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Abstract: The decision-making process of the coastal defence measures (CDMs) is complex and filled
with uncertainties due to site-specific interactions between hydrodynamic and geomorphological
conditions, which have repercussions on the ecological and social aspects of coastal communities.
Scientific knowledge of the effects of CDMs contributes to the reduction in inherent uncertainties and
facilitates the decision-making and design processes. The goal of this article is to present an algorithm
designed to evaluate and hierarchize CDMs in relation to different coastal environments. Drawn
from 411 published scientific case studies, a total of 1709 authors’ observation statements regarding
the effects of CDMs on the study sites’ environmental features (type of coast, type of substrate, tidal
range, and wave climate) were entered in a database, categorized, and weighted according to a
qualitative scale. The algorithm processes the information by establishing a correspondence between
user-selected environment features and those stocked in the database, and it evaluates user-selected
CDMs in relation to the specified coastal characteristics by identifying, collating, and rating the
effects as observed in similar contexts. The result is a tool able to process, structure, and concretize
scientific knowledge regarding CDMs and their effects on coastal systems. It is complementary to
existing tools currently used in the decision-making and design processes of the CDMs. The results
present the hierarchization of CDMs according to a multilevel aggregated structure, which can be
used in different ways by coastal managers, decision-makers, and engineers. The algorithm, based
on standardized coastal characteristics, can be applied to any shoreline worldwide.

Keywords: coastal engineering; coastal protection; coastal defence measures; decision-making
process; coastal erosion; integrated coastal zone management; CDMIA

1. Introduction

Coastal systems are affected by coastal hazards such as erosion, flooding, and land-
slides. Coastal defence measures (CDMs) have been implemented to mitigate these hazards
since the establishment of human societies along shorelines [1]. However, coastal erosion
and flooding have been exacerbated in recent decades by the effects of climate change,
sea-level rise [2–5], and anthropogenic activities [6–8], which have led to an increase in
shoreline armouring worldwide [9–12].

The dynamics of coastal systems consist of multi-scale, non-linear processes, resulting
from the interaction between hydrodynamic and morphological conditions [13], which
have feedback effects on ecosystems and on the social aspects of coastal communities [14].
Historically, hard reflective coastal defence structures have been implemented on shorelines

J. Mar. Sci. Eng. 2022, 10, 394. https://doi.org/10.3390/jmse10030394 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse10030394
https://doi.org/10.3390/jmse10030394
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-5889-4236
https://doi.org/10.3390/jmse10030394
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10030394?type=check_update&version=3


J. Mar. Sci. Eng. 2022, 10, 394 2 of 28

without consideration for coastal dynamics and with potentially negative environmental im-
pacts [9,15–18]. The selection of this type of CDM can be explained by a lack of knowledge
regarding coastal dynamics and a lack of tools available to make sound decisions [12,19–23].
In addition, the effect of climate change on coastal systems renders their behaviour more
difficult to predict and increases the uncertainty of their analysis [13,14,24]. In general,
integration of the most current scientific knowledge into coastal management approaches
tends to be slow [13]. However, given the unpredictability brought on by climate change,
such knowledge is becoming more and more critical and can greatly contribute to the
integrality of the CDM decision-making process by reducing inherent uncertainties [14].

The data acquisition methods and tools already in use, such as field measurements
and analysis, physical and numerical modelling, and decision-support tools, provide
important information to the planification process and design of CDMs [24,25]. Currently,
the design of CDMs is mostly based on the technical aspects meant to solve shoreline retreat
issues, rather than on a complete analysis of the effects of CDMs on the socio-ecological
system [12]. Generally, scientific information regarding the effects of CDMs is integrated
into the planification or design process in the form of a brief pros and cons lists. Still, to the
authors’ knowledge, a tool with the capacity to directly and efficiently integrate scientific
knowledge of the effects of CDMs into the evaluation process is not currently available.
Scientific knowledge regarding the effects of CDMs remains unbalanced as the majority
of case studies have been conducted on beach nourishment, seawalls, and breakwaters,
mainly in a context of low-lying sandy coasts [26]. Thus, there is a need for the development
of a tool that is flexible enough to allow easy integration of new scientific data as they
become available, to allow the data to be structured in a way that is useful to the direct
evaluation of CDMs, and to allow variations in the environmental features between the
implementation sites and the case studies.

Based on a literature review of case study publications regarding the effects of coastal
defence measures (CDMs) on coastal systems, the purpose of this article is to present the
development of an algorithm capable of conducting a dynamic meta-analysis of relevant
publications and forming a qualitative synthesis to be used in the CDM decision-making
process. The idea is to use this algorithm for the purpose of the characterization and
pre-analysis of CDMs in relation to different coastal contexts. More specifically, the sub-
objectives are (1) to extract and store in a database information regarding CDMs and their
effects on the coastal system, as well as the physical characteristics of the environment
in which the case studies were carried out and (2) to aggregate these observed effects
based on systemic indicators and a qualitative rating scale. The algorithm should therefore
make it possible to identify and hierarchize CDMs with the lowest impact on specified
coastal systems.

2. Methods

The coastal defence measure identification algorithm (CDMIA) is developed to (1) con-
duct a dynamic meta-analysis of the effects of CDMs on coastal systems, (2) centralize and
structure the existing scientific knowledge drawn from published studies, (3) evaluate,
compare, and rank CDMs in different environmental contexts, and (4) yield useful infor-
mation to support the decision-making process. A graphical synthesis of the CDMIA is
presented in Figure 1. First, the CDMIA is based on the evaluation of the authors’ observa-
tion statements of the effects of CDMs (Figure 2, Section 2.1). Second, the user selects from
a pre-established list the relevant environmental features and CDMs to be evaluated. Third,
the CDMIA is executed in three consecutive steps leading to the evaluation and ranking of
the CDMs (Section 2.2).
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2.1. Evaluation of Authors’ Observation Statements of the Effects of CDMs

The evaluation of CDM effects is based on (1) a literature review, (2) the categorization
of CDM effects, (3) the prioritization of observed CDM effects at the subtype level, and
(4) the weighting of the CDM effects statements (Figure 2). The first version of the CDM
identification algorithm (CDMIA) has the capacity to evaluate CDMs according to their geo-
morphological and hydrodynamic effects. The CDMIA was developed with the possibility
of integrating plugins in order to add further extension modules and allow the evaluation
of CDMs according to their ecological and social effects as well. Modules evaluating the
ecological and social effects will be included in a future version of the CDMIA.

2.1.1. Literature Review

The methodology employed for the literature review is based on research conducted
via Scopus, Web of Science, and Google scholar and was limited to CDM studies dated
between 1970 and 2019, inclusively. CDMs are coastal adaptation measures implemented
to limit or prevent coastal erosion, flooding, or landslides. The CDM categories included in
the meta-analysis are presented and described in Table 1.
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Table 1. Definition of coastal defence measure categories integrated into the meta-analysis (category,
subcategory, type).

CDM Category Definition Subtype

1.0 Rigid structure
Rigid structures are CDMs made of rigid materials, such as stones,
concrete, wood, or steel, to dissipate waves or current energy. They
are designed to maintain or consolidate specific coastal areas.

1.1 Reflective structure

A CDM category whose components are built on, and parallel to,
the shoreline whose purpose is to maintain the coastline in a fixed
location [9,25,27,28]. The name of the category came from its effect
of reflecting the incident wave energy.

1.1.1 Rock armour
Structure mainly made of stone blocks, prefabricated concrete units,
etc., covering the slope of a natural shoreline, an embankment or a
dike [25,29].

• Revetment
• Enrockment

1.1.2 Seawall Structure mainly made of concrete, wood, steel, tires, etc., built
vertically or with a steep slope [30,31].

1.2 Other hard engineering CDMs whose components do not have the same objectives or
effects on coastal dynamics as reflective structures

1.2.1 Breakwater

Sloped structure built offshore, parallel to the shoreline, and mainly
made of stone blocks. Its purpose is to attenuate wave energy
offshore and cause sediment to be deposited between the structure
and the shoreline. [9,32–38].

• Emerged breakwater
• Low-crested structure
• Submerged breakwater
• Sill
• Headland breakwater

1.2.2 Groin
Structure built on the foreshore, perpendicular to the shoreline,
mainly made of wood or stone whose purpose is to capture
sediment carried by longshore currents [39–43].

• Permeable groin
• Impermeable groin

1.2.3 Dike

Alongshore embankment implemented on the backshore and
generally composed of compacted soil. Dikes are mainly designed
to prevent coastal flooding. They can be covered by rock armour or
other types of revetments.

1.2.4 Rip-rap
Gently sloping structure composed of coarse sedimentary material,
usually the size of pebbles and small blocks (62–300 mm), deposited
on the shore to stabilize its profile and hold the material in place.

• Rip-rap

2.0 Soft techniques
Soft techniques are flexible means of shoreline remediation that act
on the sediment budget by adding sediments or using vegetation
techniques to retain it.

2.1 Beach nourishment

A CDM built from the deposition of borrow sediment on a beach
with the purpose of reprofiling sections of it to increase its wave
energy dissipation capacity and its width and to rebalance the
sediment budget within the sediment cell. A beach nourishment is
located on specific areas of the beach: dune, beach, shoreface,
nearshore [44–47].

• Dune nourishment
• Shore nourishment
• Nearshore nourishment
• Shoreface nourishment
• Mega-nourishment

2.2 Sediment trapping

A CDM implemented on sandy coasts, usually dunes, used to
control wind erosion by obstructing the wind close to the ground
and to create areas conducive to sand deposition [48]. Sand fencing
is a common technique for sediment trapping made of wooden
slats joined by a wire [49–51].

• Sand fence

2.3 Vegetation addition
Planting of vegetation adapted to the dynamics of the site in areas
where the vegetation is fragmented, sparse, or absent [52]. This
technique is not subject to engineering design.

• Vegetation

2.4 Beach drainage system
A CDM implemented below the surface of sandy beaches, used to
drain the beach. The aim is to reduce cross-shore sediment
transport [53].

• Vertical drainage
• Horizontal drainage
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A three-level screening process was used to select relevant publications:

1. Step 1: Case studies were exclusively selected from field measurements and analysis
and numerical and physical models.

2. Step 2: Articles selected in step 1 were screened out when they did not evaluate one
or more of the following CDM effects: geomorphological or hydrodynamic.

3. Step 3: The remaining articles were retained only if they responded positively to all of
the three following questions: (1) does the article include observations made directly
by the authors (i.e., with original data)? (2) If so, do the observations indicate changes
to the coastal system relative to a baseline condition? (3) If so, were the changes
caused by a CDM?

A total of 411 publications were retained; they contained 1709 statements of observed
CDM effects (supplementary S1). Information was extracted from the selected publications
and organized in the database using three levels (Table 2).

Table 2. Structure of the database which contains the information extracted from each of the se-
lected publications.

Level 1: Publication details
Authors, title, year of publication, and journal

Level 2: Environmental characteristics of study sites *
Country, region, location, coastal type, sediment type, tidal range, waves, and current characteristics

Level 3: Observed CDM effects
Type of CDM subject to study, authors’ observations statements of the CDMs effects, type of CDM
effects based on authors’ observation (used to classify CDM effects), and categorization of CDM
effect type (geomorphological or hydrodynamic)

* If an article included more than one study site, each was entered individually in level 2.

The environmental characteristics, as described by the authors of the study sites
(level 2), were homogenized using adapted classification systems (Table 3). The currents
were not classified, due to the scarcity and disparity of information.

Table 3. Classification systems used to homogenize four types of study site environmental features,
as described by the authors in scientific publications. These four types are used in the algorithm as
base variables to evaluate CDMs according to different coastal systems.

Type of coast
Littoral spit, beach terrace, barrier island, welded barrier/tombolo, dune, unconsolidated cliff, salt
marsh, and rocky cliff.
Adapted from the work of Bird [54], Davidson-Arnott [55], and Davis and Fitzgerald [56].

Type of substrate
Clay (0.001–0.004 mm), silt (0.004–0.063 mm), sand (0.063–2 mm), gravel (2–64 mm), cobbles
(64–256 mm), and boulders (>256 mm).
Based on the Friedman and Sanders size scale [57] for unconsolidated sediments.

Wave characteristics
Low energy (<1 m), moderate energy (1–2 m), and high energy (>2 m).

Tidal range
Tideless (0 m), microtidal (<2 m), mesotidal (2–4 m), macrotidal (>4 m), and megatidal (>8 m).
Adapted from the Davies’ shoreline classification system [58] and the work of
Levoy et al. [59] (2000).

2.1.2. Categorization of CDM Effects

A three-level classification system for CDM effects (category, type, and subtype) was
developed to facilitate the analysis of the authors’ observation statements in the database.
The first level allows a sorting under one of two categories, either geomorphological or
hydrodynamic. The second level allows the grouping of statements according to a broad
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type of observed effect. The third level links the specific CDM effect directly with the
authors’ statement. The categorized CDM effects used in the analysis are presented in
Table 4 (columns entitled CDM effect categorization and Description).

Table 4. Cause–effect scale for the prioritization of CDM effects at the subtype level.

Level Definition

1 Direct effect Observation directly related to coastal erosion or accretion
2 Direct cause Observation of a phenomenon causing coastal erosion or accretion

3 Indirect cause Observation of a phenomenon that indirectly causes coastal erosion
or accretion

2.1.3. Prioritization of CDM Effects at the Subtype Level

The CDM effect subtypes are classified in a priority order based on a three-level
cause–effect scale: direct effect, direct cause, and indirect cause (Table 4). This scale is
added to Table 5 (column entitled Level on the cause–effect scale and justification). Level 1
corresponds to the observation of the direct effect of a CDM on coastal erosion or accretion.
Direct effects are prioritized as they are related to the observation of a tangible change in
coastal erosion or the accretion processes which the implementation of a CDM is meant
to control. Level 2 corresponds to the observation of a phenomenon that leads to coastal
erosion or accretion. Direct causes are classified in second order as they lead to processes
that can cause coastal erosion or accretion but are not the main intended effect related to the
implementation of a CDM. Still, CDMs, such as breakwater or groin, can be implemented
to control the process at that level. Level 3 corresponds to the observation of a phenomenon
that indirectly causes coastal erosion or accretion. Indirect causes are classified in third
order as they lead to processes that can indirectly cause coastal erosion or accretion.

2.1.4. Weighting of Authors’ Observation Statements

The significance of the CDM effects, as observed by the authors in the scientific litera-
ture, was evaluated using a weighting scale. As the majority of the authors’ observations
present in the scientific literature are qualitative, the weighting scale is a qualitative scale
from strong negative (−5) to strong positive (+5) (Table 5). Where quantitative results were
provided in the observation statement, a ratio was established, and the quantitative value
was transposed into the qualitative scale (Table 6, third column). The quantitative ratio
is related to the percentage of change observed by an author or by an estimation of the
change based on the data presented in a publication.
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Table 5. Categorization system (category, type, subtype) and prioritization of CDM effects.

CDM Effect Categorization Description Level on the Cause-Effect Scale and Justification

1. Geomorphological
1.1. Erosion/Accretion

1.1.1. Accretion Sediment deposition

Direct effect
(level 1)

Direct observation of coastal erosion or accretion

1.1.2. Scouring Erosion at the foot of a CDM

1.1.3. Sediment budget Summation of the sediment volume supplied and lost to a coastal compartment
in a defined period

1.1.4. Shoreline movement Retreat or advance of the shoreline
1.1.5. Flanking Erosion of the unprotected beach adjacent to the end of a CDM
1.1.6. Erosion Observation of erosion in general without mention of specific form of erosion
1.1.7. Beach height Variation in beach level
1.1.8. Beach width Variation in beach width
1.1.9. Geomorphological recovery Interference on the natural erosion and accretion cycle of the beach

1.1.10. Sediment retention Interference of hydrodynamic conditions leading to successive accretion and
erosion zones

1.2. Topo-bathymetry profile
1.2.1. Beach profile Variation in beach slope or equilibrium profile Indirect cause

(level 3)
Underwater sediment movement caused by a change in

hydrodynamic conditions

1.2.2. Bar system Formation or disappearance of bars
1.2.3. Topography General elevation of the coast
1.2.4. General variation in bathymetry Modification of the bathymetry in general
1.2.5. Localized variation in bathymetry Underwater local formation of a trough or mound

1.3. Sediment transport
1.3.1. Sediment dispersion Modification resulting in the dispersion of sediments Direct cause

(level 2)
Interception of sediment supply is a cause of erosion

1.3.2. Longshore transport Modification of longshore transport

1.3.3. General sediment transport Modification of sediment transport in general without mention of sediment
dispersion, longshore, or cross-shore transport

1.3.4. Cross-shore transport Modification of cross-shore transport
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Table 5. Cont.

CDM Effect Categorization Description Level on the Cause-Effect Scale and Justification

2. Hydrodynamic
2.1. Wave properties

2.1.1. Wave angle Modification of wave angle

Direct cause
(level 2)

A change in the wave angle of incidence and intensification of
obliquely incident wave attack are causes of beach erosion

2.1.2. Wave properties General modifications of wave properties

2.2. Current
2.2.1. Water circulation General modification of water circulation (eddy current, circular current, etc.) Indirect cause

(level 3)
Currents are causes of sediment transport which is a direct

cause of erosion.

2.2.2. Cross-shore current Modification of cross-shore current
2.2.3. Longshore current Modification of longshore current
2.2.4. Rip current Creation or modification of rip current

2.3. Underground water
2.3.1. Thickness of the unsaturated beach

layer Modification of the thickness of the unsaturated beach layer Direct cause
(level 2)

A rise in beach water table is a cause of erosion.
2.3.2. Infiltration/Percolation Modification of the infiltration or percolation of water on the beach surface
2.3.3. Water table level Modification of the water table level

2.4. Run-up process
2.4.1. Backwash/Swash Modification of wave backwash or swash Direct cause

(level 2)
Modification of wave dissipation on the beach resulting in

sediment transport.

2.4.2. Overtopping Overtopping of a CDM

2.4.3. Run-up Modification of wave run-up

2.5. Dissipation process
2.5.1. Breaking Modification of wave breaking process

Direct cause
(level 2)

Increased wave energy and wave reflection are causes
of erosion

2.5.2. Diffraction Modification of wave diffraction
2.5.3. Wave energy General modification of wave energy dissipation
2.5.4. Wave height Modification of wave height
2.5.5. Reflection Modification of wave reflection
2.5.6. Transmission Modification of wave transmission

2.5.7. Refraction Modification of wave refraction
Indirect cause

(level 3)
Refraction results from change to bathymetry (direct cause)
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Table 6. Weighting scale used for the evaluation of authors’ observation statements.

Level Description Quantitative Ratio Authors’ Observation Statement Examples

5
Strong positive CDM effect based
on amplifying terms or a mention

of long-term effect
>70% Efficiently traps sediment [60]; significant sand

accumulation [61]; long-term build up of sediment [62]

3 Positive CDM effect >40 ≤ 70%
Wave height transmission [ . . . ] was approximately
0.5 [63]; Control [ . . . ] the wave-induced circulation

pattern [64]

1
Minimal positive CDM effect
based on limiting terms or a

statement associated with a trend
>10 ≤ 40% Tends to cause accumulation [16]; covered by a thick layer

of sediment [65]

0 No CDM effect −10 to 10% No tendency to form salient was observed [66]

−1
Minimal negative CDM effect
based on limiting terms or a

statement associated with a trend
<−10 ≥ −40% Minimizing the downdrift erosion associated with the

groin [61]

−3 Negative CDM effect <−41 ≥ −70% Erosion of the beaches [67]; lowered elevation of the beach
toe [68]

−5
Strong negative CDM effect based
on amplifying terms or a mention

of long-term effect
<−70% Strong [wave] reflection [17]; heavy erosion in the gaps

between breakwater [69]

2.2. Coastal Defence Measure Identification Algorithm

The purpose of the coastal defence measure identification algorithm (CDMIA) is to
evaluate the performance of CDMs in relation to specific coastal characteristics. First, a
correspondence is established between user-selected environmental features (type of coast
(TC), type of substrate (TS), wave climate (WC), and tidal range (TR)) and those available
in the database. Then, the user-selected CDMs are evaluated according to their effects on
the specified environmental features.

The CDMIA execution is divided into three successive parts (Figure 1). In the first part,
groups are created from the user-selected environmental features, each group comprised
of one environmental feature from each of the four types (TC, TS, WC, and TR, Table 3).
In the second part, for each CDM and for each group of environmental features (part I), a
correspondence is established with similar variables present in the database. The associated
authors’ observed CDM effects are then selected by the CDMIA and evaluated according
to their category and weight. In the third part, the CDMs are ranked in connection with the
evaluation made in part II.

The CDMIA was developed using Visual Basic for Applications with Microsoft Excel ©,
which was chosen for its accessibility. In the following sections, the words in brackets are
related to functions or variables in the CDMIA procedure figures.

2.2.1. Environmental Features Grouping (Part I)

The first action of the CDMIA is a manual selection, by the user, of environmental
features from four pre-established lists consisting of the elements itemized under each of
the four types of environmental features, as presented in Table 3. For each type, any number
of elements can be selected by the user. Based on the user selection, the first part of the
CDMIA procedure is the creation of groups (a group) of environmental features that will
define the specific environmental conditions against which the CDMs will be evaluated.

The CDMIA will create individual groups composed of one element from each type
of environmental feature: type of coast (TC), type of substrate (TS), wave climate (WC),
and tidal range (TR). It will then combine each environmental feature from one type with
one feature from each of the remaining 3 types (Figure 3 and Table 7). This action will be
repeated until every possible combination is achieved, thus forming multiple groups.
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Table 7. Example grouping of environmental features according to a hypothetical user selection.

User Selection Resulting Groups

• Littoral spit (LS)
• Unconsolidated cliff (UC)

• Group 1 (LS, S, LE, Micro)
• Group 2 (LS, G, LE, Micro)
• Group 3 (UC, S, LE, Micro)
• Group 4 (UC, G, LE, Micro)

Type of coast

• Sand (S)
• Gravel (G)

Type of substrate

• Low energy (LE)Wave characteristics

• Microtidal (Micro)Tidal range

The central element of the CDMIA is divided in two fields; under the characterization
fields is a list of environmental features (TC, TS, WC, and TR) with a CDM, and under
the result fields is a list of evaluation criteria (Table 8). For each user-selected CDM, an
evaluation is performed in relation to each group of environmental features. The results
of the evaluation are compiled in the result fields. Two main loops make up the CDMIA:
CDM (CDM.k) and group (group.m). The relation between the loops can be translated
as follows: CDM.k ⊆ group.m. It allows the evaluation of each CDM against each group
of environmental features. The results of the different analyses are recorded in the result
fields and will be used to ultimately establish a hierarchy between the CDMs in relation to
each group of environmental features.

Table 8. Fields with their list of evaluation criteria.

Characterization Fields Result Fields

• Groups (group.m)

- Type of coast (TC)
- Type of substrate (TS)
- Tidal range (TR)
- Wave climate (WC)

• Coastal defence measure (CDM.k)

• Number of observed CDM effects (nb.OE)
• Enlargement degree reached (en)
• Correspondence index (CI)
• Threshold percentage reached (thres.pct)
• Weighted average (weig.avg)
• Position of the CDM in the final ranking (pos)

2.2.2. CDM Evaluation (Part II)

The second part of the CDMIA is the CDM evaluation process (Figure 4). For each
CDM and for each group of environmental features selected by the user (Part I), a corre-
spondence is established with similar variables present in the database (FCT nb.obs.effect);
then, the number of observed effects (nb.OE) associated with these variables is tallied up.
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If the nb.OE is larger than 0, the related environmental features (TC, TS, WC, and
TR) are registered in a secondary table. If the nb.OE is larger than a minimum number
of observed CDM effects determined by Equation (1) below (nb.OE.min, Equation (1)),
the evaluation of the CDM effects is based on the environmental features entered in the
secondary table. The results of the evaluation are recorded in the result fields (Table 8).
If the nb.OE is smaller than the nb.OE.min, an enlargement (en, Table 9) of the original
environmental features is conducted, which results in a decrease in the value of the corre-
spondence index (CI, Equation (2)), an indicator of uncertainty. Following the enlargement
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process, the nb.OE is retallied. This loop is carried out until the nb.OE is larger than the
nb.OE.min or until the highest degree of enlargement (en) has been reached. At that point,
if the nb.OE is still smaller than the nb.OE.min, the CDM is rejected.

Table 9. Degrees of enlargement of user-selected environmental features.

Degree Description

1 Initial criteria and direct effects -

2 Initial criteria and addition of direct causes to the
direct effects n = n + 1

3 Initial criteria and addition of indirect causes to the
direct causes and direct effects n = n + 1

4 Integration of the immediate lower and upper tidal
range classes TM.r = ∑+1

−1(TM.r)

5 Integration of the immediate lower and upper wave
climate classes TV.r = ∑+1

−1(TV.r)

6 Integration of the immediate lower and upper types of
substrate classes TS.r = ∑+1

−1(TS.r)

7 Integration of all subtypes into the initial type of coast WC.r = ∑2
3(WC.r)

8 Integration of all tidal range classes TM.r = all

9 Integration of all wave climate classes WC.r = all

10 Integration of all types of substrate classes TS.r = all

11 Integration of all subtypes of coast into the
subcategory of coast TC.r = ∑1

2(TC.r)

12 Integration of all subtypes of CDM included in the
same type CDM.r = ∑2

3(CDM.r)

Once each CDM selected by the user has been evaluated in relation to each group of
environmental features, a ranking of CDMs (part III) is carried out.

The tally of observed CDM effects defines whether the available information related to
that CDM, in a given coastal system context, is sufficient to be used in the decision-making
process. The purpose of this function is to extract from the database, and record in a
separate table, the observed effects of a CDM (CDM.k) in combination with the associated
environmental features (TC, TS, WC, and TR) and then to tally up the number of occurrences
(nb.OE).

The minimum number of observed CDM effects (nb.OE.min) deemed acceptable to
support the decision-making process is calculated based on the total number of observed
effects in the context of the broad coastal category to which the specific type of coast,
originally selected, is related (nb.OE.tot). For example, if the originally selected type of
coast (TC) is a beach terrace, the nb.OE.tot will be calculated based on all types of coast
in the category of “unconsolidated coast” (beach terrace, dune, littoral spit, barrier island,
and unconsolidated cliff). Once calculated, the nb.OE.min is used to determine whether an
enlargement of the original environmental features (en, Table 9) is required.

The calculation of the nb.OE.min is based on a polynomial equation which delineates
an attenuation ratio between the nb.OE.min and the nb.OE.tot (Equation (1)). The equation
was built by the authors to obtain a high ratio value (approx. 0.3) when the nb.OE.tot is
low and a progressive attenuation which converges toward a minimal increase around a
nb.OE.tot value of 350 (ratio of 0.14). The analysis is therefore based on a lower number of
observed effects but a better match with the environmental characteristics of the study area.

nb.OE.min = −0.0005·nb.OE.tot2 + 0.32·nb.OE.tot − 0.5 (1)
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The relationships between the different types of environmental features and the
different types of CDMs are not fully covered in the scientific literature [12]. A function to
expand the user-selected environmental features was therefore developed to enlarge the
applicability of the available information. This is necessary, even though the enlargement
(en) of the user-selected environmental features will result in a decrease in accuracy with
the corresponding characteristics compiled in the database. In order to reach an acceptable
compromise, twelve degrees of enlargement were defined (Table 9).

A correspondence index (CI) was integrated into the CDMIA to characterize the uncer-
tainty of the information used in the evaluation of the CDM effects. CI has an initial value of
1 and is reduced according to a polynomial function (Equation (2)), which is directly related
to the degree of enlargement (en). This equation was built to represent the exponential
decreasing rate of accuracy between the degrees of enlargement. A visual analysis resulted
in the definition of the parameters of the third-degree polynomial equation.

CI = −0.0013en3 + 0.015en2 − 0.07en + 1.06 (2)

The function Effect.CDM was developed to evaluate the CDM effects on specific
environmental features. First, in connection with the environmental features selected by
the function nb.OE, and recorded in the secondary table, the function Effect.CDM tallies
the number of observed CDM effects (nb.OE) per each level of the weighting scale (−5 to 5,
Table 6). Second, Effect.CDM classifies and tallies the number of observed CDM effects by
subtype, type, and category. The sum of the subtypes is the total of a type, and the sum of
the types is the total of a category.

2.2.3. CDM Ranking

The CDM ranking is based on three criteria: the threshold percentage reached (thres.pct),
the weighted average (weig.avg), and the correspondence index (CI) (Figure 5). In the case
of a tie, the weighted average has precedence over the correspondence index. A selected
CDM is removed from the ranking when the observed effects are null following a 12-degree
enlargement of the initial environmental context.
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A threshold percentage (thres.pct) is used to identify at which level of the weighting
scale a defined percentage value of observed effects is reached. Following a sensitivity
analysis, the thres.pct value was set at 60%. Under each level of the weighting scale,
the percentage of observed effects in relation to the total number of observed effects is
calculated. The thres.pct function calculates, for each CDM, the cumulative percentages
from the highest level of the weighting scale (5) to the lowest (−5). The level at which the
cumulative percentage of 60% is reached becomes one of the CDM performance indicators.

A weighted average (weig.avg) is used to obtain an overall score on the weighting
scale. For each level of the weighting scale, the number of observed effects is multiplied by
their corresponding level value. The results are then added up, and the sum is divided by
the total number of observed effects.

3. Results
3.1. CDMIA Contextualized Results

The next two subsections present, as an example, the CDMIA results in the context of
a littoral sandy spit, a mesotidal coast, and a low energy wave climate (Hs < 1.0 m). More
CDMIA results examples are presented in supplementary materials (S2).

3.1.1. Summary Hierarchization

Table 10 presents an example of a summary hierarchization generated by the CD-
MIA. Column 3 shows the level on the weighting scale at which the threshold percentage
(pct.thres) is reached, and column 4 shows the weighted average (avg). These two indi-
cators give information on the performance of the CDM. The correspondence index (CI)
and the number of observed CDM effects included in the evaluation (nb.OE) are shown in
columns 5 and 6. These two indicators give information on the uncertainty of the results.
Columns 7 to 13 show the distribution of the nb.OE for each level of the weighting scale.

There is a complementarity between pct.thres and avg: when both numbers are fairly
close in value, the results can be considered conclusive, but when there is a significant
difference between the two numbers, a threshold effect occurs and indicates the necessity
to scrutinize the results. For example, with a pct.thres set at 60%, a threshold effect will
occur when 59% of the observed effects is reached at level 3 on the weighting scale, and
60% is reached at level −1. In Table 10, a threshold effect occurs in the case of low-crested
breakwater, which reaches the pct.thres at level −3 but has an avg of −0.588, a fairly large
difference between the two values. A closer look at the results shows that even though
the two values are in the negative range, a large number of observed effects (41.1%) are
actually in the positive range of the weighting scale.

3.1.2. Detailed Results

The hierarchization of the information provides detailed results according to several
levels of aggregation. The analysis of the CDM effects can be adapted to the user’s needs,
while maintaining a proximity to the raw data (characteristics of the study area and the
observed CDM effects) which were processed and structured in a way to provide relevant
information for the CDM decision-making and design processes.

A detailed results list (Table 11) presents the observed CDM effects subdivided by
the three levels of the cause–effect scale (Table 4) and the three levels of classified CDM
effects (Table 5). The top line is the aggregation of all the observed effects within the
geomorphological category (Agg, Table 11, column 3) and corresponds to the results
presented in the summary hierarchization (see Table 10, rnk 10, Beach nourishment). The
first degree of data disaggregation is by level on the cause–effect scale ([DirE = direct effect;
DirC = Direct cause; IndC = Indirect cause], Table 11, column 3). The second and third are
by type and subtype of observed effects, respectively.



J. Mar. Sci. Eng. 2022, 10, 394 15 of 28

Table 10. Summary hierarchization resulting from the evaluation of CDM geomorphological effects. The results presented, as an example, are in an environmental
context described as littoral sandy spit, mesotidal coast, and low energy wave climate (Hs < 1.0 m). The background blue shades is used to give a visual indication of
the distribution of the nb.OE on the weighting scale.

Rnk CDM Pct.thres Avg CI nb.OE −5 −3 −1 0 1 3 5
1 Land vegetation 3 3.026 0.375 38 - - - 2.6% 2.6% 86.8% 7.9%
2 Permeable drainage layers 3 3.00 0.697 1 - - - - - 100.0% -
2 Aquatic vegetation 3 3.00 0.697 1 - - - - - 100.0% -
4 Mega-nourishment 3 2.70 0.375 30 - 6.7% - 10.0% - 63.3% 20.0%
5 Sediment derivation method 3 2.538 0.697 13 7.7% 7.7% - - - 53.8% 30.8%
6 Nearshore nourishment 3 2.032 0.697 31 - 6.5% - 19.4% 9.7% 54.8% 9.7%
7 Permeable groin 3 1.529 0.859 17 5.9% 11.8% 5.9% 5.9% - 64.7% 5.9%
8 Jetty 1 3.00 0.859 2 - - - - 5- - 50.0%
9 Vertical beach drainage system 1 1.833 0.859 6 - - - 16.7% 33.3% 50.0% -

10 Beach nourishment 1 1.793 0.859 111 0.9% 6.3% 0.9% 25.2% 10.8% 43.2% 12.6%
11 Horizontal beach drainage system 1 1.792 0.859 24 - 4.2% - 20.8% 25.0% 41.7% 8.3%
12 Emerged breakwater 0 0.24 0.697 25 4.0% 32.0% 4.0% 12.0% 4.0% 40.0% 4.0%
13 Impermeable groin −1 0.241 0.859 29 - 37.9% 3.4% 13.8% 6.9% 27.6% 10.3%
14 Low-crested breakwater −3 −0.588 0.859 51 11.8% 43.1% 2.0% 2.0% 3.9% 29.4% 7.8%
15 Submerged breakwater −3 −0.676 0.859 68 11.8% 44.1% 1.5% 2.9% 4.4% 27.9% 7.4%
16 Rip-rap −3 −1.00 0.375 7 - 42.9% 14.3% 28.6% - 14.3% -
17 Seawall −3 −2.586 0.697 58 13.8% 62.1% 8.6% 13.8% - 1.7% -
18 Rock armour −3 −3.30 0.697 20 30.0% 60% - 10.0% - - -
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Table 11. Detailed results list of the observed effects of beach nourishment subdivided into geomorphological categories (category, type, subtype). The results
presented, as an example, are in an environmental context described as litoral spit, sand, mesotidal coast, and low energy wave climate (Hs < 1.0 m). The background
blue shades is used to give a visual indication of the distribution of the nb.OE on the weighting scale.

Rnk CDM Level Category of CDM Effect nb.OE Avg −5 −3 −1 0 1 3 5
10

Beach
nourishment

Agg Geomorphological 111 1.793 0.9% 6.3% 0.9% 25.2% 10.8% 43.2% 12.6%
DirE Geomorphological 67 2.522 - - - 20.9% 11.9% 47.8% 19.4%

Erosion/Accretion 67 2.522 - - - 20.9% 11.9% 47.8% 19.4%
Accretion 9 3.667 - - - - - 66.7% 33.3%

Sediment budget 24 3.083 - - - 8.3% 16.7% 41.7% 33.3%
Shoreline movement 17 1.588 - - - 35.3% 17.6% 47.1% -

Erosion 6 0.833 - - - 83.3% - - 16.7%
Beach height 3 2.333 - - - - 33.3% 66.7% -
Beach width 7 2.857 - - - 14.3% - 71.4% 14.3%

Geomorphological recovery 1 3 - - - - - 100.0% -
DirC Geomorphological 14 0.857 - 14.3% - 42.9% - 42.9% -

Sediment transport 6 2.5 - - - 16.7% - 83.3% -
Longshore transport 2 3 - - - - - 100.0% -

General sediment transport 2 3 - - - - - 100.0% -
Cross-shore transport 2 1.5 - - - 50.0% - 50.0% -

Run-up process 1 −3 - 100.0% - - - - -
Run-up 1 −3 - 100.0% - - - - -

Dissipation process 7 0 - 14.3% - 71.4% - 14.3% -
Wave energy 3 −1 - 33.3% - 66.7% - - -
Wave height 4 0.75 - - - 75.0% - 25.0% -

IndC Geomorphological 1 −3 - 100.0% - - - - -
Topo-bathymetric profile 29 0.724 3.4% 13.8% 3.4% 27.6% 13.8% 34.5% 3.4%

Beach profile 9 −0.111 - 33.3% 11.1% 22.2% - 33.3% -
Bar system 18 0.944 5.6% 5.6% - 27.8% 22.2% 38.9% -

General variation in bathymetry 2 2.5 - - - 50.0% - - 50.0%
Current 1 −3 - 100.0% - - - - -

Cross-shore current 1 −3 - 100.0% - - - - -



J. Mar. Sci. Eng. 2022, 10, 394 17 of 28

The disaggregated information shows both the positive and negative CDM effects,
which are indicators of a CDM’s strengths and weaknesses. This information can be
used to improve CDM design. Improvements can also sometimes be achieved by using
a combination of complementary CDMs. For example, when looking at the broad Ero-
sion/Accretion classification, based on a large number of observations (Table 11, nb.OE,
column 5, nb.OE = 67), beach nourishment has a generally positive effect. Still, drilling
down into the details reveals that 83.3% of the observed effects under the subtype “erosion”
(observation of erosion in general, Table 5) are neutral or show no evidence that beach
nourishment has a positive or negative effect on the general erosion of the beach. Thus, an
engineer could use this information to improve the efficiency of beach nourishment against
erosion, by combining it with a complementary CDM. Moreover, under the subtype beach
profile beach nourishment shows a negative average (−0.111) based on nine observations.
However, this average is close to a neutral effect as 33.3% of the observations are at the
−3 level on the weighting scale, 33.3% are at level 3, and 22.2% are at level 0. Therefore,
the negative average (Table 11, column 6: avg) is based on only a ninth of the observations
(i.e., 11.1% at level −1). Again, an engineer could adjust the design by using, for example,
a better adapted granulometry.

3.2. CDMIA Overall Results

The CDMIA was developed with the objective of obtaining a detailed assessment
of CDMs in relation to a specific group of environmental features. In order to evaluate
the overall performance of the CDMIA according to variations in environmental features,
an analysis of the results, based on the averaging of correspondence indexes (CI), was
conducted for each group of features. Moreover, the overall performance of CDMs,
in each group of environmental features, was conducted through an averaging of the
weighted averages.

The averages of the CI values vary between 1 and 0 and are presented in Table 12. A
value of 1 indicates a perfect correspondence, while a value near 0 indicates an absence of
correspondence. The averaging of the CI values gives an indication of the accuracy of the
results in each group of environmental features.

The CDMIA’s highest level of accuracy is associated with unconsolidated low coast
(littoral split, beach terrace, barrier island, and welded barrier/tombolo) with substrates
corresponding to silt, sand, or pebbles. Eighteen CDMs were evaluated in relation to these
coastal characteristics, and the resulting average CI values varied between 0.665 and 0.770.

Table 12 shows a sampling of the results and the average values of the correspondence
index (CI). The detailed results are not presented here due to lack of space, but it is worth
mentioning that the lowest CI value was 0.375, and the highest values varied between
0.794 and 1. The lowest CI was associated with either mega-nourishment, rip-rap or land
vegetation and can be explained by the low number of observed effects found in the
literature in relation to these protection measures, and the fact that enlargement had to be
used in these cases in order to reach the nb.OE.min (see Section 2.2.2). At the other end
of the spectrum, maximum CI values were obtained when the number of observed effects
was higher than the nb.OE.min, and enlargement was not necessary. In such cases, there
is a better match between the study area features and those compiled in the database and
thus better accuracy in the results. A perfect correspondence (CI = 1) was reached in seven
of the 4374 cases (0.160%) (combination of a set of environmental features and a CDM). Of
these seven cases, the nb.OE was higher or equal to 10 in two cases, between 5 and 9 in two
cases, and lower than 5 in the remaining three cases.
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Table 12. Average correspondence index (CI) and number of CDMs evaluated (CI (nb.CDM)) for
each group of environmental features (type of coast, type of substrate, tidal range, and wave climate).
The background colours are associated with CI values (red [0] < yellow [0.5] < green [1]).

Littoral
Spit

Beach
Terrace

Barrier
Island

Welded
Barrier/Tombolo Dune Unconsolidated

Cliff
Salt

Marsh
Rocky
Cliff

Clay
Microtidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)
Mesotidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)
Macrotidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.628 (5) 0.000 (0)

Silt
Microtidal

Low 0.712 (18) 0.726 (18) 0.722 (18) 0.715 (18) 0.000 (0) 0.393 (18) 0.632 (5) 0.000 (0)
Moderate 0.715 (18) 0.760 (18) 0.749 (18) 0.742 (18) 0.000 (0) 0.404 (18) 0.635 (5) 0.000 (0)

High 0.742 (18) 0.684 (18) 0.679 (18) 0.679 (18) 0.000 (0) 0.404 (18) 0.632 (5) 0.000 (0)
Mesotidal

Low 0.712 (18) 0.726 (18) 0.722 (18) 0.715 (18) 0.000 (0) 0.393 (18) 0.632 (5) 0.000 (0)
Moderate 0.715 (18) 0.760 (18) 0.749 (18) 0.742 (18) 0.000 (0) 0.404 (18) 0.648 (5) 0.000 (0)

High 0.742 (18) 0.684 (18) 0.679 (18) 0.679 (18) 0.000 (0) 0.404 (18) 0.632 (5) 0.000 (0)
Macrotidal

Low 0.687 (18) 0.692 (18) 0.690 (18) 0.690 (18) 0.000 (0) 0.393 (18) 0.632 (5) 0.000 (0)
Moderate 0.690 (18) 0.708 (18) 0.706 (18) 0.706 (18) 0.000 (0) 0.404 (18) 0.635 (5) 0.000 (0)

High 0.706 (18) 0.665 (18) 0.665 (18) 0.665 (18) 0.000 (0) 0.404 (18) 0.632 (5) 0.000 (0)

Sand
Microtidal

Low 0.712 (18) 0.736 (18) 0.733 (18) 0.715 (18) 0.566 (20) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.715 (18) 0.770 (18) 0.753 (18) 0.742 (18) 0.574 (20) 0.405 (18) 0.000 (0) 0.560 (2)

High 0.742 (18) 0.695 (18) 0.679 (18) 0.679 (18) 0.558 (20) 0.406 (18) 0.000 (0) 0.560 (2)
Mesotidal

Low 0.712 (18) 0.737 (18) 0.728 (18) 0.715 (18) 0.567 (20) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.715 (18) 0.770 (18) 0.753 (18) 0.742 (18) 0.571 (20) 0.405 (18) 0.000 (0) 0.560 (2)

High 0.742 (18) 0.688 (18) 0.679 (18) 0.679 (18) 0.554 (20) 0.410 (18) 0.000 (0) 0.560 (2)
Macrotidal

Low 0.687 (18) 0.694 (18) 0.690 (18) 0.690 (18) 0.553 (20) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.690 (18) 0.710 (18) 0.706 (18) 0.706 (18) 0.557 (20) 0.405 (18) 0.000 (0) 0.560 (2)

High 0.706 (18) 0.665 (18) 0.665 (18) 0.665 (18) 0.534 (20) 0.406 (18) 0.000 (0) 0.560 (2)

Pebbles
Microtidal

Low 0.712 (18) 0.726 (18) 0.722 (18) 0.715 (18) 0.000 (0) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.715 (18) 0.760 (18) 0.749 (18) 0.742 (18) 0.000 (0) 0.404 (18) 0.000 (0) 0.560 (2)

High 0.742 (18) 0.684 (18) 0.679 (18) 0.679 (18) 0.000(0) 0.404 (18) 0.000 (0) 0.560 (2)
Mesotidal

Low 0.712 (18) 0.726 (18) 0.722 (18) 0.715 (18) 0.000 (0) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.715 (18) 0.760 (18) 0.749 (18) 0.742 (18) 0.000 (0) 0.404 (18) 0.000 (0) 0.560 (2)

High 0.742 (18) 0.684 (18) 0.679 (18) 0.679 (18) 0.000 (0) 0.404 (18) 0.000 (0) 0.560 (2)
Macrotidal

Low 0.687 (18) 0.692 (18) 0.690 (18) 0.690 (18) 0.000 (0) 0.393 (18) 0.000 (0) 0.560 (2)
Moderate 0.690 (18) 0.708 (18) 0.706 (18) 0.706 (18) 0.000 (0) 0.404 (18) 0.000 (0) 0.560 (2)

High 0.706 (18) 0.665 (18) 0.665 (18) 0.665 (18) 0.000 (0) 0.404 (18) 0.000 (0) 0.560 (2)
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Table 12. Cont.

Littoral
Spit

Beach
Terrace

Barrier
Island

Welded
Barrier/Tombolo Dune Unconsolidated

Cliff
Salt

Marsh
Rocky
Cliff

Cobbles
Microtidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)
Mesotidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)
Macrotidal

Low 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)
Moderate 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)

High 0.529 (18) 0.529 (18) 0.529 (18) 0.529 (18) 0.000 (0) 0.385 (18) 0.000 (0) 0.560 (2)

Salt marsh, with clay or silt substrate, presents an adequate accuracy with an average
CI value varying between 0.628 and 0.648. However, this result was based on only five
CDMs with a sufficient number of observed effects to be included in the analysis. Mean-
while, the data for the unconsolidated cliff were based on the evaluation of 18 different
CDMs, but the accuracy was low, with an average CI value varying between 0.385 and
0.406. A CI value of zero occurs when there is no observed effect associated with a CDM,
or when illogical groups of environmental features are formed (e.g., dune with substrates
other than sand; salt marsh with sand, pebbles, cobbles, and boulders, etc.). Rocky cliff
behind an unconsolidated beach was retained in the analysis because a few sites in which
CDM effects were observed consisted of an unconsolidated coast backed by a rocky cliff.
Still, only two CDMs were evaluated in such environments.

The performance evaluation of each CDM in different environmental contexts was
calculated by averaging the weighted average values of the CDM effects for each type of
coast (Table 13). The average number of observed effects (avg. nb.OE) was included in
Table 13 to contextualize the averaging results.

In general, soft techniques score higher than rigid structures for all types of coasts. All
soft techniques present a weighted average higher than 1 in the analyzed coastal types. Land
vegetation, aquatic vegetation, and permeable drainage layers present the highest average,
with a value of 3 when associated with unconsolidated coasts. However, the results of the
latter two are based on only one observed effect. Mega-nourishment, sediment derivation,
and sediment trapping, in connection with unconsolidated coasts (sediment trapping only
applies to dunes), present results higher than 2.5 with minimum and maximum values
of 2.54 (all unconsolidated coasts combined with all other environmental features) and
3.80 (beach terrace, sand, microtidal, and high energy waves). Sediment derivation methods
are generally used as a corrective measure when a primary CDM causes sediment retention
(e.g., jetty or groin). Frequently used CDMs, such as beach nourishment, dune nourishment,
and nearshore nourishment, present an averaging of weighted average values between
1.42 and 2.03, with minimum and maximum values of 1.31 (dune, sand, and high energy
waves) and 2.03 (all unconsolidated low coasts, sand or pebbles, and high-energy waves).
As for rigid structures, emerged breakwater in a salt marsh context and jetty in six of the
eight coastal types showed the best performances. However, their averaging of weighted
average values was based on only one and two observed effects, respectively. In association
with all unconsolidated coasts, permeable groin presents results higher than 1, as does
emerged breakwater, except in a dune context for the latter. Lastly, rock armour, seawall,
low-crested breakwater, rip-rap, and submerged breakwater all show negative results in
most types of coasts.
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Table 13. Averaging of weighted average values of CDM effects by type of coast. Average nb.OE is written between brackets (avg. nb.OE)).

CDM Littoral Spit Beach Terrace Barrier Island Welded
Barrier/Tombolo Dune Unconsolidated

Cliff Salt Marsh Rocky Cliff

Rigid structure
Rock armour −3.41 (18.8) −3.41 (18.8) −3.41 (18.8) −3.41 (18.8) −3.19 (26) −3.19 (26) −3.00 (1) −3.00 (1)

Seawall −2.41 (51.5) −2.41 (51.5) −2.41 (51.5) −2.41 (51.5) −2.58 (89) −2.58 (89) −2.25 (4) −5.00 (1)
Emerged breakwater 0.27 (24.6) 0.27 (24.6) 0.27 (24.6) 0.27 (24.6) −0.22 (18) 0.05 (43) 5.00 (1) - (0)
Impermeable groin 0.12 (39.5) 0.12 (39.5) 0.12 (39.5) 0.12 (39.5) −0.74 (23) −0.43 (76) - (0) - (0)

Low-crested breakwater −0.48 (56.4) −0.51 (54.9) −0.48 (56.4) −0.48 (56.4) −0.63 (67) −0.63 (67) - (0) - (0)
Permeable groin 1.18 (29.2) 1.20 (28.9) 1.18 (29.2) 1.18 (29.2) 1.47 (45) 1.47 (45) - (0) - (0)

Rip-rap −1.00 (7) −1.00 (7) −1.00 (7) −1.00 (7) −1.00 (7) −0.94 (6.9) - (0) - (0)
Submerged breakwater −0.78 (83.6) −0.53 (75.9) −1.12 (73.2) −0.78 (83.6) −0.88 (97) −0.88 (97) - (0) - (0)

Jetty 3.00 (2) 3.00 (2) 3.00 (2) 3.00 (2) 3.00 (2) 3.00 (2) - (0) - (0)

Soft technique
Beach nourishment 1.95 (188.3) 1.92 (177.2) 1.90 (171.4) 1.95 (188.3) 1.97 (65) 2.02 (308) - (0) - (0)
Dune nourishment - (0) - (0) - (0) - (0) 1.67 (3) - (0) - (0) - (0)

Nearshore nourishment 2.03 (31) 2.03 (31) 2.03 (31) 2.03 (31) 1.42 (42.7) 1.80 (98) - (0) - (0)
Mega-nourishment 2.70 (30) 2.70 (30) 2.70 (30) 2.70 (30) 2.82 (28.4) 2.70 (30) - (0) - (0)

Sediment derivation method 2.54 (13) 2.57 (12.9) 2.54 (13) 2.54 (13) 2.54 (13) 2.54 (13) - (0) - (0)
Horizontal beach drainage system 1.57 (34.7) 1.57 (34.7) 1.57 (34.7) 1.57 (34.7) 1.67 (18) 1.48 (60) - (0) - (0)

Vertical beach drainage system 1.83 (6) 1.83 (6) 1.83 (6) 1.83 (6) 1.47 (5.9) 1.63 (16) - (0) - (0)
Permeable drainage layers 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) - (0) - (0)

Sediment trapping - (0) - (0) - (0) - (0) 2.63 (40) - (0) - (0) - (0)
Land vegetation 3.03 (38) 3.03 (38) 3.03 (38) 3.03 (38) 2.99 (20.7) 3.03 (38) 1.00 (1) - (0)

Aquatic vegetation 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) 3.00 (1) 2.00 (3) - (0)
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4. Discussion

Uncertainties are inherent to coastal systems, therefore decision-makers must take
them into consideration when evaluating coastal defence measures [13,14]. In recent years,
decision-support tools have been increasingly used in environmental management [24,70,71]
to help decision-makers assess, in an objective way, multiple potential solutions to solve
complex and inherently uncertain problems [70,71]. Ultimately, decision-support tools act
as an objective support which structures information in a way that hierarchizes CDMs in
relation to their effects on the systems’ dynamics [72,73]. It also allows decision-makers to
choose the best solution in accordance with their priorities and preferences [74,75].

In coastal engineering, solutions are generally site specific, designed with standard
procedures but without a design code [76]. The construction of a CDM best adapted to the
needs of a specific site can only be accomplished through a multiphase process in which a
variety of scenarios are evaluated in order to solve a predefined problem before moving on
to the design phase [25]. In addition, cutting-edge scientific knowledge is essential to the
planification and design processes in order to reduce uncertainties [76–78]. Therefore, there
is a need for the use of decision-support tools to facilitate the evaluation of scenarios and
answer the predefined project objectives, while considering the relation between the CDMs
and the environmental characteristics [73].

Examples of decision-support tools used for different aspects of coastal zone man-
agement are models for climate and offshore and nearshore wave climate, geographical
information systems, Bayesian network, and multicriteria decision analysis (MCDA) [24].
Still, to the authors’ knowledge, a decision-support tool that integrates scientific knowledge
into the CDM decision-making process has not been developed to date for use in the field
of coastal engineering and management.

4.1. Contribution to Coastal Engineering and Management

The coastal defence measure identification algorithm (CDMIA) was developed to
answer a need to integrate the most current site-specific scientific knowledge into the
decision-making process and as a tool to facilitate the selection of the best adapted
CDMs [12,19,79,80]. Once the relevant information found in multiple scientific publications
is entered in the database, the CDMIA organizes and processes the data. It establishes links
between the coastal features, defining an intervention site and features already present in
the database, and it ranks selected CDMs against these site-specific features, using the most
recent scientific knowledge. This assures that the site-specific complexity is integrated into
the analysis, and the results are presented in a multilevel aggregated structure, offering
several options to select from, including design adaptations to achieve the best CDM per-
formance [81]. The CDMIA can be applied at different levels to accommodate the users’
(coastal managers, decision-makers, and engineers) requirements. It establishes a variety of
scenarios to be considered, and it also provides information that is helpful to the design
process. Moreover, it has the capacity to analyze the accuracy of the results for each CDM
in relation to multiple sets of environmental features, thus adding a level of confidence to
the decision-making process.

The optimal use of the highest aggregation level (summary hierarchization) is in the
phase of establishing CDM scenarios. As a pre-selection tool, it provides the users with an
overall CDM evaluation. At this level, all of the authors’ observation statements of CDM
effects (nb.OE), drawn from the scientific literature, are aggregated to generate a global
evaluation. The CDMIA facilitates the integration of scientific knowledge in a concise and
structured manner and is meant to be used in connection with existing technical tools, such
as numerical models and decision-support systems. The purpose of these tools is to help
decision-makers understand the interactions between variables in the natural and social
systems [73] in order to better assess the individual CDM’s characteristics and behaviour
in different environmental contexts. The disaggregated data (detailed results list) allows
the results to accurately represent the primary authors’ observation statements of CDM
effects. At the design phase, it offers information useful to the assessment of the strengths
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and weaknesses of CDMs and of the possible benefits of using complementary CDMs in
combination with each other. It therefore contributes to the comprehensive analysis of
CDMs at the scale of a coastal system rather than at the conventional local scale based
solely on technical aspects [12].

As mentioned above, the processed data provided by the CDMIA can give an overview
of the general accuracy of the results for all CDMs in relation to multiple sets of environ-
mental features. This can be helpful to coastal managers or engineers who wish to make a
quick assessment of CDM performance against characteristics of a specific intervention site.

4.2. CDMIA Analysis

Based on observations of the algorithm dynamics and on a sensitivity analysis, the
number of observed CDM effects (nb.OE) proved to be a key parameter within the CDMIA
because it relates to all the internal parameters, and it has an influence on the accuracy and
the uniformization of the results. While scientific knowledge contributes to the reduction in
the coastal system’s inherent uncertainty [82], the nb.OE is directly related to the reliability
of the CDMIA results. The CDMIA was designed for continuous improvement by the
addition of information from new scientific publications. Thus, the accuracy of the results
obtained with the first version of the CDMIA will be improved in future versions with the
addition of new data and an increased number of observed CDM effects (nb.OE).

The addition of observed effects will lead, in three possible ways, to a substantiation
of the information and a reduction in uncertainty, depending on whether the information
being added is related to a new CDM or new environmental features. First, new observed
effects related to a CDM and a set of environmental features that are both already present
in the database will lead to an increase in the nb.OE and, therefore, a concretization of
the information related to that specific CDM. Second, new observed effects related to a
CDM already present in the database, but in a new environmental context, will lead to an
increase of the CI value and to a global increase in the nb.OE. Therefore, the uncertainty
will be reduced by a better correspondence between the environmental characteristics of
the intervention site and those stocked in the database. Third, new observed effects related
to a CDM that is not present in the database will increase the diversity of CDMs associated
with specific environmental features and potentially widen the choice of appropriate
solutions for intervention sites in a similar context. Ultimately, the ongoing integration of
scientific knowledge contributes to the continuous improvement of the decision-making
process [14,83]. It is also in keeping with adaptive management approaches, which are
useful when making decisions within the inherent uncertainty and unpredictability of
complex coastal systems [84,85]. Additionally, it contributes to the increase in the coastal
communities’ overall resilience [78,86].

4.2.1. Accuracy of the Results

The accuracy of the CDMIA results is related to both exogenous and endogenous
sources of uncertainty. The exogenous uncertainty is directly related to the number of
observed effects (nb.OE) associated with each CDM and found in the scientific literature: a
larger nb.OE leads to the consolidation of the observations and lowers the uncertainty of
the results. Still, a minimum number of observed effects (nb.OE.min) is required to ensure
the reliability of the results. The correspondence index (CI), strictly a function of the degree
of enlargement (en), was incorporated into the CDMIA as an indicator of uncertainty when
the nb.OE was initially lower than the nb.OE.min, and enlargement is necessary in order to
broaden the analytical framework. A joint interpretation of the results must be performed
between the CI and the nb.OE because of their interdependency: (i) an increased nb.OE
leads to a decrease in uncertainty; (ii) an increased nb.OE, through enlargement, lowers the
CI and leads to an increase in uncertainty. Therefore, a balance must be reached between
the nb.OE and the CI.

The endogenous uncertainty is related to internal parameters in the CDMIA
(i.e., nb.OE.min and en). Even though these parameters were validated through a sensitiv-
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ity analysis, their variation can influence the results of the CDMIA. However, if the nb.OE
were the same for all CDMs, the endogenous uncertainty would be eliminated because the
nb.OE.min would have the same value for all CDMs. The application of the nb.OE.min,
as a threshold, corroborates the results by ensuring that the effects, at the subtype level,
were observed a minimum number of times. The very low number of cases where a perfect
correspondence was reached with an nb.OE higher than 5 (4 out of 4374 cases) shows
the need for the application of the nb.OE.min equation and for the use of an enlargement
function to increase the nb.OE. As a reduction in accuracy ensues from these actions, a
validation of the results is necessary. As new studies in different environmental contexts
emerge and are integrated into the database, the accuracy of the results will improve. That
is why the CDMIA was designed to accommodate new scientific research.

4.2.2. Uniformization of the Results

A uniformization of the results tends to occur with two of the CDMIA’s internal
functions: the degree of enlargement (en) and the minimum number of observed CDM
effects (nb.OE.min). The uniformization is directly proportional to the degree of enlarge-
ment. For example, two different CDMs, but of the same type and in the same subcategory
of coast, with an enlargement of 12, would have an identical evaluation. However, this
uniformization tendency would be attenuated by the integration into the system of data
from new scientific publications, which would contribute to an increase in the nb.OE, and a
decrease in enlargement degree necessary to attain the nb.OE.min.

The value of the minimum number of observed CDM effects (nb.OE.min) is important
in order to balance the correspondence index (CI) against the nb.OE. For instance, in
the context of a low number of study sites for a specific coastal type, if the value of the
nb.OE.min is high it will lead to a high nb.OE but also to a low CI value as a high degree
of enlargement will be needed in order to meet the minimal requirements. This will lead
to a uniformization of the results. It is therefore preferable to have a lower nb.OE.min in
order to reduce the degree of enlargement and increase the variability of the results. In
the end, the nb.OE will be lower but with a higher correspondence index (CI) and thus
higher accuracy.

4.2.3. Comparison with Other Decision-Support Tools

While CDMIA contains sources of exogenous and endogenous uncertainties, each
decision-support tool generally used in coastal management, such as numerical modelling
and multicriteria decision analysis (MCDA), has its own uncertainties.

The uncertainties in numerical models of climate change projections are related to un-
known future emissions, internal climate variability, and inter-model differences [87–89]. Con-
cerning nearshore models, Kroon et al. [90] have demonstrated that, in mega-nourishment,
50% of the variance in the loss of sedimentary volume, over a 2.5-year period, is attributed
to the models’ uncertainties. In MCDA, which allows the integration of local actors in
the decision-making process, uncertainties arise from the elicitation of criteria weights by
different stakeholders and also from the process of aggregating criteria weights [91–93].
However, these uncertainties can be mitigated by combining MCDA with other analytical
methods [94,95].

Despite their drawbacks, these tools are relevant to the decision-making process [70,71].
Considering the inherent uncertainties of coastal systems, different sources of information
add knowledge to the decision-making process, thus widening the choices and improving
the suitability of adaptation solutions. The combination of pertinent decision-support
tools provides more suitable and reliable information [96]. Combining CDMIA with other
decision-support tools is worthwhile when considering the multiple aspects of coastal
systems in the decision-making process, because each has a different purpose. For instance,
while the climate models’ projections provide data that are at the basis of the analysis, the
CDMIA helps concretize and structure the information in a comprehensive and useful way
for decision-makers.
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5. Conclusions

An identification algorithm was developed to (1) conduct a dynamic meta-analysis of
CDM effects on coastal systems, (2) centralize and structure the existing scientific knowl-
edge drawn from published studies, (3) evaluate, compare, and rank CDM in different
environmental contexts, and (4) yield useful information to support the decision-making
process. The evaluation starts with the establishment of a correspondence between en-
vironmental features characterizing an intervention site and information from the case
study publications previously stocked in a database. Once a correspondence is established,
the evaluation is formulated according to a qualitative weighting scale (−5 to 5) used
to hierarchize the CDMs. Based on two performance indicators (weighted average and
threshold percentage reached) and two accuracy indicators (correspondence index and
number of observed CDM effects), the results are structured under the several levels of
aggregation meant to be used by coastal decision-makers and engineers for different pur-
poses and at different stages of the decision process. First, a summary hierarchization
presents the ranking of CDMs at the highest aggregation level. It provides an overall
evaluation of CDMs and can optimally be used as a pre-selection tool for decision-makers.
Second, the detailed results are presented under several disaggregated levels, providing
information on the CDM’s strengths and weaknesses, which can be used in the design
stage of the process. In addition, a macro analysis gives an idea of the overall accuracy of
the results, and the overall evaluation of the CDMs under different sets of environmental
features. Moreover, CDMIA could be used in combination with other decision-support
tools to widen its scope and to include into the decision-making process multiple aspects of
coastal systems. The database will be updated on a regular basis to ensure the continuous
relevance of the CDMIA. In the future, extension modules will be developed and integrated
into the programme to allow the evaluation of the CDMs in relation to their ecological and
social effects. Finally, the operationalization of the CDMIA will eventually be possible by
completing a form in Microsoft Excel © or through a geographical information system via
a linkage to the type of coast, type of substrate, tidal range, and wave climate.
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