these results reveal the likelihood of reduced biodiversity and declined
carbon-stocks in the Sundarbans mangrove in the near future due to further changes in salt

concentrations.

In the next step, quality tiger habitat requirements (i.e., fresh water accessibility, suitable
vegetative cover and prey species availability) were assessed to identify the potential aspects
of the Sundarbans tiger habitat degradation due to salinity increase. I analysed five different
information sources (i.e., literature review, field observations and analysis of hydro-climatic
variables, focussed group discussions with local communities and interviews with experts) to
enrich the knowledge platform on how tiger habitat relates to and is affected by changing
salinity levels. Salinity increase and a range of processes are contributing to degrade the
quality tiger and its prey habitat requirements (i.e., drinking water sources, prey population
and vegetative cover) in the Sundarbans (Chapter 4). Tiger incidences (i.e., stray, injured and
dead) are potentially related to reduced fresh water influx and salinity increase. This indicates
increasing drinking water scarcity for the tigers in the mangroves. Changes in mangrove
vegetation due to increasing salinity possibly affect key activities of the tiger such as resting,
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breeding, stalking, ambush, scratch, drinking, feeding, defaecation and movement. In
addition, salt induced vegetation changes and climatic signals (e.g., rising air-temperatures
during summer and late onset of monsoon) will create stress on physiological activities and
habitat of tiger’s principle prey (i.e., spotted deer). Hence, further changes in climate, fresh
water availability and vegetative cover will affect not only the Bengal tigers, but also their

prey habitat to degrade.

In the last step, I evaluated local people’s perception and key informants observation on
salinity increase and its processes, affected coastal systems and potential coping measures to
study the causes and impacts of, and to develop adaptation pathways to cope with and to
enhance resilience to salinization. I combined different qualitative and quantitative
approaches (i.e., household surveys, key informant interviews, DPSIR framework, multi-
criteria analysis and adaptation pathway approach based on adaptation turning point) to
evaluate and integrate social perceptions and experts’ observations. In total, I identified
twenty four potential measures to address six interconnected causes of salinity increase (i.e.,
unplanned and massive shrimp farming, reduced fresh water influx, tidal water level rise,
unplanned infrastructural development, siltation and waterlogging) (Chapter 5). For instance,
potential measures identified to adapt to salinization caused by unplanned shrimp practices
include halting on-purpose ingression of salt water and planning and regulating shrimp
farming, tidal river management and land-use zoning. Also I distinguished three coastal
systems (i.e., crop-agriculture, drinking water sources and the Sundarbans mangrove) mostly
affected by salinity increase. Finally, I proposed three different adaptation pathways for the
identified mostly affected coastal systems consisting of sixteen adaptation options. Such as,
for crop agriculture, a combined approach of adaptive agriculture, crop
diversification/alternate cropping and arable field management is expected to sustain salinity
levels at approximately 12ppt followed by saline resistant horticulture at approximately 15ppt
and at salinity level >15ppt land zoning can be the most suitable measure to promote
agriculture, to improve farmers’ socio-economic conditions and to resolve the conflicts

between crop and shrimp farming.

The main five findings of my thesis are: (#1) Rapid salinization across the south-west coastal
region of Bangladesh is driven by a range of interconnected process (in particular global
climate change, regional hydrological modifications and local socio-economic shifts) of
climatic-social-ecological-economic systems; (#2) Further changes in the salinity gradient
across the Sundarbans mangrove will favour a shift in vegetation composition and forest
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structure towards more salt tolerant species and, consequently, will contribute to reduce its
rich biodiversity and carbon sink; (#3) Quality habitat requirements for Royal Bengal Tiger
and its prey species in the Sundarbans mangroves are stressed by salinity increase, resulting
from a number of macro-level hydro-climatic changes, particularly rising summer
temperatures, late onset of monsoon and reduced dry season fresh water influx; and (#4)
Target-oriented large-scale adaptation planning is necessary to cope with and to enhance

resilience to salinization in south-west coastal region of Bangladesh.

My thesis is the first integrated climate-change impact study for Bangladesh’s south-west
coastal region that addresses the range of interconnected processes of salinization and,
assesses the impacts of these processes on the ecosystems in terms of relationship among
mangrove vegetation, Sundarbans tiger and its prey habitat and the livelihoods of local
people. In addition, the study provides novel insights for effective and target oriented large-
scale adaptation planning. Thus my study can potentially contribute to achieve the Bangladesh
Climate Change Strategy and Action Plan and also the UN Sustainable Development Goals on
climate action and nature conservation. With this I hope to contribute in biodiversity
conservation of the globally significant and irreplaceable Sundarbans mangrove ecosystems

and also in sustainability of coastal people to cope with and enhance resilience to salinization.
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