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Coastal socio-ecological systems are complex adaptive systems with nonlinear changing
properties and multi-scale dynamics. They are influenced by unpredictable coastal
hazards accentuated by the effects of climate change, and they can quickly be altered
if critical thresholds are crossed. Additional pressures come from coastal activities and
development, both of which attracting stakeholders with different perspectives and
interests. While coastal defence measures (CDMs) have been implemented to mitigate
coastal hazards for centuries, a lack of knowledge and tools available to make informed
decision has led to coastal managers favouring the choice of seawalls or rock armours
with little consideration for socio-ecological systems features, and stakeholders’ priorities.
Though it is not currently widely applied in coastal zone management, multicriteria
decision analysis (MCDA) is a tool that can be useful to facilitate decision making.
PROMETHEE, an outranking method, was chosen to support the multicriteria decision
analysis for the evaluation of CDMs in the context of four study sites characterized by
distinct environmental features. The aim was to determine the relevance and benefits of a
MCDA by integrating coastal zone stakeholders in a participatory decision-making
process in order to select CDMs that are better adapted to the whole socio-ecological
system. First, in a series of five workshops, stakeholders were asked to identify and weigh
criteria that were relevant to their local conditions. Second and third, CDMs were
evaluated in relation to each criterion within the local context, then, hierarchized. Initial
results show that vegetation came first in three of the four sites, while rock armour ranked
first in the fourth site. A post-evaluation of the participatory process indicated that the
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weighting phase is an effective way to integrate local knowledge into the decision-making
process, but the identification of criteria could be streamlined by the presentation of a
predefined list from which participants could make a selection. This would ensure criteria
that are standardized, and in a format that is compatible with the MCDA. Coupled with a
participatory process MCDA proved to be a flexible methodology that can synthetize
multiple aspects of the problem, and contribute in a meaningful way to the coastal
engineering and management decision-making process.
Keywords: coastal engineering, coastal defence measure, decision-making, integrated coastal zone management
(ICZM), participatory process, coastal protection, multicriteria decision analysis (MCDA), PROMETHEE
1 INTRODUCTION

In most regions of the world, the economic and social benefits in
coastal zones tend to increase when population grows together
with industrial and recreational activities (Airoldi et al., 2005;
Dugan et al., 2011; Gittman et al., 2015). This attracts
stakeholders with different perspectives and interests. As any
socio-ecological system, coastal environments are complex
adaptive systems with nonlinear changing properties and
multi-scale dynamics that can be quickly and even irreversibly
altered if critical thresholds are crossed. They are affected by
multiple drivers of change, and subject to reciprocal feedbacks
between social and natural components (Holling and
Gunderson, 2002; Gallopı ́n, 2006; Folke, 2016). Coastal
systems are also influenced by uncertain coastal hazards, such
as erosion and flooding, which are accentuated by the effects of
climate change (Nicholls and Cazenave, 2010; Church and
White, 2011; Wong et al., 2014; Ranasinghe, 2016).

Coastal defence measures (CDMs) have been implemented to
mitigate coastal hazards ever since the establishment of human
settlements in coastal zones (Charlier et al., 2005). In the last
decades, coastal zone development and the effects of climate
change have led to an increase in shoreline armouring, mainly
through the implementation of hard coastal defence structures
(seawalls and rock armours) (Bernatchez and Fraser, 2012; Sauvé
et al., 2020), which can have a significant impact on coastal
socio-ecological systems (Moschella et al., 2005; Dugan et al.,
2011). In the Canadian province of Quebec, on the coasts of the
St. Lawrence Estuary and Gulf, coastal defence structures were
implemented as emergency measures, between the 1980s and the
early 2000s, and it is still the case today, though to a lesser extent
(Boyer-Villemaire et al., 2015). A lack of knowledge and tools
available to make informed decisions has led to coastal managers
favouring the choice of seawalls or rock armours over other types
of CDMs (Friesinger and Bernatchez, 2010; Drejza et al., 2011;
Marie et al., 2017). In addition, incomplete scientific knowledge
with regard to CDMs effects on different types of coasts,
an imbalance in scientific studies worldwide (Sauvé et al.,
2022), and uncertainties brought about by varying climate
projections (Polasky et al., 2011), all add complexity to the
decision-making process, and most certainly play a part in the
re luc tance by coas ta l managers to exp lore le s ser
known alternatives.
in.org 2
Knowledge and learning process are key to improving the
resilience of coastal socio-ecological systems, and overcoming
difficulties and uncertainties associated with the complex, and
sometimes conflictual environmental management issues (Folke
et al., 2005; Garmendia et al., 2010; Koontz et al., 2015).
Decision-making, traditionally the sole responsibility of
scientists and experts, today tends to involve different
stakeholders in an attempt to improve the transparency and
flexibility of the process, and to implement measures that are
better adapted to the whole socio-ecological system (Reed, 2008;
Garmendia et al., 2010; Jones et al., 2014; Marttunen et al., 2017).
A participatory process, implemented at an early stage by
combining local interests and needs with scientific knowledge,
leads to interventions that are better adapted to local socio-
cultural and environmental conditions, and allows easier and
more accurate monitoring and managing of environmental
changes by local communities (Reed, 2008; Jacob et al., 2021).

The decision-making process can also be enhanced by the use
of decision support systems which are developed to improve the
understanding of complex problems (Westmacott, 2001; National
Research Council, 2009). Multicriteria decision analysis (MCDA)
is one of the support systems used to facilitate decision making in
cases where a variety of alternatives are possible, and depend on
multiple and sometimes conflicting criteria. It is based on a
pairwise comparison between different alternatives rated against
every criterion from a set of pre-defined decision criteria (Scott
et al., 2012; Marttunen et al., 2017). Criteria are parameters used to
assess how each scenario would contribute to the achievement of a
project objective (André et al., 2010). The criteria cover multiple
aspects of the issue, while taking into consideration the needs and
expectations of local stakeholders (Garmendia et al., 2010).Within
the decision-making process, once the problem, the context, and
the objective have been established, MCDA is applied,
and generally consists of three steps: criteria identification and
weighting; scenario evaluation according to each criterion; and
scenarios hierarchization (Dodgson et al., 2009). The aim of
criteria identification is to select a complete set of criteria that
are mutually independent, without duplication, applicable to the
local context, and consistent with effects occurring over time (De
Bruin et al., 2009). In the scientific literature, criteria identification
is typically undertaken by scientists or experts (e.g. Monterroso
et al., 2011; Trutnevyte et al., 2011; Chang et al., 2012) or, in more
advanced participatory processes, by stakeholders through
April 2022 | Volume 9 | Article 845348
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questionnaires, workshops, etc. (e.g. Stagl, 2006; Garmendia et al.,
2010; Antunes et al., 2011; Garmendia and Gamboa, 2012;
Trutnevyte et al., 2012). Criteria weighting can be defined as the
measure of the importance of criteria according to stakeholders,
experts, and scientists (Stagl, 2006; Garmendia and Gamboa,
2012). A group of stakeholders can agree on a set of criteria
without attaching the same importance to each criterion
(Garmendia and Gamboa, 2012). For the evaluation of scenarios
according to each criterion, and for the scenarios hierarchization,
MCDA can be divided into three types of methodology: complete
aggregation methods, outranking methods, and iterative, trial-
error methods (Maystre et al., 1994; Gamper and Turcanu, 2007;
André et al., 2010). Complete aggregation methods allow the
comparison of scenarios by aggregating all criteria into a single,
synthetized, and exhaustive performance vector (André et al.,
2010). Outranking methods, through a preferential reference
system, compare scenarios against a set of predefined criteria
(Gamper and Turcanu, 2007; André et al., 2010). Iterative, trial-
error methods are based on a process that explores the feasibility
of scenarios as discussed in successive dialogues with decision-
makers (Gamper and Turcanu, 2007). Outranking methods are
best suited to holistic land management because they take into
account all stakeholders concerns, and integrate them into the
analysis (Garmendia and Gamboa, 2012). MCDA outranking
methods, such as PROMETHEE and ELECTRE, are generally
applied to solve discrete choice problems by focusing on pairwise
comparisons between different options (Belton and Stewart, 2002).

While MCDA has been used in many environmental
management contexts (Gamper and Turcanu, 2007; Ananda
and Herath, 2009) and in engineering problem solving in a
marine context (Tavra et al., 2017; Zafirakou et al., 2018; Jajac
et al., 2019; Abdel-Basset et al., 2021), to the authors’ knowledge,
it has not been applied to the evaluation and hierarchization of
CDMs. From the review of scientific literature, it appears that
cost-benefit analysis (CBA) has been the only decision support
system used in such context (Polomé et al., 2005). CBA is based
on the evaluation of alternatives in terms of monetary units. It is
fairly intuitive and straightforward for some aspects of the
coastal system, but it is not appropriate or sophisticated
enough when intangible and non-monetary characteristics, like
aesthetic values or ecological impacts, are criteria identified as
important factors in the decision-making process. The process of
monetization leads to giving a monetary value to social or
environmental non-market components (McCauley, 2006;
Chan et al., 2012; Bryce et al., 2016). In contrast, MCDA is
based on evaluation units that are specific to each of the selected
criterion, which is one of the reasons why several European
Union countries and United Nations’ documents recommend
the use of MCDA rather than CBA (Gamper and
Turcanu, 2007).

Based on the results of an extensive participatory process held
in Eastern Quebec, the aim of the present study is to determine the
relevance of a multi-criteria decision analysis (MCDA) as a tool to
structure and analyze a complex problem related to the selection of
CDMs, while taking into account their effect on the socio-
ecological system. The study also aims at assessing the benefits
Frontiers in Marine Science | www.frontiersin.org 3
of a participatory decision-making process, which involves coastal
zone managers and professionals in the identification and
weighting of criteria used for the selection of coastal
defence measures.
2 METHODS

2.1 Study Sites
The studies were carried out in the Canadian province of
Quebec, on the coasts of the Estuary and Gulf of St. Lawrence
(EGSL). Four municipalities, characterised by distinct
geomorphological, hydrodynamic, ecological or socio-
economic features (Figure 1), were selected as study sites:
Pessamit, Gallix (Sept-I ̂les), Cap-des-Rosiers (Gaspé), and
Baie-des-Capucins (Cap-Chat) (Figure 2).

2.2.1 Pessamit
Pessamit is an indigenous community located on the North
Shore of the St. Lawrence maritime estuary. Pessamit’s coast,
which extends over a 12 km span, is mainly composed of
unconsolidated cliffs (53.7%), littoral spit (21.0%), salt marsh
(20.7%), and beach terrace (4.6%). The tidal range is mesotidal
and the offshore significant wave height (95th percentile) is 0.85
m (depth of 132 m). The study site is located on a sandy littoral
spit. A wide unvegetated sandy foreshore is present in front of
the coast. The study site is a part residential, and part public
sector, highly frequented by the local community for a variety of
uses and activities: off-road vehicles, boat launching, gatherings,
walking, beach activities, archeological site, waterfowl
concentration area, etc.

2.1.2 Gallix (Sept-Il̂es)
Sept-Il̂es is located on the North Shore of the Gulf of St.
Lawrence. The study site, Gallix, is located in the Sainte-
Marguerite Bay, which extends along 26.90 km, and is mainly
composed of littoral spit (10.4 %), unconsolidated cliff (47.0 %),
beach terrace (41.8 %), and rocky shore (0.8 %). The tidal range is
mesotidal and the offshore significant wave height (95th

percentile) is 0.75 m (depth of 90 m) (Corriveau et al., 2021).
The study site is located on a sandy beach terrace, and is
characterised by the formation and disappearance of a sandy
triangular salient (Figure 3). This dynamic is generated by
estuarian currents and littoral drift. Storm events, between
2009 and 2017, have caused high shoreline retreat (7.96 m/yr),
leading to a shoreline enlargement on the west side of the coastal
sector (Figure 3). A new salient slightly to the east was formed
between 2013 and 2016, and was still present in 2017. That new
salient modifies the longitudinal sediment transport processes,
leading to an offshore sediment deviation. Sediments are
redirected towards the coast, further to the West, resulting in a
sediment progradation in the coastal sectors (Corriveau et al.,
2019). A rock armour structure is present between the salient
formed in 2013-2016, and the high shoreline retreat sector
(Figure 3). The sandy lower foreshore is partially covered (0-
25 %) by a narrow band of macroalgua (mainly laminaria
April 2022 | Volume 9 | Article 845348
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longicruris). A bar system is also present in front of the study site.
The study site is a residential sector, with high scenic and socio-
cultural values, and is mainly used by the local community for
fishing, nautical and beach activities, gatherings, walking, etc. It
is also a waterfowl concentration area, and spawning ground
for capelin.

2.1.3 Baie-des-Capucins (Cap-Chat)
Cap-Chat is located on the Gaspé Peninsula on the south shore
of the St. Lawrence river. Baie-des-Capucins, a bay located
east of Cap-Chat, extends over approximately 3.2 km, and is
mainly composed of beach terrace (54.4 %), unconsolidated cliff
(15.0 %), rocky cliff (10.3 %), and salt marsh (8.1 %). The study
site is located on a beach terrace composed of a mixture of coarse
sand, cobbles and pebbles, and by a wide salt marsh vegetated
with spartina alterniflora. The bay’s entrance is partially (1-25%)
vegetated with Zostera marina and Fucus sp. The tidal range is
Frontiers in Marine Science | www.frontiersin.org 4
mesotidal and the wave energy is low. The littoral drift is directed
towards the inside of the bay. The site is a biodiversity hotspot,
and the main activities are nautical activities, walking and
fishing. The national road 132 is, in some areas, less than 5
metres from the shoreline.

2.1.4 Cap-des-Rosiers (Gaspé)
Gaspé is located on the Gaspé Peninsula on the south shore of
the Gulf of St. Lawrence. Cap-des-Rosiers, a former village
annexed to the town of Gaspé, is located at the far north-east
end of the Gaspé peninsula. The study site is located on a rocky
cliff stretch of coast with an unconsolidated lower (cobbles)
foreshore and a rocky infralittoral zone. The lower foreshore is
partially (0-25%) covered by macroalgua (mainly fucaceae). The
tidal range is mesotidal and the offshore significant wave height
from ESE-SE reached more than 3 m between November 2017
and 2019 (Savoie-Ferron et al., 2020). The study site is a
A B

D1 D2

C1 C2

FIGURE 1 | Study sites. (A) Pessamit: indigenous community located on a sandy littoral spit with wide unvegetated sandy foreshore. (B) Sept-Il̂es (Gallix): sandy
beach terrace with a narrow band of sea cabbage characterised by the formation and disappearance of a sandy triangular salient. (C1, C2) Cap-Chat (Baie-des-
Capucins): beach terrace of coarse sand, cobbles and pebbles, fronted by a wide vegetated salt marsh. (D1, D2) Gaspé (Cap-des-Rosiers): rocky cliff with an
unconsolidated top and a lower foreshore of cobbles partially covered by rockweeds.
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https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
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residential sector with low density activities. Still, tourism
infrastructures, such as motels, are present in Cap-des-Rosiers
due to the proximity of the Forillon National Park, which brings
a high volume of tourism during the summer season. The main
activities are gatherings and relaxation. Cap-des-Rosiers is a
biodiversity hotspot, and has a high socio-cultural value with,
among others, the Cap-des-Rosiers lighthouse, the tallest in
Canada. The national road 132 is, in some areas, less than 5
metres from the cliff.

2.2 Selection of Coastal Defence
Measures to be Evaluated
CDMs that were suitable for each of the four study sites were pre-
selected, either by a comity of experts, or by using a coastal
defence measure identification algorithm (CDMIA) developed
by Sauvé et al. (2022). The number of CDMs can vary from site
to site (Table 1). The CDMIA processed information that was
drawn from 411 published scientific case studies, which included
1709 statements on the effects of CDMs on the environment as
observed by the authors of the studies. It then established a
correspondence between user-selected environmental features,
and those stocked in the database, and it evaluated user-selected
CDMs in relation to the specified coastal characteristics by
identifying, collating, and rating their effects as observed in
similar contexts. Since few CDMs studies have been conducted
on rocky cliffs, the CDMs deemed suitable for the terrain at Cap-
des-Rosiers, were selected by a comity of experts, instead of
through the CDMIA. In the case of Baie-des-Capucins which is
characterized by two types of coasts, a beach terrace and a salt
marsh, the results of the CDMIA from both types of coasts were
Frontiers in Marine Science | www.frontiersin.org 5
combined to select CDMs adapted to such conditions. Also, in
Baie-des-Capucins, the low-crested breakwater scenario was
based on a living shoreline rock sill concept (Bilkovic et al.,
2017). The selected CDMs were then evaluated with the use of a
MCDA methodology.

2.3 Multi-Criteria Decision Analysis
For the multi-criteria decision analysis, an outranking method
was preferred, as it allows an evaluation between scenarios that
initially do not appear to be comparable with each other, and it
maintains ranking units that are specific to each criterion
(Gamper and Turcanu, 2007; Garmendia and Gamboa, 2012).
The PROMETHEE method was chosen as multi-criteria
decision-making tool, using the VISUAL PROMETHEE
software (VPSolutions, 2013). It was preferred for its stability
(Brans et al., 1986), and because it is widely used in
environmental management contexts (Behzadian et al., 2010).

2.3.1 PROMETHEE Method
The PROMETHEE method is based on a pairwise comparison
between different alternatives, following their assessment A = {a1, a2,
…, an} against each criterion ck (Dk(ai, aj)) from a defined set of
criteria C = {c1, c2,…, cm} (equation 1). The variations in the results
of the assessments Dk(ai, aj) associated with criterion ck, are translated
into a preference index P[Dk(ai, aj)] through a preference function,
which lies between 0 and 1, 1 being a strong preference, and 0
meaning no preference. In this study, the usual preference function
was used; it corresponds to the optimization of values without
threshold, that is, larger values are better than lower ones. The
multicriteria index p(ai, aj) is the weighted sum of the preference
FIGURE 2 | Sites and MRCs from Eastern Quebec included in the study, with the workshops’ dates in the legend.
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index P, and is calculated by dividing the preference index by the
weight wk, which is a measure of the importance of the criterion ck
determined by workshop participants (equation 2). The leaving
F+(ai) and entering F-(ai) flows are then calculated in relation to
the multicriteria index. The leaving flow expresses the extent to
which ai outranks all other alternatives (equation 3), and the entering
flow expresses how much ai is outranked by all other alternatives
(equation 4). Thus, the best alternative has the highest leaving flow
and the lowest entering flow. The net flow is the sum of the leaving
and entering flows and represents an overall ranking. All criteria
were set as maximum with the exception of the criteria whose
evaluation was based on the 5 points impact qualitative scale
(geomorphological effects, ecological effects and aesthetics). The
specificities of the PROMETHEE method are described in the
works of Brans et al. (1986) and in the Visual PROMETHEE
software’s manual (VPSolutions, 2013).

Dk(ai, aj) = ck(ai) − ck(aj)    ðEquation 1Þ
Frontiers in Marine Science | www.frontiersin.org 6
p(ai, aj) = o
x∈k

Pk(ai, aj)=o
k

wk    ðEquation 2Þ

F+(ai) =o
k

p(ai, x)    ðEquation 3Þ

F−(ai) = o
x∈k

p(x, ai)    ðEquation 4Þ

2.3.2 Criteria Identification and Weighting
Coastal zone stakeholders were consulted in the course of two
action research projects, with the aim of developing tools to
improve coastal planning and protection, and to facilitate the
choice of solutions adapted to climate change, in the short,
medium and long terms. First, four workshops were organized
between April and December 2019, in Eastern Quebec, in the
context of the Coastal Resilience project. Stakeholders who were
invited to the workshops included administrative personnel and
FIGURE 3 | Coastal dynamic illustration from the Gallix study site [modified from Corriveau et al. (2019)].
TABLE 1 | CDMs pre-selected for 3 of the study sites using Sauvé et al., (2022) CDMIA, and in the case of Cap-des-Rosiers, selected by a comity of experts, with the
number of CDMs per site.

Study sites

Pessamit Gallix, Sept-ıl̂es Baie-des-Capucins, Cap-Chat Cap-des-Rosiers, Gaspé

CDMs
Land vegetation Land vegetation Vegetation Rock armour
Foreshore nourishment Foreshore nourishment Beach nourishment Seawall
Permeable groin Permeable groin Low crested breakwater Emerged breakwater
Beach nourishment Beach nourishment Permeable groin Low-crested breakwater
Emerged breakwater Emerged breakwater Beach nourishment
Impermeable groin Impermeable groin

Submerged breakwater
Number of pre-selected CDMs
6 7 4 5
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professionals from local municipalities and coastal MRCs
(regional county municipalities), relevant ministries, local and
regional organizations, and members of the First Nations
(Table 2). Second, in June 2019, in the context of a project
entitled Identification de solutions d’adaptation aux aleás cot̂iers
pour augmenter la reśilience des communauteś des Premières
Nations dans un contexte de changements climatiques, a
workshop was organized in Pessamit. Participants to this
workshop comprised administrat ive personnel and
professionals from the community. Through various activities,
one of the aims was to integrate stakeholders into the decision-
making process leading to the implementation of coastal defence
measures, by asking them to identify and weigh the CDMs
selection criteria (Figure 4). The locations of the four study
sites and five workshops are shown in Figure 2.

For Pessamit, all participants were employees of the
municipality, many of them, members of the First Nations;
they were all recorded under Municipality rather than First
Nations to avoid duplication.

Using an adaptation of the World Cafe methodology (Brown
et al., 2005), the participants were separated into rotating
discussions groups of between five and fifteen people. The aim
was to allow participants to express their views on different
Frontiers in Marine Science | www.frontiersin.org 7
subjects related to coastal management, each within a 25-minute
time frame. With two facilitators in charge of the discussion, one
table was dedicated to discussing relevant criteria to be integrated
in the decision-making process for the selection of coastal
defence measures.

At the beginning of the discussion, participants were presented
with a brief description of factors affecting the CDMs decision-
making process, in order for them to understand the context
before identifying the CDMs selection criteria. The question “In
your opinion, which are the criteria to be considered when a coastal
defence measure must be selected?” was asked of participants to
start the discussion. Five criteria categories written on cards were
presented to participants as a guide (Table 3). Specific criteria
identified by participants were written on post-it notes and affixed
to their corresponding category. The selection criteria identified by
participants of one table served as a basis for discussion in the
following rotating groups.

A weighting method was established to allow participants to
assess the importance of the criteria they previously identified. A
three steps classification system was created: first, a list of criteria,
as identified by the participants, was compiled; second, from that
list, criteria that were similar in nature were amalgamated by the
facilitators under a maximum of five general criteria per criteria
category; third, the general criteria were grouped under five
criteria categories.

Each criteria category was limited to a maximum offive general
criteria to limit the total number of criteria, and because it was
deemed sufficient to capture and adequately represent all of the
criteria identified by the participants. Each general criterion was
written on a card with the list of similar criteria originally
identified by the participants. The weighting of the general
criteria was carried out in two steps. The voting table was
divided into six sections: one for each criteria category with its
list of general criterion, and one which listed the five criteria
categories (Figure 5). As a first step, each general criterion card
was placed on the voting table under its respective category, with a
corresponding voting box. Each participant was given ten tokens
per criteria category to weight each general criterion according to
the question “For each criteria category, how important is each
criterion when selecting a coastal defence measure?”. As a second
step, the five criteria categories’ cards were placed in the sixth
section, each with a corresponding voting box. As for the previous
exercise, participants were given ten tokens to weight the criteria
categories according to the question “How important is each
criteria category for the selection of a coastal defence measure?”.

2.3.3 CDMs Evaluation According to Each Criterion
The evaluation of CDMs in relation to each criterion was based
on experts’ judgement, and on different sources of data such as
literature reviews, reports on CDMs, etc. In the PROMETHEE
method, different rating scales can be defined, depending on the
nature of the criterion. Here, two scales were used: a 9 points
qualitative scale for the criteria that lead to the comparison of
CDMs’ performance relative to each other [very good (9), very
good – good, good, good – average, average, average - bad, bad,
bad – very bad, and very bad (1)]; and a 5 points impact
qualitative scale for the criteria that lead to the evaluation of
FIGURE 4 | Graphical representation of the method used for the implication
of workshop participants in the identification and weighting of the CDMs
selection criteria.
April 2022 | Volume 9 | Article 845348

https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles
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the direct effects of CDMs on the coastal system [very low (5),
low, moderate, high, very high (1)]. Two qualitative scales were
used for the evaluation of criteria due to a lack of quantitative
local data. For example, the evaluation for the cost related criteria
was based on the cost of previous projects at a national scale.
3 RESULTS

3.1 Identified and Weighted CDM Criteria
Following the five workshops, the criteria identified by the
participants were standardized with uniform wording, and
classified under five categories (Table 4). A comprehensive list of
sixteen criteria that were mutually independent, without duplication,
relevant to the context, and consistent with effects occurring over
time, was thus established (Figure 6). The list of criteria built during
the five workshops was used in the analysis of the four study sites
described above, even though only one of the workshops was specific
to a study site (Pessamit). Of the remaining workshops, three drew
participants from regions around and including a study site, and one
was held in a region that did not include a study site (the MRC of
Haute-Côte-Nord and Manicouagan).

As shown in Figure 6, the identification and weighting of
criteria vary between workshops. First, not all criteria were
Frontiers in Marine Science | www.frontiersin.org 8
selected in every workshop, as some may not have been
relevant or important to the particular context. The
adaptability criterion for instance was only identified in the
case of Cap-des-Rosiers, while the maintenance and indirect
environmental effects were not selected at the Pessamit
workshop. Second, the weight assigned to different criteria
varied between workshops, and the data range is wide. In
general, the average weight is highest for ecological effects and
social repercussions. In the case of Baie-des-Capucins, the weight
given to the construction cost criterion is the highest among all
criteria for all workshops.

For the purpose of weighting analysis, an average baseline
can be calculated by dividing 100 percent by the number of
identified criteria. For example, in Cap-des-Rosiers, 16 criteria
were identified by workshop participants for an average
baseline of 6.25%. While the majority of the criteria weight
values are close to 6.25%, the ecological effects and social
repercussions criteria are nearly twice the average value,
which is an indication of the high importance accorded to
these criteria by local stakeholders.

3.2 CDMs Evaluation
CDMs evaluation was carried out in two phases: (1) weighting of
each CDM in relation to each criterion; (2) final hierarchization.
TABLE 3 | Criteria categories presented to participants.

Criteria categories Description

Economic context Criteria related to costs, benefits, economic issues.
Environmental context Criteria related to environmental impacts.
Social context Criteria related to acceptability, accessibility, activities, culture.
Project management Criteria related to planning and execution of construction site.
Technical characteristics Criteria related to coastal defence measure behaviour, reliability.
TABLE 2 | Number of participants per organisation (MAMH, Ministry of Municipal Affairs and Housing; MELCC, Ministry of Environment and Climate Change; MERN,
Ministry of Energy and Natural Resources; MFFP, Ministry of Forests, Wildlife and Parks; MSP, Ministry of Public Security; MSSS, Ministry of Health and Social Services;
MTQ, Ministry of Transports; MRC, regional county municipality).

Coastal resilience project Innus III project

Organisation Haute-Côte-Nord,
Manicouagan

Sept-Rivières,
Minganie

Mitis, Matane, Haute-
Gaspésie

Côte-de-Gaspé, Rocher-
Percé

Pessamit

Ministry 8 7 5 10 -
MAMH 1 1 – –

MELCC 2 1 1 2 –

MERN 1 1 – 1 –

MFFP – 1 – – –

MSP 3 2 3 2 –

MSSS – – 1 – –

MTQ 1 1 – 5 –

Municipality 6 4 1 2 -
MRC – 2 1 1 –

Municipality 6 2 – 1 12

ONG 2 6 1 5 -

First Nations 5 2 1 - -

Total 21 25 8 17 12
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3.2.1 CDMs Evaluation in Relation to Each Criterion
The CDMs evaluation is dependent on each criterion (Table 5),
and on the socio-ecological features associated with each site.
The evaluation scale was adapted to the nature of each criterion.

The evaluation of the CDMs in relation to each criterion and
to each study site’s socio-ecological features is presented in
Table 6, with rationale where relevant.

3.2.2 CDMs Hierarchization
The CDMs hierarchization is thereafter presented in diamond
shape figures for each study site (Figure 7). This shape shows the
overall ranking (F net) along the vertical axis, as well as the
leaving F+ and entering F-

flows along the left edges of the
diamond. Each CDM is represented by a grey dot. For one CDM
to be ranked higher than another, it must outperform it on both
the leaving and entering flow axes.

For the Pessamit site, the analysis of the results shows that,
according to the workshop participants’ preferences, vegetation
is ranked first followed by beach nourishment. Despite the large
outperformance of vegetation over beach nourishment on the net
and leaving flows, their respective entering flows are quite close
together, thus weakening the general outperformance of the
vegetation option. In third and fourth ranks, while permeable
groin outperforms foreshore nourishment on the leaving flow
axis, foreshore nourishment outperforms permeable groin on the
entering flow. This results in a quasi-tie on the net flow axis.
Meanwhile, impermeable groin and emerged breakwater come
last, in fifth and sixth ranks, respectively.

For the Gallix site, the vegetation option is ranked first as
shown by its significant outperformance over all other CDMs. In
second and third ranks, a quasi-tie between beach nourishment
and permeable groin on the net flow axis is explained by an
outperformance of foreshore nourishment on the leaving flow,
Frontiers in Marine Science | www.frontiersin.org 9
and an outperformance of permeable groin on the entering flow.
Impermeable groin and foreshore nourishment are also on a
quasi-tie in fourth and fifth ranks, respectively, while submerged
breakwater and emerged breakwater are ranked sixth
and seventh.

The top five CDMs for the Pessamit and Gallix sites are in the
same order. Two reasons can explain the similarity. First, their
socio-ecological systems are comparable. The environmental
characteristics of both sites are low-lying sandy coast with a
sandy lower foreshore, mesotidal shoreline, and a low energy
environment (<1 m). Also, both sites are part residential part
public localities, mostly frequented by the local community for a
variety of uses and activities. Due to these similarities, the
evaluation of the CDMs in relation to each criterion is
equivalent for all criteria with the exception of social
perception (Table 6). Second, the difference in average weight
is below 3 % for seven of the 13 and 15 criteria identified,
respectively, in Pessamit and Gallix (Figure 7). The local
stakeholders’ preferences were quite similar in nearly half of
the identified criteria, though variances explain differences in the
net, leaving, and entering flows between the two sites (Figure 7).
While the final ranking for the top 5 options is equivalent in both
sites, inner differences shown by the above-mentioned three
indicators, provide information that is relevant to the
decision-makers.

For the Baie-des-Capucins site, the vegetation alternative also
outperformed all other CDMs. In second and third ranks, while
low-crested breakwater outperformed beach nourishment on the
net, and entering flow axes, both are on a quasi-tie on the leaving
flows axis. It is to be noted here that, because of the presence of
salt marsh, the low-crested breakwater scenario was actually
based on a living shoreline rock sill concept (Bilkovic et al.,
2017). Finally, permeable groin was ranked fourth.
TABLE 4 | Standardized criteria identified by participants during the workshops.

Criteria Definition

Economic context
Economic repercussions Indirect economic development benefits.
Construction costs Initial CDM building costs including cost of materials, labour force, and equipment.
Maintenance costs Funds required to maintain optimum CDM performance including cost of materials, labour force, and equipment.

Environmental context
Geomorphological effects Importance of the modifications generated by the CDM on the morphology of a sediment cell.
Ecological effects Importance of the modifications generated by the CDM on the ecosystem of a sediment cell.
Indirect environmental benefits Environmental benefits through the creation or the maintenance of ecological services

Social context
Social repercussions Impacts on the community’s quality of life and activities, as well as on cultural and patrimonial aspects.
Social perception Public perception of the CDM.
Aestheticism Visual impact and potential for the integration of the CDM into the broader landscape.

Project management
Ability to achieve Ability to implement a CDM in terms of completion time, and availability of labour force and expertise at the municipal level.
Regulatory liability Likelihood of the CDM being subject to local regulations and environmental impact assessment.
Technical feasibility Complexity of the CDM construction depending on the type of structure, availability of materials and accessibility to the site.

Technical characteristics
Adaptability Capacity for the CDM to be adapted to changes in the environmental parameters.
Durability Length of time a CDM can retain its integrity with minimal maintenance.
Efficiency Ability of the CDM to slow down the retreat of the shoreline and to protect the coastal infrastructures during an event, as long as it is

in perfect condition, of standard dimensions and appropriate to local hydro-sediment cell dynamic.
Maintenance Frequency of maintenance required to preserve the effectiveness of the CDM.
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As for Cap-des-Rosiers, rock armour outperformed all other
CDMs, but seawall is a close second. Beach nourishment, low-
crested breakwater and emerged breakwater were ranked third,
fourth and fifth, respectively. The evaluated CDMs and the final
ranking is quite different from the other three sites, which is
explained by their significantly dissimilar local conditions.

3.2.3 Robustness Analysis
An analysis was performed to evaluate the robustness of the
CDMs hierarchization method in relation to each criterion
(Figure 8). The circles and triangles show the highest and
lowest thresholds at which there is a change in ranking of the
top 3 CDMs for a given criterion. For example, in Pessamit under
the criterion Economic repercussions, the CDM ranked first is
outperformed by the CDM ranked second above 21.06%, but it is
never outperformed by the CDM ranked third. Also, in Pessamit
with regard to the three criteria Ecological effects, Regulatory
liability, and Technical feasibility, the circles representing CDMs
1, 2, and 3 are all at 100%. This means that no change occurs in
the top 3 CDMs’ ranking, no matter the weight attributed to
those criteria. An empty criterion cell indicates that the criterion
was not identified at the site’s workshop.

The grey plus and minus signs show the weighted average plus
or minus the standard deviation. For example, if there is no circle or
triangle within the range of the standard deviation (between the plus
and minus signs), any change to the weight of the criteria would not
affect the ranking, which is an indication that the results are robust.
In Pessamit and Gallix, the CDMs ranked 1 and 2 are outside the
standard deviation range for all criteria, which indicates that the
results are robust for the first two CDMs. On the other hand,
because CDM ranked 3 sometimes falls within the standard
deviation range, it may be outperformed by the CDM ranked 4 if
Frontiers in Marine Science | www.frontiersin.org 10
a change occurs in some of the criteria weight values. This shows
that the results for CDM ranked 3 are not as robust as the ones for
the first two CDMs. In Cap-des-Rosiers, all of the CDMs fall outside
of the standard deviation range. This indicates that, in the case of the
first three CDMs, the results would not be affected by any change in
the criteria weights. In Baie-des-Capucins, the CDM ranked 3 falls
within the standard deviation range for the criteria Construction
costs, and Social repercussions. In this case, two out of sixteen criteria
would not be enough to change the ranking.

Considering Figures 6 and 7, even though the results are not
equally robust in all cases, vegetation, beach nourishment, and
permeable groin were ranked first, second, and third,
respectively, for the three study sites with a sandy low coast
(Pessamit, and Gallix). As for Cap-des-Rosiers, with a cliff coast
that is naturally reflective, rock armour and seawall were solidly
ranked first and second. These results are in line with those
obtained through the CDMIA developed by Sauvé et al., (2022),
but the MCDA adds a layer of refinement to the assessment.

In Pessamit, the quasi-tie between permeable groin and
foreshore nourishment in third and fourth ranks (a) is validated
by the robustness analysis, which shows that the lowest and highest
thresholds of the CDM ranked 3 (represented by a green triangle
and a green dot, respectively), each fall within the standard
deviation range in 5 of the criteria (a). In Gallix, the quasi-tie
between beach nourishment and permeable groin (b, ranks 2 and 3,
respectively) is confirmed by the robustness analysis, which shows
the permeable groin’s lowest threshold falling within the standard
deviation in 3 of the criteria, and the highest threshold, in 6 of the
criteria (b). In Baie-des-Capucins, there is no quasi-tie in the CDMs
hierachization (c). Indeed, the robustness analysis shows that the
thresholds for CDMs ranked 1 and 2 all fall outside of the standard
deviation, and even though, in one criterion, the highest threshold
TABLE 5 | Assessment basis and evaluation scale for the evaluation of CDMs in relation to each criterion.

Criterion Evaluation scale Assessment basis

Economic
repercussions

qualitative scale - Pre-existing economic activities on sites

Construction costs qualitative scale - Estimations based on Bernatchez et al. (2015) due to a lack of information on CDMs construction and maintenance
costs associated with study sites.

- Accessibility to the construction site, availability of materials, and frequency of maintenance.
Maintenance costs qualitative scale

Geomorphological
effects

impact scale - Information extracted from literature review and expert knowledge

Ecological effects impact scale
Indirect environmental
benefits

qualitative scale

Social repercussions qualitative scale - Activities practiced on sites
Social perception qualitative scale - Results from coastal residents’ interviews
Aestheticism impact scale - Similarity of materials with the landscape and the creation of visual obstacles

Ability to achieve qualitative scale - Availability of expertise and equipment at the Quebec provincial level
Regulatory liability qualitative scale - Local regulations
Technical feasibility qualitative scale - Accessibility to the site and complexity of the structure

Durability qualitative scale - Type of CDMs and their exposure to wave action
Adaptability qualitative scale - Information extracted from literature review and expert knowledge
Efficiency qualitative scale
Maintenance qualitative scale
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TABLE 6 | Weighting of CDMs in relation to each criterion and sites’ characteristics, with relevant rationale.

able groin Beach
nourishment

Foreshore
nourishment

Vegetation

5 7 6 5
5 7 6 5
5 5 – 5
– 5 – –

in the salt marsh: expected results would not be the same
t of tourism in Gallix and Pessamit.
5 3 2 9
5 3 2 9
5 3 – 9
– 3 – –

ent: offshore construction; same material as beach

6 2 1 9
6 2 1 9
6 2 – 9
– 2 – 9

ce frequency. Beach nourishment: land construction;
aintenance frequency; very low-cost material.
4 4 4 3
4 4 4 3
3 4 – 3
– 4 – –

rged breakwater and impermeable groin may cause
ts: increase sediment budget for the sediment cell (at a
abilisation and sediment accumulation acceleration at a

3 3 3 5
3 3 3 5
3 3 – 5
– 3 – –

es-Capucins: reduce ecological effects due to low
rbidity; modification of substrate permeability; ecosystem
tural effects generated by the cliff.
– – – –

5 6 5 8
5 5 – 6
– 6 – –

liff. Breakwater: increase potential ecosystem habitats in
ach nourishment: increase beach ecosystem width.

4 6 6 5
4 6 6 5
4 6 – 5
– 6 – –

al use in the medium term. (Permeable groins: similar
e Vegetation: no repercussion.
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Criteria Sites Rock armour Seawall Emerged
breakwater

Low-crested
breakwater

Submerged
breakwater

Impermeable groin Perme

Economic repercussions Pessamit – – 9 – – 5
Gallix – – 9 – 9 5
Baie-des-Capucins – – – 5 – –

Cap-des-Rosiers 5 5 9 9 9 –

Breakwaters: possible colonization by species of high economic interest. (Baie-des-Capucins: low-crested breakwater option
as for conventional breakwaters). Nourishments: none of the municipalities are currently tourist sites; potential for developmen

Construction costs Pessamit – – 2 – – 5
Gallix – – 2 – 2 5
Baie-des-Capucins – – – 2 – –

Cap-des-Rosiers 7 5 2 2 2 –

Breakwaters: offshore construction. Groins: land construction. Beach nourishment: land construction. Foreshore nourish
nourishment. Vegetation: very low-cost material.

Maintenance costs Pessamit – – 3 – – 6
Gallix – – 3 – 5 6
Baie-des-Capucins – – – 4 – –

Cap-des-Rosiers 3 4 – –

Breakwaters: offshore construction; low to moderate maintenance frequency. Groins: land construction; moderate maintenan
high maintenance frequency. Foreshore nourishment: offshore construction; high maintenance frequency. Vegetation: high

Geomorphologic effects Pessamit – – 2 – – 2
Gallix – – 2 – 3 2
Baie-des-Capucins – – – 3 – –

Cap-des-Rosiers 4 4 2 3 – –

Breakwaters: beach widening; offshore transport reduction. Permeable groin: sediment accumulation; beach widening. (Em
sediment retention. Baie-des-Capucins: accumulation effect reduced due to a low longshore sediment transport). Nourishmen
higher level for beach nourishment. Cap-des-Rosiers: reduce the interaction between cliff and waves). Vegetation: sediment s
small local scale. Rock armour and seawall: effects similar to the natural effects generated by the cliff.

Ecological effects Pessamit – – 2 – – 3
Gallix – – 2 – 2 3
Baie-des-Capucins – – – 3 – –

Cap-des-Rosiers 4 4 3 3 – –

Breakwaters: loss of sedimentary habitat; species dispersal, loss of micro-habitats, siltation, water quality degradation. (Baie-d
hydrodynamism). Groin: loss of sedimentary habitat; physical barrier. Nourishments: organism burial; increasing temporary tu
assemblage modifications. Vegetation: coastal ecosystem maintenance. Enrockement and seawall: effects similar to the na

Indirect environmental benefits Pessamit – – – – – –

Gallix – – 4 – 4 4
Baie-des-Capucins – – – 4 – –

Cap-des-Rosiers 4 5 6 6 – –

Rock armour: reduces beach ecosystem width due to encroachment. Seawall: limited effects in a context of reflective rocky
Cap-des-Rosiers’ rocky environment; reduction of ecological services in sandy Gallix and in Baie-des-Capucins’ salt marsh. Be
Vegetation: increase of the actual vegetated area in Gallix more than the actual vegetated area in Baie-des-Capucins.

Social repercussions Pessamit – – 3 – – 3
Gallix – – 3 – 3 3
Baie-des-Capucins – – – 4 – –

Cap-des-Rosiers 5 5 5 5 – –

Breakwaters and groins: create an obstacle to navigation; potential formation of rip currents; increases the area for recreatio
effects but on a smaller scale. Cap-des-Rosiers: less activities on the beach). Nourishments: increased area for recreational u
m
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TABLE 6 | Continued

le groin Beach
nourishment

Foreshore
nourishment

Vegetation

4 4 7
7 7 9
2 – 3
1 – –

4 5 5
4 5 5
4 – 5
4 – –

wooden groin). Beach nourishments: similarity with

7 5 9
7 5 9
7 – 9
7 – –

ec; equipment widely available. Nourishments:
re and complex from a regulatory point of view.

3 1 5
3 1 5
3 1 5
3 – –

7 3 9
7 3 9
7 – 9
7 – –

Nourishments: relatively simple technique; land and

– – –

– – –

– – –

9 – 9
lly.

2 2 1
2 2 1
2 – 1
1 – –

ion). Nourishments: continuously exposed to wave

7 6 2
7 6 2
7 – 2
5 – –

hments: stabilize or advance the coastline; are

– – –

2 2 1
2 – 1
2 – –
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Criteria Sites Rock armour Seawall Emerged
breakwater

Low-crested
breakwater

Submerged
breakwater

Impermeable groin Permeab

Social perception Pessamit – – 3 – – 2 2
Gallix – – 8 – 8 6 2
Baie-des-Capucins – – – 2 – – 1
Cap-des-Rosiers 4 9 1 1 – – –

Aestheticism Pessamit – – 1 – – 3 3
Gallix – – 1 – 5 3 3
Baie-des-Capucins – – – 2 – – 3
Cap-des-Rosiers 4 3 2 3 – – –

Emerged breakwaters: offshore visual obstacle; no similarity with natural landscape. Groins: limited similarity with landscape (for
the natural landscape. Vegetation: strong similarity with the natural landscape.

Ability to achieve Pessamit – – 7 – – 8 8
Gallix – – 7 – 7 8 8
Baie-des-Capucins – – – 7 – – 8
Cap-des-Rosiers 9 9 7 7 – – –

Breakwaters: expertise to be refined, but present in Quebec; mechanical equipment available. Groins: expertise present in Queb
expertise under development in Quebec; mechanical equipment widely available (land-based sediments); dredging available, but ra
Vegetation: expertise available.

Regulatory liability Pessamit – – 1 – – 3 1
Gallix – – 1 – 1 3 1
Baie-des-Capucins – – – 1 1 3 1
Cap-des-Rosiers 5 5 1 1 – – –

Technical feasibility Pessamit – – 1 – – 7 7
Gallix – – 1 – 1 7 7
Baie-des-Capucins – – – 1 – – 7
Cap-des-Rosiers 4 3 1 1 – – –

Breakwaters: complex structures with several layers built underwater and offshore. Groins: simple structures; land construction.
offshore construction sites. Vegetation: expertise available.

Adaptability Pessamit – – – – – – –

Gallix – – – – – – –

Baie-des-Capucins – – – – – – –

Cap-des-Rosiers 4 2 4 4 – – –

Rock armour, Breakwaters: structures can be adapted. Seawall: complex to adapt. Nourishments, vegetation: adapt natura
Durability Pessamit – – 5 – – 6 6

Gallix – – 5 – 7 6 6
Baie-des-Capucins – – – – – 6
Cap-des-Rosiers 8 9 5 6 – – –

Breakwaters, groins: structures made of materials potentially subject to movement (emerged: continuously exposed to wave act
action; unconsolidated materials. Vegetation: rare exposure to wave action; low resistance materials.

Efficiency Pessamit – – 7 – – 5 5
Gallix – – 7 – 6 5 5
Baie-des-Capucins – – – 7 – – 5
Cap-des-Rosiers 7 8 7 7 – – –

Breakwaters: reduce wave energy offshore; lead to sediment deposit. Groins: lead to sediment deposit on medium term. Nouris
dependent on maintenance. Vegetation: stabilizes sediment at a minor scale.

Maintenance Pessamit – – – – – – –

Gallix – – 6 – 6 6 6
Baie-des-Capucins – – – 6 – – 6
Cap-des-Rosiers 8 7 6 6 – – –
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falls within the standard deviation for the CDMs ranked three
(permeable groin) (c), any change in the criteria weighting would
not be enough to affect the final hierarchization. In Cap-des-Rosiers,
the CDMs hierarchization is unambiguous (d), and is validated by
the robustness analysis which shows that, for all criteria, the top 3
CDMs fall outside the standard deviation (d).

4 DISCUSSION

In order to solve a predefined coastal erosion or flooding
problem with a solution that is adapted to the specific socio-
ecological context, a variety of scenarios must be considered in a
multiphase process before the design and construction phases are
undertaken (USACE, 2006). In most cases, decision-making has
traditionally been limited to engineers, experts and scientists
(Garmendia et al., 2010; Sauvé et al., 2020), and have led to a high
rate of shoreline artificiality worldwide, the majority consisting
of hard coastal defense structures (Koike, 1996; Valloni et al.,
2003; EEA, 2006; Gittman et al., 2015; Cooper et al., 2020; Sauvé
et al., 2020). In the past decade, a trend reversal has been
observed with the implementation of soft techniques like beach
nourishment or vegetation Sauvé et al., (2022), ecological
approaches (Morris et al., 2018; Morris et al., 2019) such as
Engineering With Nature in the U.S.A. (Bridges et al., 2018) or
Building With Nature in The Netherlands (de Vriend and Van
Koningsveld, 2012; van Slobbe et al., 2013), and the use of
ecological or socio-economic enhancements in the design of
hard structures (Evans et al., 2017; Schoonees et al., 2019; Vuik
et al., 2019). Still, the decisions regarding the selection of CDMs
are not systematically being made through a participatory
process (O’Riordan, 2005; Sauvé et al., 2020).

In recent years, decision support tools have been increasingly
used in the field of environmental management (Walling and
Vaneeckhaute, 2020; Wong-Parodi et al., 2020; Barzehkar et al.,
2021). One of the main reasons being the need for a framework
to support the meaningful integration of multiple stakeholders in
the decision-making process (Wong-Parodi et al., 2020). Such
tools help decision-makers address complex and inherently
uncertain problems related to socio-ecological systems
(Baquerizo and Losada, 2008; Polasky et al., 2011) by
objectively structuring and analyzing the information, and by
offering multiple solutions for consideration (Walling and
Vaneeckhaute, 2020; Wong-Parodi et al., 2020).

4.1 Relevance of MCDA as a Tool to
Evaluate CDMs
Cost benefit analysis (CBA) and multicriteria decision analysis
(MCDA) are both used for different purposes in environmental
and coastal zone management, and in the evaluation of
ecosystem services (Horstman et al., 2009; Saarikoski et al.,
2016). CBA is often used to analyze CDMs, but rarely through
a process of prioritization (Polomé et al., 2005; Boyer-Villemaire
et al., 2016; Chow et al., 2017; Thi Oanh et al., 2020). CBA has
been used more frequently to assess the cost of CDMs’
maintenance, to compare the pros and cons, and the costs of
scenarios with or without a CDM (Maia et al., 2015; Ha et al.,
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2021) or to evaluate a single given solution in monetary terms
(Lima et al., 2020). There are two schools of thought regarding
CBA and MCDA. The selection of one over the other depends on
the project objectives. While CBA can be useful in some contexts
(Gamper and Turcanu, 2007; Horstman et al., 2009), MCDA are
better suited to the processing of tangible and intangible
information obtained when, among others, multiple
stakeholders are involved, when all aspects of communities’
well-being are taken into consideration, and when scientific
uncertainty and spatiotemporal ecological impacts are
significant factors in the decision-making process (Wegner and
Pascual, 2011; Saarikoski et al., 2016; Alves et al., 2018). CDMs
can have different effects on the components of the socio-
ecological system, and these effects are usually measured in
incommensurable scales and units (Choo et al., 1999). MCDA
are best adapted to the evaluation and comparison of CDMs
because they allow the simultaneous analysis of dissimilar
measurement units that are specific to each criterion
(Horstman et al., 2009).

The output reports from the three phases of the MCDA
PROMETHEE method combined with the robustness analysis
(Figure 9) provide the decision-makers with a structured,
transparent and integrated analysis, and, as an end result,
present alternatives that take stakeholders’ preferences into
account, and are more likely to be acceptable to all parties
(Saaty, 2008; McIntosh et al., 2011; Saarikoski et al., 2016).
First, the criteria, identified and weighted by workshop
participants, give an indication of the local stakeholders’
overall priorities and, more specifically, identifies conflicts and
agreements within the consulted group, with regard to each
criterion. Decision-makers can use that information, and
manage conflictual issues by eliciting further discussion and
exploring trade-offs in order to build a consensus around the
most suitable solution. Second, the effects of each CDM are
evaluated in relation to each criterion. This can be used in the
design process to identify conflicts and synergies between CDMs,
and to make end users (decision-makers, coastal managers or
coastal engineers) aware of the effect of a CDM on individual
criteria. Moreover, as mentioned in section 2.3.3, the
PROMETHEE method allows the use of different rating scales
depending on the nature of each criterion. Thus, when relevant
data is available, the accuracy of the results could be improved by
using quantitative scale for some of the criteria (e.g. cost related
criteria). Third, the CDMs hierarchization, in the diamond
figure, shows the interpretation of the results on three axes,
and establishes equivalencies between scenarios. For example, in
Pessamit and Gallix, there was a quasi-tie between two CDMs. In
such cases, the decision-makers should consider both options on
the same level. Finally, the robustness analysis gives an indication
of how trustworthy the CDMs hierarchization results are.
Reflected in the results is the objective of a MCDA, which is
not necessarily to point to a unique solution. Rather, it provides a
layered structure to facilitate the evaluation of different
alternatives, suitable to answer a complex problem. In doing
so, MCDA helps the decision-makers examine all aspects of the
problem, understand the consequences surrounding the choice
April 2022 | Volume 9 | Article 845348
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of one or a combination of CDMs, and choose the best
alternative in accordance with their priorities and preferences.

In comparison, while CBA, like MCDA, is conducted in a
process involving a few sequential steps (Saarikoski et al., 2016;
Boardman et al., 2017), these are only related to solving the
economic efficiency of scenarios (Wegner and Pascual, 2011). The
monetary units used in CBA for the valuation of environmental
features can limit the stakeholders in the expression of their
preferences (Wegner and Pascual, 2011; Saarikoski et al., 2016).
Decision-making based on CBA is focused on an economic
perspective, and the analyzed components of the socio-ecological
system do not provide as much information to decision-makers,
coastal managers and coastal engineers, as MCDA does.
Frontiers in Marine Science | www.frontiersin.org 14
4.2 Analysis of the Participatory Process
Involving Criteria Identification and
Weighting
Following the uniformization process, a standardized list of 16
criteria was established (Table 4), based on the criteria identified
by participants during the course of five workshops (Figure 5).
The identification exercise and subsequent discussions were
useful for participants to enhance their understanding of the
potential effects of CDMs on socio-ecological systems, and to
learn how the relative values attached to each criterion, by
different stakeholders, can influence the final decision [e.g.
Garmendia and Stagl (2010); Grêt-Regamet et al,. (2017), and
Reed (2008)].
FIGURE 5 | Voting table illustration.
FIGURE 6 | Standardized criteria identified by participants and their weighting range for each workshop. Number of participants per site is indicated in parenthesis.
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However, the exercise led to an over specificity of the criteria,
which happens when different criteria statements have a similar
meaning, and when the theoretical basis used for the evaluation
cannot reflect the accuracy of each statement. Another issue was
the process of synthetizing the criteria identified by participants
into a concise standardized list, which had to be achieved in a short
time to avoid slowing the pace of the workshop, and to allow
Frontiers in Marine Science | www.frontiersin.org 15
enough time for the participants to weigh the criteria. The lack of
time may have resulted in the presence of inconsistencies in the
categories and groupings created during the workshop. These
observations were made during the first workshop of the series.
However, the same approach was maintained for reasons of
methodology and consistency between workshops. The
uniformization of the criteria, identified by the participants,
A

B

D

C

FIGURE 7 | CDMs hierarchization presented in a diamond figure with the net, leaving and entering flows for each study site; (A) Pessamit; (B) Gallix; (C) Baie-des-
Capucins; (D) Cap-des-Rosiers.
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certainly influences the interpretation of the results. Subsequent
work regarding the use of multicriteria analysis for the evaluation
of CDMs should consider taking advantage of the established list
of 16 criteria, in order to avoid a repetition of this phase of the
process, and allow more time for the weighting phase. Prior to the
workshops, the list can be modified or expanded, depending on
the context and environmental conditions.
Frontiers in Marine Science | www.frontiersin.org 16
Despite these drawbacks, the use of multicriteria analysis is
advantageous, especially when dealing with complex problems.
Its capacity to integrate and process subjective information
obtained from local stakeholders in participatory processes, is
invaluable to an inclusive decision-making process. In the future,
the participatory process could be improved by allowing more
time for discussion on the values and weighting of the criteria.
FIGURE 8 | Robustness analysis of CDMs ranked 1 (red), 2 (yellow), and 3 (green), in relation to each criterion for each site (A) Pessamit; (B) Gallix; (C) Baie-des-
Capucins; (D) Cap-des-Rosiers). The vertical axis shows the average criteria weight in percentage. The circles and triangles show the highest and lowest thresholds
at which there is a change in the top 3 ranked CDMs for a given criterion. The blue X shows the criterion weighted average. The grey plus and minus signs show the
weighted average plus and minus the standard deviation.
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For instance, participants could be asked to select from a pre-
established list of criteria, following a thorough presentation
describing the meaning, the scope, and the limits of each
criterion. A better understanding of each criterion by
participants, would result in a set of criteria that is more
accurate, and more representative of their local socio-ecological
contexts. Allowing more time to the weighting phase would also
possibly result in more accuracy, and narrower ranges in the
weighted values.

4.3 Contribution to Coastal Engineering
and Management
The proposed MCDA approach is a flexible tool that could
contribute to coastal engineering and management by its
Frontiers in Marine Science | www.frontiersin.org 17
capacity to structure and analyze the multiple dimensions of a
complex problem, that are not necessarily easy to quantify. The
method helps compare alternatives in relation to all relevant
criteria (Choo et al., 1999; Horstman et al., 2009), while taking
into consideration their relative importance, as rated by different
local stakeholders. The end result is a better knowledge of the
specific context, and is more likely to lead to a solution that is well
adapted to the environment in question. This would answer a need
raised, in the past, by coastal decision-makers for the necessity to
make better decisions related to CDMs (Friesinger and
Bernatchez, 2010; Drejza et al., 2011; Marie et al., 2017). The
inclusion of coastal managers and professionals in the criteria
identification and weighting phases, is in line with a trend to
involve more social stakeholders in environmental management
FIGURE 9 | Illustration of the three phases of the MCDA process and robustness analysis in different report formats.
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(Reed, 2008; Garmendia et al., 2010; Jones et al., 2014; Marttunen
et al., 2017). It gives decision-makers a better understanding of
local conditions, priorities and interests, and it enhances
the stakeholders’ comprehension of all issues related to the
interaction between CDMs and socio-ecological systems. The
approach is conducive to supporting discussions in a group of
stakeholders from different disciplines and functions. Therefore,
the solutions emerge from an interdisciplinary exchange process
(Gamper and Turcanu, 2007), which contributes to increasing the
resilience of the socio-ecological system (Folke, 2016). In three of
the four study sectors presented in this article, the MCDA
approach made it possible to consider solutions other than rock
armour and seawalls which have, up until now, often been
implemented in Quebec, regardless of the type of coastal
environment (Bernatchez and Fraser, 2012; Sauvé et al., 2020).
5 CONCLUSION

Coastal zone managers and professionals were involved in a
participatory process, which led to the identification and
weighting of criteria for the purpose of selecting CDMs that
are suitable to specific conditions. A multicriteria decision
analysis approach was used to evaluate and hierarchize CDMs.
The methodology was applied to four study sites in the province
of Quebec, Canada: Pessamit, Gallix, Baie-des-Capucins, and
Cap-des-Rosiers. The study sites have distinct geomorphological,
hydrodynamic, ecological or socio-economic characteristics.
PROMETHEE, an outranking method, was chosen to carry out
the multicriteria analysis. First, a set of 16 criteria were identified
and weighted by participants of five workshops. Second, CDMs
were evaluated in relation to each criterion, and according to
local socio-ecological features. Third, CDMs were hierarchized
using the information obtained in the first two steps. Results
show that vegetation holds the first rank in the Pessamit, Gallix,
and Baie-des-Capucins sites, while rock armour is first in Cap-
des-Rosiers. Still, deeper analysis indicates that, because of their
high ranking, beach nourishment and permeable groin are
options that are worthwhile considering. Finally, the results are
supported by a robustness analysis. The Pessamit, and Gallix
sites have similar results, which are explained by the
comparability of their environmental characteristics and
coastal activities. Findings regarding criteria identification and
weighting as a participatory process can be divided in two parts.
First, the criteria as identified by workshop participants were too
specific, making it difficult to synthetize into a concise and
comprehensive list useful for the evaluation of CDMs. To
alleviate this problem, this phase of the process could be
substituted by a detailed presentation of a pre-established list
of criteria, followed by a discussion leading to the selection and
weighting, by participants, of relevant criteria from the
predefined list. Second, the weighting process was found to be
a highly effective way to integrate local knowledge into the
decision-making process. The three stages of the multicriteria
decision analysis facilitate the decision-making process by
presenting the results in a structured, transparent and
Frontiers in Marine Science | www.frontiersin.org 18
integrated way, while taking stakeholders’ preferences into
account. Ultimately, the multicriteria decision analysis coupled
with a participatory process is a flexible methodology that
structures multiple aspects related to the selection of a CDM.
It is a tool that can appreciably improve the coastal engineering
and management decision-making process, and contribute to a
better understanding of the socio-ecological systems.
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De Gallix, Municipalité De Sept-Il̂es: Analyse De L’évolution Côtière Et De La
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De Bruin, K., Dellink, R. B., Ruijs, A., Bolwidt, L., van Buuren, A., Graveland, J.,
et al. (2009). Adapting to Climate Change in the Netherlands: An Inventory of
Climate Adaptation Options and Ranking of Alternatives. Clim. Change 95,
23–45. doi: 10.1007/s10584-009-9576-4

de Vriend, H. J., and Van Koningsveld, M. (2012). Building With Nature:
Thinking, Acting and Interacting Differently. (Dordrecht, the Netherlands:
EcoShape, Building with Nature). doi: 10.1080/02513625.2014.925714

Dodgson, J. S., Spackman, M., Pearman, A. D., and Phillips, L. D. (2009). Multi-
Criteria Analysis: A Manual (London: Department for Communities and Local
Government).

Drejza, S., Bernatchez, P., and Dugas, C. (2011). Effectiveness of Land
Management Measures to Reduce Coastal Georisks, Eastern Québec,
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Marttunen, M., Lienert, J., and Belton, V. (2017). Structuring Problems for Multi-
Criteria Decision Analysis in Practice: A Literature Review of Method
Combinations. Eur. J. Oper. Res. 263, 1–17. doi: 10.1016/j.ejor.2017.04.041
Frontiers in Marine Science | www.frontiersin.org 20
Maystre, L. Y., Pictet, J., and Simos, J. (1994). Méthodes Multicritères ELECTRE:
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Sauvé, P., Bernatchez, P., Moisset, S., Glaus, M., and Goudreault, M.-O (2022).
Case Studies on Coastal Defence Measures: A Meta-Analysis of Literature to
Ultimately Improve Decision-Making. Manag.; submitted

Savoie-Ferron, F., Goudreault, M.-O., Autret, R., and Bandet, M. (2020). “Suivi
Environnemental De Travaux De Rechargement De Plage Et De La
Renaturalisation D’une Plage Comme Solution D’adaptation Aux Aléas
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