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In a Climate Change (CC) context, low-lying areas like marshes are more vulnerable to Sea
Level Rise (SLR) or extreme climate events leading to coastal flooding. The main objective
of this study is to help local stakeholders determine the best coastal management strategy
for the Moéze marsh (France) that can contribute to adapt to SLR in this zone. To do so,
we used the MARS hydrodynamic model to simulate coastal overflowing in the zone for
different scenarios. We first calibrated the model based on data from the Xynthia storm
which occurred on February 28" 2010. Our focus is on modeling the high astronomical
tide-induced flooding, taking into account regional SLR projections by 2030 and 2050
under the pessimistic RCP 8.5 CC scenario. Several Coastal management configurations
proposed by local decision-makers, as well as different land-use projections were
considered. The results highlight that the implementation of closed defenses around
human and economic stakes do not lead to significant reductions in flooding (surface
extent and maximum water height) compared to the case where the sea-dikes are no
longer maintained and the coastline is unconstrained. This can be explained by the fact
that these stake zones were historically built on higher points of the marsh. We have also
shown that land-use changes have an influence on flooding in the Moéze marsh,
especially an increase greater than 0.25 m in the maximum simulated height when
considering a new land-use by 2030. The increase is less pronounced (under 0.25 m)
when considering a new land-use by 2050. These results do not take into account the
possible future evolution of the topography due, for example, to the presence of new
habitats that would trap the sediments.

Keywords: coastal flooding, numerical modeling, sea level rise (SLR), adaptation, Moéze marsh, land-use changes

INTRODUCTION

It is well known that extreme events such as storms or tropical cyclones can lead to coastal flooding
(Haigh et al., 2016; IPCC, 2021). One of the most well known storms in France, having led to the last
permanent actions of the state services, is storm Xynthia (French Ministry of Environment, 2017).
This storm occurred the 27-28" February 2010 and affected the entire Vendée and Charente-
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Maritime on the Atlantic coast of mainland France, and also
impacted other countries in Europe (Belgium, Swiss, Spain,
Portugal, Germany, Luxembourg). The flooding led to
dramatic consequences, 59 human casualties over Europe (Vu
et al, 2019). The combination of high spring tide and low
pressure (977 hPa) led to an important storm surge along the
coast of the Bay of Biscay for example (Vu et al., 2019). The La
Rochelle-La Pallice tide gauge recorded the largest storm surge
(1.53 m) ever recorded in France in the last 150 years (Pineau-
Guillou et al., 2012). In addition, according to Bulteau et al.
(2015), storm Xynthia had a ~200-year return period.

Moreover, many studies have highlighted that Sea Level Rise
(SLR), could significantly alter coastal flooding in the future
(Hallegatte et al., 2013; Arns et al,, 2015; Haigh et al., 2016; Idier
et al., 2020; Rocha et al., 2020). As sea level is rising, it becomes
possible that in low-lying areas, flooding occurs for high spring
tides, without any stormy conditions leading to storm surges or
wave setup (Ezer and Atkinson, 2014; Moftakhari et al., 2015;
Ray and Foster, 2016). Kirezci et al. (2020) assessed that by 2100,
at global scale, 63% of the coastal area flooded will be caused by
tide and storm surges, 5% by wave setup and 32% due to
projected regional SLR. Indeed, as SLR is not uniform at
spatial scale, regionalized SLR projections are needed (Kopp
et al., 2014; Melo et al., 2020). As a comparison, considering the
pessimistic Representative Concentration Pathways RCP 8.5 by
2100, the SLR likely-range is assessed to [0.61-1.10 m] at global
scale (IPCC, 2019), whereas these values could potentially be
doubled along the France coastline for a high-end scenario
(Thiéblemont et al., 2019).

In addition, it is interesting to note that according to
Vousdoukas et al. (2016), projected storm surge level changes
along the Bay of Biscay show a small decrease, under the RCP 8.5
scenario by 2040 and 2100. The same trend is observed when
considering not only storm surges, but the Extreme Sea Level
(ESL) composed by Mean Sea Level + Tide + Waves + Storm
Surges (Imani et al., 2021).

With storms and SLR, flooding may become chronic, and
could change former inland habitats to new ecosystems. Indeed,
coastal flooding may cause direct or indirect changes to habitats
established in the marshes, over the short and the long term. For
example, Yu Mo et al. (2020) have shown that in some
conditions, long-term nutrient enrichment (by seawater
penetration) may impair the resilience of marshes. Martinez
et al. (2014) also showed that the combination of SLR and human
coastal infrastructures might cause a coastal squeeze that exposes
the ecosystems and species to local extinction. More generally,
the vulnerability of coastal ecosystems to SLR depends on their
ability to adapt through enhanced sediment trapping to grow
upward with SLR (Timmerman et al., 2021).

At local scales, decision-makers have to deal with the
legislation, their knowledge of the field and studies conducted
by researchers or design offices in order to adapt or to become
more resilient to SLR and extreme events leading to coastal
flooding. The options proposed are mainly sea-front dikes
(Rosenzweig et al., 2011; Ezer and Atkinson, 2014), or nature-
based actions such as dune revegetation or habitat restoration

(Fernandez-Montblanc et al., 2020; Grothues and Able, 2020),
and dike retreat (Bongarts Lebbe et al., 2021). In order to help
local stakeholders in their strategy to protect human activities
and improve the resilience, an adaptive coastal management
project named Adapto has been initiated by the Conservatoire du
Littoral (coastal conservatory), hereinafter CDL. Note that one of
the main missions of this public institution is to purchase coastal
threatened or degraded lands, in order to restore and develop the
ecosystems. The Adapto project is supported by the European
Union through the LIFE program and explores solutions in order
to reduce the impacts of climate change on the coasts. Thus, 10
pilot sites with various coastal issues are studied in mainland
France, Corsica and French Guiana (See Supplementary
Material for more information). The implementation of these
solutions is at different phases depending on the sites. For
example, study sites such as Ile Nouvelle and the Mortagne-
sur-Gironde polders (Gironde estuary, France), which have both
been depoldered since 1999 and 2010 respectively, provide
feedback and lessons that can be transferred to other sites. For
other sites, a multidisciplinary support is proposed in order to
develop a strategy taking into account the identified issues. The
originality of this approach is that it cross-references key findings
of studies on coastal flood risk, biodiversity, economic activities
and social perception in order to identify their impact on local
issues and help decision-makers to define an integrated coastal
management strategy. For this reason, many stakeholders are
involved in the project, such as oyster farmers, local decision-
makers, coastal engineers, landscape designers, biologists, etc. In
this paper, we focus on the Moéze Brouage marsh, hereinafter
Moéze marsh. In this region, local stakeholder expectations are
high because this area was impacted by extreme storms in the
past, e.g storm Xynthia, (Breilh et al., 2013; Bertin et al., 2014;
Breilh et al., 2014b), and the marsh is affected by chronic flooding
due to high spring tides. The protection against coastal flooding
has been breached, and according to the local stakeholders, its
maintenance is becoming more and more difficult. The main
focus is whether to rebuild and maintain the existing dikes, add
new defenses, or adopt an ecosystem-based process and let the
marsh reconnect to the sea. In order to try to determine the best
strategy for coastal management in this area, we used flood
modeling under regional SLR projections by 2030 and 2050,
taking into account several coastline management scenarios.

In this paper, we first describe the site studied, the data used
and the methods applied in Section 2. In section 3, we present
our results considering SLR and land-use projections by 2030
and 2050. Finally, we conclude and give some perspectives to our
work in the last section.

STUDY SITE, AND DATA USED
The Moéze Marsh

The Moéze marsh is located in Charente-Maritime (France),
facing the Marennes-Oléron Bay (Figure 1A). The area is a tidal
dominant area connected to the Atlantic Ocean (Chaumillon
et al.,, 2003). This macrotidal zone is affected by semi-diurnal
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FIGURE 1 | 2(A) Study site location. The black perimeter represents the immediate study area and the extended study area in the Adapto project; (B) Topo-
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tides with a theoretical range between -3.3 m for the lowest
astronomical tide (LAT) and 3.37 m for the highest astronomical
tide (HAT) at the La Rochelle-La Pallice reference tide gauge
(Shom, 2017). Note that in this paper, all data are presented in
NGF/IGN69, the official French leveling reference.

The Moéze marsh is also a low-lying area polderized over the
centuries (Bento and Blanc, 2017), and exposed to extreme
events leading to large coastal flooding events. Severe storms
like Martin (December 27% 1999) and Xynthia (February 27-28H
2010) in the last decade, have impacted the whole area. Several
coastal defenses have been raised since the 1970s against the
assaults of flooding. Indeed, the site presents a coastal protection
composed by three embankment dikes belonging to different
property owners (Figure 1B). The central dike (2-CDL on
Figure 1B) is a patchwork of heterogeneous materials,
sometimes set against the dune, (Bento and Blanc, 2017). This
coastal protection presents breaches in several points due to
successive storms (DDTM-17, 2011).

Forcing Conditions

In our study, several tidal conditions are taken into account: high
spring tide close to HAT, and stormy conditions leading to high
water levels. Under stormy conditions, the water level that
includes the storm surge, is derived from the nearest reference
tide gauge, located at La Rochelle - La Pallice (Figure 1A), and
applied to the model as a boundary condition. In the present
case, we used the time series from 02/26/10 22:00 UTC to 03/01/
10 08:00 UTC during storm Xynthia, with a 10-minute temporal
resolution. Other tide gauges exist close to the Moéze marsh but
their measurements were not available (not yet in operation or
experienced power failures) for the storm tested. Note that most
of the tide gauges in the zone belong to the RONIM network
operated by the Shom. Moreover, in the rest of the study, we also
used the tidal signal coming from the La Rochelle — La Pallice
tide gauge because: i) it is the reference tide gauge, with the
longest time series in the zone; ii) the regional SLR projections

used in the next sections have been computed with the sea levels
coming from this tide gauge.

In a prospective approach, we looked at high spring tide,
especially in conditions close to the HAT that is 3.37 m at La
Rochelle - La Pallice. The analysis of tidal predictions provided
by the Shom over the period 1996-2015 shows that conditions
close to the HAT occur about twice a year (see Supplementary
Material). Table 1 summarizes the different offshore conditions
used as boundary conditions in the paper. We also analyzed the
time series of the Ile d’Aix tide gauge closer to our zone of
interest. A comparison between the tide predictions at La
Rochelle- La Pallice and Ile d’Aix between 2012 and 2016
shows a good agreement between the 2 tide gauges (see
Supplementary Material). However, the storm surges are
greater at La Rochelle than at Ile d’Aix when exceeding 1 m
(this point cannot be verified for Xynthia because there is a lack
of data at Ile d’Aix).

Topo-Bathymetric Data, DEM Building and
Surface Roughness

In order to build a Digital Elevation Model (DEM) representing
the nearshore domain, the land areas and the sea-land
continuum without any discontinuities, we gathered several
topo-bathymetry datasets. This led to the building of a so-
called composite DEM.

The bathymetric data are derived from the HOMONIM dataset,
provided by the French Hydrographic Office (Shom, 2015). This full
DEM extends over a large area (not shown here) from the coast to
about 60 m depth with a 0.0002° (~ 22 m at this latitude) resolution.
The topographic data used, including the intertidal zone, come from
both RGE ALTI® 1 m and RGE ALTI® 5 m products made
available by IGN. Note that the RGE ALTI® product is initially
composed of data issued from the BD ALTI® at 25 m, resampled at
1 m (or 5 m depending on the product), and is updated with more
accurate data when they are available. Once the different datasets
were homogenized, and set to the same vertical reference, we
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TABLE 1 | Summary of offshore conditions presented in the paper.

Offshore conditions

SWL time series
Tide prediction + SLR
Tide prediction + SLR

Xynthia storm (02/28/2010)
2030
2050

performed an interpolation in order to fill gaps and get a continuous
and regular surface. We used a spline function adapted to topo-
bathymetric data, as suggested by Amante and Eakins (2016). We
performed visual controls in order to ensure consistency and
gradual topographic/bathymetric transitioning along limits of the
datasets composing the DEM (slope, cross-section and 3D views).
This highlighted the presence of local artifacts (vertical
discontinuities of tens of centimeters in the intertidal zone),
corrected by interpolation (see Supplementary Material). The
final DEM covers the entire marsh, and nearshore domain with a
20 mx20 m resolution (Figure 1B). Since the original datasets used
have broadly a 20 m resolution, we decided to keep this resolution as
it combines a reasonable computational time and resources model,
with an accurate DEM on coastal defenses (i.e using the features of
the high-resolution RGE ALTI® for the coastal defenses). Indeed,
we performed some treatment on the DEM, in order to take
accurately into account infrastructures, such as road dikes, or to
erase them depending on the scenario considered (see
Supplementary Material).

To ensure that flows are properly represented, it is necessary to
consider the land-use in the hydrodynamic model. Indeed, the
impact of land-use on flows is usually represented using a bottom-
friction parameter characterizing the roughness of each type of soil
(concrete, grass, sand, etc.). The surface roughness is usually
parameterized in terms of Manning or Strickler coefficients, as
presented in Table 2. A spatialized representation of roughness
can be obtained from a synthetic land cover classification. As a
first approximation, we used the Corine Land Cover (European
Environment Agency, 2012) database. This classification was then
interpreted in terms of Strickler coefficient values as exposed in
Papaioannou et al. (2018). Table 2 gives a simplified classification,
adapted from Papaioannou et al. (2018), based on Corinne land
cover data and Strickler coefficients associated. The values taken
for the Strickler coefficients in the different simulations vary from
10 m"*s ! in high friction areas (small and non-dense urbanized
areas) to 50 m'*s™! for low friction areas (water area). The values

Shom (RONIM network) -
Shom (SHOMAR)
Shom (SHOMAR)

Source SLR Use

Model calibration
Test of coastal management scenarios
Test of coastal management scenarios

+0.18m
+0.36 m

used are those recommended by different sources and are
applicable for studies in coastal domains (Brown et al, 2007;
Bunya et al.,, 2010; Papaioannou et al., 2018).

Finally, we checked if the land cover and roughness coefficient
associated was consistent with recent orthophographs (taken
after February 2010) and with the BD TOPO® Hydrographie
product (providing the hydrographic network), made available
by IGN. This qualitative step highlighted a good agreement
between the information provided by the land use and
hydrographic databases and the recent orthophotographs.
Table 3 gives a summary of topo-bathymetric and land-use
products used in this study.

METHODS

Modeling Method

In this study, we used the hydrodynamic model MARS (Model
for Applications at Regional Scale) developed by IFREMER
(Lazure and Dumas, 2008). This model is particularly well
suited to simulating flows in coastal regions, from the regional
scale to the estuary (Bruneau et al., 2014; Nicolae-Lerma et al.,
2018; Lemoine and Le Hir, 2021). The MARS code is a free-
surface hydrodynamic model, solving the classical equations of
fluid mechanics (Navier-Stokes equations) under the Boussinesq
approximation, the quasi-hydrostatic approximation as well as
the dispersion-diffusion equation of a transported element, in the
horizontal plane. The momentum conservation and mass
conservation of the system are described by the shallow-water
equations. These equations are solved by a finite difference
method. In its MARS-FLOOD version, the code can take into
account the dike breaches and rupture of structures, treatment of
singularities such as culverts, weirs, and other incoming flows
from rivers. The model also manages part-time dry areas (tidal
flats, flood-plains). It allows the spatialization of bottom-friction

TABLE 2 | Simplified classification based on Corinne land cover data and Strickler coefficients associated. Adapted from Papaioannou et al. (2018).

Land cover class

Pastures

Annual crops associated with permanent crops

Complex cultivation patterns

Small and non-dense urbanized areas

Land principally occupied by agriculture, with significant areas of natural vegetation
Beaches, dunes, sands

Sparsely vegetated areas

Inland marshes, Peat bogs

Salt marshes, Salines, Intertidal flats

Sea and ocean

Strickler coefficient Ks (m'3.s™)
28
25
25
10
20
40
37
25
25
50
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TABLE 3 | Summary of topo-bathymetric and land-use datasets used in the study.

Variable Product Source Spatial Resolution
Topo-bathymetric data for numerical simulation Bathymetry HOMONIM Shom 0.0002° (~22 m)
Topography ~ RGE ALTI® IGN 5m;1m
Land-use Land unit Corine Land Cover 2012; Copernicus; Min. mapping unit/width= 25 ha/100 m; 0.1 m
BD Ortho®; IGN
BD TOPO®

(see section 2.3) and effects of meteorological phenomena. Here,
the model covers the whole Moéze marsh and includes a single
structured computational grid with a spatial resolution of 20 m x
20 m over the domain (1419 x 1213 elements).

Figure 2 summarizes the modeling method. The first step of
our model set up has consisted in a calibration/validation. To do
so, we have tried to reproduce the flooding extension of storm
Xynthia over the marsh, by forcing the MARS-FLOOD model
with a Still Water Level (SWL) time series (Figure 2A).

Figure 3 shows the flooded area observed a few days
following the storm Xynthia (delimited by the black line) and
the maximum heights (colors) obtained by simulating the event
from 26" February to 1°* March 2010. The observed extension
has been derived from aerial pictures a few days after the storm,
and provided by DDTM 17 (local state services). Based on a
criterion of elevation, we identify some additional elements that
would have an influence on the hydraulic behavior of the flood.
Namely, the main rivers and the channels, the second row dikes,
and other embankments that constrain the flow. A sensitivity test
phase allowed the implementation of the DEM taking into
account structural elements such as dikes, embankments, roads
(see Supplementary Material). It also permits testing the
influence of the formation of breaches in the sea-dikes. The
sensitivity test phase has highlighted a flooded area of 30.09 km*
against 28.75 km? observed (i.e. a relative error of 4.7%) for the
best configuration. In comparison, Breilh (2014a) found a
flooded area of 41.16 km? applying a static GIS-based

approach. Bertin et al. (2014) also showed an overestimation of
the flooded area of this marsh after the implementation of a
hydrodynamic modeling chain built with unstructured nested
grids. The difference between the observed and simulated areas
can be explained by the fact that the DEM used refers to post-
Xynthia data (possible backfilling of some areas after the storm),
or by the fact that some hydraulic connections and the rain that
are not integrated in the model have obviously played a role on
the flooding. Many uncertainties remain: the breach dynamics,
the rainfall infiltration, the exact elevation of dikes in 2010, the
lack of measurements or quantitative information regarding
the water heights observed during the flooding. Furthermore,
the modeled flooded area, very close to the observation without
breaches integration in the dikes (not shown), tends to confirm
that it would rather be a flood by overflow. Breilh et al. (2013),
also suggest this.

Breilh et al. (2014b) also showed that several past storms in this
region had a significant wave setup, i.e wave-induced increase of
the mean water level due to breaking waves. As an example, a
storm in 1924 had generated a setup estimated at 0.5 m in our area
of interest. Breilh et al. (2014b) identified three types of storm
conditions that can lead to marine submersion in the central Bay
of Biscay: moderate storm surge and extreme tidal range;
moderate tidal range and large storm surge, (confirmed by
Dodet et al., 2019); extreme waves which induce very large setup
that can propagate in sheltered zones. In order to explore all these
conditions, a dynamical approach that includes overflowing,
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FIGURE 2 | Model set-up: (A) under stormy conditions, using storm Xynthia Still Water Level time series and the baseline DEM,; (B) for highest astronomical tide
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FIGURE 3 | Flooding extension area observed during storm Xynthia (2010) delimited in black and maximum heights simulated for storm Xynthia conditions.

potential overtopping, and river flows (e.g a modeling chain as
proposed by Bertin et al. (2014) or Filippini et al., 2018) could be
set up. However, this approach can limit the number of coastal
management scenarios and land-use tested, as it is more expensive
in computer time and resources compared to our strategy. Hence,
such a type of modeling chain is not included in the study, as the
next parts we focused on high spring tides and SLR-induced
overflowing without stormy conditions (Figure 2B).

Propositions From Local Stakeholders

One of the strengths of this study is the consultation of local
decision-makers about coastal management scenarios such as
coastal dikes location, new land-use by the establishment of a
flood expansion area, or other defenses they thought useful in
order to adapt to SLR. Indeed, this first collaborative phase was
crucial because it builds i) credibility; ii) legitimacy; and iii)
decision-makers’ involvement in the study. These three
components are, according to Leitch et al. (2019), indicators of
an effective transition between the technique (here flooding risk
assessment by numerical modeling) and the pragmatic decision.
We have presented preliminary simulation results during a local
mayors’ workshop. The participants were able to propose
adaptation actions for their municipalities. During the
workshop, small groups tried to identify the human, the
economic, and the immaterial issues based on their knowledge
of the field and the documents provided. They were helped by a
map of the marsh (similar to Figure 1A); a map presenting the
topo-bathymetry (similar to Figure 1B); a map with the flooding
extension caused by storm Xynthia and some simulation results
shown in the Supplementary Material. With these elements,
they were asked to answer the following questions: Q1/According
to you, what are the important issues to preserve/protect in this
area, now and in the future? Identify them on the map and
explain them. Q2/What kind of development(s) would you
consider to protect/preserve them? Draw them and explain them.

Their propositions are summarized on Figure 4. The Figure 4
highlights that they consider several possibilities:

i. The first proposition P1 consists of the total embankment of
the marsh (Figure 4A), with two hydraulic connections
represented by a red star. According to the workshop
participants, the hydraulic connections are set up in order to
reduce flooding coming from the rivers. These solutions can be
locks, nozzles, culverts, etc., and have to be assessed by a civil
engineering office if such a coastal management scenario is
retained.

ii. The proposition P2: An unconstrained coastline with the
reinforcement of two road-dikes backwards, close to three
villages (Figure 4B).

iii. The third proposition (Figure 4C), hereinafter P3, leaves an
unconstrained coastline and implements coastal defenses around
identified stakes. These locations, composed of villages or
isolated houses, are vulnerable according to the workshop
participants.

Moreover, they considered that economic activities (shellfish
farming, cereal crop) have to be relocated in configurations B and
C (Figure 4). They also have represented a moving coastline
(blue arrows) that may be advancing or retreating in their
perception of the evolution of this area.

As the Adapto project explores adaptive coastal management,
we here focus on the scenario P3 that proposes a hybrid solution
with reduced embankment, and managed retreat. In addition to
the P3 provided by the local decision-makers, we also proposed a
scenario without any coastal defenses, hereinafter P4
proposition. The P4 is a scenario with an assumption of
generalized ruin of all defenses. In this scenario, coastal
structures are not maintained over the long term, and the
coastline is not constrained, as suggested by the Coastal risks
and prevention plan guideline (DGPR, 2014). Moreover, note
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identified by a green circle and blue arrows represent the coastline evolution.

that the propositions P1 and P2 were also proposed by the local
decision-makers in order to assess the cost of such dikes (height,
materials and culverts or other required hydraulic connections,
maintenance), and in order to know if this solution would
protect the population and the activities in the long term.
These propositions were simulated and discussed with
stakeholders but are not presented in this research paper.

Taking Into Account the Sea Level Rise
and Future Land Use

With SLR, a tidal condition close to the HAT could maybe have
a similar impact to coastal flooding caused by severe storms. As
a comparison, the sea level should rise by about 1.20 m to reach
the conditions observed during Xynthia at La Rochelle. For
example, Thieblemont et al. (2019) presented such value along
the French coasts by 2100, for the high-end prediction under
the RCP 8.5 scenario. In order to consider tidal conditions close
to the HAT, we tried to assess the coastal flooding under future
change conditions. To do so, we have considered two SLR
projections: i) corresponding to a regional SLR projection by
2030; ii) corresponding to a regional SLR projection by 2050.
These regional projections were computed by Le Cozannet et al.
(2019), using the stable La Rochelle-La Pallice tide gauge.
Basically, these authors used projections provided by Kopp
et al. (2014) to which they apply a subsidence correction. They
assumed that the probabilistic SLR projections at La Rochelle
were consistent for the Aquitaine coast, once corrected from the
local vertical ground motions (we invited the reader to report to
Le Cozannet et al. (2019) for more details on their methods).
Thus, we used the following values to integrate SLR within the
hydrodynamical model: +0.18 m by 2030 and +0.36 m by 2050.
These values correspond to the upper bound of the “likely-
range”, built for the pessimistic RCP 8.5 (Church et al., 2013).
During the study, we assumed that the values proposed by Le
Cozannet et al. (2019) could be more consistent with those that
would be derived from the SROCC (IPCC, 2019) and lastly by
the 6™ IPCC report (IPCC, 2021), compared to those provided

Hydraulic structures
to be installed

Agricultural activities
to relocate

Coastline evolution

Dikes to be
reinforced or built

FIGURE 4 | Adapted from the local stakeholders workshop. (A) Proposition P1: reinforcement of the sea-dike and hydraulic infrastructures identified by red stars;
(B) P2: Reinforcement of a road-dike (represented by the black and blue lines n°1 and n°2), without maintenance or reinforcement of the existing sea-dikes; (C) P3:
Proposition of coastal defenses located around identified issues, without maintenance or reinforcement of the existing sea-dikes. Agricultural activities to relocate are

by the 5™ IPCC report (Church et al, 2013). Based on the
recent literature, our assumption is in accordance with the
regional projections derived from the SROCC (Thiéblemont
et al., 2019). Indeed, considering the SROCC projections, the
likely-range is assessed between [0.15-0.17 m] by 2030 for the
scenario RCP 8.5 in the Bay of Biscay, whereas the values are
between [0.12-0.13 m] when derived from the AR5-IPCC
report. In the same way, the values are assessed between
[0.31-0.34 m] by 2050 in the Bay of Biscay for the scenario
RCP 8.5, whereas there are between [0.24-0.26 m] when derived
from the AR5-IPCC report. In accordance with the
stakeholders, we applied the most conservative approach
using the regional values proposed by Le Cozannet et al.
(2019). However, it is important to note that these regional
values are greater than global projections of SLR. Indeed,
Global Mean Sea Level (GMSL) rises between [0.15-0.26 m]
for 2031-2050 under RCP 8.5 (SROCC, 2019). When
considering the pessimistic scenario Shared Socioeconomic
Pathway SSP5 8.5, the GMSL rises between [0.2-0.29 m] by
2050 (IPCC, 2021).

The hydrodynamic simulations and field observations can
provide frequency and duration of flooding, height and speed
flow, as many elements that can allow the assessment of
possible evolutions or establishment of some habitats. Based
on our preliminary results (see Supplementary Material),
Fouin et al. (2020) have assessed land-use projections by 2030
and 2050 for a scenario where the CDL-dike (black dike in
Figure 1) was no longer maintained. Their method for
assigning new habitats and land-use is shown in Figure 5A.
Such type of land-use changes has a consequence in terms of
Strickler coefficients governing the bottom-friction in the
model. For example, a land principally occupied by
agriculture (Strickler coeff. Ks = 20 m'.s™") becoming a
salted meadow (Ks = 29 m'?s™) will experience a decrease
in surface roughness. Therefore, we used their land-use
projections to assign new Strickler coefficients to the bottom-
friction parameter in the model as presented at Figures 5B, C.
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FIGURE 5 | Land-use projections: (A) method for assigning new habitats (grey boxes), and example (white boxes), adapted from Fouin et al. (2020); (B) translated
into Strickler coefficients by 2030; (C) translated into Strickler coefficients by 2050.

RESULTS AND DISCUSSION

Results for Different Coastal Defenses and
Sea Level Rise Scenarios

Here we present the results obtained by simulating the local
decision-makers proposition to build defenses around some
villages (see Figure 4C). Based on their proposal, we have
taken into account coastal defenses of lengths between 300 m
and 2500 m with a height preventing the overflow (>10 m). We
simulated the P3 scenario, taking into account the regional SLR
projections by 2030 and 2050. Table 4 summarizes the different
scenarios presented in this section.

Figure 6 presents the maximum heights simulated taking into
account: (A) P3 5430 scenario; (B) P3 5050 scenario; (C) P4 5030
scenario; (D) P4 545 scenario; (E) Difference P4 5939 — P3 5030 by
2030; and (F) Difference P4 ,430 — P3 5930 by 2050. The results
highlight that the maximum heights are greater when
considering 2050 SLR projection (Figures 6B, D) compared to
2030 (Figures 6A, C). The areas most affected by flooding in
terms of maximum heights (about 1.5 m by 2030 and 2 m by
2050) also correspond to those identified by local decision-
makers as agricultural activities to relocate (see Figures 4B, C).

In addition, the flooding extension is larger by 2050 than by
2030. Especially, the extension is closer to Saint-Frou, Moéze and
Hiers villages by 2050 than by 2030. There are the expected
results, but we can see that adding 0.18 m of sea level between
2030 and 2050 projections can induce higher maximum water
heights, around 0.5 m in some zones close to the Brouage
harbour and its channels.

It further appears that the villages embanked by the defenses
proposed by local decision-makers in the P3 scenario are not
affected by flooding when there are no defenses (P4 scenario).
Figures 6E, F confirm that the difference between P4 and P3 is
very limited (< 0.02 m). This can be explained by the fact that the
potentially vulnerable areas were historically built on higher
points of the marsh (Bento and Blanc, 2017).

Finally, comparing our results to a “bathtub approach”, i.e based
on land elevation relative to the selected shoreline water level and
GMSL rising, the entire area demarcated as the large Adapto
project perimeter (Figure 1A) is projected to be below annual
flood level in 2050 according the sea-level rise tool by Kulp and
Strauss (2019) called Climate Central. This approach may be more
conservative, but it does not take into account physical processes as
we do, such as tides or surface roughness.

TABLE 4 | Summary of coastal management scenarios presented.

Combinations Projection Strickler coefficient Ks (m"3.s™)

P3 2030 2030 Unconstrained coastline + coastal defenses around vilages
P3 2050 2050 Unconstrained coastline + coastal defenses around villages
P4 5030 2030 Complete reconnexion to the sea, no defenses maintained
P4 5050 2050 Complete reconnexion to the sea, no defenses maintained
Diff 2030 2030 Difference between P4 030 - P3 2030

Diff 5050 2050 Difference between P4 050 - P3 2050
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FIGURE 7 | Maximum heights simulated taking into account: (A) regional SLR projection by 2030, the P3 proposition and land-use projection by 2030; (B) same as
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In-Situ Effect of Land-Use Changes
on Flooding
Figure 7 presents the maximum heights simulated taking into
account: (A) the regional SLR projection by 2030 + P3 + land-
use projection by 2030; (B) regional SLR projection by 2030 +
P3 + land-use projection by 2050. Figure 7 also presents: (C)
the difference between the results on panel (A) and simulations
using current land-use by 2030; the difference between the
results on panel (A) and simulations using current land-use by
2050. It highlights no significant changes by 2030 in the zone
identified by the local decision-makers as agricultural activities
to be relocated (see Figures 4B, C). Figure 5C also shows an
increase of more than 0.25 m in the maximum height when
considering a new land-use by 2030. We can see that in the
north of Bourcefranc-Le-Chapus and Hiers villages, the
increase is particularly apparent. This could be explained by
the fact that the new habitats in this area are less “rough”.
Therefore, water flows more easily in the 2030 projection
compared to the 2012 land use. Moreover, even if the land-
use projections are limited to the small perimeter of the Adapto
project (see Figure 1A and Figure 5B), the change seems to
have an effect on the Bourcefranc/Hiers area. The increase is
less pronounced (less than 0.25 m) when considering a new
land use by 2050, as the habitats are rougher, in sea front
compared to 2030. Finally, we bring to your attention to the fact
that the Strickler coefficients classification does not have the
same level of details in its typology, as the new land-use
classification proposed. As an example, Salicornia, obione, or
other halophilous species are classified as the same type in the
Strickler coefficient classification, whereas in the land-use
projection each species has its feature on the habitat evolution.
Here, we did not take into account the possible change of
elevation in the topography with new habitats that would trap

the sediments. However, Bertin and Chaumillon (2006) have
shown that at a regional scale, the accretion of tons of
sediments under the oyster beds constitute 30% of the
sediments accreted in Marennes-Oléron Bay since 1824. They
have also shown that the tons of sediments accreted since that
time have reduced by 20% the water volume infilling the bay. As
many oyster farms are located inside the Reéserve Naturelle of
Moéze-Oleron (Figure 1A), it would be interesting to simulate
their impact on flooding not only in terms of surface roughness
(i.e by changing the Strickler coefficients), but also in terms of
sediment sources.

More generally, in case of complete depolderization of the
area, it seems crucial to take into account morphologic changes
induced by marine sources (sediments, waves, SLR, currents,
tide), using numerical modeling and in-situ monitoring (topo-
bathymetric survey, suspended matter measurements, site
monitoring after storms, etc.).

CONCLUSION

The main objective of this study was to help local stakeholders
determine the best coastal management strategy for the Moéze
marsh (France) that can contribute to the adaptation to SLR in
this zone. For this purpose different coastal management
scenarios were studied using numerical modelling, in order to
assess: i) the areas submitted to coastal flooding for future sea
level conditions; ii) the potential effects of land-use changes on
flooding. We have first calibrated and validated the model
allowing a good assessment of the extension of the observed
flooding during a reference event: storm Xynthia, occuring on
February 28" 2010. We then focused on the high astronomical
tide-induced flooding, taking into account regional SLR
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projections by 2030 and 2050 for different coastal management
scenarios, and different land-use projections. Some major
conclusions can be drawn:

1) The implementation of close defenses around potentially
vulnerable areas (P3 proposition) does not lead to
significant changes in flooding (surface extent or maximum
water height) compared to the case where the dikes are no
longer maintained (P4 proposition).

2) Land-use changes have a non-negligible influence on flooding
in the Moéze marsh. Especiallywith an increase of more than
0.25 m in the maximum height when considering a new land-
use by 2030, and an increase less pronounced (under 0.25 m)
when considering a new land-use by 2050. This result is
nuanced because the possible change of elevation in the
topography due to new habitats that would trap the
sediments is not taken into account.

To go further in the adaptive coastal management strategy,
historical extreme sea level events are additional components to
take into account (Vousdoukas et al., 2016). Indeed, recent studies
(including ours), mainly consider recent extreme storms in the
zone. This is due to the fact that these are still very present in the
collective memory, and also by the French regulation that has
resulted. However, Breilh et al. (2014b) showed that since 1900,
46 severe storms had affected this region. Among these storms,
several had a significant wave setup that increased the total water
level close to the coast due to wave breaking. A perspective to this
work is to simulate extreme conditions using such historical data
combined to contemporary topo-bathymetric data (or
projections), SLR and future land-use projections Future
extreme sea levels could also be considered in our further work.
(Vousdoukas et al, 2017).

Although we have not addressed this topic in the present
paper, the potential cost of the facilities (construction and/or
maintenance) required to protect to SLR is a key element in the
coastline management strategy and choices made by the
decision-makers. At this point, no coastal management
scenario has been decided yet for the Moéze marsh, but local
stakeholders now have more knowledge, based on land-use
projections in a context of SLR. It is interesting to note that the
decision-makers and technicians of the Moéze marsh were able
to meet stakeholders from other pilot sites and discover their
territories (Lancieux Bay and Orne estuary). They were able to
share their experience and learn about regulations, financial
levers, public perception, difficulties and possible solutions, as
well as get feedback from other stakeholders who have started a
managed retreat or ecosystem-based adaptation to SLR.
Through these different actions, the multidisciplinary
approach used in the Moéze marsh, and broadly in the
Adapto project, removes several barriers identified by authors
in terms of habitat restoration and adaptation (Lorie et al,
2020; Bongarts Lebbe et al., 2021; Cortina-Segarra et al., 2021).
In our case, we can mention the motivation in decision-makers
to incorporate innovation, the integrated land-use planning,

and the collaboration between different stakeholders, and
different expertise domains as barriers removed. Finally, the
approach presented can be adapted to other coastal sites
exposed to SLR.
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