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Anthropocene Coasts

Sea-level rise induced change in exposure 
of low-lying coastal land: implications 
for coastal conservation strategies
Rémi Thiéblemont1*, Gonéri le Cozannet1, Jérémy Rohmer1, Adrien Privat2, Romain Guidez1, 
Caterina Negulescu1, Xénia Philippenko1, Arjen Luijendijk3, Floris Calkoen3 and Robert J. Nicholls4 

Abstract 

Coastal erosion and flooding are projected to increase during the  21st century due to sea-level rise (SLR). To prevent 
adverse impacts of unmanaged coastal development, national organizations can apply a land protection policy, 
which consists of acquiring coastal land to avoid further development. Yet, these reserved areas remain exposed 
to flooding and erosion enhanced by SLR. Here, we quantify the exposure of the coastal land heritage portfolio 
of the French Conservatoire du littoral (Cdl). We find that 30% (~40%) of the Cdl lands owned (projected to be owned) 
are located below the contemporary highest tide level. Nearly 10% additional surface exposure is projected by 2100 
under the high greenhouse gas emissions scenario (SSP5-8.5) and 2150 for the moderate scenario (SSP2-4.5). The 
increase in exposure is largest along the West Mediterranean coast of France. We also find that Cdl land exposure 
increases more rapidly for SLR in the range of 0–1 m than for SLR in the range 2–4 m. Thus, near-future uncertainty 
on SLR has the largest impact on Cdl land exposure evolution and related land acquisition planning. Concerning ero-
sion, we find that nearly 1% of Cdl land could be lost in 2100 if observed historical trends continue. Adding the SLR 
effect could lead to more than 3% land loss. Our study confirms previous findings that Cdl needs to consider land 
losses due to SLR in its land acquisition strategy and start acquiring land farther from the coast.

Keywords Climate change, Coastal hazards, Sea-level rise, Coastal conservation agency, Shoreline

1 Introduction
Human development is increasingly shaping coastal 
areas across the world (Brown et al. 2014; Neumann et al. 
2015). If poorly managed, such development can damage 
coastal ecosystems and their services, reduce the coastal 
landscape value, and ultimately affect food production, 

tourism, and coastal communities (IPBES 2019). One of 
the approaches available to prevent such adverse impacts 
consists in purchasing coastal land, in order to avoid 
its development or restore it. This can be performed by 
organizations such as the National Trust in the United 
Kingdom, the National Coastal Zone Management Pro-
gram in the USA, or the Coastal Conservation Agency in 
France (Meur-Férec 1997).

Due to climate change, additional threats are now 
emerging in coastal areas. This includes the warming of 
coastal waters, changing waves, current and storms, and 
sea-level rise (SLR) (Cooley et  al. 2022). Among these 
factors, SLR is projected to have the largest impacts on 
extreme sea levels in Europe (Vousdoukas et  al. 2017). 
SLR is therefore considered a major issue for coastal con-
servation agencies. Specifically, it is projected to cause 
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coastal erosion, flooding and inundation, and the associ-
ated land losses can include land owned by coastal con-
servation agencies (Clus-Auby et al. 2006). This raises the 
following question: to what extent might strategies (and 
their associated time horizon) from coastal conservation 
agencies be affected by sea-level rise?

In this study, we focus on the case of the Coastal Con-
servation Agency (Cdl) in France which was founded in 
1975. Cdl currently protects more than 2,000  km2 at 800 
sites in Mainland France and overseas. This comprises 
1,150  km2 of land acquisitions, with the balance com-
prising public domain handovers. It currently owns 13% 
of the coastline length in France and aims to grow this 
to 25% by 2050 and acquire 3,200  km2 of land to protect 
(Conservatoire du littoral 2015). To ensure this objective 
is met, Cdl has defined a strategic approach to ensure 
that new acquisitions are consistent with its long-term 
objectives. Yet, coastal areas currently owned by Cdl 
are widely vulnerable to SLR: it has been estimated that 
approximately 20% of the surface area owned by the Cdl 
in the early 2000(s) could be lost given a 44 cm SLR sce-
nario by 2100 (Clus-Auby et al. 2006).

Here, we go a step further by assessing specific deci-
sions relevant to the Cdl in mainland France in terms of 
its coastal land acquisition strategy, revisiting the expo-
sure of the coastal areas currently owned by Cdl, and 
performing a first assessment of the current land acqui-
sition strategy. This is done by (1) assessing the decision 
problems of the Cdl through a literature survey and bilat-
eral workshops; and (2) assessing present day and future 
exposure of the land areas owned by Cdl, considering the 
most recent regional sea level projections of the Intergov-
ernmental Panel on Climate Change (IPCC)  6th Assess-
ment Report (AR6).

2  Material & methods
2.1  Assessment of the decision problem
The literature on climate services for coastal adaptation 
suggests that decision-oriented information can best sup-
port adaptation (Le Cozannet et  al. 2017; Hinkel et  al. 
2019; Kopp et al. 2019; Lawrence et al. 2021; Simm et al. 
2021; Durand et  al. 2022). Here, we performed bilateral 
meetings with the Cdl in order to assess more precisely 
their decision problem and the information needed to 
inform their decisions. These meetings were conducted 
as unstructured interviews and were held between 2018 
and 2021 in visio conference, during the early stage of the 
H2020-PROTECT project (https:// prote ct- slr. eu/; Capar 
et al. 2020). The aim of the meeting was to identify deci-
sion problems on coastal adaptation that the Cdl is facing 
(see Capar et al. 2020). They involved two researchers at 
BRGM and up to two persons working at the Headquar-
ters of Cdl and involved in the Adapt’O project exploring 

and experimenting adaptive coastal management on pilot 
sites of the CdL (https:// www. lifea dapto. eu/ home. html). 
These bilateral meetings were complemented with a 
review of strategic documents, especially the 2015–2050 
Cdl strategy (Conservatoire du littoral 2015).

2.2  Exposed land
Following these meetings, the Cdl provided three geo-
referenced vector datasets that correspond to different 
types of land relevant to their long-term strategy to own 
25% of the French coastline length and near 3,200  km2 of 
land to protect (Conservatoire du littoral 2015).

The Protected Area dataset refers to the land and real 
estate already owned by the Cdl. It contains ~55,000 plots 
of land that have a median area of ~2,000  m2, a  99th per-
centile area of ~332,000  m2 for a total area (i.e. national 
scale) of ~1,150  km2. It excludes  850km2 additional land 
donated to Cdl, which are not considered in the strategy. 
The Authorized Perimeter dataset corresponds to the 
land area that the Cdl is authorized to acquire. It repre-
sents slightly less than 800 plots of land but which are 
far more spatially extended than the Protected area with 
a median area of ~927,000  m2 and a total area of 2,650 
 km2. Finally, the Strategy 2015–2050 identifies areas that 
are considered for future acquisitions, in order to meet 
the strategic objective of protecting 25% of the coastline 
length by 2050 and near 3,200  km2 of land. This dataset 
is even more extended spatially than the two other data-
sets with a total area of 4,823  km2 and a median area of 
310,000  m2 for ~2,830 plots of land. Figure 1 shows the 
distribution of the spatial extent of the plot of land per 
coastal NUTS (Nomenclature of Territorial Units for Sta-
tistics) 3 level region (i.e. less than 800,000 inhabitants).

Hereinafter, these three land datasets will be referred 
to as (1) Protected Area, (2) Authorized Perimeter and (3) 
Strategy 2015–2050, respectively.

2.3  Change in low‑lying area exposure
We assess change in exposure by identifying areas whose 
elevation is below the highest astronomical tide today 
and in the future for different SLR scenarios. This method 
is static as it does not account for the available water vol-
ume nor for the dynamics of the water flow. It is therefore 
expected to overestimate the extent of areas affected by 
coastal hazards, but, on the other hand, allows appraising 
the maximum extent of areas potentially exposed. This 
approach is a prerequisite analysis for all coastal Risk 
Prevention Plans in France before developing advanced 
hydrodynamical simulations. Note that our approach is 
slightly different from the “bathtub” method widely used 
in global assessments (e.g. Lichter et  al. 2011; Hinkel 
et al. 2014; Vafeidis et al. 2019; Rohmer et al. 2021), as we 
do not consider hydraulic connectivity (Bates et al. 2005; 

https://protect-slr.eu/
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Page 3 of 17Thiéblemont et al. Anthropocene Coasts             (2024) 7:8  

Poulter and Halpin 2008). We found anyhow that includ-
ing hydraulic connectivity has no significant influence on 
our results (see Section 4.1).

In this study, low-lying areas are identified using the 
digital terrain model provided by the French National 
Geographic Institute (IGN) and their program RGE-
Alti (https:// geose rvices. ign. fr/ rgeal ti). This dataset 
provides the very high-resolution (~1 m) coastal topog-
raphy retrieved from LiDAR measurements (airborne 
laser) available at the National scale in France. For main-
land France (including Corsica), data are provided in 
the datum RGF93 with a vertical accuracy of 0.2 m. The 
coastline is identified from the Histolitt V2 product 
(Shom - Institut Géographique National (IGN) (2010)). 
These data are part of the wider Litto3D program oper-
ated by Shom and IGN.

Figure  2 describes the workflow used to identify Cdl 
lands in low-lying areas. As a reference, we used the high-
resolution topography datasets to map land regions (i.e. 
landward of the coastline) that are located below the con-
temporary (i.e. for a mean SLR anomaly of 0 m) highest 
astronomical tide (Tellez-Arenas et  al. 2018). Contem-
porary refers here to a period that span ~15 years until 
2016: this means that the baseline mean sea-level calcu-
lated for mainland France corresponds to the mean sea-
level state representative of the period 2000–2014. The 
mapping at highest astronomical tide is then repeated for 
a mean SLR from 0 to 4  m at 0.5  m steps. These maps 

can be visualised at https:// seale velri se. brgm. fr/ slr/. 
Note that we assume no change of tidal range with SLR. 
Low-lying areas are then intersected with Cdl land vec-
tor datasets (Protected Area, Authorized Perimeter and 
Strategy 2015–2050). Hereafter, exposure is quantified as 
the surface extent of Cdl land comprised within low-lying 
areas below the highest astronomical tide.

The example displayed in Fig.  2 illustrates the case of 
Protected Area plots located in the municipalities of “La 
Brée-les-Bains” and “Saint-Georges d’Oléron” on Oléron 
Island. The exposed land identified here are consistent 
with the zones identified at risk of marine flooding for 
various scenarios used in the Coastal Risk Prevention 
Plan (Artelia, 2016, https:// www. nouve lle- aquit aine. devel 
oppem ent- durab le. gouv. fr/ IMG/ pdf/ cc- pprn- ile- oleron_ 
web. pdf ).

2.4  Change in coastal land area by erosion
We assess future sandy shoreline changes by extrapolat-
ing recent shoreline change trends and superimposing 
the effects of SLR considering the Bruun rule (Bruun 
1962). This approach does not capture the effects of 
changing nearshore sediment transport, whether due to 
natural processes or human interventions, but it is appli-
cable to SLR at broad scale (Vitousek et al. 2017; Toimil 
et al. 2020). Despite longstanding criticism (Cooper and 
Pilkey 2004) and ongoing debates about its applicability 
(Vousdoukas et al. 2020; Cooper et al. 2020), the Bruun 

Fig. 1 Distribution of Protected Area, Authorized Perimeter and Strategy 2015–2050 plots per French NUTS3 coastal region. Uniform colours 
indicate the NUTS1 level (i.e., 3 to 7 million averaged population)

https://geoservices.ign.fr/rgealti
https://sealevelrise.brgm.fr/slr/
https://www.nouvelle-aquitaine.developpement-durable.gouv.fr/IMG/pdf/cc-pprn-ile-oleron_web.pdf
https://www.nouvelle-aquitaine.developpement-durable.gouv.fr/IMG/pdf/cc-pprn-ile-oleron_web.pdf
https://www.nouvelle-aquitaine.developpement-durable.gouv.fr/IMG/pdf/cc-pprn-ile-oleron_web.pdf
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rule continues to be used in complex local erosion assess-
ments (D’Anna et al. 2021), probably due to the absence 
of credible, broad-scale alternatives for sandy beach ero-
sion projections.

To detect coastal land located near sandy coasts, we 
used the EUROSION coastal database (https:// www. 
eea. europa. eu/ en/ datah ub/ datah ubitem- view/ ba6d7 fe6- 
c79f- 48c7- b738- f7826 07305 38). This pan-European data-
base was developed to support the assessment of coastal 
erosion status and trends (see Supplementary material 
A.1 for details). Specifically, we rely on the description 
of the coastline’s geomorphology and geology to iden-
tify sandy coasts (see Thiéblemont et al. 2019 for details). 
Since EUROSION’s shoreline position is not accurately 
georeferenced, Histolitt V2 is used as the reference 
instead. Finally, for shoreline trends assessment, EURO-
SION estimates are representative of trends in the 1980’s 
and 1990’s, and remain qualitative as they only provide 
information on shoreline change behaviour; i.e. stable, 
retreat or accretion. Therefore, we used the Shoreline-
Monitor database which considers the observed shore-
line trends of the first two decades of the  21st century 
based on satellite measurements as well (Luijendijk et al. 
2018, Supplementary material A.2) (http:// shore line- 
monit or. delta res. nl).

The workflow for estimating shoreline change impact 
on Cdl land area is sketched in Fig. 3. Starting from the 
Cdl vector datasets that identify land areas of interest, 
we first use the geomorphology layer of the EUROSION 
database to identify land that is located less than 500 m 
from a sandy segment. For the Protected Area dataset for 
instance, this represents roughly one quarter of the total 
number of plots of land (~12,000 out of 55,000).

Once identified, for each plot we select the Shoreline-
Monitor transects that are within 500 m distance of the 
plot perimeter (transects on Fig. 3). As shown in Fig. 3, 
the resolution of the generalized OpenStreetMap 2016 
coastline (used in the ShorelineMonitor, black dots) does 
not allow a perfect match with the high-resolution coast-
line provided by Histolitt V2 (red line). This is adjusted 
by translating the coastline position of ShorelineMoni-
tor along the transect until crossing the Histolitt V2 ref-
erence coastline (red dots). Finally, the shoreline retreat 
is calculated for each transect (using various coastline 
retreat models – see hereinafter) and then used to com-
pute an area of land loss (transparent orange area). This 
area of land loss is drawn as a band, which is collinear to 
the shoreline, and from which the distance to the shore-
line is equal to the mean of the retreat computed over 
all transects within the buffer domain (black perimeter). 

Fig. 2 Workflow for identifying and quantifying Cdl land in low-lying areas. Here, the example displays the North-East part of Oléron Island, located 
in the Atlantic seaboard of France and assumes a SLR of 1 m compared to the current mean sea-level

https://www.eea.europa.eu/en/datahub/datahubitem-view/ba6d7fe6-c79f-48c7-b738-f78260730538
https://www.eea.europa.eu/en/datahub/datahubitem-view/ba6d7fe6-c79f-48c7-b738-f78260730538
https://www.eea.europa.eu/en/datahub/datahubitem-view/ba6d7fe6-c79f-48c7-b738-f78260730538
http://shoreline-monitor.deltares.nl
http://shoreline-monitor.deltares.nl
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Note that the shoreline retreat is estimated only if more 
than 90% of the transects are flagged as sandy beaches by 
the ShorelineMonitor.

To estimate shoreline retreat for each transect, several 
shoreline recession model were tested in order to reflect 
the deep uncertainty inherent to such projection, espe-
cially over extended spatial domains (Thiéblemont et al. 
2021). The shoreline change models that we tested are 
derived from Eq. 1:

where ΔS indicates the shoreline change, n is the number 
of years relative to the time reference, Tx is the historical 
shoreline trend provided by the ShorelineMonitor, and 
SLR/tan β quantifies the contribution of SLR to shoreline 
changes, which takes the form of the Bruun rule (Bruun 
1962). Our first approach consists in only considering the 
first term (n ‧ Tx) (i.e. extrapolating the recent historical 
trend toward the future), while for the remaining ones, 
we superimposed the effect of SLR testing three different 
beach slopes values (tan β): 10%, 1% and the nearshore 
slopes retrieved by Athanasiou et al. (2019).

2.5  Sea‑level projections
Climate change induced regional SLR relies on the 
mean sea-level projections developed for the IPCC 
AR6 (Fox-Kemper et  al. 2021; Garner et  al. 2021) that 
can be extracted from a 1°deg/1°deg (lon/lat) grid or at 
tide gauges at https:// seale vel. nasa. gov/ ipcc- ar6- sea- 
level- proje ction- tool. These projections include the 

(1)�S = n · Tx +
SLR

tanβ

sterodynamic effect (i.e. the thermal expansion and 
ocean dynamic sea-level), contemporary mass redistri-
bution (i.e. glaciers, Greenland and Antarctic ice-sheets, 
and land-water storage) and vertical land motions due 
to glacial isostatic adjustment and other local drivers. 
Gravitational, Rotational and Solid-Earth Deformation 
effects associated with contemporary mass redistribution 
(GRD effects; Gregory et al. (2019)) are computed from 
the sea-level equation solver of Slangen et al. (2014). The 
GRD effects consider the non-spatially uniform relative 
sea-level induced by glaciers, ice-sheets and land-water 
storage mass redistribution. Details on how AR6 regional 
mean sea level projections were obtained are provided in 
the Supplementary material A.3.

In our study, we restrict the analysis to 4 Shared 
Socio-Economic Pathways (SSPs) or scenarios (Riahi 
et  al. 2017): SSP1-2.6 (Sustainability - low greenhouse 
gases (GHG) emissions), SSP2-4.5 (Middle of the road 
- intermediate GHG emissions), SSP5-8.5 (Fossil-fueled 
Development – high GHG emissions) and SSP5-8.5 low-
confidence (high-end scenario considering ice-sheet 
collapse). We also consider spatially uniform regional 
sea-level projections per seaboard; i.e. The Channel and 
North Sea (-3°E/49°N), Atlantic (-3°E/45°N) and Medi-
terranean (5°E/42°N) (Fig. 1). Mean sea-level projections 
used in this study are shown in Table  1. Note that the 
baseline period 1995–2014 for the mean sea-level pro-
jections provided by the AR6 is close to the baseline 
period used to derive the highest astronomical tide level 
(2000–2015) (see §2.2). Hereafter, both are assumed to 
be aligned.

Fig. 3 Workflow for shoreline change estimates and impact on Cdl land area

https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
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In 2050, mean sea-level projections show little difference 
between scenarios and seaboards with a median estimated 
rise between 0.2 and 0.25 m. Note that this projected rise 
over a 30-year period is equivalent to the mean SLR meas-
ured since 1880 (i.e. over 140 years). Divergence between 
scenarios is well pronounced in 2100 with a difference of 
~0.4  m of median mean SLR between the SSP1-2.6 and 
SSP5-8.5 low confidence scenarios. In 2100, regional dif-
ferences along French coasts start to emerge, with higher 
projected SLR along the Mediterranean coast than along 
the Channel/North Sea coast by ~5 cm. By 2150, SSP5-8.5 
and SSP5-8.5 low-confidence scenarios show both median 
mean-sea level estimates above 1 m with large uncertainties 
for the low-confidence scenario, which shows a likely range 
(i.e. greater than 66% probability) that could reach ~5 m.

3  Results
3.1  The decision problem
The bilateral meetings and literature surveys focused 
on the strategic objectives of the Cdl (Table  2). In 

quantitative terms, these objectives are materialized in 
the goal of protecting 25% of French shoreline by owning 
the correspondent waterfront areas by 2050 (Conserva-
toire du littoral 2015).

The interviews and review of documents also showed 
that the Cdl considers many adaptation options, 
depending on the coastal sites, including protection, 
“do-nothing” and managed realignment (Doze 2015). 
Furthermore, the Cdl is experimenting with soft man-
agement approaches that allow land losses but also lower 
costs of engineering protection and maintain natural 
landscape values (Bazin and Olivry 2017). Therefore, it 
should not be assumed that terrestrial areas currently 
owned by the Cdl should necessarily be terrestrial area 
protected in the future.

Considering these aspects, the Cdl is concerned 
with defining a land acquisition strategy that allows 
achievement of its objectives (Table  2), while antici-
pating future land losses resulting from its coastal 
management approach. This is the first decision prob-
lem identified during the bilateral meetings and docu-
ments analysis (Section  2.1). For completeness, we 
precise that the second decision problem, which is 
outside of the scope of this paper, is about informing 
the management options of particular sites, especially 
those exploring adaptive coastal management strategies 
(Capar et al. 2020).

The land acquisition decisions that are considered now 
are represented by the authorized perimeter and the 
acquisition strategy 2015–2050. A first step to inform 
these decisions about SLR consists of identifying regions 
where areas are threatened, in order to define land acqui-
sition priorities. This is presented in the next subsections.

Cdl performs environmental, social and organiza-
tional assessments every 10  years. These assessments 
aim to identify natural or semi-natural lands in need 
of protection and/or with high potential landscape, 
heritage and biodiversity value, as well as to update 

Table 1 Median and likely range of regional mean sea-level change (expressed in meters) in 2050, 2100 and 2150 (reference period 
1995–2014) for four SSP scenarios and the three mainland France seaboards

2050 2100 2150

Chan. Atl. Med. Chan. Atl. Med. Chan. Atl. Med.

SSP1-2.6 0.19 
[0.11–0.29]

0.2 [0.12–
0.30]

0.21 
[0.11–0.32]

0.41 
[0.24–0.63]

0.44 
[0.26–0.65]

0.46 
[0.25–0.7]

0.58 
[0.28–0.97]

0.63 
[0.32–1.02]

0.67 
[0.32–1.10]

SSP2-4.5 0.21 
[0.13–0.30]

0.22 
[0.14–0.31]

0.22 
[0.13–0.33]

0.53 
[0.36–0.77]

0.55 
[0.38–0.79]

0.58 
[0.37–0.85]

0.82 
[0.49–1.29]

0.86 
[0.53–1.33]

0.92 
[0.53–1.43]

SSP5-8.5 0.23 
[0.15–0.32]

0.24 
[0.16–0.33]

0.25 
[0.16–0.35]

0.72 
[0.50–1.03]

0.75 
[0.55–1.05]

0.77 
[0.54–1.09]

1.19 
[0.74–1.82]

1.24 
[0.81–1.87]

1.29 
[0.82–1.94]

SSP5-8.5 L 0.23 
[0.14–0.35]

0.24 
[0.16–0.37]

0.25 
[0.15–0.40]

0.82 
[0.50–1.28]

0.85 
[0.55–1.34]

0.88 
[0.54–1.42]

1.85 
[0.74–4.99]

1.92 
[0.81–5.05]

1.96 
[0.82–5.00]

Table 2 Strategic objectives of the Cdl identified in the review. 
All these specific objectives can be compromised by sea-level 
rise

Objectives

Overarching goal Preservation of the French coast.

Specific objectives 1- Conservation of emblematic coastal areas, 
to ensure their transfer to future generations

2- Preservation of the natural and historical 
coastal heritage to support the attractiveness 
of coastal regions in the future; this includes 
the prevention of urban sprawl and actions 
to maintain natural processes;

3- Social well-being by guaranteeing fair 
and equal access to coastal areas for all

4- The protection of people and goods 
against extreme climatic phenomena by creating 
a buffer zone between the sea and human assets
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a long-term strategy and establish the future zones 
where Cdl will be allowed to buy land. Hence, they 
provide decision points for adjusting the land acquisi-
tion strategy.

3.2  Change in low‑lying area exposure
3.2.1  Mainland national scale
Considering the contemporary mean sea-level con-
ditions, we estimated that 30%, 33% and 42% of Pro-
tected Area, Authorized Perimeter and Strategy 
2015–2050 lands are located below the high tide level, 
respectively. Table  3 further indicates how land area 
exposure is expected to change with SLR for the three 
land types. By 2050, a median increase of 4 to 5% (2 
to 3%) in the total area exposed to SLR is projected in 
comparison with the recent past situation for the Pro-
tected Area and Authorized Perimeter (Strategy 2015–
2050). In 2050, Cdl land exposure changes appear to 
be little depending on the SSP scenario. The likely 
ranges span ~2.5 to 6.5% for the Protected Area and 
Authorized Perimeter and ~1.5 to 4.8% for the Strat-
egy 2015–2050. In 2100, differences between scenarios 
start being more pronounced, as for instance shown 
for the Protected Area case where the less impactful 
scenario results in 7.7 (4.8–10.1) % increase against 

11.5 (8.7–14) % increase for the low confidence high 
impact scenario. Expressed in relative changes, the 
results are relatively insensitive to the type of land of 
interest, although the strategy 2015–2050 plots appear 
somewhat less exposed than the two others. In com-
parison, near 10% land exposure increase will trans-
late into 110, 260 and 480  km2 for the Protected Area, 
Authorized Perimeter and Strategy 2015–2050 data-
sets, respectively.

Considering the high-end scenario (i.e. SSP5-8.5 low 
confidence), the increase in exposure could be potentially 
very large (although unlikely) in 2150. Indeed, the upper 
bound of the likely range  (83rd percentile) is 30% for the 
Authorized Perimeter and almost 40% for the Protected 
Area. This reflects how the current deep uncertainties on 
ice-sheet processes and their related influence on mean 
sea-level projections (Bamber et  al. 2019; Edward et  al. 
2021; DeConto et  al. 2021) can affect long-term coastal 
impacts and their uncertainty.

In the following section, we repeat the analysis but at 
the regional scale.

3.2.2  Regional scale
Figure 4 shows an example of how land exposure evolves 
with SLR for two NUTS1 regions: Bretagne (Atlantic 
seaboard) and Occitanie (Mediterranean seaboard) (see 
also Fig.  1). The example focuses on Protected Area. In 
both regions, coastal land exposure shows a very distinct 
response to sea-level rise.

In Bretagne, exposure of plots of Protected Area to 
SLR increases linearly but remains overall small. In 
the Finistère department for instance, the protected 
domain exposure increases from 20% (of the total area 
of Cdl land in this department) currently located below 
the highest tide level to 40% for a 4 m SLR. The small-
est increase is found for the Cotes d’Armor, for which, 
the increase goes from 8% (contemporary) to 14% (4 m 
SLR). The bottom panel allows bringing the SLR levels 
changes back to actual SSP scenarios and timeslices. 
Up to 2100, most projections show SLR and associ-
ated likely range that do not exceed 1 m (except for the 
SSP5-8.5 low-confidence), which translates in quite 
modest increase of exposure of Cdl lands, with a maxi-
mum of 8% increase between 0 and 1 m for Morbihan 
and Finistère. Considering high-impact scenarios in 
2150 (i.e. SSP5-8.5 mid and low confidence) could lead 
to SLR increase larger than 2  m with a corresponding 
exposure increase of more than 10%.

In Occitanie, the increase in exposure of Cdl land 
to SLR shows a behaviour that differs strongly from 
Bretagne, with a very sharp increase between 0 (e.g. con-
temporary) and 2  m SLR followed by a plateau beyond 
2  m. Such an evolution is found consistently for the 

Table 3 Median and likely range of Cdl land area exposure 
change in 2050, 2100 and 2150 (reference period 1995–2014) 
for the four SSP scenarios across mainland France. Changes are 
expressed in % increase as compared to the national scale land 
area considering a reference of 0 m; i.e. under current mean 
sea-level state. As an example, 30% of the Protected Area land 
is under the high-tide level and this exposure would increase 
to 30 + 4.1 = 34.1% under the median SSP1-2.6 scenario in 2050 
(hence a 13.7% relative increase compared to current state)

2050 2100 2150

Protected Area (in %) (current: 30%)

 SSP1-2.6 4.1 [2.4–5.9] 7.7 [4.8–10.1] 9.9 [5.9–12.6]

 SSP2-4.5 4.3 [2.6–6.0] 9.0 [6.6–11.2] 11.7 [8.6–14.0]

 SSP5-8.5 4.7 [3.2–6.3] 10.8 [8.7–12.7] 13.5 [11.1–15.5]

 SSP5-8.5 Low Conf. 4.8 [3.1–7.0] 11.5 [8.7–14.0] 15.6 [11.1–21.5]

Authorized Per. (in %) (current: 33%)

 SSP1-2.6 3.8 [2.2–5.4] 7.2 [4.5–9.9] 9.6 [5.5–12.9]

 SSP2-4.5 4.0 [2.4–5.6] 8.7 [6.2–11.2] 11.7 [8.2–14.6]

 SSP5-8.5 4.3 [2.9–5.9] 10.6 [8.3–12.9] 14.0 [11.0–16.5]

 SSP5-8.5 Low Conf. 4.4 [2.8–6.5] 11.5 [8.3–14.6] 16.6 [11.0–30.4]

Strategy 2015–2050 (in %) (current: 42%)

 SSP1-2.6 2.7 [1.6–4.0] 5.4 [3.3–7.6] 7.3 [4.1–10.2]

 SSP2-4.5 2.9 [1.8–4.1] 6.6 [4.6–8.7] 9.2 [6.2–11.7]

 SSP5-8.5 3.2 [2.1–4.3] 8.2 [6.3–10.2] 11.2 [8.6–13.6]

 SSP5-8.5 Low Conf. 3.2 [2.1–4.8] 9.0 [6.3–11.7] 13.7 [8.6–19.8]
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four NUTS3 departments (Pyrénées-Orientales, Aude, 
Hérault and Gard). These results stress that for Occit-
anie, increase in exposure of Cdl lands is more sensitive 
to SLR in the range 0–2 m than beyond. Further exam-
ples of land exposure evolution with SLR for all regions 
and all types of plots are available in the Supplementary 
material B.1.

Figure 5 summarizes the Cdl Protected Area changes 
in exposure for all mainland France NUTS3 regions, 
4 scenarios and 3 timeslices compared to the base-
line (i.e. contemporary exposure). Figure  5a shows 
the baseline land exposure: i.e. the percentage of total 
land area per NUTS3 region that is located below the 
highest tide level under contemporary mean-sea level. 
This baseline exposure strongly varies from a NUTS3 
region to another and 5 of them have already 50% of 
their Protected Area plots of land located below the 
highest tide level (i.e. Seine-Maritime, Eure, Vendée, 
Charente Maritime and Gard). Note however that 
these coastal departments have a rather small total 
area of Protected land (gold curve).

The projections show that in 2050 (Fig.  5b), the Cdl 
protected area changes in exposure should increase by 
less than 5% (of the total land area per NUTS3) in most 
regions and independently of the scenario. Along the 
west Mediterranean coast though, exposure is found to 
increase by 5 to 20%. This result is consistent with Fig. 4, 
where even modest SLR increases can have a large impact 

on exposure in Occitanie. It also highlights that national 
scale assessment does not allow reflecting the substantial 
regional diversity of land exposure change.

In 2100, the overall pattern is similar to that of 2050 
but the exposure is further amplified: exposure increase 
is lower than 10% in most regions but for west Mediter-
ranean coast where regions with exposure increasing to 
more than 20% and up to 50% are found. The dependence 
to scenarios is becoming important in 2100, in particular 
in the most exposed regions (i.e. West-Med). Few regions 
display almost no exposure increase compared to 2050 – 
e.g. Pyrénées Atlantique or Alpes Maritime – these are 
regions characterized by mountainous inland and have a 
very small area of Cdl Protected land (Fig. 5a). Note that 
les Landes in south western France along the Atlantic 
coast shows a particularly large enhancement of exposure 
between 2050 and 2100 compared to other departments. 
This is consistent with the sudden sharp increase in expo-
sure found between 0.5 and 1 m SLR (see Supplementary 
material B.1).

In 2150 exposure continues to increase compared to 
2100. For lands located along the Channel and Atlantic 
coast, one may note a particularly strong enhancement 
of exposure for the scenario SSP5-8.5 low-confidence 
compared to the other scenarios. Such an enhance-
ment is not found for Mediterranean Cdl lands, which 
is consistent with the exposure plateau for large SLR as 
revealed in Fig. 4.

Fig. 4 Evolution of the Cdl low-lying land exposure (expressed in % of total land area per NUTS3 region) as a function of SLR from 0 to 4 m. Left 
(right) panel shows the results for the NUTS1 region Bretagne (Occitanie) and within each panel, results are detailed to the NUTS3 levels. The 
bottom panels report the corresponding SLR projections and their likely range for 4 scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5 and SSP5-8.5 low 
confidence) and 3 timeslices (2050, 2100 and 2150)
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Fig. 5 a Baseline (i.e. contemporary with SLR of 0 m) of Cdl Protected Area low-lying land exposure (expressed in % of total land area per NUTS3 
region) and b, c, d its projected change with respect to the baseline for 4 scenarios (SSP1-2.6, SSP2-4.5, SSP5-8.5 and SSP5-8.5 low confidence) and 3 
timeslices (2050, 2100 and 2150). For reference, the total protected land area (in  km2) for each NUTS3 region is shown on panel a (gold). Colored 
horizontal bars on top of panel a indicate NUTS1 region as shown on Fig. 1
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To further characterize how exposure evolves with 
SLR, we calculate exposure increase for two differ-
ent SLR ranges: 0–1  m and 2–4  m. On the one hand, 
examining the SLR range 0–1  m allows assessing the 
sensitivity of exposure increase to SLR uncertainty 
over the  21st century. On the other hand, examining 
the SLR range 2–4 m allows assessing the sensitivity of 
exposure increase to large (and deep) SLR uncertain-
ties that characterize longer terms (i.e. beyond 2100). 
Results are shown on Fig. 6 and read as follows: e.g. in 
the NUTS3 region “Somme”, the Protected land expo-
sure increases by increments of 8% (of the total land 
area) per meter of SLR in the range 0–1  m, while it 
increases by increments of 3% per meter of SLR in the 
range 2–4 m. Apart from l’Eure, Cdl lands in all depart-
ment show a larger exposure increase in the range 
0–1 m than 2–4 m. As expected from the curves shown 
in Fig.  4, this effect is particularly pronounced for the 
Cdl lands along the Mediterranean coast. The analysis 
of rates in actual area extent values (i.e.  km2/m instead 
of % of total area/m) reveals how large the rate of expo-
sure increases in the department “Bouches-du-Rhones” 
in the range 0–1 m, with more than 50  km2 per meter 
of SLR.

For the sake of conciseness, the regional analysis 
of land exposure change to SLR shown in the present 

section was restricted to the Protected Area. The anal-
ysis was however also performed for the Authorized 
Perimeter and Strategy 2015–2050 land datasets (see 
Supplementary material B.2) and revealed very similar 
results.

3.3  Change in coastal land area by erosion
3.3.1  National scale
Projected loss of land at mainland scale due to shore-
line retreat is reported on Table  4. Note that the loss 
is expressed in % of the total mainland France land of 
each type. In 2050, considering only the extrapolation of 
observed trends leads to a mean erosion of 0.6%, 0.6% and 
0.4% within the uncertainty ranges 0.3–0.9%, 0.3–1.1% 
and 0.2–0.7% for the Protected Area, Authorized Perim-
eter and Strategy 2015–2050, respectively. Here the mean 
loss is obtained by averaging ShorelineMonitor rates of 
transects associated to each plot of land. The uncertainty 
range corresponds to the loss estimates when consider-
ing ShorelineMonitor rates plus or minus the 1-sigma 
uncertainty estimate. In 2100, following the same simple 
approach, we obtain a mean estimate of 1.3, 1.5 and 0.9% 
loss of land, for the three datasets respectively.

The impact of SLR on land loss is now investigated by 
adding the Bruun effect to the extrapolation of current 
trends. We tested the sensitivity of the results to three 

Fig. 6 Rate of change in Cdl low-lying land exposure with respect to SLR. Rates are shown in relative (in % of total land area/m of SLR) and absolute 
(in  km2/m of SLR) values on the top and bottom panel, respectively. For each NUTS3 regions, rates are calculated for the SLR ranges 0–1 m (filled 
bars, left) and 2–4 m (hatched bars, right)
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different formulations of the Bruun rule by varying the 
beach slope parameter (see Section  2.3) and to three 
different climate change scenarios. Note that given the 
very large uncertainty on shoreline projection models 
(Toimil et al. 2020), we refrain from providing estimates 
beyond 2100 and for the SSP5-8.5 low-confidence sce-
nario. In 2050, considering the steep beach slope (10%) 
Bruun formula leads to land loss estimates very close to 
the No SLR one (i.e. ~0.4–0.6% whatever the type of land 
or scenario). On the other hand, the formula that relies 
on the nearshore slopes of Athanasiou et al. (2019) dou-
ble the No SLR estimates reaching an average estimate 
of ~1.3%, 1.6% and 0.9% for the Protected Area, Author-
ized Perimeter and Strategy 2015–2050, respectively. 
This first result stresses the potential large impact - but 
also the high uncertainty - related to the coastal erosion 
model when projecting future shoreline change. In 2050, 
we note no difference between the three scenarios. Con-
versely, in 2100, the difference in land loss projections 
is well pronounced between scenarios for both coastal 
erosion models that consider either a 1% slope or the 
nearshore slopes retrieved by Athanasiou et al. (2019). In 
the latter case, our estimates show for instance a land loss 
of 3.2% for the SSP1-2.6 against 4.1% for the SSP5-8.5 for 
the Protected Area dataset. This more than double the 
estimates of land loss that ignore the effect of SLR.

3.3.2  Regional scale
Land-loss projections in 2100 in NUTS3 regions for the 
Protected Area and different coastal erosion model and 

scenarios are shown on Fig.  7. In general (and in rela-
tive terms: i.e. the land loss is computed relatively to the 
total land plot area of each department), the Protected 
Area (Fig. 7a) and Authorized Perimeter (Fig. 7b) appear 
more exposed to coastal erosion than the Strategy 2015–
2050 (Fig. 7c) in consistency with results of Table 4. Fig-
ure 7 reveals however an important regional disparity in 
coastal erosion exposure.

Focusing first on the coastal erosion model that extrap-
olate recent observed trends (grey bars), the regions 
that appear the most threatened by erosion are namely 
located along the Atlantic and the west Mediterranean 
seaboards. These most affected regions appear to be com-
mon to the three land datasets. Conversely, the eastern 
Mediterranean, Corsica and few regions in the Northern 
France show no land loss projected over the  21st century. 
One should also notice that the uncertainty land plot loss 
can be very large as e.g. in Loire-Atlantique NUTS3 for 
Authorized Perimeter and Strategy 2015–2050 (Fig.  7b 
and c).

Uncertainties on land-loss projections are further 
amplified when adding SLR impact via the Bruun rule 
under different future climate scenarios. For the sake 
of readability, we did not repeat observed trends uncer-
tainty bars on the land loss projections: i.e. we consider 
median SLR estimates only for each SSP scenario. Regions 
along the Atlantic coast appear particularly affected by 
the SLR-driven land loss, but also strongly sensitive to the 
Bruun formulation. As illustrated in the Vendée region 
for instance: for the Protected domain (Fig.  7a), our 

Table 4 Projected loss of Cdl land in 2050 and 2100 considering scenarios SSP1-2.6, SSP2-4.5, SSP5-8.5. Four shoreline projection 
models are tested: either by extrapolating observed trends (i.e. Tx only) – in which case SLR has no effect, or by extrapolating observed 
trends and adding a Bruun model term with different formulations tested (see main text for details)

2050 2100

No SLR SSP1‑2.6 SSP2‑4.5 SSP5‑8.5 No SLR SSP1‑2.6 SSP2‑4.5 SSP5‑8.5

Loss in Protected Area land area (in %)

 Tx only 0.6 [0.3–0.9] 1.3 [0.8–2.0]

 Tx + Bruun (10%) 0.6 0.6 0.6 1.4 1.4 1.4

 Tx + Bruun (1%) 0.8 0.8 0.8 2.0 2.4 2.5

 Tx + Bruun (Athanasiou et al. 2019) 1.2 1.3 1.3 3.2 3.8 4.1

Loss in Authorized perimeter land area (in %)

 Tx only 0.6 [0.3–1.1] 1.5 [0.7–2.8]

 Tx + Bruun (10%) 0.6 0.6 0.6 1.6 1.6 1.6

 Tx + Bruun (1%) 0.9 1.0 1.0 2.5 2.9 3.1

 Tx + Bruun (Athanasiou et al. 2019) 1.4 1.6 1.6 3.8 4.6 5.0

Loss in Strategy 2015–2050 land area (in %)

 Tx only 0.4 [0.2–0.7] 0.9 [0.4–1.7]

 Tx + Bruun (10%) 0.4 0.4 0.4 1.0 1.0 1.0

 Tx + Bruun (1%) 0.6 0.6 0.6 1.4 1.7 1.8

 Tx + Bruun (Athanasiou et al. 2019) 0.9 1.0 1.0 2.3 2.8 3.0
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projections reveal near 7% land loss for the Tx erosion 
model, near 10% when adding the SLR contribution with 
a constant 1% slope and more than 12% when consider-
ing the variable nearshore slope. Along the Channel and 
Atlantic coast, the variable beach slopes are gentler than 
1% leading to a larger projected coastal retreat and also to 
a higher sensitivity to SLR projections. This contrasts with 
the Mediterranean coast where beach slopes are steeper 
leading to similar land loss estimates when considering 
either a constant 1% slope or the variable nearshore slope 
datasets. Finally, one note that in some regions, the uncer-
tainty linked to Tx is very larger and even overpass those 
linked to the SLR-driven land loss (e.g. in the Loire-Atlan-
tique as shown on Fig. 7b and c).

4  Discussion
In this section, we compare our results to earlier assess-
ments, highlight the significance of the results but also 
discuss the limitations of our approaches.

4.1  Low‑lying land exposure
When Clus-Auby et al. (2006) performed the  1st assess-
ment of the exposure of Cdl land to sea-level rise, the 
sea-level information that was available came from 
the Third Assessment Report of the IPCC. Hence, no 
regional projections were available, and the potential 
contribution of ice-sheets was considered small. At that 
time (early 2000’s), Cdl owned already 590  km2 (against 
1,150  km2 at present) and planned to acquire 1,160 
 km2 more surface of lands by 2100. The results of this 
study were mainly driven by polderized lowlands areas, 
whether already owned or planned to be acquired by the 
Conservatoire du littoral. Without defense failure, Clus-
Auby et  al. (2006) estimated that the flooding would be 
limited to 3% of the land already owned and projected to 
be owned by the Conservatoire du littoral by 2100. Con-
versely, they estimated at 10% and 21%, the flooded area 
of land owned and projected to be owned, respectively, in 
case of defense failure. This latter approach is similar to 
the method we used in this study as coastal defenses are 
also ignored.

In our new assessment, we mapped and quantified the 
surface of low-lying Cdl lands located below high tide 
plus mean sea level relying on a recent high-resolution 
DEM. Under contemporary mean sea-level conditions, 

we found that 30%, 33% and 42% of Protected Area, 
Authorized Perimeter and Strategy 2015–2050 lands 
are located below the high tide level, respectively. This 
appears already larger than the estimates of Clus-Auby 
et al. (2006) in 2100 even if they considered a 44 cm SLR 
offset. The comparison is not trivial though since in early 
2000’s, the Cdl owned only 50% of what we analyzed and 
planned for a 1,160  km2 acquisition against a near 4,800 
 km2 for the Strategy 2015–2050 dataset. Furthermore, 
some of the large NUTS1 region in Mediterranean sea-
board were omitted by lack of information in the former 
assessment, in particular the Occitanie, which we found 
is highly exposed. Finally, one should note also that the 
method for assessing low-lying areas in the early 2000’s 
assessment was relying on spatially sparse topographic 
estimates against a high-resolution gridded DEM in our 
case, which should again contribute to the difference 
between the two studies.

Our results projected a near 10% additional surface 
exposure by 2100 under high emission and high-end sce-
narios (SSP5-8.5 and SSP5-8.5 low confidence, respec-
tively) and 2150 for moderate scenarios (SSP1-2.6 & 
SSP2-4.5) across all datasets. This means that even under 
strong mitigation policy, land area below high tides 
owned by the Cdl is projected to increase by at least 10% 
between 2100 and 2150. Although this exposure increase 
appears to be ineluctable, our results further suggest 
that if a high impact scenario is realized (i.e. in case of 
no climate change mitigation policy and given the high 
uncertainty on future ice-sheets contribution), one could 
not discard 20 to 30% additional surface exposure in 
~100 years from now.

One significant finding of our assessment is that the 
increase in low-lying land exposure is not uniform 
regionally at the scale of mainland France and appears 
strongly amplified along the West Mediterranean coast. 
This corresponds to a region where sedimentation in 
lagoons and estuaries as well as longshore transport have 
generally extended the coastal flood plain since the stabi-
lization of sea levels 6 000 years ago (Giaime et al. 2019; 
Vella et al. 2005). Today, bilateral meetings with the Cdl 
suggest that former lagoon areas can be perceived as 
the first areas at risks from high-tide flooding in south-
ern France by some stakeholders. Yet, a further exten-
sion of flood prone areas would be limited by the small 

Fig. 7 Projections of land loss through shoreline retreat (expressed in % of coastal land area per NUTS3 region) in 2100 for the a Protected area, 
b Authorized Perimeter and c Strategy 2015–2050 land datasets. The results from 3 shoreline projection models are shown: Tx only (the gray 
bar extent indicates the uncertainty), and 2 types of Bruun considering either a 1% constant beach slope (triangle) and varying nearshore slopes 
(dots). Colored symbols indicate that projections are performed with median SLR projection from SSP1-2.6 (blue), SSP2-4.5 (yellow) and SSP5-8.5 
(red)

(See figure on next page.)
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Fig. 7 (See legend on previous page.)
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topographic features of areas that were never flooded by 
the sea during the Holocene, at least until SLR does not 
exceed several meters. Our results tend to confirm this 
perception. In this region (but also throughout the main-
land coastal with a lesser amplitude though), our results 
suggest that the increase in low-lying land exposure 
is more sensitive to a SLR range 0–1 m than 2–4 m. In 
other words, near-future uncertainty on SLR have more 
impact on Cdl land exposure evolution than long-term 
deeply uncertain SLR scenarios. Although Cdl does not 
exclude acquiring land that could be exposed to perma-
nent flooding in the future (see Section 3.1), the strongest 
sensitivity of Cdl land exposure to near future uncer-
tainty on SLR shall be considered for their acquisition 
strategy, especially along the Mediterranean coast.

Finally, it is important to bear in mind that our approach 
assumes that defences are transparent, that water volumes 
are infinites and ignores water flow dynamics. As such, the 
analysis presented here corresponds to identify the maxi-
mum possible extent of the flood prone areas and allows 
a first quantitative assessment of Cdl low-lying areas 
exposed to SLR. We also examine how large could be the 
overestimate of low-lying areas as we did not account for 
hydraulic connectivity. To do so, we corrected the iden-
tified low-lying areas by considering only those that are 
hydraulically connected to the sea (excluding defences). 
We found that 95% of the low-lying area identified (over 
metropolitan France) from the static projection is hydrau-
lically connected. Applying such a refinement has there-
fore a modest impact on our findings. Nevertheless, to 
avoid the strong assumptions mentioned above and aim at 
a finer analysis, hydrodynamical modelling would be rel-
evant - although this could be done over rather restricted 
areas (Ramirez et al. 2016) - or storage-cell flooding mod-
elling (Naulin et al. 2016).

4.2  Erosion
In their previous assessment, Clus-Auby et al. (2006) esti-
mated a 1% land loss by 2100 through shoreline retreat 
for land already owned or projected to be owned. Their 
estimates relied on an analysis of namely aerials photo-
graphs from which they could derive shoreline trends. 
They then used these trends to extrapolate shoreline 
position in the future. At the end, the analysis covered 
almost 90% of the land owned by the Cdl or projected to 
be owned.

Using a similar trend extrapolation method but based 
on satellite-derived shoreline change, we found a 1% to 
1.5% median land loss for the three Cdl datasets in 2100 
for mainland France. This result appears to be consist-
ent with the previous estimate of Clus-Auby et al. (2006) 
despite the fact that they included also soft cliffs and had 
half less plots of land to analyse. In our case, we focused 

on the sandy coast and could therefore explore the impact 
of the SLR through various formulation of the Bruun rule. 
We found that adding the SLR effect could potentially 
multiply the land loss by two to three by 2100 depend-
ing on the model formulation or the SLR scenario. All 
these projections remain however highly uncertain as 
the observed rates may not be accurately detected, may 
not remain the same in the future, and as the adequacy of 
using the Bruun rule to estimate the erosional impacts of 
sea-level rise is disputed (Le Cozannet et al. 2019; Vous-
doukas et al. 2020; Cooper et al. 2020; D’Anna et al. 2021).

Comparing earlier and present assessments at regional 
scale, both studies found almost no land loss in the east-
ern Mediterranean compared to its western part. Clus-
Auby et  al. (2006) reported also rather large projected 
land loss in Northern France that our analysis suggests 
too. We note however some divergences over the Atlan-
tic seaboard, where our results suggest a large land loss 
(even when examining absolute loss – not shown), which 
does not appear so important in Clus-Auby et al. (2006). 
Although some reasons for differences have already 
been mentioned above (larger dataset in our case, focus 
on sandy segment only), we also examined whether the 
differences could arise from the observational shoreline 
datasets used to retrieve shoreline trends.

First, we conducted a qualitative analysis down to the very 
local scale. In Clus-Auby et al. (2006), they provide details 
on erosion sites hotspot such as e.g. the “Dunes du Jaunay 
et de la Saussaie” in Vendée, Kerouiny and the Audierne 
bay in Bretagne, numerous sites in Contentin but also some 
in west Mediterranean (e.g. La Grande Cosse). In the vast 
majority of locations, our method allowed confirming these 
hotspots of erosion. In few areas though, Les Garennes de 
Lornel (Northern France) and in the Dune du Pilat (Aqui-
taine) our estimates provide some indications that erosion 
could only be large assuming a significant contribution of 
the Bruun effect, whereas it was identified as clear eroding 
sectors in previous studies (Clus-Auby et  al. 2006; Mallet 
et al. 2015). Those differences appear to be due to the mod-
est erosion rates provided by the ShorelineMonitor results 
against those retrieved by Clus-Auby et al. (2006).

Second, we repeated our Cdl land loss estimates but 
based on shoreline change assessment over France pro-
vided by CEREMA (2017) instead of ShorelineMonitor 
rates. We found very similar results overall with a mean 
estimated loss of ~1% by 2100. The regional assessment 
indicates similar projections, with a close spatial distri-
bution although of lesser magnitude (not shown). The 
detailed plot-by-plot comparison revealed an overall con-
sistency, with a few noticeable differences though; e.g. 
Les Garennes de Lornel (Northern France) and in the 
Dune du Pilat (Aquitaine) indicates clear erosion projec-
tions when using the CEREMA shoreline change rates.
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In conclusion, although our quantitative projections 
of land loss must be considered with caution as they are 
sensitive to uncertain coastal erosion processes but also 
sensitive to the historical observational data used to build 
these models, they remain relevant for first assessments of 
land loss at the regional scale for sandy beach segments. 
This relevance is supported by the fact that our estimates 
(i) are overall consistent with previous assessments and 
(ii) appear robust when using independent observational 
datasets to construct them. For detailed local projections 
and assessments, process-based shoreline evolution mod-
elling (e.g. D’Anna et  al. 2021) coupled with field analy-
sis and expert judgments would help better constraining 
large uncertainties. Such detailed analysis are however 
not always feasible as they generally require extended 
observational data records for model calibration.

5  Conclusions and outlook
The French coastal conservation agency, the ‘Conserva-
toire du littoral’ (Cdl) has a strategic aim to own 25% 
of French coasts length and 3,200  km2 of land by 2050. 
Historically these decisions took a static perspective 
and assumed the land existed in perpetuity. However, 
many areas are threatened by erosion and flooding due 
to sea-level rise and here we provide a first climate 
service to inform the land management and acquisi-
tion strategy. We quantify the exposure of the coastal 
land heritage owned or projected to be owned by the 
Conservatoire du littoral. Currently, 30% (and ~40%) of 
the Cdl lands owned (and projected to be owned) are 
located below the high tide level and this could reach 
~40% (and ~50%) by 2100 or 2150 depending on green-
house gases concentrations. At the high end, our results 
revealed that an expansion by 20 to 30% of additional 
surface exposure in ~100  years is unlikely, but cannot 
be discounted. More importantly, our findings suggest 
that increase in Cdl land exposure is more sensitive to 
near-future uncertainty on SLR and is particularly pro-
nounced in the Mediterranean region. Concerning land 
loss by erosion, our result suggests that nearly 1% of 
land owned (or projected to be) by Cdl could be lost in 
2100 if observed historical trends continue. Adding the 
SLR effect through the Bruun rule could lead to more 
than 3% land loss, but this strongly depends on the ero-
sion model considered and the SLR trajectory.

Our study confirms previous findings that Cdl will 
need to consider land losses due to SLR and change its 
acquisition strategy to include more depth from the 
coast to create space for these dynamics with their land 
holdings. This is especially challenging on the Mediter-
ranean French coast during the  21st century and for SLR 
below 1 m when the largest changes occur and obtaining 
additional land is most difficult. Cdl can adjust its land 

acquisition strategy based on these results and regular 
updates via a climate service: e.g., using new land acquisi-
tion plans, updated sea-level projections, more advanced 
flood and erosion models and better cost and feasibility 
assessments of adaptation options. Although the decision 
considered here is specific to Cdl, the information needs 
in terms of flood and erosion projections for coastal con-
servation are standard and could benefit from a climate 
service for coastal adaptation in France or in Europe, and 
even more widely (e.g., USA, Australia, etc.).

In western Europe, coastal risk management has been 
dominated by engineered protection to date (Tol et  al. 
2008; Pranzini 2018). Today, the activities of Cdl are 
introducing softer management approaches and nature-
based solutions through experiments such as removing 
coastal protection to leave space for water, ecosystems 
and sediments (Louisor et al. 2022) and community and 
stakeholder engagement (Gérard 2009; program Life 
ADAPTO: https:// www. lifea dapto. eu/). These activities 
recognize that a sustained coastal adaptation strategy 
is more efficient when diverging interests are consid-
ered, and when trade-offs are proposed to accommodate 
coastal development, risk prevention, coastal adaptation 
and conservation (Cazals et  al. 2018; Chouinard et  al. 
2015; Magnan 2014; Deboudt 2010). In this sense, the 
Cdl approach influences a much larger area than the 13% 
of French coastlines it currently owns. Its activities can 
contribute to the transition toward a more sustainable 
coast in France and more widely.
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