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Abstract: In the Indian Sundarban, multiple attributes and interactions of natural hazards, exposure,
and vulnerability pose severe threats to lives and livelihoods. Understanding the cause-and-effect
relationships contributing to the risk of loss of sustainable livelihoods has become imperative but
has not yet been holistically explored in a single study that provides a broader picture of all possible
complex interactions. This study used the impact chain tool to holistically understand the risk
that manifests as a result of interactions of hazards, exposure, and vulnerability. The secondary
literature and authors’ observations helped us structure the first draft of the impact chain, which
was further developed and validated through fourteen gender-disaggregated interviews with key
informants and delta dwellers. This validation process identified the complex interconnections
contributing to risk as experienced by experts and delta dwellers, which is seldom reflected through
exclusively quantitative data. A quantitative analysis of the qualitative data strongly indicated that
tropical cyclones, rainfall variability, and storms are the dominant hazards that affect social–ecological
vulnerability manifested through mangrove degradation, land loss due to erosion, and embankment
breaching. Social vulnerability is caused by processes and factors that are either directly or indirectly
influenced by natural hazards and social–ecological factors. Processes such as increasing seasonal
male migration, uncertain agricultural income, and a lack of hazard-resistant housing exacerbates
social vulnerability. Embankment breaching, the salinization of land and water, land loss due to
erosion, mangrove degradation, land conversion, and groundwater abstraction were identified as the
fundamental threats that can lead to a loss of sustainable livelihoods of the people if left unaddressed.

Keywords: natural hazard; exposure; vulnerability; risk; impact chain; Indian Sundarban

1. Introduction

The confluence of the Ganga, Brahmaputra, and Meghna (GBM) rivers gives rise to
the largest delta in the world and a unique geomorphic setting that is shared by India and
Bangladesh [1]. The southern part of the delta shelters the largest contiguous mangrove
forest on Earth (the Sundarban), which is also the only mangrove tiger habitat in the
world [2]. Experiencing a typical hot and humid tropical climate all year round, the
Sundarban mangrove forest hosts an array of floral and faunal biodiversity [3]. The felling
(or deforestation) of dense and pristine mangrove trees began during the colonial era
when the land was leased out to potential landlords to collect revenues through timber
extraction [4,5]. Human encroachment has always accompanied the forest retreat in the
Sundarban [6], and it is currently one of the most densely human-populated regions of
Southeast Asia. The coastal human population has increased exponentially throughout
the world [7], and the Indian Sundarban Biosphere Reserve (henceforth Indian Sundarban)
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is not an exception; it has had a recent decadal growth rate of >15% and shelters close to
1100 people per square kilometer [8]. As per the latest available Census data, the Indian
Sundarban hosts a population of around 4.4 million people [8]. A large section of this
population is marginalized and impoverished, and they directly or indirectly depend on
the mangrove forest-derived products and services to meet their livelihoods [9–11].

The array of provisioning ecosystem services provided by the Sundarban mangrove
stands includes fish resources [12], edible crustaceans [13], honey [14], timber [15], tra-
ditional medicine [16], and many more. The environmental aesthetics of the landscape
composed of the Sundarban mangroves and the intricate mesh of estuaries attract tourism
in this region, which comprises cultural ecosystem services [17]. This unique ecoregion
also furnishes several regulating ecosystem services, which helps to absorb the effects of cy-
clones originating in the Bay of Bengal [18]. Recurrent tropical cyclones and coastal flooding
in the Indian Sundarban have continually wreaked havoc [19,20]. Between November 2019
and May 2021, the region experienced three tropical cyclones followed by coastal flooding:
Cyclone Bulbul (November 2019), Super Cyclone Amphan (May 2020), and Cyclone Yaas
(May 2021). The Sundarban mangrove stands act as the frontline shield to these physical
forcing events [21]. This habitat locks substantial blue carbon in several mangrove com-
partments [22]. The water bodies adjoining the mangrove stands and the sediment column
act as filters to a variety of environmental pollutants [23,24] and furnish microhabitats
for a range of microbial organisms [25,26]. Despite such immeasurable contributions to
humans and biodiversity, the Sundarban ecosystem is under severe threat from natural
and anthropogenic factors [27]. Owing to the prolonged loss of biodiversity and massive
degradation of the overall environment, this region earned the tag of biodiversity hotspot
two decades ago [28,29].

Climate change, natural hazards, and indiscriminate anthropogenic pressures have
taken a heavy toll on the overall health of this ecosystem. Regional sea-level rise and coastal
erosion have made the mangroves and the human settlements equally vulnerable [30,31].
Saline water intrusion due to these climatic hazard events that occur via embankment fail-
ure or overtopping deteriorates the soil fertility of the agricultural fields [32,33]. It directly
impacts the livelihood of millions. The freshwater-scarcity-induced salinization of estuaries
and mangrove habitats has lately emerged as a point of severe concern [34]. Besides these
natural factors, unsustainable forest clearing and the spread of tourism and residential
infrastructure have increased the pressure on resources in the last few decades [35]. The
land use and land cover of the Indian Sundarban has witnessed drastic changes in the
recent past [36]. Plenty of agricultural plots and aquaculture farms grew at the cost of sev-
ering mangrove stands [4,37]. Owing to such unplanned development and unsustainable
mangrove resource management, the environment of the Indian Sundarban underwent
rapid degradation [38]. Signatures of marine pollution such as coastal eutrophication,
heavy metal contamination, persistent organic pollutants, and many other contaminants
are found in every corner of this crucial ecosystem [39–41].

Exposure to extreme weather events and sensitivity to socioeconomic factors increase
the vulnerability of the region [42]. With a dominantly rural population of 94.3% [8],
43.5% of the households live below the poverty line [43] and only 12.4% of households
experience no shortage of food [44,45]. The lack of secure employment options in the Indian
Sundarban acts as a push factor for migration from the area, and environmental factors are
perceived by people to lead to more insecure livelihoods [46]. Judging by the interaction
of these multiple physical, ecological, and social changes in this critical ecoregion, the
scientific community as well as the delta communities predict a complete disruption of the
social–ecological equilibrium of this region in the absence of positive human intervention
and optimized management strategies.

With this background, the present study aims to develop a holistic understanding
of the risk to sustainable livelihoods in the Indian Sundarban. The existing literature
focuses on several issues faced in the Indian Sundarban, but there are limited examples
showcasing the interlinkages between those issues and the processes contributing to the
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risk of loss of sustainable livelihoods. The IPCC and others conceptualize risk as a function
of hazard, exposure, and vulnerability [47]. Thus, in this research, (i) natural hazards,
(ii) ecological susceptibility, (iii) exposure, and (iv) coping capacities and adaptive strategies
that either exacerbate the vulnerability or enhance the resilience of the social–ecological
system (SES) of the Indian Sundarban are explored as interacting processes that lead to risks
to sustainable livelihoods. This study used the impact chain analysis tool to help visualize
the chain of processes that act as drivers of risk in the Indian Sundarban [48]. This tool was
developed to allow us to consider ecosystem-based adaptation (or EbA) when conducting a
risk assessment, with the latter being based on IPCC’s formulation of risk. Therefore, central
to the framework associated with the impact chain is the concept of social–ecological systems,
which highlights the mutual interaction between social and ecological subsystems that are
mediated by ecosystem services [48]; in our context, these include (i) regulating ecosystem
services, which allows the impacts of natural hazards to be reduced, and (ii) provisioning and
cultural ecosystem services, which allow the vulnerability of a system to be reduced [49–51].
This constitutes the theoretical and conceptual underpinnings of our research.

The present study explored the following research questions: (i) Which hazards in-
crease the risk of loss of sustainable livelihoods in the region? (ii) How are exposure and
vulnerability contributing to this risk? (iii) Which direct and indirect factors contribute to
this increased vulnerability, exposure, and ultimately risk? Using these guiding questions
and the key steps mentioned in Hagenlocher et. al. [48], we identified the hazards, haz-
ard chains, and intermediate impacts and determined the social–ecological vulnerability
through the interaction between the ecosystem susceptibility, the social–ecological suscep-
tibility, the social susceptibility, the lack of coping and adaptive capacities, and exposure
(Table 1). Natural, ecological, and social processes, which contribute to all these aforemen-
tioned factors as observed from the secondary literature, and ethnographic observations
helped us develop the impact chain to determine the risk to sustainable livelihoods in the
Indian Sundarban, which was then validated by experts and community members alike.

Table 1. Standard customary definitions of risk components considered in the present study.

Risk Component and
Determining Factors Definition

Risk
“The potential for consequences where something of value is at stake and where the outcome is

uncertain ( . . . ). Risk results from the interaction of vulnerability, exposure, and hazard
( . . . ).” [52]

Hazard

“The potential occurrence of a natural or human-induced physical event or trend or physical impact
that may cause loss of life, injury, or other health impacts, as well as damage and loss to property,

infrastructure, livelihoods, service provision, ecosystems, and environmental resources. In the [IPCC]
report, the term hazard usually refers to climate-related physical events or trends or their physical

impacts.” [52]

Exposure
“The presence of people, livelihoods, species or ecosystems, environmental functions, services, and
resources, infrastructure, or economic, social, or cultural assets in places and settings that could be

adversely affected.” [52]

Vulnerability
“The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of

concepts and elements including sensitivity or susceptibility to harm and lack of capacity to cope and
adapt.” [52]

Sensitivity or
Susceptibility

“Sensitivity is the degree to which a system is affected, either adversely or beneficially, by
climate-related stimuli. The effect may be direct (e.g., a change in crop yield in response to a change
in the mean, range, or variability of temperature) or indirect (e.g., damages caused by an increase in

the frequency of coastal flooding due to sea-level rise).” [52]

Adaptive Capacity “The ability of systems, institutions, humans, and other organisms to adjust to potential damage, to
take advantage of opportunities, or to respond to consequences.” [52]
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Table 1. Cont.

Risk Component and
Determining Factors Definition

Coping Capacity
“The ability of people, institutions, organizations, and systems, using available skills, values, beliefs,
resources, and opportunities, to address, manage, and overcome adverse conditions in the short to

medium term.” [52]

Hazard chains “ . . . hazard chain is essentially a phenomenon whereby one hazard follows another in
consequence.” [53]

Intermediate Impacts
“ . . . are not a risk component by themselves, but merely an auxiliary tool to fully grasp the
cause-effect chain leading to the risk. By definition, they are a function of both hazard and

vulnerability factors.” [48]

2. Materials and Methods
2.1. Study Area

The Sundarban mangrove ecosystem acts as an abode to millions of humans and
flora and fauna alike. Protecting the Royal Bengal Tiger, which is the unique keystone
species of the region, was set as a priority by the Indian Government. In 1973, a substantial
portion of the present Indian Sundarban was declared a Tiger Reserve under Project Tiger,
which was taken up by the central government of India. The core area of the mangrove
forest in the Indian Sundarban was inscribed by UNESCO as a world heritage site in 1987,
primarily for being the abode of rich mangal species. The Indian Sundarban mangroves
along with a predefined peripheral region were collectively declared a Biosphere Reserve
under the Man and Biosphere Program (MAB) of UNESCO in 1989, and this region covers
an area of 9630 km2. In 2019, the Indian Sundarban earned the designation of a Ramsar
site as well. All these accolades have been provided to the Indian Sundarban due to the
conservation priority that this unique and biodiverse ecoregion deserves. The present
Indian Sundarban comprises 19 administrative blocks covering two districts of West Bengal,
namely North 24 Parganas and South 24 Parganas (Figure 1), and is broadly demarcated
into three clusters (core, buffer, and transition areas) for effective forest management [54].
The transition, buffer, and core areas occupy 5300 km2, 2500 km2, and 1700 km2, respectively.
The transition area shelters the entire human population of the Indian Sundarban, whereas
permitted activities (such as tourism, fishing, crab collection, honey collection, etc.) following
some restrictions are allowed in the buffer region. However, the core which coincides with the
Sundarban Tiger Reserve (STR), an area for tiger conservation designated by the State Forest
Department, has stringent restrictions in terms of access or practicing any livelihood activities.

2.2. Impact Chain Development and Validation Methods

Characterizing risk is a challenging task as it involves a number of components and
processes. In this regard, a visual documentation of the processes contributing to risk helps
to simplify the complexities by elucidating the cause–effect interactions. The impact chain
proposed by Hagenlocher at al. [48] provides such a framework, which helps with visu-
alizing the complex interactions of the processes contributing to risk. The first version of
the impact chain was developed to include processes that comprise (i) hazards, (ii) hazard
chains, (iii) intermediate impacts, (iv) social–ecological vulnerability, (v) ecosystem suscep-
tibility, (vi) social susceptibility, (vii) coping and adaptive capacities, and (viii) exposure fol-
lowing the basic outline of the impact chain proposed by Hagenlocher et al. [48] (Figure 2).
Capacities were also included in the vulnerability assessment by inversing them because a
lack of capacity results in increased vulnerability [56]. The impact chain was developed by
using diagrams.net, which is an open-source diagramming software. It allowed us to easily
share the diagrams among colleagues for feedback, and subsequent versions could be saved as
layers without losing any data, which facilitated an easy comparison. Figure 3 shows the steps
undertaken in this study to obtain the final version of the impact chain.
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We developed the first version of the impact chain based on our ethnographic obser-
vations of the Indian Sundarban spanning over two decades, which was then followed
by a literature review to either support or contradict our observations. Once these events
and processes were recorded, we started making connections between them using arrows
to understand the cause–effect relations. This first version of the impact chain was then
validated by experts through key informant interviews and in-depth interviews (Table 2).
The process of validation was carried out by taking a dynamic approach that was tailored
to suit the background of the expert; we kept to the ethical codes of participant anonymity
and the participants’ volition to withdraw from interviews, and we obtained their verbal
consent to participate while being recorded. Additionally, adherence to the Living Deltas
Hub’s research integrity, ethical guidelines, and data collection protocols was maintained.

Key informant interviews (KIIs) with experts and in-depth interviews with the com-
munity, which were conducted simultaneously, helped us validate the impact chain for the
Indian Sundarban (Table 2). Ground-level nongovernmental organizations (NGOs) spread
across different Community Development (CD) Blocks of the region were considered to
capture a holistic picture of the issues and processes that may contribute to risk because they
have experience working in different sectors and designing programs to alleviate the issues
affecting this region. Delta dwellers were consulted from the Sagar and Gosaba CD Blocks
and relied on the authors’ existing contacts as these interviews were conducted during a
time when some of the COVID-19 restrictions were in place and only those who trusted the
research team after following the necessary safety protocols (wearing masks, distancing,
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limiting the number of people during an interview/consultation) were approached. A total
of 14 consultations (7 males and 7 females) were conducted.

Table 2. The details of the key informants and respondents and the rationale behind selecting them
for the present study.

Method Expert (Gender, Number) Rationale

Key
informant
interviews

Representatives from ground-level NGO
(male, 2)

Organization where both the experts were residents of the area
and could share their lived experiences and a holistic view of the

natural and social processes in the region.

A representative from a ground-level NGO
(male, 1)

Organization active for the past 47 years working in areas of
health and nutrition; water, sanitation, and hygiene; environment
and disaster response; education and protection; and livelihood
and women empowerment. The expert was a resident as well.

A representative from a ground-level NGO
(male, 1)

Active in the region for the last 35 years; this organization works
in areas of environment and disaster risk reduction, health,

education, nutrition, livelihood, women empowerment, water,
and sanitation. The expert was a resident as well.

A representative from a ground-level NGO
(female, 1)

Working in the region for around 20 years in areas of livelihood,
education, rural health development, environment, water and

sanitation, and women empowerment. The expert was a resident
as well.

Academic expert
(male, 1)

With over a decade of experience in the region in biogeochemical
studies of estuarine and lentic ecosystems covering aspects such
as greenhouse gas dynamics and pollution characterization, this
expert shared their overall observation on the recent changes and

phenomena from across the entire study area.

Ex government official
(male, 1)

Hailing from the region itself and having the professional
background of a government official, this expert shared their

lived experience (>60 years) and holistic view of the processes
from across the entire study area.

Conservationist
(male, 1)

Provided rich feedback on the natural and social processes active
in the delta based on his lived experience (>50 years) and

professional experience as a conservationist.

In-depth
interviews

Delta dwellers
(female, 6)

Since most of the KIIs had male perspectives, to ensure gender
sensitivity in the research approach, women of different ages and
livelihoods from the communities were consulted to understand

their lived experiences.

TOTAL Key informant interviews—8 (7 males, 1 female)
In-depth interviews—6 (all females)

The first consultation that was carried out with an academic expert revealed the
challenge of concluding the consultation process within a stipulated period of time. The
complexity of the diagram warranted the consultation to be broken down into two parts.
While this was achievable for the academic expert owing to their academic training, the ex-
ercise of presenting a work in English depicted through a complex network to ground-level
NGOs who are more comfortable with the Bengali language seemed like an unfair proposi-
tion. The impact chain was thus simplified in the form of a semistructured questionnaire.
The experts shared their experiences, which helped us gather rich qualitative nuances in
addition to helping us validate the processes. While this worked for most experts, some of
the consultations were carried out to investigate the environmental, social, and economic
issues in the region as experienced by the community, which naturally validated the pro-
cesses and the cause–effect relations in the impact chain. The timing of these consultations
was during July–August 2021, which was right after the region faced a third cyclone in a
period of 18 months, and people’s attention was naturally more focused on the aftermath
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of the disaster. Thus, when initiating the validation process with the communities, the
entry point to the interviews was purposefully chosen as the natural hazards that they
had recently experienced and their preparedness and response measures; during these
interviews, we used open-ended questions. This too helped with validating different areas
of the impact chain.

2.3. Data Analysis

The present study was carried out through semistructured interviews using open-
ended questions that led to the generation of qualitative data. The data, which were
recorded using an audio recorder, were mostly in the Bengali language and were then
transcribed and translated into English before carrying out a framework analysis. The
questions were developed by keeping the risk elements such as the hazards and social–
ecological processes and their impacts on the social–ecological system in mind. Based on
this and after familiarization with the data, the responses were categorized into subthemes
to fit our impact chain figure.

The hazards were classified into subthemes of hazards, hazard chains, and intermediate
impacts. The social–ecological vulnerability was categorized into ecosystem susceptibility,
social–ecological susceptibility, and social susceptibility. Owing to the open-ended nature of
the questions, the respondents organically shared the cause-and-effect nature of the processes
without us having to ask follow-up questions, which thereby helped us validate the impact
chain as these processes were connected with simple arrows. Dealing with qualitative data
is always a tedious endeavor simply because the intrinsic nature of this information has no
quantitative aspects. Hence, for this study, instead of ranking or indexing the responses in the
standard quantitative framework, we adopted a summative protocol to collate all the relevant
information acquired through the respondents’ perceptions.

Based on the respondents’ backgrounds and expertise, the responses were analyzed
to clarify the priority areas of the region as experienced or perceived by each. In the final
version of the impact chain, the drivers of risk that were discussed by at least one of the
respondents were included. This helped us validate the first version of the impact chain
and also add new drivers to it, which thereby helped us generate a holistic cause-and effect
relation between the drivers, which culminated into risk to sustainable livelihoods.

3. Results
3.1. Hazards

The narratives from the interviews with the local stakeholders unequivocally pointed
out that the Indian Sundarban is suffering from several manifestations of the ongoing
climate change in the form of natural hazards (Figure 4). The recurrency and the enhanced
intensities of the recent tropical cyclones (three cyclones in 18 months) left a catastrophic
signature on the lives and livelihoods of the people. All of the respondents not only
acknowledged this but shared experiences of facing and coping with the impacts of the
cyclones, which are mentioned in the subsequent sections. In total, 93% of the respondents
felt that rainfall variability led to other hazards (which are demonstrated under the hazard
chains in the impact chain) and to intermediate impacts that finally culminated into a
negative impact on their lives and livelihoods (Table 3). Furthermore, most respondents felt
that the rainfall variability had increased in recent years. Storms were also potent hazards
experienced by the respondents. The elevated ambient temperature throughout the Indian
Sundarban was also felt by respondents beyond the age of 50 but was not reported by
younger respondents. Sea level rise (36%) and land subsidence (14%) were also considered
hazards that are relevant to the communities; however, there was a lack of unanimity
among the respondents. While the academic experts mentioned sea-level rise occurring,
the other experts who mentioned it stated that they heard of it occurring as a phenomenon
being reported largely by the research community and that only scientific research can
measure or corroborate it. As for land subsidence, only two experts who were residents of
the region and in their late 50 s and 60 s reported it as occurring locally.
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Table 3. Summary of responses from the respondents showing the relevance of the events and
processes leading to risk in the context of the present study. The percentages in the responses column
against each event/process were computed from the fraction of number of responses out of the total
respondents consulted in this study.

Risk Element Events/Processes Responses

Hazard

Cyclone 100%
Rainfall variability 93%

Storm 57%
Sea level rise 36%

High ambient temperature 29%
Land subsidence 14%

Hazard chains

Heavy rainfall 100%
Surge 100%

Strong wind 93%
Change in river discharge 21%

High evaporation 7%

Intermediate
impact

Salinization (soil and water) 100%
Coastal inundation 93%

Embankment breaching 93%
Erosion 79%

Waterlogging 79%
Land loss due to erosion 71%
Ground water depletion 43%
Choking of distributaries 43%
Lack of freshwater flow 43%

Channel widening 36%
Sediment starvation 29%
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Table 3. Cont.

Risk Element Events/Processes Responses

Intermediate
impact

Drought 21%
Groundwater contamination by arsenic 21%

Extreme hot weather 14%
Change in turbidity 14%
Shallow subsidence 0%

Ecosystem
susceptibility

Mangrove degradation 64%
Loss of biodiversity 50%

Wetland/marine ecosystem degradation 29%
Change in species distribution 21%

Loss of wildlife habitat 14%
Weaker buffer zones 0%

Social–ecological
susceptibility

Increasing pressure on natural resources
(overexploitation) 64%

Strong dependence on ecosystem-based livelihoods 64%
Land conversion (deforestation, agricultural land

to others) 50%

Increased use of fertilizers, pesticides, etc. 43%
Increased groundwater/aquifer abstraction and

groundwater quality degradation 29%

Lack of enforcement of restrictions/regulations (C) 29%
Increasing human–animal conflict 21%
Increasing cultural eutrophication 21%

Increasing soil and surface water contamination by
heavy metals, plastics, and other chemicals 21%

Social
susceptibility

Increasing seasonal male migration 86%
Lack of remittances (C) 79%

Lack of hazard-resistant housing (C) 79%
Uncertain income generation from agriculture 71%

Damages to existing temporary housing 71%
Lack of risk awareness (C) 64%

Lack of financial resources (C) 64%
Lack of access to basic services (C) 64%
Increasing demand for irrigation 57%

Lack of income diversification 57%
Increasing workload of women 57%

Lack of preparedness, mitigation, and risk-reduction
plans (C) 57%

Substituting traditional varieties of crop with
high-yielding varieties 43%

Decrease in availability of agricultural labor 43%
Increasing reluctance in agricultural practices 36%

Lack of social protection measures (C) 36%
Absence of saline tolerant paddy 29%

Lack of crop insurance (C) 29%
Arbitrary locations of hazard protection structures (C) 21%

Increasing industrial pollution 14%

Major Threat

Embankment breaching 93%
Salinization {soil and water (surface and ground)} 86%

Land loss due to erosion 57%
Mangrove degradation 43%

Land conversion 36%
Increased groundwater/aquifer abstraction and

groundwater quality degradation 14%

(C): capacity includes adaptive capacity (long term) and coping capacity (short-to-medium term)
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3.2. Hazards Chains

The responses collated under this subtheme were gathered as effects of the hazards
mentioned in Section 3.1. All the respondents mentioned that strong physical forcing events
such as tropical cyclones have a follow-up hazard of torrential downpour, which also occurs
as a result of rainfall variability and storms. Surge (100%) was also reported to have been
experienced by all as a result of the strong wind (93%) that accompanies cyclones and
storms. A follow-up hazard of rainfall variability and several other factors (anthropogenic
encroachment and silting up in the upper catchments along with the natural eastward tilt
of the delta) is the alteration in the riverine flow from the upper reaches (21%). This was
reported by the academic expert and senior residents. The increase in ambient temperature
led to high evaporation rates in the lentic (ponds) and lotic (estuaries) systems and the
agricultural fields, which was reported by one senior expert.

3.3. Intermediate Impacts

The interviews enabled us to identify a series of intermediate impacts caused by the
hazards and hazard chains that are further influenced by the vulnerability of the SES and
thereby potentially hamper lives and livelihoods in the Indian Sundarban. Coastal inunda-
tion due to tropical cyclones and surges, rainfall variability, and change in river discharge
often leads to embankment breaching and overtopping, which leads to waterlogging and
the salinization of soil, surface water, and groundwater. These were reported as the most
common occurrences by respondents.

Coastal erosion and the resultant land loss are a result of embankment breaching, storm
surges, decreased sediment supply, and regional sea-level rise. Only one expert reported
channel widening as resulting from the meander change in the channels and rivers; delta
communities perceive channel widening as a consequence of riverbank erosion. Episodic
events of waterlogging due to excessive rainfall and surges and temporary droughts due to
a prolonged absence of rainfall are also considered as intermediate impacts. Groundwater
depletion has been identified as another intermediate impact; however, it is largely due to the
overexploitation of aquifers by humans in the absence of rainfall and freshwater flow, which
contributes to increasing the social–ecological vulnerability and is also indirectly linked to
hazards such as drought. Besides the depletion of groundwater, contamination by arsenic was
mentioned by three of the experts. Overall extremely hot weather was reported by two experts,
and this can be directly linked with the increase in the ambient temperature.

Sediment starvation, which was reported by an academic expert and three other senior
experts, can occur as a result of rainfall variability and drought and can also be exacerbated by
unplanned developmental and land-conversion activities undertaken by humans upstream of
the delta. Shallow subsidence was not reported by any of the experts. Geophysical reasons
and infrastructural interventions have led to reduced freshwater flow and the distributaries
in the region being choked. One academic expert and one representative of a ground-level
NGO mentioned the increase in turbidity levels in the estuarine water column that in turn
compromised the primary productivity of these water bodies. Influenced by geophysical
processes, land loss due to erosion was reported by most, which causes the degradation of
mangroves and thereby increases ecosystem susceptibility and also exposes households to loss
and homelessness, which thereby increases social susceptibility.

3.4. Social–Ecological Vulnerability

IPCC [47] highlights that the vulnerabilities of humans and the ecosystem are “inter-
dependent”. Thus, to understand the vulnerabilities of the social–ecological system of the
Indian Sundarban, we divided social–ecological vulnerability into ecosystem susceptibility,
social–ecological susceptibility, and social susceptibility before exploring their interdependence.

3.4.1. Ecosystem Susceptibility

It was evident from the responses that a substantial section of the coastal community of
the Indian Sundarban exclusively depends on forest-derived resources. The hazards, in one
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way or the other, led to a significant loss in biodiversity in the Indian Sundarban (Figure 4).
The mangrove floral stands always bear the brunt of tropical cyclones, and land-conversion
processes also negatively affect them. Residents pointed out that Cyclone Amphan caused
damage to the mangroves in the region. They also mentioned how developmental activities
have led to the clearing of mangroves in certain areas and pointed out the role of mangroves
in coastal protection; thus, they highlighted that the areas devoid of mangroves faced worse
impacts than the areas sheltered by them.

The changing rainfall pattern also takes a heavy toll on the species composition and the
health of the mangroves. As a result, fish availability in the estuaries, crab abundance, and
beehives are severely impacted, which is directly linked with the livelihoods of millions.
The respondents indirectly indicated that these aforementioned processes accompanied
by social processes such as a lack of enforcement of restrictions/regulations weaken the
buffer zone, which in turn results in a greater risk of human–animal conflict (Figure 5). In
summary, the respondents’ responses on ecosystem susceptibility and social–ecological
susceptibility could be categorized under the loss of provisioning, regulating, and cultural
services. The conversion of mangrove cover to agriculture and aquaculture to maintain
sustenance and for developmental activities was also pointed out by the respondents.

One expert who is a conservationist and resident of the region mentioned how they
saw more Sundari (Heritiera fomes) and Hental (Phoenix paludosa) trees in their youth than
they do now, which they attributed to the changing ecological conditions in the region
rather than human intervention. Key informants who were residents of the region working
with NGOs, senior experts, and academic experts mainly shared experiences on ecosystem
susceptibility. Delta communities shared their experiences related to mangrove degradation
and loss in biodiversity as a result of natural hazards and human activities.

3.4.2. Social–Ecological Susceptibility

Strong dependence on ecosystem-based livelihoods was validated by most of the
experts, an aspect which we were able to capture well owing to the conceptual underpinning
of the frameworks we used here. They opined that a loss in biodiversity and habitat
degradation can play a significant role in the decline of nontimber forest products (NTFP),
which thereby increases uncertainties around the livelihoods of segments of the population.
This uncertainty is prominent in the capture fisheries and honey-collection sectors.

The monsoon variability has raised concerns for agriculture, the primary livelihood
option in this region, and is a direct cause of the overexploitation of groundwater. One
expert mentioned how the choking of distributaries leads to a lack of freshwater flow, which
then leads to an increased abstraction of groundwater, mainly for irrigation purposes. The
respondents indicated that a desperate drive to maintain the agricultural yield has led to
the substitution of traditional crop varieties with high-yielding varieties, which demand
the extensive use of fertilizers and irrigation.

While having the sound enforcement of restrictions/regulations from government
authorities can increase the capacity of the social–ecological system, a lack of it can increase
its susceptibility. Two of the senior experts and the academic expert opined that a lack
in restrictions/regulations can increase the social–ecological vulnerability by causing an
increase in incidences of human–animal conflict in the Indian Sundarban. Half of the
experts talked about the repercussions of land conversion on the ecosystem.

Akin to ecosystem susceptibility, most of the responses were received from the KIIs,
and according to the in-depth interviews, a few respondents focused on their strong
dependence on ecosystem-based livelihoods, erosion, and the overexploitation of resources.

3.4.3. Social Susceptibility

The chain of hazards and the social–ecological susceptibility directly impacted the
livelihood options of many people in this delta (Figure 5). Additionally, many social
processes that are active in the region led to an increase in the social–ecological vulnerability.
The erratic monsoon introduced considerable uncertainties in the productivity of the



Sustainability 2023, 15, 6146 13 of 27

conventional agricultural sector of this region. When coupled with episodes of salinization,
land loss due to erosion, and a lack of freshwater flow, this burdens the cultivators and
leads to an uncertainty in income from this predominant livelihood option. While enhanced
irrigation facilities can build the capacities of the cultivators by letting them scale up from
the predominant monocropping agriculture, the lack of proper irrigation facilities can
adversely affect their livelihood. A lack of adequate irrigation facilities makes Rabi crop
cultivation difficult in many areas due to the acute water scarcity in the winter (dry) season.

Sustainability 2023, 15, x FOR PEER REVIEW 13 of 28 
 

regulating, and cultural services. The conversion of mangrove cover to agriculture and 
aquaculture to maintain sustenance and for developmental activities was also pointed out 
by the respondents. 

One expert who is a conservationist and resident of the region mentioned how they 
saw more Sundari (Heritiera fomes) and Hental (Phoenix paludosa) trees in their youth than 
they do now, which they attributed to the changing ecological conditions in the region 
rather than human intervention. Key informants who were residents of the region work-
ing with NGOs, senior experts, and academic experts mainly shared experiences on eco-
system susceptibility. Delta communities shared their experiences related to mangrove 
degradation and loss in biodiversity as a result of natural hazards and human activities. 

 
Figure 5. The cause–effect relations between processes contributing to social–ecological vulnerability
as validated in the study by experts (source: authors’ elaboration based on framework proposed by
Hagenlocher et al. [48]).



Sustainability 2023, 15, 6146 14 of 27

Climatic variabilities have compelled segments of the population to shift from prac-
ticing agriculture to migrating to nearby cities or other states in India to work in the
construction or garment sector. The shortage of agricultural laborers in the villages in re-
cent years and an increasing reluctance to engage in agriculture, mostly among the younger
generation, was also prominent in the responses. The trend of increasing seasonal male
migration and the resulting receipt of remittances was validated by most respondents, and
some mentioned how this leads to an increase in the workload of the women in rural areas.

Regarded as climate adaptations, the cultivation of high-yielding varieties of crops and
salt-tolerant paddies, the use of fertilizers, access to crop insurance, and irrigation diversification
can help people, but it was pointed out by the respondents that many of these have long-
term costs which outweigh the temporary benefits. The increasing demand for high-yielding
crop varieties has directly impacted the soil fertility of agricultural plots due to the overuse
of fertilizers and pesticides and greater demand for irrigation. The latter has accentuated
groundwater depletion, which has already started exhibiting serious consequences in terms of
potable water availability in many places within the Indian Sundarban.

The strong dependence on ecosystem-based livelihoods has led to a lack of income
diversification, and a lack of income diversification opportunities in the region has also
increased the dependence on the available ecosystem-based livelihoods. However, the
unplanned and indiscriminate urbanization outside of the study area is causing substantial
marine pollution, which in turn might impact the tourism industry in the long run if the
aesthetic beauty of the Indian Sundarban is compromised.

Focusing on disaster risk and people’s experience of preparedness and response
measures, we could create a list of adaptive and coping capacities which, when affected
negatively, leads to an increase in social susceptibility. The respondents mentioned how
risk awareness, evacuation plans, and early warning have helped prevent further loss and
damage. This indicates that a lack of risk awareness, preparedness, and risk-reduction
plans can adversely affect people when overcoming the impacts of recurrent tropical
cyclones. Similarly, experts recounted how the presence of cyclone shelters has helped
during evacuations in recent years, but the location of these infrastructures is critical to
determine how conveniently people can access them. So, while cyclone and flood shelters
can enhance the coping capacity of the people, their unplanned location can adversely
affect it. Temporary housing is the most common in the region and most of the respondents
mentioned how damage to existing temporary housing set them back by a few years. In this
light, having hazard-resistant housing can build people’s coping and adaptive capacities.

Social protection measures have helped build people’s adaptive capacities by improv-
ing access to subsidized rations, education, and subsidized housing, and also by preventing
some social behaviors such as early marriage to name a few. As reported by most of the
respondents, financial resources are instrumental in improving the standard of living and
become of paramount importance in the disaster recovery phase; thus, a lack of financial
resources can lead to social susceptibility. Additionally, a lack of access to basic services
will contribute to an increase in poverty and thereby increase vulnerability.

3.5. Exposure

In this study, we divided the exposure of social–ecological systems into socioeconomic
exposure and ecosystems exposure, whereby the concerned elements can be adversely
affected by hazards only when vulnerable, which thereby leads to risk (Figure 6). Experts
mentioned that people, livestock, infrastructure, forests, and crops were the most affected.
They also highlighted the spatial dimension of exposure; i.e., those residing close to the river
embankments are more exposed than those further inland. Based on these observations,
people residing near the erosion-prone banks in the Indian Sundarban are more exposed
and are therefore at higher risk.
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For socioeconomic exposure, we listed components such as the population exposed
to multiple hazards, infrastructures in hazard-prone areas, properties and buildings in
hazard-prone areas, agricultural crops, and livestock. These factors have various degrees
of vulnerability. With an increasing incidence of male migration and women left with
additional workloads, it is natural for them to prioritize some actions over others, which
can expose them to hazards. The respondents recounted how female-headed households
with an absentee male struggled in the disaster preparedness and recovery phases as they
juggled their household, livelihood, and repair work. Thus, female-headed households
have higher levels of socioeconomic vulnerability and higher exposures to hazards.

Since the entire Indian Sundarban has critical interlinkages between several events and
processes which contribute to the risk elements, experts felt that the entire ecosystem, which
is exposed to hazards, industrial pollution, and over exploitation, should be accounted for
when determining ecosystems exposure.

3.6. Risk

By analyzing the open-ended semistructured questions that led to the generation
of qualitative data from the key informants and the respondents, we generated the final
version of the impact chain (see Figure S1 in the Supplementary Materials), which demon-
strates the elaborate and interconnected cause–effect relations that can lead to the risk of
loss of sustainable livelihoods in the Indian Sundarban. As discussed in the earlier sections,
hazards, hazard chains, and intermediate impacts can themselves be harmful for the region,
but it is their interaction with the vulnerabilities and exposed elements of the system that
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leads to the risk. By understanding the inter-related processes and based on the views
expressed by the respondents, the major threats could be identified; if left unattended, these
threats can lead to detrimental impacts on the region, such as posing a risk to livelihoods
(Figure 4). Embankment breaching (93%); the salinization of land, surface water, and
ground water (86%); land loss due to erosion (57%); mangrove degradation (43%); and land
conversion (36%) emerged as the major threats based on the responses. Reported only by
experts who have experience working in the water sector, but particularly highlighted by
them as a major threat for the region, was the increased groundwater/aquifer abstraction
and groundwater-quality degradation.

4. Discussion

The Indian Sundarban is not a homogenous system, and this study aimed at providing
a broad overview of the cause–effect relations between the risk elements that contribute to
the risk of loss of sustainable livelihoods. Not all of these elements and processes can be
quantified with data, but the merit of this cause–effect relation mapping helps highlight the
complex nature of the interconnected parts of the system. While the risk maps generated
from assessments that are primarily based on quantitative data offer spatially explicit visual
references that are easily interpretable by relevant stakeholders, they often miss out on the
richness of the lived experiences of communities. The nuances that the tailored qualitative
approach undertaken in this study helped answer are why and how the multitude of events
and processes occur to a greater extent than the quantifiable available datasets can offer.
The first version of the impact chain developed by us was enriched by the lived experiences
of the respondents, which not only validated the cause–effect relations but also helped in
adding processes and connections. Additionally, the respondents’ long-standing experience
in the region helped us seek solutions for the persistent issues, which thereby aided in the
co-production of recommendations to better manage the major threats for the region as
emergent from this study.

4.1. Hazard

As evident from this study, tropical cyclones were the most dominant hazard for the
region. Ali et al. [57] observed that more than nine administrative CD blocks of the Indian
Sundarban are exposed to recurrent tropical cyclones. Rainfall variability was cited as
a hazard that leads to other hazards through cascading effects and finally has negative
impacts on the lives and livelihoods of people. The erratic nature of the monsoonal rainfall,
its untimely appearance and withdrawal, the episodic occurrences of extreme precipitation,
or no precipitation at all during a substantial time of the monsoon season are some of the
potential hazards that affect the agricultural activities of this region. Ghosh and Mistri [58]
analyzed the rainfall data over the Indian Sundarban from 2014 to 2018. They reported a
steady decline in total rainfall during the monsoon and post-monsoon seasons; however,
the intensity of rain per unit time increased substantially during the monsoon. Ghosh
and Mistri [58] further mentioned that occasional torrential downpours during the initial
stages of vegetation, when the crop height remains minimal, lead to waterlogging and
an overall loss in agricultural productivity. This was further corroborated by experts and
communities that experienced it in the month of June 2021 while they were still reeling
from the blows meted out by Cyclone Yaas in May 2021. Besides cyclones, the respondents
attributed storms as a potent hazard. This region experienced localized thunderstorms,
especially during the months of April and May, which are locally known as Kalbaishakhi
(Nor’westers) [59,60].

An elevated ambient temperature was reported by respondents who were above
50 years of age. Sahana et al. [61] analyzed the atmospheric temperature of the Indian
Sundarban over 115 years (1901–2015) and observed a net increase of 0.5 ◦C in the last
century. Regarding the sea-level rise and land subsidence, most of the respondents at-
tributed their occurrences based on their own exposure to the news in the media and
scientific literature [58,61–64]. Ghosh et al. [65] and Mondal et al. [66] quantified the degree
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of regional sea-level rise experienced by the Indian Sundarban in the past few decades.
Mondal et al. [66] observed that the rate of regional sea-level rise varied between 1.7 and
3 mm yr−1 in the past three decades and is projected to increase up to 4 mm yr−1 by 2090.
The scientific literature indicates a spatiotemporally varying rate of land subsidence in this
delta from 5 mm yr−1 [62] to 15 mm yr−1 [67].

Hazard chains (also referred to as compound or cascading hazards) refer to the oc-
currence of one hazard following the other as a consequence [53]. Cyclones and storms
can be accompanied by a surge. Using remote sensing and geographical information
systems (GIS), Sahana and Sajjad [20] quantified the ground-level vulnerability of the
Indian Sundarban from storm-induced surges and indicated that more than 50% of villages
in the Indian Sundarban are in low-lying areas that frequently experience surges. The
landfall timing of the recent Cyclone Yaas (2021) coincided with the peak in the flood tide,
which resulted in surges of 7.5 m at Sagar Island [68]; this was evident in the unanimous
experiential responses of the respondents, and all the respondents from Sagar Island in
particular mentioned this emphatically.

The siltation and drying of the upper reaches of the major rivers in the region emerged
as a cascading hazard due to rainfall variability. Bhadra et al. [69] helped corroborate
this finding by pinpointing nine major blockages in the estuarine system of the Indian
Sundarban caused primarily by natural siltation coupled with anthropogenic infrastruc-
tural obstructions in the riverbed. The climate-change-driven enhancement of ambient
temperature accelerates evapotranspiration rates. Mondal et al. [70] indicated significantly
high rates of evapotranspiration (ET) from the agricultural and forested lands of the Indian
Sundarban. They mentioned that the high summer temperature range (32 ◦C to 42 ◦C) is
fundamentally responsible for such high ET magnitudes, and it often leads to a depletion
of water from the overall hydrological cycle of this region.

Intermediate impacts are a function of both hazard and vulnerability [48] and thus
the processes or events of both hazards and vulnerabilities influence them. Embankment
breaching leads to coastal inundation and subsequent salinization, which are the significant
intermediate impacts that are caused by hazards such as cyclones, storm surges, and heavy
rainfall. Dhara and Paul [60] indicated that such events led to severe damage to almost
280 km of the embankment length in the southwestern CD blocks of Kakdwip, Namkhana,
Patharpratima, and Sagar. Chaudhuri et al. [32] examined several engineering faults in
the embankment design and indicated that in most cases, the shear stress imparted by
the adjacent estuarine water column on the wall of the embankments overwhelmed the
critical shear stress, which makes these structures vulnerable to strong atmospheric forcing
events. Such episodic events facilitate the saltwater to come in direct contact with the
agricultural fields and render these fields unsuitable for agriculture for a few years to
follow until the salinity is reduced through monsoon-induced precipitation. Spatially
varying salinization throughout the Indian Sundarban has been comprehensively identified
by several researchers [71,72], which leaves a longstanding effect on the agricultural plots
of this region. Rani et al. [73] observed that the shallow aquifers of the Indian Sundarban
are also equally vulnerable to saltwater intrusion, which leaves even fewer options for the
local farmers to compensate for the saline water intrusion above the surface during such
episodic events to sustain the agriculture.

Land loss due to erosion is another major intermediate impact identified in this study.
Though erosion and accretion go hand in hand as a natural process in any deltaic regime,
recent pieces of research exhibited that the Indian Sundarban is experiencing a net erosion
that supersedes the accretion rate by a substantial margin [74]. Bera and Maiti [75] observed
a stark difference in the net erosion rate between the mangrove islands and the human-
inhabited ones. According to them, the net retreat of the shoreline is much higher in
the human-occupied and embankment-guarded islands (6.1 m yr−1) than the mangrove
islands (4.8 m yr−1). Channel widening has been identified as another intermediate impact.
Bhattacharyya et al. [76] argued that the relative sea-level rise could substantially increase
due to the ongoing channel widening.
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Drought caused by rainfall variability and its resulting groundwater depletion are
other intermediate impacts. Chakraborty and Mandai [77] mentioned that recurrent
droughts occur in the post-monsoon months of December and January in the Indian
Sundarban. This time of the year conventionally remains dry, and an inadequate monsoon
often worsens the drought scenario. Das et al. [78] pointed out that overexploitation of
groundwater is pushing the solutes of the estuarine water column to the deeper aquifers,
which can pose an imminent threat to the potability of the aquifers of the Indian Sundarban
in the near future. Besides the depletion of groundwater, contamination by arsenic has
been reported in several studies [24,79].

A lack of freshwater flow along with the deprival of sediments has been reported in
several pieces of research due to alterations in the riverine flow in the upper reaches of
the Indian Sundarban [34,80]. Auerbach et al. [81] reported that the GBM deltaic plain
continues to suffer from sediment starvation, which in turn amplifies the tidal inunda-
tion in the delta. Bomer et al. [82] inferred from their study that shallow subsidence is
ongoing in the GBM delta principally due to clay mineral compaction and the lowering
of groundwater tables. They further added that a loss in the sediment supply from the
upper reaches would exacerbate the regional sea-level rise in this delta as the natural
process of the deltaic elevation gain would not be able to cope with the rate of the sea-level
rise. Recently, Jayaram et al. [83] reported that the shallow creeks and estuaries suffer from
bottom churning, and a significant enhancement in turbidity takes place after cyclonic
events primarily due to lack of freshwater flow.

4.2. Vulnerability

The vulnerability of the social–ecological system of the Indian Sundarban is influenced
by ecosystem susceptibility, social–ecological susceptibility, and social susceptibility. This
study indicated that a substantial section of the coastal community of the Indian Sundarban
exclusively depends on forest-derived resources. This fact has been recognized by several
scholarly works carried out in the Indian Sundarban [84,85]. To maintain these livelihoods,
the mangroves of this region are of critical importance. Mishra et al. [21] quantified that
the dense mangrove canopy cover of the Indian Sundarban reduced from 77% to 34% after
super cyclone Amphan. Sievers et al. [27] documented that the mangrove clearing rate
in the Indian Sundarban has declined when compared to that observed in the colonial
era; however, the felling of mangrove trees is still practiced in the transition zone to meet
agricultural, aquacultural, commercial and residential purposes. The deforestation, degra-
dation, and fragmentation of mangroves have reduced the natural absorption capacity and
erosion protection potential of this Ramsar site and has thereby led to a loss in biodiversity
and wildlife habitats (Figure 5). A few pieces of research have strongly advocated that the
Indian Sundarban is experiencing a rapid shift in mangrove floral species assemblage as
highly salt-tolerant species are replacing the oligohaline mangroves [86,87].

The overexploitation of fishery resources affects both the ecology and livelihoods of the
people in this region. Das et al. [88] quantified the ecotrophic efficiency of several pelagic
fishes in the open bay waters adjoining the Sundarban and observed that overexploitation
and unsustainable fishing practices are leading to considerable uncertainties in the fish
catch. Livelihood processes of applying fertilizers and enhancing irrigation for agriculture
takes a toll on the aquatic ecology of this region. Several scholarly studies indicated a
deterioration in the ambient water quality in both lentic and lotic ecosystems due to the
eutrophication caused by the nutrient-laden runoffs [89,90].

Human–animal conflict and indiscriminate land conversion occur as a result of a lack
of proper law enforcement that increases the social–ecological susceptibility of this region.
Sen [91] indicated that the loose ends and loopholes of the forest conservation protocol
practiced in the Indian Sundarban indirectly enhance the probability of human–animal
conflict. Acharyya et al. [92] discuss how land conversion from forested land to agricultural
land, agricultural land to aquacultural land, and aquacultural land to brick kilns have taken
a toll on the natural environment and demands sustainable adaptation options.
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Social susceptibility is enhanced by a lack of returns from agricultural livelihood. To
reap profits from agriculture, it has to shift from monocropping to dual cropping which can
be facilitated through irrigation. Based on the 2011 Census data, Hazra et al. [93] found that
more than 80% of the gross cropped area in the Indian Sundarban had no irrigation facility.
Hajra and Ghosh [94] observed a statistically significant positive correlation between the
decline in agricultural yield and the degree of out migration from the Indian Sundarban.
An increasing trend of male migration from the region leaves females and female-headed
households to experience disproportionately higher challenges when achieving their liveli-
hoods and overcoming disasters as the females have to look after their families and at the
same time remain underpaid in any occupation compared to males [95,96].

The deterioration in the estuarine water quality as a result of unsustainable agricul-
tural and industrial practices enhances social susceptibility. Recently, Bhadra et al. [97]
observed prominent signatures of saltwater intrusion in many shallow aquifers of the
Indian Sundarban. They further noted that the water quality of deeper aquifers is gradually
deteriorating and might not remain potable in the days to come. Research has indicated
that the medium-to-large scale industrial hubs pour in substantial quantities of heavy
metals such as arsenic, chromium, cadmium, cobalt, nickel, mercury, and a wide range of
persistent organic pollutants [23,98].

The Indian Sundarban is a cyclone-prone region; to reduce disaster risk, cyclone and
flood shelters are considered infrastructural adaptations. Padhy et al. [99] commented on
the effective utility of multipurpose cyclone shelters by properly planning their location
and infrastructure to enhance the coping capacities of those who are in dire need when
cyclones or flooding affect an area.

The enhancement of the adaptive capacities of the population depends on the asset
base, institutions and entitlements, knowledge and information, innovation, and flexible
forward-looking decision making [100]. A lack of access to assets can reduce the adap-
tive capacity and increase vulnerability. This access to assets is often facilitated through
institutions and entitlements [100], and studies from other parts of world have shown
that institutional robustness helped groups perform well under environmental variabili-
ties [101]. To reduce the vulnerability of a sensitive ecosystem such as the Indian Sundarban,
the proper management of natural resources for both the ecosystem and the population
dependent on the ecosystem is essential. In this regard, Zikos [102] notes that institutional
performance is more important than institutional change, and the role of institutions should
include facilitating interactions and putting together social rules; additionally, to reduce
uncertainty by framing rights and duties with the purpose of avoiding conflicts. Finally,
social protection measures can enhance the adaptive capacities in the region as observed by
Marcinko et al. [103]; however, there are still ample scopes to improve and look for other
avenues to achieve better results.

4.3. Exposure

Recent disasters and hazards have impacted people, livestock, infrastructure, forests,
and crops in and around the Indian Sundarban [104]. These elements were impacted
because they were vulnerable and exposed to the hazard. Based on the observations from
this study and Ghosh [105], it is evident that people residing near the erosion-prone banks
in the Indian Sundarban are more exposed and therefore at a higher risk. The infrastructure
in hazard-prone areas determines exposure. For example, when a concrete house and a
temporary house are exposed to cyclones, the temporary house is more at risk and likely to
be damaged as it is more vulnerable (it is made of less robust building material). Females
and female-headed households can also become more exposed to natural hazards. With the
increasing incidence of male migration and women being left with additional workloads,
it is natural for them to prioritize some actions over others, which can expose them to
hazards, as observed by Banerjee and Vincent [106].
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4.4. Risk

This study strongly indicated that tropical cyclones and rainfall variability are the
most serious natural hazards. Heavy rainfall, cyclone-induced surges, and strong winds
are the most prominent in the hazard chain. These have immediate and longer-lasting
impacts on lives and livelihoods and can lead to risk when interacting with the vulnerable
and exposed elements of the system. Two of the topmost major threats identified by the
respondents, namely embankment breaching and the salinization of land and surface water,
which are a part of the intermediate impact, occur as an effect of two natural hazards such
as tropical cyclones and cyclone-induced surges. Embankments are the “lifeline of the
delta” as pointed out by an expert, and these structures are critical in protecting lives and
preserving livelihoods. Embankment breaching is a major threat for the communities, and
this has been recognized in the secondary literature, observed first hand by the authors,
and unequivocally shared by all the respondents that echoed how they have been affected
by it. Delta dwellers emotionally recounted that their existence in Sundarban is determined
by the embankments. Embankments breach because of natural reasons such as riverbank
erosion, undercutting, and the consequent collapse of the base of the embankment, which
is often heightened during a cyclone and cyclone-induced surges. Manmade reasons for
embankment breaching include cutting canals in the embankments for aquaculture and
also to push newly made boats from the land to the water through the wider cut channels.
Also, while constructing the embankments, the mud used to build it is extracted from the
soil of the riverbed. With cyclones and cyclone-induced surges, the vulnerable embankments
breach, which pave the path for the saline water to enter the habitable lands, which affects the
cultivable lands and surface water; therefore, it poses substantial risk to livelihoods such as
agriculture and freshwater fisheries, which in turn affects the wellbeing of the people, such as
by affecting their food security. The salinization of the soil, groundwater, and surface water
was thus identified as a major threat for the study area. Since the habitable areas in most of the
region are below the high-tide line and protected by these embankments, livelihood assets and
other infrastructure are at risk when these events occur.

Land loss due to erosion is another major threat that can act as a driver of risk when
people lose their habitable and cultivable lands. Originating from geophysical causes but
also affected by anthropogenic factors, erosion is a major threat for the people as it leads
to land loss. Homestead lands, cultivable lands, and water bodies often succumb to an
eroding bank, which exposes the populations to hazards. Ghosh [105] pointed out that
progressive land loss and a stark absence of infrastructural ability and financial aid to
combat the phenomenon have led to considerable risk, especially to the households near
the erosion-prone banks in the Indian Sundarban. Experts mentioned that it is often the
marginalized populations who reside along the river banks, and their inherent socioeco-
nomic vulnerabilities are exacerbated by the erosion and subsequent loss of land, which
leads to forced displacements and a loss of livelihood assets such as cultivable lands and
ponds (freshwater and brackish water), which thereby poses a significant risk to their lives
and livelihoods.

The fourth major threat was mangrove degradation, which is caused by both geophys-
ical and social processes such as a lack of freshwater flow and land conversion, respectively.
Also, a lack of enforcement or regulations can lead to illegal activities such as the felling
of mangroves, which results in deforestation. Some respondents recalled how some areas
were cleared of mangroves in the past for developmental reasons and the impacts of such
actions can be felt by residents in present days, in particular the loss of regulating ecosystem
services. Mangroves provide a nurturing habitat for different marine faunal species, and
the degradation of these can lead to a change in species distribution, which can pose a
risk to livelihoods based on fish and crab cultivation. The degradation of mangroves also
poses a risk to the livelihoods of honey collectors as the mangrove floral stands act as
the natural platforms where beehives thrive. Bera and Maiti [107] inferred that almost
46% of the households in the forest fringe islands earn half of their total income from
forest-derived resources, and the deterioration in both the quality and quantity of crabs
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and fish has severely affected their livelihood in the recent past. The region is a UNESCO
world heritage site and around 2600 km2 of the region is designated as the STR with the
principal aim to protect the last refuge of the endangered Royal Bengal Tigers [4]. The
degradation of mangroves can lead to a deterioration in the aesthetic values of this unique
landscape by affecting the natural heritage and the lives of the endangered species in the
region, and it can thus lead to a loss of cultural ecosystem services and put the livelihood of
those engaged in tourism at risk. Ghosh and Ghosh [54] further indicated that the marginal
communities of the Indian Sundarban receive only a nominal share of the tourism-based
profit, and the capital investors who are mostly situated outside the Indian Sundarban enjoy
substantially higher returns from this sector. Thus, a decline in tourism makes the scenario
even worse for the delta dwellers who are directly engaged in the tourism industry.

As stated above, experts shared how land conversion happened as a result of social
processes, and this included the conversion from mangroves to agricultural land, and
agricultural land to land for fishery and ultimately to habitation or in some cases to brick
kilns. Such conversion poses a risk for the loss of all the nature-based livelihoods practiced
in the region and was thus identified as the fifth major threat.

Groundwater/aquifer abstraction and groundwater quality degradation was the other
threat that is caused by geophysical processes such as responses to droughts, a lack of
freshwater flow, social processes such as increasing demand for irrigation, and surface
water contamination by heavy metals, plastics, and other chemicals. This poses a risk for
agriculture as increasing groundwater abstraction leads to groundwater depletion; under a
changing climate with rainfall variability, this can lead to a dearth of sources for irrigation
and can thereby affect agricultural livelihoods.

5. Conclusions

Ethnographic observations of over 20 years ascertain that residents of the Indian Sundar-
ban report a lack of economic opportunities in the region; thus, reliance is more on ecosystem-
based livelihoods, which are increasingly at risk from natural hazards owing to the interaction
of hazards, vulnerability, and exposure as discussed in this paper. Since the wellbeing of both
the humans and ecosystems in this region are dependent on the sustainable management of
livelihoods, it was imperative to understand the events and processes that can contribute to
risks to sustainable livelihoods. The use of impact chains conceptually underpinned by the
inclusion of social–ecological concepts integrated in a risk assessment framework allowed us
to capture the relevant interactions between social and ecological systems and the sustainable
livelihoods of the communities living in the delta.

As observed from this study, tropical cyclones, rainfall variability, and storms are the
dominant hazards. Natural hazards also directly or indirectly influence the processes that
impact vulnerability which, when exposed, lead to the risk of loss of sustainable livelihoods.
Social vulnerability is aggravated by processes such as increasing seasonal male migration,
uncertain agricultural income, and a lack of hazard-resistant housing. As identified in this
study, the complex interconnections between the elements of risk give rise to some threats
that can pose risk to sustainable livelihoods. The major threats are embankment breaching;
the salinization of land, surface water, and ground water; land loss due to erosion; mangrove
degradation; land conversion; and increased groundwater abstraction and quality degradation,
which need to be addressed to prevent future risks to sustainable livelihoods.

This study indicated that the embankments of the Indian Sundarban and their man-
agement require immediate attention to reduce the exposure and vulnerability of the
social–ecological system. The breaching of embankments is a persistent issue for the Sun-
darban and for the protection of lives and the long-term sustainability of livelihoods in the
region; thus, it is imperative that adaptive decisions be proposed and implemented as a
priority. Proper embankment management can not only help reduce future disaster risk but
also alleviate the erosion rate and degradation of the mangrove and wildlife habitats. Saline
water intrusion into cultivable lands has also been recognized as a persistent problem that
often has a cascading impact on embankment breaching. In this regard, the enhancement of
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the feasibility to practice salt-tolerant paddy cultivation can improve the adaptive capacity
by sustaining the principal source of income for many. Traditional varieties of paddy are
not only salt tolerant but also have lesser demand for irrigation than the high-yielding
varieties. Thus, promoting a salt-tolerant paddy can not only allow the effects of saline
water intrusion to be withstood, but it can also alleviate the demand for groundwater.
Government initiatives have recently stressed rainwater harvesting for irrigation, and only
when these efforts have equitable access can these increase the capacity of the cultivators
and the ecosystem alike. Land conversion needs to be planned and longer-term benefits
should be prioritized instead of quick gains. Sacrificing green for gray infrastructure needs
to be reconsidered by introducing ecosystem-based adaptation options and, where possible,
by including a mix of gray–green infrastructure. One of the principally recognized func-
tions of mangroves in recent years has been their ability to withstand storms and cyclones.
Government initiatives have accelerated mangrove plantation efforts to strengthen the
ecosystem, but attention must be paid to make these sustainable adaptation options and
not failed adaptations. Since the mangroves are the backbone of this ecosystem, their health
and spatial extent should not be compromised. Exploring the suggestion for a mix of
gray–green infrastructure seems to allow a number of these major threats to be addressed,
even though they will not solve all the issues. If embankments are engineered with stretches
of mangroves planted in parallel, this can promote mangrove cover and prevent riverine
erosion, which would thereby reduce land loss and embankment breaching; additionally, as
a result salinization, this would contribute to provisioning ecosystem services that directly
support local livelihoods.

This holistic understanding of the inter-relations of the processes contributing to the
risk of loss of sustainable livelihoods will be useful for research, policy, and practitioner
communities. For research, this transdisciplinary approach can help shed light on the intricacies
of relevant processes outside the research area of single disciplines. The interconnections can
help to better visualize issues and design robust policies with cross-departmental collaboration
amongst policymakers. The practitioner community can also benefit from understanding these
interconnections to better design future risk-reduction interventions.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/su15076146/s1: Figure S1: The cause–effect relations between
hazards, hazard chains, intermediate impacts, social–ecological vulnerability, and exposure leading
to risk of loss of sustainable livelihoods in the Indian Sundarban as validated in the study by experts
and demonstrated through an impact chain diagram.

Author Contributions: Conceptualization, S.B., A.C., T.G., E.C. and F.G.R.; formal analysis and
investigation, S.B., A.C. and T.G.; resources, S.B. and T.G.; writing—original draft preparation, S.B.;
writing—review and editing, A.C., T.G., E.C. and F.G.R.; visualization, S.B. and A.C.; supervision,
F.G.R.; project administration, S.B.; funding acquisition, T.G. and F.G.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the UKRI GCRF Living Deltas Hub. Grant reference:
NE/S008926/1.

Institutional Review Board Statement: This study was conducted in accordance with the Living
Deltas Hub’s research integrity, ethical guidelines, and data collection protocols, wherein the Hub as
a whole and its governance processes and policies received approval from the Newcastle University
Faculty Ethics Committee (ref 1017/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study by adhering to the ethical codes of participant anonymity and participants’ volition to withdraw
from interviews; we obtained their verbal consent to participate while being recorded.

Data Availability Statement: The data used in this study are mostly qualitative in nature. The quan-
titative data derived by analyzing the interviewee responses are furnished in the main manuscript.

https://www.mdpi.com/article/10.3390/su15076146/s1
https://www.mdpi.com/article/10.3390/su15076146/s1


Sustainability 2023, 15, 6146 23 of 27

Acknowledgments: We acknowledge the funding received from the UKRI GCRF Living Deltas Hub
under Grant Reference NE/S008926/1. We acknowledge the support and cooperation of the people
of the Indian Sundarban without whom this research would not be possible. We also thank the
anonymous reviewers whose invaluable comments helped enrich this work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hait, A.K.; Behling, H. Holocene mangrove and coastal environmental changes in the western Ganga–Brahmaputra Delta, India.

Veg. Hist. Archaeobot. 2009, 18, 159–169. [CrossRef]
2. Naha, D.; Jhala, Y.V.; Qureshi, Q.; Roy, M.; Sankar, K.; Gopal, R. Ranging, activity, and habitat use by tigers in the mangrove

forests of the Sundarban. PLoS ONE 2016, 11, e0152119. [CrossRef] [PubMed]
3. Gopal, B.; Chauhan, M. Biodiversity and its conservation in the Sundarban mangrove ecosystem. Aquat. Sci. 2006, 68, 338–354.

[CrossRef]
4. Ghosh, A.; Schmidt, S.; Fickert, T.; Nüsser, M. The Indian Sundarban mangrove forests: History, utilization, conservation

strategies, and local perception. Diversity 2015, 7, 149–169. [CrossRef]
5. Hunter, W.W. A Statistical Account of Bengal, Volume 1, Districts of the 24 Parganas and Sundarbans; Trübner & Co.: London, UK, 1875.

Available online: https://archive.org/details/in.ernet.dli.2015.55881/page/n7/mode/2up?q=lease (accessed on 29 March 2023).
6. Ghosh, S.; Mistri, B. Assessing coastal vulnerability to environmental hazards of Indian Sundarban delta using multi-criteria

decision-making approaches. Ocean Coast. Manag. 2021, 209, 105641. [CrossRef]
7. Sahoo, B.; Bhaskaran, P.K. Multi-hazard risk assessment of coastal vulnerability from tropical cyclones–A GIS-based approach for

the Odisha coast. J. Environ. Manag. 2018, 206, 1166–1178. [CrossRef]
8. Census of India. The Population Census Report of India, 2011. Office of the Registrar General & Census Commissioner, India.

Ministry of Home Affairs, Government of India. Available online: https://censusindia.gov.in/census.website/data/census-tables
(accessed on 4 January 2023).

9. DasGupta, R.; Shaw, R. Perceptive insight into incentive design and sustainability of participatory mangrove management: A
case study from the Indian Sundarbans. J. For. Res. 2017, 28, 815–829. [CrossRef]

10. Sen, A.; Pattanaik, S. How can traditional livelihoods find a place in contemporary conservation politics debates in India?
Understanding community perspectives in Sundarban, West Bengal. J. Polit. Ecol. 2017, 24, 861–880. [CrossRef]

11. DasGupta, R.; Hashimoto, S.; Basu, M.; Okuro, T.; Johnson, B.A.; Kumar, P.; Dhyani, S. Spatial characterization of non-material
values across multiple coastal production landscapes in the Indian Sundarban delta. Sustain. Sci. 2022, 17, 725–738. [CrossRef]

12. Dutta, S.; Chakraborty, K.; Hazra, S. Ecosystem structure and trophic dynamics of an exploited ecosystem of Bay of Bengal,
Sundarban Estuary, India. Fish. Sci. 2017, 83, 145–159. [CrossRef]

13. Biswas, M.; Podder, A.; Panja, S.; Chaudhuri, A.; Mukhopadhyay, A.K.; Homechaudhuri, S. Profiling microbiota in Guts of Three
Brachyuran Crab Species of Indian Sundarbans. Proc. Zool. Soc. 2022, 75, 283–291. [CrossRef]

14. Chakraborti, U.; Mitra, B.; Bhadra, K. Island Based Assemblage Pattern and Foraging Profile of Insect Flower Visitors on Aegialitis
rotundifolia—A Near Threatened Mangrove Plant from Indian Sundarban. Neotrop. Entomol. 2022, 51, 32–42. [CrossRef]
[PubMed]

15. Rasquinha, D.N.; Mishra, D.R. Impact of wood harvesting on mangrove forest structure, composition, and biomass dynamics in
India. Estuar. Coast. Shelf Sci. 2021, 248, 106974. [CrossRef]

16. Ray, T. Customary use of mangrove tree as a folk medicine among the Sundarban resource collectors. Int. J. Res. Humanit. Arts Lit.
2014, 2, 43–48.

17. Ekka, A.; Pandit, A.; Katiha, P.K.; Biswas, D.K. Economic value of ecosystem services of Gosaba Estuarine ecosystem of
Sundarbans. J. Inland Fish. Soc. India 2020, 52, 157. [CrossRef]

18. Bandyopadhyay, S.; Dasgupta, S.; Khan, Z.H.; Wheeler, D. Spatiotemporal Analysis of Tropical Cyclone Landfalls in Northern
Bay of Bengal, India and Bangladesh. Asia-Pac. J. Atmos. Sci. 2021, 57, 799–815. [CrossRef]

19. Gayathri, R.; Murty, P.L.N.; Bhaskaran, P.K.; Kumar, T.S. A numerical study of hypothetical storm surge and coastal inundation
for AILA cyclone in the Bay of Bengal. Environ. Fluid Mech. 2016, 16, 429–452. [CrossRef]

20. Sahana, M.; Sajjad, H. Vulnerability to storm surge flood using remote sensing and GIS techniques: A study on Sundarban
Biosphere Reserve, India. Remote Sens. Appl. Soc. Environ. 2019, 13, 106–120. [CrossRef]

21. Mishra, M.; Acharyya, T.; Santos, C.A.G.; da Silva, R.M.; Kar, D.; Kamal, A.H.M.; Raulo, S. Geo-ecological impact assessment of
severe cyclonic storm Amphan on Sundarban mangrove forest using geospatial technology. Estuar. Coast. Shelf Sci. 2021, 260, 107486.
[CrossRef]

22. Chowdhury, A.; Naz, A.; Bhattacharyya, S.; Sanyal, P. Cost-benefit analysis of ‘Blue Carbon’sequestration by plantation of few
key mangrove species at Sundarban Biosphere Reserve, India. Carbon Manag. 2018, 9, 575–586. [CrossRef]

23. Borrell, A.; Tornero, V.; Bhattacharjee, D.; Aguilar, A. Organochlorine concentrations in aquatic organisms from different trophic
levels of the Sundarbans mangrove ecosystem and their implications for human consumption. Environ. Pollut. 2019, 251, 681–688.
[CrossRef]

http://doi.org/10.1007/s00334-008-0203-5
http://doi.org/10.1371/journal.pone.0152119
http://www.ncbi.nlm.nih.gov/pubmed/27049644
http://doi.org/10.1007/s00027-006-0868-8
http://doi.org/10.3390/d7020149
https://archive.org/details/in.ernet.dli.2015.55881/page/n7/mode/2up?q=lease
http://doi.org/10.1016/j.ocecoaman.2021.105641
http://doi.org/10.1016/j.jenvman.2017.10.075
https://censusindia.gov.in/census.website/data/census-tables
http://doi.org/10.1007/s11676-016-0355-6
http://doi.org/10.2458/v24i1.20971
http://doi.org/10.1007/s11625-020-00899-3
http://doi.org/10.1007/s12562-016-1060-2
http://doi.org/10.1007/s12595-021-00378-2
http://doi.org/10.1007/s13744-021-00911-0
http://www.ncbi.nlm.nih.gov/pubmed/34546551
http://doi.org/10.1016/j.ecss.2020.106974
http://doi.org/10.47780/jifsi.52.2.2020.109940
http://doi.org/10.1007/s13143-021-00227-4
http://doi.org/10.1007/s10652-015-9434-z
http://doi.org/10.1016/j.rsase.2018.10.008
http://doi.org/10.1016/j.ecss.2021.107486
http://doi.org/10.1080/17583004.2018.1518105
http://doi.org/10.1016/j.envpol.2019.04.120


Sustainability 2023, 15, 6146 24 of 27

24. Kumar, S.; Karmoker, J.; Pal, B.K.; Luo, C.; Zhao, M. Trace metals contamination in different compartments of the Sundarbans
mangrove: A review. Mar. Pollut. Bull. 2019, 148, 47–60. [CrossRef] [PubMed]

25. Ghosh, M.; Mandal, S.; Chatterjee, M. Impact of unusual monsoonal rainfall in structuring meiobenthic assemblages at Sundarban
estuarine system, India. Ecol. Indic. 2018, 94, 139–150. [CrossRef]

26. Dhal, P.K.; Kopprio, G.A.; Gärdes, A. Insights on aquatic microbiome of the Indian Sundarbans mangrove areas. PLoS ONE 2020,
15, e0221543. [CrossRef] [PubMed]

27. Sievers, M.; Chowdhury, M.R.; Adame, M.F.; Bhadury, P.; Bhargava, R.; Buelow, C.; Friess, D.; Ghosh, A.; Hayes, M.A.; McClure,
E.C.; et al. Indian Sundarbans mangrove forest considered endangered under Red List of Ecosystems, but there is cause for
optimism. Biol. Conserv. 2020, 251, 108751. [CrossRef]

28. Sayer, J.; Ishwaran, N.; Thorsell, J.; Sigaty, T. Tropical forest biodiversity and the world heritage convention. AMBIO J. Hum.
Environ. 2000, 29, 302–309. [CrossRef]

29. Sarker, S.K.; Matthiopoulos, J.; Mitchell, S.N.; Ahmed, Z.U.; Al Mamun, M.B.; Reeve, R. 1980s–2010s: The world’s largest
mangrove ecosystem is becoming homogeneous. Biol. Conserv. 2019, 236, 79–91. [CrossRef]

30. Ghosh, A.; Mukhopadhyay, S. Quantitative study on shoreline changes and Erosion Hazard assessment: Case study in Muriganga–
Saptamukhi interfluve, Sundarban, India. Model. Earth Syst. Environ. 2016, 2, 75. [CrossRef]

31. Jabir, A.A.; Hasan, G.J.; Anam, M.M. Correlation between temperature, sea level rise and land loss: An assessment along the
Sundarbans coast. J. King Saud Univ.-Eng. Sci. 2021, in press. [CrossRef]

32. Chaudhuri, S.; Das, V.K.; Debnath, K.; Hansda, S. Embankment breaching at Indian Sundarban–an assessment on altered primary
sediment index properties and fluvial flow parameters. ISH J. Hydraul. Eng. 2021, 28, 449–460. [CrossRef]

33. Ghosh, S.; Mistri, B. Delineating the Influence of Erosion and Accretion to Identify the Vulnerable Zone of Embankment Breaching
in Gosaba Island, South 24 Parganas, West Bengal, India. J. Indian Soc. Remote Sens. 2021, 49, 2559–2574. [CrossRef]

34. Chowdhury, A.; Prakash, R.; Bhattacharyya, S.; Naz, A. Role of Ponds as a Local Practice in Mitigating Salinity Intrusion Threats
at Coastal Aquifer: A Case Study from Sundarban Biosphere Reserve, India. In Indigenous and Local Water Knowledge, Values and
Practices; Basu, M., DasGupta, R., Eds.; Springer: Singapore, 2023; pp. 287–306. [CrossRef]

35. Hajra, R.; Szabo, S.; Tessler, Z.; Ghosh, T.; Matthews, Z.; Foufoula-Georgiou, E. Unravelling the association between the impact of
natural hazards and household poverty: Evidence from the Indian Sundarban delta. Sustain. Sci. 2017, 12, 453–464. [CrossRef]

36. DasGupta, R.; Hashimoto, S.; Okuro, T.; Basu, M. Scenario-based land change modelling in the Indian Sundarban delta: An
exploratory analysis of plausible alternative regional futures. Sustain. Sci. 2019, 14, 221–240. [CrossRef]

37. Dubey, S.K.; Trivedi, R.K.; Chand, B.K.; Mandal, B.; Rout, S.K. Farmers’ perceptions of climate change, impacts on freshwater
aquaculture and adaptation strategies in climatic change hotspots: A case of the Indian Sundarban delta. Environ. Dev. 2017, 21,
38–51. [CrossRef]

38. Halder, S.; Samanta, K.; Das, S. Monitoring and Prediction of Dynamics in Sundarban Forest using CA–Markov Chain Model.
In Spatial Modeling in Forest Resources Management; Shit, P.K., Pourghasemi, H.R., Das, P., Bhunia, G.S., Eds.; Springer: Cham,
Switzerland; New York, NY, USA, 2021; pp. 425–438. [CrossRef]

39. Manna, S.; Chaudhuri, K.; Bhattacharyya, S.; Bhattacharyya, M. Dynamics of Sundarban estuarine ecosystem: Eutrophication
induced threat to mangroves. Saline Syst. 2010, 6, 8. [CrossRef]

40. Majumdar, J.; Biswas, J.K.; Santra, S.C.; Ramanathan, A.L.; Tack, F.M. Sedimentation of metals in Sundarban mangrove ecosystem:
Dominant drivers and environmental risks. Environ. Geochem. Health 2022, 1–18. [CrossRef] [PubMed]

41. Zanardi-Lamardo, E.; Mitra, S.; Vieira-Campos, A.A.; Cabral, C.B.; Yogui, G.T.; Sarkar, S.K.; Biswas, J.K.; Godhantaraman, N.
Distribution and sources of organic contaminants in surface sediments of Hooghly river estuary and Sundarban mangrove,
eastern coast of India. Mar. Pollut. Bull. 2019, 146, 39–49. [CrossRef] [PubMed]

42. Sahana, M.; Rehman, S.; Paul, A.K.; Sajjad, H. Assessing socioeconomic vulnerability to climate change-induced disasters:
Evidence from Sundarban Biosphere Reserve, India. Geol. Ecol. Landsc. 2021, 5, 40–52. [CrossRef]

43. Ghosh, A. Living with Changing Climate Impact, Vulnerability and Adaptation Challenges in Indian Sundarbans; Centre for Science and
Environment: New Delhi, India, 2012; p. 16. Available online: https://cdn.cseindia.org/userfiles/Living%20with%20changing%
20climate%20report%20low%20res.pdf (accessed on 29 March 2023).

44. HDRCC Development & Planning Department Government of West Bengal. Human Development Report: South 24 Parganas.
Kolkata: Development and Planning Department. 2009. Available online: http://wbpspm.gov.in/SiteFiles/Publications/13_210
62017112440.pdf (accessed on 4 January 2023).

45. HDRCC Development & Planning Department Government of West Bengal. District Human Development Report: North 24
Parganas. Kolkata. 2010. Available online: http://www.indiaenvironmentportal.org.in/files/24%20pgs%20north.pdf (accessed
on 4 January 2023).

46. Safra de Campos, R.; Codjoe, S.N.A.; Adger, W.N.; Mortreux, C.; Hazra, S.; Siddiqui, T.; Das, S.; Atiglo, D.Y.; Bhuiyan, M.R.A.;
Rocky, M.H.; et al. Where People Live and Move in Deltas. In Deltas in the Anthropocene; Nicholls, R., Adger, W.N., Hutton, C.,
Hanson, S., Eds.; Palgrave Macmillan: Cham, Switzerland; London, UK, 2020; pp. 153–178. [CrossRef]

http://doi.org/10.1016/j.marpolbul.2019.07.063
http://www.ncbi.nlm.nih.gov/pubmed/31422302
http://doi.org/10.1016/j.ecolind.2018.06.067
http://doi.org/10.1371/journal.pone.0221543
http://www.ncbi.nlm.nih.gov/pubmed/32097429
http://doi.org/10.1016/j.biocon.2020.108751
http://doi.org/10.1579/0044-7447-29.6.302
http://doi.org/10.1016/j.biocon.2019.05.011
http://doi.org/10.1007/s40808-016-0130-x
http://doi.org/10.1016/j.jksues.2021.07.012
http://doi.org/10.1080/09715010.2021.1913652
http://doi.org/10.1007/s12524-021-01409-3
http://doi.org/10.1007/978-981-19-9406-7_17
http://doi.org/10.1007/s11625-016-0420-2
http://doi.org/10.1007/s11625-018-0642-6
http://doi.org/10.1016/j.envdev.2016.12.002
http://doi.org/10.1007/978-3-030-56542-8_18
http://doi.org/10.1186/1746-1448-6-8
http://doi.org/10.1007/s10653-022-01277-x
http://www.ncbi.nlm.nih.gov/pubmed/35532837
http://doi.org/10.1016/j.marpolbul.2019.05.043
http://www.ncbi.nlm.nih.gov/pubmed/31426172
http://doi.org/10.1080/24749508.2019.1700670
https://cdn.cseindia.org/userfiles/Living%20with%20changing%20climate%20report%20low%20res.pdf
https://cdn.cseindia.org/userfiles/Living%20with%20changing%20climate%20report%20low%20res.pdf
http://wbpspm.gov.in/SiteFiles/Publications/13_21062017112440.pdf
http://wbpspm.gov.in/SiteFiles/Publications/13_21062017112440.pdf
http://www.indiaenvironmentportal.org.in/files/24%20pgs%20north.pdf
http://doi.org/10.1007/978-3-030-23517-8_7


Sustainability 2023, 15, 6146 25 of 27

47. IPCC. Summary for Policymakers [Pörtner, H.O.; Roberts, D.C.; Poloczanska, E.S.; Mintenbeck, K.; Tignor, M.; Alegría, A.; Craig,
M.; Langsdorf, S.; Löschke, S.; Möller, V.; Okem, A.]. In Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of
Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Pörtner, H.-O., Roberts, D.C., Tignor,
M., Poloczanska, E.S., Mintenbeck, K., Alegría, A., Craig, M., Langsdorf, S., Löschke, S., Möller, V., et al., Eds.; Cambridge University
Press: Cambridge, UK; New York, NY, USA, 2022; pp. 3–33. Available online: https://www.ipcc.ch/report/ar6/wg2/downloads/
report/IPCC_AR6_WGII_SummaryForPolicymakers.pdf (accessed on 29 March 2023).

48. Hagenlocher, M.; Schneiderbauer, S.; Sebesvari, Z.; Bertram, M.; Renner, K.; Renaud, F.; Wiley, H.; Zebisch, M. Climate Risk
Assessment for Ecosystem-based Adaptation—A Guidebook for Planners and Practitioners; GIZ: Bonn, Germany, 2018. Available
online: https://www.adaptationcommunity.net/wp-content/uploads/2018/06/giz-eurac-unu-2018-en-guidebook-climate-
risk-asessment-eba.pdf (accessed on 29 March 2023).

49. Shah, M.A.; Renaud, F.G.; Anderson, C.C.; Wild, A.; Domeneghetti, A.; Polderman, A.; Votsis, A.; Pulvirenti, B.; Basu, B.; Thomson,
C.; et al. A review of Hydro-meteorological hazard, vulnerability, and risk assessment frameworks and indicators in the context
of nature-based solutions. Int. J. Disaster Risk Reduct. 2020, 50, 101728. [CrossRef]

50. Cremin, E.; O’Connor, J.; Banerjee, S.; Bui, L.H.; Chanda, A.; Hua, H.H.; Huynh, D.V.; Le, H.; Murshed, S.B.; Mashfiqus, S.; et al.
Aligning the global delta risk index with SDG and SFDRR Global Frameworks to assess risk to socio-ecological systems in river
deltas. Sustain. Sci. 2023. [CrossRef]

51. Peng, Y.; Welden, N.; Renaud, F.G. A framework for integrating ecosystem services indicators into vulnerability and risk
assessments of deltaic social-ecological systems. J. Environ. Manag. 2023, 326, 116682. [CrossRef] [PubMed]

52. IPCC. Annex II: Glossary [Agard, J.; Schipper, E.L.F.; Birkmann, J.; Campos, M.; Dubeux, C.; Nojiri, Y.; Olsson, L.; Osman-Elasha, B.;
Pelling, M.; Prather, M.J.; Rivera-Ferre, M.G.; Ruppel, O.C.; Sallenger, A.; Smith, K.R.; St. Clair, A.L.; Mach, K.J.; Mastrandrea, M.D.;
Bilir, T.E.]. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of Working Group II to
the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Barros, V.R., Field, C.B., Dokken, D.J., Mastrandrea, M.D.,
Mach, K.J., Bilir, T.E., Chatterjee, M., Ebi, K.L., Estrada, Y.O., Genova, R.C., et al., Eds.; Cambridge University Press: Cambridge,
UK; New York, NY, USA, 2014; pp. 1757–1775. Available online: https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5
-AnnexII_FINAL.pdf (accessed on 29 March 2023).

53. Xu, L.; Meng, X.; Xu, X. Natural hazard chain research in China: A review. Nat. Hazards 2014, 70, 1631–1659. [CrossRef]
54. Ghosh, P.; Ghosh, A. Is ecotourism a panacea? Political ecology perspectives from the Sundarban Biosphere Reserve, India.

GeoJournal 2019, 84, 345–366. [CrossRef]
55. Ghosh, P. Conservation and Conflicts in the Sundarban Biosphere Reserve, India. Geogr. Rev. 2015, 105, 429–440. [CrossRef]
56. Engle, N. Adaptive capacity and its assessment. Glob. Environ. Chang. 2011, 21, 647–656. [CrossRef]
57. Ali, S.A.; Khatun, R.; Ahmad, A.; Ahmad, S.N. Assessment of Cyclone Vulnerability, Hazard Evaluation and Mitigation Capacity

for Analyzing Cyclone Risk using GIS Technique: A Study on Sundarban Biosphere Reserve, India. Earth Syst. Environ. 2020, 4,
71–92. [CrossRef]

58. Ghosh, S.; Mistri, B. Drainage induced waterlogging problem and its impact on farming system: A study in Gosaba Island,
Sundarban, India. Spat. Inf. Res. 2020, 28, 709–721. [CrossRef]

59. Mukherjee, S. Aftermath of a Super Cyclone. Sci. Rep. 2011, 48, 34–37. Available online: http://nopr.niscpr.res.in/bitstream/1234
56789/11866/1/SR%2048%286%29%2034-37.pdf (accessed on 29 March 2023).

60. Dhara, S.; Paul, A.K. Embankment breaching and its impact on the local community in Indian Sundarban: A case study of some
blocks of South West Sundarban. Int. J. Innov. Sci. Eng. Technol. 2016, 3, 23–32. Available online: https://ijiset.com/vol3/v3s2
/IJISET_V3_I2_04.pdf (accessed on 29 March 2023).

61. Sahana, M.; Rehman, S.; Ahmed, R.; Sajjad, H. Analyzing climate variability and its effects in Sundarban Biosphere Reserve, India:
Reaffirmation from local communities. Environ. Dev. Sustain. 2021, 23, 2465–2492. [CrossRef]

62. Stanley, D.J.; Hait, A.K. Holocene depositional patterns, neotectonics, and Sundarban mangroves in the western Ganges-Brahmaputra
delta. J. Coast. Res. 2000, 16, 26–39. Available online: https://www.jstor.org/stable/4300009 (accessed on 29 March 2023).

63. Chowdhury, A.; Sanyal, P.; Maiti, S.K. Dynamics of mangrove diversity influenced by climate change and consequent accelerated
sea level rise at Indian Sundarbans. Int. J. Glob. Warm. 2016, 9, 486–506. [CrossRef]

64. Ghosh, S.; Roy, S. Climate change, ecological stress and livelihood choices in Indian Sundarban. In Climate Change and Community
Resilience; Haque, A.K.E., Mukhopadhyay, P., Nepal, M., Shammin, M.R., Eds.; Springer: Singapore, 2022; pp. 399–413. [CrossRef]

65. Ghosh, M.K.; Kumar, L.; Langat, P.K. Geospatial modelling of the inundation levels in the Sundarbans mangrove forests due
to the impact of sea-level rise and identification of affected species and regions. Geomat. Nat. Hazards Risk 2019, 10, 1028–1046.
[CrossRef]

66. Mondal, I.; Thakur, S.; Ghosh, P.; De, T.K. Assessing the Impacts of Global Sea-Level Rise (SLR) on the Mangrove Forests of
Indian Sundarbans Using Geospatial Technology. In Geographic Information Science for Land Resource Management; Singh, S.K.,
Kanga, S., Meraj, G., Farooq, M., Sudhanshu, Eds.; Scrivener Publishing LLC: Beverly, MA, USA, 2021; pp. 209–227. [CrossRef]

67. Raha, A.; Das, S.; Banerjee, K.; Mitra, A. Climate change impacts on Indian Sunderbans: A time series analysis (1924–2008).
Biodivers. Conserv. 2012, 21, 1289–1307. [CrossRef]

68. Environment Department, Government of West Bengal Report. Protection of Coastal Areas and Earthen Embankment through
Vegetative Solutions: Report of the Expert Committee. 2021. Available online: https://www.wbpcb.gov.in/files/Tu-08-2021-08-2
3-18Report_Final.pdf (accessed on 4 January 2023).

https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_SummaryForPolicymakers.pdf
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_SummaryForPolicymakers.pdf
https://www.adaptationcommunity.net/wp-content/uploads/2018/06/giz-eurac-unu-2018-en-guidebook-climate-risk-asessment-eba.pdf
https://www.adaptationcommunity.net/wp-content/uploads/2018/06/giz-eurac-unu-2018-en-guidebook-climate-risk-asessment-eba.pdf
http://doi.org/10.1016/j.ijdrr.2020.101728
http://doi.org/10.1007/s11625-023-01295-3
http://doi.org/10.1016/j.jenvman.2022.116682
http://www.ncbi.nlm.nih.gov/pubmed/36375428
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-AnnexII_FINAL.pdf
https://www.ipcc.ch/site/assets/uploads/2018/02/WGIIAR5-AnnexII_FINAL.pdf
http://doi.org/10.1007/s11069-013-0881-x
http://doi.org/10.1007/s10708-018-9862-7
http://doi.org/10.1111/j.1931-0846.2015.12101.x
http://doi.org/10.1016/j.gloenvcha.2011.01.019
http://doi.org/10.1007/s41748-019-00140-x
http://doi.org/10.1007/s41324-020-00328-8
http://nopr.niscpr.res.in/bitstream/123456789/11866/1/SR%2048%286%29%2034-37.pdf
http://nopr.niscpr.res.in/bitstream/123456789/11866/1/SR%2048%286%29%2034-37.pdf
https://ijiset.com/vol3/v3s2/IJISET_V3_I2_04.pdf
https://ijiset.com/vol3/v3s2/IJISET_V3_I2_04.pdf
http://doi.org/10.1007/s10668-020-00682-5
https://www.jstor.org/stable/4300009
http://doi.org/10.1504/IJGW.2016.076333
http://doi.org/10.1007/978-981-16-0680-9_26
http://doi.org/10.1080/19475705.2018.1564373
http://doi.org/10.1002/9781119786375.ch11
http://doi.org/10.1007/s10531-012-0260-z
https://www.wbpcb.gov.in/files/Tu-08-2021-08-23-18Report_Final.pdf
https://www.wbpcb.gov.in/files/Tu-08-2021-08-23-18Report_Final.pdf


Sustainability 2023, 15, 6146 26 of 27

69. Bhadra, T.; Mukhopadhyay, A.; Hazra, S. Identification of River Discontinuity Using Geo-Informatics to Improve Freshwater
Flow and Ecosystem Services in Indian Sundarban Delta. In Environment and Earth Observation; Hazra, S., Mukhopadhyay, A.,
Ghosh, A., Mitra, D., Dadhwal, V.K., Eds.; Springer: Cham, Switzerland; New York City, USA, 2017; pp. 137–152. [CrossRef]

70. Mondal, I.; Thakur, S.; De, A.; De, T.K. Application of the METRIC model for mapping evapotranspiration over the Sundarban
Biosphere Reserve, India. Ecol. Indic. 2022, 136, 108553. [CrossRef]

71. Banerjee, K. Decadal change in the surface water salinity profile of Indian Sundarbans: A potential indicator of climate change. J.
Mar. Sci. Res. Dev. 2013, S11, 002. [CrossRef]

72. Biswas, S.; Zaman, S.; Mitra, A. Soil characteristics of Indian Sundarbans: The designated world heritage site. Sci. J. Biomed. Eng.
Biomed. Sci. 2017, 1, 053–059. Available online: https://www.sciresliterature.org/Biomedical/SJBEBS-ID16.pdf (accessed on
29 March 2023).

73. Rani, N.S.; Satyanarayana, A.N.V.; Bhaskaran, P.K.; Rice, L.; Kantamaneni, K. Assessment of groundwater vulnerability using
integrated remote sensing and GIS techniques for the West Bengal coast, India. J. Contam. Hydrol. 2021, 238, 103760. [CrossRef]

74. Thakur, S.; Mondal, I.; Bar, S.; Nandi, S.; Ghosh, P.B.; Das, P.; De, T.K. Shoreline changes and its impact on the mangrove
ecosystems of some islands of Indian Sundarbans, North-East coast of India. J. Clean. Prod. 2021, 284, 124764. [CrossRef]

75. Bera, R.; Maiti, R. Quantitative analysis of erosion and accretion (1975–2017) using DSAS—A study on Indian Sundarbans. Reg.
Stud. Mar. Sci. 2019, 28, 100583. [CrossRef]

76. Bhattacharyya, S.; Pethick, J.; Sarma, K.S. Managerial response to sea-level rise in the tidal estuaries of the Indian Sundarbans: A
geomorphological approach. Water Policy 2013, 15, 51–74. [CrossRef]

77. Chakraborty, P.B.; Mandai, A.P.N. Rainfall characteristics of Sagar Island in Sundarban, West Bengal. Indian J. Soil Conserv. 2008,
36, 125–128.

78. Das, K.; Mishra, A.K.; Singh, A.; Agrahari, S.; Chakrabarti, R.; Mukherjee, A. Solute exchanges between multi-depth groundwater
and surface water of climatically vulnerable Gangetic delta front aquifers of Sundarbans. J. Environ. Manag. 2021, 284, 112026.
[CrossRef]

79. Nath, A.; Samanta, S.; Banerjee, S.; Danda, A.A.; Hazra, S. Threat of arsenic contamination, salinity and water pollution in
agricultural practices of Sundarban Delta, India, and mitigation strategies. SN Appl. Sci. 2021, 3, 560. [CrossRef]

80. Trivedi, S.; Zaman, S.; Chaudhuri, T.R.; Pramanick, P.; Fazli, P.; Amin, G.; Mitra, A. Inter-annual variation of salinity in Indian
Sundarbans. Indian J. Geo-Mar. Sci. 2016, 45, 410–415. Available online: http://14.139.47.50/bitstream/123456789/35043/1/
IJMS%2045%283%29%20410-415.pdf (accessed on 29 March 2023).

81. Auerbach, L.W.; Goodbred Jr, S.L.; Mondal, D.R.; Wilson, C.A.; Ahmed, K.R.; Roy, K.; Steckler, M.S.; Small, C.; Gilligan, J.M.;
Ackerly, B.A. Flood risk of natural and embanked landscapes on the Ganges–Brahmaputra tidal delta plain. Nat. Clim. Chang.
2015, 5, 153–157. [CrossRef]

82. Bomer, E.J.; Wilson, C.A.; Hale, R.P.; Hossain, A.N.M.; Rahman, F.A. Surface elevation and sedimentation dynamics in the
Ganges-Brahmaputra tidal delta plain, Bangladesh: Evidence for mangrove adaptation to human-induced tidal amplification.
Catena 2020, 187, 104312. [CrossRef]

83. Jayaram, C.; Chacko, N.; Chowdary, V.M. Estimation of Water Quality Parameters Along the Indian Coast Using Satellite
Observations. In Geospatial Technologies for Land and Water Resources Management; Pandey, A., Chowdary, V.M., Behera, M.D.,
Singh, V.P., Eds.; Springer: Cham, Switzerland; New York, NY, USA, 2022; pp. 391–407. [CrossRef]

84. Sen, A.; Pattanaik, S. The political agenda of implementing Forest Rights Act 2006: Evidences from Indian Sundarban. Environ.
Dev. Sustain. 2019, 21, 2355–2376. [CrossRef]

85. Das, C.S. Livelihood of Forest Dependent Dwellers in Relation to the Exploitation of Resources at the Fringe of Indian Sundarban.
In Mangroves: Ecology, Biodiversity and Management; Rastogi, R.P., Phulwaria, M., Gupta, D.K., Eds.; Springer: Singapore, 2021;
pp. 371–399. [CrossRef]

86. Mukhopadhyay, A.; Wheeler, D.; Dasgupta, S.; Dey, A.; Sobhan, I. Aquatic salinization and mangrove species in a changing
climate: Impact in the Indian Sundarbans. World Bank Policy Research Working Paper 2018. p. 8532. Available online:
https://ssrn.com/abstract=3238375 (accessed on 29 March 2023).

87. Chowdhury, R.; Sutradhar, T.; Begam, M.; Mukherjee, C.; Chatterjee, K.; Basak, S.K.; Ray, K. Effects of nutrient limitation, salinity
increase, and associated stressors on mangrove forest cover, structure, and zonation across Indian Sundarbans. Hydrobiologia
2019, 842, 191–217. [CrossRef]

88. Das, I.; Lauria, V.; Kay, S.; Cazcarro, I.; Arto, I.; Fernandes, J.A.; Hazra, S. Effects of climate change and management policies on
marine fisheries productivity in the north-east coast of India. Sci. Total Environ. 2020, 724, 138082. [CrossRef]

89. De, T.K.; De, M.; Das, S.; Chowdhury, C.; Ray, R.; Jana, T.K. Phytoplankton abundance in relation to cultural eutrophication at the
land-ocean boundary of Sunderbans, NE Coast of Bay of Bengal, India. J. Environ. Stud. Sci. 2011, 1, 169–180. [CrossRef]

90. Das, N.; Mondal, A.; Mandal, S. Polluted waters of the reclaimed islands of Indian Sundarban promote more greenhouse gas
emissions from mangrove ecosystem. Stoch. Environ. Res. Risk Assess. 2022, 36, 1277–1288. [CrossRef]

91. Sen, A. Human-wildlife conflicts in the Sundarban Biosphere Reserve and the politics of forest conservation. Decision 2019, 46,
321–333. [CrossRef]

92. Acharyya, S.; Banerjee, S.; Ghosh, T. The Changing Footprint in Indian Bengal Delta (IBD) (Sundarban). 2017. Available online:
http://generic.wordpress.soton.ac.uk/deccma/2017/07/19/the-changing-footprint-in-indian-bengal-delta-ibd-sundarban/ (ac-
cessed on 21 June 2022).

http://doi.org/10.1007/978-3-319-46010-9_10
http://doi.org/10.1016/j.ecolind.2022.108553
http://doi.org/10.4172/2155-9910.S11-002
https://www.sciresliterature.org/Biomedical/SJBEBS-ID16.pdf
http://doi.org/10.1016/j.jconhyd.2020.103760
http://doi.org/10.1016/j.jclepro.2020.124764
http://doi.org/10.1016/j.rsma.2019.100583
http://doi.org/10.2166/wp.2013.205
http://doi.org/10.1016/j.jenvman.2021.112026
http://doi.org/10.1007/s42452-021-04544-1
http://14.139.47.50/bitstream/123456789/35043/1/IJMS%2045%283%29%20410-415.pdf
http://14.139.47.50/bitstream/123456789/35043/1/IJMS%2045%283%29%20410-415.pdf
http://doi.org/10.1038/nclimate2472
http://doi.org/10.1016/j.catena.2019.104312
http://doi.org/10.1007/978-3-030-90479-1_22
http://doi.org/10.1007/s10668-018-0138-7
http://doi.org/10.1007/978-981-16-2494-0_16
https://ssrn.com/abstract=3238375
http://doi.org/10.1007/s10750-019-04036-9
http://doi.org/10.1016/j.scitotenv.2020.138082
http://doi.org/10.1007/s13412-011-0022-3
http://doi.org/10.1007/s00477-021-02135-5
http://doi.org/10.1007/s40622-019-00224-7
http://generic.wordpress.soton.ac.uk/deccma/2017/07/19/the-changing-footprint-in-indian-bengal-delta-ibd-sundarban/


Sustainability 2023, 15, 6146 27 of 27

93. Hazra, S.; Bhadra, T.; Ray, S.P.S. Sustainable Water Resource Management in the Sundarban Biosphere Reserve, India. In Ground
Water Development—Issues and Sustainable Solutions; Ray, S., Ed.; Springer: Singapore, 2019; pp. 147–157. [CrossRef]

94. Hajra, R.; Ghosh, T. Agricultural productivity, household poverty and migration in the Indian Sundarban Delta. Elementa: Sci.
Anthr. 2018, 6, 3. [CrossRef]

95. Das, S.; Ghosh, A.; Hazra, S.; Ghosh, T.; de Campos, R.S.; Samanta, S. Linking IPCC AR4 & AR5 frameworks for assessing
vulnerability and risk to climate change in the Indian Bengal Delta. Prog. Disaster Sci. 2020, 7, 100110. [CrossRef]

96. Mukherjee, N.; Siddique, G. Assessment of climatic variability risks with application of livelihood vulnerability indices. Environ.
Dev. Sustain. 2020, 22, 5077–5103. [CrossRef]

97. Bhadra, T.; Hazra, S.; Ray, S.S.; Barman, B.C. Assessing the groundwater quality of the coastal aquifers of a vulnerable delta: A
case study of the Sundarban Biosphere Reserve, India. Groundw. Sustain. Dev. 2020, 11, 100438. [CrossRef]

98. Mondal, P.; Reichelt-Brushett, A.J.; Jonathan, M.P.; Sujitha, S.B.; Sarkar, S.K. Pollution evaluation of total and acid-leachable trace
elements in surface sediments of Hooghly River Estuary and Sundarban Mangrove Wetland (India). Environ. Sci. Pollut. Res.
2018, 25, 5681–5699. [CrossRef] [PubMed]

99. Padhy, S.R.; Dash, P.K.; Bhattacharyya, P. Challenges, opportunities, and climate change adaptation strategies of mangrove-
agriculture ecosystem in the Sundarbans, India: A review. Wetl. Ecol. Manag. 2022, 30, 191–206. [CrossRef]

100. Jones, L.; Ludi, E.; Jeans, H.; Barihaihi, M. Revisiting the Local Adaptive Capacity framework: Learning from the implementation
of a research and programming framework in Africa. Clim. Dev. 2017, 11, 3–13. [CrossRef]

101. Dipierri, A.A.; Zikos, D. The Role of Common-Pool Resources’ Institutional Robustness in a Collective Action Dilemma under
Environmental Variations. Sustainability 2020, 12, 10526. [CrossRef]

102. Zikos, D. Revisiting the Role of Institutions in Transformative Contexts: Institutional Change and Conflicts. Sustainability 2020,
12, 9036. [CrossRef]

103. Marcinko, C.L.; Nicholls, R.J.; Daw, T.M.; Hazra, S.; Hutton, C.W.; Hill, C.T.; Clarke, D.; Harfoot, A.; Basu, O.; Das, I.; et al. The
development of a framework for the integrated assessment of SDG trade-offs in the Sundarban biosphere reserve. Water 2021, 13, 528.
[CrossRef]

104. State IAG (2020) Joint Rapid Need Assessment Report on Cyclone Amphan. Available online: https://nidm.gov.in/covid19/
PDF/covid19/state/West%20Bengal/223.pdf (accessed on 22 June 2022).

105. Ghosh, A. Quantitative approach on erosion hazard, vulnerability and risk assessment: Case study of Muriganga–Saptamukhi
interfluve, Sundarban, India. Nat. Hazards 2017, 87, 1709–1729. [CrossRef]

106. Banerjee, S.; Vincent, K. The Socio-Cultural and Economic Role of Ponds in Delta Communities: Insights from Gosaba Block of
the Indian Sundarbans Delta. In Pond Ecosystems of the Indian Sundarbans; Das, S., Chanda, A., Ghosh, T., Eds.; Water Science and
Technology Library; Springer: Cham, Switzerland; New York, NY, USA, 2022; Volume 112, pp. 217–236. [CrossRef]

107. Bera, R.; Maiti, R. Mangrove dependency and livelihood challenges—A study on Sundarbans, India. Reg. Stud. Mar. Sci. 2022, 50,
102135. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/978-981-13-1771-2_8
http://doi.org/10.1525/elementa.196
http://doi.org/10.1016/j.pdisas.2020.100110
http://doi.org/10.1007/s10668-019-00415-3
http://doi.org/10.1016/j.gsd.2020.100438
http://doi.org/10.1007/s11356-017-0915-0
http://www.ncbi.nlm.nih.gov/pubmed/29230645
http://doi.org/10.1007/s11273-021-09844-2
http://doi.org/10.1080/17565529.2017.1374237
http://doi.org/10.3390/su122410526
http://doi.org/10.3390/su12219036
http://doi.org/10.3390/w13040528
https://nidm.gov.in/covid19/PDF/covid19/state/West%20Bengal/223.pdf
https://nidm.gov.in/covid19/PDF/covid19/state/West%20Bengal/223.pdf
http://doi.org/10.1007/s11069-017-2844-0
http://doi.org/10.1007/978-3-030-86786-7_10
http://doi.org/10.1016/j.rsma.2021.102135

	Introduction 
	Materials and Methods 
	Study Area 
	Impact Chain Development and Validation Methods 
	Data Analysis 

	Results 
	Hazards 
	Hazards Chains 
	Intermediate Impacts 
	Social–Ecological Vulnerability 
	Ecosystem Susceptibility 
	Social–Ecological Susceptibility 
	Social Susceptibility 

	Exposure 
	Risk 

	Discussion 
	Hazard 
	Vulnerability 
	Exposure 
	Risk 

	Conclusions 
	References

