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Abstract: Global warming and climate variations are expected to alter hydrologic conditions and
exacerbate flooding, primarily through increasingly frequent and intense storm events and sea-level
rise. The interactions between coastlines and their inhabitants around the world are highly diverse,
making them challenging to model due to the non-homogeneous, nonlinear, and complex nature
of human decision-making. Agent-based modeling has proven valuable in various fields, enabling
researchers to explore various social phenomena and emergent patterns under different institutional
frameworks, including climate change scenarios and policy decisions, particularly at local scales.
This approach is particularly useful in providing insights into possible outcomes and feedback
resulting from the convergence of individual- and community-level adaptation decisions, and it has
increasingly been used to model coastal systems. However, there are a limited number of studies
that examine the effects of climate adaptation decisions on coastal tourism systems. This paper aims
to address this gap by first providing an overview of the current state of agent-based modeling
literature that explores coastal community adaptation responses to climate change. Subsequently,
the paper argues for the application of these methods to simulate the effects of adaptation on coastal
tourism dynamics. To better capture the interactions within subsystems and potential redistributed
effects inherent in multi-scale and multi-stakeholder decision-making processes within these systems,
we propose integrating agent-based modeling with a novel system of socio-environmental systems
(SoSES) approach. This integration aims to assist city planners, policymakers, stakeholders, and
attraction managers in effectively assessing adaptation options to safeguard their communities from
the multifaceted impacts of climate change.

Keywords: climate change; coastal community; flood; agent-based modeling; system of systems; tourism

1. Introduction

Climate change has and will continue to affect the hydrologic cycle by way of altered
precipitation event frequency and intensity, wreaking havoc on infrastructure as well
as both ecological and social systems [1–3]. These changes, coupled with rising global
temperatures, are amplifying the frequency and severity of extreme weather events, such
as hurricanes, floods, droughts, and wildfires. For example, studies have indicated that
warmer temperatures are associated with a higher likelihood of extreme rainfall events,
resulting in more frequent and intense floods in various regions [4,5]. Moreover, climate
change-induced alterations in the hydrologic cycle can also exacerbate drought conditions and
water scarcity in certain areas, impacting agriculture, water supply, and ecosystems [6,7]. The
increasing understanding of these interconnections between climate change, the hydrologic
cycle, and natural disasters is crucial for effective disaster risk reduction, water resource
management, and climate adaptation strategies.
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Coastal systems, in particular, will be disproportionately affected by our warming
planet, now facing these exacerbated risks coupled with sea-level rise and increasingly
severe storm surge. The warming climate has implications for glacial melt and sea-level rise,
which could lead to coastal inundation and increased vulnerability to storm surges [3,5,8].
Coastal property damage will cause physical risks and financial losses for individuals, as
well as pose threats to local economies and cultural landscapes by way of environmental
degradation. According to the United States Global Change Research Program’s 2017
summary of the Fourth National Climate Assessment, the extent of future climate change
effects is heavily dependent on the choices our world makes today, and over half of
the presently anticipated coastal property damages are avoidable through adaptation
measures [3].

Coastal adaptation has many forms, from artificial dune construction, seawalls, surge
barriers, flood hazard mapping, early-warning systems, insurance programs, and the
formation of disaster management committees, to community retreat [9]. With there being
no one-size-fits-all solution for coastal communities, each with their own increasingly
complex and interconnected economic, social, and biophysical systems, it is of growing
importance that we understand the outcomes and possible redistributed effects of our
adaptation decisions [10]. Responses are often dictated by individual actions and beliefs
that widely vary across communities facing unique geographies and priorities, in addition
to differing social, economic, and cultural circumstances.

For example, surveys conducted in small island communities of Tubigon in the Philip-
pines found that most residents prefer in situ adaptation strategies to relocation, even after
the local government devised a program that would give them permanent new homes
on the mainland [11]. Alternately, homeowners in Staten Island’s Oakwood Beach neigh-
borhood successfully lobbied to have their waterfront homes demolished and bought out
following Hurricane Sandy so they could move further inland and bar the flooded areas
from future development [12]. Alaska’s Shishmaref, known for its houses falling into the
sea as a result of permafrost loss and rapid erosion, voted to relocate their community
in both 2002 and 2016, and still have not done so [13] due to funding restraints and fear
surrounding both cultural and livelihood preservation [14]. System-level outcomes for
each of these communities vary, including but not limited to maladaptive in situ strategies
in Tubigon, such as unsustainable coral mining for the purpose of home elevation, making
the island communities more vulnerable to storm surge in the future [11,15]. Buyouts
for Oakwood Beach’s predominantly white and wealthy residents created climate justice
tensions, while Shishmaref’s decision to relocate almost two decades ago has caused a cease
in new housing development, resulting in an outward migration of younger residents. The
individuals, societal rules, and available resources within these scenarios each play a role
in deciding adaptation recourse and the consequent effects on their environment, working
to either reduce or exacerbate vulnerability at the community level.

The occurrence of emergence, or emergent properties, describes the event in which
system-wide behaviors, patterns, or structures are brought about by but not explicitly
programmed within a system’s individual components [16]. Although these are not mod-
eled scenarios, emergence is depicted by the increased physical vulnerability of Tubigon,
newly fueled social tensions across Oakwood Beach, and unintended outmigration from the
Shishmaref community, as these each describe system-level consequences of diverse beliefs
and decisions which did not individually or explicitly account for these outcomes but
arose from the interactions of the decisions of many. Upon discovery, emergent properties
such as these have and will continue to shape the future, affecting decisions ranging from
infrastructure installation to climate policy.

In addition to emergence, the importance of incorporating big data in natural disaster
monitoring and modeling cannot be overstated [17]. With the increasing frequency and
severity of natural disasters, traditional modeling approaches may fall short in providing
accurate and timely insights to mitigate and respond to emergencies [18]. Big data, includ-
ing satellite imagery, sensor networks, social media data, and historical records, offer a
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wealth of real-time and historical information, enabling researchers and decision-makers
to gain a deeper understanding of disaster patterns, impacts, and vulnerabilities [19]. By
integrating this vast and diverse dataset into modeling frameworks, we can enhance the
precision of forecasting, early-warning systems, and emergency response strategies. Addi-
tionally, big data-driven models enable more comprehensive risk assessments, aiding in
the formulation of proactive and targeted disaster preparedness measures to protect lives
and minimize economic losses, ultimately fostering more resilient communities in the face
of natural disasters.

The goals of this review study are as follows:

1. Explore agent-based modeling (ABM) applications which examine the effects of
various climate change adaptation strategies on coastal communities.

2. Accentuate and underscore the potential of filling a gap in the ABM space pertaining
to the integration of possible effects of climate change adaptation decisions and
coastal tourism.

3. Introduce a novel system of socio-environmental systems (SoSES) approach as well
as a case for the integration of SoSES and ABM methods for the purpose of better-
informing decision-makers and institutions at all levels within coastal systems about
possible outcomes and feedbacks following adaptation choices.

A general overview and explanation of ABM and its components will be provided as
well as advocation for its use to simulate dynamic and complex systems. Adaptation will
be defined largely in the context of common practices in coastal settings. A non-systematic
review of the existing literature regarding the use of ABM to observe potential outcomes
of climate change response will follow, in which their employed adaptation strategies
and individual case studies will be, if applicable, placed into the following categories:
accommodation, protection, and retreat. Following this review, a gap in the coastal agent-
based modeling space will be presented, pertaining to the limited ABM studies which
explore interactions between climate change adaptation decisions and the coastal tourism
sector. The potential and importance of exploring the extension of adaptation ABMs into
this area is discussed, as is the role of systems dynamics in adequately capturing the
interconnectedness of our physical, economic, and social systems within these models.
Imitations of ABM and associated practices will be mentioned, followed by suggestions for
future work.

2. Agent-Based Modeling

Agent-based modeling (ABM) is a means of simulating behaviors, relationships, and
interactions among autonomous actors within an environment, allowing the modeler to
observe and explain system-wide collective and emergent behavior [16], as well as to test
hypotheses concerning relationships among individual attributes, behaviors, environmental
features, and macroscopic regularities [20]. An agent can be defined as an entity, object, or
software abstraction that bundles chosen methods (i.e., actions, behaviors) and attributes
within a single entity, which often seeks to achieve a certain goal [21,22]. A user-specified
topology which defines agent relationships and interaction rules dictates how agents may
interact with one another and their environment depending on their assigned attributes,
such as their individual goals, memories, experiences, economic status, or location, allowing
for the representation of virtually any system under investigation [16]. An example model
structure is illustrated in Figure 1. ABM is particularly suited to aid in the study of local–
global interactions, self-organized systems, decentralized decision-making, and the effects
of many complexity features (e.g., heterogeneity and nonlinearity) on emergence [23]. It
allows for testing hypotheses or performing “what-if” scenario analysis under various
conditions [24–26], as well as the integration of data, knowledge, and models across
temporal, spatial, and organizational scales or across disciplines [27,28].



Water 2023, 15, 2635 4 of 25

Water 2023, 15, x FOR PEER REVIEW 4 of 26 
 

 

integration of data, knowledge, and models across temporal, spatial, and organizational 
scales or across disciplines [27,28].  

 
Figure 1. Agent-based model structure. 

Due to this, ABM has been used in a range of fields and studies, from logistics 
optimization [29] and economics [30] to social sciences [31], ecological and biophysical 
sciences [32,33], complex human–environmental science [27,34,35], and urban planning 
[36]. While applications for water resources’ planning and management are still relatively 
limited [37], the long- and short-term outcomes of ecological, environmental, economic, 
and social changes are all important aspects of the water resource system planning and 
management process [38] that have the potential to be observed, modeled, and 
understood through ABM. 

Additionally, scenarios in which agents with diverse characteristics and abilities can 
change their behaviors based on previous decisions and interactions, in turn changing the 
characteristics of the system, the system’s archetype, and emergent outcomes through 
feedback, have been referred to as complex adaptive systems (CASs) [39,40]. CASs can be 
reasonably simulated using ABM [37] and system dynamics. Socio-ecological systems 
(SESs) are among the CASs with high complexity and adaptivity levels [41]. SESs are 
characterized by their complex feedback between social and biophysical subsystems, 
strategic human behavior, and policies, which influence the status of ecosystems that, in 
turn, affect the social system in terms of its quality of life and future welfare of the system’s 
inhabitants, as well as adjacent and distant systems. It can be argued that coastal 
communities as we know them fit this description as they are endangered by a confluence 
of factors, including climate change, subsidence, sea-level rise, and other human-induced 
changes.  

It should also be noted that a significant limitation that researchers often encounter 
is the lack of data required to accurately calibrate and validate the ABM models. This 
scarcity of data can impede the model’s ability to reflect real-world conditions and may 
lead to less reliable predictions and insights. To address this challenge, researchers have 
explored various approaches. One common strategy is to incorporate synthetic data 
generated from statistical methods or data imputation techniques to supplement the 
missing or incomplete data [42]. Additionally, sensitivity analyses and scenario-based 
simulations are employed to assess the model’s robustness and examine its behavior 
under different input conditions, providing a more comprehensive understanding of the 
system’s dynamics despite the data limitations [28]. 

Moreover, researchers have sought to integrate other sources of data, such as remote 
sensing data, social media data, and crowdsourced data, to complement traditional data 

Figure 1. Agent-based model structure.

Due to this, ABM has been used in a range of fields and studies, from logistics
optimization [29] and economics [30] to social sciences [31], ecological and biophysical
sciences [32,33], complex human–environmental science [27,34,35], and urban planning [36].
While applications for water resources’ planning and management are still relatively
limited [37], the long- and short-term outcomes of ecological, environmental, economic,
and social changes are all important aspects of the water resource system planning and
management process [38] that have the potential to be observed, modeled, and understood
through ABM.

Additionally, scenarios in which agents with diverse characteristics and abilities can
change their behaviors based on previous decisions and interactions, in turn changing
the characteristics of the system, the system’s archetype, and emergent outcomes through
feedback, have been referred to as complex adaptive systems (CASs) [39,40]. CASs can
be reasonably simulated using ABM [37] and system dynamics. Socio-ecological systems
(SESs) are among the CASs with high complexity and adaptivity levels [41]. SESs are char-
acterized by their complex feedback between social and biophysical subsystems, strategic
human behavior, and policies, which influence the status of ecosystems that, in turn, affect
the social system in terms of its quality of life and future welfare of the system’s inhabitants,
as well as adjacent and distant systems. It can be argued that coastal communities as we
know them fit this description as they are endangered by a confluence of factors, including
climate change, subsidence, sea-level rise, and other human-induced changes.

It should also be noted that a significant limitation that researchers often encounter is
the lack of data required to accurately calibrate and validate the ABM models. This scarcity
of data can impede the model’s ability to reflect real-world conditions and may lead to
less reliable predictions and insights. To address this challenge, researchers have explored
various approaches. One common strategy is to incorporate synthetic data generated from
statistical methods or data imputation techniques to supplement the missing or incomplete
data [42]. Additionally, sensitivity analyses and scenario-based simulations are employed
to assess the model’s robustness and examine its behavior under different input conditions,
providing a more comprehensive understanding of the system’s dynamics despite the data
limitations [28].

Moreover, researchers have sought to integrate other sources of data, such as remote
sensing data, social media data, and crowdsourced data, to complement traditional data
sources and enhance the model’s representation of real-world complexities [43]. These
additional data streams offer valuable insights into human behavior, spatial interactions,
and environmental changes that contribute to refining the ABM’s accuracy. Furthermore,
researchers have started to promote data-sharing initiatives and open-access repositories,
encouraging collaboration and data exchange among the scientific community, which
can collectively contribute to building more robust and data-rich ABM models [44]. The
following section will discuss ABM case studies which simulate employment of coastal
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adaptation strategies in response to individual- and community-level risks exacerbated by
climate change.

3. Climate Change and Coastal Adaptation

Climate change has impacted human and natural systems all over the world at ev-
ery level of development. These impacts are not evenly distributed, both exacerbating
existing vulnerabilities and creating new ones for both human and natural systems [5].
The Intergovernmental Panel on Climate Change’s (IPCC) 2014 Climate Change Synthesis
Report predicts that, among other things, storms, extreme precipitation, inland and coastal
flooding, storm surges, and sea-level rise will continue to erode habitats, increase coastline
vulnerability, and degrade both fisheries and tourism. Coastal systems and low-lying areas
will be subject to an escalating amount of submergence, flooding, erosion, and displacement
of people. Property and life vulnerable to these coastal risks, as well as the pressures these
place on coastal ecosystems, will significantly increase in the foreseeable future due to
population growth, economic development, and urbanization. While adaptation strategies
are context-specific and limited in their ability to eradicate the effects of or slow climate
change itself, the report states that if adaptation strategies are considered in the context of
long-term sustainable development, they can work to make communities more protected
in both present and future climate scenarios, promoting the integration of adaptation into
planning, policy design, and decision-making.

Adaptation in terms of climate change response refers to a community’s planning for
climate impacts and reacting to them before they occur and lead to risk and harm, as the
costs following an event or disaster often far exceed those of precautionary measures [9].
Coastal communities can choose to prepare for a combination of increased storm intensity,
frequency, storm surge, and sea-level rise effects in a number of ways, from community-
wide measures such as seawalls to individual measures such as home elevation. The
ways in which individuals choose to respond to climate change, presumably to reduce
vulnerability, have the potential to unwillingly redistribute this vulnerability to others [10],
as in the previously mentioned cases of Tubigon and Shishmaref. Both adaptation and
possible maladaptation will vary by geographical, social, and economic conditions.

Numerous studies highlight the escalating risks posed by rising sea levels, intensified
storm events, and changing hydrological patterns, which threaten coastal communities and
ecosystems. Scholars have investigated various adaptation measures, including nature-
based solutions such as coastal wetland restoration and dune stabilization, engineering
interventions such as sea walls and tidal barriers, and community-based approaches,
to enhance resilience through capacity building and stakeholder engagement. For in-
stance, the authors of [45] emphasize the importance of integrating social and ecological
considerations in adaptation planning, while those of [46] underscore the critical role of
interdisciplinary research in addressing complex coastal challenges. Additionally, the work
in [47] demonstrates the cost-effectiveness of proactive adaptation strategies compared to
reactive responses to climate-induced coastal hazards.

Through ABM, researchers have aimed to provide insights surrounding possible out-
comes for new or alternate climate policies, greening initiatives, development restrictions,
and so forth, that will aid city planners, stakeholders, and residents alike in making safe,
sustainable, and effective adaptation choices. Overall, the literature emphasizes the impor-
tance of comprehensive, context-specific approaches to coastal adaptation, and it provides
valuable insights to guide policymakers and practitioners in developing adaptive measures
that can protect coastal regions and their inhabitants in the face of climate change.

3.1. Background

The aim of this review is to assess the extent to which ABM has been used to deter-
mine possible outcomes of climate change adaptation decisions in coastal communities.
Adaptation types include three overarching categories: accommodation, protection, and
retreat, which are essentially behaviors of agents (e.g., people, households, governments)
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or changes in the environment in response to climate change. These and their respective
subcategories, presented in Table 1, have been put forth and defined by the Intergovern-
mental Panel on Climate Change (IPCC) [9,48]. The IPCC states that coastal systems are
made up of human and natural systems, with the latter including rocky coasts, beaches,
barriers, and sand dunes, estuaries and lagoons, deltas, river mouths, wetlands, and coral
reefs [9]. Therefore, the authors deemed it appropriate and useful to include studies in the
presented review which explore adaptation to climate change challenges within reasonable
proximity of both ocean and river shorelines.

To provide an overview of ABM applications for climate change adaptation outcomes
in coastal areas, the following steps were taken. First, potential publications were identified
through a search using standard research databases. Keywords included various forms
and combinations of the following terms: climate change, adaptation, agent-based model,
flood, flood-proofing, coast, managed retreat, household, green infrastructure, and policy.
Publications were initially filtered for relevance by title, and further by cross-checking the
abstract contents. The full texts for the selected studies were then examined and the 38
publications for this review were hand-picked using the following criteria.

The scope of selected works was limited to studies which present ABMs with mecha-
nisms in place which allow agents within the model to put forth at least one of the presented
adaptation strategies in a coastal setting in response to climate change impacts. Studies
were not limited to peer-reviewed publications and excluded studies which solely present
adaptation types not reasonably within those provided in the accommodation, protection,
and retreat categories (i.e., fishery management), as well as studies which observe decision-
making in coastal areas but do not allow agents to employ adaptation measures. For a
working paper which offers a comprehensive review on integrated-assessment ABMs on
climate change adaptation in coastal zones with alternate criteria (exclusion of consider-
ation for riverine flooding and non-peer-reviewed papers, alternate categorization, and
inclusion of adaptation types, etc.), readers are referred to [49].

The organization of the selected literature by adaptation type is valuable in its ability to
highlight understudied climate change adaptation outcomes in the agent-based modeling
space. Moreover, some studies are repeated in the table, indicating that they exhibit multiple
adaptation strategy types. From this, we can deduct potential novel and lesser explored
combinations of these strategies for future works. The remainder of this section will define
the presented adaptation types and discuss ABM case study findings from each category.

Table 1. Types of coastal adaptation strategies and associated studies which utilize ABM. Adaptation
types and secondary categories are as determined by the IPCC [9,50]. Asterisked secondary categories
and example strategies were added at the discretion of the authors (i.e., green infrastructure has been
categorized as a flood-proofing strategy).

Adaptation Type Secondary Categories Example Strategies ABM Studies

Accommodation

Land use changes
Flood-resistant agriculture

[50–52]Replacement of armored with living
shorelines

Adjusted land use planning

Flood-proofing

Building retrofits

[51,53–70]
Building and contents’ elevation *

Elevation of low-lying infrastructure

Green infrastructure *

Evacuation planning Improved evacuation routes *
[71]

Improved flood shelters
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Table 1. Cont.

Adaptation Type Secondary Categories Example Strategies ABM Studies

Flood forecasting and
projection

Flood hazard mapping

[54–67,70,72–77]

Flood warning systems

Flood insurance

Government subsidies *

Flood information campaigns *

Protection

Hard structures
Seawalls

[51,55–
57,59,60,67,68,72,75]Dikes

Storm surge barriers

Coastal management

Beach and dune nourishment

[68,72,74,76,78]

Artificial dunes

Removal of invasive and restoration of
native species

Enhancement of coastal vegetation

Retreat
Land reclamation

Allow wetlands to migrate inland

[51,78,79]Shoreline setbacks

Deny development approval in
flood-prone areas *

Climate migration * Managed community retreat
[57–60,66,74,76–86]

Sale of property in flood-prone areas *

Agent-Based Modeling and Accommodation Practices

In the context of coastal adaptation, to accommodate is to increase flexibility through
modified human activity and infrastructure [9]. In this paper, accommodation practices
have been further categorized into land use changes, flood-proofing, evacuation planning,
and flood forecasting and projection (Table 1). Strategies at the household level include
but are not limited to home and home content elevation to minimize flood damages,
green infrastructure installation to aid in stormwater capture, and participation in flood
insurance programs [9,48,87]. Government agencies can practice accommodation through,
for example, flood hazard mapping, sustainable land use planning, ensuring emergency
storm shelter space [9], flood information campaigns, and subsidy initiatives that encourage
households to take part in mitigation practices. These strategies are defensive rather than
offensive, and do not consider physically removing life or property from vulnerable areas.
The following will detail outcomes and adaptation recommendations provided from several
works which explore accommodation scenarios through ABM.

While ABMs are not expected to act as reliable predictive tools at local scales, they
are useful for investigating possible outcomes and emergent responses at higher scales,
allowing for observation of, for example, possible impacts to systems or communities
following implementation of various climate, flood, subsidy, and policy scenarios, which
are commonly explored in the literature [27,88]. For example, an ABM was developed to
assist with agricultural land use policy development in North Canterbury, New Zealand,
by considering greenhouse gas price effects on net emissions and land use spatial arrange-
ments [50], and another to gain insight concerning what policies could be put forth to
simulate emergent patterns of green infrastructure investment in urban tropical environ-
ments [53]. Public–private flood insurance partnerships in London have been simulated
with the goal of better-incentivizing surface flood risk reduction while keeping insurance
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premiums affordable, with results calling for an overall stronger policy approach to flood
risk management and further collaboration between all levels of government as well as
developers and planners [89].

Additionally, ABMs have been paired with flood modeling software to investigate
the influences of policy on individual behavior and flood damages in coastal areas. For
example, the authors of [63] coupled a flood model and an ABM framework, the Coupled
fLood-Agent-Institution Modelling (CLAIM) [62], to observe human–flood interactions
on the river island of Wilhelmsburg, Germany. They found that household adaptation
behavior is heavily defined by the interval between the flood events they experience, and
that government mitigation subsidies increase household participation in flood-proofing
measures, in one scenario decreasing building damage costs by 130%. Modeled household–
authority interactions allowed the researchers to recommend that Wilhelmsburg authorities
provide more mitigation subsidies as an effective motivation tactic and to demonstrate
that coupled ABM and flood models can be used as a decision support tool for flood
risk mitigation.

Aside from policy, ABM also allows the user to simulate individual responses to
environmental changes and test disaster warning and evacuation procedures. An ABM
was developed for the Netherlands neighborhood of Heijplaat, which incorporated human
decision-making in flood risk analysis, demonstrating that flood risk assessment estimates
fail to accurately portray future flood risk when they do not consider the effects of decen-
tralized human behavior [54]. The authors found that accounting for adaptive dynamic
household behavior in response to flood risks over time reduced the estimated flood risk
by up to 56%, offering insight as to how shifting the risk reduction responsibility to the
individual can affect the overall community risk.

Similarly, an ABM was used to simulate individual flood-proofing responses to an early
flood warning system in the Ng Tung River basin of Hong Kong [61]. Rather than flood
risk assessment changes, this study examined behavior effects on flood loss assessments,
and found it less costly and more effective for households to invest in preventative rather
than reactive flood-proofing. The model also tested responses to storm warnings with
varying lead times and frequencies and found that lead times have a significant effect on
flood losses, which are minimized when messages are accurate and more frequent, in one
scenario prompting a 40% loss reduction. This allowed modelers to suggest an increased
focus on improving rain warning systems with longer lead times. In the same vein of
accommodation by way of evacuation planning, a coupled ABM–flood model for Towyn,
Wales, investigated the vulnerability of individuals to different storm surge, defense breach,
warning time, and evacuation scenarios [71]. The methodology put forth in this paper
could serve as an appraisal tool for flood managers and policymakers concerned with
flood defense investment, floodplain occupancy, and optimal shelter locations. The results
provide insight on commonly congested evacuation routes, an emergent outcome otherwise
unavailable through alternate modeling methods.

By observing possible emergent outcomes brought about by primarily decentralized
forms of accommodation practice, researchers have been able to provide insights concerning
policy and subsidy implementation, effects of individual behavior on risk at the community
level, as well as ways in which storm warnings affect household response, losses, and
vulnerability. While any recommendations made are not reflective of the ability of ABM
to predict the future or events which are most likely to occur, they do provide a means
of observing possible future responses to new developments within a system [90] as well
as their key factors and drivers [91]. In studies where protection measure effects are
observed, ABM offers a look at how community-level decisions can affect those made at
the individual level.

3.2. Agent-Based Modeling and Protection Practices

Protection measures, typically put in place at the community or government level, are
primarily concerned with advancing or holding existing lines of defense from flood haz-
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ards [9]. Protection practices can be “hard” measures or structures such as seawalls, dikes,
and other built infrastructure, or “soft” coastal management measures that aim to enhance
our coastlines as barriers, such as implementation of artificial dunes or enhancement of
coastal vegetation (Table 1). Notable examples of coastal protection projects include the
Dutch Maeslant storm surge barrier [92], the Venice MOSE flood barrier [93], and the Army
Corps of Engineers’ Long Island Beach widening project [94]. While the study outcomes
described in the previous section were from studies which only considered accommodation
practices in their ABMs, there were no studies found that matched our search criteria
which only considered protection measures. Protection measures are generally put forth
at the community or government level, so insights are provided concerning government
mitigation attempts and their effects on adaptation choices at the household level and how
these jointly affect the overall actual and perceived risk.

Abebe et al. [51] put forth a coupled ABM–flood model to observe behavioral re-
sponses to building development and various flood mitigation policies on the island state
of Sint Maarten. The model allows households with different compliance thresholds to
react to various accommodation requirements, including one which restricts new home
building within 50 m of the coastline, one that requires homes be elevated if located within
a flood zone, and another that requires all homes be elevated regardless of coast proximity.
In addition, a government actor may institute protection measures through dike construc-
tion and widened channel cross-sections if a flooded household threshold is exceeded.
Results show that higher policy compliance results in lower community vulnerability, again
highlighting the importance of individual mitigation participation [51]. However, results
also suggest that structural protection measures are the most important factor in reducing
community flood risk, something not currently commonly practiced in Sint Maarten due to
community consensus that hard measures have the potential to detract from the beauty of
the island’s beaches and consequently, the tourism economy [51]. Unintended decreases
in tourism business due to protection measure installation would, arguably, be a form of
maladaptation. Another form of maladaptation which has only recently been modeled
using ABM is the levee effect, or the safe development paradox.

The safe development paradox (SDP) describes situations in which individuals fail to
perceive the actual flood risk following the implementation of government-level protection
measures, creating consequent catastrophe hotspots [95,96]. Haer et al. [56] developed
an ABM to provide the first quantification of the economic effects of the SDP, observing
extreme flood event impacts on the European Union. The model observes SDP effects
on population growth, property values, individual accommodation choices in response
to public protection measures, and potential flood damage increases. The study found
that the population in flood-prone regions increased following the government raising the
height of an existing dike. The SDP is observed in the consequent increased household
vulnerability as well as their failure to participate in home elevation or other flood-proofing
precautions, as perceived flood risk decreases with the implementation of public safety
measures. Modelers suggest not only the introduction of policy for regulating household
accommodation measures in case of a dike failure, but also that SDP-induced population
growth be included in future risk assessments. Overall, this study quantified how proactive
government measures can result in a lower yearly flood risk, but higher extreme event
impacts due to a lower individual inclination to protect their homes, a finding echoed in a
previous ABM study by Haer et al. [55], which found that proactive government measures
are less influential on losses than household accommodation practices in the short term.

Similarly, a coupled ABM–flood model was developed for Boretto, Italy, to investigate
the combined use of individual flood-proofing measures and community-level infrastruc-
ture improvement, as well as the effects of levee failure and individual risk perception on
government decision-making [68]. Household agents protected by a levee system have
options to move into low-risk areas, take part in accommodation measures, or complain
to the government agent in hopes of them imposing protection measures by raising the
height of their existing levee system. In addition to reinforcing the notion that individ-
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ual adaptation actions play a significant role in flood-risk dynamics, the model explores
population growth in the context of the SDP and demonstrates increased household risk
perception following flood events. The impact of stochasticity, for example on household
parameters including the risk perception threshold and the coping appraisal threshold,
was significant, enforcing that the heterogeneities among individuals are important for
flood risk evaluation. The advantage of using ABM is that these heterogeneities can be
incorporated for each household in the model, and flood risk is simulated over both time
and space. It is important that these characteristics also be incorporated into individual
decision-making surrounding inward and outward movements from at-risk coastal areas.

3.3. Agent-Based Modeling and Retreat Practices

Retreat, also coined Climigration [97], is the permanent displacement of a community
brought about by gradual biophysical changes and extreme weather events [97,98]. This
strategy is unique in its aim to not only relocate a group of people, but to also allow the
eradicated area to completely return to nature [97,99]. Sea-level rise and worsening storm
events present physical and economic issues for coastal communities that can contribute to
making them unlivable, particularly in small island states [100], including infiltration of
freshwater aquifers, saline-rich soil, and consequent crop yield losses. Highly contested
and often seen as a last resort, migration from coastal zones is both costly and a source
of severe disruption for the at-risk community [101]. For some, migration may pose a
feasible adaptation option in terms of resident safety but threaten cultural ties and a way
of life passed on for generations, as in the cases of Louisiana’s Isle de Jean Charles [102]
and Alaska’s Kivalina [103]. Though often presented as a passive or defeatist route [99],
it has also been argued that retreat is a truer form of adaptation than accommodation or
protection strategies, as it seeks to truly change human activity to suit the environment
rather than resisting environmental change to preserve human activity [104].

Retreat has been broken into the following categories: climate migration, which
includes the resettlement of communities and the sale of flood-prone properties, and
land reclamation by way of, for example, shoreline setbacks (Table 1). Understanding
interactions between the rising sea levels, policy, and human mobility is key to informing
national decision-makers, planners, and the populations facing this extreme adaptation
option [105]. ABMs offer the ability to observe retreat responses to climate change scenarios
and have been used to explore climate-induced agricultural labor migration in the United
States [91] as well as to support the need for migration policy in response to climate and
demographic changes in Burkina Faso, Africa [106]. The remainder of this section will
discuss takeaways from several ABMs, which observe outcomes of implemented retreat
strategies in coastal communities.

Hassani-Mahmooei and Parris [81] developed an ABM to explore emergent patterns
in climate migration flows between districts in coastal and highly populated Bangladesh by
mapping population growth alongside resettlement preferences and interactions between
individuals at the household level. Agents relocate depending on their social network and
physical vulnerability, with the objective of an improved socioeconomic status. Agents
make migration decisions depending on the economic success of previous decisions, prop-
erty ownership and employment, and the population size of potential resettlement locations.
Model results predict that climate change will cause increased movement toward east and
northeast districts, away from droughts and floods. Additionally, modelers suggest specific
cities which may need to adapt to provide additional manufacturing and commerce jobs for
incoming migrants as well as affordable housing and flood controls in hazardous areas [81].
In this way, ABM is shown to be a prospective tool for aiding district planners in future
financial decisions.

Alternately, Bell et al. [85] developed the Migration, Intensification, and Diversification
as Adaptive Strategies (MIDAS) ABM platform to investigate push, pull, and mooring
influences on household migration in Bangladesh. While retreat was investigated as an
adaptive choice, results indicate that flood impacts on household income do not lead to net
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retreat inland from the country’s coastal areas. Agents, among other actions, share informa-
tion and resources across dynamic social networks and make migration decisions based
on affordability and which of their potential livelihood portfolios has the highest utility,
which consider income opportunities, resource sharing ability, and utility values of places
or assets. Agents also have access to credit corresponding to their existing capital, which
can be used to migrate or invest in their current livelihoods. Results indicate that migration
accelerates towards the coast due to livelihood opportunities, but less so when agents expe-
rience sea-level change-induced flood “shocks”. Following flood damages, some agents
can no longer afford to migrate inland again due to damage costs and a lack of livelihood
alternatives [85]. This study emphasizes the difference between financially immobilized
households in flood-prone areas and ‘moored’ households by incorporating attachment to
place in decision-making by examining credit investment pathways. Attachment to place
is something frequently discussed in coastal adaptation literature [11,107–110] but rarely
incorporated in the coastal ABM space. This case study, following Hassani-Mahmooei and
Parris [81], is a demonstration of how emergent responses can vary, even when considering
the same location and adaptation responses, and stresses the importance of incorporating
the agent livelihood context and behavioral responses [85].

There are additional studies which consider retreat practices in conjunction with
accommodation and protection strategies. These include the study in [74], which presented
an ABM to observe feedback between storm- and sea-level rise, beach nourishment projects,
and household accommodation and retreat decisions for Nags Head, North Carolina, and
found a strong link between storm intensity and community occupancy. Similarly, the
authors of [59] studied the influence of protection, retreat, and household accommodation
decisions in Fargo, North Dakota. ABM results reiterate the significant influence that
individual movements to and from high-risk areas can have on community flood risk. In
another case, the authors of [80] used an ABM to track migration to and from the Arctic
community of Old Crow, Yukon, as well as changes in the local economy and resource
harvests in response to climate, tourism, and government spending. Migration preference
is dependent on past job and harvest shortfall experience, both of which are affected by
tourism development, government spending, and climate change effects on subsistence
resources and land access. Results provide insights concerning short- and long-term job
availability following newly built road access to the community, as well as different levels
of ecotourism development. These discussions may allow decision-makers to make better-
informed choices concerning possible policy implementation routes for both development
and environmental protection.

4. Beyond ABM and Towards a System of Systems Approach

Uniquely, the use of ABM in Berman et al.’s [80] study allows for exploration of
community and tourism development on in-migration and retreat choices in the face
of climate change. While it has been determined that tourism is a prime candidate for
ABM applications [111], the integration of the two within mainstream tourism research
remains limited [112]. While a few studies have aimed to observe how climate change and
adaptation affect ski tourism by way of artificial snowmaking [113–116], studies of this kind
are even more scarce in coastal contexts, and rarely incorporate coastal adaptation effects
in response to climate change on tourism dynamics. The remainder of this paper makes
a case for furthering ABM applications for the purpose of observing interactions among
environmental changes, decentralized and community-level adaptation choices, and coastal
tourism trends through the integration of ABM and a novel system of socio-environmental
systems (SoSES) approach.

4.1. Climate Change and Coastal Tourism Interactions

First, the importance of the tourism industry to communities, coastal and otherwise,
should be stressed. Tourism is one of the world’s largest global businesses [117], deemed
a sector of hope for its potential to “drive inclusive socioeconomic growth, provide sus-
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tainable livelihoods, foster peace . . . and help protect our environment” [118]. Maritime
and coastal tourism are vital to the economy of many countries, generating income for
local communities, and providing seasonal and year-round employment. The United
States coastal tourism and recreation sector, for example, makes up nearly 75% of the
employment of the country’s entire marine economy [119]. Coastal areas are primed for
tourist visitation as they often offer a combination of history and natural landscapes that
cannot be experienced elsewhere. The effects of increasing environmental changes and
flooding events on tourist activities have been explored by multiple studies, illustrating
the potential ongoing and future threats to the economic and employment benefits they
provide [120–123]. Moreover, human activities and rising carbon dioxide emissions are
contributing to increasing ocean temperatures, deoxygenation, and acidification, posing
threats to marine ecosystems, contributions to local economies, as well as the numerous
individuals and industries that rely on them [117,124]. Many landmarks and cultural
heritage sites are now at risk due to climate change impacts, including sea-level rise, coastal
erosion, increased flooding, and heavy rain, threatening archaeological resources, historic
buildings, and cultural landscapes, while creating complex interactions within and between
natural, cultural, economic, and social systems [125–128]. Coastal areas all over the world
have much to lose in the way of both economic and natural resources [127,129,130], but
the magnitude of these losses has the potential to be offset by participation in adaptation
measures. For example, with the tourism industry bringing in just under one-fourth of the
sales for the entire Charleston County in 2018 [131], the town’s mayor has acknowledged
the rising seas as an “existential threat” [132]. The same can be argued for Venice, Italy,
whose economy heavily relies on their tourism industry, bringing in over 25 million visitors
each year [133,134].

ABM studies which examine climate-induced environmental hazards, adaptation
outcomes, and the coastal tourism economy are limited, but have the potential to reveal
emergent properties following adaptation decisions. One example is McNamara [72], who
put forth dynamically coupled sub-models for natural barrier island processes, tourist
resort development, hazard mitigation management decisions, and storm damage, in
which economic and policy decisions are simulated through ABM. The model was applied
to Ocean City and Assateague Island National Seashore, Maryland. Tourist agents make
destination choices, dependent on location familiarity, beach width, and vacation cost.
Developer agents build hotels that hotel-owning agents can purchase and set lodging prices
to maximize tourism revenue. Policy agents may initiate protection measures including
beach replenishment and dune-building projects to widen beaches following beach erosion.
Findings indicate that low rates of sea-level rise result in low erosion rates, and therefore,
wider beaches and high tourism revenue.

The first model of the coastal tourism system which integrates human–environmental
interactions and includes both locally induced environmental problems and global chal-
lenges is the ABM Coasting, developed by Student et al. [69]. The model is applied to the
Caribbean small island developing state of Curaçao, a tourism destination particularly
vulnerable to climate change, with the goal of analyzing socio-ecological vulnerabilities. It
employs a dynamic vulnerability approach, also novel in the realm of tourism–climate stud-
ies [69]. The model explores coastal tourism users’ willingness to collaboratively mitigate
tourism-induced pollution and environmental degradation, which lower environmental
attractiveness to potential tourists. The ability of environmental agents, such as mangroves
and sea turtles, to move, multiply, and die is also influenced by pollution and environ-
mental degradation, which in turn affect tourism operator location selection as well as
biodiversity, which affects environmental attractiveness. Additionally, Coasting accounts
for several possible environmental changes and accommodation measures, including sea-
level rise, environmental shocks, and both infrastructure and beach elevation requirements.
Results offer insight into operator and environmental vulnerability over time and indicate
that vulnerabilities were introduced, namely, by low tourism returns, increasing pollution
levels, and pollution-level influence on environmental attractiveness. Additionally, locally
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induced pollution management in tandem with sea-level rise has a more significant effect
on vulnerability emergence than sudden, extreme events [69].

Studies such as these which aim to integrate climate-induced environmental hazards,
adaptation measure implementation, and fluctuations in the coastal tourism economy are
limited, and identifying the effects of hazards and adaptation choices on tourist behav-
ior and decision-making remains a challenge. While ABM methods offer the ability to
observe tourist behaviors and trends in response to varying climate change event types
and frequencies, there is still much to be determined concerning how climate adaptation
measures can curb or enforce these responses, as well. This is not without reason—tourism
is a “multi-scalar phenomenon” [111] consisting of agents and influences at “local, regional,
national, and global levels”, with a vast number of agents, ranging from “tourists, residents
of destinations, and the industry” [111]. Combinations of influences by and on agents
and their environments are immense, and difficulty in adapting these multiple parties’
characteristics and decision-making into model parameters and rules [135] may lead to
omission of significant system components.

It has been demonstrated that ABM allows us to observe vulnerability and adaptive
capacity changes over time and has the means to illuminate possible drivers and outcomes
of tourist motivation and behavior, management decisions, planning and development
scenarios, and policy and marketing strategies [111]. However, agents affect and are
affected by the natural and human landscapes they are placed within, and their interactions
with one another and their environments are complex, nonlinear in nature, and produce
externalities [111]. The struggle for ABM lies in relaying the flow of causalities among
the various subsystems within its modeled environment. To aid in this, we propose an
integration of ABM and a novel systems of socio-ecological systems (SoSES) approach to
simulate the coastal tourism system, consisting of its highly integrated social, economic,
and natural subsystems. This will better-inform managers and administrators about its
driving forces [136] and address the following gaps in the present literature, including the
need to:

(1) Expand the presently limited integration of ABM applications and tourism in main-
stream research [112].

(2) Deepen the understanding of system dynamics and subsystem interactions within the
coastal tourism system [135].

(3) Jointly consider private and public climate change adaptation effects on coastal hazard
impacts [86].

(4) Determine drivers of possible externalities and redistributed effects of climate adapta-
tion decisions in coastal environments [10,111].

(5) Put forth increasingly robust, innovative adaptation policies based on social and
behavioral solutions [111].

4.2. Coastal Communities as Systems of Socio-Ecological Systems (SoSES)

Previously, we stated that coastal communities can be classified as both CASs and SESs.
Difficulties in modeling these systems include complex system dynamics as well as exter-
nalities, feedback loops, unpredictability, and uncertainties [35]. Coastal systems are facing
numerous sorts of additional challenges and risks, such as climate change [137,138], popu-
lation pressure and urbanization [139], land use change [140], ecological disturbance [141],
uncertainties and discrepancies [142], and unsustainable management [143]. Each of these
challenges can be the topic of emerging scientific research, which is often rooted in different
types of SESs [144].

However, separated analysis of SESs’ subsystems overlooks hidden causal forces
and compounded inter-connections, calling for a system-of-systems (SoS) approach to
adequately capture the complexity, evolution, and feedback of integrated SESs as well as
the emergent properties which will appear due to agents’ interactions within and among
subsystems. We propose a system of socio-environmental systems (SoSES) approach,
in which socio-environmental quantitative modeling inputs are dynamically coupled to
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qualitative outcomes of social system analyses, and vice versa. SoSESs include different
hyper-connected socio-environmental systems, where each individual system has its own
components, including: (1) environment (natural and constructed), (2) economic (institu-
tions and policies), (3) political (planning, priorities, and strategic behavior), and (4) social
(values, perceptions, information, and experience) components, as the long-term sustain-
ability of our coastal communities will be tied to the fully coupled management of these
human and natural systems.

ABM methods are particularly well-suited to study the emergent processes of hierar-
chical interactions between the coastal, social, environmental, and economic subsystems
mentioned throughout this paper, as they allow for simulation of heterogeneous agent be-
havior while encompassing tourism in coastal environments as a complex, adaptive SoSES.
Through existing ABM meta-models (i.e., Modeling Agent Systems based on Institutional
Analysis (MAIA)) [145], survey and ethnographic data may be translated to ABM inputs
(e.g., rules, parameters) to capture diverse and possibly irrational human behavior effects
on tourism dynamics and the roles of its intertwined systems on economic feasibility, public
interest, and physical vulnerability. Treating the coastal tourism system as a SoSES will aid
in identifying areas where institutional mechanisms for cooperation and coordination are
needed and will provide a planning framework to sustainably manage the system under
future changes.

The SoSES approach supports the mapping and representation of the flow of causali-
ties between SESs. This effort requires integrated quantitative modeling and qualitative
analyses of natural–human systems. With ABM, economic and political relations among de-
fined entities can be modeled by the user as agent institutions, social beliefs and perceptions
as agent attributes, and the environment of interest through either the ABM program itself
(e.g., as pixels or vector objects) or by coupling the ABM with, for example, flood modeling
software. Ultimately, ABM is a means of observing the feedback among subsystems and
actors of interest in SoSES because it enables the integration of systems across multiple
temporal, spatial, and organizational scales [37].

Due to this, the SoSES approach may prove particularly useful in deepening the
understanding surrounding possible redistributed vulnerabilities, or maladaptive effects,
following adaptation decisions [10] in coastal tourism systems, as well. Development of a
maladaptation guidance, which assesses potential side effects and trade-offs of an adapta-
tion initiative before it is enacted upon in any system, is a crucial need [146]. Additionally,
the distinction of which actors benefit and suffer from adaptation choices could not only
work to “better-support climate-resilient and sustainable development” [147]. Existing
ABM study results have indicated maladaptive outcomes following adaptation decisions,
including the work of Koning and Filatova [84], whose results indicated market sorting,
increased risk of climate gentrification, and increased social vulnerability in flood-prone
areas following unmanaged retreat from coastal North Carolina. In another ABM study,
it was found that while implementation of backshore protection structures reduced ero-
sion impacts on buildings, building flood exposure was increased, in turn reducing beach
accessibility [79]. SoSES will aid in connecting these redistributed effects to connected
subsystems, for example allowing for the exploration of coastal gentrification effects on
government willingness to institute protection measures, or of reduced beach accessibility
effects on tourist influx, average length of stay, nearby hotel income, and so forth.

In coastal environments, interactions between the national government, regional
governments and city planners, homeowners, tourism businesses, and environmental
organizations are just few examples of interrelationships, feedback, and causalities among
the SoSES’ components. Possible social forces include economic development, power
relations, demographic changes, and investments and management of the coast, all of
which can potentially be impacted by physical environmental changes brought about by
climate change, storm surge, tropical storms, or land use changes. Decisions, such as
investments in technologies and infrastructure, can intensify or dampen the effects of these
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changes, which often require shared-view management and system-wide (e.g., regional,
national) institutional responses for cooperation, coordination, and sustainable planning.

Considering the process and interaction assumptions, ABMs coupled with system
dynamics models can be useful and appropriate choices for exploring trajectories of SoSESs
and provide insights about individual and aggregated effects of agent choices and en-
vironmental changes on each subsystem, while also offering understanding about the
overall system’s most important features, variables, and actors, and system of systems’
archetypes [148]. The extent to and the means through which a system adapts to climate
change impacts is an emergent social phenomenon resulting from the joint decision-making
of multiple individual decision-makers [90], and the ability of ABM to showcase interac-
tions between the environment and adaptive individuals makes it a suitable strategy for
modeling potential climate change adaptation strategy outcomes [149].

4.3. Accommodation, Protection, and Retreat within SoSES Context

A key question which remains and may be further explored through ABM integration
with the presented SoSES approach is how different types and combinations of adapta-
tion decisions may interact with the coastal tourism industry, as each strategy has unique
potential feedback and outcomes to introduce to the coastal tourism system and its subsys-
tems. For example, accommodation measures, such as policy decisions and government
subsidies, have been shown to increase household accommodation participation through
flood-proofing measures, leading to decreased household damage costs [63]. Are these
results transferable to recreation and commercial buildings facing repeated instances of
flood damage, and how would the exacerbation or lessening of this problem affect tourism
visitation to these buildings? Are flood-proofing measures only instituted at the individual
level providing a significant enough risk reduction to affect the tourism economy? Studies
such as these moving forward may explore how shifting adaptation responsibility to the
individual tourist-centric businesses, such as restaurants, hotels, and maritime recreation
centers, rather than households alone, through policy decisions, government subsidies, or
community outreach can work to alter the community-level risk and economy and reduce
vulnerability for corresponding subsystems.

Further, we have protection measures, generally instituted at the government or commu-
nity level. We saw that protection measures were the most effective for flood protection in the
tourist-popular Sint Maarten [51], even though they are not currently in use because of the
importance of maintaining the aesthetic appeal of the area for tourists. Possible trajectories
of tourist influx in response to different protection measures in this area could be explored
through the SoSES approach, which would allow for feedback among the existing ABM–flood
model and one which encompasses the perceptions and social beliefs of Sint Marteen tourists.
Beach replenishment projects have been predicted to reduce the effects of erosion and make
beaches more attractive to tourists [72]. Communities highly dependent on tourism revenue
may benefit from weighing protection project timelines and their effects on beach accessi-
bility and attractiveness for tourists, and how this may affect surrounding businesses and
tourism-related employment opportunities for residents, if at all.

It is possible that retreat decisions have the potential for the farthest-reaching cascading
effects on surrounding subsystems. With the ability to cause housing market sorting [84],
climate gentrification [84,86], and large resettlements of individuals in areas whose existing
industry and employment may not support them [81], there are a variety of uncertainties
concerning the effects on surrounding businesses and the tourism industry. Gentrification
along our coastlines may reduce both affordable housing and property rentals for tourists,
increasing social vulnerability, lowering tourist influx, and lowering income and job op-
portunities at surrounding hotels and restaurants. Alternately, when retreat strategies
allow abandoned areas to completely return to nature, a path is cleared for environmental
changes, including but not limited to biodiversity adjustments, or eradication of repeat
flood damage repair costs for the buildings previously in the retreated area. Understand-
ing possible redistributed effects following the push for or actual retreat in coastal areas
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through systems analysis and individual preferences programmable through ABM will aid
governing bodies in making informed choices for the longevity of their communities, both
economically and physically.

This is by no means a comprehensive description of future research questions on
this topic but rather a glimpse of how a systems dynamics approach coupled with ABM
insights may aid in identifying drivers of climate vulnerability for social, environmental,
and economic systems on our coasts, as calls for adaptation grow more urgent. There is also
further work to be carried out considering the joint modeling of multiple types of adaptation
strategies. It must be taken into consideration that none of the adaptation types presented
herein are put forth within a vacuum, and therefore deepened the understanding of how
multiple adaptation types and options offered concurrently may affect the coastal tourism
system. Many of the studies presented in the review section of this paper [57,59,60,67,68,76]
etc. (Table 1) do consider multiple adaptation types within their presented ABMs, but
McNamara [72] and Student et al. [69] are the only studies to do so in the context of the
coastal tourism system. Perhaps the relocation of historic buildings inland as a form of
retreat, and the concurrent sea wall construction as a form of protection, with the goal of
reducing flood vulnerability for tourist attractions, could lead to less visitation due to the
perceived loss of historical authenticity and the beach aesthetic, or vice versa. The freedom
of the ABM user to define and assign agent attributes and rules allows for representation
of virtually any social system, and mapping of a great number of possible system-level
responses and outcomes to individual and collective actions within the SoSES framework.

5. Pros and Cons of ABM and SoSES

While both systems of socio-ecological systems (SoSES) and agent-based modeling
(ABM) offer valuable insights and approaches for natural disaster management in coastal
communities, here, we examine the pros and cons of each approach based on the previ-
ous sections.

5.1. Systems of Socio-Ecological Systems (SoSES)

• Holistic Understanding: SoSES provides a comprehensive and holistic view of the
interactions between social and ecological components, allowing researchers and
decision-makers to consider the complex and interconnected nature of coastal systems
during disaster management.

• Integration of Social and Ecological Factors: SoSES facilitates the integration of human
behavior, community dynamics, and ecological responses, leading to a more nuanced
understanding of how social decisions and ecological processes interact to influence
disaster outcomes.

• Multi-Stakeholder Engagement: SoSES encourages the involvement of various stake-
holders, including local communities, governments, and experts, in the decision-making
process, promoting collaborative and participatory approaches to disaster management.

• Complexity and Data Requirements: The comprehensive nature of SoSES demands
significant data on both social and ecological elements, which can be challenging and
resource-intensive to gather, especially in data-scarce regions.

• Limited Predictive Capability: Due to the complexity of SoSES models, predicting
specific outcomes of natural disasters can be difficult, making it challenging to develop
precise and targeted disaster response plans.

5.2. Agent-Based Modeling (ABM)

• Capturing Individual Behavior: ABM excels at representing individual decision-
making and behavior, allowing for a more fine-grained analysis of how individual
choices influence disaster preparedness, response, and recovery.

• Adaptive and Dynamic: ABM models are capable of capturing dynamic changes in
response to evolving scenarios, making them useful for studying adaptive behavior
and resilience in coastal communities facing various natural disasters.
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• Scenario Testing: ABM enables the testing of different disaster management strategies
and policies in a controlled virtual environment, providing insights into their potential
effectiveness and unintended consequences.

• Data Requirements: ABM models rely on detailed data on individual behavior, pref-
erences, and interactions, which may not always be readily available or may be
challenging to collect, leading to potential inaccuracies.

• Simplified Representation: ABM often requires simplifications and assumptions about
complex social and ecological processes, which might oversimplify the real-world
dynamics and limit the model’s accuracy.

While this paper has advocated for the use of ABM to observe emergent behavior
following climate change adaptation actions for the purpose of mitigating climate variation-
induced threats in coastal areas, a major component keeping these models from mainstream
use and reliability is the lack of data [51], depending on the questions the modelers are
hoping to answer [90]. Most poignant is the lack of data on agents themselves, for the
parameterization of their individual behaviors [16,51,68,90], regarding, for example, hu-
man response to flood risk [54–56,61], dynamics within the tourist industry [115,150], and
migration scenarios [91]. Simplifying assumptions reduce the complexity of these models
and impede them from representing wholly real-world scenarios [51,80,151], and lend
themselves to compounded uncertainty [152]. In turn, this can make ABM an unreliable
predictive tool for both the modeled future scenarios and individual behavior they are
conveying, particularly at the local scale [71,91,153]. Additionally, human behavior as-
sumptions compounded with the reported lack of available data make for unsavory model
calibration and validation conditions [37,51,54,55,68,115]. Future studies in this area stand
to benefit from additional ethnographic data, semi-structured interviews, and attitudi-
nal surveys of individuals for tourists, attraction managers, individuals in coastal areas,
policymakers, storm and flood water managers, and decision-makers at every level of
government in coastal areas to aid in filling these gaps.

ABM appears more “data-hungry”, which results from—at least partially—ABM’s
greater complexity in comparison with traditional, equation-based models. This is the price
ABM developers and users pay for its outstanding flexibility and capacity to capture the
corresponding processes or mechanisms. To date, several measures have been adopted or
proposed to address this challenge, including but not limited to simplifying assumptions,
theoretical representation of processes, and inverse parameterization using sets of observed
patterns [154]. Also worthy of mention is the great potential of data science and artificial
intelligence in finding appropriate parameter values and functional relationships or rules
(readers with interest are referred to the review paper in [154]).

Aside from reducing the physical vulnerability of coastlines for the sake of heritage
tourism and beach recreation, we suggest a greater focus of resources on protecting the
historical and often culturally significant buildings and landmarks in coastal areas for
the sake of cultural and identity preservation for residents. From what standard can we
quantify cultural heritage, so there is a common understanding of which historic sites
are not only most vulnerable to climate change but most detrimental, economically, or
culturally, to the surrounding community if damaged or lost? The decentralized nature
of coastal land management, particularly in the United States, makes archaeological site
preservation challenging; in response to this, the authors of [155] developed a cultural
resource vulnerability (CRV) metric based on elevation and shoreline distance, vulnerability
of the nearest shoreline, and the surrounding land use type. As cultural and heritage sites
are facing similar threats, development of a comparable metric would be beneficial for
setting attraction manager action thresholds within ABMs. Additionally, a dialogue with
historic property owners and city managers will have to be opened to discuss which
adaptation strategies are appropriate for their sites to set realistic model institutions and
adaptation options for specific properties, echoing existing calls for increased collaborations
between disciplines and greater involvement of social and psychological sciences in ABM
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development [156]. This highlights only one of many concerns that must be addressed if
we are to better-guide human interactions and interventions within our coastal systems.

Integrating agent-based modeling (ABM) and systems of socio-environmental systems
(SoSES) can offer a powerful approach to address the complex issues of climate change and
natural disaster impacts on tourism and coastal communities. The combined framework al-
lows for a more comprehensive understanding of the interactions between social, economic,
and ecological components within coastal systems, considering the adaptive behaviors of
individual agents and the broader system dynamics. The following demonstrates how the
integration can be achieved:

• Modeling Individual Behaviors with ABM: ABM excels at representing individual
decision-making and behaviors in response to various factors, such as climate change
and disaster events. By incorporating individual agents with different attributes,
preferences, and adaptive capacities, the ABM captures the heterogeneity of coastal
community members, their interactions, and the decisions they make regarding adap-
tation strategies, tourism activities, and disaster preparedness.

• Capturing System Dynamics with SoSES: SoSES provides a holistic framework that
integrates social and ecological systems, including the interactions between human
communities and natural environments. It allows for a more nuanced understanding
of how social decisions and ecological processes interact to shape the vulnerability
and resilience of coastal communities to climate change and natural disasters. SoSES
incorporates feedback loops and interdependencies among various components, en-
abling a deeper analysis of the system’s response to different adaptation measures and
potential cascading effects on tourism and coastal communities.

• Linking ABM and SoSES: The integration involves linking the individual agents and
their decision-making processes from the ABM with the broader socio-ecological
dynamics represented in SoSES. The decisions made by individual agents in the ABM,
such as investment in tourism infrastructure or participation in adaptation programs,
can feed into the larger SoSES framework, influencing community-level resilience and
coastal ecosystem health. In turn, the state of the socio-ecological system can feedback
to the ABM, shaping the behavior and decisions of individual agents.

• Scenario Testing and Policy Evaluation: The integrated approach enables researchers
and policymakers to simulate various scenarios, such as different climate change
projections, adaptation strategies, and tourism development plans. By analyzing the
outcomes from the ABM and SoSES integration, decision-makers can evaluate the
effectiveness of different policy options in reducing disaster impacts on tourism and
coastal communities and enhancing their resilience to climate change.

• Stakeholder Engagement and Participatory Modeling: Integrating ABM and SoSES
involves engaging stakeholders from various sectors, including local communities,
tourism industry representatives, policymakers, and environmental experts. Their
inputs and perspectives are vital in calibrating the models, validating the assumptions,
and co-creating scenarios to ensure the relevance and applicability of the integrated
framework for real-world decision-making.

Overall, the integration of ABM and SoSES offers a powerful tool to address the
challenges posed by climate change and natural disasters on tourism and coastal com-
munities. By capturing the complexity of human behavior and its interactions with the
environment, this integrated approach can guide the design of adaptive strategies that
safeguard coastal regions, promote sustainable tourism, and foster resilient communities in
the face of uncertain and evolving environmental conditions.

6. Conclusions

Rather than predictions or most likely prescribing scenarios, ABMs produce a means
of observing possible future responses to new developments within [90] or beyond [157]
a system, as well as changes in key factors and drivers [91]. In this paper, results of
ABMs which offered insights concerning emergent responses to varying coastal adaptation
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strategies to climate change effects were presented. These results may work to promote
dialogue across a multitude of disciplines, and aid in decision-making by both stakeholders
and community planners. Additionally, they have the potential, upon available data, to
map possible sources of maladaptation, wherein adaptation practices have unintended
consequences through which they redistribute risk elsewhere in a system [10]. A case has
been made for the use of ABM and the presented system dynamics framework, SoSES, to
explore interactions within the coastal tourism system more effectively and holistically to
aid in preserving local safety, culture, economy, sense of place, and safety.

We know that “no system of modeling can precisely predict the future course of a
complex, or complex adaptive, system” [153]. They are filled with uncertainties and are
thus highly unpredictable, and both a lack of relevant available data and limited knowledge
of quantifiable human behavior can contribute to these challenges [61]. However, whether
or not ABM is a useful tool depends on the question being answered, what assumptions can
be made for the system [90], whether the model has been well-tested [27,44,88], whether the
ABM has been well-documented (e.g., using the ODD protocol) [158,159], and whether it is
used for its intended purposes [154,160]. Modelers warn against including too many trivial
details within ABM systems to lower the complexity and consequent uncertainty until
there is a greater understanding of human decision-making and possible adverse impacts
on natural systems [91], but there is potential in combining traditional top-down modeling
approaches with the bottom-up techniques used in ABM frameworks to better-allow us
to observe and explain emergent human dynamics, including those that occur following
adaptation interventions on the coast.

Looking to the future, both SoSES and ABM offer valuable contributions to natural
disaster management in coastal communities. SoSES excels at providing a holistic under-
standing of the interconnected social-ecological systems, while ABM offers insights into
individual behavior and adaptive responses. Combining the strengths of both approaches
can potentially enhance the effectiveness of disaster management strategies in coastal areas.
However, it is essential to consider the data requirements and limitations of each approach
when applying them in real-world scenarios.
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