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Abstract: Considering the diversity of criteria and stakes, the uncertain and stochastic nature of the physical
phenomena and the multi-scale aspects to be taken into account, a river restoration project can be viewed
as a complex problem. Many river managers and scientific researchers have been investigating the subject
as river restoration projects deal with significant safety, environmental and economic issues. A project
manager can hardly be an expert in all the disciplines to consider to come up with the optimal solution that
satisfies all the involved dimensions. The integration of both local stakeholders with field experience and
technicians and academics with scientific knowledge can hence benefit river restoration projects. The aim
of this paper is to present an approach that considers the integration of various stakeholders engaged in
river restoration issues to gather their knowledge and define the solutions that offer decent compromise
considering all the dimensions involved. To this end, a group of stakeholders identified according to spe-
cific selection criteria were engaged in a modeling approach based on Bayesian Networks (BNs). BNs are
increasingly being used as tools for decision-making in river management due to their natural ability to
adjust to complex multi-criteria systems with multiple interactions. A participatory approach based on BNs
that led to the elaboration of causal graphs is introduced in this paper. This study considers the combination
of both physical knowledge associated to river systems and the relation constraints to river users and man-
agers. The work is conducted in the framework of the restoration project of the “Lac des Gaves”, an artifi-
cial lake that undergone years of sediment extractions over the past century and important flood events that
highlighted several numbers of impairments.
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1. INTRODUCTION

The ambition of the project in which the work described in this
article takes place is to propose sustainable restoration
measures of a river disturbed by both natural (floods, river
avulsion etc.) and anthropogenic (sediment extractions, hy-
draulic structures, riprap, etc.) pressures. This operation is con-
sidered as a complex problem knowing the diversity of the
stakeholders involved, but also the outcomes that will result in
terms of potential use or exploitation of the watercourse. It is
therefore important to look for solutions that consider the dif-
ferent actors associated with the various phases of the life cy-
cle of the aquatic system.

The normal functioning of a watercourse is defined by a bal-
ance between morphological (flow patterns, sediment
transport, etc.), granulometric (size and composition of sedi-
ments), physicochemical (oxygen level, temperature, etc.) and
eco-biological (fish, macroinvertebrates, riparian zones, etc.)
factors (Gregory, 2006). The main objective of rehabilitating a
river must be to avoid stressing its fragile equilibrium while
facilitating the cohabitation with its riverside communities
(populations, agricultural lands, urbanised areas, etc.) or its us-
ers (farmers, stockbreeders, fishermen, energy users, promot-
ers or protagonists of sports, etc.) (Voinov & Bousquet, 2010).

Copyright lies with the authors

The “Lac des Gaves” is an artificial lake delimited by two
weirs located within the riverbed of the “Gave de Pau” river in
the Hautes-Pyrénées department in France. It has undergone
years of sediment extractions which led to a strong hydromor-
phological imbalance that is disturbing the normal functioning
of the watercourse at this are, if we refer to the definitions
above. After a major flood event that occurred in June 2013,
the lake is almost completely filled with sediments. This may
lead to river avulsion in the direction of populated areas and
thus increase safety risks. In addition, the weirs caused a sedi-
ment discontinuity that led to sediment deficit and thus chan-
nel shrinkage downstream that is provoking serious ecological
damages and navigation problems.

The aim of this article is to present an attempt to apply a Par-
ticipatory Modelling (PM) approach with the help of Bayesian
Networks (BNs) in order to define restoration scenarios for the
“Lac des Gaves” reach. We first tried to unravel the main
mechanisms that led to its current situation with the help of
local stakeholders coming from different backgrounds to be
able to cover the various disciplines involved in this project.
This paper will be divided in 6 parts. In Section 2, we will pre-
sent the modelling framework ant the methodology, then in
Section 3, we will introduce the study area. In Section 4, we
will present how we implemented the methodology to the “Lac
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des Gaves” case study. After that, in Section 5, we will present
the results of one of the developed models related to safety is-
sues. We will end this article by a discussion (Section 6) on the
advantages and drawbacks of this approach.

2. MODELLING FRAMEWORK

2.1. Collaborative context

As presented above, the search for restoration solutions takes
place in a multi-criteria framework that links the needs and
constraints of the numerous stakeholders involved. Besides, it
also considers a transdisciplinary context that is illustrated by
the various disciplines likely to bring knowledge to the defini-
tion of operational and sustainable solutions for the “Lac des
Gaves” reach. We had first to identify them in order to target
the right stakeholders to involve in the study. The result is a
fertile combination of approaches and outcomes whose aim is
to enrich the information collected, and consequently a more
complete, systemic, or even holistic, understanding of the ob-
ject under study. This can be related to transdisciplinarity, that
offers the possibility to integrate different perspectives, to go
beyond the disciplinary paradigms, to consider the object of
study in its entire complexity through a global and systemic
view, and to set up a formal platform that provides the oppor-
tunity to all the involved parties to participate to the entire pro-
cess. This notion of transdisciplinarity is fundamental to the
approach that we consider. In fact, it combines inter-profes-
sional expertise, useful for decision-making and scientific re-
quests to take into account the different epistemological angles
through which a system should be tackled (Livet, 2019).

This project considers one of the key aspects of transdiscipli-
narity, as it involves stakeholders in the search for restoration
solutions from the identification of the problem to the defini-
tion of the objectives and strategies. The integration of differ-
ent points of view in investigations for a solution is a complex
task. It can require the joint consideration of cognitive, tech-
nical, social, economic, organisational, temporal aspects, etc.
The consideration of a collective effort can be a response to
the complexity of this task. The identified actors come from
different disciplinary and cultural backgrounds requiring
mechanisms of understanding. It is therefore clear that the role
of cooperation is crucial in fostering transdisciplinary conver-
gence. This collaboration can take place through several
means, but the most effective approach seems to rely on the
concept of PM (Schneider & Rist, 2013 ; Smetschka & Gaube,
2020).

2.2. Participatory Modelling

There are various ways of organising such a PM approach and
several types of models can be constructed. However, the main
objectives of such an exercise are as follows:
e stakeholders improve their overall understanding of
the system;
e they learn and understand each other's points of view;
e the group forges a common understanding of the sys-
tem, the problems and the solutions.

The principles of PM, including techniques for quantifying
stakeholder preferences, the questions raised by this approach
and the quality of the results obtained have been the subject of

multiple studies (Carr, 2015 ; Heldt, ef al., 2016 ; Hemmerling,
et al., 2019 ; Jordan, et al., 2018). Even if we agree on the
notion of distinction between Collaborative Modelling and PM
Basco-Carrera et al. (2017), later in this paper, we will refer to
PM to designate the most successful collaborative action lead-
ing to decision making in a highly cooperative framework.

As interesting as all these methods may be, they might be ir-
relevant if they failed to take into account the uncertainties of
the problems and the levels of confidence associated with the
knowledge introduced.

2.3. BNs as a supporting tool

To overcome the problem of uncertainty handling, we have
highlighted that the PM approach has to be instrumented with
some tools capable of combining all the possible forms of un-
certainties, while providing a supportive framework for the ex-
pression of the various stakeholders. For this particular reason,
we decided to use BNs. BNs are a modelling tool based on a
graphical structure (Fig. 1) and probabilities for the represen-
tation of causal relationships among variables (Cain, 2001;
McCann et al., 2006). BNs are graphical models designed to
formalise knowledge with the purpose of reasoning about a
problem. Bayes theorem is central in the mechanism of infer-
ence in BNs. It makes the link between a series of hypotheses,
characterised by probabilities of occurrence, and a series of
observations representing the actual state of the system
(Yassine, et al., 2018; Liu, et al., 2016; Villeneuve, et al.,
2011).

VARIABLES
. RELATIONSHIPS AMONG
—— VARIABLES

Fig. 1: Example of a BNs structure

In this paper, we considered the notion of decision and utility
nodes in our causal diagrams. This orientation allowed us to
propose to river managers the best restoration scenario based
on the available data, stakeholders’ opinion and the elaborated
BNs.

2.4. Methodology

The PM approach took the form of an interactive co-learn-
ing/co-construction participation, which meant that the stake-
holders had to share their diagnosis and any kind of useful in-
formation. This led to involve the participants at all levels of
the PM BN model construction. The PM approach was carried
out considering the following steps:

1. Problem formalization. It is important to properly char-
acterize the ins and outs of the issue to be solved. It is par-
ticularly important at this level to be careful not to confuse
the problem with its symptoms. The definition of the prob-
lem can be challenged or modified at the very beginning of
the analysis by the various stakeholders once they have
been identified.
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2. Stakeholders’ identification. This refers to all individu-
als and organizations that have something to do with the
project. Either they are directly involved in the execution
of operations, or they are impacted by the initial problem,
or event by the choice of solutions. A distinction should
be made at this level between (i) defining the nature of the
skills expected that will make it possible to identify the
different stakeholders and (ii) characterizing their level of
expertise. The identification of the parties involved must
be followed by a stakeholder management plan based on
their profile. For some of them, communication tasks have
to be planned: detailing the objectives and the chosen
method, informing about the progress of operations, pre-
venting a probable risk, the difficulties encountered... Fi-
nally, it is advisable to assess the impact and/or support of
each party using a power/interest matrix (Fig. 2). This rep-
resentation provides a synthetic vision of the stakeholders
to be taken into account as a priority as well as the type of
associated action.

Keep Satisfied

Fig. 2. Power/interest matrix of stakeholders

3. Definition of the goals to be achieved. A proper definition
of the purpose of the project is a fundamental element for
its success. Precise objectives must be set with the stake-
holders, in particular: the context, not only the definition of
the problem and the objectives but also the reason why this
project was initiated and the goals pursued, the constraints
and requirements, the deliverables and expected results, the
tools and indicators for the results evaluation.

4. Send surveys and questionnaires to the stakeholders.
This operation must be performed prior to the meetings.
The aim is to collect their raw opinion and assess any kind
of evolution by the end of the process.

5. Constitution of working teams. When there is more than
one representation in a given category, an interesting op-
tion would be to assign the participants to small groups.
The two advantages of this initiative are: (1) working in
small groups can be more “manageable” and give the op-
portunity to all the participants to express their opinion
while it can be complicated if the group is too big, (2) it
can be interesting to collect the opinion of two participants
representing the same category to verify if there are vari-
abilities in perceptions inside of the same category.

6. Definition of a meeting planning. The first phase is to
divide the project into several stage by the identification
of all the tasks to carry out, estimate their duration,
identify the sequence of stages, allocating resource and
finally modeling this organization on an operational
document shared by all the actors involved.

7. Implementation of the collaborative analysis. Stake-
holders implication can be viewed as an expert elicitation

process. Several elicitation protocols have been devel-
oped. They generally involve the following steps: (1) ex-
plain the nature of the problem and be aware of possible
biases due to subjective judgments; (2) specify the ele-
ments to be identified or the quantities to be estimated; (3)
discuss the state of the available knowledge (strengths and
weaknesses of the available data, knowledge gaps, quali-
tative uncertainties, to name a few); (4) elicit the expertise
and verify its correct formalization; (5) decide how to ag-
gregate the knowledge elicited from the stakeholders. In
our case, these steps will be implemented as follows:

7.1. Establishment of the key variables. This analysis can
be performed according to (1) a top-down logic start-
ing from the input variables and the explanation of
their influence on variables at a lower level, or (2) a
bottom-up approach aiming at determining the up-
stream causes associated to the evolution of an out-
put variable;

7.2. Co-construction of a conceptual graphical model.
This qualitative step focuses on explaining the phys-
ical mechanisms. According to the same collabora-
tive principles and once the variables have been
identified, the experts may then be asked to group
them into families and establish the nature of the
causal relations they have with each other;

7.3. Translation of the graphical model into a BN. The
values that can be taken by the variables must be
characterized. A continuous variable can be repre-
sented by a probability distribution associated to the
different values in can take. When the variable is dis-
crete or when the probability distribution is not de-
fined, it is easier to discretize the variable into clas-
ses also called modalities;

7.4. Estimation of the variable parameters. Every varia-
ble in a BN has a probability table. When the varia-
ble has no parent, the definition of the table will be
through marginal laws. When it is a child variable,
then it is a question of identifying the conditional
probability tables characterized by the values likely
to be taken by all possible combinations of the mo-
dalities of its parents.

8. Elaboration of the scenarios.

3. STUDY AREA

The Gave de Pau watershed (Fig. 3) located in the western Pyr-
enees was severely impacted by a large flood in June 2013.
This event have demonstrated the major influence of sediment
transport on the hydromorphological dynamic of the catch-
ment’s streams. As a matter of fact, an extreme hydrology
combined with a very high rate of sediment delivery from the
upstream catchments, exposed the downstream fluvial system
to great danger characterized by very important sediment dep-
ositions, serious bank erosions that caused the collapse of
roads and buildings, destruction of hydraulic structures’ foun-
dations and significant ecological damages (Fig. 4).

The Lac des Gaves was particularly impacted by these events
as it acted like a sediment trap. During the event, it intercepted
almost all the sediment coming from the upstream catchment.
Today, the lake is considered to be almost completely filled
and avulsion risks are observed, as the left bank elevation is
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Fig. 3. Presentation of the Gave de Pau catchment and its main upstream subcatchments: the
Gave de Cauterets and the Gave de Gavarnie subcatchments

lower than the bed elevation. There is thus a need to come up
with an efficient and sustainable restoration solution for this
complex reach.

4. MODEL ELABORATION
4.1. Physical approach

A diachronic analysis was conducted based on an important
amount of historical data (such as: flow data, aerial photos,
field data, etc.). The aim of this work was to study the hydro-
morphological evolution of the river from its natural state to
its current modified state. Next, a numerical approach coupled
with an experimental approach at the catchment scale were
then performed relying on the physically based hydrological
model MARINE (Roux et al., 2011) at the catchment scale and
a 2D model at the reach scale. Even if the physical approach
helped to understand the physical aspects that influence the
watershed and hence the study area with precision, other as-
pects were not considered such as the economic development
of the area, the eventual loss of activities, tourist frequentation,
etc. To cover these issues, a complementary analysis including
PM was considered. Of course, all the data acquired thanks to
the physical analysis will serve the PM approach by feeding
BNs with reliable data representing the real hydro-morpholog-
ical characteristics of the study area. Participatory modelling
approach. All the steps regarding the implementation of the
PM method are developed in the following sections.

4.2. PM approach
Step 1 — Problem formalization

The physical approach helped identifying helped at defining
the problem from a hydromorphological dysfunctional point of
view. The main physical impairments were identified by com-
paring the current morphological configuration of the study
area to a reference state, considered as the most natural func-

tional condition of the river. This step helped at acquiring pre-
cious information about the reach’s behaviour and evolution
from a physical and ecological point of view, however, infor-
mation about the security, the social and the economic impacts
were still missing. By involving stakeholders in the framework
of the PM approach, we were able to complete the missing
pieces and link the provided information to the physical im-
pairments previously identified.

Step 2 — Stakeholders identification

We selected the participants in such a way that most of the
fields involved in the project would be covered. The idea was
to cover the wide-range of topics that a river restoration project
can bring into play. However, involving stakeholders from
different backgrounds can also be quite challenging as the
number of divergent opinion is likely to rise but the knowledge
and the relevant ideas may increase as well. The challenge is
then to try to find a consensus.

Five categories of stakeholders were represented (Table 1).
Step 3 — Definition of goals

The general problem of the research project can be defined as
the evaluation of the potential efficiency of a functional and
sustainable river restoration project. Moreover, the organiza-
tion of the various sessions devoted to PM lead to the creation
of a model for the definition of a functional restoration sce-
nario for the Lac des Gaves. To do so, the participants were in
charge of the elaboration of causal graphs translated after into
BNs that allow a probabilistic quantification related to the po-
tential consequences of each solution.

Step 4 — Send surveys and questionnaires to the stakehold-
ers

Before the beginning of the process, we sent a survey to all the
participants to collect their raw opinion prior to the PM ap-
proach. The aim is to assess any kind of evolution by the end
of the process. We also wanted to understand their perception
of the problem and the relevant restoration measures according
to their opinion.
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Fig. 4. Some examples of damages caused by the flood of June 2013 at different locations and different streams.

The questionnaire was divided in the following categories:
1. General information about the participant;
2. General knowledge about the study area;
3. Survey on ecological and sediment continuity;
4. Description of the individual or collective uses of the
river reach (agriculture, fishing, and tourism).

Step 5 — Constitution of working teams

We separated the participants in three groups not only to facil-
itate exchanges and consensus building, but also to compare
the results obtained by each team for the same restoration sce-
nario (Table 1). The five categories were represented in each
group when possible.

Table 1: Stakeholders working groups

Stakeholders profession Group 1
Elected politician 1

Group2  Group3

Social representative 1 1 1
Professional/Association

. 3 2 2
representative
Technician 2 2 3
Government services rep- 1 1 1
resentative

Thirty-two participants attended the kick-off meeting; twenty-
nine were present in the first workshop, twenty-one in the sec-
ond and fifteen in the third.

Step 6 — Definition of a meeting planning
The planning of the PM process was established as follows:

1. Workshop n°1: identification of the key variables that
can influence the system;

2. Workshop n°2-3: co-construction of a conceptual
graphical model linking all the variables;

3. Workshop n°4: translation into a Bayesian Network;

4. Workshop n°4: filling of the Conditional Probability
Tables (CPTs) with the stakeholders;

5. Elaboration of scenarios and modelling.

Step 7 — Implementation of the collaborative analysis
Step 7.1 — Establishment of the key variables

The first workshop was about the identification of all the vari-
ables related to the considered system and likely to have a
meaningful influence. Each participant had to write on a post-
it all the relevant variables that, according to his own experi-
ence and state of knowledge, might influence the system. Each
variable could be quantitative or qualitative. The research team
was there to facilitate the workshop, guide the participants if
needed and help them from a technical point of view. A paper-
board was disposed in the middle of the room and divided in
four categories: (1) Security of goods and people; (2) Ecolog-
ical and sediment continuity; (3) Economic factors; and, (4)
Social factors. This classification gave more clarity to the par-
ticipants as they were able to visualize the connections among
the different variables. Each participant presented his selection
of variables and explained to the audience how, in his opinion,
each variable interacted with the system. He was then invited
to stick his post-it in the adequate category. Discussions were
then engaged among stakeholders for a limited amount of time
and each participant had the possibility to review his list of
variables.

Some participants did not clearly come up with variables but
more with problems observed on the ground. Even though this
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information was very interesting and complementary to our
physical knowledge, it had to be translated into qualitative of
quantitative variables. This work was achieved between the
first and the second workshop. Duplicated variables were de-
leted and the final list was divided in five categories associated
to a colour: (1) Decision in orange, (2) Costs in purple, (3)
Causes in red, (4) Physical in blue, and (5) Effects in green.
Step 7.2 — Co-construction of a conceptual graph-
ical model
The final list of the variables and their definition was provided
to all the participants in label forms from different colours in

Code Name of the Description Restoration
scenario measures
Business As .. . .
S1 Usual (BAU) Current conditions No intervention
Modification of the
Weir lower- topography.of one of Lowering of one
S2 ing (WL) the two weirs in the  of the two weirs
& hydromorphological (-2 m)
2D model
Total removal
Total re- Removal of the .
. cps of the two weirs
moval ofthe  weirs by modifying . L
S3 . . in the objective
two weirs the topography in to come back to
(TRW) the 2D model

the initial state
accordance to the five categories mentioned in step 5. A causal
graph for each group of stakeholders representing their percep-
tion of the system depending on a restoration action, was elab-
orated. In some cases, even information to integrate in CPTs
was provided. The research team was here mainly to manage
conflicts and help with the understanding of the physical vari-
ables. The three groups worked simultaneously on the causal
graphs and a representative of each group presented the results
to all the audience on a paperboard. At this stage, loops and
retroactions were allowed.

Step 7.3 — Translation of the graphical model into

a BN

In our case, we considered stakeholders not just as clients; we
collaborated together in the development of the model about
the specific identified problems in a series of workshops sup-
ported by the research team who acted as a facilitator. This
chosen methodology of PM is also called Mediated Modelling
(MM) described in more detail in Antunes et al. (2000).

The conceptual model elaborated allowed feedback loops
whereas BNs are Directed Acyclic Graphs (DAGs) that cannot
handle these kinds of retroactions. After the second and the
third workshop, the research team worked on the transfor-
mation of the collected conceptual graphs into BN graphs by
removing all the loops and retroactions while trying to not
change the structure and the meaning of the graphs. The three
networks were merged. To keep a reasonable number of com-
binations for direct elicitation and reduce the computational
time, we proposed the division of the graphs into small BN
structures so that they can stay manageable. The final BNs
were proposed to the stakeholders that had to verify that their
opinion was not distorted.
Step 7.4 — Estimation of the variable parameters

The elaboration of CPTs started at the end of the third work-
shop. The process of defining variables and corresponding pa-
rameters is a long-term process. With the data obtained from

the physical approach and information collected in the work-
shops, some variables states and CPTs had already been com-
pleted.

Most of the CPTs of physical variables were also defined using
data obtained from the output of hydrological and 2D hydrau-
lic models as well as the results of the historical analysis. So-
cioeconomic variables were defined through discussion with
the stakeholders.

The final probabilistic BN for the assessment of the security of
goods and people was implemented in Netica (ONorsys Soft-
ware Corp.) (Fig. 5). After having developed the BN connect-
ing the causes and the effects of restoration measures proposed
by the stakeholders, we transformed the BN into an Influence
Diagram (ID). IDs encode three basic elements of a decision:
(1) available decision options, (2) factors that are relevant to
the decision, including how they interact among each other and
how the decisions will affect them, and finally, (3) the decision
maker’s preferences over the possible outcomes of the deci-
sion making process. In the present case study, the decision
node was attributed to the restoration decision and the utility
node to the related costs.

Step 8 — Elaborate scenarios

Restoration scenarios were elaborated with the stakeholders
(Table 2). Several scenarios were defined from the worst (in
terms of negative impacts) to the best (in terms of positive im-
pacts).

5. RESULTS

The results are presented only for the assessment of the secu-
rity of goods and people criterion. The final probabilistic BN
is presented in Fig. 5. With the help of the ID, it becomes easy
to compare the different strategies/scenarios considered on
each of the identified performance criteria and to decide on the

Table 2: Proposed restoration scenarios

best restoration solution.

The results of the simulation performed on the three proposed
restoration scenarios (Table 2) are summed up in Table 3 and
discussed in the discussion part.

6. DISCUSSION

In this paper, we focused mainly one model representing the
impacts of a given restoration scenario on the safety of goods
and people. Of course, the obtained results must be replaced in
a more global context integrating the other dimensions in-
volved in this project (socio-economic, ecological aspects,
etc.) associated with the other developed models. We studied
three scenarios (Table 2) to assess the model’s ability to repro-
duce consistent outcomes. We believe that our model was able
to give coherent results in agreement with the provided data
and the knowledge we acquired on the studied reach.

After running the model, the TRW turned out to be the best
option. In fact, the model predicts correctly the slope recovery
to its equilibrium level according to historical information on
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Table 3: Comparison of the impacts of the three different res-
toration scenarios on the security of goods and people

Intervention scenario

States BAU WL TRW
Main issues
None 17.7 60.5 47.6
. Minor 16.1 20.5 19
Flood risks (%) Moderate 289 152 182
Major 37.2 3.8 15.2
. . o Yes 54.1 16.6 28.4
River avulsion (%) No 45.9 83 4 716
Protection of the main Poor 10.8 38.0 14.0
road (%) Good 89.2 62.0 86.0
Fish farm water intake Yes 25.0 70.0 25.0
disconnection (%) No 75.0 30.0 75.0
Liberation of toxic Yes 32.0 66.0 43.0
substances (%) No 68.0 34.0 57.0
Erosion of agricultural Yes 65.0 87.0 87.0
lands (%) No 35.0 13.0 13.0
Very Poor 12.9 31.7 11.1
Poor 38.8 46.5 374
Security of goods and Average 19.7 7.50 7.69
people assessment (%) Good 20.0 13.5 40.2
Very

Good 8.59 0.85 3.67

the ground if we consider this scenario. This was very appre-
ciated by some stakeholders as it was shown that it has a posi-
tive influence from an environmental perspective as well. The
safety results were considered good enough for this scenario
(40.2%). However, from a practical point of view, this may
seem relatively simplistic if other complementary measures
are not carried out. Bank protection measures would, for ex-
ample, make it possible to avoid severe geomorphological
problems (erosions, depositions) before the desired equilib-
rium is reached. Besides, this scenario appears to be the most
expensive one (1 500 000 €) which can make its implementa-
tion questionable. For the WL scenario, we only considered
the downstream weir intentionally as this was the stakehold-
ers’ preferred scenario at the beginning of the workshops.
However, historical data and previous geomorphological ex-
pertise performed in the physical approach demonstrated that
the removal or lowering of only one weir might lead to just
shifting the problem to the second weir. This turned out to be
the worst of the three scenarios as it led to 46.5 % of poor
safety performances. The presentation of these results proved
to be essential in that they contradicted stakeholder’s intuition
that this scenario was by far the best of all and clearly demon-
strated the need for further action on the second weir. The out-
comes of this calculation highlighted the complex nature of the
studied reach and the related influencing hydromorphological
processes. This appeared to be a very positive feedback.

For the BAU scenario, which corresponds to the current situa-
tion of the studied reach, the model performed good calcula-
tion as the results were in accordance with what was observed
in the field. The river avulsion risks were properly reproduced
(54.1%) through the aggradation phenomenon currently occur-
ring in the lake and mechanically enhancing the relative risk
of flooding. However, the developed model does not take into
account the time component. Thus, it was not possible to con-
sider the situation in which, maybe some years from now, the

lake would be completely filled. This would mean that the nat-
ural hydromorphological equilibrium of the studied would
have been reached.

7. CONCLUSION

Knowing the diversity of criteria, stakes and the multi-scale
aspects to be taken into account, a river restoration project is
constrained by various uncertainties. The participatory exer-
cise presented in this paper shows that including stakeholders
in the modelling process in combination to suitable technical
tools may prove beneficial in reducing uncertainties and im-
proving stakeholders’ knowledge about the difficulties associ-
ated to river restoration projects. Our work addressed the prob-
lem of selecting the best strategies for the restoration of a river
damaged by various pressures. It was very important to spend
enough time identifying all of the possible impacts of a given
measure and understand the role of each variable in the modi-
fication of the studied system. For this reason and because of
the large number of variables the BNs were chosen as model-
ling tools.

The methodology and first outcomes of the hybrid modelling
presented in this paper are based on the “Lac des Gaves” case
study. PM workshops helped defining in collaboration with the
stakeholders all the variables involved in this multi-criteria
restoration projects. The exhaustive list covered physical as-
pects as well as socio-economic impacts. Three restoration
scenarios were established with the participants and were sim-
ulated using BNs. For the security of goods and people crite-
rion, it turned out that the best scenario concerns the removal
of the two weirs. However, besides the fact that this scenario
is the most expensive one, it might be considered as “extreme”
if not accompanied with other complementary restoration
measures such as bank stabilization or progressive sediment
delivery to the downstream fluvial system.

Finally, this paper provides a practical demonstration of how a
PM approach based on BNs may be used to support river res-
toration projects’ decision-making process. An approach
based on PM can be applied in such kind of projects was pro-
posed and what benefits can be drawn from it. We demon-
strated that BNs have the advantage to balance in a same ap-
proach the socio-economic factors versus the physical aspects.
The results presented in this paper provided some answers to
river managers that acquired a better knowledge on the hydro-
morphological processes influencing the river system they
work on. However, this process takes time, and there is a need
for an important amount of data to be able to propose con-
sistent restoration solutions. Finally, the main feedback of this
PM process is that stakeholders’ participation is the key to
achieve validation of these kinds of models while strengthen-
ing collaboration and creating a relevant interface with man-
agers and researchers.
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