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Summary

This mixed-method systematic review is motivated by the willingness to identify the efforts of the
most recent developments of the literature on the understanding of water challenges in socio-
ecological systems, particularly coastal ones. The attention, in the exercise, is directed at the
analysis of individual and collective decision-making processes concerning the use of the
environmental good. This is because ultimately, if it is true that water resources are
affected by external trends and shocks, it is also relevant how distinct paths of local and
regional level responses impact on resource status. The inquiry, departs from a conceptual
point of view mainly pinpointing scholars’ already proposed method- ological solutions for the
concern, being them mostly participatory modelling excercises, bayesian net- work analyses,
multi-agent games and experiments and finally integrated assessment models. Even if
methodological tools with a potential to explicitly represent human decision-making coupled
with its connection with the natural environment do exist, these methods are found to be
relatively superficially articulated in interdisciplinary water management analyses. Particularly,
the study explores to what extent is the human behaviour, in relation to water resources,
included into the extant analyses.
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cause ultimately, if it is true that water resources are affected by external trends and shocks, it is
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work analyses, multi-agent games and experiments and finally integrated assessment models. Even if
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connection with the natural environment do exist, these methods are found to be relatively superficially
articulated in interdisciplinary water management analyses. Particularly, the study explores to what

extent is the human behaviour, in relation to water resources, included into the extant analyses.

Keywords:human behaviour; decision-making process; climate change adaptation; water resources.

JEL classification: D80, D90, Q25, Q54.

The author gratefully acknowledges the financial support of Fondazione Eni Enrico Mat-
tei and Fondazione Cassa Depositi e Prestiti through the Programme ADAPT@QVE (Climate

Change Adaptation in Coastal Areas).



1 Introduction

Coastal areas are complex systems of assembled and interlinked value, characterized by specific geophysi-
cal attributes, the presence of on one side, the marine environment and on the other, of limited land with
water also supplied by inland bodies. In the centuries, their features acted as a magnet for a miscellany
of human activities with demands and expectations for them, also in terms of economic exploitation,
increasingly intensified (Hossain, Gain, & Rogers, 2020; Ridolfi E., 2010: 71).

These fundamental variables allow to conceptualize them not only as socio-ecological system (SES;
Ostrom, 2009), but before as complex adaptive systems. They are constituted relationally, show adaptive
capacities, their components’ behaviour is a result of dynamic processes, they are determined contextually
and novel qualities of them emerge through complex causality (Preiser, Biggs, De Vos, & Folke, 2018:
46). If it is true that this complexity can only be tackled through the overcoming of fragmentation,
the path for a comprehensive understanding of coastal SES is to be seen in complementation, not by
the rejection of reductionism (Newell & Meek, 2003). Indeed, new system-level properties or dynamics
may emerge by agents interaction with one another leading to changes in the institutional, economic
and ecological context for subsequent human actions and ecosystem dynamics (Heylighen, Cilliers, &
Gershenson, 2006). As an example of the key feature characterizing these variable - the interactions
between the parts rather than the properties of its isolated components (Anderson, 1972) - the social
diffusion of water overexploitation behaviour through the patterns of social interaction can be taken
(Mirzaei & Azarm, 2022).

On this purpose, research is evolving toward an ampler and more integrated understanding of the
nature-human complexes so that to embody economic and societal challenges into broader interconnect-
edness with the natural environment. This is because it is urgent to understand how the natural or
human induced threats to the stability of coastal SES root, by focusing on the dynamics characterizing

the specific local system - assuming also they might not be the same of another one.

Indeed, the communities, and the surrounding environment they depend on, are exposed to exogenous
changes through direct and indirect impacts on the interrelated components of SES (Perry, Ommer,
Barange, & Werner, 2010). Changes may occur simultaneously and at different scales and speeds and
their outcome can be drastically different for communities of different shapes and different places (Tuler
et al., 2008). Even though the majority of the literature focuses exclusively on climate change or global
environmental change as the driver of change, also multi-scalar and multi-temporal, social, political and
economic changes play a role (Bennett, Blythe, Tyler, & Ban, 2016).

Out of any doubt, climate change is to be considered one mayor important exogenous driver of change
in coastal SES; it is recognised as a threating trend for which it is likely to have devastating consequences

for both social systems and natural resources, the extent to which depends on the regions under the lens



(Cooley et al., 2022; Glavovic et al., 2022).

Among them, water stress® is certainly a crucial one (Caretta, Arfanuzzaman, Morgan, Kumar, et
al., 2022).

Impacts on the resource may arise in residential water demand, supply and management; water utilities
will be confronted with changes in the availability of supplies, water quality and saltwater intrusion into
aquifers in coastal areas, due to higher temperatures, altered streamflows, drier conditions, increased
storm runoff and sea level rise as well (Caretta et al., 2022). Many low-lying coastal aquifers risk to be
contaminated by increased salinity, and the other reasons above mentioned. Increases in precipitation
from tropical cyclones and associated high tide are also expected to exacerbate coastal flooding (Caretta
et al., 2022).

But the research setting spotlighted, i.e. water stressed coastal areas, is also urged by other specifically
associated dynamics (Bennett et al., 2016). These are represented, as anticipated, by shortly exacerbat-
ing demographic, socio-political, economic, cultural, or technological shocks, acting as external drivers
theirselves (Kaplan-Hallam, 2016) (or sometimes being paths of response emerging within the affected
system). As an example of this, water demand by humans and the economic activities they run is in-
creasing, with the consequence of creating risks as the imbalance between available resources and needs;
one case is the tourism sector seasonally concentrated overconsumption in peaking coastal destination.
Water stress can indeed be a function of physical conditions, but also caused by population’ consumption
levels within artificially-defined territorial limits, as well as induced by technological and institutional
capabilities that change over time (Ridolfi E., 2010).

As a consequence, attention shall be given to all the risks posed by the exogenously induced water chal-
lenges. They refer to ecosystem services, people, livelihoods and key infrastructure, networks and services
providing critical goods and services; living standards, through economic impacts across scales, can also
be threaten as well as food security and clearly water security itself including water quality deterioration
(O’Neill et al., 2022). These risks has already been recognise as research scopes guiding a close literature

to that addressed in this work (Martinez-Herndndez, 2022).

Tt is pointed out by Ludwig, Hilborn, and Walters (1993) that managing natural resources, rather
than being about dealing with only the environmental goods themselves, it is also about understanding
people attitudes in their use. Follows that the impacts on local water resources should be explored by also
taking account of the decision-making processes of the actors involved into the dynamics of this complex
systems, being them simply affected stakeholders or contributors to the complication.

On these lines, envisioning the decision-making process of individuals is crucial in the comprehension

of emergent phenomena since their anticipation strategies, adaptive behaviour, and social interactions

IWater stress is defined as a region’s difficulty in meeting human and/or ecological demands for freshwater due to water
resource challenges including water availability, water quality, and accessibility to water Schulte and Morrison (2014)



play a role in it (Huber et al., 2018). The synergy of agents with the natural environment is the fun-
damental link to be uncovered (Ostrom, 2009) because agents involved in SES have different interests
to pursue; one is surely economic but there could be something more subtle. Not only external influ-
ences are to be taken into account: when the goal is a positive interaction with natural resources and a
changing environment, there is a requirement in exploring internal influences (Addo, Thoms, & Parsons,
2018) through the analysis of behavioural individual and collective models. These can be, for instance,
the attitudes or the habits of the stakeholders, mainly guided by own environmental cognitions, of the
resource itself and on the impact of the external forces (e.g., climate change) on it. In SES there is indeed
acknowledgement that environmental cognition influence individuals’ behaviour which in turn modifies
the environmental systems and, closing a cycle, the subsequent emergent outcome feedbacks on environ-

mental cognition of agents again (Holling, 2001).

All these challenges upscale the need for water management strategies to be refined and possible
interventions tested to let on one side, the implications of agents’ behavioural barriers emerge before

undesirable impacts of drivers of change would take root and, on the other, to inform adaptation paths.

In the attempt to help communities coping with these changes, a number of strategies can be brought
into play: building adaptive capacity, facilitating and increasing adaptive learning, strengthening insti-
tutions, integrating knowledge from different stakeholders, recognise differential impacts, exploring the
feasibility of adaptation strategies, activating cooperative and adaptive management, among the others
(Bennett et al., 2016; Moser, 2010). This is one reason why it is troublesome to define boundaries for a
research stream aimed at the analysis of the interaction between exposures and endogenous adaptation
to it. Indeed, multiple methods of analysis targeted at surfacing SES responses to change and at finding
solution paths to them, can be suited, being them not only quantitative but enriched with qualitative
integrations and an interdisciplinary view; a broader lens would allow deepening into the understanding
of communities’ reactions to proposed challenges (Huber et al., 2018). Surely, mainstream economic
models cannot be solely taken into consideration being them centered on aggregated agents and adopting
only neoclassical economics assumptions (Huber et al., 2018). The observation of autonomous adaptation
processes demonstrates that perfect rationality of the agents should be abandoned favouring a combina-
tion with bounded rationality assumptions, mainly theorized in the fields of behavioural economics and
related. The extant literature show that however, scholars do not easily integrate behavioural theories to
explain agents’ decision-making processes and in support of derived architectures of choice (Huber et al.,

2018; Groeneveld et al., 2017); this choice, if taken?, is dependent on a series of elements to be accounted

2In the agent-based modelling literature, one of the first to implement a behavioural theory - theory of planned behaviour
(Ajzen, 1991) - has been Andreas M. Ernst (Ernst, 1999), formalizing it in an ABM of a fishery socio-ecological system
(Jager, 2021).



for, which complicate their inclusion. Behaviours need to be understood for theories to be associated
and involved in the analyses; mapping everyday decisions may imply to build on theories of habits, or a
choice need to be taken on the inclusion of memory and learning in the decision process. The researcher,
in addition, should consider what are the outcomes and patterns of interest, what are the characteristics
of the situation in which agents decide, what decision-making processes are important in the given deci-
sional situation, which decision-making elements are relevant to the purpose and context of the model,
what theories should be combined if there is the need to - as by exploiting the Consumat approach which
addressed habits, imitation, social comparison and optimisation processes as well (Schwarz et al., 2020:

11).

Dealing with these issues requires a new generation of models in which the human dimension is
carefully considered together with accurate simulation of the physical and environmental dimensions

(Giupponi, Borsuk, de Vries, & Hasselmann, 2013).

1.1 Contribution and research question

According to the above, the attention of this work is directed at the understanding of individual and
collective decision-making processes, concerning the use of the water resources. This is because ultimately,
if it is true that resource status — in terms of quantity and quality — is affected by external trends and
shocks it is also relevant how direct and indirect uses of water by local agents (from individuals such as
consumers and tourists to entities as firms and public institutions) determine an impact on it.

Even if tools with a potential to explicitly represent human decision-making coupled with its connec-
tion with the natural environment may help in this effort, some of these methods are found not to be
widely used in interdisciplinary water management analyses , such as ABMs (Gain et al., 2021).

Notably, a review of agents’ decision-making in SESs, focused on external drivers’ induced water chal-
lenges, is lacking. The inquiry, as above suggested, will develop both from a conceptual and a method-
ological point of view, additionally pinpointing scholars’ already proposed solutions for the concern. The

wanderings of the review can be translated into two research questions (RQs):

1. What is the research interest guiding the identified literature when it comes to the analysis of

external drivers’ induced water challenges in coastal SESs?

2. How is the agent’s behaviour characterized from the point of view of the decision architecture and

the behavioural theories brought into play?

The material below is organized as follow: Section 2 explains the methodological framework, section 3

surfaces the results and, in the end (section 4 and section 5), conclusive remarks can be found.

3Gain et al. (2021) consider as potential for both analysing and implementing interdisciplinary water paradigm approaches
eight advanced methods of SES analysis: participatory workshop; role-play game; multi-criteria analysis; agent-based
models; system dynamics; network analysis; integrated assessment; bayesian approach



2 Method

Once the interest on the topic has been clarified being not only an issue explored through a single research
method, what is an automatic consequence is to broader the analysis to the multiple ways scholars have
explored the challenges related to water resources into SESs.

Because of this reason and based on Grant and Booth (2009) and Lizarondo et al. (2022), the selected
method of analysis is that of a mixed-method systematic review, which allows the strengths of a critical
review where different types of research evidence are combined within a single framework, following a
comprehensive search process. Both quantitative and semi-qualitative methodologies have been taken
into consideration, carrying out the first part of the analysis with a common basis - answering to RQ1
- deepening then only quantitative methodologies on the second part of the analysis - being the answer
to RQ2. For this reasons results will not be presented as a unique corpus but they will be partially
differentiated by grouping similar studies.

Scopus * and Web of Science® have been used as literature sources by deriving two different search
strings based on the same identified query’s keywords, as each database follows specific rules but the search
need to be homogeneous across them; two samples of journal articles were obtained through the search on
” Article title, Abstract and Keywords” for Scopus® and other two were extracted from the *Topic” search
(i.e., title, abstract, author keywords, and Keywords Plus) for Web of Science”. The samples extracted
from each of the database were two because once the search has been done by including the keyword
”Coast*” as an additional requirement but it was then dropped in the subsequent searches because of
the limitations; since only meager literature could be found on coastal areas, these were paid attention
but not exclusively deepened.

Screening was done using the Preferred Reporting Items for Systematic reviews and Meta-Analyses
(PRISMA®) protocol (in Figure 1; Page et al., 2021), which is an evidence-based minimum set of items
for reporting in systematic reviews and meta-analyses (Moher, Liberati, Tetzlaff, & Altman, 2009).

Standard method was used to record and assess the eligibility of all identified articles and other
information. The sample of articles was screened with the support of Ryyan software (Ouzzani, Hammady,

Fedorowicz, & Elmagarmid, 2016). It was narrowed through the elimination of duplicates and by the

4Scopus, 2022. Elsevier.

5Web of Science, 2022. Clarivate.

6String: TITLE-ABS-KEY ( ( agent-based OR agent AND based OR ab OR abm ) OR ( ( model* OR simulat* OR
game* OR role-play OR ( participatory AND approach* ) OR ( multi-criteria AND analys* ) OR ( system AND dynamics
) OR ( network AND analys* ) OR ( integrated AND assessment ) OR ( bayesian AND approach* ) ) AND ( agent* OR
human* OR person OR people OR actor OR individual* OR collectiv¥ OR communit* OR ( local AND population ) OR
locals OR turis* OR touris* OR farm* OR fisher* OR firm* OR household* OR resident* OR bank* OR insurance* ) AND
( ( decision* AND theor* ) OR behav* OR decision-making OR ( decision* AND ( mak* OR process ) ) ) ) AND ( climat*
AND chang* ) AND ( *water® OR *hydro* ) )

7Composed string: ( agent-based OR agent based OR ab OR abm ) OR ( model* OR simulat* OR game* OR role-
play OR participatory approach* OR multi-criteria analys* OR system* dynamic* OR network analys* OR integrated
assessment®* OR, bayesian approach* ) (Topic) and agent* OR human* OR person OR people OR actor OR individual*
OR collectiv* OR communit* OR local population OR locals OR turis* OR touris* OR farm* OR fisher* OR firm* OR
household* OR resident* OR bank* OR insurance* (Topic) and decision* theor* OR behav* OR decision-making OR
decision* mak* OR decision* process* (Topic) and climat* chang* (Topic) and *water® OR *hydro* (Topic).

8For a more suited recall of this method to research literature review’s objectives see Martinez-Hernandez (2022)
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Figure 1: Author’s adaptation of PRISMA 2020 flow diagram

definition of inclusion criteria: the impact of external drivers as reason for the study to be focused
on adaptation option (RQ1); the account of a socio-psychological dimension - either as a formalized
assumption or as an element of investigation - in relation with the natural environment (RQ2); a research
question defined by the need of managing changes in water resources status either directly or through
the adaptation of dependent services and activities (all RQs).

The investigation proceeded thus on a sample of 22 articles (Table 2) deepening the understanding of

them through a structured scrutiny, whose framework is explained in the next subsection.

2.1 Review criteria and papers’ categorization

The need of identifying relevant categories for the analysis of the studies has been guided by some
compelling literature reviews attentive to the modelling of the agents’ decisional process (which to the
best of the author’s knowledge is greatly focused on agricultural settings, Huber et al., 2018; Kremmydas,
Athanasiadis, & Rozakis, 2018; Groeneveld et al., 2017), on water management and flood risks Gain et
al., 2021; Simmonds, Gémez, & Ledezma, 2020; Taberna, Filatova, Roy, & Noll, 2020; Zhuo & Han,
2020), or climate change (di Noia, 2022; Martinez-Herndndez, 2022; Balbi & Giupponi, 2010)). By
gathering review criteria previously adopted in the literature and, if necessary, by adapting them to

the specific needs, a framework of analysis - for the literature dedicated to the understanding of water-



related impacts of external drivers as the reason for the study to be focused on adaptation option,
within SESs - has been developed. This framework is structured into seven categories (as numbered in
Table 1: (1) ”Studies’ overview”, (2)”Ezogenous drivers of change”, (3)”Adaptation options”, (4)”Agents’
characteristics”, (5)”Decision architecture”, (6)” Theories of human behaviour”, (7)”Modelling features”).
Some of them are built suitable for the whole sample of papers while other have only been set aside for
ABMs and assimilable approaches (Categories (4), (5), (6) and (7)). Papers’ categorization elements are
listed in Table 1; specified in that are the details of each categorical variable considered with associated

references if relevant 2.

9% Similar to Martinez-Herndndez (2022) taken from (O’Neill et al., 2022; page 2455) and Portner et al. (2022), respec-
tively; ** From di Noia (2022); *** All sub-categories of categories 4) and 5) have been selected from Huber et al. (2018);
the categorization has only been partially modified so that to better fit the sample of this analysis; **** Adapted from
Schwarz et al. (2020).



Table 1: Categorization elements

Category

Sub-category

Details

1) Overview

Geography

Research interest

Territory: Rural or Urban; Scale of analysis: Regional or
Local; Country name; Type of country: Developing or
Developed; Geographical setting: Coast or Inland
Research question; Representative key risk (RKR) ad-
dressed*: Risk to low-lying coastal socioecological systems
(Risks to ecosystem services, people, livelihoods and key in-
frastructure in low-lying coastal areas and associated with a
wide range of hazards, including sea level change, ocean warm-
ing and acidification, weather extremes (storms, cyclones) and
sea ice loss, for example); Risks associated with critical phys-
ical infrastructure, networks and services (Systemic risks due
to extreme events leading to the breakdown of physical infras-
tructure and networks providing critical goods and services);
Risk to living standards (Economic impacts across scales, in-
cluding impacts on GDP, poverty and livelihoods, as well as
the exacerbating effects of impacts on socioeconomic inequal-
ity between and within countries); Risk to food security (Food
insecurity and the breakdown of food systems due to climate
change effects on land or ocean resources); Risk to water se-
curity (Risk from water-related hazards (floods and droughts)
and water quality deterioration; focus on water scarcity, water-
related disasters and risk to Indigenous and traditional cultures
and ways of life); Water resources addressed; Role of wa-
ter resources: water represents the element of risk or the
resource impacted, to be managed.

Discussion and Management/policy implications; Future directions
conclusion
2) Exogenous Social drivers
drivers
of change Environmental Type of event*: Slow Onset Hazard or Extreme Events
(RQ1) drivers
Policies
3) Adapta- Nature of adapta- Planned or Autonomous
tion options tion**
(RQ1)
Type of adapta- Management (e.g., land use policies, relocation or eco-buffer
tion** and ecosystem preservation measures) or Defence (i.e., hard
and/or soft and engineering-based solutions, both at commu-
nity level and at individual level)
4) Agents’ Agents
characteristics Heterogeneity
(RQ2)
Emotions*** Scores: 0 (Not mentioned); 1 (Mentioned but not formalized);

2 (Included as state of agents (e.g. for different activities)); 3
(Integrative modelling of emotions in farmers’ decision-making)




Category

Sub-category

Details

5) Decision
architecture

(RQ2)

Goals/needs***

Values***

Perception, Inter-
pretation, Evalua-
tion***

Social learning***

Uncertainty
in decision-
making***

Decision-making
rule®***

Time horizon of

Scores: 0 (Not mentioned); 1 (Optimization towards one goal
(e.g. income maximization)); 2 (Multiple goals with simple
prioritization rules (e.g. income maximization with additional
objectives in the constraints or lexicographic preferences)); 3
(Multiple goals with empirically derived weighting between
goals (multi-goal programming));

Scores: 0 (Not mentioned); 1 (Mentioned but not formalized);
2 (Consideration of values as a state variable); 3 (Consideration
of values determining preferences / beliefs);

Scores: 0 (Not mentioned); 1 (Agents are assumed to simply
know variables); 2 (Memory of past decisions: Agents change
decisions over time as consequence of their experience (socio-
economic or biophysical environment)); 3 (Explicit represen-
tation of the mechanism of how agents perceive and interpret
the socio-economic or biophysical environment and how agents
change decisions over time as consequence of their experience)
Scores: 0 (Not mentioned); 1 (No memory or knowledge
about other behaviour); 2 (Agents have knowledge about other
agent behaviour and adjust behaviour); 3 (Learning i.e., agents
change their decisions over time as consequence of their obser-
vation of other behaviour)

Scores: 0 (Not mentioned); 1 (Not considered i.e., no risk
management); 2 (Risk management based on simple rules or
buffers); 3 (Consideration of risk-aware decisions i.e., stochastic
dynamic programming)

Scores: 0 (Not mentioned); 1 (One rule for all agents i.e., ran-
dom, optimizing, satisficing); 2 (Decision rule based on agent
(or agent-type)); 3 (Complex structures i.e., two step proce-
dures (e.g. consumat approach))

Scores: 0 (Not mentioned);1 (Annual decisions only); 2 (An-

decisions*** nual and investment decisions); 3 (Intertemporal decisions i.e.,
consideration of the optimal point in time of an investment)

Structural Scores: 0 (Not mentioned); 1 (Not considered / random); 2

change*** (Empirical based exit / entry probabilities); 3 (Model endoge-
nous representation of structural change)

Social interac- Scores: 0 (Not mentioned); 1 (Mentioned but not formalized);

tions*** 2 (Counsidering other agent behaviour i.e., imposed network); 3
(Emerging interactions based on social networks)

6) Theories Theory

of
human
haviour

(RQ2)

be-

Decision Making
Theory****

Theory type
Theory origin

Rationality (theories which are very close to expected utility
theory, usually with farmers as optimality seekers — as in the
case of choices based on price optimization) or bounded ra-
tionality (deviating from one or more of the assumptions of
rationality - as in the case when quasi-hyperbolic discounting
is allowed as a distortion from rationality)

Individual vs collective

Literature; Literature within; Case study previous; Case study
within (as both case-based theory or theories grounded in the
literature can be qualitatively explored and specified on the
case study examined in the studies, if that was the case the
information has been recorded as within)

7) Modelling

features

Is the model geographically explicit?
Software/model/coding used
Standard reporting protocol

10



3 Results

3.1 The whole sample
3.1.1 Studies’ overview

It is by following the described selection process that 22 journal articles have been selected. They are
reported in Table 2 with basic information associated to them.

The number of publications has increased over the period 2012-2022. The studies are representative
of 15 countries; the analyses are spread around the world with four studies in Italy (the most represented
one) and three in Bangladesh; United States follows in terms of number of publications.

As Figure 2 highlights, most of the studies (14) are located in developed countries while 8 of them
in developing ones and as also visible, is the rural environment to be a preferred territory for exploring
water challenges, than the urban (or peri-urban one); this is true for those analyses whose geographical
setting is both the coastal environment and inland areas. The category of studies exploring coastal rural
research issues is mainly associated with developing countries while inland rural water challenges are

studied in developed ones.
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Table 2: Overview of reviewed studies

Reference Title Journal Model type Country
Blackett et al. (2022) Marae-opoly: supporting  Sustainability Seriuous Game- New
localised Maori climate adap- Science Flood model Zeland
tation decisions with serious (hydrological
games in  Aotearoa New model)
Zealand
Laatabi et al. (2022) LittoSIM-GEN: A generic plat- Environmental = Agent- based France
form of coastal flooding man- Modelling and model-
agement for participatory sim- Software Participatory
ulation simulation
Mirzaei and Azarm Evaluation of farmers’ partic- Frontiers in economic- Iran
(2022) ipatory behavior and compen- Water environmental
sation policy for agricultural programming
water-saving model-agent-
based model
Noor et al. (2022) A methodological framework Agricultural Stepwise par- Pakistan
for modeling sustainability vi- Water Manage- ticipatory
sions: A case study of ground- ment modeling
water management in Faizpur framework
distributary, Pakistan (Case study)
Okura, Budiasa, and Exploring a Balinese irrigation Agricultural Agent  based Indonesia
Kato (2022) water management system us- Water Manage- model-game
ing agent-based modeling and ment theory
game theory
Reinhard, Naranjo, Modelling choices and social Land Use Pol- Investment Bangladesh
Polman, and Hennen interactions with a threshold icy behaviour
(2022) public good: Investment deci- model-Agent-
sions in a polder in Bangladesh based model
Rojas et al. (2022) Participatory and Integrated Hydrology Agent-based Chile
Modelling under Contentious model-
Water Use in Semiarid Basins Participatory
modelling
Egerer, Cotera, A leverage points analysis of Agricultural Leverage Germany
Celliers, and Costa a qualitative system dynamics Systems point analysis-
(2021) model for climate change adap- System dynam-
tation in agriculture ics
Mills, Ruggiero, Quantifying uncertainty in ex- Water Agent-based UsS
Bolte, Serafin, and posure to coastal hazards asso- (Switzerland) model

Lipiec (2021)

ciated with both climate change
and adaptation strategies: A
U.S. pacific northwest alterna-
tive coastal futures analysis
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Reference Title Journal Model type Country
Phan, Bertone, Perceptions and willingness to Environmental Bayesian net- Vietnam
Pham, and Pham pay for water management on Challenges work
(2021) a highly developed tourism is-
land under climate change: A
Bayesian network approach
Zagaria, Schulp, Modelling transformational  Agricultural Agent-based Ttaly
Zavalloni, Viaggi, adaptation to climate change Systems model
and Verburg (2021)  among crop farming systems in
Romagna, Italy
Ji, Wu, Xie, Huang, A novel two-stage fuzzy Journal of Two-stage China
and Sun (2020) stochastic model for water Cleaner Pro- fuzzy stochastic
supply management from a duction programming
water-energy nexus perspective approach
Michaelis,  Brandi- Capturing flood-risk dynamics Hydrological Agent-based Ttaly
marte, and Maz- with a coupled agent-based and  Science Journal model
zoleni (2020) hydraulic modelling framework
Phan et al. (2020) Identifying and prioritising Regional En- Bayesian net- Vietnam
adaptation options for a vironmental work
coastal freshwater supply and Change
demand system under climatic
and non-climatic changes
Abebe, Ghorbani, Flood risk management in Journal of Agent-based Sint Mar-
Nikolic,  Vojinovic, Sint Maarten: A  coupled Environmental model teen
and Sanchez (2019)  agent-based and flood mod- Management
elling method
Merloni, Camanzi, Adaptive capacity to climate Wine Eco- Bayesian net- Italy
Mulazzani, and change in the wine industry: A  nomics and work
Malorgio (2018) Bayesian Network approach Policy
Dubbelboer, Nikolic, An agent-based model of flood Journal of Ar- Agent-based UK
Jenkins, and Hall risk and insurance tificial Societies model
(2017) and Social Sim-
ulations
Yu, Sangwan, Sung, Incorporating institutions and Water Re- Polder so- Bangladesh
Chen, and Merwade collective action into a socio- sources Re- cial system
(2017) hydrological model of flood re- search model-Flood
silience model
Ldzdr et al. (2015) Agricultural  livelihoods in Environmental  Agent-based Bangladesh
coastal  Bangladesh  under Science: Pro- model
climate and environmental cesses and
change - A model framework Impacts
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Reference Title Journal Model type Country
Raheem (2015) A common-pool resource exper-  International Common pool US

iment in acequia communities Journal of the resource experi-

Commons ment

Balbi, Bhandari, Multi-agent agro-economic sim- Italian Journal System dy- Italy
Gain, and Giupponi ulation of irrigation water de- of Agronomy namic  multi-
(2013) mand with climate services for agent model

climate change adaptation
Becu (2012) Effects of rainfall variability on Territoire = en Multi-agent Thailand

farm income disparity and in- Mouvement model
equity in a small catchment of
Northern-Thailand: A multi-

agent simulation investigation

Geographical setting
Territory COAST

France us
© NewZealand

Anguilla Italy Chile Iran
Italy Germany us

China UK

Pakistan

Thailand

Bangladesh

Figure 2: Publications’ setting

3.1.2 Exogenous drivers of change and adaptation options

In the attempt to answer RQ1, in the following is presented the information collected for the Category
” Exogenous drivers of Change” and ”Adaptation”. The complete information collected for these categories
are reported in Table 3 in the Appendix.

Overall, slow onset hazards as the raise in temperature, salinization and changes in water supply
availability (vs extreme event such as floods) are the main environmental exogenous drivers considered
by the authors. Management as an adaptation strategy is only explored in slow onset hazard cases,
i.e. when the exogenous driver of change has long-run evidence, whereas when extreme events hit the
analysed approach is that of implementing defensive measures. As shown in Figure 3, when slow onset
hazards threat the SESs as exogenous drivers of change, adaptation is mainly planned with defence as
the main strategy. In general, defence is the main strategy analysed. In one of the studies falling within
this classification, Phan et al. (2020) explore whether it is possible and which are the most appropriate
adaptation options for freshwater management under both current and likely future conditions. The
planned defence mechanisms of adaptation are represented by the attempt to increase the river storage
capacity, build a water supply plant, build a salinity prevention gate, build pumping station and increase

water price.
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Figure 4 brings into the picture some additional elements. With no surprise, when extreme events are
studied, water is the element of risk which impact on the SESs, being a threat for the critical infrastructure
or having broader impacts for the whole communities required to adapt through integrated approaches.
This is the case of Mills et al. (2021) that address the risk to low lying communities by exploring,
among other elements, how hazard exposure uncertainty vary through time in response to human or
physical drivers. Both the RKRs (which as listed in Table 1 are the elements of focus of each study’s
research question) are addressed in coastal environment while inland areas are only explored for critical
infrastructure issues, such as in Michaelis et al. (2020) that study how changes in the vulnerability
of individuals influence community flood-risk dynamics by modelling individual households’ decision-
making process which comprises the possibility of avoid reacting to flood risk, implement individual
flood protection measures (water barriers) or file a complaint to the government that itself decides about
reinforcing the levee system. In the case of slow onset hazards, the leading research interest is water
security followed by living standards and food security; the latter is only addressed for what concern
inland environment. For all these three RKRs water resources are not assigned the role of exogenous
drivers of change but they are studied as those elements which bear the impacts of external forces and
must be managed to optimize the use and solve raised challenges. In this group of papers the work of
Reinhard et al. (2022) can be found; the objective of their analysis is to provide insights necessary to
increase food production in by modelling the decision-making process of buying a pump collectively to

discharge water to the river and reduce waterlogging.

3.2 Modelling of human behaviour

Answering RQ2 required a more detailed focus on the Categories of Category, "Agents’ characteristics”,
”Decision architecture” and ”Theories of human behaviour”. For this part of the analysis only 15 papers
have been included as the methodology attempt to understand the formalization of human behaviour
into the exercise. Bayesian network analyses and studies based on only participatory approaches (i.e. not
integrated with suiter methodologies. such as ABMs) have been excluded. Table 4 in the Appendix list

all information collected for these categories.

3.2.1 Agents’ characteristics

In Figure 5 one can find the evidence that, in the analysed sample, the agents involved into ABMs and
similar modelling exercise are mainly farmers. They are followed by a considerable number of papers
involving not only one category of agents but many; this is the case of Laatabi et al. (2022), Egerer et
al. (2021) and Abebe et al. (2019), among the others. Water security RKR is the research question focus
that all agent types have been considered to face, with the exception of Mills et al. (2021) that model

policy scenarios as agents of their model, dealing with broader risks to low-lying coastal communities
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issues, i.e. outcomes and tradeoffs occurring when when decision-making entities and their policies are
part of evolving landscapes. Farmers are associated with many RKRs (food security, living standards,
risks to low-lying coastal communities and water security) excluding critical infrastructure.

When it comes to the characteristics of the modelled agents, it is in Figure 6 that we can identify a
few elements. There is not a clear trend of improvement in the score over time; emotions is the feature
which is almost always disregarded and only in three cases it takes the poor value of 1, when extreme
events are addressed as exogenous environmental drivers. Values are slightly more taken into account
by authors; anyway 7 studies do not consider them. However, there are 4 studies considering it a very
important agents’ characteristic in the determination of preferences and beliefs guiding choices (score 3
is for example assigns to Zagaria et al. (2021), using the theory of basic values - i.e. openness to change,
environmental conservation, collaboration and ambition to distiguish among four farmer types). Almost
the same is true for goals and needs, which never reach the subjectively assigned score of 3 while often

being included as a simple optimization towards one goal.

3.2.2 Decision architecture and theories of human behaviour

In Figure 7 is depicted the account of different elements of agents’ decision making process defining
the characteristics of decisional rules. Uncertainty in decision making (i.e. the management of risk
and risk awareness) and decision making rule (i.e. the complexity of decisions, up to structures as
consumat Approach) are the elements which lead the modelling of agent’s behaviour with structural
changes and time horizon as the least accounted for. Social learning is the only element of choice
architecture which is not considered when both critical infrastructure and living standards RKRs are
analysed. Living standards and food security RKRs are the research question focus for which the authors
have developed the least articulated choice architecture; additionally, these RKRs are always dealt with
autonomous adaptation which does not foresee a deep account of structural changes social learning and
social interactions. Indeed only elements of individual choice are explored in these cases.

For what concern the origin and type of decision making theories, we can say there is no prevalence
of one single theory in the explanation of agents’ adaptation processes. To mention some, consumat
approach enriched by the account of prosocial behaviour in the choice of cooperation (Reinhard et al.,
2022), social norms for collective actions (accounting also for collective memory) (Yu et al., 2017), cultural
theory (Rojas et al., 2022), protection motivation theory (Michaelis et al., 2020), theory of basic values
(Zagaria et al., 2021) and altruism and inequity (Raheem, 2015) are used to model agents’ decision-making
process. Mostly, theories are not applied as they are designed but they are adapted to the modelled case
study. In Figure 8 it is shown that bounded rationality theories are the reference for both collective and
individual theories. When rationality is considered, the theories, either developed for the case study or

derived by literature, are declined precisely for the example tested through empirical data collected on
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purpose and for the study itself.

3.2.3 Data sources and modelling features

There are 15 studies that can be labelled as integrated assessment models, with different methodologies
used as components in the simulations, from ABMs coupled with game theoretical basis, hydrological
models, common-pool games experiment, investment models and other.

It is only in nine cases that a Geographical Information System (GIS) has been used to represent
spatially the simulations. For what concern the software used, Netlogo is twice used but no other software
is considered more than once. The reporting protocols (either ODD Protocol by Grimm et al. (2006)
or ODD+D Miiller et al. (2013) Protocol or ODD+2D Protocol Laatabi, Marilleau, Nguyen-Huu, Hbid,
and Babram (2018)) is used in only five studies.

The other information collected for this category are reported in Table 5 in the Appendix.

4 Conclusions

To give a conclusive picture of the findings from RQ1, the following Figure (Figure 9) is derived. As
emerged, rural environment is the setting where research has mainly focused, specifically in coastal areas,
for what concerns developing countries, while is the inland to be studied in developed ones. Whilst
conducting the analysis, three types of exogenous drivers were considered; the exogenous social drivers
of change and the policy ones, however, turned out not to be relevant in this literature. Social drivers of
change can be detected in the sample, when changes in demand for water are also causing some differences
in the availability and management of the resources, but these are often considered alongside the main
exogenous environmental drivers. The exogenous threating trend of climate change, emerging as both
sudden extreme events or slow onset hazards, is differentiated in the adaptation strategies that tackle it
as, not surprisingly, defence is only explored in the first case, while management is applied to avert the
impacts of the second one. On the former side, when extreme events are studied, water is the element of
risk which impacts on the SESs while on the latter side, water resources are assigned the role of those
elements which bear the impacts of external forces and must be managed to optimize the use and solve

raised challenges.

Follows from the areas targeted by the studies that farmers are the main modelled agents. When it
comes to the characteristics of them that are taken into account to map their behaviour, it appear that
there is no improvement in the depth with which emotions, values and goals and needs are accounted
for. Over time: emotions is almost always disregarded, values are slightly more taken into account and a

simple optimization towards one goal is the main targeted objective in most of the cases. Better results
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Figure 9: Summary of results

are obtained for the elements of agents’ decision making process delineating the characteristics of the
defined decisional rules. It is the management of risk and risk awareness which obtain the highest degree
in the level of complexity with which decisions are mostly examined. However, the architecture of choice
is still a weak element in the analysed sample. Overall, since the sum of the points for each category
could reach up 66, it is possible to detect a lack of account for the elements, which at most reaches 28
as a score, each. An optimistic aspect is instead the contextualization to the modelled case study of the
behavioural theories (even derived by the literature), rather than their application without a minimum

adaptation.

5 Discussion

Section 3 summarizes the main results obtained by conducing this analysis which, however, should be
red in the light of some weaknesses.

One important remark on the analysis cannot but be mentioned: there is a limitation in the collection
and categorization of this information in that they are carried out on a subjective basis and without
interviewing the author of the studies for a more accurate attribution of the categories. This is to be
underlined because, even though literature reviews, to different extents, are the result of the author’s
critical process, it is in Huber et al. (2018) that we notice a more appropriate association of the variables
also used for the categorization of this work, made possible by an ”iterative exchange between model
developers, experts on decision-making and a core writing team” (Huber et al., 2018: 146). To solve this
lack would be an added value for the whole process but, at the moment, its existence must be taken into
account in the reading of results and these conclusions. Also, results would be more significative in the

case of an extension of the sample which, in this work account, for only 22 studies.

Generally, even though there is a huge focus of researchers on agricultural settings, we can notice
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from Caretta et al. (2022) and O’Neill et al. (2022) that other sectors and types of risks are worth of
investigation, given the expected impacts related to water resources.

The answer to the first research question (RQ1) highlights gaps in the literature that inquisitive
researchers can consider to enhance. One unexplored issue is climate change induced water challenges in
coastal areas, relatively to developed countries, as the extant literature has mainly concentrated on the
inland environment. In addition, modellers can consider to go deep into the possibilities that both types
of adaptation strategies, management and defence, are implemented in response of both extreme events
and slow onset hazards.

Results from RQ2 highlight the evidence that the analysed sample partially recognise bounded ra-
tionality as a step forward to overcome the shortcomings of the formalization of agents as only rational
actors. This is an advancement with respect to the findings of preview reviews focusing on agents’ be-
havioural processes; Groeneveld et al. (2017) found theories supporting human sub-models in their sample
were rarely regarded, mainly ignoring alternative theories than those based on rationality assumptions.
However, results also strongly confirm the extant literature in supporting that: even though complexity
of human behaviour is increasingly recognized, its integration into formal exercises remains superficial
(Jager, 2021; An, 2012). As Schliiter et al. (2017) highlight, outdoing this limitation is challenging even
also because many are the theories available across the social sciences, they often represent only a single
aspect of decision-making processes, not to mention the difficulties in the formalization of them.

To facilitate a broader inclusion of theories on human decision-making in formal models, experts have
provided tools and suggested a path toward a common language to facilitate implementation, as MoHuB
(Modelling Human Behavior; Schliiter et al., 2017) framework or the step-wise methodology of Elsawah,
Guillaume, Filatova, Rook, and Jakeman (2015), which go beyond the scope of this work but can be

consider for new applications.
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6 Appendix

In the following are reported additional information on the analysed papers. Detailed descriptions are

taken from the original works.
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