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Abstract: The Sundarbans is the world’s largest coastal river delta and the largest uninterrupted
mangrove ecosystem. A complex socio-ecological setting, coupled with disproportionately high
climate-change exposure and severe ecological and social vulnerabilities, has turned it into a climate
hotspot requiring well-designed adaptation interventions. We have used the fuzzy cognitive maps
(FCM)-based approach to elicit and integrate stakeholders’ perceptions regarding current climate
forcing, consequent impacts, and efficacy of the existing adaptation measures. We have also
undertaken climate modelling to ascertain long-term future trends of climate forcing. FCM-based
simulations reveal that while existing adaptation practices provide resilience to an extent, they are
grossly inadequate in the context of providing future resilience. Even well-planned adaptations may
not be entirely transformative in such a fragile ecosystem. It was through FCM-based simulations that
we realised that a coastal river delta in a developing nation merits special attention for climate-resilient
adaptation planning and execution. Measures that are likely to enhance adaptive capabilities of
the local communities include those involving gender-responsive and adaptive governance, human
resource capacity building, commitments of global communities for adaptation financing, education
and awareness programmes, and embedding indigenous and local knowledge into decision making.

Keywords: climate change adaptation; transformative adaptation; limits to adaptation; adaptation
barrier; fuzzy cognitive maps; resilience; sustainability; vulnerability; Sundarbans

1. Introduction

The Sundarbans, the world’s largest coastal river delta and the largest uninterrupted mangrove
forest, is critical biodiversity and climate hotspot [1]. It has a complex ecosystem studded with
inter-tidal and estuarine zones stretching for about 10,000 km2 and is located on the borders of the state
of West Bengal in India (~40%) and southern Bangladesh (~60%) where the Ganges, Brahmaputra,
and Meghna rivers meet the Bay of Bengal. Coastal river deltas are often naturally low-lying areas
close to the local mean sea-level. Changes in regional sea-levels affect coastal river delta systems
geomorphologically by altering the base level, coastal erosion, and inundation, not to mention inland
propagation of tidal and backwater effects [2,3]. The geomorphological response of a coastal river delta
system to sea-level rise is determined by the delta system’s capacity to adapt. The system is complex
owing to the variety of feedbacks and changes in internal and external boundary conditions, including
sediment supply, river discharge, ecological system feedbacks, subsidence, and human intervention;
it is also mainly associated with hydrodynamic and ecological responses [2,4]. It influences system
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functioning and determines the ability to either adapt dynamically, mitigate the effects of regional
sea-level, or submerge [5,6]. In the coming decades, the effects of human intervention, causing
further subsidence, changes in sediment supply, river discharge, and ecosystems will be dominant in
determining the impacts of sea-level change in coastal river deltas [5,6].

The coastal regions of the Bay of Bengal, especially the Sundarbans delta, are among the most
vulnerable areas of the world in terms of experiencing the rapid sea-level rise, seawater intrusion,
and other climate change impacts [7,8]. The Sundarbans landscape is highly fragile and particularly
vulnerable to global and regional climate change impacts because of its complex geomorphology
and environmental settings attributable to continuing global warming, rising sea-levels, seawater
intrusion, land erosion, gradual subsidence, and cyclones [1,9,10]. The Sundarbans’ mangroves,
which protect more than 10 million people from cyclonic storms, today stand threatened by cyclonic
damage. Cyclones and tidal storm surges cause damage to the floral and faunal biodiversity along the
sea-land interface [1].

The sea-level has risen approximately three to four times higher than the global mean between
1993 and 2009 in the tropical western Pacific and the Indian Ocean [11]. The coastal region in the
southwest of Bangladesh has undergone a relative sea-level rise varying from 2.8 to 8.8 mm per year
in the last few decades. In South Asia, the sea-level in the Ganges-Brahmaputra-Meghna delta of
Bangladesh is likely to rise by 0.63 to 0.88 m by 2090 [12]. Frequent cyclones, together with increasing
sea-levels, have resulted in flooding, coastal erosion, and recession of coastline in the region [13].

Coastal flooding is driven by multiple factors, including local land elevation, regional sea-level
rise, heavy precipitation, tidal waves, storm surges, and tropical cyclones [14–18]. All these factors are
likely to adversely affect the lives and livelihoods of the local community.

The remaining part of the paper describes the study area and sampling; it discusses the
methodology adopted for climate change modelling, construction of fuzzy cognitive maps, and fuzzy
cognitive map-based simulations. After this, we present the results of climate change projections.
We describe the climate change impacts and adaptations as perceived by the community before
presenting the results of fuzzy cognitive maps (FCM)-based simulations. Finally, we discuss the results
in detail, drawing appropriate conclusions. The paper ends with guidance for future research.

Study Area and Sampling

The Indian Sundarbans, comprising 54 islands, is home to about 4.5 million people [19]. An analysis
of the SRTM data reveals that these islands are naturally flat, mostly comprising moderately elevated
areas (0 to 5 m high from the mean sea-level), with few low-lying and elevated regions (0 m and 5 to
10 m respectively).

Agriculture and fishing are the two major livelihood options available to the communities living
in this region. However, both sectors have been facing stress due to seawater intrusion, coastal
erosion, and the increasing salinity in agricultural fields and river water. All of this has been causing
a sizeable male population to emigrate from the villages. Phenomena like global and regional
climatic changes coupled with anthropogenic pressures including poaching, human encroachment for
agriculture and fishing, and overexploitation of both timber and non-timber forest produce have led to
multiple alterations in the mangrove flora, fauna, and ecosystem dynamics and functions posing, as a
consequence, severe threats to the Sundarbans’ ecosystem [9]. They also introduce many changes in
the ecosystem services vital for human health, wellbeing, and livelihoods [1,9,20].

This perception mapping study engaged 46 community groups (male and female groups
constituted 35 and 11 respectively) from seven villages in Sagar and Mousini islands of the South
24 Paraganas district of Sunderbans.
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2. Methodology

2.1. Climate Change Modelling

We implemented climate modelling in a GIS environment for reference as well as projected
climates. Available monthly climate data were read and converted to variables required for subsequent
calculations. We used time-series data from the Climate Research Unit (CRU) at the University of East
Anglia, the Global Precipitation Climatology Centre (GPCC), and the EU WATCH Integrated Project.
We obtained the CRU TS v3.21 (time-series) datasets from the British Atmospheric Data Centre (BADC),
highlighting month-by-month climatic variations over the last century covering the period from January
1901 to December 2012. CRU TS v3.21 data were calculated on 0.25× 0.25 degree grids. We downloaded
the GPCC v6 full re-analysis data product and concluded the spatial interpolation to 5 arc-minutes
resolution for the period 1981–2010. We obtained the daily data at 0.5-degree resolution from the
WATCH Integrated Project data repository; we compiled within-month precipitation distribution and
computed the deviation of daily temperatures from respective monthly means for each month for the
period 1981–2010.

We used the results of the IPCC’s AR5 climate model for two representative concentration
pathways (RCPs: 2.6 and 8.5) to characterise a range of possible future climate distortions for the
periods 2041-2070 (2050s) and 2071-2100 (2080s). The RCPs were developed and documented in a
special issue of climate change [21]. We implemented climate model simulations based on RCPs as
part of the Coupled Model Inter-comparison Project Phase 5 (CMIP5) [22] and extracted monthly
mean temperature and precipitation data from the WorldClim 30 arc-second raster databases [23].
We analysed the multi-model ensembles for two climate forcing levels of the RCPs based on spatial
data from the IPCC’s AR5 CMIP5 process and corrected data bias, downscaling it 0.25-degree as in the
Inter-sectoral Impact Model Inter-comparison Project (ISI-MIP) [24]. In order to calculate the ensemble
mean, we used the ISI-MIP data at 0.25-degree resolution of five climate models (GFDLESM2M,
HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M).

2.2. Fuzzy Cognitive Mapping

We conducted the perception mapping study aided by the fuzzy cognitive maps-based approach
introduced by Kosko in 1986 [25] to document communities’ perceptions about the direct and indirect
impacts of climate variability and change on different livelihood assets. The FCM approach captures
the functioning of a complex system based on people’s perceptions [26]. The process of data capture in
the FCM approach is considered quasi-quantitative because the quantification of concepts and links
can be interpreted in relative terms [27–29]. In order to generate data, the participants debated the
cause-effect relations between the qualitative concepts and generated quantitative data based on their
experiences, knowledge, and perceptions of inter-relationships between the concepts [26–28,30,31].

2.2.1. Main Aspects of Fuzzy Cognitive Maps

FCMs are graph-based structures, describing signed weighted digraphs [25]. They can handle
vagueness while being capable of incorporating and adapting human knowledge through fuzzy logic.
They form a component of soft computing providing, thereby, a simple but powerful tool for analysing,
representing, and simulating dynamic systems [32].

The structure of FCMs consists of concepts (i.e., nodes) C1, C2 . . . Ci, and connections between
them. All this is represented by the adjacency matrix W [ ]. The concepts are mapped to the real-valued
activation level where Ci takes values in the interval [0,1], which is the degree to which the observation
belongs to the concept (i.e., the value of the fuzzy membership function). As a consequence of the
dynamic interactions of connected nodes, the concept’s state changes over time. The reasoning is
performed as the calculation of Equation (1), where f ( ) stands for a hyperbolic transformation function
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Equation (2), ensuring that the concept defined value falls within the interval [0,1] and f ( ) is given by
Equation (2), where C—parameter, C > 0.

C(t+1)
i = f


C(t)

i +
n∑

j = 1
i , j

C(t)
j ×W ji


(1)

f (x) =
eλx
− e−λx

eλx + e−λx , a ∈ R+ (2)

The edges Wij displayed in the dimensions of the matrices denote the degrees of the causal
relationship (i.e., the weight of the edge or influences between the connected nodes) and typically
lie between [−1, 1]; whereas Wij > 0 implies that Ci increases Cj, Wij = 0 means no relation and
Wij < 0 means Ci decreases Cj. Therefore, the adjacency matrices are not symmetric as per definition.
The diagonal entries (e.g., Wii, Wjj) in W reflect the effect on it. With increasing uncertainty, fuzzy rules,
or fuzzy numbers may be used to describe the weights of the connections [25,32].

2.2.2. Constructing Fuzzy Cognitive Maps

Step 1: Obtaining fuzzy cognitive maps from community groups

The majority of marginal and poor people across the globe rely on climate-sensitive livelihood
activities that are highly susceptible to increase in temperature and variability in precipitation patterns,
along with extreme climatic events, such as cyclones, floods, droughts, etc., making them highly
vulnerable to climate change [33]. Hence, in order to obtain fuzzy cognitive maps, we selected marginal
farmers possessing less than two acres of land and some livestock as our stakeholders. The steps of
constructing fuzzy cognitive maps from stakeholders/farmers are given in Section 2.2.2.

A consensus of the local community was obtained with regard to the summer and winter
temperatures, as well as precipitation variability increase over the last 10 to 15 years. We also
sought community opinion in the context of increasing intensity and frequency of climatic extremes.
The communities perceived an overall increase in temperatures and precipitation variability.
The communities also perceived an increase in climate-related extremes, including cyclonic storms and
floods. We divided the local community members, after the group discussion, into groups of four to
five individuals. We formed the groups according to simple wealth-ranking allocating individuals
with the same landholdings/ number of livestock within a single group while conducting gender-wise
segregation. This helped in neutralising power dynamics within each group. We demonstrated the
construction of fuzzy cognitive maps to the participants with the help of a disparate context. We asked
the following questions from each of the 46 community groups:

i. What are the changes in summer and winter temperature observed over the past 10 to 15 years?
ii. What are the changes in rainfall variability observed over the past 10 to 15 years?
iii. What are the changes in extreme climatic events (cyclone, flood, etc.) observed over the past 10

to 15 years?
iv. What are the resulting impacts arising from direct effects due to climate variability, sea-level

rise, and changes and climatic extremes?
v. How have your lives and livelihoods been affected due to these changes?
vi. What adaptation practices have been taken up for enhancing climate resilience?

The participants designed cognitive maps relevant to the central concept: Increased climate
variability and change. They laid out concepts pertinent to the central concept, showing impacts of
climate variability and change on their lives and livelihoods and adaptation practices adopted; they
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also assigned cause–effect interconnections between the concepts. Stakeholders assigned individual
weights to each connection on a scale of 1–10, with 1 representing the minimum impact and 10 the
maximum. Researchers scaled down these weights to a scale of 0.1–1, with 0.1 representing the
minimum impact and 1 the maximum [26,27,30].

Step 2: Coding of individual cognitive maps into adjacency matrices

We coded individual cognitive maps into adjacency matrices listing the same concepts on the
vertical and horizontal axes. Weights assigned by the stakeholders were coded into the adjacency
matrix. A value is coded into the matrix if a connection exists between two concepts [26–28,34].

Step 3: Quantitative aggregation of individual cognitive maps

We aggregated each coded map to construct a social cognitive map (SCM) through matrix
addition [26–28,30]. Thus, the SCM we obtained represents the perception of all the 46 community
groups. SCM gives a better representation of system dynamics yielding a more accurate, reliable,
and comprehensive understanding of a system [26,27,30].

Step 4: Qualitative aggregation of the social cognitive map

In order to organise the data and make it easier to understand, we condensed the concepts
obtained from the SCM into broader categories based on their nature [26,27,30]. We followed it up with
calculations for an arithmetic mean of the weights of concepts mentioned in the SCM. We did this to
identify interconnections between the broader encompassing concepts [26,28,30,35]. The qualitatively
aggregated SCM comprises 23 concepts.

2.3. FCM-Based Simulations

The adaptation strategies that are likely to reduce climate risks and increase resilience adequately
may be classified as effective adaptations. What cannot be ruled out is the possibility of an adaptation
deficit (‘a failure to adapt adequately to existing climate risks’ [36]). Having implemented all adaptations
in the area, climate risk possibilities can arise, presenting limits to adaptation. Therefore, it is crucial to
understand the effectiveness of adaptation strategies.

In order to evaluate the effectiveness of current adaptation interventions, we conducted FCM-based
simulations with the help of the aggregated SCM. Simulating the FCM model gives a deeper
understanding of the concepts’ behaviour, their relations, and the extent to which one concept
has an impact on the rest. The simulation process was conducted by ‘clamping/activating’ the initial
values of the key concepts (in Equation (1)) until the system reached a stabilisation point (known as the
system steady-state). We developed a baseline by ‘clamping/activating’ the initial values of concepts
C1—‘climate variability and change’ and C2—‘climatic extremes’ at |1|. This was done by taking into
consideration the climate change projections in the region.

In FCMs, each concept varies from 0 to |1| where 0 means ‘non-activated’ and |1| means ‘activated’.
When one or more concepts are ‘clamped/activated,’ the activation spreads through the matrix following
the weighted relationships in the FCM matrix. An iteration produces a new state vector with ‘activated’
concepts and ‘non-activated’ concepts [31,37]. The resulting concept values are used to interpret the
outcomes of a particular scenario [27,28,31,37]. We multiplied the input vector concepts (Table 1) with
the adjacency matrix and applied a squashing function (Equation (2)) after every multiplication as a
threshold function. We iterated the process until the system (output vector) reached a steady-state.
The FCMWizard tool ran the simulations. The FCMWizard can also perform simulations for different
possible scenarios, in various scientific domains, using a very intuitive graphical user interface [38].
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Table 1. Various future scenarios using fuzzy cognitive maps (FCM)-based simulations.

Scenarios Input Vector Concepts Used for Simulations

Baseline C1—Climate variability and change, C2—Climatic extremes

Scenario 1 C14—Dykes and embankments

Scenario 2 C15—Water resource management

Scenario 3 C18—Sustainable agriculture and aquaculture practices

Scenario 4 C22—Strengthening local institutions

Scenario 5 C14—Dykes and embankments, C15—Water resource management, C18—Sustainable
agriculture and aquaculture practices, and C22—Strengthening local institutions

The first established approach in scenario planning is the selection of key concepts. Filtering the
key concepts helps in linking storylines to the quantitative model while focusing on significant concepts
that often have strong direct or indirect effects on the goal. It can, at the same time, significantly change
the balance of the whole system. While conducting the FCM-based scenario analysis, recognition of
crucial concepts mainly relies upon communities’ perceptions, although some characteristics were
elicited from the model facilitates the procedure. We identified four key adaptation strategies in the
study area for assessing their effectiveness (Table 1). These concepts were selected as they were among
the concepts with the highest centrality (see Table S1(a)) and could well influence the dynamics of
the system.

Scenario 1 is devoted to increasing the concept of ‘dykes and embankments’, by ‘clamping’
it to one. We adopted the same procedure for the following three key concepts: ‘water resource
management’, ‘sustainable agriculture and aquaculture practices’, and ‘strengthening local institutions’
where Scenario 2, Scenario 3, and Scenario 4 referred to the increase in the above corresponding concepts
(‘clamped’ to one). We developed the fifth scenario by combining all the four key concepts/adaptation
strategies used in the previous scenarios. We also conducted a sensitivity analysis to ascertain the
stability of the system.

3. Results

3.1. Projections of Climate Change in the Study Area

Climate vulnerability refers to a system’s susceptibility to change as a consequence of variation
in climatic parameters. We assessed climate vulnerability, with the help of climate modelling, for
key climatic parameters including temperature, precipitation, and accumulated precipitation on
consecutive rainy days in the study area (Table 2).

Table 2. Annual mean temperature and precipitation profile of the study area.

Climatic
Parameters

Reference
Climate *

(1981-2010)

** E-Mean of Projections during
2050s (2041–2070)

** E-Mean of Projections during
2080s (2071–2100)

RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5

Mean Temperature
(◦C) 26.8 27.9 29.2 27.9 30.8

Mean Precipitation
(mm) 1744 1832 1872 1912 1872

Accumulated
precipitation on

consecutive rainy
day (above 30 mm)

118 375 328 372 376

* Reference climate (CRUTS32: 1981–2010); ** E-Mean: Ensemble mean-ESM2M of all five models (CRUTS32,
HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M) are taken into consideration to avoid
extreme variations in the result.
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Projections for the 2050s (2041–2070) and the 2080s (2071–2100) with regard to RCPs 2.6 and 8.5
show a rise from the reference climate (1981–2010) in terms of annual mean temperature, annual mean
precipitation, and accumulated precipitation on consecutive rainy days in the region. According to the
results, there is a definite rise in temperature. The projected increase is 1.1 to 2.4 ◦C in the 2050s and 1.1
to 4.0 ◦C in the 2080s as relevant to the RCPs 2.6 and 8.5, in that order. The quantum of precipitation
evinces a rise as well. The projected increase is 88 to 128 mm in the 2050s and 128 to 168 mm in the
2080s pertinent to the RCPs 2.6 and 8.5, in that order. There is a rise in accumulated precipitation on
consecutive rainy days exceeding 30 mm. The projected increase is 210 to 257 mm in the 2050s and 254
to 258 mm in the 2080s relevant to the RCPs 2.6 and 8.5, in that order. Continuous precipitation on
consecutive rainy days exceeding 30 mm is considered a heavy precipitation incident and is likely to
cause flooding.

3.2. Climate-Related Impacts as Perceived by the Communities

Community observations relevant to climate change mirror historical trends and projections
regarding climate change in the context of climatic parameters mentioned in the previous section.
The communities perceived that manifestations of climate variability and change, along with extreme
climatic events, have impacted land and water resources, fisheries, agriculture and fodder, forests,
human health, and livestock productivity. All this has caused an inexorable decline in the livelihoods
and financial reserves of the communities. The groundwater level has plummeted in the region owing
to the increased precipitation variability. It has reduced the productivity of agriculture and horticulture
crops predominantly. The resultant seawater intrusion has degraded the quality of several freshwater
bodies adversely impacting their aquaculture. Rising sea-levels, not to mention cyclones and storm
surges, are responsible for saline water ingress causing underground freshwater aquifers and surface
water reserves to pollute. Seawater intrusion has also led to soil salinity. Seawater intrusion, coupled
with rising temperatures and consequent higher evaporation rates, causes increased salt concentration
in surface water bodies. Seawater intrusion is a prominent issue in the region as it primarily impacts
agriculture and fish production. It has forced many families to flee from places where they have been old
residents. Degrading water quality has adversely affected the productivity of aquaculture, pisciculture,
agriculture, and horticulture, all of which are critical to community livelihood. The communities affirm
a greater extent of the negative impact on fisheries and agriculture stimulated by rising temperatures,
precipitation variability, and climatic extremes. These variabilities and changes in climate have
caused pest invasion incidences to rise, leading to considerable loss of agricultural produce. Rising
temperatures have led to increasing occurrences of disease within the fish population, depressing fish
production thereby. Increasing temperatures, precipitation variability, and increasing water and soil
salinity are also responsible for lowering fodder availability, which in turn, has diminished livestock
health and productivity. The communities also perceived declining water quality as being responsible
for the diminished availability of drinking water, leading to sanitation-related problems causing the
deterioration of human health. The proliferation of mosquitoes, owing to increased temperatures,
has fomented malarial outbreak in the region. Owing to rising temperatures, rainfall variability,
and anthropogenic interference, mangrove forests have degraded, ruining the fragile ecosystem of
the Sundarbans and its unique biodiversity. This ultimately causes soil erosion, loss of infrastructure,
and overall environmental degradation. Impacts on agriculture, fishery, and livestock production act as
significant contributors to declining incomes and increasing the economic poverty of the communities.
This not only affects the quality of life of the stakeholders but also decreases opportunities for education
for their children.

3.3. Climate Change Adaptations in the Area

The community also informed about several adaptation practices implemented in the study area
in order to curtail the impacts of climate change. WWF-India implements the Climate Adaptation
Programme. The state government has facilitated the construction of earthen embankments and
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dykes along the coasts in order to check seawater intrusion. These embankments have been built to
reduce the impact of tidal surges while reducing soil erosion to some extent. Several sections along
embankments and dykes have been stabilised by mangrove plantations in order to check seawater
intrusion, soil erosion, loss of critical infrastructure, and reduce environmental degradation. The state
government has also facilitated the digging of hand pumps and tube wells to ensure freshwater
access. Furthermore, healthcare facilities are being provided and vaccination drives conducted in
order to improve human and livestock health. The Sundarbans Development Board, in partnership
with the state government, has initiated several afforestation measures in order to restore the green
cover of the region and to conserve the fragile ecosystem of the Sundarbans. The Greening India
Programme—implemented by the Tagore Society for Rural Development (TSRD)—engages local
communities for mangrove plantation drives through social forestry in a bid to protect the islands
from natural calamities. Alongside afforestation activities, TSRD has also implemented a Disaster
Management Programme. TSRD has taken the initiative to spread awareness about the importance of
maintaining the soil’s natural fertility by promoting organic fertilisers and vermicompost. TSRD has
been imparting training to communities regarding alternative livelihood options including handicrafts,
poultry, duckery, and goatery.

Adaptation measures involving intensifying sustainable agriculture and aquaculture practices
such as crop diversification, the introduction of salt-tolerant crops, and traditional techniques of
agriculture and fishery are meant to improve soil fertility and production from agriculture and fisheries.
Pest control measures have been undertaken to combat pest invasion while increasing agricultural
production in the long term. Diversification of livelihoods is another coping strategy adopted by
communities. Since traditional natural resource-based livelihoods are unable to sustain the existing
population in the Sundarbans of late, many community members are engaged with the tourism sector
providing various services to tourists.

The communities acknowledged that earthen embankments and dykes along with mangrove
plantations had reduced seawater intrusion, soil erosion, loss of critical infrastructure,
and environmental degradation to a certain extent. Planting fruit-bearing and medicinal trees
along the coastline have also helped increase the incomes of some households. Such measures have
reduced soil erosion and helped improve water and land resources; it has also increased agriculture
and fish production and, consequently, fodder availability. Better management of water resources in
the form of rainwater harvesting, pond construction, and farm bunding has also helped to increase the
availability of freshwater and productivity of agriculture and fisheries while hand pumps and tube wells
have helped to reduce the drudgery of women. A combination of improved agricultural inputs with the
introduction of climate-resilient agricultural and piscicultural practices coupled with the re-introduction
of indigenous salt-tolerant rice varieties and fish species have helped communities diversify their
livelihoods while coping with increased water and soil salinity. However, the communities perceived
that these adaptation practices were relatively meagre in relation to curbing the current risks involved
in climate change. They also believed, notwithstanding the current adaptation practices, the risk from
future impacts of climate change cannot be denied. They expressed a requirement for more concerted
efforts towards developing climate resilience.

Figure 1 illustrates the condensed social cognitive map showing the perception of communities
regarding climate-related impacts and adaptations.
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3.4. FCM-Based Simulations

The baseline simulates a situation through the existing FCM model in which both ‘climate
variability and change’ and ‘climatic extremes’ are activated. It illustrates an increase in sea-level rise,
seawater intrusion, pest invasion, environmental degradation, loss of infrastructure, and economic
poverty. It also suggests a reduction in soil fertility, water resources, agriculture, livestock productivity,
and the health and quality of life (Table 3).

After having conducted simulations of all the different scenarios (scenarios 1 to 5, as discussed
in Section 2.3), we tabulated the outcome and compared the deviation of each concept against the
steady-state of the baseline, as shown in Table 3. Exploring the dynamic change of concepts’ values
between the baseline steady-state and scenario outcomes enabled a quantitative interpretation of the
impact of the key concepts on the system.

The first scenario highlights the effects of ‘dykes and embankments’. This scenario does not
give relief from sea-level rise while the loss of infrastructure, seawater intrusion, pest invasion,
environmental degradation, and economic poverty continue to increase. The second scenario highlights
the effects of ‘water resource management’. This scenario does not show much deviation from the
baseline; it illustrates a substantial increase in sea-level rise, seawater intrusion, pest invasion,
environmental degradation, loss of infrastructure, and economic poverty. It also shows a considerable
decrease in soil fertility, water resources, agriculture productivity, livestock productivity, and the
health and quality of life. The third scenario highlights the effects of ‘sustainable agriculture and
aquaculture practices’. This scenario also does not show much deviation from the baseline. What it
indicates is an increase in sea-level rise, seawater intrusion, pest invasion, environmental degradation,
and loss of infrastructure. It also displays a decrease in water resources, health, and quality of life
and, consequently, an increase in economic poverty. The fourth scenario highlights the effects of
‘strengthening local institutions’. This scenario is unlikely to decrease sea-level rise, seawater intrusion,
pest invasion, environmental degradation, and loss of infrastructure. However, water resources,
agriculture productivity, and livestock productivity are likely to increase, leading to reduced economic
poverty. This scenario also shows an increase in water resource management, sustainable agriculture
and aquaculture practices, healthcare facilities, and credits and subsidies because a vibrant local
institution is likely to implement interventions in all these areas.

All the concepts deployed for the previous scenarios have been clamped together in the fifth
scenario. This integrative scenario displays a marginal reduction in climate change impacts compared
to the baseline. However, seawater intrusion, pest invasion, environmental degradation, and economic
poverty show a continuous rise. On the other hand, water resources, agriculture production,
and livestock productivity show an increase leading to a decrease in the economic poverty. This scenario
also indicates an increase in water resource management, sustainable agriculture and aquaculture
practices, healthcare facilities, and credits and subsidies (see Table 3 and Figure S1).

Overall, the results of the FCM-based scenario analysis illustrate that the possibilities of climate
risk in the region cannot be ruled out in the future even after having implemented all the adaptations.
This signifies limits to the ongoing adaptations, meaning the existing adaptations in the area are
inadequate in the context of providing resilience to the community against climate stressors.
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Table 3. Results of FCM-based simulations.

Concepts
Baseline Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

IV Steady State
Value IV Steady State

Value IV Steady State
Value IV Steady State

Value IV Steady State
Value IV Steady State

Value

C1: Climate variability and change 1 1 1 1 1 1 1 1 1 1 1 1

C2: Climatic extremes 1 0.9297 1 0.9297 1 0.9297 1 0.9297 1 0.9297 1 0.9297

C3: Sea-level rise 0 0.9564 0 0.6891 0 0.9564 0 0.9564 0 0.9564 0 0.6897

C4: Seawater intrusion 0 0.9986 0 0.9839 0 0.9986 0 0.9986 0 0.9986 0 0.984

C5: Soil fertility 0 −0.9884 0 −0.9881 0 −0.9275 0 −0.9276 0 −0.8334 0 −0.8284

C6: Water resources 0 −0.9921 0 −0.9921 0 −0.9605 0 −0.9605 0 0.7482 0 0.7482

C7: Pest invasion 0 0.9477 0 0.9477 0 0.9477 0 0.9477 0 0.9477 0 0.9477

C8: Agriculture productivity 0 −0.9999 0 −0.9999 0 −0.9961 0 −0.9961 0 0.8096 0 0.8116

C9: Environmental degradation 0 0.9444 0 0.9445 0 0.9445 0 0.9445 0 0.5532 0 0.5532

C10: Livestock productivity 0 −0.9804 0 −0.9804 0 −0.9231 0 −0.9232 0 0.4799 0 0.48

C11: Loss of infrastructure 0 0.9884 0 0.8717 0 0.9884 0 0.9884 0 0.9884 0 0.8721

C12: Health and quality of life 0 −0.9806 0 −0.9806 0 −0.9806 0 −0.9806 0 −0.9031 0 −0.9031

C13: Economic poverty 0 0.9935 0 0.9935 0 0.9746 0 0.9746 0 −0.9981 0 −0.9981

C14: Dykes and embankments 0 0 1 1 0 0 0 0 0 0 1 1

C15: Water resource management 0 0 0 0 1 0.9392 0 0.9391 0 0.9885 1 0.9885

C16: Water infrastructure 0 0 0 0 0 0 0 0 0 0 0 0

C17: Agriculture inputs 0 0 0 0 0 0 0 0 0 0 0 0

C18: Sustainable agriculture and
aquaculture practices 0 0 0 0 0 0.9402 1 0.9402 0 0.9455 1 0.9455

C19: Pest control measures 0 0 0 0 0 0 0 0 0 0 0 0

C20: Healthcare facilities 0 0 0 0 0 0 0 0 0 0.9199 0 0.9199

C21: Livelihood diversification 0 0 0 0 0 0 0 0 0 0 0 0

C22: Strengthening local institutions 0 0 0 0 0 0 0 0 1 1 1 1

C23: Credits and subsidies 0 0 0 0 0 0 0 0 0 0.9228 0 0.9228

Note: IV stands for initial value; Concepts shown in Blue are climate stressors, concepts shown in Black are climate-related impacts, and concepts shown in Red are climate change
adaptations in the area as perceived by the communities.
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4. Discussions

Communities, especially those living in climatically vulnerable regions (such as the Sundarbans)
and dependent on climate-sensitive livelihoods, are not only more vulnerable to climate change
impacts but also less able to pursue adaptation measures [39]. Adaptation to climate change is
often described as a local issue, with specific attention given to context-specific features and factors
enabling or constraining adaptations. [40]. Increased climate variability, climatic extremes, rising
sea-levels, and coastal flooding can impact natural, human, and financial assets in a coastal river
delta like Sundarbans owing to deteriorating water and soil quality attributable to increased seawater
intrusion. All of this depresses production pertinent to agriculture, fishery, and livestock while
augmenting environmental degradation, worsening human health, and economic poverty in the
area. According to the study, the chief climate change adaptation measures in the region are climate
change adaptation programme, greening India programme, building dykes and embankments, and the
introduction of climate-resilient agriculture and pisciculture. These adaptation measures, to some
extent, help reduce seawater intrusion and soil erosion, improve water quality and soil fertility, prevent
environmental degradation while increasing the productivity of agriculture, fishery, and livestock in
the current climatic conditions. However, the FCM-based scenarios show adverse impacts of climate
change in the future in the context of several parameters, including sea-level rise, seawater intrusion,
soil fertility, environmental degradation, pest invasion, and loss of infrastructure. The current
adaptation interventions in the region are inadequate in terms of reducing ecological and social
vulnerabilities and enhancing resilience.

Adaptation interventions, whether planned or autonomous, are not isolated responses and
actions. Instead, they are contextual and are known to be influenced by the rate of climate change
along with economic, demographic, environmental, social, and technological factors. The lack of
knowledge, and level of financial, human, and social capital also limit capabilities of communities for
adaptation. The opportunities and constraints regarding adaptations are determined in the contexts
of the region, community, or household; which means that they vary across geographies, sectors,
communities, and species [41]. Our simulation results reveal the likelihood of limits to adaptations
in the region. The adaptation limits are classified as: (a) Hard limits where no adaptation is possible
and (b) soft limits where adaption options are currently unavailable [41]. The Intergovernmental
Panel on Climate Change [8] refers to adaptation limits as obstacles that tend to be absolute in the
real sense while setting up thresholds beyond which adaptation activities cannot be maintained
or modified. In some studies [42,43], the hard limits have been referred to as limits to adaptation.
Soft adaptation limits, on the other hand, are referred to as adaptation barriers—obstacles that may be
overcome through concerted efforts, creative management, prioritisation, and related shifts in resources,
institutions, and so on. [43]. Significant barriers to adaptations could include: bio-physical—climate
variability and change; socio-economic—lack of climate change awareness among decision-makers;
political—asymmetrical governance structures; and other cross-cutting barriers, which carry the
potential of evolving into hard limits to adaptations [44–47].

The act of implementing adaptations is riddled with barriers including dated and locally
extraneous information along with the paucity of financial resources, appropriate technology,
and traditional knowledge pertinent to adaptation strategies, not to mention institutional constraints.
Major bio-physical obstacles in the Sundarbans include climate variability and change, leading to
rising sea-levels, coastal flooding, and depleting water quality and quantity. The socio-economic
barriers in the region include several social, cultural, cognitive, behavioural, economic, and political
impediments that influence actions and choices related to adaptations. These include: (a) Inadequate
community awareness regarding manifestations of climate change; (b) lack of information, knowledge,
infrastructure, and technology to battle with the impacts of climate variability and change; (c) lack of
sufficient financial capital; and (d) other hidden social, economic, and political norms that indirectly
control adoption and non-adoption of climate change adaptations and translate into the marginalisation
of communities. These barriers to climate change adaptations not only shape the current and future
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climatic vulnerability in the region, but also the implementation and effectiveness of adaptations.
Therefore, it is important to overcome these barriers in order to ensure the successful and effective
implementation of adaptations. Researchers argue that many limits and barriers, especially social
ones, can be overcome with sufficient financial resources, social efforts and support, and political
will [48]. Gender-responsive and inclusive leadership, strategic and creative thinking, handholding
support, resourcefulness, a collaboration between various players, and effective communication
will be required for overcoming these barriers. However, merely overcoming barriers is not as
straightforward as building adaptive capacity and does not necessarily ensure a successful adaptation
intervention [43]. The need of the hour, hence, is the adoption of community-based adaptation (CBA)
and ecosystem-based adaptation (EbA) supporting greater prioritisation of adaptation requirements at
the local level while bringing co-benefits to the ecosystems and communities [40,49].

5. Conclusions and Research Directions

This paper sheds light on the diverse impacts of climate variability and change with regard to
the Sundarbans ecosystem besides the lives and livelihoods of resident communities. Increased risks
attributable to climatic variability and change, in addition to a rapidly growing population in the
region, exert pressure on the Sundarbans ecosystem, making it extremely vulnerable to climate-related
impacts. According to our findings, the current adaptations in the study area do not emerge as effective
strategies against climate change. This calls for immediate action regarding implementing area-specific
robust adaptation interventions. After all, adaptation is not just about choosing between technical
options; it is also about ‘social and political change’ [50]. Some of the relatively effective adaptations in
the context of river deltas are: Climate-resilient lifestyle and employment, climate-resilient farming
systems, and better planning of housing and other infrastructure. Mainstreaming climate change
adaptation requires targeted strategies and actions that are beyond mere aspirations in order to be
effective while overcoming current and potential adaptation barriers [51].

Innumerable scholars have grappled with the concept of maladaptation [52–55], yet no clear
metric has emerged that can identify the threshold between potentially successful adaptation and
maladaptation. A holistic approach with a full range of CBA and EbA interventions is likely to
enhance resilience against climate variability and change in order to protect the fragile Sundarbans
ecosystem. These include profound systemic change requiring the reconfiguration of social and
ecological systems [56]. While designing and implementing the CBA and EbA interventions, the role
of indigenous and local knowledge cannot be overlooked. Therefore, the success of CBA and EbA
relies on gaining a good understanding of the socio-cultural and socio-political context within which
the communities operate on the ground. This includes gender, caste, land ownerships and tenure
arrangements, local governance, decision-making processes, etc. [47,49,57,58]. Such adaptations
are likely to support needs at the local level while bringing co-benefits to the ecosystems and
communities [40,49]. Globally, small islands have been focusing increasingly on CBA that seeks to
enable community-level ownership of adaptations. They are also looking to EbA approaches that
benefit the ecosystems as well as communities [49,59]. Ample evidence is available with regard to the
implementation of both CBA and EbA approaches across the small islands. However, one must still
work to find robust ways of quantifying their benefits [60].

Transformative adaptation, which describes the need for changes in major systems in order
to deal with impacts related to climate change, is usually contrasted with incremental adaptation.
This refers to small adjustments made for climate-proofing. However, there is no clear metric available
for planning a transformative adaptation. Climate-resilient lifestyle and employment, climate-resilient
farming systems, and superior planning of housing and other infrastructure are likely to overcome
several barriers while being transformative. However, some of these transformative adaptations
may necessitate behavioural change on the part of communities. The Sundarbans needs more than
just physical infrastructure for long-term sustainability. It requires a holistic development plan that
includes ecosystem management in terms of land management and sustainability of the natural
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resource base along with community development in terms of creating awareness, capacity building,
livelihood enhancement, adaptive governance, and disaster preparedness and management in order to
mainstream climate change adaptations.

While CBA and EbA have gained significant traction lately, they too require more in-depth
research in the context of coastal river deltas. The importance of locating local and timely adaptation
strategies and development goals independently or through mutual co-benefits cannot be undermined.
The situation merits an urgency regarding introducing synergy between the natural and social sciences
while involving the latter more intensively in climate change adaptation research and application
while mainstreaming adaptation interventions into development policies. It is vital to keep innovating
and refining climate-related economic studies in order to support areas such as loss and damage along
with adaptation costs.

Of late, international research and implementation policies have been focusing on climate change
mitigation, adaptations, and development on a global basis to a greater extent. Attention to local
problems and development potential have been somewhat overshadowed. Further research is needed
to assess the restorative and productive abilities of the fragile ecosystems under changing climatic
conditions. Scholars also need to conduct new scientific research with regard to both the effectiveness
of adaptations, transformative adaptation, adaptation deficit, and limit to adaptation. This necessitates
immediate and adequate financial commitment from global communities in the context of climate
change adaptation research and implementation. Such efforts could help maintain climate change
adaptations pertinent to the policy agenda while increasing political stakes [51]. Research also needs
to be more thorough in terms of identifying the amount of funding required to implement an effective
adaptation activity.
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