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There is a growing interest worldwide on the potential of nature-based solutions (NBSs) as
measures for dealing with water-related risks while producing multiple co-benefits that can
contribute to several societal challenges and many of the sustainable development goals.
However, several barriers still hamper their wider implementation, such as mainly the lack
of stakeholders’ engagement and the limited integration of stakeholders’ knowledge
throughout the phases of NBS design and implementation. This is a crucial aspect to
guarantee that the multidimensional implications of NBSs are adequately understood and
considered by decision-makers. Innovative methods and tools for improving NBS design
and supporting decision-makers in overcoming the main barriers to implementation,
ultimately enhancing their effectiveness, are therefore needed. The present work
proposes a combined approach based on the integration of fuzzy cognitive maps,
hydraulic modeling, and participatory Bayesian belief networks aiming to facilitate the
stakeholders’ engagement and the knowledge integration process in NBS design and
assessment. The approach was developed and implemented within the NAIAD project in
the Lower Danube demo site, specifically oriented to support the process of the Potelu
Wetland restoration. First, fuzzy cognitive maps are adopted as a problem structuring
method for eliciting stakeholders’ risk perception and problem understanding, and for
constructing a causal model describing the system as a whole, with specific attention to
the expected role of the NBS in reducing flood risk and addressing the key local
challenges. Second, hydraulic modeling is used to analyze the effect of extreme floods
starting from the retrospective analysis of a specific event and to model the potential
benefits of risk reduction measures. Last, a Bayesian belief network is used to support the
model integration process and a scenario analysis with a user-friendly tool. The whole
process can be replicated in other areas and is particularly suitable to support an active
engagement of stakeholders (both institutional and not) in the process of NBS design and
assessment.
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INTRODUCTION

There is an ever-increasing number of research articles and
projects dealing with the design of nature-based solutions
(Albert et al., 2017; Raymond et al., 2017; Calliari et al.,
2019), proving NBS suitability as valid alternatives to gray
infrastructures for dealing with natural hazards (Palmer
et al., 2015) and specifically with water-related risks
(Ruangpan et al., 2020). A summary of the evidences from
recent EU-funded NBS projects in support of policy instruments
and identifying current gaps has been recently provided by
Vojinovic (2020). As described by several authors, the success of
NBSs is not exclusively related to the reduction of natural risks,
but it is due to their capability to produce a wide set of
socioeconomic and environmental co-benefits, whose
integration in the frameworks for assessing NBS effectiveness
has been advocated by several authors (Alves et al., 2018, Alves
et al., 2019; Pagano et al., 2019). Despite the advanced scientific
knowledge on NBS design and evaluation, their implementation
is still hampered by several barriers. Scholars demonstrated that
social (e.g., the perceived effectiveness), institutional (e.g., the
longer time needed by NBSs to provide benefits and the limited
cross-sectoral cooperation), and economic (high construction
and maintenance costs for NBSs) barriers are at least as
important as the physical ones (O‘Donnell et al., 2017; Sarabi
et al., 2020; Vojinovic, 2020). First, Kabisch et al. (2016),
Ruangpan et al. (2020) demonstrated how the lack of
stakeholders’ engagement and the limited integration of
stakeholders’ and scientific knowledge in NBS design
represent a barrier hampering their implementation. Second,
Alves et al. (2019), Giordano et al. (2020) showed that
institutional actors should be capable to account for the
different needs and concerns related to NBS design and
implementation, in order to avoid trade-offs among different
stakeholders and potential conflicts. Finally, ineffective
cooperation among different decision-makers and
stakeholders could hamper NBS implementation and/or
reduce its effectiveness, as discussed by Shrestha and Dhakal
(2019) and Gómez Martín et al. (2020).

Therefore, methods and tools for supporting decision-
makers in detecting the barriers to NBS implementation, to
define measures for overcoming those barriers, and to enhance
the NBS effectiveness are needed. In line with the works of
Raymond et al. (2017), Alves et al. (2018), we assume that NBS
effectiveness is not simply related to the risk reduction but also
to the production of co-benefits, defined as the various benefits
related to a wide range of societal challenges (e.g.,
environmental, economic, and societal) that can be
simultaneously provided by an NBS over a certain period
(Jiang et al., 2016; Raymond et al., 2017; Giordano et al.,
2020; Coletta et al., 2021). To this aim, a participatory
modeling approach, based on the integration between
stakeholders’ and scientific knowledge, was implemented in
this work. Participatory modeling involves the engagement of
stakeholders in the modeling process, which can be
accomplished in various forms, ranging from direct
participation in model construction to consultation on

model validity and testing of a complete simulation model
(Voinov et al., 2016; Halbe et al., 2018). Several benefits were
already highlighted concerning the stakeholders’ engagement
for environmental modeling. By building a model,
stakeholders can express their points of view, learn about
other perspectives, and examine factual knowledge and
subjective perceptions to create formalized and shared
representations of the reality (Voinov et al., 2016). The
construction of simulation models allows testing the
assumptions and thereby supports collaborative learning
about the system structure and dynamic (Voinov et al.,
2016; Halbe et al., 2018).

Among the different approaches for participatory modeling
development, this work adopts a participatory Bayesian belief
network (BBN). BBNs are probabilistic graphical models that
conceptually represent a system of interactions between variables
via a cause–effect diagram (Phan et al., 2016). BBNs have been
widely accepted as a valuable tool for modeling complex and
uncertain issues, and support an active stakeholders’ engagement
(Sperotto et al., 2017; Xue et al., 2017). Several scholars
demonstrated that BBNs are extremely powerful for
integrating data and knowledge from different sources and
domains, for combining scientific and stakeholders’
knowledge, and for describing physical and socio-institutional
processes, thus supporting decision-making helping reasoning
from uncertain evidence to uncertain conclusions (Henriksen
et al., 2012; Giordano et al., 2013; Uusitalo et al., 2015; Xue et al.,
2017; Pagano et al., 2018b).

In this work, the BBNs’ potentialities were combined with
those of the fuzzy cognitive maps (FCMs), in order to enable the
stakeholders’ engagement and facilitate the knowledge
integration process. FCMs and BBNs are both causal
modeling tools which could be merged to improve their
efficiency and capability to describe and simulate complex
systems (Azar and Dolatabad, 2019). FCMs can be defined as
the graphical representation of the ideas of a group of
stakeholders or individuals to give an interpretation to a
complex system (Eden, 1992). An FCM is composed by
interrelated variables and directional edges, that is,
connections—representing the causal relationships between
variables (Kok, 2009; Giabbanelli et al., 2017). In this work,
FCMs were adopted as a problem structuring method for
eliciting stakeholders’ risk perception and for problem
understanding, as well as for constructing the causal model.
Stakeholders’ knowledge was used for describing “soft” variables
in the BBN, that is, those variables related to sociocultural and
institutional aspects (e.g., risk awareness), that are difficult to
quantify (Pagano et al., 2018a; Santoro et al., 2019; Giordano
et al., 2020). “Hard” variables—that is, the quantitative ones
obtained from hydraulic models—were translated into the BBN
form for describing physical processes related to water-related
risks and NBS impacts. The BBN allowed simulating “what-if”
scenarios mainly related to the re-naturalization process over
the area. Some of the key issues in using FCMs for developing
BBNs have been addressed in this work, with specific reference
to the development of the conditional probability table (CPT)
starting from the FCM weights (as detailed in “Materials and
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Methods” and in the Supplementary Material). The activities
were organized in order to provide answers to the following
research questions, that is, i) to what extent did the integration
between FCMs and BBNs allow accounting for the diversities in
risk perceptions among the involved stakeholders? ii) Was the
participatory modeling approach capable of fostering collective
learning process concerning barriers and enabling factors for
NBS implementation? iii) Is the proposed BBNmodel capable to
integrate scientific knowledge (on flood risk) with stakeholders’
knowledge to provide a thorough assessment of the effectiveness
of NBSs in producing benefits (in terms of flood risk reduction)
and co-benefits?

The combined FCM–BBN approach was implemented within
the NAIAD framework in the Lower Danube demo site. The
framework aimed at enabling the co-design and implementation
of NBSs for dealing with flood risk. The activities described here
were meant to enable the engagement of stakeholders in the
definition of barriers and enabling factors for the implementation
of the selected NBS, that is, the Potelu Wetland restoration
project.

This work is organized as follows. After the present
Introduction, “Materials and Methods” provides full details
on the methodological approach used, with specific attention to
the adopted methods (FCMs, HM, and BBNs) which are
individually detailed, and their integration described.
“Result,” after an overview of the case study, includes a
summary of the main results. A critical discussion is
provided in “Discussion and Concluding Remarks,” along
with the concluding remarks.

MATERIALS AND METHODS

The main scope of this work is to demonstrate the suitability of
the combined FCM–HM–BBN method for supporting the
adoption of NBSs in dealing with flood risks, through the
detection, analysis, and overcoming of barriers to their
implementation. To this aim, stakeholders’ and scientific
knowledge were integrated. Figure 1 shows the different
phases of the adopted approach. Three main clusters of
activities were implemented, that is, the participatory
modeling, the flood risk assessment, and the integrated BBN
development.

Participatory Modeling for Flood Risk
Perception
This phase of the adopted methodological approach aimed at
engaging stakeholders in developing a model representing their
knowledge related to the flood risk at the local level and the
expected impacts of NBS implementation. To this aim, two
sequential activities were carried out, that is, i) modeling flood
risk perception and ii) developing the stakeholder-based BBN.

Modeling Flood Risk Perceptions
Since the seminal work of Renn (1998), the integration of
stakeholders’ risk perception in risk management has been
widely investigated by several scholars (Corfee-Morlot et al.,
2011; Castán Broto and Bulkeley, 2013). Handling collective
relevant risk issues has been shifted from central, state-based,

FIGURE 1 | Overview of the adopted approach.
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approach toward distributed, multilevel risk governance. This
innovative multi-actor alliance goes beyond the institutional
system. Risk management claims for an increasingly
multilayered and diversified socio-institutional landscape,
characterized by multiple actors with their own risk
perceptions and diversity of knowledge (Renn, 2011).
Institutional diversity in risk management can offer
considerable advantages when complex, uncertain, and
ambiguous risk problems need to be addressed. First,
redundancy makes nonhierarchical adaptive and integrative
risk governance systems more resilient and therefore less
vulnerable. Second, the larger number of actors facilitates
knowledge exchange, cross-fertilization, and learning (Renn,
2011). However, divergences in values, beliefs, and problem
frames may lead to collaboration structures that encourage
stakeholders and decision-makers to avoid each other, turning
the participatory activities for risk management into a
controversial and futile process (Brugnach and Ingram, 2012;
Howe et al., 2014; Jacobs et al., 2016; Wam et al., 2016; Giordano
et al., 2017; Small et al., 2017; Shrestha and Dhakal, 2019).
Multilevel risk governance claims for a clear understanding of
the diversities in risk perception among the different actors in risk
management.

In order to enhance the richness and diversity of the
knowledge used for developing the flood risk perception
model, the adopted participatory modeling approach was
based on a combination of individual inputs and group
modeling. First, individual risk perceptions were elicited
through semi-structured interviews. Stakeholders were
required to describe i) the main impacts at the local level
(both direct and indirect) due to flood events (e.g.,
socioeconomic impacts), ii) the main elements affecting those
impacts (i.e., local vulnerabilities), and iii) the most important
issues (social challenges) that need to be addressed in order to
increase the effectiveness of the flood risk management actions
and improve the system conditions (Bain et al., 2016). Finally,
stakeholders were required to specify the expected roles of the
NBS in reducing flood risks and addressing the social challenges.
For more detailed descriptions of the framework used during the
interviews, refer to the Supplementary Material “Introduction.”

The results of the interviews were, hence, structured in an
individual FCM. An FCM can be defined as a bidirectional graph
of nodes (i.e., variables) and causal connections between them.
The connection strength indicates the stakeholder’s perceived
influence of two variables on each other (Ozesmi and Ozesmi,
2003). Graphically, an FCM is represented as an oriented graph
with feedbacks, consisting of nodes and weighted arcs. Variables
in the FCM take values in the range between [−1,1] and the
weights of the arcs are in the interval [−1,1] (Papageorgiou and
Kontogianni, 2012). For more details concerning the method for
translating stakeholders’ argumentation into an FCM, a reader
could refer to Giordano et al. (2020). An example of the
translation of stakeholders’ argumentation into an FCM is also
provided in the Supplementary Material.

The individual FCM was, then, aggregated in order to develop
the stakeholders’ model. The mathematical aggregation
procedure suggested by Kosko (1986) was adopted in this

work. The individual FCMs were translated into square
adjacency matrices of the same size, and then added and
divided by the total number of individual matrices. This
operation results in a new matrix, the entries of which are the
average of the weight assigned by the stakeholders. In this work,
we did not introduce a credibility weight to the stakeholders in the
aggregation process. Therefore, stakeholders’ inputs were
considered of the same importance. The process stops when
all stakeholders’ FCMs are added. The mathematical aggregation
of the FCM requires some upfront work, such as the
standardization of the variables’ names. Furthermore, when
respondents characterize the same variable as concept and dis-
concept (e.g., “community awareness” and “lack of community
awareness”), one of the variables needs to be converted (Kosko,
1986). To preserve the direction of causality, the converted
variable’s connecting arrow needs to be changed to the
opposite direction.

The aggregated FCM represented the stakeholders’ knowledge
concerning the flood risk at the local level. This model was, hence,
used as basis for developing the stakeholder-based BBN, as
described in the next section.

Developing the Stakeholder-Based Bayesian Belief
Network
Despite the suitability of both FCMs and BBNs in addressing
similar issues—for example, environmental resource
management (Phan et al., 2016; Mourhir, 2021) and risk
management (Kabir and Papadopoulos, 2019; Tepes and
Neumann, 2020; Kaikkonen et al., 2021)—they have been
mostly applied separately even in similar issues, and very few
works aimed at their combination (Nadkarni and Shenoy, 2001,
2004; Azar and Dolatabad, 2019), with pros and cons thoroughly
described in Azar and Dolatabad (2019). In such cases, FCMs are
mainly used for defining the causal structure of the BBN model,
and a procedure is required to convert the FCM into the causal
model of BBNs by making some structural changes to the map.
The definition of conditional probability tables (CPTs), which is
the most challenging task, could be either performed from FCMs
(Azar and Dolatabad, 2019) but, mainly, using experts’
knowledge (Xue et al., 2017). However, experiences
demonstrated that engaging stakeholders in defining the CPTs
for the variables of a complex model such as those related to flood
risk could provoke stakeholders’ fatigue, and, consequently, lead
participants to abandon the process (Shi et al., 2020). In order to
avoid this risk and in line with the study by Azar and Dolatabad
(2019), this work used the FCM for deriving i) the causal structure
of the BBN and ii) the CPT. Concerning the first point, structural
modifications of the FCM are needed prior to use the
cause–effects network for the development of the causal model
of the BBN. As pointed out by Nadkarni and Shenoy (200), the
issues related to circular relations (i.e., loops in the FCM), variable
dependency, and conditional independency need to be addressed.
The methods described in Nadkarni and Shenoy (2001),
Giordano et al. (2013) were implemented here for adapting
the FCM structure to the BBN characteristics. Specifically, all
causal independencies in the aggregated FCM were checked by
the analysts in order to ensure the conditional independency of

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 6746184

Scrieciu et al. BBNs Supporting NBS Implementation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the BBN (Nadkarni and Shenoy, 2001). Moreover, the circular
relationships among the FCM variables were detected and
modified, since the BBN requires an acyclic structure. In case
of dynamic loops, de-aggregating the variables into sequential
variables allows addressing this issue (Azar and Dolatabad, 2019).
Last, it is worth to highlight that keeping the BBN as simple as
possible (i.e., with short cause–effect chains) typically allows
reducing the propagation of uncertainty from parent nodes to
child nodes. A long chain of nodes could, in general, show a
reduced sensitivity to model drivers and should therefore be
avoided so that any input evidence will not be “diluted” (Cain,
2001). This ultimately helps better evaluating the influence of
changes in variables’ states in the scenario analysis.

Different methods were described in the scientific literature for
building the CPT of the BBN starting from the FCM (e.g., Azar
and Dolatabad, 2019). Most of these methods adopt complicated
mathematical procedures to this aim. In order to be consistent
with the goal of making the developed models easily understood
by the stakeholders, we decided to refer to the FCM simulation

potentialities and the linguistic function used for describing the
state of the different variables for defining the CPTs in the
stakeholder-based BBN. To describe the adopted method, we
could consider the simplest form of the FCM, with two variables
(A and B) affecting the value of a third one (Figure 2A). The
causal links are characterized by a weight, representing the
strength of the causal connection (Giordano et al., 2020).

Stakeholders describe the state of these variables using
linguistic assessments. Therefore, fuzzy linguistic functions
were developed referring to the stakeholders’ knowledge, as
described in (Page et al., 2012). Figure 2B shows the fuzzy
linguistic functions for both the input variables—that is, A and
B—and for the output C. The variable A assumes the value 0.35,
and the variable B has the value 0.7. Contrarily to a Boolean
assessment, in which a value could belong to one set, in a fuzzy
linguistic function, a value could belong to more than a set, and it
is characterized by a membership degree. In the example in
Figure 2, 0.35 for the variable A belongs to the set
“Decreasing” with a membership degree µD 0.9, and it belongs

FIGURE 2 | (A) Simple example of FCMs with two variables A and B affecting the variable C. (B) Linguistic functions for variables A, B, and C.
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to set “Increasing” with a membership degree µD 0.1. Similarly,
the variable B assumes the crisp value 0.7 which belongs to the set
“Medium” with a membership degree µM 0.5, and to the set
“High” with a membership degree µH 0.3.

The fuzzy inference equation (Eq. 2) was adopted for
calculating the value of the variable C based on the values of
A and B, and on the weights of the connecting links (Figure 2A).
This equation derives from the FCM formulation provided in
Kosko (1986) and has been revised according to (Kok, 2009).

Let us consider the initial state vector of the FCM: S (t0) � (A
(t0), B (t0), C (t0)) � (0.35, 0.7, 0). The adjacency matrix of the
FCM, which is composed by the weights of the links between the
variables, is as follows:

E � ⎛⎜⎝ 1 0 0.5
0 1 0.8
0 0 0

⎞⎟⎠. (1)

In this example, 0.5 is the weight of the link between the variable
A and the variable C, and 0.8 is the weight of the link between the
variable B and the variable C.

The new state vector of the FCM is calculated as in the
following equation:

S(t1) � S(t0) x E � (0.35, 0.7, 0) × ⎛⎜⎝ 1 0 0.5
0 1 0.8
0 0 0

⎞⎟⎠
� 0.35 × (1, 0, 0.5) + 0.7 × (0, 1, 0.8) + 0 × (0, 0, 0)
� (0.35, 0, 0.18) + (0, 0.7, 0.56) + (0, 0, 0)
� (0.35, 0.7, 0.74). (2)

Considering that there are no connections affecting the values of
A and B, C is the only variable whose value changes due to Eq. 2.
The calculation of the new state vector is repeated iteratively until
the values of the variables reach a stable state. To this aim, and to
avoid that the value of C becoming 0 after the first iteration, the
values along the adjacency matrix diagonal are set to one for the
variables A and B, which are the input variables in this example.

The stable states of the FCM variables are used for interpreting
the relationships among the variables and their impacts on the
system dynamic (Kok, 2009). In this example, C assumes the
value 0.74, that is considered as “Medium” (µM 0.7) and
“High” (µH 0.4).

In order to develop the CPT, the membership degrees of the
variable C to the three fuzzy linguistic sets need to be translated
into probabilities. The following formula was used for assessing
the conditional probability that the variable C assumes the
value “Low”:

CPc(L) � μL/(μL + μM + μH). (3)

CPC(L) is the conditional probability that C assumes the value
“low,” µL is the membership degree of the variable C to the fuzzy
linguistic set “low,” µM is the membership degree of the variable
C to the fuzzy linguistic set “medium,” and µH is the membership
degree of the variable C to the fuzzy linguistic set “high.”
Similarly, the other combinations of the values for the input
variables were used for assessing the values for the output

variables C. Therefore, the CPT for assessing the value of C
according to the FCM can be developed accordingly.

At the end of this phase, the stakeholders’ FCM was translated
into the stakeholder-based BBN. The next phase concerns the
combination of this BBN with the BBN for the assessment of the
flood risk.

Hydraulic-Based Bayesian Belief Network
for the Flood Risk Assessment
The development of a hydraulic model is useful for a twofold
purpose: i) to analyze the effect of extreme floods starting from
the retrospective analysis of a specific event and ii) to model the
potential benefits of risk reduction measures on an event with the
same magnitude. Concerning the latter point, the HEC-RAS
hydraulic model (USACE, 2010) can be used to perform a
“scenario analysis,” that is, a quantitative assessment of the
effectiveness of measures under different conditions. The main
evidence and outcomes of the hydraulic model are then translated
into the common BBN sets. This is useful to capture the
relationships among physical factors influencing flood risk and
to characterize the behavior of the selected measure in different
conditions, along with related uncertainty, while explicitly
modelling the relationships with the economic, social, and
environmental factors mentioned by the local stakeholders.

Specifically, the transition from the hydraulic model into a
BBN considers the variables and the connections summarized in
Table 1. Basically, the “flood risk assessment” part of the BBN
requires the identification of key hydraulic information, in a
reference cross section (i.e., a relevant cross section for the
analysis) and the following inputs to be set: 1) flood duration
(T); 2)H, that is, the water elevation in the reference cross section;
and 3) for the purposes of the present work, the dike elevation
(Hd), which affects the size of the water retention structure. Given
the H value, the discharge (Q) in the reference cross section is
directly computed from the stage–discharge relationship
produced by the HEC-RAS model. This, along with the
information on the flood duration T, allows computing the
flood volume (V). This is calculated considering two
components, that is, a constant base-flow (during the whole
flood duration) and a peak flow (a triangular component
depending on the maximum discharge, and duration T/2). The
contribution of the wetland area (design area, Aw) to flood risk
reduction is expressed by the storage volume (Vw), which
depends on the dike elevation Hd. Similarly, the available
storage volume can be calculated in a specific way for any
other NBSs. It directly affects both the “Cost” of the measure
(and thus its “Economic feasibility”) and the technical
effectiveness (“Flood Risk Reduction”), which is expressed by
two components: the “Pressure on dikes” (a significant stored
volume reduces the pressure on the other dikes located
downstream) and the “Flood volume downstream” (Vd).
Additionally, a value for the variable “Wetland Area,” which is
an input or the co-benefit assessment part, is produced. As
discussed in detail in Table 1, some variables are calculated
using an equation, whereas others are calculated using CPTs
that are built based on expert judgement, which is case-specific.

Frontiers in Earth Science | www.frontiersin.org July 2021 | Volume 9 | Article 6746186

Scrieciu et al. BBNs Supporting NBS Implementation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Development of the Integrated Bayesian
Belief Network and Assessment of
Nature-based Solution Effectiveness
In this phase of the adopted methodological approach, the
stakeholder-based BBN and the hydraulic-based BBN were
integrated and used for assessing NBS effectiveness and
detecting potential barriers to NBS implementation. To this
aim, this work assumes that the NBS effectiveness is related to
its capacity both to reduce flood risk and to produce the expected
co-benefit. The integration was carried out through the detection of
connecting variables in the two BBNs. Causal connections were
drawn, and the corresponding CPT defined as a combination of the
CPTs in both the stakeholder-based BBN and the hydraulic-based
BBN. Further details on this process are included in the
Supplementary Material section. Since the formal structure of a
BBN is crucial for facilitating the discussion with the stakeholders,
it was structured considering threemain parts: that is, the flood risk
assessment (see Hydraulic-Based Bayesian Belief Network for the
Flood Risk Assessment), the expected co-benefit production, and
the perceived causal connections affecting the flood risk reduction.

The integrated BBN was used for detecting the main barriers
hampering the NBS effectiveness and for supporting the
definition of the measures to be implemented in order to
overcome those barriers. It is worth mentioning that in this
work, we assume that an NBS is effective if it contributes to
reduce the flood risk and to produce the expected co-benefits. To

detect the key barriers to NBS effectiveness and suggestion
measures to overcome those barriers, the integrated BBN can
be used to simulate different intervention scenarios and to assess
the effectiveness of the NBS, under different design and operating
conditions. Specifically, the scenario analysis helps both
activating the “technical” variables connected with the NBS
implementation and testing the effectiveness of measures
aiming to change the socioeconomic and institutional system.

The results of this analysis were, then, discussed with key
stakeholders to definemeasures to positively affect theNBS effectiveness.

RESULTS

Case Study Description
The study site is located in the lower Danube Romanian area and
refers specifically to the Dabuleni–Potelu–Corabia wetland area
(Figure 3). This site has been highly exposed to flood events, and,
in the 60s, it has been fully drained (14,666 ha) with a dam having
a length of 32.4 km, and through the opening of the Celeiu
channel and the activation of five pumping stations (Corabia,
Stejarul, Valcovia, Răcari, and Celei). Part of the enclosure
(2,860 ha) is currently used for irrigated agriculture.

An extreme flood occurred in 2006, with significant impacts on the
study area. During this event, several dike overflows and breaks were
recorded, with the subsequent flooding of wide areas. The values of
both flow and water volume recorded during this flood are associated

TABLE 1 | Description of the variables used for the flood risk assessment in the BBN.

Variable Kind Description Notes

Flood duration (T) Nature—Continuous
(input)

Total duration of the flood event considered (days) This is an input variable for the model

Water elevation (H) Nature—Continuous
(input)

Water elevation in the references cross section (m). This allows
computing the discharge in the same section.

This is an input variable for the model

Dike elevation (Hd) Nature—Continuous
(input)

Elevation of the dike (m). This could be changed to model different
conditions, including the absence of the structure (i.e., natural
conditions).

This is an input variable for the model

Discharge (Q) Nature—Continuous Discharge in the cross section according to the stage–discharge
relationship retrieved from HEC-RAS (m)

This variable is computed according to the
equation: Discharge � f (H)

Flood volume (V) Nature—Continuous Total volume associated to the flood event (Mm3). This is computed
as the combination of two components, that is, the volumes
associated to the baseflow (using a constant discharge) and to the
direct runoff

This variable is computed according to the
equation
Flood volume � Baseflow volume + Direct
runoff volume

Flood volume
downstream (Vd)

Nature—Continuous
(discretized)

Total volume associated to the flood downstream the water
retention measure (Mm3)

This variable is computed according to the
equation
Flood volume downstream � Flood volume-
Storage volume

Storage volume (Vw) Nature—Continuous
(discretized)

Volume stored in the water retention measure, given its dimensions,
according to the information retrieved by GIS and HEC-RAS (Mm3)

This variable is computed according to the
equation
Storage volume � f (Dike elevation)

Pressure on dikes Nature—Discrete Impact of the flood on the existing flood defence systems This variable is computed using expert
judgement in the definition of the CPT

Cost Nature—Discrete Qualitative estimate of the cost associated to the selected water
retention measure, under the considered conditions

This variable is computed using expert
judgement in the definition of the CPT

Economic feasibility Nature—Discrete Estimate of the cost effectiveness of the water retention measure This variable is computed using expert
judgement in the definition of the CPT

Design area (Aw) Nature—Continuous
(discretized)

Wetland area, given the input design data, according to the
information retrieved by GIS and HEC-RAS (ha)

This variable is computed according to the
equation
Design Area � f (Dike elevation)

Flood risk reduction Nature—Discrete Estimate of the wetland restoration effectiveness on flood risk
reduction, based on expert judgement

This variable is computed using expert
judgement in the definition of the CPT
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to a probability of annual exceedance of 1%. More specifically, the
recorded values of the peak flow rate were 15990m3/s at Calafat,
15970m3/s at Bechet, and 16450m3/s at Giurgiu. The flood was also
characterized by a high volume (116,000 × 106m3 of water) due to an
extended period of time (from March 2006 to July 2006) with
high flows.

Following the Water Framework Directive 2000/60/EC
(European Commission, 2000) and the Flood Directive 2007/60/
EC (European Commission, 2007), an increasing number of studies
are oriented to improve flood risk mitigation by repairing and
restoring the ecological characteristics of (part of) the floodplain,
restoring the “natural” conditions as before the construction of flood
defense systems, as well as ensuring the sustainable development of
the adjacent areas. An approach for designing and implementing a
wetland restoration process in the study area was started by the
Romanian branch of theWWF. The project was positively evaluated
by the local communities because it was considered as an effective
solution to stop the economic decline of the areas and the
consequent depopulation process. However, the implementation
of the project has been hampered due to the lack of involvement
of key institutional actors, such as the Romanian Waters and other
national authorities. Therefore, we assumed a multilevel governance
approach in designing the participatory process and in selecting the
stakeholders to be involved.

Participatory Modeling for Flood Risk
Perception
The stakeholders listed in the following Table 2 (taken from
Giordano et al., 2020) were engaged in the participatory process:

The selection was carried out adopting the “snowball
sampling” approach (Reed et al., 2009). That is, starting from
the key stakeholders—for example, the local branch of the WWF
and the representatives of the local municipalities—other key
stakeholders to be involved were identified. Specifically, the
representative of the local municipalities allowed us to discuss
with some of the local citizens and small farmers. Concerning the
agricultural sector, it is worth mentioning that only few farmers
were involved in our activities since most of the cultivated land is
managed by an international firm that did not accept our
invitation.

Individual semi-structured interviews were carried out
referring to the framework for the interview described in
“Materials and Methods.” The results of the interviews were
coded in an individual FCM by detecting causal connections in
the stakeholders’ argumentation. The FCM aggregation process
based on Kosko (1986) and described in Modelling Flood Risk
Perceptions was implemented at this stage. Figure 4 shows the
obtained FCM. This model represents the stakeholders’
perception about the main water-related risks and the
expected role of NBSs both in terms of risk reduction and co-
benefit production. A validation phase of the aggregated FCM, to
check the consistency of variables, connections, and strength, was
carried out with the most experienced stakeholders in the group,
namely, theWWF and the majors of the villages in the study area.
It is worth mentioning that the validation of the FCM was carried
out accounting for the qualitative nature of themodel. FCMs were
implemented in this work because of their capability to create a
useful and formalized description of the perception of a group of
stakeholders of the problem under consideration (Jetter and Kok,

FIGURE 3 | Location of the study area.
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2014). Therefore, contrarily to most of the quantitative models
used in environmental science, an FCM should be considered
validated if it adequately describes the participants’
understanding about the subject matter. The validation was
carried out by describing to the most experienced stakeholders
the complex causal networks affecting the behavior of the key
variables in the FCM, accounting for both direct and indirect
effects, and by discussing the system behavior in simple cases for
the key variables. The results of the discussion were used for
improving the FCM capability to describe the participants’
understanding of the system dynamic.

Prior to aggregating the stakeholders-driven model with the
scientific model, the FCM was transformed into a BBN. As
already described in “Materials and Methods,” this phase
requires to i) adapt the structure of the FCM to the BBN
requirements and ii) develop the CPT for each variable
starting from the causal connections in the FCM.

Concerning the first point, two issues need to be addressed.
Namely, the variable dependency and conditional independency,
and circular relationships. First, the connection among the
different variables was checked with the local experts involved
in the validation of the FCM. This phase was meant to identify

TABLE 2 | List of the stakeholders involved in the case study activities.

Institution Role

Municipality of Bistret—Environmental Department Control of the environmental conditions, particularly in the protected areas
Municipality of Calafat—European Projects Department Implementation and promotion of policies, strategies, procedures, and action plans—monitoring
Municipality of Corabia Support to and coordination among several functions, including water supply and waste-water

management
Municipality of Dabuleni—Urbanism Department Local infrastructure development
Ministry of Agriculture And Rural Development (MARD) Implementation of national/EU policies in the agriculture, climate adaptation, food industry, rural

development, fishing and aquaculture, land improvement, and sustainable soil management
Municipality of Turnu Măgurele (Local Development Dpt.—Environment
Protection Dpt.)

The local development department monitors both the social and the business environment,
evaluate and propose. The environmental protection department is monitoring and evaluating
environmental conditions and propose related actions and activities

WWF Romania Environmental protection activities and educational programs for environment and green
economy

Municipality of Zimnicea—International Projects Department Support for the implementation of measures to reduce the flood risks. The municipality
implements the emergency management plan and develops uiding documents for key projects
(e.g., infrastructure and tourism)

National Administration “Romanian Waters” (NARW) Management of the water of the state public domain and the infrastructure of the national system
of water management (e.g., reservoirs and flood protection dykes)

Romanian National Agency for Fishing and Aquaculture (ANPA) Monitoring and management of the resources for fishing production and aquaculture. Key role in
the implementation of wetland restoration projects

Municipality of Potelu—Representatives of Local Community The community directly impacted by the implementation of the NBS project

FIGURE 4 | Aggregated FCM for the Potelu area.
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redundant and/or missing connections among the variables in the
FCM. The experts decided to delete some of the existing
connections which were considered as redundant. For
example, the connection between the variables “wetland area”
and “fish production” was deleted, because this connection was
indirectly considered through the variable “wetland state.” Most
of the efforts in this phase were carried out in order to detect and
redefine circular relationships. By checking the direct vs. indirect
causal connections, some of the detected loops were eliminated in
this phase. It is worth mentioning that these loops do not affect
the capability of the FCM to represent and model the
stakeholders’ knowledge. This FCM simplification phase was
needed to transform the FCM in a BBN, which needs to be
acyclical. Other circular relationships were included in the FCM
because they indicated dynamic relationships between the
variables.

Figure 5A shows one of the loops in the aggregated FCM. This
loop describes a dynamic relationship among the variables
“capacity building,” “citizen involvement,” and “community
risk awareness.” According to this loop, capacity-building
initiatives enhance the involvement of the community in risk
management, and, in turn, this is expected to provoke an increase
of the community risk awareness. Then, a more aware
community might lead to an increasing effectiveness of the
capacity-building initiative. In order to allow the development
of the BBN, this circular relation was de-aggregated. Specifically,
the variable “capacity building” was de-aggregated in two
sequential variables, that is, “capacity-building initiatives,”
which refers to initial decision to carry out capacity-building
activities, and “engagement effectiveness,” which refers to the
impacts of the increasing/decreasing community risk awareness.

Figure 5 shows the comparison between the FCM before (A) and
after (B) the de-aggregation of the circular relationships.

Next step was the development of the conditional probability
table (CPT) for each variable in the BBN. As described in
“Materials and Methods,” the CPTs were developed referring
to the weights of the causal connections in the FCM. As an
example, we could consider the variable “protected areas” that
represents the extension of the areas protected by the national
authority. According to the stakeholders’ knowledge, the
potential states of this variable are “increasing” and
“decreasing.” The parental variables are “community
awareness” (high and low), “landowner interests” (high and
low), and “policy enforcement” (satisfactory and non-
satisfactory). The states of the parental variables are between
brackets. The fuzzy linguistic functions of these variables were
used for developing the CPT for the variable “protected areas.”
The FCM was used for calculating the value of the variable
“protected areas,” given the values of the parent nodes.
Table 3 shows the results of the FCM calculation.

Figure 6 shows the fuzzy linguistic function describing the
variable “protected areas,” as developed during the stakeholders’
engagement process. These values were, then, used for developing the
CPT for the variable “Protected areas.” To this aim, the crisp values
calculated referring to the Kosko equation were reported in the fuzzy
linguistic function, in order to assess the membership degrees to the
two fuzzy linguistic sets—that is, “Decreasing” and “Increasing.” A
qualitative valuewas used in this case for defining theX-axis since this
variable refers to the capability of the authorities to enforce the
national law for protecting the natural areas. The value “1” was
assigned in case of high capacity. As shown in Figure 6, the crisp
value 0.6 could be considered as “increasing” with a membership

FIGURE 5 | (A) Structure of the map before the de-aggregation of circular relationships and (B) structure of the map after the de-aggregation of circular
relationships.
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degree equal to µi � 0.75, and as “decreasing” with a membership
degree equal to µd � 0.50.

Therefore, the conditional probabilities of the values
“decreasing” and “increasing” (CP(1) and CP(d), respectively)
can be calculated as follows:

CP(i) � μi

μi + μd

� 0.5
0.5 + 0.75

� 0.4 (4)

CP(d) � μd

μi + μd
� 0.75
0.5 + 0.75

� 0.6 (5)

Table 4 shows the process for transforming the FCM-calculated
value of the “protected areas” into the CPT.

Similarly, the FCMwas used for defining the CPT for the other
variables in the BBN (see the Supplementary Material for
additional details).

Hydraulic-Based Bayesian Belief Network
for the Flood Risk Assessment
A hydraulic model for the Danube River in the study area
was built using HEC-RAS software. The study area is
delimited by two hydrological stations (Bechet—upstream, and
Corabia—downstream). The developed model consists of a 1-
D model for the Danube River channel and a 2-D model for the
Dăbuleni–Potelu–Corabia wetland. For the retrospective
analysis of the 2006 flood, the connection between the 1-D and
the 2-D hydraulic model was achieved considering two spills,
located in areas where two main breaches appeared in the dikes.

The developed model has the following features (full details
are included in the Supplementary Material):

• The distance between the cross sections is approx. 1 km, and
their location corresponds to the Danube kilometer landmarks.

• The numerical model of the terrain consists of a grid with a
5-m resolution. For the two-dimensional model area, the
grid cell size is set to 30 m.

The hydraulic model was calibrated aligning model results
with hydrological observations in the 2006 event (i.e., flow rate,
time to flood peak, total volume, and rating curves) by trial and
error. The calibration was performed first through the roughness
coefficients (regulating the hydraulic resistance of the river
channel), which is a challenging yet essential procedure for

TABLE 3 | Results of the FCM for the variable “protected areas.”

Policy enforcement Community awareness Landowner interest Protected areas

Satisfactory Low Low 0.6
Satisfactory High Low 0.9
Satisfactory High High 1
Satisfactory Low High 0.3
Non-satisfactory High Low 0.3
Non-satisfactory High High 0.1
Non-satisfactory Low Low 0.1
Non-satisfactory Low High 0

FIGURE 6 | Membership degree assessment for the crisp value 0.6 of the variable “Protected areas.”

TABLE 4 | Summary of the transition from the FCM to the CPT for the variable
“protected areas.”

FCM value µ(d) µ(i) CP(d) CP(i)

0.6 0.50 0.75 40 60
0.9 0 1 0 100
1 0 1 0 100
0.3 1 0 100 0
0.1 1 0 100 0
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building a solid HM (USACE, 2010; Ardıçlıoğlu and Kuriqi,
2019). This was set as 0.03 in the channel and 0.07 in the
floodplain, while the reference values (Chow, 1959) for the
landcover were used for the area (refer to the Supplementary
Material “Discussion and Concluding Remarks” for additional
information). Second, other model parameters were considered,
such as the cross-sectional storage (ineffective areas) and the
backwater areas to improve the reproduction of flow
hydrographs. Last, from the computational point of view, time
step and distance calculation steps along the river (DT and DX),
and the number of cycles for integrating equations were
considered. The calibration of the hydraulic model in terms of
flow and level hydrographs, and of rating curves has been
performed in both hydrometric stations (Bechet and Calafat)
as detailed in the Supplementary Material.

The proposed hydraulic model was then used to perform a
“scenario analysis,” that is, a quantitative assessment of
the effectiveness, in terms of flood risk reduction, of the
re-naturalization process of the Dăbuleni–Potelu–Corabia
wetland. Starting from the results of the participatory process
described by Giordano et al. (2020), Coletta et al. (2021), the
main physical characteristics of the wetland (e.g., area and
location) needed for the modelling were defined. The hydraulic
model was then translated into a BBN, as described in Hydraulic-
Based Bayesian Belief Network for the Flood Risk Assessment, in order
to support analyzing different wetland restoration scenarios, ranging
from a partial to a total flooding of the area. Specifically, the state of
some of the variables included in Table 1 and their mutual
connections were defined, including information directly retrieved
from HEC-RAS, as detailed in the following.

First, a reference cross section for the analysis was set. In order
to properly compare the results in case of water retention
measures with different characteristics, a section located
upstream the wetland was chosen. In this section, the
stage–discharge relationship (relating the discharge Q to the
water level H) was defined through the HEC-RAS model, and
is represented by the following equation:

Q � 0.08 ·H4.34 (6)

The stage–discharge relationship is included in the BBN to
calculate the discharge as a function of variable values of the
water level in the selected cross section.

Second, the model was used to define the main characteristic
curves of the wetland area, in variable conditions. Specifically, the
curves represent 1) the available volume for storage in case of
flood (Vw), for different dike elevation (Hd) values; and 2) the
corresponding wetland area (Aw). The value 28 m represents the
condition of absence of flood defense dikes, which could be
achieved with re-naturalization of the river. The volume-
elevation equation and the area-elevation equation derived by
the HEC-RAS model and reported in the following text are
included in the BBN to compute, respectively, the “Storage
volume” (Eq. 6) and the “Design Area” (Eq. 7) of the wetland:

Vw � −1.58 ·H3
d + 128.82 ·H2

d − 3344.1 ·Hd + 28081. (7)

Aw � 16.9 ·H3
d − 1572.8 ·H2

d + 48659 ·Hd − 485275. (8)

Third, the flood volume was computed in a simplified way
starting from the flow hydrograph, as described in Hydraulic-
Based Bayesian Belief Network for the Flood Risk Assessment. We
referred to the flow hydrograph associated to the 2006 flood
event, which was used for the following Eq. 8. Given the flood
duration (T) and the discharge (Q) as input, the flood volume (V)
was calculated considering a combination of the baseflow
(constant, 10,000 m3/s) and of the direct runoff volume
(triangular and for a duration set as T/2, but variable),
according to the following equation:

V � ((10000 · T · 86400) + (T
2
) · 43200 · (Q − 10000)) · 10−6

(9)

Considering the results provided by HEC-RAS simulations, the
effect of the wetland restoration in “optimal” conditions (i.e., Aw

is approx. 14,000 ha) is a decrease of the maximum flows by about
430 m3/s in the downstream section and a decrease of the
maximum level of approx. 36 cm. This effect does not
significantly reduce (directly) the flooded areas for such
extreme events, but contributes to reduce the pressure on the
existing defense dikes, which is highly relevant for the reduction
of flood risk. This was discussed in detail with local experts and
used for building the CPT for the probabilistic estimate of the
variable “Flood risk reduction.” The BBN built for the flood risk
assessment is shown in Figure 7.

For the sake of simplicity, in the present work, we considered
deterministic values for defining the state of the input variables.
However, it should be considered that BBN allows defining the
input variables’ states using a distribution of probability, and
related uncertainty in such case is propagated through the model.

Integrated Nature-based Solution
Effectiveness Assessment
As already described in Development of the Integrated Bayesian
Belief Network and Assessment of Nature-based Solutions
Effectiveness, this phase of the process aimed at connecting the
two developed BBNs. The connecting variable here was the
“wetland area,” which was connected to the variable
“protected areas” in the stakeholder-based BBN—representing
the authorities’ capabilities in enforcing regulations for protecting
natural areas—and the variable “design area” in the hydraulic-
based BBN—representing the area available for the wetland
restoration, according to the results of the hydraulic model,
for different values of the dike elevation.

The process for combining the two CPTs is shown in Table 5.
Figure 8 shows the combined BBN that was used for detecting

potential barriers hampering the effectiveness of the NBS in the
study area. To this aim, the NBS effectiveness was conceptualized
as related to the NBS capability to both reduce the flood risk and
produce the expected co-benefits.

Scenario Analysis
The integrated BBN has been used to support a scenario analysis
useful to identify current problems and bottlenecks, along with
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measures and actions that might contribute to improve the
effectiveness of the selected NBS. In the following Figures 9,
10, the variables in gray define input variables for the scenarios,
whose state is set as known (i.e., 100% probability), to perform the
analysis.

Figure 9 describes the “Current restoration” scenario. The
technical performances of the selected NBS are satisfactory
(the “Flood Risk Reduction” is rather high), also considering
that an extreme event is being modeled. However, the model
has been tested for ordinary events as well (i.e., reducing flood
duration and discharge, which is not reported here for the
sake of brevity), and the “Flood Risk Reduction” capability
significantly increases. As requested, besides reducing the
flood volume, a key technical benefit associated to the
introduction of the NBS is to keep the “Pressure on dykes”
low. However, it should also be noticed that such restoration
scenario has also high costs, and therefore a low “Economic
Feasibility.” It is worth highlighting that the “wetland state”
(which is heavily conditioned by the low “community
awareness”) is a limiting factor for the flood risk reduction
capability. Furthermore, it should also be stressed that the
area devoted to the wetland might also limit the potential for
agricultural production over the area, due also to the
currently low institutional cooperation. This aspect
significantly affects the population well-being, along with
the production of co-benefits associated to the wetland
restoration.

The Scenario 2, analyzed in Figure 10, is obtained by
improving the state of two “soft” variables, which may
represent limiting factors with respect to the NBS

FIGURE 7 | Flood risk assessment part of the BBN.

TABLE 5 | (A) CPT of the variable “Wetland areas” in the stakeholder-based BBN.
(B) CPT of the variable “Wetland areas” in the hydraulic-based BBN. (C). CPT
of the variable “Wetland areas” in the combined BBN.

(A)
Protected areas Wetland areas

Max Min

Increasing 40 60
Decreasing 20 80

(B)
Design area Wetland areas

Max Min

0–5,000 0 100
5,000–10,000 60 40
10,000–15,000 80 20
15,000–30,000 100 0

(C)
Design area Protected areas Wetland areas

Max Min

0–5,000 Increasing 20 80
0–5,000 Decreasing 10 90
5,000–10,000 Increasing 50 50
5,000–10,000 Decreasing 40 60
10,000–15,000 Increasing 60 40
10,000–15,000 Decreasing 50 50
15,000–30,000 Increasing 70 30
15,000–30,000 Decreasing 60 40
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FIGURE 8 | Integrated BBN for the study area.

FIGURE 9 | Scenario analysis: 1) “Current restoration” scenario.
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effectiveness, that is, the “institutional cooperation” and the
“community awareness.” In the current condition, as suggested
by the local stakeholders, both variables are significantly
hampering the development of the area and might
condition the chance to fully exploit the potential of the
wetland restoration. With respect to the “community
awareness,” it has a direct effect on the improvement of the
“wetland state.” The flood risk reduction capability of the NBS
is limitedly affected, since a better state of the wetland might to
some extent guarantee a better hydraulic response to flood
events. However, it is clearly highlighted that the mentioned
variable may directly contribute to increase the co-benefit
production and, as a consequence, the overall NBS
effectiveness as well as, and ultimately, the community well-
being. It should also be stressed that the community well-being
is positively affected by the impact of an increasing
“institutional cooperation” on the “agricultural production.”
This is a crucial aspect for the evolution of the area, also
considering the mainly problems highlighted by the local
stakeholders. In fact, improving the institutional
cooperation would help on the one hand small landowners
to have a more central role in agricultural activities with
respect to big companies and, on the other hand, could
improve the willingness to restore and value the wetland.
Furthermore, an increased institutional cooperation, which
facilitates Public Private Partnership initiatives, is also
expected to positively contribute to the economic impact of
the restoration scenario.

DISCUSSION AND CONCLUDING
REMARKS

The present work aimed to demonstrate the suitability of the BBN
to support integration between FCMs and HM, for enhancing the
effectiveness assessment of the NBS in dealing with flood risk. In
this direction, the proposed integrated modeling aims to support
the detection, analysis, and overcoming of barriers to NBS
implementation, thus also suggesting potential strategies,
through the explicit integration of stakeholders’ and scientific
knowledge. The present section aims to critically discuss to what
extent the proposed work contributes to answer the research
questions raised in the Introduction.

First, with respect to the capability of FCMs and BBNs to
account for the diversity of stakeholders’ problem understanding,
it is worth stressing the key role of FCMs in structuring individual
knowledge and clearly identifying strategic objectives,
vulnerabilities, and challenges for the area according to the
single stakeholder’s perception. However, the main goal of this
work was to develop a knowledge-basedmodel capable to account
for the diversities among the involved stakeholders. Starting from
the analysis of the differences, an aggregation process was carried
out to develop a model representing the stakeholders’ knowledge,
which is specifically targeted on the co-benefit production (with
particular attention to the potential onset of trade-offs). The
mathematical aggregation procedure provides a formal basis to
support a straightforward transition to the BBN form, which also
requires that the circular relationships between variables are

FIGURE 10 | Scenario analysis: 2) “Improved awareness/cooperation” scenario.
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solved and that CPTs are built. Both steps were performed along
with local stakeholders, and, particularly, the latter was based on
the use of fuzzy functions, which supports structuring the
linguistic information provided by the stakeholders in a
mathematically sound form without increasing the stakeholders’
fatigue, as in previous works. Key stakeholders were involved
throughout model building, analysis, and validation, thanks also
to the visually effective structure of themodel. It is worth considering
that the model, in its current form, does not consider any weight for
different stakeholders, whose knowledge is therefore assumed as
“equally important” for model building.

The proposed methodological approach contributes also to
answer the second research question, which is specifically related
to the potential of the participatory BBN to support a collective
learning process on NBS implementation. Specifically, the added
value of the proposed model is related to the thorough
identification of the enabling factors to the introduction of the
NBS, and strongly highlighted the need of activating socio-
institutional measures to improve the effectiveness of the NBS and
to facilitate their implementation. Indeed, although well-consolidated
models such as HM provide a deep understanding of the technical
performances of the NBS, the proposed BBN allows identifying the
influence of socio-institutional strategies as well. For example, in the
analyzed model, the role of the “community awareness” (which is
currently relatively low according to stakeholders’ understanding) has
a crucial role to support improving the state of the wetland, ultimately
contributing to hamper/increase the effectiveness in terms of flood
risk reduction and co-benefit production. Indeed, this is currently
identified as one of the main barriers to NBS implementation, and
therefore one of the key policies to be implemented in order to
enhance the NBS effectiveness.

Third, the use of a BBN model allowed integrating scientific
knowledge on flood risk with stakeholders’ knowledge. HM for the
study area was built using a well-known software, and used for both
analyzing extreme flood events and for a scenario simulation on the
flood risk reduction potential of the wetland restoration. The main
results of the model were translated into the BBN sets and fed the
“flood risk assessment” part of the BBN. The “flood risk assessment”
variable specifically provides information on the effectiveness of the
selected measure with respect to a target flood event. The
stakeholders’ knowledge complemented the BBN model,
specifically describing the process of co-benefit production, which
concur to the definition of a global “NBS effectiveness,” and
identifying the role of some “soft” variables (i.e., those related to
sociocultural and institutional aspects). However, the two “sub-
models” are also tightly interconnected, since the “soft” variables
have a crucial role on the wetland state and therefore on its flood risk
reduction capability, as well as on the economic feasibility of the
proposed intervention. Such influences, which are difficult to
quantify, are effectively caught by the BBN model, which provides
a clear description of the bottlenecks to NBS implementation and of
the potential strategies/policies to overcome them.

The experience carried out in this work allowed us to also detect
key drawbacks in the adopted methodology. The most important
one concerned the use of FCMs as basis for the BBNdevelopment. In
the FCM, the more complex is the structure, the richer is the
knowledge represented in the model. Conversely, in the BBN

simulation, the length of the path connecting two variables affects
the actual impact of one variable over the other. This issue needs to
be carefully considered while performing the transition from the
FCM to the BBN, particularly if the scope of the BBN is to simulate
intervention scenarios.

Additionally, as far as the HM part is concerned, it should be
carefully considered that adjustments might be needed to adopt
the proposed methodology for different applications. The use of
simplified information (such as those deriving from the Q–H
curves) might not be suitable to deal with particularly complex
conditions such as pluvial floods in urban areas. In such cases, the
results of specific numerical models and/or GIS data should be
translated into the BBN form and adapted to the model. This aspect
represents one of the key upgrades foreseen for the proposed model.
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