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Abstract

The 14.5-km North-Médoc coast, southwest France, is a high-energy meso-

to macro-tidal environment adjacent to the largest estuary in Europe. Over

the last centuries, this coastline has locally suffered periods of severe erosion,

threatening coastal infrastructures and requiring the progressive implemen-

tation of coastal structures and, more recently, localized beach nourishments.

This contribution combines 84 years (1937-2021) of shoreline data from vari-

ous sources, 118 years (1903-2021) of shallow water bathymetric surveys and

historical photographs. Results show that, averaged in both time and space,

the coast eroded by -0.6 m/yr over the last 84 years, but with a large along-

shore and temporal variability. Erosion is locally peaking at -5.2 m/yr, while

accretion is restricted to a remote 2.5-km and locally peaks at 5.4 m/yr. A

salient characteristic of shoreline evolution is the alternation of rapid erosion

(< -5 m/yr) and dramatic accretion (> 20 m/yr) periods over relatively short

intervals (≈ 10 years) and across limited alongshore distances (e.g. couple of
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kilometers). We show that shoreline change is mainly driven by offshore shoal

dynamics originating from the estuary mouth further migrating in both the

cross-shore and longshore direction. Two major events occurring at different

times and locations, leading to volumetric changes of the order of millions

to tens of millions cubic meters are analysed. The first attachment, com-

pleted around the 1920s, supplied nearly 5-million m3 of sediment, widening

and rising the beach by hundreds of meters and meters, respectively. This

shoreline bulge subsequently diffused and migrated downdrift, resulting in a

quasi-steady erosion rate of approximately -3.3 m/yr. The second shoal at-

tachment, which started around the 1950s, first stopped the chronic erosion

observed in the northern sectors, and subsequently drove dramatic (> 500 m)

shoreline accretion in the 1970s. Current yearly small-scale beach nourish-

ments only temporally buffer erosion, while a mega-nourishment with similar

scales as the first shoal attachment could provide a more sustainable solu-

tion. We anticipate that this study, together with future modelling work

will help the coastal managers and decision makers to optimize their coastal

management strategy.

Keywords: Coastal erosion, Estuary mouth, Shoal welding, Bathymetric

control, Multidecadal variability

1. Introduction

Approximately one third of the ice-free coasts are made of sand (Lui-

jendijk et al., 2018), with sandy shores being particularly vulnerable to

coastal erosion. Sandy coasts show large morphological changes with ero-

sion and accretion periods alternating on short- (days-to-weeks), medium-
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(months-to-decades) and long-term (> decades) timescales (Stive et al., 2002).

Severe erosion can occur under a given storm or series of storms (Masselink

et al., 2016; Harley et al., 2017). Erosion can also be long-lasting, with chronic

erosion potentially requiring to permanently move people or infrastructures

out of harm’s way (managed retreat, Dundon and Abkowitz, 2021). It is thus

increasingly important for coastal managers and decision makers to improve

the understanding of past and future sandy coast evolution. This is particu-

larly true for sandy coasts adjacent to estuary mouths, which are often focal

points for coastal development and human recreation. Such environments

are also the coastal sectors often showing globally the largest shoreline time

and space variability (Bamunawala et al., 2021; Castelle et al., 2022).

Temporal changes of sandy coasts can be affected by human interventions

including coastal structures and beach nourishments (Hamm et al., 2002; Ells

and Murray, 2012; de Schipper et al., 2021). Nevertheless coastal response

is often mostly driven by natural external forcing, that is, by variability in

tide and incident wave conditions operating on a wide range of timescales

(Castelle and Masselink, 2023). Shoreline variability becomes increasingly

complex when approaching tidal inlets and estuary mouths as it is driven

by an interplay between external (e.g. waves) and internal (e.g. ebb tidal

delta cycles) factors (e.g. FitzGerald, 1984). Channel dredging for naviga-

tion purposes can also affect the morphodynamics of the system (Zarzuelo

et al., 2019). On the longer term, sea-level rise and terrestrial (e.g., fluvial

sediment supply) processes that govern the local sediment budget can also be

important to shoreline change of adjacent coasts (Bamunawala et al., 2021).

Ebb-tidal delta sandy shoals typically successively form, migrate (Rid-
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derinkhof et al., 2016b) and weld to the shore under the combined action

of wave- and tide-driven currents (De Swart and Zimmerman, 2009; Rid-

derinkhof et al., 2016a). Such quasi-cyclic internal behaviour includes hooked

sand ridge welding to the updrift coast (Hine, 1979; Robin et al., 2009), where

updrift and downdrift refer to the dominant longshore sand transport at the

scale of the system. Closure and opening of tidal channels at the most wave-

dominated environments can also be observed (Fortunato et al., 2014). In

addition, critical to shoreline variability along the downdrift coast is shoal

attachment to the shore (Gaudiano and Kana, 2001; Ridderinkhof et al.,

2016a; Elias et al., 2019; Burvingt et al., 2022). Such shoal attachment to

the downdrift coast can be viewed as a local, natural, beach nourishment as

the bulge of sand subsequently diffuse and migrate downdrift (Van den Berg

et al., 2011). A local longshore drift reversal can be locally observed along

the downdrift coast as a result of wave refraction around the ebb-tidal delta

(e.g. Hayes et al., 1970) and/or change in shoreline orientation (e.g. Idier

et al., 2013).

So far studies addressing the evolution of such downdrift coastal sectors

mostly focused on relatively small inlet systems (e.g. Gaudiano and Kana,

2001), which are often made by a single channel and characterized by a shore-

line variability occurring on shorter time and space scales (e.g. Byrne et al.,

1980; FitzGerald, 1982). Such smaller-scale systems are thus generally eas-

ier to monitor. In contrast, close to large-scale inlets and estuary mouths,

shoreline changes can occur on hundreds of meters in the cross-shore direc-

tion, along kilometers to tens of kilometers of coastline and on decadal time

scales (FitzGerald, 1982; Burvingt et al., 2022; Castelle et al., 2022). This
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challenges the monitoring, understanding and modelling of shoreline change

of such downdrift coast environments. Because in situ monitoring programs

are scarce and tedious, optical satellite imagery is an appealing avenue to

cope with large-scale inlet and downdrift shoreline dynamics (e.g. Warrick

et al., 2023). However, on high-energy gently sloping tidal beaches the in-

stantaneous shoreline is largely dependent on water level variation and beach

slope (Vos et al., 2019b, 2023), and satellite-derived shoreline errors can thus

exceed 50 m (Konstantinou et al., 2023). Ocean color depth inversion (e.g.

Lubac et al., 2022) is also not possible for turbid water. This therefore chal-

lenges the use of optical satellite imagery for high-energy meso-macrotidal

and turbid water inlet environments. The welding of shoal originating from

such large-scale tidal inlets or estuary mouths, which can result in sand input

on the order of hundred cubic meters per beach width (Burvingt et al., 2022),

can also be viewed as a natural analogy of a ’mega-nourishment’. Such mega-

nourishment (e.g. Sand Engine, de Schipper et al., 2016), which is performed

in a single operation, contrasts with quasi-periodic (e.g. yearly) traditional

beach nourishments. Such approach can be thus an efficient management

strategy on sediment-starving sectors at the scale of a coastal cell (Roest

et al., 2021).

The 14.5-km North-Médoc coast sector, southwest France, is adjacent to

the largest estuary in Europe (Figure 1a). It is a meso to macrotidal, tur-

bid water, energetic environment which, over the last centuries, has suffered

periods of severe erosion. This required the establishment of coastal pro-

tections since the mid-19th century, including riprap seawalls and groynes,

and more recently localized beach nourishments. Despite all these measures,
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some urbanized and state forest sectors are still largely threatened by ero-

sion. A mega-nourishment project is also currently debated to safeguard

this territory, without having insight into its potential lifetime. Despite the

strong need of the coastal managers and decision makers to better under-

stand coastal change and their primary drivers to guide their future coastal

management strategy, there is a strong lack of scientific literature on this

area. Howa (1997) tentatively designed a conceptual model of the Gironde

estuary mouth based on the orientation of offshore mega-ripples, which was

further completed by Mallet et al. (2000), with none of the studies addressing

shoreline change. This study therefore aims at providing new and quantita-

tive insight into secular shoreline change along this coastline linked with the

welding of shoals circulating across the ebb delta and to further discuss the

implications from the perspective of coastal management. For this purpose,

different shoreline, topographic and bathymetric programs are combined.

2. Study site

The study site covers approximately 14.5-km of north-northeast facing

sandy coastline on the North-Médoc coast, from Cape Grave to Cape Négade

(Figure 1b). It is exposed to seasonally-modulated energetic waves generated

in the North Atlantic. According to measurements and numerical hindcasts,

at a location ¡100 km south of our study site in approximately 50-m depth,

waves vary from a dominant W-NW (W) direction in July (January) with a

monthly-averaged significant wave height of 1.11 m (2.40 m) (Castelle et al.,

2017). Given the larger and shallower continental shelf and the presence of

complex underwater rocky outcrops offshore, wave conditions at our study
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site are typically less energetic at the coast than further south. Another

important characteristics is the strong latitudinal gradient, within the study

site, in incident wave energy with breaking wave height progressively decreas-

ing northwards. The dominant angle of wave incidence drives a net longshore

drift directed northeastwards (Idier et al., 2013; Howa, 1997), diverging from

the southward longshore drift further south. The North-Médoc beaches are

adjacent to, and downdrift of, the Gironde estuary (Figure 1a). The tide is

semi-diurnal, meso-macrotidal, with a tidal range from 1.5 m at neap tide to

5.5 m at spring tide (Castaing and Allen, 1981) leading to tide-driven cur-

rents with a maximum bottom velocity up to 1 m/s near the coast (Howa,

1987).

The Gironde estuary is the largest estuary of the Atlantic coast of Eu-

rope, with a maximum cross section of 12 km at high tide near the mouth

(Castaing and Allen, 1981). It is a large-scale mixed energy inlet (Allen,

1991). The average yearly suspended sediment and water discharges are 2.5

106 t/an (Jouanneau et al., 1999) and 900 m3/s (Sottolichio and Castaing,

1999), respectively. From 2005 to 2014, this value decreased to 680 m3/s

due to changes in hydrological conditions (Jalón-Rojas et al., 2015). The

estimated volume of water flowing through the inlet, i.e. tidal prism, is 1.1

109 m3 and 2 109 m3 at neap and spring tide, respectively (Allen et al.,

1974a). The inlet is divided into two main channels (Figure 1a). The north-

ern one is called the West Pass, which is located between the rocky platform

of Cordouan and the Charente-Maritime coast. This 15-30 m deep naviga-

ble channel is maintained with frequent dredging operations. The secondary
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Figure 1: (a) Location map of the study area, and rocky outcrops, zoomed in (b) showing

coastal defence (with construction dates) beach nourishment locations, the 100-m transects

along which shoreline is extracted, and the local longshore coordinate system (Sentinel 2 on

September 20 2022). The five distinct sectors used to describe in the text the alongshore

variability of shoreline response are shown by the dotted white line. Photographs of

(c) a coastal dune under chronic erosion (Ph. M. Vandenhove - feb. 2022), (d) coastal

defences from mid-20th century (@L. Theillet), (e) coastal defences north of Cape Négade

(@G.Bonnaud) and (f) northern side of Cape Négade where severe chronic erosion depleted

the coastal dune system and left the coastal forest directly exposed to marine erosion (Ph.

M. Vandenhove - jan. 2022).
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channel (10-20 m deep), called the South Pass, is located in the south of the

estuary mouth and has been reasonably stable in time. It deviates from the

main channel in front of the Cordouan platform to the downdrift sector of

the inlet constrained by the presence of several rocky outcrops (see Figure

1a). In addition to regular dredging operation of the West Pass, aggregate

extraction has also been performed since approximately 1945 at different lo-

cations of the estuary mouth.

Since the sea level stabilization at ca. 6000 BP, there is evidence that

the North-Médoc beaches have been eroding since at least ca. 3500 BP as

shown by sedimentological and archeological analysis (Stéphan et al., 2019).

More recently, from the 1700s to the early 1900s historical charts also indi-

cate widespread erosion of the entire coastline, with erosion rates increasing

northwards (Lévêque, 1936; Allen et al., 1974b; Howa, 1987). The authors

reported continuous erosion over these 2 centuries, without apparent recov-

ery period. Since the mid-19th century, with recreational development, the

study site has become more attractive and leaded to large urban expansion.

A wide range of coastal defences have been progressively constructed to pro-

tect the coast against erosion. The first structures were made of groynes

built in 1841 within Sector (3) (Figure 1b). Later on, the series of groynes

were progressively transformed into a continuous seawall between 1853 and

1938. This transformation was characterized by several reconstructions due

to storms and bombing (World War II). Subsequently, additional seawalls

were built in the same sector, extending the length of the original seawall

to span approximately 3 km of coastline. The current boundaries of this
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seawall are marked by two groynes, referred to as lim3-4 and groyne lim2-3

in Figure 1d) covering the entire Sector (3). At the northern end, groyne

lim3-4 was established in 1993, while at the southern end groyne lim2-3 was

initially built in 1935, but was repaired further extended in 2014-2015 after

the extreme winter of 2013/14 (Figure 1b). Another groyne constructed be-

tween 1863 and 1865 delimits Sector (5) and Sector (4) (i.e. groyne lim4-5 ).

Finally, additional seawalls which were built at Cape Grave during the 20th

century are now buried under the sand. Photograph archives indicate that,

during the 20th century, large shoreline and coastal landscape changes have

been observed with rapid erosion and accretion periods alternating over time

and space. In Sector (2), at Soulac-sur-Mer, between the 1930s and 1950s,

the beach elevation rose by several meters (Figure 2). It is important to note

that other photographs from other view points taken in the 1910s (not shown)

indicate that at that time the beach was even lower than in 1930s by a few

meters, highlighting the worrying erosive situation in the early 20th century.

Two decades later, in the 1970s, 2 km south of Soulac-sur-Mer, aerial pho-

tographs show the presence of a 200-m wide vegetated dune in front of the

Signal building that entirely eroded over 45 years while simultaneously, the

northern sector (5) has been accreting locally by hundreds of meters (Figure

3). In the early 21th century, riprap seawalls and groynes have been erected

to protect the more exposed urban areas, in Sector (1). Since 2018, localized

beach nourishments (around 60 103 m3/yr) have been performed every year

along some of the most vulnerable areas (Sector (2)) to buffer incident wave

energy, while non-documented nourishments of similar scale were irregularly

performed further south in Sector (1) since the early 2000s (Figure 1b). De-
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spite all these measures, some of the areas of the North-Médoc coast are still

under chronic erosion, threatening infrastructures, some urbanized (Figure

1e) and state forest areas (Figures 1c; 1f), while other are accreting (Figure

3).

3. Methods

3.1. Shoreline data sources

In order to address the alongshore variability of shoreline response, we tai-

lored a local coordinate system spanning from 0 km at the southern boundary

of the study area to 14.5 km at the northern end. The coastline was further di-

vided into 100-m spaced transects (Figure 1b), along which shoreline position

was further interpolated from several data sources. The shoreline interpola-

tion at each 100-m spaced transect was performed when the data distance

from the transect was under 300 m. The shoreline dataset used herein com-

bines four different sources, with different temporal coverage, accuracy and

frequency, namely: i) aerial photo interpretation, ii) satellite-derived shore-

line, iii) in situ shoreline surveys and iv) topographic surveys. These datasets

are all described below.

i. Aerial photo interpretation

From 1937 to 2020, 41 orthophotos were gathered from several sources,

covering partially or entirely the study site (Table 1). In total, 38 orthopho-

tos were georeferenced orthomosaics from aerial photos, while three were geo-

referenced satellite optical images from FORMOSAT2 (Lafon et al., 2010).

Amongst the 38 aerial photo orthomosaics, 15 were already merged and
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Figure 2: Historical photographs of Soulac-sur-Mer seafront a) in the early 1930s and b)

late 1950s, showing the dramatic elevation and widening of the beach. In the 1930s, the

beach level was at the foot of the sea wall. This sandy beach rose several meters to reach

the yellow dotted line in the late 50s. In 2023, the beach level is at the cyan dotted line.
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Figure 3: Historical aerial photographs illustrating the large-scale shoreline evolution, ac-

creting sector in the north (1945-1991) and eroding sector south of Soulac-sur-Mer, in front

of the Signal building (1970s-2015). (Ph. 1970s, source unknown; Ph. 2015,@L.Theillet)
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orthorectified with a conservative error under 5 m (Castelle et al., 2018).

Another 23, from 1945 to 2010, were retrieved from the French National

Geographical Institute (IGN). These 23 orthophotos were assembled by a

photogrammetry software (Agisoft Metashape 1.7.2) and transformed into

23 3D models to generate orthomosaics following the approach detailed in

Laporte-Fauret et al. (2022). The obtained mean horizontal RMSE is 1.9

m, with a maximum of 4.9 m for the orthomosaics with the poorest quality

(1947). On a GIS Software (ArcGIS Desktop 10.6), the shoreline position

was then manually digitized by an operator. The dune foot and the limit of

vegetated foredune were used as proxies for the shoreline position for erod-

ing and accreting sectors, respectively. In case of dike/seawall and absence

of established or incipient dune, the foot of the coastal infrastructure was

considered as the shoreline. In order to estimate the uncertainty associated

to operator interpretation, five operators manually retrieved the shoreline

position on two orthomosaics with the poorest (1937) and best (2010) res-

olution and light exposure. The shoreline retrieved by the first author was

kept for the analysis. Operator-derived shoreline differences were the largest

in accreting sectors as the bare sand / vegetation limit is blurred due to the

sparse vegetation coverage of the incipient foredune. The overall RMSE due

to operator interpretation is 5.1 m for 2010 and 17.5 m for 1937. In eroding

sectors this RMSE is only 2.7 m and 6.8 m in 2010 and 1937, respectively.

It peaks locally at 18.5 m in 2010 in an accreting sector with the presence

of incipient foredune. For the orthomosaic of 1937, the errors locally well

exceed 50 m where two operators detected the former dense vegetation limit

instead of the more subtle limit of incipient vegetation. This was due to a
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Table 1: Number of data (N) available for each data source used in this study, with their

temporal (year) and mean spatial (percent) coverage. The shoreline proxy and errors are

provided.

Data protocol N Temporal

cover. (yr)

Spatial

cover. (%)

Proxy Source Error (m)

Photo-interpretation 41 1937-2020 95% Dune

foot

Aerial photos series, LiDAR,

satellite images

RMSE

<5m

Satellite-based 1404 1984-2021 20% Water

line

CoastSat toolkita, L5 ,L7 ,L8

and S2

> 30 mb

Shoreline surveys 14 2014-2022 85% Dune

foot

GNSS surveysc Mean error

< 2 m

Topographic surveys 14 2013-2021 65% Dune

foot

GNSS surveysd -

a Vos et al. (2019b)

b Castelle et al. (2021)

c Castelle et al. (2015)

d CDCMA (2021a)

recent shoreline accretion by tens to hundreds of meters due to a large-scale

shoal welding to the coast (see Result section).

ii. Satellite-derived shorelines

The open-source CoastSat software developed by Vos et al. (2019a) was

used to infer shoreline position from 1984 to 2021. This toolkit uses the

Google Earth Engine satellite database composed of satellite images com-

ing from Landsat 5, 7, 8, and Sentinel-2 campaigns. The 14.5-km coastline

was divided into 6 boxes segments where satellite images were extracted, on

which the toolbox applied generic shoreline detection algorithm to extract

the instantaneous sand/water interface (referred to as waterline proxy for

this data source). This resulted in 1,404 3-km long waterline segments, in
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6 overlapping boxes (Table 1). Beaches are gently sloping meso-macrotidal

and exposed to high-energy waves, therefore so the satellite-derived shoreline

errors exceed 30 m (Castelle et al., 2021; Konstantinou et al., 2023; Vos et al.,

2023). Contrary to Castelle et al. (2021), tide and run-up correction allowing

to decrease errors to approximately 10 m was not applied. The two primary

reasons are that beach slopes varies alongshore at our study site and that, in

line with Castelle et al. (2022), such uncorrected satellite-derived shoreline

dataset is enough to provide insight into the large-scale spatial and temporal

patterns of shoreline change.

iii. Shoreline surveys

From 2014 to 2022, twice a year, shoreline position was surveyed in situ

along the 110 km of the Gironde coast, comprising our study site, typi-

cally before (November) and after (April) the winter. An all-terrain vehicle

(ATV), equipped with a Post-Processed Kinematic Global Navigation Satel-

lite System (PPK GNSS), is used to survey the shoreline from south to north

between low and mid-tide. Dune foot and incipient foredune vegetation are

used as shoreline proxy in eroding and accreting sectors, respectively. The

monitoring and post-processing strategies, which provide continuous shore-

line position with an estimated 3-m accuracy, are detailed in Castelle et al.

(2015). Importantly, the northern extremity of the field site (x >11 km,

nearly 15%) was not systematically surveyed as erosion cliffs and outcrop-

ping coastal structures often limit the ATV access to this part of the coast.
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iv. Topographic surveys

From 2013 to 2021, 14 topographic surveys were performed (CDCMA,

2021a), using an ATV equipped with a centimetric Real-Time Kinematic

(RTK) GNSS system. These surveys followed the 100-m spaced transects

(see Figure 1b) over 65% of the 14.5-km coastline, mostly in the southern

part of the study site (Table 1). As the surveyed sector essentially covers

eroding coastline, the dune foot position was easily depicted from the beach-

dune profile as the location of the slope break.

3.2. Bathymetric data and interpolation

A total of 25 bathymetric surveys covering the southern part of the es-

tuary mouth were collected from 1903 to 2021 (Table 2), with 23 datasets

from 1903 to 2000 being bathymetric paper charts coming from Bordeaux

Harbour (Grand Port Maritime de Bordeaux, GPMB) archives. They were

scanned and uploaded in a GIS Software (i.e ArcGIS Desktop 10.6) to be

georeferenced and further digitized. For the most recent data, the chart grid

coordinates were used for georeferencing. The process was different for older

datasets since they had no coordinate system visible on the map. Instead,

historical reference points were used, such as lighthouses, churches and cross-

roads, with a minimum of 10 points homogeneously distributed over each

chart. For every chart, each bathymetric probe was then manually digitized.

Spatial coverage was either partial, medium or wide while the probes density

went from sparse to medium (e.g. Figure 4a,b). The two latest datasets (i.e.

2019 and 2021) come from bathymetric survey campaigns carried out using

a single-beam sounder (CDCMA, 2021b). These surveys uniformly cover the

entire study area with high point density (Figure 4c). Except for these 2019
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Figure 4: Illustration of the three primary survey data spatial coverage and probe distri-

bution: a) partial coverage and medium probe density; b) wide coverage and sparse probe

density; c) wide coverage and dense probe distribution.

and 2021 datasets, the data were collected along approximately 250-300-m

spaced cross-shore transects (Figure 4a,b, Table 2), while within the tran-

sects, data points are separated by approximately 50 m. This distribution

can lead to spurious spatial oscillations after interpolation, resulting in a

bathymetric map deviating from reality and flawed/noisy difference plots.

Given that the morphology of the offshore banks and channels are more

longshore than cross-shore oriented, an anisotropic IDW (Inverse Distance

Weighted) interpolation method was used in order to give more weight in the

interpolation to the values of adjacent transects, as represented in Figure 5.

This anisotropic interpolation was carried out with a 800 m long and 200 m

wide search ellipsoid, using a weighted average of 10 to 15 neighboring data

points within the searching area (Figure 5b). Finally, the location of the

offshore rocky outcrops were provided by SHOM - Service Hydrographique

et Océanographique de la Marine (2005).
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Table 2: Bathymetric dataset characteristics in terms of spatial coverage (Partial, Medium

or Wide, see examples in Figure 4), number of probes and their distribution, transect

spacing and data source.

Date Spatial

coverage

Number of

probes (n)

Probes

distribution

Distance between

transects (m)

Source

1903 Partial 2387 Medium 300 GPMB*archives

1909 Partial 2346 Medium 300 GPMB*archives

1917 Partial 3357 Medium 300 GPMB*archives

1920 Partial 3587 Medium 250 GPMB*archives

1921 Partial 4033 Medium 250 GPMB*archives

1922 Partial 4196 Medium 250 GPMB*archives

1926 Medium 4631 Medium 250 GPMB*archives

1928 Medium 5821 Medium 250 GPMB*archives

1929 Medium 5163 Medium 250 GPMB*archives

1931 Medium 4391 Medium 250 GPMB*archives

1932 Medium 5535 Medium 250 GPMB*archives

1933 Medium 5791 Medium 250 GPMB*archives

1934 Medium 3728 Medium 250 GPMB*archives

1935 Medium 4249 Medium 250 GPMB*archives

1936 Medium 4243 Medium 250 GPMB*archives

1937 Medium 4,790 Medium 250 GPMB*archives

1938 Medium 5,045 Medium 250 GPMB*archives

1939 Medium 4,814 Medium 250 GPMB*archives

1959 Medium 3,899 Medium 300 GPMB*archives

1984 Wide 5,204 Sparse 300 GPMB*archives

1993 Partial 1,975 Sparse 200 GPMB*archives

2000 Partial 5,017 Medium 300 GPMB*archives

2019 Wide 1,832,082 Dense 300 Single beam sounder

measures

2021 Wide 928,865 Dense 300 Single beam sounder

measures

* Grand Port Maritime de Bordeaux (Bordeaux Harbour)
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Figure 5: Example of the weight each data will have in the interpolation process depending

of their spatial distribution a) without anisotropy and b) with an anisotropic interpolation.

Data in red have a strong impact in the interpolation while green ones have less, brown

data being the average.
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4. Results

4.1. Shoreline evolution since 1937

Figure 6a shows the time and space evolution of the 14.5-km North-Médoc

coastline since 1937 using the dune foot proxy dataset given in Table 1 and

by discriminating five distinct alongshore sectors.

The first sector (1) (Figure 6d) at 0 < x < 1.5 km shows an average

shoreline retreat of 329 m, increasing northwards, with a maximum of 440 m

and minimum of 128 m. This corresponds to an erosion rate ranging from 5.2

m/yr (x = 1.1 km, the most rapidly eroding location of the entire coastline)

to 1.5 m/yr, with a mean of 3.9 m/yr (see Figure 6b showing the alongshore

distribution of mean shoreline trend at each transect).

Within Sector (2), from x = 1.5 km to Soulac-sur-Mer seafront (x = 6.1

km), the time average shoreline erosion was relatively uniform alongshore

at 1.5 km < x < 5.6 km (Figure 6b). At x = 5.6–6.1 km, Soulac-sur-

Mer seafront, the mean erosion rate decreased to 0.6 m/yr. Of note (not

shown), at this location, the shoreline position measured in situ and derived

from aerial photograph was relatively stable from 2014 to 2022. In contrast,

at the same location, the satellite-derived waterline migrated seaward at a

mean rate of 10.9 m/yr during this period. This emphasizes the impact

of the Sector (2) northern groyne lim2-3 (Figure 1b), which trapped the

dominant northerly longshore drift, driving the rapid widening of the beach.

Overall, an average shoreline retreat by 231 m (-2.7 m/yr) occurred within

Sector (2). Erosion was, however, not steady which is further emphasized

in Figure 7a showing the temporal evolution of shoreline position at this

location. From 1947 (Figure 7c) to 1957 (Figure 7d), a localized accretion by
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approximately 70 m was observed (d1 in Figures 7a,d), followed by decades of

chronic erosion. Although barely visible on the time stack due to the colour

scale (Figure 6a), this accretion explains the large beach rise photographed

at this location (Figure 2).

Within Sector (3), from the groyne lim2-3 at x = 6.1 km, to the groyne

lim3-4 (Figure 1b) at x = 9.3 km, the shoreline accreted on average by 37

m (i.e. mean accretion of approximately 0.4 m/yr). This shoreline accretion

is the signature of the vegetated dune benefiting from the protection of the

3-km long seawall constructed in 1938 along this sector (Figure 1d).

Within Sector (4), between the groyne lim3-4 (x = 9.3 km) and the

groyne lim4-5 (x = 11.1 km) (Figure 1b), a slow erosion (48 m, 0.6 m/yr)

and a slow accretion (19.5 m, 0.2 m/yr) is observed in the south and in the

north, respectively. However, shoreline trajectory changes were also observed

in time, with an accretion of 54 m followed by the same erosion from 1962

to 1977 around x = 10 km (Figure 7a).

In the most northern sector (5), from the groyne lim4-5 (x = 11.1 km)

to Cape Grave (x = 14.5 km)(Figure 1b), dramatic shoreline changes were

observed. Four periods can be distinguished : (i) three decades of severe

erosion between 1937 and 1970 at an average rate of 3.6 m/yr followed by

(ii) three decades of strong accretion starting in the 1970s with shoreline

advancing by 307 m at a mean rate of 11.0 m/yr, and with shoreline position

largely exceeding the 1937 shoreline position after 1977 (Figure 6a). Between

1998 and 2010 (iii) a second erosion period (2.6 m/yr) took place, followed

by (iv) another accretion period (17.9 m/yr). In total, this sector averaged

alongshore accretion was 217 m of vegetated dune with a rate of 2.6 m/yr
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between 1937 and 2021. However, changes were not uniform alongshore, with

a presence of a large shoreline bulge (Figure 8a) which slightly diffused and

migrated northeastwards (Figure 8a).

When integrating along the entire coastline (five sectors), the shoreline

eroded by 50.4 m on averaged (0.6 m/yr), with large multidecadal variability

(Figure 6c).

4.2. Bathymetric evolution since 1903

Figure 9 shows the shallow water bathymetric evolution from 1903 to 2021

of the southern pass of the Gironde estuary mouth, offshore of the North-

Médoc coastline. It highlights the large morphological variability over the

past 118 years. Since 1903, the sand volume in the computation box (Figure

9a) has decreased (-20.16 millions of m3 within 20,125 km2, Figure 9g,h).

The delimitation of the rocky substratum discriminates two sandy shoals

from the shallow rocky area. The first shoal (bubble 1 in Figure 9a), which

dynamics is shown in more detail in Figure 10, was located approximately

1 km offshore, south of Soulac-sur-Mer in 1909, Sector (2) (Figures 9a and

10a). This shoal progressively migrated onshore. Between 1909 and 1929,

it welded to the coast within Sector (2) (Figures 9b and 10b) and stretched

along the coastline during the subsequent years (Figure 10c). From 1909

to 2021 within 2020 km2 (Figure 10d), approximately 4.5 million m3 of sand

have been lost offshore of the accreting shoreline sectors (Figure 2), indicating

that the shoal mostly fed the sandy beaches.

In 1909, a second shoal (bubble 2, in Sector (3), in Figure 9a) can be

identified further northeast (Figures 9a and 11a). This mostly alongshore-

oriented shoal increased in size (Figure 11b) and volume, as approximately
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Figure 6: (a) Time stack of shoreline change and (b) corresponding alongshore distribu-

tion of mean shoreline trend, calculated with end point method (c) and time series of

alongshore-averaged shoreline position. In (a,b) the horizontal dotted lines indicate the

location of the major groynes progressively erected since the 19th century, which are fur-

ther used to define the different coastal sectors described in the text. (d) Satellite image

(Sentinel 2 on September 20 2022) showing the location of the five sectors.
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Figure 7: Temporal changes in the shoreline position at transects (a) and (b), which are

situated on the gray map, demonstrate periods of accretion (and distance) (d1 ) from (c)

1947 to (d) 1957 at Soulac-sur-Mer, sector (2), and (d2 ) from (e) 1962 to (f) 1973, at

sector (4). Dune foot shoreline and satellite-derived waterline are shown in green and

black, respectively, see Table 1.
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Figure 8: Evolution of shoreline position between 1937 and 2020 at Sector (5), in the

north of the study site: (a) orthophotograph of 1937 with superimposed shorelines (date

coloured) with the three dotted lines (green, yellow and red) indicating the locations at

which shoreline position time series are extracted in (b).

1.8 million m3 were gained (Figure 11d) between 1909 and 1935. During this

time interval, the second shoal was connected to the first shoal (e.g. 1935,

Figure 11b, marked by the black star) and smaller shoals bypassed the South

Pass (Figure 9b, event marked by the red star) and welded to the alongshore

shoal (identified from the 18 high-frequency bathymetric maps from 1903

to 1939, not shown). After 1935, sand volume tended to decrease at an

unsteady rate. The shoal gradually migrated towards the northeast (Cape

Grave) apparently supplying Sector (5) with a large amount of sediment.

Its volume and size reduced over the years (-5.33 millions of m3 within a

3,785 km2 area, Figure 11d) until it almost disappeared in the most recent

bathymetric map (i.e. 2021, Figure 11c).

The third remarkable feature in the shallow water bathymetry evolution is
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Figure 9: (a-f) Shallow water bathymetric evolution (IGN/NGF69) from 1909 to 2021

using a selection of the dataset listed in Table 2, (g) difference plot between 1909 and 2021

and (h) time series of the volume change since 1903 in the computation box shown in (a).

The red star shows the location where smaller shoals by-passed the South Pass.27



Figure 10: Shallow water bathymetric evolution (IGN/NGF69) of (a) the shoal located 1

km offshore of Soulac-sur-Mer in 1909 and (b) in 1929 and (c) 1937, welding to the coast,

with (d) the time series of the volume change since 1909 in the computation box shown

in left-hand panel.
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Figure 11: Shallow water bathymetric evolution (IGN/NGF69) of the alongshore-oriented

shoal (a) in 1909, b) in 1929, (c) in 2021 with (d) the time series of the volume change

since 1909 in the computation box shown in left-hand panel. The black star shows the

connection between the first shoal (outside the frame) and the alongshore-oriented shoal.
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Figure 12: Shallow water bathymetric evolution (IGN/NGF69) of the alongshore channel

offshore of Cape Négade which was (a) absent in 1909 (b) developed in the mid-20th

century before (c) becoming an alongshore channel.

the formation of a channel that opened approximately 1 km off Cape Négade,

at Sector (1), (x = 1.5 km, Figure 1e) since 1959, between the rocky shoal and

the coastline (Figure 9c and 12a). In this area which appears relatively stable

during the first part of the 20th century, the channel gradually deepened

(widened) during the second part of the 20th century, until it reached a

depth (width) of -9 m to -10 m IGN/NGF69 (700 m). The link between this

channel and the continuous shoreline erosion along those sectors, (1) and (2),

will be discussed later in this paper.

5. Discussion

5.1. Conceptual model

We show that the North-Médoc coast has been chronically eroding over

the last century at a mean rate of 0.6 m/yr. This is in line with the chronic

erosion observed along this coastline by Lévêque (1936); Allen et al. (1974b);

Howa (1987) from the 1700s to the early 1900s, and even earlier since ca. 3500

BP (Stéphan et al., 2019). However, while erosion rates were previously ob-
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served to increase northwards (e.g. Howa, 1987), the more recent changes

documented herein show chronic erosion rates decreasing northwards, with

even locally accreting sectors at the northern end of the study site (Figure

6b). Interestingly enough, the alongshore-average chronic erosion rate of

0.6 m/yr is on the same order of the erosion rate averaged across the en-

tire southwest coast of France (Castelle et al., 2018), despite the coastline

studied herein is iconic of coastal erosion for metropolitan France. This is

because the most erosive sectors of our study site are primarily located in the

urbanized areas (Figure 6b). Contrary to previous work on longer timescales

which suggested a monotonic erosion over the entire domain (Lévêque, 1936;

Allen et al., 1974b; Howa, 1987), our work based on historical charts and

multiple sources of topo-bathymetric data suggests much more complex be-

haviour over time and space. The time series of alongshore-averaged shoreline

position shown in Figure 6c can be viewed as the superimposition of the large-

scale accretion event in sector (5) onto a quasi-steady long-term erosive trend

(Figure 6b) primarily across the first and second sectors. Such large shore-

line variability if often found close to tidal inlet or estuary mouth (Hansen

et al., 2013; Velasquez-Montoya et al., 2020; Castelle et al., 2021) and linked

with shoal attachment to the downdrift coast (FitzGerald, 1982, 1984; Rid-

derinkhof et al., 2016a; Burvingt et al., 2022). In line with these observations

globally, our results indicate that shoreline change observed along the entire

sector (Section 4.1) is largely enforced by such bathymetric changes (Section

4.2), with two major shoal welding events (in the 1920s and 1950s). Such

dynamics is also largely influenced by rocky platform and outcrops. Our

results are synthesised in a conceptual model proposed in Figure 13, which
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is further discussed below.

The first shoal progressively attached to the south of Soulac-sur-Mer be-

tween 1903 and 1929 (Sector (2), Figure 10). Despite the absence of shoreline

data at that time, we hypothesize that such attachment drove a large, local-

ized, shoreline accretion (Figure 13a). This nearly 4.5 million m3 sand supply

was sustained until approximately the 1920s (Figure 13b). It is evidenced by

the large, 350-m wide, bare sand beach facing the Signal building (see Figure

13b, sector (2)). The absence of vegetation on the 1937 orthomosaic (not

shown) testifies the recentness of the shoreline bulge. According to bathy-

metric and shoreline data, the shoreline bulge diffused and migrated predom-

inantly (downdrift) northeastwards (see shoreline accretion in the bottom

panels of Figure 7a), until the late 1950s (Figure 13c). This process con-

tributed in feeding the beach of Soulac-sur-Mer as shown in the large beach

accretion observed in Figure 2b. Until the 1980s (Figure 13d) continuous

erosion of the southern beaches was observed. This erosion was attributed to

the lack of offshore sand supply, as evidenced by the conversion of a 350-m

wide bare sand bulge to a 200-m wide, vegetated, dune in front of the Signal

Building (photograph of 1970s in Figure 3b). In contrast, the second shoal is

hypothesized to feed Sector (5) since the the 1950s, first stopping shoreline

erosion in Sector (5) in the 1950s and subsequently driving dramatic localized

accretion in the 1970s (Figures 8 and 13d). This behaviour continued over the

last decades (Figure 13e), as both chronic erosion along the southern coast

and accretion in the northern sector continued. This accretion was caused

by the second shoal intermittently benefiting from offshore sediment supply

(using a detailed inspection of all the available bathymetric data, not shown).
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Figure 13: Conceptual model of the study site from the beginning of the 20th century.

(a) Before 1930 : shoal #1 (green) offshore of sector (2) migrating and welding to the

coast within 20 years; (b) diffusion of the shoreline bulge with slow downdrift migration,

reaching Sector (3). (c) After 1959, the northward progression of Shoal #1 is no longer

apparent, although it hypothesized to supply Sector (5) with sediment. (a) Prior 1930:

shoal #2 (purple) offshore of Sector (3) expanded, benefiting from offshore sediment supply

(yellow), (c) migrated towards Sector (5) and drove shoreline accretion (d,e). (d) Since

1984, a channel appears between the coast (gray) and the rocky sea floor (gray stripes),

(e) further deepening and widening. The Signal building position is given for reference in

each panel. Primary location names are provided in (a).
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In contrast, the alongshore channel which has been progressively deepening

south of Soulac-sur-Mer since nearly the 1970s (Figure 12c) is hypothesized

to further limit sediment supply to the southern beaches.

The long-time chronically eroding North-Médoc coast has experienced

two recent bursts of sediment supply from shoal attachment, which are typi-

cally driven by ebb delta dynamics (e.g Lenstra et al., 2019; Burvingt et al.,

2022). However, along the most urbanized area (Sectors (1) to (3), Figure

6a and Figure 9f) the system has shifted from a sediment-rich to a sediment-

poor environment in the early 19th century, leading to continued shoreline

erosion and the absence of subsequent shoal attachments along this sector.

The material presented herein cannot help determining why sediment sup-

ply from the offshore area has stopped, which would require long-term (>

100 years) large-scale (entire estuary mouth) bathymetric data. Amongst

the hypotheses that should be explored is the potential influence of sea level

rise, driving increased tidal prism (Fitzgerald et al., 2004) and tidal currents

(O’Brien, 1931, 1969; FitzGerald et al., 2008), which in turn can affect chan-

nel morphology (e.g Nahon et al., 2019) and sediment dynamics (Van Goor

et al., 2003). In addition, the main Gironde estuary channel further north

(West Pass, Figure 1a) experienced major dredging operations in the early

1930s (Lévêque, 1936), and regular aggregate extraction operations have been

performed, which effects may have cascaded downdrift and limited sediment

availability offshore of our study site. The combined effects of sea level rise

and major dredging and aggregate extraction operations may have thus af-

fected the large-scale behaviour of the Gironde estuary mouth, as evidenced

elsewhere by the impact of increasing tidal prism (Fitzgerald et al., 2004) or
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channels deepening (FitzGerald et al., 2008) on ebb tidal delta morphology

(O’Brien, 1931, 1969; Van Goor et al., 2003). Such changes can result in

a decrease in drifting shoals from the ebb tidal delta to the adjacent coast,

or alongshore channel deepening (Figure 12c), resulting in reduced sediment

supply (Gaudiano and Kana, 2001; Ridderinkhof et al., 2016a) and coastal

erosion. Addressing this issue is out of scope and would require additional,

large-scale and long-term, bathymetric datasets as well as detailed process-

based numerical modelling.

5.2. Implications for coastal management

As indicated in Section 2, a large number of groynes and seawalls have

been progressively erected over the two last centuries, with the primary objec-

tive to protect erosion-threatened infrastructures (Pilkey and Wright, 1988;

Basco, 2006; Neshaei and Biria, 2013) but also formerly to prevent the breach-

ing of the coast at Sector (3). Although the beaches further south contin-

ued to erode, most of these coastal interventions successfully stabilized the

shoreline locally, occasionally leading to localized beach loss. However, these

measures did not significantly affect the overall evolution of the shoreline at

the adjacent sectors. A notable exception is the groyne delimiting Sectors

(2) and (3), located north of Soulac-sur-Mer, which was repaired and fur-

ther extended in 2014 and successfully traps sediments from the dominant

northerly longshore drift. Since 2014, the beach in front of Soulac-sur-Mer

has been progressively widening and has been used since 2019 as the main

source of sediment to nourish each spring the most eroding beaches fur-

ther south. Such regular beach nourishments (around 60.103 m3/yr each

spring since 2019), but also other non-documented irregular nourishments
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performed in the early 2000s further south, can buffer storm waves during

low-energy winters (Hamm et al., 2002). However, they are not viewed as

a long-term approach as shoreline erosion is sustained. On the other hand,

mega-nourishments (20 million m3 in the case of the Sand Engine, Stive et al.,

2013) can be viewed as an appealing alternative. Such approach, however,

needs to be designed carefully (e.g. Mulder and Tonnon, 2011; de Schipper

et al., 2014, 2016; Luijendijk et al., 2017). In this frame, the first shoal weld-

ing completed in the 1920s, with an approximately 5 million m3 sediment

input, can provide preliminary valuable information on the fate of a mega-

nourishment, which could be located in the same location of the observed

natural shoal attachment (x = 4 km, Figure 13). The absence of shoreline

data prior to the shoal attachment prevents from accurately computing such

beach nourishment lifetime. However, given the steady erosion rate of the or-

der of 5 m/year in the alignment of the nearly 5 million m3 shoal attachment

resulting in a practically 350-m wide beach in its centre, a first-pass estimate

of the nourishment lifetime would be approximately 70 years. However, we

hypothesize that it is a strong overestimation as the current bathymetric con-

figuration is less optimistic than in the early 1900s. The absence of shoals

offshore and the continuous deepening of the alongshore channel (Figure 12c)

should largely increase the diffusion rate of a mega-nourishment. In addi-

tion, a mega-nourishment at the exact same location would not counteract

coastal erosion further south, at Sector (2), but mostly in the area facing the

Signal building. A mega-nourishment extending further alongshore south-

wards should protect a longer coastal sector, but would dramatically reduce

its lifetime.
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A detailed morphodynamic modelling study, combining process-based

(e.g. Luijendijk et al., 2017) and reduced-complexity (e.g. Robinet et al.,

2018) models should be performed in order to provide more robust and

quantitative insight into the optimal design and expected lifetime of such

mega-nourishments. Process-based models implemented on the Gironde es-

tuary (e.g. Jalón-Rojas et al., 2015; Huybrechts et al., 2021) should consider

the action of breaking waves and non-cohesive sediment transport to better

identify sediment pathways. Using past and current bathymetric configura-

tions, the differences in sediment pathways and potential for shoal welding to

the coast could be explored. Such process-based models could also be used to

address the impact of sea level rise and dredging operations on the cascading

long-term changes of the estuary mouth and adjacent coasts. However, it

must be stressed that the process-based modelling of such complex (multiple

shoal and channel systems, rocky substratum, ...), large-scale, estuary mouth

exposed to high-energy waves and co-existing non-cohesive and cohesive sed-

iment processes is challenging, especially with the lack of field data covering

the entire system. Reduced-complexity shoreline models (e.g. Vitousek et al.,

2017; Antoĺınez et al., 2019; Robinet et al., 2018) can be powerful tools to

hindcast and forecast shoreline change on long timescales with relatively

cheap computational cost. Such models have been successfully used to hind-

cast the multi-year evolution of the Sand Engine and to provide estimations

of the mega-nourishment lifetime (e.g. Arriaga et al., 2017; Roelvink et al.,

2020). Such approach assumes, however, an alongshore-uniform and time-

invariant shoreface and the absence of e.g. deepening alongshore channels

and ebb tidal data. We advocate that combining process-based and reduced
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complexity models is a relevant approach to further improve our understand-

ing of shoreline change and the evolution of a potential mega-nourishment

along the North-Médoc coast.

6. Conclusions

Since at least the early 20th century, the North-Médoc coast sector, south-

west France, which is adjacent to the largest estuary in Europe, has been

exposed to extreme erosion threatening coastal infrastructures. By combin-

ing 84 years of shoreline data from various sources, 118 years of shallow

water bathymetric surveys and historical photographs, the spatial and tem-

poral patterns of shoreline change were quantitatively described, and their

primary driver were unravelled. We show that shoreline change is essentially

enforced by bathymetric changes and shoal attachments. In contrast, small-

scale beach nourishments and coastal works (groynes, seawall) only tempo-

rally buffer erosion or lastingly locally fix the shoreline, respectively. Two

major shoal attachments to the shore were identified. Although with differ-

ent timing, magnitude and location these shoal attachment events dominate

the past temporal and spatial shoreline variability. Of particular importance

was the shoal attachment occurring in the 1920s south of Soulac-sur-Mer.

While it locally largely widened and rose the beaches, during the subsequent

decades a progressive diffusion of this sediment-starved shoreline bulge was

observed, resulting in a quasi-steady erosion peaking at approximately 5.4

m/year. In contrast, the second shoal attachment drove dramatic shoreline

accretion locally in a remote sector of the coast, with sustained sediment

supply allowing continued shoreline accretion. The first shoal attachment
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provides a unique natural analogue for a potential mega-nourishment of the

most eroding sector of the coast, which is currently viewed as the only sus-

tainable soft solution to limit coastal erosion. We anticipate that this study,

together with future modelling work, will help the coastal managers and

decision makers to better design their future coastal management strategy.
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of XI èmes Journées Nationales Génie Côtier – Génie Civil, Paralia.

doi:10.5150/jngcgc.2010.058-L.

Laporte-Fauret, Q., Castelle, B., Marieu, V., Nicolae-Lerma, A., Rosebery,

D., 2022. Foredune blowout formation and subsequent evolution along

a chronically eroding high-energy coast. Geomorphology 414, 108398.

doi:10.1016/j.geomorph.2022.108398.

Lenstra, K.J.H., Pluis, S.R.P.M., Ridderinkhof, W., Ruessink, G., van der

Vegt, M., 2019. Cyclic channel-shoal dynamics at the Ameland inlet: the

impact on waves, tides, and sediment transport. Ocean Dynamics 69,

409–425. doi:10.1007/s10236-019-01249-3.

Lubac, B., Burvingt, O., Nicolae Lerma, A., Sénéchal, N., 2022. Per-

formance and uncertainty of satellite-derived bathymetry empirical ap-

proaches in an energetic coastal environment. Remote Sensing 14.

doi:10.3390/rs14102350.

Luijendijk, A.P., Hagenaars, G., Ranasinghe, R., Baart, F., Donchyts, G.,

Aarninkhof, S.G.J., 2018. The state of the world’s beaches. Scientific

Reports 8, 1–11. doi:10.1038/s41 598-018-24630-6.

Luijendijk, A.P., Ranasinghe, R., de Schipper, M.A., Huisman, B.A.,

Swinkels, C.M., Walstra, D.J., Stive, M.J., 2017. The initial morphological

response of the Sand Engine: A process-based modelling study. Coastal

Engineering 119, 1–14. doi:10.1016/j.coastaleng.2016.09.005.

46
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