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Abstract: Addressing the second priority of the Sendai Framework on Disaster Risk Reduction
(SFDRR) for strengthening disaster risk governance, this paper considers coastal regions from a
Socio-Ecological System (SES) perspective. It identifies the drivers of risk and critical linkages
between various key components of coastal SESs that can potentially influence the resilience of
coastal regions. The study considers that, in a coastal area, where the system is complex with
numerous stakeholders, any decision taken in the form of developmental policy or as an adaptive
practice is critical for system changes, thereby making risk anticipation and its management difficult.
To further conduct a detailed investigation of this subject, seven settlements along the coastal Andhra
Pradesh (India) region were methodically selected. Herein, focus group discussions were conducted
to prepare fuzzy cognitive maps (FCM), which were further analyzed through the mental modeler
online platform. By analyzing the structural metrics of the FCM, saltwater intrusion was identified
as a significant system component. Furthermore, the study also analyzed the effects of change on
the characteristics of selected SES components regarding the effectiveness of existing governance
strategies and, conversely, the impact of implementing governance strategies on the identified
critical components of SES. By critically examining the various scenarios thus generated, the research
identifies various components, generating vulnerabilities in human systems. The derived results were
cross-validated through community consultation, and the temporal variations in the state of system
components were mapped. The study is expected to provide considerable input to policymakers for
enhancing decision-making in coastal regions from an SES perspective.

Keywords: disaster risk reduction; fuzzy cognitive mapping; socio-ecological system; mental
modeler; coastal risk governance

1. Introduction

Climate action failure, described as the “failure of governments to enforce, enact or
invest in effective climate change adaptation and mitigation measures” has been highlighted
as a key global risk in terms of severity [1,2]. Failure in governance and policies often
increases with rising uncertainty, changing dynamics, and complexity in the system [3].
Policy decisions and adaptation under complex scenarios frequently produce effects such as
unsustainable outcomes, non-functionality, or increased risk [4] to a climatic phenomenon.
For instance, in the case of the Mahanadi Delta in Odisha (India), hard infrastructure
(hydraulic infrastructure) built as a short-term solution for flood defense disrupted the
natural linkages between wetlands and water, which further exacerbated the vulnerability
of people to flooding [5]. In a complex world where everything is interrelated [6], actions
aiming for a particular factor often have repercussions on other interrelated factors. These
repercussions change over time, are highly uncertain, and fluctuate, thereby increasing the
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overall vulnerability of any system to disasters. The complexity perspective is, therefore,
imperative for achieving successful climate action.

Against the backdrop of disaster risk reduction planning, forecasting the nature of
risk and its possible effects on various components of a system is a prerequisite. How-
ever, while dealing with complex systems, the lack of consistent data is a very common
issue. Governments and institutions often face hurdles when identifying the indirect ef-
fects of climate extremities on policy implementation, largely because of the unavailability
of data, complexity, and dynamics of the systems [7]. Understanding uncertainties and
complexities, however, fundamentally supports informed decision-making [8], especially
when planning for disaster risk reduction. Recently, the focus on dealing with indirect
and uncertain effects or damage because of disasters has gained importance with respect
to risk management [9–11]. Coastal SESs, for instance, are vulnerable to disaster risks
through innumerable and unpredictable pathways. In the context of the governance and
sustainability of such regions, where the health of ecosystems depends on interactions be-
tween humans and nature [12,13], the SES perspective proves to be highly relevant [14,15].
However, empirically dealing with feedback gained from interactions between govern-
ments, communities, and individuals regarding ecological changes is challenging [16].
Many global reports—for instance, the Sendai framework for disaster risk reduction, the
IPCC SROC 2019 report, and others [4]—have stressed the important role of communities
in improving disaster risk decision-making and unraveling the complexity and dynamic
nature of SES. Although the importance of uncertainty is highlighted in many studies [17],
only a few of these prioritize the uncertainty generated by individual influence [18], policy
decisions [19], and sustainability at the global level. As a result, it is difficult to forecast how
disaster-related policies will affect the future path of resilience and sustainability, especially
in complex and dynamic SESs such as coastal rural systems.

Against that background, this study attempts to model the SES of a selected case
study area (seven settlements in the East Godavari region of Andhra Pradesh) by breaking
down and understanding its complexity, with a core objective of guiding the formulation,
regulation, and supervision of policies related to disaster risk governance with respect
to increasing the resilience of coastal SES. Fuzzy cognitive mapping (FCM)—a kind of
recurrent neural network with features of fuzzy logic that enables the representation
of a system and its processes with the help of components (also called concepts) and
interrelations between these concepts [20]—is used to explore the relationships between
components, gathering collective perceptions and the dynamics of the interrelatedness
between the components of the study area.

The research question of the study is “What are the implications of the climate change-
induced components of an SES for the effectiveness of governance strategies?” with the
following hypothesis: “Climate change effects can potentially decrease the effectiveness of
governance in an SES if their interrelationships in the SES is not understood fully”.

This study postulates that changes in a certain component of a system can have
multiple indirect effects on the whole system, which could disrupt the system’s functioning,
and, consequently, under the circumstances of rapidly changing components, there might
be a deviation in the desired state of the system. With this understanding, the study
critically examines the preferred state metrics [21] for achieving disaster resilience in a
system. First, this research explores the impact of disaster risk governance policies on
various SES components in the study area. Second, the effects on policy implementation
upon variations in the key components of the SES are studied. To overcome a lack of data,
this study considers the traditional knowledge and experience of the local community.

The study successfully tried to capture and integrate local knowledge and experiences
despite illiteracy, remoteness, and technical limitations such as complexity and data la-
cunae by using fuzzy cognitive mapping and participant perception. The novelty of the
study is that the study tried to capture the reasons for climate action failure, referred to
as “governance effectiveness” reduction in this particular study. For this purpose, the
study first tried to take on a scenario with climate-change-induced components, such as
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saltwater inundation, and understand its effect on various components of the SES. Secondly,
governance strategies and their effects on various components of the SES were observed.
The novelty lies in critically observing the variance between the scenario of governance and
the scenario of governance under a saltwater inundation scenario, which shows climate
action failure. The method provides an opportunity for policymakers to critically focus on
certain components that can be a reason for reductions in governance effectiveness.

The introduction (Section 1) was one of four main sections that make up the entire
essay. Section 2 covers the theoretical background useful for the research. The case study
location and the research techniques used for this study are described in Section 3, and the
study’s findings are shown in Section 4. Section 5 highlights the research’s future direction,
major conclusions, and findings.

2. Theoretical Background
2.1. Resilience in Coastal SESs

Coastal regions are particularly susceptible to environmental change and disturbance,
so resilience in coastal SES is a crucial topic of research. Numerous studies have focused
on linkages between social and ecological components as well as the capacity of coastal
systems to resist disruptions and recover from them. For instance, studies have looked
at the adaptability of coastal communities to sea level rises and storm events [22,23], the
resilience of coral reefs to climate change and ocean acidification, the function of ecosystem
services in promoting coastal resilience [24], the dynamic behavior of infrastructure in
coastal areas [25,26], and macro-zonation [27,28].

In order to improve coastal resilience, researchers have also looked at governance
practices and legislative initiatives, such as integrated coastal zone management [29,30]
and the establishment of marine protected areas [31,32]. According to studies [33,34],
social-ecological feedback, community involvement, and adaptive governance are crucial
for fostering resilience in coastal SESs. The literature on resilience in coastal SESs offers in-
sightful information on the dynamics and management of these intricate systems, assisting
in the creation of plans for sustainable coastal development and climate change adaptation.

2.2. Methods of Disaster Risk Decision-Making for Resilience in SESs

Using a variety of mature and robust approaches for disaster risk decision-making,
substantial research has been conducted on resilience in SESs. This literature review
aims to comprehensively understand various methods used in enhancing disaster risk
decision-making with a focus on resilience in socio-ecological systems. According to
Biggs et al., (2012) [35], a set of resilience indicators can be used to measure how well an
SES can withstand disruptions while still performing its essential duties. To analyze the
governance of common-pool resources, Ostrom’s SES framework [36] serves as a theoretical
underpinning. Participatory techniques, as promoted by Berkes (2009) [37], place an
emphasis on local expertise and community participation in decision-making procedures,
which improves resilience.

Modeling and simulation methods allow for the examination of intricate SES dynamics
and the assessment of prospective interventions [38]. The identification of key players and
knowledge of system dynamics is made possible by network analysis [39], which provides
insights into the structure and interactions of social-ecological networks.

Focusing on decision-making research methods, criteria decision analysis (MCDA) [40],
cost–benefit analysis [41], Bayesian networks [42], and the analytical hierarchy process
(AHP) [43] have focused on building frameworks for ranking alternatives, the economic
viability of resilience methods, probabilistic models to examine causal linkages with uncer-
tainty, and rankings according to hierarchical standards, respectively.

Collaboration and knowledge-sharing are made easier through “social network anal-
ysis”, which sheds light on social interactions and information flow inside SESs. Local
stakeholders are empowered by “participatory decision-making processes”, which also
improve their ability to manage risks. Scenario analysis examines conceivable future sit-
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uations and how they might affect planning for resilience. In order to comprehend the
dynamics of SESs, game theory, in particular, agent-based modeling, analyzes strategic
interactions between decision-makers. Decision-making processes are represented visually
in “decision trees” [44], which also evaluate potential actions. Addressing uncertainty and
identifying solutions that are resilient across various scenarios are made easier with robust
decision-making [45].

A case study has certain requirements and challenges for researching resilience in SESs.
Challenges include data gaps, complexity, the remoteness of the area, and technological and
economic hurdles in the region; the FCM method proved to be effective for accumulating
all previous experiences as well as the present knowledge of local communities regarding
the SES of the study area.

In addition, the study area is highly vulnerable to multiple types of climatic stressors
such as cyclones, sea level rises, industrialization, urbanization, etc.; hence, fuzzy cognitive
mapping was considered for the study, which is further discussed in Sections 3.1 and 4.6.

3. Materials and Methods
3.1. Study Area

The case study location is situated in the Godavari Estuarine Region of the Indian state
of Andhra Pradesh. The second-largest estuarine region in India is the Godavari Estuarine
Region [10].

The local ecosystem provides a wide range of fisheries that are essential to the liveli-
hoods of traditional fishing communities. These fisheries consist of multiple subvarieties of
mollusks; fish; prawns; and crustaceans such as mangrove crab and yellow crab. Seven
distinct settlements located in the Gautami–Godavari estuary region of Andhra Pradesh,
specifically, the East Godavari region (as shown in Figure 1) were selected for this study.
These settlements include Magasanitippa, Balusutippa, Pedavalasa, Lakshmipathpuram,
Gogullanka, Bairavalanka, and Nillarevu. Over the past decade, this region has been noted
to be one of the most disaster-affected areas in India, and the selected settlements were
the ones that were declared most vulnerable to cyclones, storm surges, and floods. For
the selection of the seven settlements within the delineated study area, factors such as the
vulnerability of the settlement, remoteness, access to the basic resources, distance from the
coast, etc., were also taken into consideration.
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3.2. Research Method
3.2.1. Mapping Method

For this study, fuzzy cognitive mapping is used as a tool to comprehend the intricate
interrelationships between humans and nature, thereby unraveling the complexities of the
SES. FCMs have previously been used to study human–nature interactions in complex
system modeling [46], environmental decision-making [47], ecological models utilizing peo-
ple’s knowledge [48], and defining the management objectives of complex ecosystems [49].
Recently, FCMs have also been used to explore resilient development strategies in diverse
fields, including agricultural systems and COVID-19 [50], good public governance in agri-
cultural systems, environment management [19], and traditional knowledge in SESs [51].
While FCMs have been utilized by disaster risk managers to help weigh the trade-offs of
alternative decisions [52], temporal issue [9,52,53] and exploration of non-linear relation-
ships of stakeholder perspectives [54–56] are few of the existing limitations which are
addressed through this study by validating the results of the model with the stakeholder
knowledge. The integrated dynamics of the study area were modeled with the help of
“mental modeler” [57] software.

3.2.2. Derivation of Components or Analysis

The derivation of components is considered a critical part of modeling system dy-
namics and often involves discussions between stakeholders, who share their knowledge
and beliefs about the overall functioning of the system. Determining the critical elements
affecting the system’s performance requires harnessing the collective intellect of stake-
holders to overcome data shortages and scientific knowledge constraints. Utilizing the
collective intelligence of a community [21] to overcome data scarcity and scientific knowl-
edge limitations [58] is essential for deriving the critical components affecting the system’s
performance. Such methods help untangle the intertwined nature of interactions between
humans and natural ecosystems [14], particularly in coastal regions, thereby supporting
disaster governance [59]. Mapping exercises involve combining different approaches, such
as expert-based and stakeholder consultations or expert-based and literature reviews to
determine the components of the SES. This approach can help ensure that the mapping
process is comprehensive and inclusive of various perspectives. The study, therefore, deter-
mines the components through a combination approach (Figure 2) based on the following:
(i) A recovery map prepared through focus group discussions to generate a basic under-
standing of post-disaster system behavior. The components that require time for recovery
and often end up creating vulnerabilities in the system in the event of upcoming disasters
were identified through this method. (ii) Hindrance factors (i.e., pressing issues in villages)
limiting the villagers’ capacity building and prepare coping or mitigation strategies. (iii) A
literature review including studies (scientific/academic journals, websites, news related to
the case study area, etc.) related to the collected components [15].
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3.2.3. Cognitive Maps and Inputs from Experts

Notably, the components with very low chances of fluctuation were neglected in
the study.

The selected components are divided into cultural components; socio-economic com-
ponents; ecological components; physical infrastructure; components related to anthro-
pogenic and hydro-meteorological risk components; and governance for ease of display
and to avoid missing relevant concepts. However, the socio-ecological parameters fit under
one category in certain situations, which may also be related to other categories at times.
Thus, the delineation is not very strict. For example, ecosystem-based livelihoods are
basically under the ecological category since they utilize ecological resources. However,
ecosystem-based livelihoods can also fall under cultural components, as the very basis of
their existence is linked with cultural aspects and traditional knowledge. Further, concepts
can fit into two components at a time, but this does not affect the analysis in any way.

SESs, which are usually considered interactions between social and ecological compo-
nents, consist of numerous components that are a result of the interplay between humans
and natural systems. Sometimes the components are part of an ecological system, for
example, food production variety, or part of social aspects, such as components listed under
anthropogenic activities, as shown in Table 1. Hydrometeorological hazards are compo-
nents that influence the SES, for example, floods, saltwater inundation, etc. Governance
and culture are path-defining components of the SES and generally fall under the social
aspect of the SES. For example, decisions taken in the system can influence the path of
resilience in the system, which is one of the major considerations of this study. However,
cultural components are similar to the cultural services listed by the TEEB from a disaster
risk perspective.
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Table 1. Finalized components for analyzing the coastal SES.

Cultural Socio-
Economic Ecological Physical Infra Anthropogenic

Activities

Hydro-
Meteorological

Hazards
Governance

Continuity of
TKS (C18)

Occupational
change (C46)

Groundwater
quality (C33)
Soil salinity

(C65)

Dredging (C23) Floods (C3) Vocational
training (C51)

Customs and
Rituals (C21)
Innovation

(C39)

Income (C38) Soil salinity
(C65)

Washing and
hygiene (C57)

Aquaculture
(C12)

Industrialization
(C5)

Saltwater
inundation

(C53)
Tsunami (C11)

Ecosystem
conservation

(C28)
Participatory
governance

(C47)

Ecosystem-
based

livelihoods
(C27)

Urbanization
(C66)

Storm surge
(C58)

Early warning
systems (C25)

Climate
Adaptive

Lifestyles (C16)
Migration (C43) River water

quality (C8) Housing (C4) Commercial
fisheries (C17)

Sea surface
temperature

(C55)

Ecosystem
knowledge and
training (C29)

Literacy levels
(C42)

River fishery
availability (C7)

Salt
embankments

(C50)

Land use
change (C41) Cyclone (C22) Evacuation

(C31)

Human life loss
(C37)

Food
production

variety (C32)
Electricity (C30) Salt embank-

ment(C50)
Sea level rise

(C54)
Risk transfer

(C48)

Cattle loss
(C15)

Mangrove
ecosystem
Mangrove
cover (C6)

Multipurpose
cyclone shelters

(C45)

Bathymetry/
bottom slope

(C14)

Ecosystem-
based

livelihood
improvement
training (C26)

Craft and gear
loss (C19)

Mollusk avail-
ability (C44)

Gusty winds
(C34)

Health (C35) Crustaceans
(C20)

Heavy rains
(C36)

Salt pans (C52) Surface water
quality (C59)

River water
inundation

(C49)
Soil erosion

(C56)

A coastal SES is often characterized by the complexity existing in the system. As
mentioned above, the components do not always fall under a particular category and
are often related in multiple ways to other components. Though processes such as the
condensation of parameters exist in the fuzzy logic process, in this particular study, the
researchers believe the condensation of parameters could create further complications, as
there will be a larger role for the researcher, while condensing the concepts may not really
suit participatory-planning-related studies. Further, the researchers’ role was more focused
on inculcating the scientific data into the prepared mental model using a participatory
approach. Hence, to reduce the errors as well as make the model more realistic as on the
ground, this study has not opted for component condensations.
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3.2.4. Establishing a Relationship between the Derived Components

The arrangement of nodes and edges and establishing the interrelationships of various
components in the SES are of great importance in FCM. The interrelations between the
components of the study area are represented as nodes (or concepts), generally as a reflec-
tion of the qualitative characteristics of the system (between 0 and 1). The components
selected in Table 1 were chosen in such a way that their combination, interaction, and
functioning determined the characteristics of the coastal rural SES in the case study area.
The correlation between two variables was established based on how they are related and
by coding them into a set between [0, 1] or [−1, +1].

3.2.5. Data Collection and Analysis Method

Figure 3 was prepared using mental modeler software v1.0, wherein the thickness
indicates the strength of the relationships between the concepts.
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In Figure 3, the greater the thickness is, the greater the weight of the relationship
between the concepts among the SES components. In the matrix, the values are provided
according to Table S2 (Supplementary Material). The degree of significance of each key
concept based on resident perceptions was recorded. The FCMs represent community
experiences of previous cyclones, present sea level rises, and climatic extremities. This
also reflects the participants’ understanding of human–nature interactions in the system.
These mental models graphically portray the perceived cause-and-effect relationships [60]
of human–nature interactions. Mental models from all 7 villages were collected individu-
ally. These models were combined using single-level aggregation similar to mathematical
models from previous studies [51,61], which used one step. Equation (1) describes the
process of aggregating individual models into a single FCM. These 7 FCMs are further
added in such a way that similar linkage weights, when repeated, are considered the
mode of the observed values. If there are no similar values, then the median of the data
is considered while combining the 7 master models. In addition, scientific data, as well
as the previous literature, were used to combine the components that lack data from the
community perspective side. This is a rigorous exercise that, again, is conducted by a team
of researchers (experts) and is based on the complexity of the system and the scientific data
available. The more scientific observations, the more accurate the results of the final model.
In addition, more participation from the citizens and active discussions can form a balance
in the model thusly prepared. The scientific observations help decide the weight between
the interrelationships. Data such as correlation data can easily be fit into a model when
converted into weights and divided into data similar to Table S2 (Supplementary Material).
The combination of these mental models was created using single-level aggregation. Math-
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ematical methods from previous studies such as [51,61] used the single-level aggregation
method (one step).

A
FCMvillage
ij = ∑N

P=1 AFCMP
ij /∑N

P=1

(
1
∣∣∣AFCMP

ij 6= 0
)

(1)

where FCMvillage represents the participant’s FCM with the corresponding adjacency ma-

trix, A
FCMvillage
ij . AFCMP represents the FCM of individual participants or participant

groups. N is the total number of participants or groups. For the master model, the weights
between the nodes or concepts of SESs are averaged when there are multiple different obser-
vations. The researchers have accordingly interpreted the values based on the component
observations. The final mental model is a bit different from that of the combined mental
model. This is because we further added the opinions of the researchers from the field, each
of whom has a formal education, training, and scientific knowledge and understanding
related to DRR, which included referring to case studies from the literature as well as the
data. Using this team of researchers, we collected and added scientific data, such as sea
level rise projections, etc.

Figure 4 represents the final master model (or FCM) for analysis, which was used as
an input for the mental model software. The software converted the FCMs into a matrix
format for further analysis. The final model was created by combining the matrices of
the individual cognitive maps from the seven settlements, aggregated mathematically to
create a model that represents the insights of all participants. It is important to note that in
Figure 4, red lines represent Negative linkage and blue line represent positive linkage.
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Degree of centrality [62], a common graph theory measure [63] used to investigate
the interrelationships between components, formed the basis of further evaluation [5] in
the master model we prepared. Herein, centrality is described as the relative importance
of a system component to the system’s operation [64]. Scenario analysis was used for
analyzing resilience pathways, wherein the values of one or more critical concepts in the
model were changed to create “what-if” scenarios representing the dynamic behavior of
FCMs that contribute to the resilience of the system. The variations in the system state are
then recorded with respect to the steady state. The value of each state is calculated using
Equation (2):

c(k+1)
i = f

(
c(k)j + ∑j c

kji
i

)
(2)

where c(k+1)
i is the value of concept i at iteration step k + 1; c(k)j is the value of concept j at

iteration step k; and i j is the weightage of edge relationship between i and j [65]. Function
f (x) is the “threshold function” used to squash the values at each step [62]. Here, the
threshold function is a hyperbolic tangent function expressed as Equation (3). Hyperbolic
tangents while analyzing FCMs were previously used by Liu et al. [66]

f (x) = tan h(λx) = eλx − e−λxeλx + e−λxe (3)

This equation is used to quantify the state value of the individual nodes [67] in the
interval [1, 1]. Note that the parameter λ > 0 in (2) and (3) controls the shape of the
corresponding activation function, where λ is a real positive number (in this case) that
determines the steepness of function f in Equation (4):

f (x) = 1/1 + e−λx (4)

4. Results and Discussion
4.1. Structural Analysis of the Model

The structural analysis of the FCMs included centrality measures identifying drivers,
ordinary components, and receiver components. Centrality analysis is a network analysis
method that measures the significance or influence of particular nodes within a network.
It aids in locating the crucial ideas or elements that are crucial to the system’s operation
and significantly affect its dynamics. In this study, the FCM model is subjected to centrality
analysis to ascertain the relative importance of each key concept based on participant
perceptions. We obtain insights into the relative significance and influence of notions
such as saltwater inundation, innovation, income, and the availability of ecosystem-based
livelihoods, among others, by analyzing the centrality scores.

Figure 5 displays the centrality of each component in the analyzed system. The
centrality results are achieved using mental modeler software. The software analyzes the
significance of elements within an FCM using a single centrality measure called “Influence”.
The mental modeler software’s influence measure quantifies how much one component
influences other components in the network. It takes into account both a component’s
direct and indirect effects on other map components. Higher influence scores are indicative
of a component’s centrality or influence throughout the system.

The influence measure offers a way to evaluate the relative importance of components
in terms of their influence on the overall system. It is important to note that mental
modeler software primarily focuses on visualizing and analyzing the causal relationships
and dynamics within a fuzzy cognitive map.

The mental modeler software is utilized to analyze the centrality score of each com-
ponent, with higher values indicating the importance of individual concepts within the
overall model. To evaluate the concepts that influence the resilience of the system, decision
concepts are examined based on centrality values, as illustrated in Figure 5. The degree
of significance of each key concept based on participant perceptions was recorded, and
it was found that saltwater inundation (SWI), innovation, income, mangrove ecosystem
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health, ecosystem-based livelihood availability, storm surges, occupational changes, and
sea fishery availability are the most significant concepts with a considerable impact on the
system. The concepts “saltwater inundation” and “governance strategies (vocational train-
ing, ecosystem conservation, participatory governance, early warning systems, ecosystem
knowledge and training, evacuation, risk transfer, and ecosystem-based livelihood im-
provement training” are selected based on the convergence of both higher centrality scores
and significance, indicated by participant perceptions. The governance parameters were
chosen for the purposes of analysis. The two concepts are further explored to determine
the impact of existing governance strategies on the other components of the SES.
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4.2. What-If Scenarios

Using Equation (3), ‘what-if ‘scenarios were created, from which scenarios related
to Figures 6 and 7 were made. The investigation and analysis of potential hypothetical
alternatives or conditions within an SES are referred to as “what-if” scenarios in mental
modeler software. These scenarios entail altering a few model inputs, parameters, and
variables in order to simulate alternative outcomes and gauge how the system will behave
in various situations. Researchers and decision-makers can learn more about the potential
effects of different interventions, policies, or external factors on the behavior, dynamics, and
resilience of the system by looking at “what-if” scenarios [68–71]. These scenarios make it
feasible to explore potential futures, assisting in decision-making and providing a way to
evaluate various tactics or policy possibilities [68]. They aid in the comprehension of the
interactions, complexities, and emergent aspects of systems, making it easier to identify
important leverage points and assess trade-offs [69,70]. Additionally, “what-if” scenarios
enable participative approaches, including stakeholders in the decision-making process
and promoting group learning [71]. Decision-makers can assess the risks and results of
various options, tactics, or future scenarios using these exploratory simulations, which can
help them make more reliable decisions and practice adaptive management [69,71].
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4.3. Saltwater Inundation Scenario

In Figure 6, the percent increase or reduction in each component is shown visually.
Darker hues denote greater values, while the color of the bars represents the size of the
sum. The equivalent sum of percentage growth or reduction is indicated with the bars.
Only non-null values for the sum of the percent increase or decrease are shown in the figure
because of filtering. Bars are used to represent the marks in the visualization. The sum of
the percentage increase or reduction in each component is indicated with the bars. The
cumulative values are shown by stacking the marks. The “percent increase or decrease”
dimension is on the row shelf, and the “components” dimension is on the columns shelf. To
display only non-null values, the “percent increase or decrease” dimension has a filtering
shelf applied. To label the bars with the “sum of percent increase or decrease” measure, we
used a text shelf. The “sum of percent increase or decrease” measure is also represented by
the color shelf. The 20 constituents of the “components” dimension are listed in ascending
alphabetical order. The “sum of percent increase or decrease,” which runs from −0.82 to
0.83, is one of the measurements used in the visualization. This measure’s related filter
makes sure that only non-null values are shown. This visualization, on the whole, offers
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a summary of the total percent rise or decrease in each component, enabling a visual
comparison of their magnitudes.

A component-wise examination of the influence of saltwater inundation for different
time duration was conducted using FCM. For this purpose, the time intervals were divided
into four categories: saltwater inundation for a short duration, (1) a day or less, (2) a week
or less, or (3) a month or less or considerably longer duration, such as (4) more than a year.
It was found that aquaculture is highly sensitive to saltwater inundation, as indicated in
Figure 6. The chances of sea fishery availability increase when the saltwater stays for a
considerably longer duration of time or permanently; i.e., the seawater level increases. The
probable assumption for this situation is that sea fishery is available even in mangrove
ecosystems during their breeding time. In the villages of Nillarevu and Maasanitippa, the
seawater level rose over the past few years, and this led to a shift in local occupations
to saltwater aquaculture with mangrove crabs as an adaptation practice. During a storm
surge, the land remains inundated with saltwater of 3–4 m and for a duration of no less
than an hour. From this case, it can be understood that the duration of saltwater inundation
is important for determining its effect on any other component of the system.

It is important to note that saltwater inundation has varying impacts for different
durations. If SWI because of a storm surge did not last for more than a day, the fishing
communities reported a loss in their daily wage income. Contrarily, the work of removing
the saltwater from aquaculture farms, spraying gypsum over large areas of land, and
many other recovery jobs opened new avenues for income. For SWI lasting more than a
week, there was no immediate impact observed. However, SWI for more than a month
moderately changed the vegetation of the impacted area.

4.3.1. Sea Fishery Availability

Sea fishery availability is a critical scenario because 87% of the population in the settle-
ments of the case study area directly depend on fishing as an ecosystem-based livelihood,
benefiting enormously from the health of ecosystems [13,72]. As per the resident’s percep-
tions, increased sea catches increase livelihood opportunities. However, this is possible
only during a considerably longer duration of SWI or a permanent sea level rise.

4.3.2. Mangroves

Another concern noted regarding the ecosystem is that of the mangroves. The accretion
rate of mangroves onto land is a commonly observed scenario in many cases around the
world [73], especially because of sea level rises. Mangroves depend on the sea for their
survival. Mangrove ecosystem health increases with increased saltwater inundation if and
only if the sea level rises relative to the mangrove surface [74]. It is noteworthy that the
salinity levels in mangroves have been previously studied; factors such as duration, levels,
and the depth of saltwater inundation in mangroves were observed to be critical during
the study and demand further research.

4.3.3. Occupational Change

Community perceptions reveal that increasing ecosystem-based livelihoods reduce
occupational changes (Table S2). However, saltwater inundation increases the chances of
occupational changes. Inundation for a shorter duration does not affect livelihoods and
households, but for a longer duration of time, a considerable shift in the occupational
change patterns in the village can be forecasted. This is because a longer duration of
inundation can change the ecosystem health as well as biotic resources in the ecosystem and,
hence, the population dependent on the resources. However, this needs to be investigated
further for more specific observations.

4.3.4. Quality of Life

The concepts of quality of life and disaster resilience is highly interrelated [73]. Salt-
water inundation can degrade the quality of life of people dependent on ecosystem-based
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livelihoods. It is a general consideration that ecosystem degradation can push people into
persistent poverty. However, in this case, despite the slight increase in mangrove cover and
increased saltwater inundation, degradation in the quality of life was observed.

4.3.5. Land Degradation and Agricultural Productivity

The salinity status of the inundated soil depends on the texture of the soil [75] and,
therefore, the rate of infiltration of the soil, the soil moisture in the period immediately
after inundation, the surface water quality, and the drinking water quality. In this case,
surface water quality is highly sensitive to changes in saltwater. The surface water quality is
affected by every storm surge affecting the area, and specifically, the people of Maasanitippa
and Nillarevu face a severe threat.

4.3.6. Literacy Levels

A reduction in literacy levels is an indirect effect of saltwater inundation. On a
temporal scale, saltwater inundation for a significantly longer duration, i.e., months to
years, can certainly influence the literacy levels of the community.

4.3.7. Food Production Variety and Agricultural Productivity

Saltwater inundation significantly disturbs agricultural production and other vege-
tation, thereby reducing the food production variety of the region. Saltwater inundation
and the resulting salinity have significantly affected agricultural production in the selected
area. Similar findings were reported by Alam et al. [12]. Effects on health from saltwater
inundation [13] have also been reported in other studies [16].

4.4. Governance Scenario

The National Policy on Disaster Management by the Ministry of Home Affairs, India,
was adopted in 2009. Improving real-time forecasts and early warning systems, supported
by responsive and fail-safe communication and information technology [76], is one of
its major objectives. Regular estimations and forecasts of climatic risks can be observed
with various laboratories and institutions. It was assumed that the capacities of early
warning systems were raised to 100% using the model. Thus, the frequency of receiving
forecasts relevant to extreme weather by the general public is less uncertain, and they can
schedule their events, such as sowing a particular variety of crop or investing in a particular
ecosystem service. This was further supported by the National Policy for Farmers (2007) [77]
by the Ministry of Agriculture and Farmers’ Welfare. This policy initiative also supported
the risk transfer of farmers. The National Environment Policy (2006) [78] by the Ministry of
Environment, Forest and Climate Change supports the objective of ecosystem conservation.
Vocational training was recommended in the National Cyclone Risk Management Plan and
NDMP (National Disaster Management Plan 2019) [79]. Evacuation in villages happens
prior to a climate extremity, such as a cyclone. This was supported at all levels by the district
magistrate, revenue departments, other relevant government officials, village panchayats,
and community heads of the villages. Vocational training/skill development is one of
the sub-thematic areas for disaster resilience, suggested by NDMP 2019 [79], India. It
specifically suggests fostering expertise for multi-hazard-resistant fabrications in cyclone
risk zones for multiple housing types and critical infrastructure. Risk transfer involves
formally or informally shifting the financial consequences of risks from one party to another.
In total, 25 components were found to either increase or decrease when the governance
strategies selected for this study were increased or 100% implemented.

4.5. Combined Scenarios

Concepts, as shown in Table 1, were used to model the combined scenario of gover-
nance and saltwater inundation (Figure 8). The governance targets of various policies under
the influence of sea level rise were observed and are critically discussed in this section.
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Under increased governance components, Figure 7 shows a scenario of fluctuation in
the selected components of the coastal SES. However, upon the introduction of increased
saltwater inundation, the governance scenarios do not work as planned, as shown in
Figure 8. The study chose to observe the variance in Table 2 between the components by
using the following formula, Equation (5):

S2 = Σ (xi − x)2/n - 1 (5)

In the formula, S2 represents the variance, n stands for the observation count, and
xi represents the average value of all observations. As variance is mostly considered for
calculating between two numbers (observation count), we divided the result by the first
value and then multiplied the outcome by 100.

The variance here represents the probable failure percent of the policies selected under
the category of governance. Agricultural productivity, drinking water supply, surface water
quality, and aquaculture have higher variability compared with the other components
under the influence of saltwater inundation in the presence of the effective implementation
of governance components: >100% variance—high chances of the failure of the policies,
50–99%—medium chances of the failure of the policies, and 1–49—low chances of the
failure of the policies. Therefore, the above-addressed components should be given prior
consideration during planning for disaster risk reduction and, hence, contribute to resilience
in SESs.



Sustainability 2023, 15, 9565 17 of 23

Table 2. Variance between the two scenarios.

Components Variance (% of the Desired) Scenario after SWI

scenario Inclusion
Sea fishery availability 45% Increased

Ecosystem-based livelihood 17.85% Decreased
availability

Income 43.95% Decreased
Agricultural productivity 293.33% Decreased

Mangrove ecosystem health 56.61% Increased
Innovation 10.23% Decreased

Aquaculture 288.24% Decreased
Climate-adaptive lifestyle 5.8% Decreased

Occupational change 37.1% Decreased
Migration 34.78% Decreased

Low quality of life 24.72% Decreased
Land use degradation 37.5% Decreased

Literacy levels 42.85% Decreased
Mollusks 48.38% Increase

Food production variety 58.82% Decreased
Crustaceans 48.38% Increase

Drinking water supply 295.45% Decrease
Surface water quality 300% Decrease

Health 90.32% Decrease
Soil salinity 312.9% Increased

4.6. Superiority of FCM over Other Methods
4.6.1. Scenario Generation

Based on the results, it can be said that fuzzy cognitive mapping has advantages over
other methods in terms of assisting in generating disaster risk decision-making scenarios.
Though scenarios can be generated using other models, such as agent-based modeling,
system dynamics modeling, Bayesian networks, and other mathematical models, the
scenarios generated through FCM are said to capture the intrinsic fuzziness and ambiguity
of decision-making criteria, which can thus be easily addressed, making it suitable in
situations of data lacunae, whereas other methods, such as system dynamics modeling [80],
require crisp data sets. In addition, the FCM of the coastal SES in this study, which involved
subjective and uncertain information, can assist policymakers in disaster risk governance
of the SES by identifying variance in multiple future scenarios, which were output by
the study.

4.6.2. Dealing with Complexity

This research unpacks the complexity of the SES in the selected case study area through
the fuzzy cognitive mapping of seven settlements with the assistance of local communities.
The capacity of FCM to deal with complex and often dynamically changing systems over
time is another benefit. According to Sarah Henly-Shepard et al. (2014) [62], FCM can model
the consequences of various interventions, policy changes, or potential future scenarios
on the behavior of the system, which matches the results of this study. This capability
is especially helpful in disaster risk governance because making decisions in real time
requires long-term planning and taking changing risk profiles into account. In a recent
study, Eppinga et al., 2023 [81], analyzed the dynamics of SESs critically using mathematical
modeling, wherein focus was placed on system behavior when socio-economic dynamic
dependency on local ecosystem processes declined. It is important to note that FCM
too excels at analyzing and representing complex systems with a multitude of feedback
loops and interactions, while mathematical models make it difficult to address complexity,
especially in data-uncertain cases.

Parker et al., 2023 [82] in their study, made a socio-ecological assessment of land use
changes, addressing complexity as one of the research gaps in their study, which focused
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on land use changes related to cannabis models, with co-variates of the model based on
interviewees.

4.6.3. Hybridization, Data Types, and Indirect Effects

Fuzzy cognitive mapping, though quantitative to an extent, provides scope to quali-
tative data, such as correlation data between every two components in a system (values
similar to Table S2). Furthermore, the calculation of variance, which was performed in
this study was a qualitative method making it a hybrid model in a way (described as a
combination approach in Figure 2 of the study), as does scenario analysis, which includes
centrality and hyperbolic tangents. Camila Jahel et al. 2023 [83] specify the need for a
combination of qualitative and quantitative methods or hybrid methods to deal with SES.

Disaster risk decision-making, since time immemorial, has followed a linear approach,
but multi-dimensional analysis is catching up with the aid of recently trending technolo-
gies. The present research falls in this bracket in the process of unraveling complexity,
considering multi-dimensionality and focusing on indirect effects.

Furthermore, linear approaches to disaster risk decision-making often result in neglect-
ing indirect effects, and in systems such as SESs, where levels of human–nature interactions
decide the path of resilience, feedback loops are always possible in any decision made. FCM
excels at analyzing and representing complex systems with a multitude of feedback loops
and interactions. It enables decision-makers to fully understand the causal connections and
nonlinear correlations between diverse elements [84]. This is especially useful in disaster
risk management because of how intricately risk factors, vulnerabilities, and mitigation
strategies can interact.

The application of this method could assist governments and agencies working toward
the identification of indirect risks and build resistance to uncertainties by incorporating
local experiences. By comprehensively incorporating the protection of ecosystem services,
the model has the potential to identify research requirements that have a positive influence
on the trajectories of sustainable development and resilience. This study proves that
the temporal dimension of fuzzy cognitive mapping, which is a huge limitation of the
model [52], can be addressed through the method presented in this paper using community
participation and accurate scientific observations, as per their availability.

4.6.4. Community Participation

The lens of human–nature interactions supports unlocking the hidden but rapidly
changing components of the coastal SES [17], which is partly in the hands of local commu-
nities and their choices [72]. It was found that despite the existing illiteracy, remoteness,
and technological and economic hurdles in the region, the FCM method proves to be
effective for accumulating all previous experiences as well as the present knowledge of
local communities regarding the SES of the study area.

Section VI, “Investing in disaster risk reduction for resilience”, of the Sendai frame-
work recognizes the significance of engaging with local communities and empowering
them as agents of change. It encourages the participation of various stakeholders, includ-
ing citizens, in the design and implementation of disaster risk reduction strategies and
initiatives. The framework emphasizes the importance of building inclusive governance
structures that involve citizens in risk assessment, planning, and monitoring activities.
Furthermore, section IV emphasizes the need for their active involvement in decision-
making processes, planning, and the implementation of policies and actions. Under such
situations of collaborative environments, FCM offers a multi-stakeholder, expert-involved,
participatory method of decision-making. FCM fosters a cooperative environment for
comprehending and mitigating disaster risks by integrating stakeholders in the devel-
opment and assessment of the cognitive map [5]. It makes it possible to include many
viewpoints, skills, and beliefs in the decision-making process, resulting in more inclusive
and consensus-driven results. The case is the same in coastal SESs, which include multiple
types of stakeholders, and hence, fuzzy cognitive mapping was selected for the study.
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5. Conclusions

To sum up, this study has provided information about the interrelations between
components of coastal SESs and their susceptibility to disaster risks by making a fuzzy
cognitive map.

First, this research employed fuzzy cognitive mapping to unravel the complexity of
the SES of seven villages in Andhra Pradesh, India, using community participation. The
model was then transferred to mental modeler software to analyze it further (Figure 4).
Second, based on centrality scores, concepts influencing the system were identified, the
one with the highest centrality value being saltwater inundation (Figure 5). This “saltwater
inundation” component is thus considered a driver, and the impact of its increase on the
system is identified using a hyperbolic tangent performed in the mental modeler software
(Figure 6). Third, governance scenarios were also increased to their highest possible value
in the model, which simulated and identified the components that were being influenced.
Finally, a combined scenario of governance (Figure 8) under saltwater inundation was
prepared. A targeted bar graph demonstrated the impact of saltwater inundation on various
components of the SES.

The findings of the study highlighted the importance of considering the impact of
climate change, such as from saltwater inundation, on the functioning of governance strate-
gies. The results suggest the need for effective policies and interventions that address the
identified components and prioritize actions to mitigate the adverse effect of saltwater
inundation. This process serves as a dual-regulated solution, not just for mitigating saltwa-
ter inundation but also improving governance strategies by understanding how climate
action failure happens. This paper clearly demonstrates the effect of saltwater inundation
on various components of an SES, which is a climate change effect. Furthermore, the
governance strategies considered are related to disaster risks.

In terms of future perspectives, the findings of this study can inform decision-making
processes aimed at enhancing disaster risk resilience in coastal areas. Policymakers and
stakeholders can utilize the identified key components and their interrelationships to design
targeted interventions and strategies that address vulnerabilities and promote sustainable
development.

Overall, this study offers insightful perspectives of intricate interactions between
the components of an SES and contributes to the existing knowledge by unpacking the
complexity of coastal SESs and providing insights into their resilience to disaster risks.
However, it is crucial to note that there are several research gaps in this study that call
for additional research. First of all, future research should examine the interactions and
interdependence between the various components with respect to similar case studies in
order to acquire a more thorough knowledge of the process of fuzzy cognitive mapping
and its applications for resilience in SESs. Moreover, this study was limited to testing the
impacts on governance effectiveness under situations of saltwater inundation. The study
concentrated on the component with the highest centrality and simulated its modifications.
’Similar components that do not have high centrality are yet to affect the system’s dynamics
and hence, they are to be monitored and researched further.

Additionally, this study primarily focused on the coastal SES of a specific case study
area. It would be valuable to replicate the analysis in other coastal regions to examine the
generalizability of our findings and explore the contextual nuances that may exist.

Furthermore, although the fuzzy cognitive mapping approach provided a robust
framework for understanding system dynamics, there may be alternative modeling tech-
niques and methodologies that could offer advanced insights. Comparative studies involv-
ing different modeling approaches would contribute to a more comprehensive understand-
ing of resilience in coastal SESs. Further, working on modifying fuzzy cognitive mapping
or integrating it with models such as agent-based modeling would add much accuracy to
the models.

Further research is recommended to investigate specific aspects such as enhancing
governance strategies based on the affected components, which are the results of the study.
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Furthermore, by integrating community participation and advanced techniques, such as
machine learning and artificial neural networks, this study can be made more precise.
Specific studies on projections of climate change effects, such as saltwater inundation, and
their calibration with the present model in the study would provide more effective results.
Moreover, synchronizing such projections would also satisfy the temporal dimension of the
model, which is a research gap in the study. Such calibrations would possibly make it more
accurate, to an extent, without neglecting citizen perceptions, which consider previous
experiences and help to perfect the synchronous model.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su15129565/s1, Table S1. Eleven grades considered for describing
the influences among the components of the socio-ecological system. Table S2. Causal interrelations in
the coastal socio-ecological system (based on community interactions, literature and expert opinions).
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