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a b s t r a c t

A dataset of 15 geo-referenced orthomosaics photos was generated to address long-term shoreline
change along approximately 270 km of high-energy sandy coast in SW France between 1950 and 2014.
The coast consists of sandy beaches backed by coastal dunes, which are only disrupted by two wide tidal
inlets (Arcachon and Maumusson), a wide estuary mouth (Gironde) and a few small wave-dominated
inlets and coastal towns. A time and spatially averaged erosion trend of 1.12 m/year is found over
1950e2014, with a local maximum of approximately 11 m/year and a maximum local accretion of
approximately 6 m/year, respectively. Maximum shoreline evolutions are observed along coasts adjacent
to the inlets and to the estuary mouth, with erosion and accretion alternating over time on the timescale
of decades. The two inlet-sandspit systems of Arcachon and Maumusson show a quasi-synchronous
behaviour with the two updrift coasts accreting until the 1970s and subsequently eroding since then,
which suggests that shoreline change at these locations is controlled by allocyclic mechanisms. Despite
sea level rise and the well-established increase in winter wave height over the last decades, there is no
capture of significant increase in mean erosion rate. This is hypothesized to be partly the result of
relevant coastal dune management works from the 1960s to the 1980s after a long period of coastal dune
disrepair during and after the Second World War. This study suggests that long-term shoreline change of
high-energy sandy coasts disrupted by inlets and/or estuaries is complex and needs to consider a wide
range of parameters including, non-extensively, waves, tides, inlet dynamics, sea level rise, coastal dune
management and coastal defences, which challenges the development of reliable long-term coastal
evolution numerical models.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The coastal zone is a major interface that is becoming increas-
ingly topical and politically sensitive worldwide in a context of
widespread erosion, increasing anthropogenic pressures (e.g. urban
expansion, recreational development, Cohen,1997; Ghermandi and
Nunesn, 2013) and Climate Change (e.g. sea level rise, increase in
storminess, Cazenave et al., 2014; Zappa et al., 2013). Coastal zones
are increasingly exposed to erosion hazards, with eroding sectors
often corresponding to sandy regions. Sandy coasts host recrea-
tional and leisure activities and provide outstanding ecosystem
astelle).
values and services when comprising coastal dune systems
(Martínez et al., 2013). Addressing the recent, say multi-decadal,
shoreline change along sandy coasts is therefore of major interest
for our understanding andmodelling capability to predicting future
evolutions.

Sandy coasts are amongst the most temporally and spatially
variable coastal environments with their dynamic covering a wide
range of temporal and spatial scales (Stive et al., 2002), from rapid
storm-driven erosion (Masselink et al., 2016) to large-scale coastal
change and shoreline translation as a result of sea level rise on
geological timescales (Regnauld et al., 1996), through seasonal,
interannual andmultidecadal changes.While many studies focused
on geological timescales, morphological change on the timescales
from days to years have received substantial attention over the last
decade as a result of increasingly building observational datasets
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(Turner et al., 2016). Overall, these studies showed that the storm
response and subsequent recovery of open sandy coasts are highly
variable (Masselink et al., 2016; Scott et al., 2016), with erosion/
recovery patterns cascading up through the scale to result in strong
interannual variability sometimes exceeding in amplitude that of
the seasonal variability (Robinet et al., 2016). These temporal pat-
terns of shoreline change on open coasts are mostly controlled by
the variability in incoming wave energy (Davidson et al., 2013;
Splinter et al., 2014; Yates et al., 2009), while chronic changes are
mostly governed by large-scale coastal sediment budget, including
variation in river sediment supply, gradients in longshore sediment
transport and sea level rise (Rosati, 2005; Pranzini and Williams,
2013).

The dynamics described above becomes increasingly blurred
when approaching mixed energy environments, such as tidal inlets
and estuary mouths, as these systems disrupt the longshore drift
and sediment supply (Ridderinkhof et al., 2016). Such tidal systems
typically exhibit cyclic and/or migrating behaviour. For instance,
tidal inlets can migrate downdrift by hundreds of metres, resulting
in erosion and accretion of the downdrift and updrift coast,
respectively (Nienhuis et al., 2016). Along systems that are stable or
quasi-stable alongshore, cyclic ebb-tidal delta dynamics from the
timescales of months to years and decades (Cayocca, 2001;
Ridderinkhof et al., 2016; Weidman and Ebert, 1993) is often
observed as a result of the dominant longshore drift. This cyclic
behaviour drives cyclic large-scale changes of the adjacent beaches,
with erosion and accretion periods at the updrift and downdrift
side alternating more or less out of phase over time (Castelle et al.,
2007). Additional factors controlling shoreline change are the
anthropogenic coastal works that have been performed over the
last decades. These include, for instance, hard structures such as
training walls to guide tidal inlets and groins that capture the
longshore drift to locally nourish the updrift coast, or softer ap-
proaches such as beach nourishments (e.g. Grunnet and Ruessink,
2005), artificial sand bypassing and submerged breakwater
(Ranasinghe and Turner, 2006; Bouvier et al., 2017). Hard structures
can be effective in fixing the shoreline and in protecting the hin-
terland from marine flooding. However, they also most of the time
cause adverse effects (Firth et al., 2014), for instance at the down-
drift coast due to the disruption or sometimes the interruption of
the longshore transport.

Sea level rise has long been assumed as the primary cause for
the observed chronic shoreline erosion (e.g. Vellinga and
Leatherman, 1989). Sea-level-rise driven shoreline erosion can be
estimated through the Bruun rule and its variants (Bruun, 1962;
Weggel, 1979) that assume that the nearshore profile translates
upward and landward to adjust to sea level rise, which is referred to
as Bruun effect. The Bruun rule showed poor agreement with
observation in many locations worldwide (e.g. List et al., 1997), and
was therefore strongly criticized (Cooper and Pilkey, 2004). How-
ever, one can argue that the disagreement was to some extent due
to the omission of all the other forcing factors discussed above, and
that the Bruun rule may provide a fair indication of the isolated
impact of sea level rise. In a recent probabilistic study, Le Cozannet
et al. (2016) showed that the impact of sea level rise on open coasts
can only be captured on long (say > 50 years) timescales while
other processes such as longshore sand transport and interannual
wave energy variability control shoreline evolution on shorter
timescales. Ranasinghe et al. (2013) showed that sea-level-rise
driven shoreline change adjacent to commonly found tidal inlets
is not only influenced by the Bruun effect, but also mostly by sea-
level-rise driven basin infilling, and potentially other factors such as
Climate-Change driven variations in rainfall/runoff.

Shoreline changes can be measured through various means.
Over the last 2 decades, an array of survey methods (e.g. DGPS,
Lidar, video monitoring) have been used to build relevant
morphological datasets (Turner et al., 2016). These methods are,
however, limited in time (e.g Lidar) or space (e.g. DGPS) and cannot
provide large-scale and long-term (>50 years, > 10 km) shoreline
evolution. Instead, remote sensing of the Earth through satellite
images can provide large-scale shoreline change information
(Almonacid-Caballer et al., 2016; Ford, 2013). Complementary, the
analysis of historical aerial photographs can provide additional data
prior to the deployment of the satellites providing high-resolution
images (Chaaban et al., 2012). Overall, combining satellite images
and historical photographs, and historical charts when available, is
the only method enabling a quantitative assessment of shoreline
change on large temporal (>50 years) and spatial (>10 km) scales.

In this paper, 270 km of the high-energy sandy coast of SW
France is addressed using a diachronic analysis of georeferenced
aerial photographs since 1950. The study site is described in Section
2 before giving the material and methods in Section 3. Results are
presented in Section 4 and further discussed in Section 5 before
conclusions are drawn in Section 6.

2. Study area

The study area is located in SW France and covers approximately
270 km of sandy beaches (Fig. 1). It extends from the south of
Ol�eron Island in the north to the mouth of the Adour River in the
south. The studied area is mostly a sedimentary coastline, at the
exception of the northern (Fig. 1) and southern part of the Gironde
Estuary where rocky basement locally outcrops (Chaumillon et al.,
2008). This sedimentary shoreline is bounded by rocky shorelines
to the north (northern part of the Ol�eron Island, Chaumillon et al.,
2008). This 270 km-long stretch of sandy beaches is disrupted by
two wide inlets (Maumusson and Arcachon inlets, Fig. 1) and one
large estuary mouth (Gironde estuary, Fig. 1), all corresponding to
incised-valley segments (Chaumillon et al., 2008; F�eni�es et al.,
2010). Those incised valley segments display an overall northwest
southeast orientation, controlled by faults and alternation of hard
and soft strata (Allard et al., 2010; Chaumillon et al., 2008; F�eni�es
et al., 2010; Klingebiel and Gayet, 1995). This northwest southeast
trend is inherited from the Hercynian faults, reactivated during the
opening of the Bay of Biscay and the Pyrenean collision (Chaumillon
et al., 2008). Based on the location of incised-valleys and associated
inlets and estuaries disrupting the coastline, four distinct coastal
compartments can be distinguished: (1) The northern compart-
ment corresponds to the southern sector of the Ol�eron Island that
comprises approximately 15 km of relatively straight W-WSW
facing open beaches that are delimited by the rocky part of the
Ol�eron Island to the north and by the Maumusson inlet (Fig. 1b) in
the south where the coast forms a sandspit (Gatseau spit); (2) The
Arvert peninsula comprises approximately 15 km of W-facing
straight beaches, and is delimited by the Maumusson inlet to the
north and by the Bonne Anse lagoon-inlet system and the mouth of
the Gironde estuary to the south (Fig. 1c); (3) The Gironde coast,
which is characterized by a 110-km stretch of open sandy beaches
dominantly facing W-WNW, although with more variability in the
northern sector. This sector is characterized by the presence of
reasonably small coastal towns with limited coastal defences, e.g.
Soulac and Lacanau. This compartment is delimited by the Cap
Ferret sandspit at the mouth of the Arcachon Lagoon to the south
(Fig. 1d); (4) The Landes coast extends approximately 120 km and
comprises W-WNW facing sandy beaches that are only disrupted
by the small-scale wave-dominated inlets of Mimizan, Contis-les-
Bains, Capbreton and Huchet, with only the latter being not
trained by jetties (Fig. 1d). Further south of Huchet inlet, the coastal
town of Capbreton is also protected by various coastal structures
(jetties and groins). Of note, Capbreton also faces the Capbreton



Fig. 1. Study area between x ¼ 0 and x ¼ 286 km essentially composed of sandy coasts with indication of the inherited geology. Note that rocks can locally outcrop in the intertidal
and subtidal domain at some of the sandy beaches in the northern sector of Ol�eron and in south of the Gironde estuary (Chaumillon et al., 2008; F�eni�es et al., 2010). The grey squares
indicate the location of the small coastal towns with their seafront more or less built on the coastal dunes. Four coastal compartments are distinguished with from north to south:
(1) south Ol�eron coast; (2) Arvert peninsula; (3) Gironde coast; (4) Landes coast. The sandy arrows indicate the direction and magnitude of the net longshore drift. Aerial pho-
tographs of some relevant coastal forms: (b) the Maumusson inlet; (c) the coastal town of Soulac with the Gironde estuary in the background (Ph. J. Augereau, @Lacanau Council);
(d) the Cap Ferret sandspit (@Observatoire de la Côte Aquitaine); (e) the wave-dominated Huchet inlet (Ph. I. Louvier).
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Canyon (Fig. 1) that deeply affects incoming waves and, in turn, the
nearshore currents and sediment pathways in this area (Mazieres
et al., 2014). The Landes coast is delimited by the Adour river
Fig. 2. Aerial photographs of (a) the typical landscape of the study area with sandy
beaches backed by high and wide coastal dunes, (b) the coastal town of Lacanau with
its seafront built on the dune, a similar setting to e.g. Montalivet and Mimizan and (c)
localized areas under severe chronic erosion with the loss of the coastal dune exposing
the coastal forest to marine erosion. Photographs (a,b) by J. Augereau (@Lacanau
Council) and (c) by B. Castelle.
mouth in the south, with the northern seawall extending approx-
imately 900 m offshore. All the sandy beaches of these 4 sectors are
backed by high and wide coastal dunes (Fig. 2a), except along some
of the coastal towns (Capbreton, Mimizan, Biscarrosse, Montalivet,
Soulac and Lacanau see Fig. 2b) and in areas under severe chronic
erosion where the coastal dune was completely eroded leaving the
coastal forest exposed to oceanwaves (e.g. Gatseau, Baumann et al.,
2017; and Pointe de la N�egade, see Fig. 2c).

Beaches are primarily composed of fine to medium quartz sand,
although coarser sand (e.g. in the south of the Landes coast) and
even pebbles can be found locally. The coast is meso-macrotidal
with the tidal range increasing from south to north owing to the
widening continental shelf (Le Cann, 1990). Neap tidal range is
typically smaller than 1.5 m with the highest astronomical tidal
range ranging from approximately 5 m in the south to 6.5 m in the
north of the study area. The most frequent and strongest wind
events are from the WSW and NNW. The wave climate is energetic
with a dominant W to NW incidence and a strong seasonal vari-
ability (Butel et al., 2002). For instance, the monthly-averaged
significant wave height along the Gironde coast in the middle of
the study area ranges from 1.11 m in July with a dominant W-NW
direction to 2.4 m in January with dominant W direction (Castelle
et al., 2017a). Incoming winter waves show a strong interannual
variability, owing to natural modes of climate variability, primarily
the West Europe Pressure Anomaly (Castelle et al., 2017b) and to a
lesser extent the North Atlantic Oscillation (Dodet et al., 2010).
Offshore significant wave height at the open beaches can exceed 8
m during severe storms (Castelle et al., 2015; Baumann et al., 2017).
Overall, the wave height slightly increases southwards because of
the narrowing continental shelf reducing the bottom friction and
resulting in less energy dissipation of the incoming ocean waves.
The dominant W-NW wave climate drives a net southerly long-
shore drift (Bertin et al., 2008; Idier et al., 2013), except in localized
NW-facing sectors (e.g. Soulac) where the longshore drift reverses.
The southerly longshore drift varies considerably (Fig. 1) with, from
north to south, approximately 100.103 m3/year at the south Ol�eron
coast and Avert Peninsula (Bertin et al., 2008); 100.103e350.103 m3/
year along the Gironde coast (Idier et al., 2013) and
350.103e600.103 m3/year along most of the Landes coast. Within
the latter sector, the longshore drift locally reverses north of Cap-
breton owing to the Capbreton canyon (Abadie et al., 2006;
Mazieres et al., 2014) and becomes negligible between Capbreton
and the Adour estuary owing to the dominant shore-normal wave
incidence (Abadie et al., 2006).

3. Materials and methods

3.1. Aerial photographs

Aerial photographs of the SW coast of France were gathered
from the French National Institute of Geographic and Forest Infor-
mation (IGN). From 1950 to 2014, 15 series of aerial photographs
covering partly or entirely the study areawere collected and further
analysed (see Table 1 for the main survey characteristics). The
oldest photographs are black and white and are coloured since
1996. The photographs taken after 2000 were merged and ortho-
rectified by IGN, but the merging and ortho-rectification process
was required for earlier photographs. For a given survey date, all the
photographs were assembled and merged using the photogram-
metry software Agisoft Photoscan (v. 1.2.4). Here, Photoscan was
used to build a 3D georeferenced model and further export of a full
orthomosaic for each date.

A 4-step workflow was applied to georectify the photographs
prior to 2000. (1) The alignment of each camera position was per-
formed by detecting matching points on all overlapping couples of



Table 1
Characteristics of the aerial photo survey dataset from 1950 to 2014.

Date Alongshore
extent (km)

Areas Pixel size
(m)

Colour Data Ground control points
RMS error (m)

1950 296 (1), (2), (3), (4) 0.75 to 0.9 B&W 3.5 to 4.2
1964 130 (1), (2) 0.32 to 0.5 B&W 2.4
1965 70 (3), (4) 1 B&W 3.2 to 3.6
1973 240 (1), (2), (3) 0.5 to 0.9 B&W 1.4 to 3.6
1974 78 (4) 0.63 B&W 4.4
1984 240 (1), (2), (3) 0.5 to 0.9 B&W 2.3 to 5.6
1991 130 (1), (2) 0.43 to 0.5 B&W 3.7 to 3.9
1996 110 (3) 0.6 B&W 3.9
2000 110 (1) 0.5 Colour 3.6
2002 110 (4) 0.5 Colour 3.2
2006 20 (2) 0.5 Colour Reference
2007 110 (4) 0.5 Colour Reference
2009 110 (3) 0.5 Colour Reference
2010 110 (1) 0.5 Colour Reference
2014 360 (1), (2), (3), (4) 0.1 to 0.5 Colour Reference
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images. (2) A 3D dense cloud was built based on the camera
alignment and was further used to generate a mesh. (3) The 3D
model was georeferenced using salient fixed ground control points
taken from the recent IGN referenced images (referred to as
reference image in Table 1). These ground control points are fixed
buildings, bridges and road intersections located approximately
500 m to 10 km from the shore with, on average, one ground
control point every 2 km alongshore. A camera optimization pro-
cedure was performed to compute the intrinsic (lens distortion)
and extrinsic (camera position) camera parameters by minimizing
the error on the ground control points. (4) The dense cloud and the
mesh were recomputed from the optimized camera positions
allowing the generation of an accurate orthomosaic to be imported
in a GIS software. The resulting orthomosaics were analysed with
ArcMap GIS software (v. 10.3). The mean square error (RMSE) of
each orthomosaic (Table 1) was computed at the ground control
points using 2006, 2009 and 2010 images that were assumed as
perfectly georeferenced.

3.2. Shoreline detection

The shoreline position was manually retrieved from each
orthomosaic. It is well established that there is a large number of
shoreline definitions (see the review of Boak and Turner, 2005).
Given that long-term shoreline change of beach-dune systems from
historical aerial photographs is addressed here, the dune foot and
the limit of the vegetated foredune were defined as the shoreline
position for eroding and accreting sectors, respectively (Fig. 3). This
is consistent with previous shoreline change studies (e.g. Anderson
et al., 2015; Fletcher et al., 2004; Kabuth et al., 2014). The shoreline
was manually digitized by one operator. In order to estimate the
errors in the shoreline position interpretation, two approaches
were used. (1) Three other operators digitized the shoreline posi-
tion on the oldest and poorest quality orthomosaic (1950) with, for
instance, a substantial number of overexposed sectors where the
dune and the beach were barely distinguishable. (2) The 2014
digitized shoreline position, which used the highest quality
orthomosaic and is representative of image quality of the last 2
decades, was compared to the shoreline position measured in the
field along the 110-km Gironde coast using a DGPS-equipped ATV
(Fig. 4). For the latter, results show a bias of 0.4 m and a root mean
square error of 1.8 m, meaning that the shoreline position from the
aerial photograph is fairly accurate. Not surprisingly, results worsen
for the 1950 shoreline for which a root mean square error and a bias
of 12 m and 3 m were computed, respectively. However, given the
magnitude of the shoreline evolution (see results) and the fact that
the 1950 orthomosaic is by far that of the worst quality, this first
date of shoreline position was kept for the analysis.

3.3. Shoreline change analysis

Although efficient and user-friendly turnkey GIS tools exist for
shoreline analysis (e.g. Thieler et al., 2017), here we developed our
own shoreline analysis programs for flexibility. The digitized
shorelines were all interpolated at a regular 0.2-m alongshore step.
Inlet and estuary cross-sections, groins, dikes and jetties were all
removed from the analysis. A low-pass filter was applied on each
interpolated shoreline using a 2-km moving average window, in
order to filter out local shoreline variability (e.g. beach entries) and
rhythmic megacusp embayments cutting the dune during severe
storms which have a typical wavelength of 400 me1000 m along
this coast (Castelle et al., 2015). Because it is both the most recent
and more accurate shoreline dataset and because it covers the
whole 270 km of coast, the filtered 2014 shoreline was chosen as
the baseline. The orthogonal projection of each shoreline on the
baseline was computed to obtain a cross-shore distance from the
baseline and to further analyse shoreline change along the entire
domain from x ¼ 0 (Adour estuary) to x ¼ 280 km in the north.

4. Results

4.1. Synoptic shoreline change

Fig. 5 shows the overall shoreline change since 1950 revealing a
large temporal and alongshore variability of shoreline change over
the last 64 years. Averaged over the 270 km of sandy coast, the
shoreline retreated by 72 mwithin 64 years, that is, a spatially- and
time-averaged erosion rate of 1.12 m/year. Although the overall
erosion is 72 m, results also indicate more localized erosion hot-
spots with shoreline erosion over 1950e2014 peaking at 700 m
in the South of Ol�eron Island (x ¼ 275 km in Fig. 5e), corresponding
to an averaged erosion rate of approximately 11 m/year. More
surprisingly, localized and scarce accreting sections of coast are
observed. The most prominent accreting area is located immedi-
ately to the South of the Gironde estuary (x ¼ 234 km, Fig. 5d)
where the shoreline advanced by more than 450 m from 1950 to
2014. Overall, the largest shoreline variabilities are observed in the
vicinity of the tidal inlets of Arcachon (x¼ 125 km) andMaumusson
(x ¼ 272 km), and in the vicinity of the Gironde estuary
(x ¼ 250 km). In contrast, the coastal towns with hard defence
appear to have only a subtle impact on shoreline change at the
nearby beaches. The only notable exception is Capbreton



Fig. 3. Georeferenced photographs with superimposed shoreline position (yellow line) with (a) an overview field of the Pointe de la N�egade; (b) a zoom onto a severely eroding
sector where the shoreline is taken as the dune foot; (c) a zoom onto an accreting sector where the foredune vegetation limit is taken as the shoreline position. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The GPS-equipped ATV used to survey the shoreline in April 2014 along the 110-km Gironde coast (see Castelle et al., 2015), with (a) the 3-m stick to (b) drive approximately
2 m from the dune scarp to prevent from scarp collapse in severely eroding areas.
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Fig. 5. (a) Time evolution of shoreline position S from south (x ¼ 0) to north (y ¼ 270 km) and from 1950 to 2014 with the dates coloured. Shoreline positions are all given with
respect to the shoreline baseline defined in 2014, with positive S meaning that the shoreline is more seaward than in 2014. Coastal towns with hard defences as well as tidal inlets
and estuaries interrupting the open coast are indicated by the vertical grey areas. Relevant coastal towns are also indicated. The four dashed black boxes indicate the zoomed areas
provided in panels (b), (c), (d) and (e). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(x ¼ 15 km, Fig. 5b) where the southern downdrift beaches eroded
by more than 100 m because of the northern jetty of the Capbreton
harbour capturing most of the longshore drift. Another important
pattern is the overall increasing erosion rate from south to north,
with the presence of relatively stable sections such as in the south
of the study area along most of the Landes coast
(40 km < x < 100 km) and in the south of the Gironde coast
(140 km < x < 150 km).
4.2. Time evolution of shoreline change

The temporal variability of shoreline position in relevant and
representative locations are shown in Fig. 6. While substantial
erosion is observed at most sites, contrasting temporal patterns of
erosion can be depicted. (1) A quasi-steady erosion over the last 64
years, e.g. at the cape L’Am�elie in the north of the Gironde coast
where an average, reasonably constant, erosion rate of approxi-
mately 4.5 m/year is computed. (2) A 2-step evolution for which 3
different behaviours can be identified: (a) along the Arvert Penin-
sula, the shoreline retreated from the 1950s to the mid-1970s at a
dramatic mean rate of approximately 15 m/year, before stabilizing
from the mid-1970s onwards; (b) in the south of Ol�eron Island or at
the tip of the Cap Ferret sandspit, a slowaccretion from the 1950s to
the mid-1970s (approximately þ4 m/year) reversing into a dra-
matic erosion trend on the order of 10 m/year until now; (c) by
opposition, in the northern sector of the Gironde coast at Pointe du
Verdon, a slow erosion is observed from the 1950s to themid-1970s
(approximately �2 m/year), before a rapid accretion exceeding
20 m/year took place until the mid-1990s. (3) The last temporal
pattern of shoreline change consists in a quasi-stable situation over
the last 64 years, e.g. at the extensively studied Truc Vert beach
located in the south of the Gironde coast. It is important to notice
that these contrasting temporal patterns of shoreline change are
part of a continuum, wheremore complex hybrid evolutions can be
found.
4.3. Spatial patterns of shoreline change

It has been shown that shoreline change in SW France is
strongly variable in both time and space. Below, we zoom from
north to south onto relevant dynamic areas to give insight into the
spatial and temporal shoreline evolution patterns. These dynamic
areas often correspond to sectors adjacent to inlet and estuaries, or
sectors that have been recently affected by coastal structures
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Fig. 6. Time evolution of shoreline position S at 6 representative locations in SW
France. For all locations S ¼ 0 is the shoreline position in 2014.
disrupting the alongshore sand transport pathways.
The sandy coast adjacent to the Maumusson inlet (Fig. 7) shows

the largest spatial and temporal integrated shoreline variability of
the entire study area (Fig. 5). The most striking pattern is found at
the updrift coast with large and widespread erosion owing to the
inward bending of the tip of the sandspit starting in the late 1970s,
following a long period of overall accretion. Themost erosive sector
is located in the south of the area at x ¼ 274 km with a notable
acceleration in erosion rate that exceeded 17 m/year over the last 8
years (2006e2014). Erosion rates are less intense further north, e.g.
at x¼ 276 kmwhere the shoreline retreats at a rate of 5m/year over
the same period. This widespread erosion in the area since the
1970s resulted in the loss of 0.33 km2 of land south of x ¼ 276 km.
Along this coast, the erosion was so rapid that the coastal dune
system depleted to leave the coastal forest exposed to marine
erosion at 275.5 km < x < 273 km since the early 2000s. Downdrift
of the inlet (x < 272 m), shoreline change patterns are more com-
plex with erosion and accretion alternating in both time and space,
although overall erosion is found since 1950. The general erosion of
the updrift and downdrift coast resulted in a widening of the inlet
throat by approximately 500 m between 1950 and 2014.

Shoreline change south of the Gironde estuary can be discrim-
inated into 3 areas (Fig. 8). (1) A relatively natural sector is observed
at 234.3 km < x < 236 km, which is essentially constrained by a jetty
at the eastern end that was built in 1884 to minimize spit dynamics
and resulting rapid shoreline changes. This sector has been rela-
tively stable over time, although an overall slight accretion is
observed, which recently reversed in the western part. (2) The
sector at 232.5 km< x< 234.3 km showed a large accretionwith the
relatively straight section of coast reshaping into a rapidly accreting
hook essentially between the 1960s and the 1980s. Overall, the land
gained approximately 0.44 km2 within only approximately 1.5 km
of coast, with shoreline accretion reaching 550m close to the centre
of the shoreline bulge. The shoreline was subsequently quite stable
over time, except in the eastern part where the land progressively
gained approximately 0.1 km2, and in the western part where the
shoreline advanced by approximately 50m between 2010 and 2014
despite the high-energy winter of 2013/2014. Although this sector
was trainedwith groins and breakwaters in the 19th century, all the
structures were buried and did not impact shoreline change since
Fig. 7. Shoreline change between 1950 and 2014 along the coast adjacent to the
Maumusson inlet.



Fig. 8. Shoreline change between 1950 and 2014 along the coast south of the Gironde
estuary.

Fig. 9. Shoreline change between 1950 and 2014 along the Pointe de la N�egade and
Am�elie in the north of the Gironde coast.

Fig. 10. Shoreline change between 1950 and 2014 at the Cap Ferret sandspit in the
south of the Gironde coast.
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1950. This sector is therefore quite preserved, with very limited
beach access and with only one remaining groin at the southern
end where shoreline orientation changes. (3) The sector south of
x¼ 232.5 km has been stable. The sector 230.8 km < x < 232.5 km is
relatively preserved, while the coast south of x¼ 230.8 km has been
stable, essentially because it was trained with groins, jetties and
breakwaters built in the 1920s in front of the coastal dune. These
coastal works essentially fixed the shoreline preventing the dune
system from wave attack.

The sector of Pointe de la N�egade in the north of the Gironde
coast has been under chronic, quasi-steady, erosion between 1950
and 2014 (Fig. 9), with high erosion rates despite this sector is more
that 10 km away from the Gironde estuary mouth. The sector at
222 km < x < 223 km is largely impacted by an important linear
erosion of 5 m/year from 1950 to 2014, peaking locally at 7.5 m/year
between the 1970s and the 1990s, which represents a land loss of
0.3 km2 in 64 years along 1 km of coast. Similar to the south of
Ol�eron Island, the duration and severity of coastal erosion resulted
in the depletion of the coastal dune system leaving the coastal
forest directly exposed to marine erosion since the 1960s and the
1970s-1980 s at Am�elie and Pointe de la N�egade, respectively.
Erosion rates decrease southwards where the coastal dune system
is still present (x < 222.2 km), although erosion rates are quite
severe (approximately 1.5 m/year). Another interesting shoreline
change pattern is the stabilization of the shoreline since 2004 at
x > 223 km due to the construction of a training wall to protect the
small village of Am�elie. The shoreline fixationwas associated with a
substantial increase in shoreline erosion in the south of the coastal
structures exceeding 8 m/year between 2009 and 2014.

The Cap Ferret sandspit delimits the southern end of the
Gironde coast (Fig. 10). The northern part (128.5 km < x < 130 km)
has been slowly (0.7 m/year) eroding over the study period. Erosion
at this sector is not too worrying as beaches are backed by high and
wide (250e300 m) coastal dunes. Shoreline change at the tip of the
sandspit further south is more complex and worrying with erosion
rates dramatically increasing. After a rapid sandspit growth from
the 1950s to the 1970 s at approximately 18 m/year, the sandspit
underwent a substantial erosion from the 1970s to 2014 at a mean
rate of 13 m/year. This corresponds to a retreat of 800 m at the tip
and a land loss of approximately 0.75 km2 of land south of
x¼ 128.5 km. Interestingly enough, this 2-step sandspit evolution is
synchronous to that of the Gatseau sandspit to the north of Mau-
musson inlet, which will be discussed later in the paper.
5. Discussion

Over the 64-year study period, the high-energy 270-km sandy
coast of SW France showed a profound temporal and spatial
shoreline variability. Not only eroding, stable and accreting sectors
alternate spatially, but they can also alternate over time with a
substantial proportion of the coast (approximately 10%) experi-
encing a reverse in shoreline chronic change. These more complex
sectors are essentially located close to the tidal inlets of Mau-
musson and Arcachon and to the Gironde estuary mouth. At these
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sectors, shoreline change is strongly impacted by the channel and
shoal dynamics on long timescales, say decades. Obviously, the
influence of a large-scale inlet such as that of Maumusson and
Arcachon can impact long-term shoreline change of adjacent bea-
ches more than 10 km away. Except locally where the shoreline has
been fixed with coastal structures, the stable sectors are located
well away from the inlets and estuary mouths. These stable regions
are where alongshore gradients in longshore drift are negligible
(Idier et al., 2013) owing to a straight nature of the open coast,
which corresponds to most of the Landes coast and the southern
part of the Gironde coast.

The Gatseau and Cap Ferret sandspits, which are located updrift
of the 2 major tidal inlets, have been found to show a quasi-
synchronous behaviour, despite the morphological expression of
the two inlets is different (Cayocca, 2001; Bertin et al., 2005). This
suggests that, instead of having a behaviour essentially controlled
by an autocyclic mechanism as proposed by Bertin et al. (2004) for
the Gatseau Spit, their dynamics may also be controlled by allocy-
clic mechanisms. Both inlets were found to show a shortening of
the cross-section until the 1970s, corresponding to a rapid updrift
sandspit growth and shoreline accretion. This trend dramatically
reversed in the 1970s with a rapid sandspit retreat and shoreline
erosion at the updrift coast. This erosion of the updrift coasts is still
observed at the time of writing this paper. This is in linewith Poirier
et al. (2017) who showed that the shoreline dynamics at sand spits
on both margins of the North Atlantic Ocean has been quasi-
synchronous since approximately 1800 CE. The authors showed
that natural modes of climate variability such as the North Atlantic
Oscillation and East-Atlantic-West Russia atmospheric circulation
pattern only partially explain this evolution. Therefore, at this stage
it is not possible to conclude if this is due to a change in the
longshore drift component since the 1970s or if, because of sea level
rise, the increase in tidal prism is responsible for the increase in
inlet cross-section. The role of the decrease in river sediment
supply, which was found of great importance in other environ-
ments (e.g. Anthony, 2014; Rosskopf et al., 2017) should also be
quantified. This will need to be explored through numerical
modelling, with more comparison with other beaches adjacent to
large-scale tidal inlets further south as our study shows that the
synchronous change not only affects the shoreline at the sandpit
but also further along the more updrift coast.

Averaged over the period 1950e2014, the south of Ol�eron Island
(1.83 m/year) and the Arvert coast (2.78 m/year) are the most
eroding sectors, with lowest erosion rates for the Gironde (0.94 m/
year) and Landes (0.41 m/year between Capbreton and Mimizan)
coasts. The mean shoreline change computed over the 4 sectors
above indicate a temporally and spatially averaged shoreline
erosion rate of 1.12 m/year. Interestingly, there was no significant
increase in the spatially averaged erosion rate in the recent decades
(see Fig. 11), although the different sectors locally show different
behaviours. This is counter-intuitive given the well-established
increase in sea-level-rise rate in W France over the last decades.
Increasing erosion rates were also expected because of the subtle
increase in winter wave height (e.g. Bertin et al., 2013) and the
recent outstanding winter of 2013e2014, which caused large-scale
erosion in SW France (Castelle et al., 2015). In addition, using the
average beach profile characteristics of the SW France beaches the
Bruun effect gives a sea-level-rise-driven erosion an order of
magnitude smaller than that observed on average between 1950
and 2014. Sea-level-rise driven inlet-estuary/lagoon infilling can
drive increased erosion on the sectors adjacent to the Gironde es-
tuary and Maumusson and Arcachon inlets (Stive and Wang, 2003;
Ranasinghe et al., 2013), although unlikely up to an order of
magnitude. This suggests that other parameters control the chronic
erosion at these temporal scales (Le Cozannet et al., 2016), with the
deficit in sediment input from the inner shelf being the most
plausible (Prat and Salomon, 1997).

The fact that there has been no increase in erosion rate since the
1980s may be caused by the coastal dune management by the
French National Forest Office (ONF). The coastal dune system was
established in the nineteenth century when gourbet and oyat
(Ammophila arenaria) were extensively planted. However the
coastal dune suffered severe damages from some outstanding
winter storms in the 1910s and 1920s and the Second World War
during which the coastal dunes were restricted areas used as a
source of aggregate to build the Nazi blockhouses. Until the early
1960s, the coastal dunes were in serious disrepair, being eroded by
the sea, dissected by blowouts and hollowed out as gullies. The ONF
undertook extensive renovation between the 1960s and the 1980s
using large-scale mechanical aid. Over these 2-3 decades the
extensive dune profiling and marran planting resulted in a sys-
tematic shoreline retreat as a result of natural adjustment of the
dune profile from the engineered profile (Barr�ere,1992). As a result,
the lack of significant increase in erosion rate over the last decades
can be due to abnormal high erosion rate prior to the 1980s owing
to the total disrepair of the coastal dunes in the 1940s and 1950s
and the subsequent profiling until the early 1980s. In other words,
the coastal dune management performed by the ONF may have
strongly limited natural erosion over the last 3 decades. This overall
erosion trend will need to be explored further using more accurate
and higher frequency shoreline data in the next decades and link-
ing up with wave conditions.

This 270-km coast studied here is relatively preserved from
human intervention. Most of the rare coastal structures are found
to impact shoreline dynamics locally through shoreline fixing. The
impact further along the coast is variable dependingmostly on how
far the coastal structures extend offshore. An example (not shown)
of a shoreline behaviour in line with what is commonly docu-
mented in the literature is the coastal town of Capbreton where
groins and training wall captured the southerly longshore drift
result in the rapid erosion of the downdrift coast (see at x ¼ 15 km
in Fig. 5b), which forced the recent implementation of a bypassing
system. Other coastal structures have a more localized impact such
as south of Soulac at Am�elie (Fig. 9). More surprisingly, the influ-
ence of the coastal towns built on the dune (Fig. 2b) such as
Montalivet, Lacanau and Mimizan which are all protected by an
alongshore training wall and a couple of short-scale groins not
extending further the intertidal domain, have a negligible impact so
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far. No significant difference in shoreline change was observed
between the updrift and downdrift coasts of these towns. However,
the training walls have only been recently located further offshore
of the natural shoreline and exposed towave attack after thewinter
2013/2014. Therefore, the impact of the coastal towns on the
nearby beaches may become increasingly visible as the shoreline
further erodes and expose the training wall disrupting the long-
shore drift.

6. Conclusions

This study shows that shoreline change along a high-energy
sandy coast disrupted by two large-scale tidal inlets, an estuary
mouth and a few coastal towns exhibits large spatial and temporal
variability. The coasts adjacent to the inlets and the estuary mouth
are the most dynamic with erosion and accretion alternating over
time on the scale of decades, which can be captured if shoreline
data collected at least every 10 years is used. The inlet-sandspit
systems show a striking quasi-synchronous behaviour suggesting
that the large-scale dynamics of the nearby coast is controlled by
allocyclic mechanisms in addition to autocyclic mechanisms,
although the primary mechanism must be explored further. An
overall erosion trend is found when averaging spatially the data,
which is not essentially caused by sea level rise. This trend has been
rather steady over the last 64 years, with the dune restoration and
management strategy being hypothesized to have limited the
coastal erosion over the last decades. Overall, this study suggests
that long-term shoreline change of high-energy sandy coasts dis-
rupted by inlets and/or estuaries is complex and needs to consider a
wide range of parameters including, non-extensively, waves, tides,
inlet dynamics, sea level rise, coastal dunemanagement and coastal
defences. This challenges the development of numerical models
encompassing all these processes, which eventually will provide
fair estimate of the respective contribution of all these processes on
the observed evolution.
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